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Raymond Desjardins, Canada
Klaus Dethloff, Germany
P.C.S. Devara, India
Julio Diaz, Spain
Shouting Gao, China
Luis Gimeno, Spain
Sven-Erik Gryning, Denmark

Ismail Gultepe, Canada
Hiroyuki Hashiguchi, Japan
Didier Hauglustaine, France
I. S A Isaksen, Norway
Yasunobu Iwasaka, Japan
Hann-Ming Henry Juang, USA
George Kallos, Greece
Harry D. Kambezidis, Greece
Markku Kulmala, Finland
Richard Leaitch, Canada

Monique Leclerc, USA
Zhanqing Li, USA
Gwo-Fong Lin, Taiwan
Edward Llewellyn, Canada
KyawTha Paw, USA
Sara C. Pryor, USA
Eugene Rozanov, Switzerland
Zhihua Zhang, China



Contents

Observations and Modeling of the Climatic Impact of Land-Use Changes, Xiangzheng Deng,
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Land-use and land-cover change (LULCC) directly leads to
changes in the surface conditions, such as altering surface
albedo, roughness, and imperviousness. These changes in
surface conditions can affect surface heat balance and water
cycles. For example, urban LULCC can aggravate urban
heat island effect. Therefore, it is important to understand
climatic impacts of changes in biogeophysical processes
induced by LULCC. These impacts, occurring at multiple
spatial and temporal scales, can have serious consequences
for food security, vulnerability to extreme events, biodiversity
conservation, and a host of other issues of global importance.

Among the 48 papers collected in this special issue,
several advances in this research field are to be found. Firstly,
the observation data have been enhanced. The reclassified
data (F. Wu et al. and Y.W. Yuan et al.) can meet the accuracy
requirements for climate simulations and can be used in
dynamical downscaling for regional climate simulations.
Secondly, the state-of-the-art LULCC models have been
implemented. The agent-based model used in modeling the
LULCC impact on climate performed exceedingly well (T.
Zhang et al.). Notably, X. Z. Deng et al. introduced a land
use change dynamic (LUCD) model embedded in a regional
climate model (RCM), which they show to be extraordinarily
powerful in land surface system simulation. In addition,
scenario analysis plays a key role in the study of impacts of
LULCC on climate. Several scenarios (Q. Xu et al., J. Y. Zhan
et al., and X. L. Ke et al.) were designed to predict the future

LULCC and the likely impacts on the regional climate in
various case-study locations.Thirdly, different research appli-
cations from several other case studies were presented. In
these case studies, most of which employ Weather Research
andForecastingModel (WRF), the climatic impacts of several
types of LULCC, such as grassland degradation (Q. O. Jiang
et al., R. Yu et al., F. Zhang et al., and Y. F. Li et al.),
deforestation/afforestation (E. J. Ma et al., Z. H. Li et al., and
T. Zhang et al.), urbanization (Y. Z. Lin et al., J. Y. Zhan et
al., and C. H. Zhao et al.), and cultivated land reclamation
(Q. L. Shi et al., Y. Qu et al., and H. M. Yan et al.), both in
China and elsewhere are reported. Fourthly, effects of climate
on evapotranspiration as well as water and energy exchanges
we were also detected through observations and modeling
(S. H. Chen et al., Y. Rong et al., J. J. Zhang et al., and Y. M.
Yang et al.). Last but not least, several comprehensive review
papers analyzed major challenges in the study of the impacts
of LULCC on the regional climate (X. Z. Deng et al. and R. B.
Singh et al.) and on humanwell-being via specifically altering
the ecosystem provisioning services (X. Z. Deng et al. and Z.
H. Li et al.).

This special issue is intended to advance our understand-
ing of the mechanisms and impacts of LULCC on climate
changes at local, national, and global levels. The editors hope
the papers in this special issue will provide useful references
for future study of observing and modeling the climatic
impacts of LULCC.
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This study applies the Dynamics of Land System (DLS) model to simulating the land cover under the designed scenarios and then
analyzes the effects of land cover conversion on energy flux in the semiarid grassland area of China with the Weather Research
and Forecasting (WRF) model. The results indicate that the grassland will show a steadily upgrowing trend under the coordinated
environmental sustainability (CES) scenario. Compared to the CES scenario, the rate of increase in grassland cover is lower, while
the rate of increase in urban land cover will be higher under the rapid economic growth (REG) scenario. Although the conversion
from cropland to grassland will reduce the energy flux, the expansion of urban area and decreasing of forestry area will bring about
more energy flux. As a whole, the energy flux of near surface will obviously not change under the CES scenario, and the climate
therefore will not be possible to be influenced greatly by land cover change. The energy flux under the REG scenario is higher
than that under the CES scenario. Those research conclusions can offer valuable information for the land use planning and climate
change adaptation in the semiarid grassland area of China.

1. Introduction

Climate change is a serious challenge faced by the inter-
national community, and the human-induced land cover
change is increasingly recognized as having significant effect
on the climate system [1–3]. The land surface change influ-
ences the climate through altering the exchange of energy and
material between land surface and the overlying atmosphere
[4, 5]. In addition, the land cover conversion changes the
regional water and heat balance which had great influence on
the global ecological system [6–8]. Therefore, analysis on the
temporal and spatial heterogeneity of surface energy caused
by land cover changes cannot only provide support for simu-
lation of regional energy flux distribution, but also make up
for the defect in the remote sensingmonitoring of spatial het-
erogeneity of near surface energy fluxes. In addition, the land
cover change can significantly impact regional biogeochemi-
cal cycles [8–10].Therefore, the quantitative estimation of the

impact of land cover change on energy fluxes is one of the hot
topics in current and future decades.

Since themid-1970s, scholars studied the impact of defor-
estation, grassland degradation, desertification, irrigation,
and other land cover changes by using the global and regional
climatemodel patterns [11–14]. Pitman thought that land sur-
face properties can significantly alter the energy transfer of
near surface through changing the surface energy balance
and distribution of land cover based on the analysis of obser-
ved data and numerical test [15]. Zheng et al. found that land
cover changes can significantly alter the release of effective
surface fluxes by the studies on the impact of land cover on
climate using regional climatemodel [16]. According to those
researches, it can be concluded that the land use/cover change
alters the land roughness, soil hydrological and thermal fea-
tures, which lead to further change in the land surface energy
balance, downward short wave radiation, sensible heat and
latent heat, and so forth [17, 18]. Lawrence and Chase found

Hindawi Publishing Corporation
Advances in Meteorology
Volume 2014, Article ID 894147, 9 pages
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Figure 1: Location of study area.

that the climate effects of land cover are mostly caused by
the water circulation changes which is mainly represented by
reducing the evapotranspiration and increasing latent heat,
and then the radiation changes [19, 20]. Therefore, this study
selects the latent heat and short-wave radiation as the index
and analyzes the effects of land cover change on energy
balance.

Loess Plateau is mainly located in the arid and semiarid
area ofChinawith a fragile ecological environment (Figure 1).
Poor land use practices have resulted in the serious soil ero-
sion, land degradation, desertification, and deterioration of
the ecological environment [21]. To speed up the construction
of ecological environment inWestern China, the government
had taken the policy of returning cropland to forestry area or
grassland, which has achieved desirable results. It not only
prevents the soil erosion and ecological environment degra-
dation effectively, but also promotes the development of grass
industry, animal husbandry, and agriculture industries after
the policy is implemented comprehensively [22]. However,
when we are concerned about the benefits of the policy of
returning cropland to forestry area or grassland, it should be
noted whether such large-scale land cover changes will
impact the regional climate. Will it relieve the drought to
some extent or make it more serious? Does it have effects on
energy flux of near surface? Returning cropland to forestry
area or grasslandwill continue in the next few decades to pro-
tect the ecological environment; therefore, the contribution of
land cover changes to the energy flux of near surface becomes
one of the significant issues [23, 24].

It is essential to quantify the effects of land cover changes
on energy flux in the Loess Plateau for climate change adapta-
tion and regional ecological environment construction. This
study simulates the spatial distribution of land cover changes

with the Dynamics of Land System (DLS) model, then it esti-
mates the energy flux of near surface at a regional scale based
on the principle of energy balance and similarity theory of
boundary layers with theWRFmodel and finally explores the
response mechanism of the temporal and spatial variation of
surface energy flux to land cover changes.The results will pro-
vide scientific basis for the land use planning and climate
change mitigation.

2. Data Source and Handling

2.1. Land Cover Data. Different communities have different
types of land cover classification systems, and this study appl-
ies the classification system of USGS which includes 24
types of land cover. First, the land cover data with a spatial
resolution of 1 km in 2010 are extracted from the remote
sensing images, and the year 2010 is taken as the baseline year.
Then two kinds of scenario, for example, coordinated envi-
ronmental sustainability (CES) scenario, rapid economic
growth (REG) scenario, and so forth, are designed. The land
cover data during 2010–2050 are simulated by Dynamics of
Land System (DLS) model based on the land demand esti-
mated under the two scenarios. Finally, the 1 km resolution
land cover data from 2010 to 2050 were resampled into 10 km
resolution data according to the requirement of the WRF
model.

2.2. Forcing Data. The forcing data needed in the WRF
model, including wind field, surface air temperature, long-
wave radiation, and short-wave radiation, are derived from
the dataset of the fifth phase of the Climate Model Intercom-
parisonProject (CMIP5)whichwill bemostly relied on by the
upcoming IPCC Fifth Assessment Report (AR5). CMIP5
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Table 1: Design of WRF model and relative description.

WRF Designation Description
Simulation period 2010 01 01–2050 12 31
Time resolution Day
D01/02/03 land cover data USGS

Microphysics parameterization scheme WSM3 It includes water vapor, cloud water, rain, cloud ice,
snow, and cloud water.

Long-wave radiation scheme RRTM
It uses preset tables to accurately represent long wave
processes due to water vapor, ozone, CO2, and trace
gases (if present) and accounts for cloud optical depth.

Short-wave radiation scheme Dudhia

It is a simple downward integration of solar flux,
accounting for clear-air scattering, water vapor
absorption (Lacis and Hansen 1974), and cloud albedo
and absorption. It uses look-up tables for clouds from
Stephens (1978).

Land surface process scheme Noah land surface model
Unified NCEP/NCAR/AFWA scheme with soil
temperature and moisture in four layers, fractional
snow cover, and frozen soil physics.

Boundary layer process scheme YSU Nonlocal-K scheme with explicit entrainment layer and
parabolic K profile in unstable mixed layer.

Cumulus parameterization scheme Kain-Fritsch
It utilizes a simple cloud model with moist updrafts and
downdrafts, including the effects of detrainment,
entrainment, and relatively crude microphysics.

consists of 29 global climate models, and the dataset of
Geophysical Fluid Dynamics Laboratory CM3 (GFDL-CM3)
model is adopted in this study. It incorporates an atmospheric
chemistry model within the fully interactive framework of
the atmosphere, ocean, land, and sea-ice components and has
four Representative Concentration Pathways (RCPs) scenar-
ios such as RCP2.6, RCP4.5, RCP6.0, and RCP8.5. This study
analyzed the energy flux under the RCP6.0 scenario; the CO

2

concentration under this scenario ranks in the intermediate
level, and it is incompatible with the actual situation in China.
Since the dataset has been established and updated since July
1999, all the data needed in this study can be obtained, for
example, the surface observation data and the remote sensing
data.

3. Methodology

3.1. WRF Model. The Weather Research and Forecasting
(WRF) Model is a next-generation mesoscale numerical
weather prediction system designed to serve both atmosphe-
ric research and operational forecasting needs, and it features
two dynamical cores, a data assimilation system and a soft-
ware architecture allowing for parallel computation and sys-
tem extensibility [25, 26]. In addition, it serves a wide range
of meteorological applications across scales ranging from
meters to thousands of kilometers; therefore, it is suitable for
any scale researches [27].

The WRF model is developed in two versions, one is for
business, another one is for research, and this study adopts the
latter one, namely, ARW (Advanced ResearchWRF), to carry
out the relevant simulation. To simulate the energy flux distri-
bution of near land surfacemore accurately, this study applies

1
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Figure 2: Schematic diagram of scheme design for three-layer
nested WRF model.

three-layer nested structure including D01, D02, and D03,
and the area ratio of three layers is 3 : 2 : 1. The spatial reso-
lution of output of D03 is set to 1 km (Figure 2).The air temp-
erature, sea ice, and soil moisture data required by the model
are updated every day.

The simulation was conducted with the land cover data
and forcing data under two scenarios. Land cover dataset is
from theUnited States Geological Survey’s (USGS).The long-
wave radiation scheme and shortwave radiation scheme were
RRTM and Dudhia, respectively; the boundary layer process
scheme was YSU, and the land surface process scheme was
NOAH Land surface model (Table 1). The simulation was
implemented with the forcing data between January of 2010
and December of 2050.
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3.2. DLSModel. This study applies theDLSmodel to simulat-
ing the spatial distribution of land cover in the semiarid grass-
land area of China. It can carry out the simulation at two
scales, the regional scale and the grid pixel scale, and predict
the spatial distribution of land cover changes on the basis of
land allocation among various sectors and spatial allocation
for land-use changes between regions. The simulation in-
cludes four steps: firstly, it explores the driving mechanism of
geophysical conditions and socioeconomic environment on
the spatial distribution of land cover in the baseline year and
extracts the significant driving factors which have obvious
effects on the spatial distribution of land cover changes;
secondly, the changing trends of the significant factors, which
influence the spatial distribution of land cover, are predicted
based on the historical characteristics and current status at
the regional scale; thirdly, a proper scenario is identified to
foresee the balances between the land supply and land
demand; finally, the spatial allocation of land cover at 1 km ×

1 km grid pixel level is implemented, and then the spatial dis-
tribution map of land cover is finally generated [28, 29]. The
robust of the DLSmodel has been proved to simulate the land
cover distribution, so it is adopted in this study [29].

3.3. Scenario Design. Based on the characteristics of social-
economic development in the past 30 years, we design two
kinds of social-economic development scenarios, that is,
Rapid economic growth scenario (REG) and coordinated en-
vironmental sustainability scenario (CES).Those two scenar-
ios are designed according to the economic development pro-
cess and the structural characteristics in Loess Plateau com-
bining the factorswith themost possible changes such as pop-
ulation, factor endowments, and technological advances. It is
on the basis of changing trend of land cover and socioeco-
nomic factors in the past decades, but also, and the future
socio-economic development trend. Under the REG sce-
nario, it is assumed that the reforms will be put forward
quickly and smoothly, the role of market in the allocation of
resources will be enhanced obviously, structural adjustment
will be vigorously promoted, and the economic growth pat-
tern will make progress. CES scenario mainly considers the
following aspects of changes: slower urbanization, slow re-
covering of the world economy, serious trade protection,
slow export growth, higher international energy prices and
restricted energy imports, slowprogress in system reformand
slow technological innovation, and efficiency improvement.

4. Land Cover Changes from 2010 to 2050 in
the Semiarid Grassland Area of China

According to the land cover data of USGS in 2010, it is
found that the main land cover in the semiarid grassland
area of China is grassland and cropland, accounting for
about 68.4% of the total area, and the following is barren or
sparsely vegetated land, about 17.2%. Based on the analysis of
land cover in 2010, this study simulates the land cover of the
semiarid grassland area ofChina from2010 to 2050 under two
kinds of scenarios byDLSmodel.The simulation results illus-
trate that the spatial distribution of land cover in the study

area has no disruptive changes from 2010 to 2050, but the
changing ratio will gradually slow down.The analysis on land
cover change between different periods indicates that the
conversion types are mainly dominated by the conversion
between cropland and grassland. Under different scenarios,
the tendency and scale of the major land cover changes vary
in different ranges.

Under the CES scenario, the grassland cover shows an
increasing trend. Although there will be increase in the
forestry area in some parts of the study area to some extent,
the total forestry area will show a slight decrease from 2010 to
2050. The harsh natural conditions restrict the forestry area
expansion, and shrubland accounts for the largest part of the
newly increased forest cover. Additionally, the CES scenario
takes the policy of returning cropland to grassland or forestry
area into account, which also promotes the growth of grass-
land area and the decrease in the cropland area. In the
period of 2010–2030, the grassland will grow by 4.8%, and it
will increase 4.4% during the period of 2030–2050. Most of
the increased grassland is converted from cropland and is dis-
tributed in the Shanxi Province, southern Shaanxi Province,
southeast of Gansu Province and some areas of Ningxia. As
for the cropland, it will reduce by 22.6 × 103 km2 from 2010
to 2030, and by about 19.8 × 103 km2 in the period of 2030–
2050. Barren or sparsely vegetated land is another kind of land
cover, most of which will be converted to grassland or shrub-
land in the north andmiddle of the semiarid grassland area of
China due to ecological recovery construction (Figure 3).
Another conversion from cropland is urban area expansion, it
cannot be avoided during the process of urbanization, and the
expanded area is mainly located in the surroundings of the
cities.

The socio-economic development and rapid urbanization
mean thatmore landwill become urban.During the period of
2010–2050, therewill be an increase of 5.3× 103 km2 for urban
area under the REG scenario, and the main land cover which
is converted to urban area in the semiarid grassland area of
China is cropland.Therefore, there is less cropland converted
to grassland or forestry area. Compared to the CES scenario,
the grassland will increase only by 23.3 × 103 km2 during the
period of 2010–2030, with an increase of 4.2%until the period
of 2030–2050. The expansion of grassland is mostly concen-
trated in the eastern part of Loess Plateau (Figure 3). On the
contrary, most of the cropland is located in the southern part
of the study area including the central and southern Shanxi
Province, southern Shanxi Province, and southeastern Gansu
Province. It is important to note that there are more water
resources in the eastern and southern part of study area,
which is beneficial for forest growing. Under the REG sce-
nario, some areas of grasslands are degraded to bare land or
are turned into cropland in the western part of the semiarid
grassland area of China.

5. Effects of Land Cover Conversion on
Energy Balance in the Semiarid Grassland
Area of China

This study selects the latent heat flux and downward short
wave radiation as the index then it estimates the energy



Advances in Meteorology 5

Land cover in 2030 Land cover in 2050

(a) REG scenario

Land cover in 2030 Land cover in 2050

(b) CES scenario

Land cover in 2010

Urban and built-up land
Dryland cropland and pasture
Irrigated cropland and pasture
Mixed dryland/irrigated cropland and pasture
Cropland/grassland mosaic
Cropland/woodland mosaic
Grassland
Shrubland
Mixed shrubland/grassland
Savanna

Deciduous broadleaf forest
Deciduous needleleaf forest
Evergreen broadleaf forest
Evergreen needleleaf forest
Mixed forest
Water bodies
Herbaceous wetland
Wooded wetland
Barren or sparsely vegetated
Snow or ice

0 100 200 400

(km)

N

(c) Baseline Year

Figure 3: Land cover change under different scenarios from 2010 to 2050.
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Table 2: Statistics of heat flux and radiation of different land covers (unit: W/m2).

Latent heat flux Downward short-wave radiation
Cropland and pasture 24.9 279.6
Grassland 25.3 284.0
Forestry area 36.0 289.9
Urban area 15.0 295.0

flux by the WRF model and summarizes the latent heat flux
and downward short wave radiation of each type of land
cover. The results indicate that different land covers have
different energy fluxes, so the land cover conversion will pro-
duce different effects on regional environment and climate;
however, the extent of their impacts and sensitive region has
obvious temporal and spatial disparity. In addition, the statis-
tics show that forestry area has highest latent heat flux with
36.0W/m2, while urban area has relative low latent heat flux
which is 15.0W/m2 (Table 2).

5.1. Latent Heat Flux. This study estimates themonthly latent
heat flux by the WRF model, and then calculates the annual
average latent heat flux to analyze the effects of land cover
conversion on the latent heat flux changes in the semiarid
grassland area of China. The results show that the barren or
sparsely vegetated land in thewestern parts of InnerMongolia
Autonomous Region and northern Shaanxi Province has
lower latent heat flux, while it is higher in the southern areas
which are mostly covered by grassland, shrubland, cropland,
and pasture. Actually the forestry area also has higher latent
heat flux; however, it has no obvious effects on energy flux
since the forestry area in the study area is extremely small.

The annual average latent heat flux in the semiarid grass-
land area of China will not change obviously from 2010 to
2050, with only 3.2W/m2 increment. However, there will be
various climate effects in different areas from 2010 to 2050 in
the semiarid grassland area of China (Figure 4). Due to the
impacts of the policy of returning cropland to forestry
area or grassland, the latent heat flux will increase in the
middle part of Shanxi Province, southern part of Ningxia
Province, southern, and southeast part of Gansu Province,
with the increment ranging from 1.2W/m2 to 20.4W/m2.The
grassland degradation could lead to the decrease of latent heat
flux in the middle part of Inner Mongolia Autonomous
Region, north ofNingxia Province, northwest of Shaanxi Pro-
vince due to the conversion from grassland to barren
or sparsely vegetated land, with a decrease of 3.2W/m2
(Figure 4).

To predict the energy balance in the future, this study
simulates the energy flux under the two scenarios.The results
illustrate that the latent heat flux under the CES scenario is
higher than that of the REG scenario, this is because more
ecological construction is conducted under the CES scenario
which will produce more latent heat flux. It can be seen from
Figure 4 that the two scenarios have similar spatial distribu-
tion of latent heat flux, but there are regional differences as
well. The CES scenario has smaller areas within the range of

4–14W/m2 especially in the central regions, but larger areas
are within the range of 44–64W/m2.

5.2. Downward ShortWave Radiation. Downward shortwave
radiation is one of the significant factors influencing the
energy balance of climate system. This study simulates the
downward short wave radiation in different periods under the
REG scenario and environment scenario from 2010 to 2050.
The results show that the downward short wave radiation is
weak in the Inner Mongolia Autonomous Region and the
northern part of Shaanxi Province and Ningxia Hui Auto-
nomous Region, while it is stronger in the southeastern area
of Loess Plateau. This is because the northern part of Loess
Plateau is covered mainly by the overlapped zone of the
grassland and barren or sparsely vegetated land, while the
land cover in the southeastern part is dryland cropland pas-
ture. It can be seen from here that the policy of returning
cropland to grassland will reduce the downward short wave
radiation.However, different scenarios have different kinds of
land cover changes, so the downward short wave radiation
under two different scenarios has significant spatial and tem-
poral disparity.

According to the statistical analysis of the downward
short wave radiation at the grid scale, it can be found that the
downward short wave radiation will have no obvious changes
from 2010 to 2050without regarding the scenarios, whichwill
grow consistently from 280.4W/m2 to 282.1W/m2 under the
CES scenario and that under the REG scenario will increase
from 276.2W/m2 to 280.5W/m2 (Figure 5). Although the
implementation of the policy of returning cropland to grass-
land can reduce the downward short wave radiation, the
urban area expansion will lead tomore downward short wave
radiation, and that is why there is a higher increment of
downward short wave radiation under the REG scenario.
Compared to the downward short wave radiation under two
different scenarios, it can be seen that it is higher under the
REG scenario than that under the CES scenario in the period
of 2010–2050. The spatial distribution of downward short
wave radiation in 2030 and 2050 under the REG scenario
shows that the area, whose downward short wave radiation is
less than 265W/m2, is expanding especially in the north and
middle region and the western part of the semiarid grassland
area of China due to the ecological recovery (Figure 5). For
example, the barren or sparsely vegetated lands are improved
to be grassland gradually.

6. Discussion and Conclusion

This study applies the DLS model to simulate the land cover
distribution from 2010 to 2050 under the CES scenario and
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Figure 4: Latent heat flux changes under different scenarios in 2030 and 2050 in the semiarid grassland area of China (unit: W/m2).
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Figure 5: Downward short wave radiation changes under different scenarios in 2030 and 2050 in the semiarid grassland area of China (unit:
W/m2).
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REG scenario and then analyzes the effects of land cover
change on the regional energy balance in the semiarid grass-
land area of China through implementing the numerical sim-
ulation with the WRF model. Latent heat and radiation are
the main factors influencing the energy balance, so this study
selects two indexes including latent heat and downward short
wave radiation to explore the energy balance in the study area.
The conclusions are as follows.

(i) There will be no significant change in the spatial
pattern of the land cover in the study area during 2010–
2050.The changing ratio of all the land cover types will show
adecreasing trend as the time passes.Under theCES scenario,
the grassland shows an increasing trend, while the forest
cover is shrinking because the harsh natural conditions res-
trict the forestry area expansion, and shrubland accounts for
the largest percentage of the newly increased forest cover.
Barren or sparsely vegetated land will be mainly converted to
grassland or shrubland. During the period of 2010–2050,
there will be an increase in urban area under the REG sce-
nario, and the main land cover converted to urban area is
cropland. Compared to the CES scenario, the rate of increase
of grassland will be lower, and the expansion of grassland is
mainly concentrated in the western part of Loess Plateau.

(ii) The simulation results indicate that there will be no
obvious changes in energy flux of near surface under the CES
scenario, and the latent heat flux and downward short wave
radiation will all have small-scale increase. Therefore, the
land cover conversionmay have no great impact on climate in
the coming forty years. However, the spatial disparity of
energy flux is extremely significant. The policy of returning
cropland and pasture to grassland or forestry area makes the
latent heat increase to some extent, while the grassland degra-
dation could lead to the decrease of latent heat due to the con-
version from grassland to barren or sparsely vegetated land.
As for the downward short wave radiation, it can be seen that
it is higher under the REG scenario than that under the CES
scenario in the study period. Urbanization and the decrease
in forestry area will offset the energy flux reduction brought
by grassland expansion.

Althoughwe have carried out an estimation for the effects
of land cover change on energy balance by the WRF model,
there are certain limitations in our analysis. Firstly, there
is uncertainty on the prediction of social-economic develop-
ments. This study applies the scenarios to predict the land
cover change; however, we still can not ensure the accuracy of
the prediction for the social-economic development. Sec-
ondly, there are various factors that influence the regional
energy flux, but in this paper, only the land cover change is
used to analyze its impacts on the regional energy flux.
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climate evolution and land use changes on water yield in the
ebro basin,” Hydrology and Earth System Sciences, vol. 15, no. 1,
pp. 311–322, 2011.

[9] K. L. Findell, E. Shevliakova, P. C. D. Milly, and R. J. Stouffer,
“Modeled impact of anthropogenic land cover change on cli-
mate,” Journal of Climate, vol. 20, no. 14, pp. 3621–3634, 2007.

[10] K. B.Wilson, P. J. Hanson, P. J.Mulholland, D. D. Baldocchi, and
S. D. Wullschleger, “A comparison of methods for determining
forest evapotranspiration and its components: sap-flow, soil
water budget, eddy covariance and catchment water balance,”
Agricultural and Forest Meteorology, vol. 106, no. 2, pp. 153–168,
2001.

[11] W. Yao, M. Han, and S. Xu, “Estimating the regional evapo-
transpiration in Zhalong wetland with the Two-Source Energy
Balance (TSEB) model and Landsat7/ETM+ images,” Ecological
Informatics, vol. 5, no. 5, pp. 348–358, 2010.

[12] R. A. Betts, P. D. Falloon, K. K. Goldewijk, and N. Ramankutty,
“Biogeophysical effects of land use on climate: model simula-
tions of radiative forcing and large-scale temperature change,”
Agricultural and Forest Meteorology, vol. 142, no. 2–4, pp. 216–
233, 2007.

[13] J. A. Foley, M. H. Costa, C. Delire et al., “Green surprise? How
terrestrial ecosystems could affect earth’s climate,” Frontiers in
Ecology and the Environment, vol. 1, pp. 38–44, 2003.



Advances in Meteorology 9

[14] H.D.Matthews, A. J.Weaver, K. J.Meissner, N. P. Gillett, andM.
Eby, “Natural and anthropogenic climate change: Incorporating
historical land cover change, vegetation dynamics and the
global carbon cycle,” Climate Dynamics, vol. 22, no. 5, pp. 461–
479, 2004.

[15] A. J. Pitman, “The evolution of, and revolution in, land surface
schemes designed for climate models,” International Journal of
Climatology, vol. 23, no. 5, pp. 479–510, 2003.

[16] Y. Q. Zheng, Y. P. Qian, M. Q. Miao et al., “The effects of veg-
etation change on regional climate I: simulation results,” Acta
Meteorologica Sinica, vol. 60, no. 1, pp. 1–16, 2002.

[17] T. Loridan, C. S. B. Grimmond, B. D. Offerle et al., “Local-scale
Urban Meteorological Parameterization Scheme (LUMPS):
longwave radiation parameterization and seasonality-related
developments,” Journal of AppliedMeteorology and Climatology,
vol. 50, no. 1, pp. 185–202, 2011.

[18] C. S. B. Grimmond, M. Blackett, M. J. Best et al., “The inter-
national urban energy balance models comparison project: first
results from phase 1,” Journal of AppliedMeteorology and Clima-
tology, vol. 49, no. 6, pp. 1268–1292, 2010.

[19] P. J. Lawrence and T. N. Chase, “Representing a new MODIS
consistent land surface in the Community Land Model (CLM
3.0),” Journal of Geophysical Research G, vol. 112, no. 1, Article
ID G01023, 2007.

[20] P. J. Lawrence and T. N. Chase, “Investigating the climate
impacts of global land cover change in the community climate
systemmodel,” International Journal of Climatology, vol. 30, no.
13, pp. 2066–2087, 2010.

[21] J. M. Clarke, “Effect of drought stress on residual transpiration
and its relationship with water use of wheat,” Canadian Journal
of Plant Science, vol. 1, no. 3, pp. 695–702, 2000.

[22] S. Z. Kang, “Calculatingmethod of potential atmospheric evap-
oration in the arid and semi-arid areas,” Agriculture Research in
the Arid Areas, vol. 1, no. 2, pp. 41–50, 1985 (Chinese).

[23] R. K. Vinukollu, E. F. Wood, C. R. Ferguson, and J. B. Fisher,
“Global estimates of evapotranspiration for climate studies
usingmulti-sensor remote sensing data: evaluation of three pro-
cess-based approaches,”Remote Sensing of Environment, vol. 115,
no. 3, pp. 801–823, 2011.

[24] X. Gao, Y. Luo, W. Lin, Z. Zhao, and F. Giorgi, “Simulation of
effects of land use change on climate in China by a regional cli-
mate model,” Advances in Atmospheric Sciences, vol. 20, no. 4,
pp. 583–592, 2003.

[25] M. A. Hernandez-Ceballos, J. A. Adame, J. P. Bolivar et al., “A
mesoscale simulation of coastal circulation in the Guadalquivir
valley (Southwestern Iberian Peninsula) using the WRF-ARW
model,” Atmospheric Research, vol. 124, pp. 1–20, 2013.

[26] M. Mohan and S. Bhati, “Analysis of WRF model performance
over subtropical region of Delhi, India,” Advances in Meteorol-
ogy, vol. 2011, Article ID 621235, 13 pages, 2011.

[27] R. J. Qu, X. L. Cui, H. M. Yan et al., “Impacts of land cover
change on the near-surface temperature in the North China
plain,” Advances in Meteorology, vol. 2013, Article ID 409302, 12
pages, 2013.

[28] X. Deng, Q. Jiang, H. Su, and F.Wu, “Trace forest conversions in
Northeast China with a 1-km area percentage data model,” Jour-
nal of Applied Remote Sensing, vol. 4, no. 1, Article ID 041893, 13
pages, 2011.

[29] X. Deng, Q. Jiang, J. Zhan, S. He, and Y. Lin, “Simulation on the
dynamics of forest area changes in Northeast China,” Journal of
Geographical Sciences, vol. 20, no. 4, pp. 495–509, 2010.



Research Article
Scenario Simulation of the Influence of Land Use Change
on the Regional Temperature in a Rapidly Urbanizing Region:
A Case Study in Southern-Jiangsu, China

Xinli Ke,1 Enjun Ma,2 and Yongwei Yuan3

1 College of Land Management, Huazhong Agricultural University, Wuhan 430079, China
2 School of Mathematics and Physics, China University of Geosciences (Wuhan), Wuhan 430074, China
3 Faculty of Resources and Environmental Science, Hubei University, Wuhan 430062, China

Correspondence should be addressed to Xinli Ke; kexl@igsnrr.ac.cn

Received 29 August 2013; Accepted 4 December 2013; Published 16 February 2014

Academic Editor: Burak Güneralp
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It has been shown that land use change in urbanized region, especially urban land expansion, will influence regional climate.
However, there has been very little research on the climate effects of the future land use change in a rapidly urbanizing region.
Taking the southern part of Jiangsu province in China as the study area and through a scenario analysis, the influence of land use
change on the regional temperature was analyzed from the perspective of land surface radiation budget and energy balance. The
results indicated that (1) themonthly average temperature is significantly higher under the Rapid EconomicGrowth (REG) scenario
than under the Cooperate Environmental Sustainability (CES) scenario in 2050, especially in the hottestmonth (July). (2)The range
of high-temperature regions is much wider under the REG scenario than it is under the CES scenario in 2050. (3)The land surface
net radiation and latent heat flux are two key factors through which land use change influences the regional temperature in the
study area, and the latent heat flux plays a dominant role. (4) Land use change mainly influences the land surface net radiation by
altering the land surface albedo and emissivity. These results are helpful to mitigate regional climate change effects caused by land
use change.

1. Introduction

Urbanization is one of the most dramatic changes in the
world. Urban land expansion is a prominent feature of
urbanization. With the rapid development of urbanization,
the land surface is replaced by the impermeable ground such
as cement, asphalt, which has made urban environmental
problems become increasingly serious [1, 2]. Among them,
the increasing urban heat island effect has become the
typical problem of the urban environmental change and has
endangered the daily life and safety of the urban residents
[3, 4]. Urbanization as a typical performance of human land
use activities can affect local and regional climate change,
and even large-scale atmospheric circulation [5]. Underlying
surface change would cause the redistribution of Earth
surface’s heat and moisture in the process of urbanization,
causing changes in local and even regional climate [6, 7].

Research on the impacts of urbanization on climate
mainly focuses on urban heat island and urban rain island.
Since the urban heat island was proposed in 1833, it has
been verified that urban heat island exists in many cities of
different types and sizes [8, 9]. A large number of studies
suggest that the urban heat island intensity exhibits different
characteristics alongwith the location and the type of the city,
the conditions of periurban area and so on [10, 11]. Global-
scale studies suggest that urbanization plays an important
role in raising global surface temperature in recent years
[12, 13]. However, almost all the studies have confirmed
that the urbanization, especially urban land expansion will
lead to the rising surface temperature. Urbanization changes
the underlying surface and makes the urban areas temper-
ature rise. Precipitation is another important aspect of the
impact of urbanization on regional climate. In the process
of urbanization, natural vegetation is replaced by asphalt,
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buildings, and other artificial land surfaces, which results in
changes on the surface roughness, albedo and soil moisture,
and other surface properties, and affects regional precipita-
tion through their impacts on the radiation balance, water
balance, and other processes. Early studies showed that in
rapid urban development period, there will be unusually
high precipitation in urban areas [14], and the areas which
are close to the metropolitan areas are more prone to have
heavy rains [15–17].With the growth of the urban population,
raining in the afternoon seems to increase in large cities
[14]. Another study showed that the increasing intensity
of showers in monsoon season in the urban areas may be
relevant to heat island [18]. Further studies showed that effects
of urbanization on precipitation intensity showed different
laws in different terrains and climatic backgrounds [19]. In
addition, the impact of urbanization on precipitation is not
limited to urban areas but also to urban downwind areas
[20, 21].

As to researchmethods, research on impacts of urbaniza-
tion on climate change is mainly based on studies of obser-
vational data and numerical simulation. Early researches
about impacts of urbanization on climate change mainly rely
on observation site data, combined with demographic data
or land use data, using empirical orthogonal function [22],
principal component analysis [23, 24], and other methods
to select reference stations and urban stations. Through
comparative analysis of observational data discrepancies
between reference stations and urban stations, the impacts of
urbanization on climate change can be assessed.This method
is simple, intuitive, and persuasive, but it is affected by the
site classification results and the number of samples. To solve
this problem, Kalnay and Cai (2003) [25], based on the
characteristics of NCEP/NCAR reanalysis data which did not
use ground-based observations information in the assimila-
tion process, proposed an idea which could reflect impacts
of urbanization on the regional climate change according
to comparative observations and reanalysis differences [25].
Although this approach has achieved good results [26], its
reliability has been disputed [27, 28]. In recent years, with the
development of remote sensing technology, the research of
the impacts of urbanization on regional climate change has
made a great progress by using remote sensing technology
to extract information on land use changes and land sur-
face air temperature and precipitation data [29–31]. These
methods provided a good support to describe the impacts of
urbanization on climate change. However, these methods are
inadequate to analyze the impact mechanism of urbanization
on climate. Therefore, it is necessary to introduce numerical
simulation in researching the key processes that urbanization
affects regional climate change from the perspective of
the mechanism. Sensitivity experiments of two-dimensional
scale model showed that sensible heat fluxes caused by
urban surface changes played a key role in climate change,
and roughness changes affected the spatial heterogeneity of
climate change [32]. Sensitivity test of RAMS/TEM coupled
model indicated that urban heat island plays a key role in
inducing downwind convective systems [33]. Sensitivity test
of WRF/NOAH coupled model indicated that urbanization
mainly through two aspects of increasing heat sense and

reducing moisture together affected convective activity thus
realizing regional climate change [34]. It can clearly be seen
that numerical simulation method provides support for the
in-depth understanding of the process: urbanization, land
surface change, key biogeophysical parameters change, and
climate change.

This paper took Southern-Jiangsu in China as the case
study area. Firstly, DLS (Dynamics of Land System) model
is employed to simulate future land use change in study
area at various scenarios. Then the simulation results of land
use change were processed so as to satisfy the requirements
of underlying surface data for WRF (Weather Research
and Forecast) model. On this basis, the WRF model was
used to simulate the impacts of future land use change on
regional climate change, to scientifically understand the key
parameters and the key process of the impacts of region’s
future land use change on regional climate change, and to
provide scientific basis for the rational regional land use
planning to mitigate climate change.

2. Study Area

China is the largest developing country in the world, expe-
riencing rapid urbanization. Yangtze River Delta is one of
the most rapidly urbanizing regions in China, and land use
change caused by urban expansion is very intense in this area.
Studies have shown that the urbanization of Yangtze River
Delta region has obvious effects on its climate. Southern-
Jiangsu is an important part of the Yangtze River Delta, the
impact of regional urban land expansion on climate change
has also been widely concerned [35]. However, current
researches mainly focus on land use change and climate
change, revealing the impacts of urbanization on regional
climate change. Few studies focus on the impacts of future
urban land use change on regional climate change. The
scientific understanding of the impacts of future land use
change on the regional climate change is the basis of a
scientific and rational land use planning to mitigate regional
climate change. Therefore, there is an urgent need to reveal
the impacts of future land use changes of typical urbanized
areas on regional climate change.

Southern-Jiangsu is located in the Yangtze River Basin
in China, with superior geographical environment, pleasant
climate and convenient irrigation, vast plains, and fertile soil.
There are five cities in Southern-Jiangsu, including Nanjing,
Zhenjiang, Changzhou, Wuxi, and Suzhou (Figure 1). In
history, Southern-Jiangsu was China’s most prosperous place
because agriculture there was well developed. Southern-
Jiangsu is closed to Shanghai and it is a large hinterland of
Shanghai, so it has geographical advantages. Because of its
proximity to Shanghai, Southern-Jiangsu developed strong
economic ties with Shanghai.

Southern-Jiangsu is one of the most populous and urban-
ized and the fastest growing economic regions in China.
With Shanghai’s role in driving the economic development,
Southern-Jiangsu grows rapidly in economic development
and urbanization. In 2008, the regional GDP of Southern-
Jiangsu was 1.85 trillion Yuan, accounting for 6.4% of the



Advances in Meteorology 3

0         25        5012.5
km

Cultivated land
Forestry
Grassland

Water area
Built-up area
Unused land

121
∘E120

∘E119
∘E

121
∘E120

∘E119
∘E

32
∘N

N

31
∘N

32
∘N

31
∘N

Figure 1: Location of Southern-Jiangsu.

whole country. Southern-Jiangsu is also relatively dense
with cities and towns, and urbanization level is high. In
2008, Southern-Jiangsu’s urbanization rate reached 67.7%,
and per capita GDP reached 61,823 Yuan reaching the level
of moderately developed countries.

3. Data and Methodology

3.1. Data Sources. Thedata includes the land use data, socioe-
conomic data, and data of natural environmental conditions
of Southern-Jiangsu.

Land use data is mainly used for scenario simulations of
land use change. In this study, land use data of Southern-
Jiangsu in 2000 and 2008 are obtained through remote sens-
ing images interpretation. These land use data are composed
of six land types, including farmland, forestry land, grassland,
built-up land, water bodies, and unused land. Among them,
land use data in 2000 came from the Land Use Database of
Data Center Resources and Environment, Chinese Academy
of Science [36]. The database consists of Landsat TM/ETM+
image interpretation with a spatial resolution of 30 × 30m.
Land use data in 2008 is interpreted by Landsat ETM+
images.

The natural environmental conditions data included
DEM data of the study area, the distance from the city at
all levels, the distance from the railways, the distance from
the roads, and the distance from the rivers. DEM data came
from the data of Shuttle Radar Topography Mission (SRTM)
of NASA. This paper hierarchically calculated the distance
from the city at all levels to each 100 × 100m grid, using
the Landsat TM/ETM+ geometric correction in 2000 that
covered Southern-Jiangsu to outline the major river systems

and the network of transport of the study area and towork out
the distance from each 100m × 100m grid to railways, roads,
and rivers.

The social and economic statistical data included the
population of Southern-Jiangsu, per capita retail sales of
social consumer goods, the total investment in fixed assets,
per capita fiscal revenue, the gross output of the second
industry, and grain yield per unit area from 2000 to 2008.The
above data come from Jiangsu Statistical Yearbook.

3.2. DLSModel. DLS is a land use dynamic simulationmodel
based land use change mechanism, which in accordance
with the driving forces analysis of land use change, scenario
forecasting, and supply industrial allocation of land area and
space allocation carrying out dynamic simulations of land
use change from region and grid (Figure 2). DLS model
consists of fourmodules, including scenario analysis module,
spatial analysis module, the conversion rules module and
spatial analysis modules. Scenario analysis module is used
to express the changed needs of a variety of land use types
under different scenarios. Spatial analysis module is used to
calculate the probability values of various land use types in
each grid unit through spatial regression analysis for driving
factors. Transfer rules module is used to express possibility
and ease of a certain type of land transfer to another type of
land on each grid cell. Space allocation module implements
spatial distribution pattern of various land use types under
different scenarios on the grid.

There are mainly four steps to carry out dynamic sim-
ulation of land use based on DLS. First, analyze statistical
relationship between land use types distribution and driving
factors from the two scales of region and grid, measure
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effects of the natural environment and socioeconomic factors
on temporal patterns of regional land use, and extract the
key factors which affect land use types distribution. Then,
based on the history of land use characteristics and the
status of regional land use changes, predict trends that the
key factors influence land use patterns, and then select a
reasonable scenario. According to supply-demand situation
of different industries on land under this scenario during the
time cross-section of forecast period, allocate area demand of
different land types to various industries. Finally, by balance
analysis of grid-scale land type area’s demand and supply,
achieve spatial distribution of different kinds of land use
types on the grid scale and generate spatial pattern of land
use.

According to the estimated result of the experiential
model, the contribution on land use change of various inde-
pendent variables can be calculated. Based on this, prediction
of land use in 2010 and 2050 in Southern-Jiangsu can be

worked out. Under the linear hypothesis, land use change
process can be presented as the following formula:

Δ𝑌
𝑖
= 𝑓 (. . . , 𝑥

𝑡

𝑖
, . . .) − 𝑓 (. . . , 𝑥

𝑡−1

𝑖
, . . .) = 𝑓 (Δ𝑥

𝑖
) , (1)

whereΔ𝑌
𝑖
is the change area of land use𝑌

𝑖
, 𝑥𝑡
𝑖
and 𝑥𝑡−1
𝑖

are the
value of independent variables in time 𝑡 and 𝑡−1, respectively,
and Δ𝑥 is the changed value of independent variables.

3.3. WRF Model. WRFmodel is a new generation mesoscale
weather forecasting model and assimilation model which
was jointly initiated by research institutes and scientists
of universities in the United States [37]. This model is
highly modular and layer-designed, the main program adds
a number of optimization options in compiler, and the input
and the output data are read in a variety of standard formats.

WRFmodel consists of three parts, including preprocess-
ing module of mode (WPS), main module of model (ARW),
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Figure 4: Results of land use change simulation. (a) and (b) show the simulation results of land use in Southern-Jiangsu in year 2010 under
REG scenario and CES scenario, respectively; (c) and (d) show the simulation results of land use in Southern-Jiangsu in year 2050 under REG
scenario and CES scenario, respectively.

and assimilation module of mode and postprocessing tools
of mode data (WRF-VAR) (Figure 3). Preprocessing module
of the model mainly determines the analog areas, providing
initial and boundary conditions of simulation, providing
topography and soil types data and entrusting to the grid area
of simulation, reentrusting the meteorological data to grid of

simulation. ARW is the core part of the model and mainly
makes initialization and integration for simulation.

WRF model is mainly applied to the weather and climate
research when horizontal resolution is 1–10 km. It can also be
applied to numerical simulation, physical parameterizations
research, data assimilation, and numerical ideal test and
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provide meteorological field for air quality model.This paper
simulated the future land use change in Southern-Jiangsu
using the DLS model and made dynamic simulations to
regional climate change under different underlying scenarios
based on the WRF model, just to reveal the impacts of
Southern-Jiangsu’s future land use change on regional climate
change.

4. Results

4.1. Scenario Analysis of Future Land Use in Southern-
Jiangsu. Future land use conditions in Southern-Jiangsu are
simulated under two kinds of scenarios in this paper. After
30 years’ development under the reform and opening up
policy in China, the Southern-Jiangsu has achieved rapid
socioeconomic progress. Meanwhile, the Southern-Jiangsu’s
resources and environment are also under tremendous pres-
sure. Particularly, farmland resources in this area are facing
significant stress of reduction under the circumstance of rapid
urban expansion. Southern-Jiangsu’s resources and environ-
mental pressures have become increasingly prominent in
the process of rapid economic development. Therefore, the
development of Southern-Jiangsu is facing new opportu-
nities and challenges. Against this background, this paper
set Southern-Jiangsu’s future land use scenarios as REG
scenario and CES scenario. The core of REG scenario is
that land use demands have the priority in land use change.
Southern-Jiangsu’s land use change has served the purpose
of economic development in the past 30 years; therefore, it
can be considered that Southern-Jiangsu’s land use scenario
was the REG scenario in the past 30 years. The core of
CES scenario is to achieve coordination between economic
development and environmental protection. Therefore, the
purpose of the land use in CES scenario is to realize the
transformation of economic development so as to protect
natural resources and environment by sacrificing the speed
of economic development rationally.

This study simulated the land use change in Southern-
Jiangsu during 2010 to 2050 under the REG scenario and
CES scenario with the DLS model (Figure 4). The result
under the REG scenario suggests that the built-up land
expansion in 2010 mainly concentrated on the main urban
areas of Nanjing, Zhenjiang, Suzhou, Wuxi, and Changzhou,
which is consistent with the trend of the current land use
change in Southern-Jiangsu. While the simulation result
under the CES scenario indicates that the built-up land will
expand dispersedly in the whole study area, the built-up
land expansion around the main urban areas of Nanjing,
Zhenjiang, Suzhou, Wuxi, and Changzhou will be restrained
to some degree.

The simulation result in year 2050 indicates that there
is still a great demand of economic development for the
land resource under the REG scenario since the REG will
keep a high speed in Southern-Jiangsu. The built-up land
will expand most obviously around the main urban areas of
Nanjing, Zhenjiang, Suzhou, Wuxi, and Changzhou, where
the area of cultivated land and forests will further decrease.
There will also be some expansion of the built-up land
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Figure 5: Simulated monthly average temperature in Southern-
Jiangsu under different scenarios (unit: ∘C). Land 2010 in REG sce-
nario and Land 2010 in CES scenario represent the monthly average
temperature simulated with the LUCC data in 2010 under the REG
scenario and CES scenario as the underlying data, respectively. Land
2050 in REG scenario and Land 2050 in CES scenario refer to that
in 2050.

in the small-medium cities, which puts great pressure on
the surrounding cultivated land and forests. Under the
CES scenarios, the speed of economic development will be
restrained to some degree, and the land use intensity will be
further improved and the consumption of land resources due
to economic development will also be restrained. Although
there will still be some expansion of built-up land around the
main urban areas of Nanjing, Zhenjiang, Suzhou, Wuxi, and
Changzhou, the expansion degree is much limited compared
to that under the REG scenario. The area of cultivated land
and forests will decrease slightly due to the built-up land
expansion, but the decreased area has been under control
compared to that under the REG scenarios, in particular, the
shrinkage of forests is well controlled in these regions. By
comparison, the built-up land in small-medium cities still
expands dispersedly, but the expansion speed is obviously
restrained.

4.2. Impacts of the Future Land Use Change on the Regional
Temperature in Southern-Jiangsu. Based on the simulation
results of the future land use change in Southern-Jiangsu, the
WRFwas used to simulate the impacts of the land use change
on the regional climate change in the future under different
scenarios. The underlying surface data were first generated
through up-scaling and reclassifying the simulation results
of land use change in Southern-Jiangsu according to the
requirement of the WRF model. Then the static underlying
surface data in the WRF model were replaced with the
dynamic ones in 2010 and 2050 under the REG scenario and
CES scenario; thereafter the future regional climate change
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Figure 6: Spatial pattern of the monthly average temperature in Southern-Jiangsu under different scenarios (unit: ∘C). (a) and (b) show the
simulation result of average temperature of land use in Southern-Jiangsu in year 2010 under REG scenario and CES scenario, respectively;
(c) and (d) show the simulation result of average temperature of land use in Southern-Jiangsu in year 2050 under REG scenario and CES
scenario, respectively.

was simulated and finally the climate effects of different
underlying surfaces were analyzed (Figure 5).

The simulation results indicate that the changing trends of
the monthly average temperatures under different scenarios
are consistent on the whole. The highest monthly average
temperatures all appear in June, July, and August, and the
lowest ones all appear in November, January, and February.
This result shows that the changes of underlying surface do
not affect the monthly temperature change trend; it only
affects the value of average temperature. There is signifi-
cant difference on the monthly average temperatures during
different periods under different scenarios. The simulation
results indicate that the regional monthly average tempera-
ture in 2010 under theCES scenario is the lowest on thewhole,
while that in 2050 under the REG scenario is the highest.
Besides, the monthly average temperature in 2010 under the
REG scenario is slightly higher than in 2050 under the CES
scenario. In addition, there are also some differences in the
monthly average temperatures between different underly-
ing surfaces during different periods. Overall, the greatest
difference in the monthly average temperatures appears in
summer, while there is no significant difference in winter,
with that in January being the slightest.

The simulation result indicates that there are significant
impacts of the underlying surface on the spatial pattern of the
monthly average temperature under different scenarios, espe-
cially in 2050 under the REG scenario and in 2010 under the
CES scenario (Figure 6). Figures 6(a) and 6(b) suggest that
there is no significant difference between the spatial pattern of
the monthly average temperature on the underlying surfaces
under the REG scenario and theCES scenario in 2010, and the

monthly average temperature under the REG scenario is only
slightly higher than that under the REG scenario. However,
Figures 6(c) and 6(d) indicate that the regions with high
temperature in 2050 under the REG scenario are much wider
than the high temperature regions under the CES scenario,
especially around the center of big cities such as Nanjing,
Zhenjiang, Suzhou, and Wuxi. According to the comparison
of results between the monthly average temperature in 2050
under the REG scenario and other scenarios, the range of the
high-temperature regions is much wider in 2050 under the
REG scenario than other scenarios.

The biggest difference in the monthly average temper-
ature under different scenarios is in July; therefore, the
impacts of different underlying surfaces on the temperature
can be more clearly revealed through comparing the spatial
pattern of themonthly average temperature in July (Figure 7).
Figure 7 shows that the impacts of different underlying sur-
faces on the spatial pattern of the temperature in Southern-
Jiangsu in July are consistent with its spatial pattern on
the monthly average temperature, but the scope of high
temperature is more significant in July. Taking the results
in 2050 under the REG scenario and CES scenario (Figures
7(c) and 7(d)) as examples, the high-temperature region in
Nanjing has expanded into a separate continuous region
in 2050 under the CES scenario, while the scope of the
high-temperature region in Zhenjiang is still very limited.
Besides, the high-temperature regions in Suzhou, Wuxi, and
Changzhou have also expanded into a large continuous
district, but its scope and temperature range are both smaller
than the scope and temperature range in 2050 under the REG
scenario.
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Figure 7: Spatial pattern of the monthly average temperature in Southern-Jiangsu in July under different scenarios (unit: ∘C). (a) and (b)
show the simulation result of monthly average temperature in Southern-Jiangsu in July of land use in year 2010 under REG scenario and CES
scenario, respectively; (c) and (d) show the simulation result of monthly average temperature in Southern-Jiangsu in July of land use in year
2050 under REG scenario and CES scenario, respectively.

4.3. Key ImpactMechanisms of the Future LandUse Change on
the Regional Temperature in Southern-Jiangsu. According to
the surface energy budget equation, there is close relationship
between the surface net radiation, land surface albedo, down-
ward shortwave radiation, downward long-wave radiation,
and land surface emissivity:

𝑅
𝑛
= 𝑅
𝑆

𝑛
+ 𝑅
𝑙

𝑛
= (1 − 𝛼) 𝐹

𝑠

𝑑
+ 𝜀𝐹
𝑙

𝑑
− 𝜎𝜀𝑇

4
, (2)

where 𝑅
𝑛
is the surface net radiation, 𝑅𝑆

𝑛
is the short wave

radiation, 𝑅𝑙
𝑛
is the long-wave radiation, 𝛼 is the land surface

albedo, 𝐹𝑆
𝑑
is the downward shortwave radiation, 𝜀 is the land

surface emissivity, 𝐹𝑙
𝑑
is the downward long-wave radiation,

and 𝑇 is the land surface temperature. The land net radiation
is the energy source of the land surface temperature change,
this study has focused on how the underlying surface change
influences the land surface albedo, downward shortwave
radiation, downward long-wave radiation, and land surface
emissivity in order to clarify the key influencing mechanism
of the future land use change on the regional temperature in
Southern-Jiangsu (Figure 8).

The land use change in Southern-Jiangsu mainly influ-
ences the land net radiation through exerting impacts on
the land surface albedo and emissivity, and the land use
change influences the spatial heterogeneity of the land surface
emissivity most greatly under both the scenarios (Figure 8).
Figure 8(a) suggests that the land surface albedo will be
the lowest in 2050 under the REG scenario, while it will
show no significant difference under other scenarios. Besides,
Figure 8(b) suggests that the land surface emissivity will be
obviously lower in 2050 under the REG scenario than other

scenarios, under which it will show no significant difference.
In addition, Figures 8(c) and 8(d) indicate that there will
not be significant difference in the downward long-wave
radiation and downward shortwave radiation under all the
scenarios. In summary, under the condition that there is
no significant difference between the downward long-wave
radiation and downward shortwave radiation, there will be
lower land surface albedo and emissivity in 2050 under
the REG scenario, which consequently greatly increases the
land surface net radiation and thus lays foundation for the
warming effects.

This study analyzed the impacts of the spatial heterogene-
ity of the land surface emissivity on the spatial pattern of
temperature in the hottestmonth (July) since the difference in
the land surface emissivity is themain reason for thewarming
effects in 2050 under the REG scenario (Figure 9).

Figure 9 shows that the regions with the lower land
surface emissivity is more widespread in 2050 under the REG
scenario than under other three scenarios. Under all the four
scenarios, there are always continuous districts with lower
land surface emissivity in Nanjing, Zhenjiang, Suzhou,Wuxi,
and Changzhou, where the urban land is the main part of
the underlying surface. However, the result clearly shows
that the land surface emissivity in these continuous districts
is obviously lower in 2050 under the REG scenario than
other scenarios, whichmay bemainly because the underlying
surface will change more greatly in 2050 under the REG
scenario.

What is more, the land surface energy budget equation
suggests that under the condition of certain land surface
net radiation, the underlying surface mainly influences the
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Figure 8: Influence of the future land use change on the key biogeophysical parameters in Southern-Jiangsu. (a) and (b) show the influence
of the future land use change on albedo and surface emissivity; (c) and (d) show the influence of the future land use change on downward
long-wave radiation and downward shortwave radiation (W/m2).

temperature through influencing the sensible heat flux, latent
heat flux, and soil heat flux:

𝑅
𝑛
= 𝐻 + LE + 𝐺, (3)

where 𝑅
𝑛
is the land surface net radiation, 𝐻 is the sensible

heat flux, LE is the latent heat flux, and𝐺 is the soil heat flux.
Since there is generally very limited heat flux into the

soil layer, the land surface net radiation is mainly influenced
by the sensible heat flux and latent heat flux, while the
underlying surface can directly influence the latent heat flux
and consequently influence the near-surface temperature.

Figure 10 shows that the latent heat flux is obviously lower
in 2050 under the REG scenario than under other scenarios,
and therefore the decrease of the latent heat flux caused by the
underlying surface change due to land use change can be seen
as one of themain causes of the temperature rise in Southern-
Jiangsu.

In order to further analyze the impacts of the difference
in the latent heat flux on the spatial pattern of temperature,
the spatial pattern of the latent heat flux under different
scenarioswere further analyzed (Figure 11). It can be seen that
there is no significant difference in the spatial pattern of the
latent heat flux in Southern-Jiangsu under different scenarios.
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Figure 9: Spatial pattern of the land surface emissivity in Southern-Jiangsu under different scenarios. (a) and (b) show the simulation result of
land surface emissivity of land use in Southern-Jiangsu in year 2010 under REG scenario and CES scenario, respectively; (c) and (d) show the
simulation result of land surface emissivity of land use in Southern-Jiangsu in year 2050 under REG scenario and CES scenario, respectively.
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Figure 10: Comparison of the latent heat flux in Southern-Jiangsu
under different scenarios (unit: W/m2).

However, the variation range of the latent heat flux in 2050 is
smaller under the REG scenario than under other scenarios.

5. Discussion and Conclusion

The scientific understanding of the impacts of land use
change on the regional climate change provides the founda-
tion for reasonable land use management so as to mitigate

the climate change. Taking Southern-Jiangsu, the typical
region of urbanization in China, as the study area, this study
analyzed the influence of land use change on the temperature
under the REG scenario and CES scenario during 2010–2050
on the basis of simulation with the DLS model and WRF
model. This study then analyzed the impacts of land use
change on the key biogeophysical parameters such as surface
net radiation, land surface albedo, downward shortwave
radiation, downward long-wave radiation, and land surface
emissivity from the perspective of land surface radiation
budget and energy balance. Furthermore, the key influencing
mechanisms of the future land use change on the regional
temperature was analyzed. The main conclusions are as
follows.
(1) The land use change in Southern-Jiangsu shows

different changing trends under different scenarios, but it is
mainly characterized by the expansion of urban land and
shrinkage of the cultivated land and forests. Under the REG
scenario, the urban land expansion in Southern-Jiangsu will
keep at a fast rate; the urban land will mainly expand around
the central cities, mainly occupying the cultivated land and
forests. By contrast, the built-up land will expand dispersedly
in the whole study area under the CES scenario, and the built-
up land expansion around the main cities will be restricted to
some degree.
(2) The monthly average temperature in Southern-

Jiangsu shows a consistent changing trend under different
scenarios, but the temperature range shows significant differ-
ence. The highest value of the monthly average temperature
appears in July under all the scenarios, while the lowest one
appears in January. Besides, the regional monthly average
temperature is the highest in 2050 under the REG scenario
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Figure 11: Spatial pattern of the latent heat flux in Southern-Jiangsu under different scenarios (unit: mm). (a) and (b) show the simulation
result of latent heat flux of land use in Southern-Jiangsu in year 2010 under REG scenario and CES scenario, respectively; (c) and (d) show
the simulation result of latent heat flux of land use in Southern-Jiangsu in year 2050 under REG scenario and CES scenario, respectively.

and the lowest in 2010 under the CES scenario. In addition,
the difference in the monthly average temperatures is the
greatest in the summer and the smallest in the winter.
(3)There is significant influence of the underlying surface

on the spatial pattern of temperature. The spatial pattern
differs most greatly in 2050 under the REG scenario and
in 2010 under the conservation scenario, especially in July.
The range of the high-temperature regions is much wider in
2050 under the REG scenario than it is in 2010 under the
CES scenario. The high-temperature regions are much wider
in 2050 under the REG scenario than it is under the CES
scenario, especially in big cities such as Nanjing, Zhenjiang,
Suzhou, and Wuxi.
(4) The land use change in Southern-Jiangsu mainly

influences the regional temperature through altering the land
surface net radiation and latent heat flux. The land surface
net radiation, which depends on the land surface albedo and
emissivity, downward long-wave radiation, and downward
shortwave radiation, plays a dominant role in influencing
the temperature. Meanwhile, there is no significant influence
of the land use change on the spatial pattern of the latent
heat flux. In addition, the land surface albedo and emissivity
play the most important roles in influencing the land surface
net radiation, and there is no significant influence of the
underlying surface on the downward long-wave radiation and
downward shortwave radiation.

This study analyzed the influence of the future land
use change (especially the urban land expansion) on the
regional temperature in Southern-Jiangsu; it further analyzed
the impacts of land use change on the key biogeophysical
parameters from the perspective of land surface radiation
budget and energy balance. The result of this study is of

great significance to guide land management practices to
mitigate the regional climate change. The precipitation as
another important aspect of the regional climate change has
not been considered since this study mainly focused on the
influencingmechanismof the land use change on the regional
temperature in rapidly urbanizing regions. Therefore, it is
still necessary to carry out more in-depth research on the
influence of the land use change on the regional climate
change.
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There will be substantial cultivated land change in China as the society strives to meet the growing food demands, which will
greatly influence the future climate.This study analyzed the possible biogeophysical effects of cultivated land change on the climate
in Northeast China during 2010–2030 on the basis of simulation with the Weather Research and Forecast (WRF) model. Scenario
analysis was first carried out on the possible changing trends of cultivated land. Then the climate effects of the cultivated land
change were analyzed on the basis of the simulation with the WRF model. The simulation results indicate that the total cultivated
land area in Northeast China will decrease during 2010–2030, mainly converting into urban and built-up land and forests due to
the urbanization and governmental policies. Besides, the cultivated land change will lead to the increase of the sensible heat flux in
the regions where a lot of cultivated land will change into urban and built-up land, while it will make the latent heat flux increase
in the regions where the cultivated land will be mainly converted into forests through influencing the evapotranspiration. All these
results can provide theoretical support for implementing the future land management in Northeast China.

1. Introduction

Human activities are widely recognized as one of the major
contributors to climate change, through both combustion of
fossil fuels and land use activities [1], with the land use/cover
change (LUCC) considered as the major influencing factor
[2]. Many studies have revealed the extent to which land
cover changes have affected local and regional and even global
climate [3, 4]. For example, some previous research suggests
that human-induced conversion from forests to cultivated
lands could lead to a cooling of 0.25∘C on a global basis
[5], and northern midlatitude agricultural regions are about
1-2∘C cooler in the winter and spring compared to the pre-
industrial state due to replacement of forest by cultivated
lands [6]. A lot of observations and simulation experiments
have suggested that the LUCC at various scales has been the
most important means through which the human activities
influence the climate [7, 8], and therefore it is of great
importance to study the influence of LUCC on the regional
climate.

Improved understanding of how human activities influ-
ence climate is of great significance to guiding policies
aiming at coping with or adapting to climate change [1].
The LUCC influences the climate at various scales through
both biogeophysical and biogeochemical mechanisms [2,
9]. The biogeophysical mechanisms include the effects of
changes in surface roughness and transpiration albedo and,
for example, replacing forests with cultivated lands leads to
an increase in the surface albedo [10]. The biogeochemical
mechanisms, such as the forest conversion, can lead to large
direct emissions of CO

2
into the atmosphere, which in turn

modifies the Earth’s energy balance and influences the climate
[11]. The change in land surface can result in emission or
removal of CO

2
to the atmosphere and influence the Earth’s

radiation balance; it can also alter the fluxes of sensible
and latent heat to the atmosphere and consequently change
the distribution of energy within the climate system and
finally influence the climate at the local, regional, and even
global scale [4]. However, most of current climate mitigation
policies have seldom incorporated the effects of changes in
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Figure 1: Location of Northeast China. Northeast China covers Heilongjiang Province, Jilin Province, Liaoning Province, and the northeast
part of Inner Mongolia Autonomous Region.

the land surface on the surface albedo, the fluxes of sensible
and latent heat to the atmosphere, and the distribution of
energy within the climate system, all of which can affect
the local, regional and global climate, and therefore these
policies might lead to land management decisions that do
not produce the intended climatic results [4]. Besides, a
number of models have been used to study the impacts of
LUCC on the climate, but most of them have not taken
into account the geographically explicit changes in land
surface characteristics associated with land cover changes
[10]. In addition, there are many land use changes that are
not reflected in land cover but can potentially influence
climate, including both conversion and other modifications,
for example, changes occurring within existing cultivated
lands that have the potential to affect local and global climate
[1, 7]. What is more, scientific understanding and tools
are increasingly becoming available to address the broader
implications of land surface interactions within the climate
system for national and international policies [12].Therefore,
it is necessary and plausible to implement more in-depth
research on the effects of LUCC on the climate change with
the geographically explicit tools.

China is the most populous country that needs a lot of
cultivated land to meet the enormous demand of the large
population for grain as well as the demand of rapid economic
development for land resources. Northeast China, where
there is a lot of cultivated land, is one of the grain production

bases that play a key role in guaranteeing the food security
and economic development of the whole country (Figure 1).
The continuous population growth and accelerated economic
development in Northeast China will further lead to more
dramatic LUCC and consequently exert more significant
impacts on the climate. In fact, the land use has changed
drastically in this region after the economic reform that was
initiated in the early 1980s.The area of high quality cultivated
land has shrunk due to the growing land demand of the
urban expansion and economic development in this region
[13]. Meanwhile the regional climate in Northeast China
has also changed due to the human activities, especially the
land use change in the past decades [14]. For example, the
temperature has risen throughout the past decades, which
further led to the increased drought time, more dramatic
precipitation fluctuation, decreased climate productivity, and
more frequent climate-related disasters [14]. Besides, some
previous research indicates that there is surely some corre-
lation between the climate change and the large-scale LUCC
in Northeast China in recent decades [15, 16]. Therefore, it
is of great importance to analyze the interaction between
the LUCC and climate change to understand the impacts of
LUCCon the grain production inNortheast China, especially
since the land resource is indispensable to most essential
human activities and provides the basis for agricultural and
forest production, recreation and settlement, and so forth. In
this study, the potential biogeophysical effects of cultivated
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land change were analyzed on the basis of the scenario
analysis on the land use change and simulation of climate
change with the Weather Research and Forecast (WRF)
model.

2. Data and Methodology

The simulation was implemented based on the land cover
data and forcing data under different scenarios. First, the
scenario analysis was carried out on the future LUCC in
Northeast China, which provides the time series underly-
ing surface data for the simulation with the WRF model.
Three scenarios of land use change were designed according
to characters of socioeconomic development in the study
area [13, 16], and the structural change of land use was
simulated with the module of Agriculture and Land Use in
the Global Change Assessment Model (GCAM), with the
socioeconomic factors as the driving force. Thereafter the
future spatial pattern of land cover during 2010–2030 was
simulated with the Dynamics of Land Systems (DLS) model
[17], and finally the climate effects of the land use change were
analyzed based on simulation with the WRF model.

2.1. Scenario Design of Land Use Change. Three scenarios,
including the Business as Usual (BAU) scenario, Rapid Eco-
nomic Growth (REG) scenario, and Coordinated Environ-
mental Sustainability (CES) scenario, were designed based on
the historical trends of land cover change and the possible
future trends of socioeconomic development [13]. This study
selected the population, total factor productivity (TFP), gross
domestic product (GDP), and national policy as the variables
of socioeconomic development, the changing trends of which
are different under different scenarios. The BAU scenario is
mainly based on historical trends of the population growth
and economic development [13, 16], which provides the
reference to compare with other scenarios. It is assumed
that the urbanization and industrialization will continue
under the BAU scenario; TFP which is on behalf of the
scientific and technological progress will develop following
the historical development trend, and China’s population will
peak in the year 2030. The REG scenario and CES scenario
were designed according to the main risks and adjustment
directions of the medium and long-term development of
China. The REG scenario assumes that the structural reform
of industries would be smoothly carried out, the resource
allocation and distribution of the industrial structure will be
more reasonable, and the economy will develop more and
more quickly. Under the CES scenario, the population growth
rate is lower than that of BAU scenario, the urbanization rate
is relatively lower, and population and GDP would increase
with a lower rate. Finally, with the socioeconomic factors as
the driving force, the structural change of land use under each
scenario was simulated with the module of Agriculture and
Land Use in GCAM. GCAM is a dynamic recursive model
of the economy, energy sector, land use, and water linked
to a climate model of intermediate complexity. It consists of
four modules, that is, Edmonds-Reilly-Barnes model (ERB),
Agriculture and Land use simulation model (AgLU), Model

for the Assessment of Greenhouse-gas Induced Climate
Change (MAGICC), and Regional Climate Change Scenario
Generator (SCENGEN). GCAM is a Representative Concen-
tration Pathway (RCP)-class model, it fully integrates the
energy and agriculture systems with economic equilibrium
in the energy and agriculture markets and can be used to
simulate scenarios, policies, and emission targets from var-
ious sources.

2.2. Simulation with the DLS Model. This study simulated
the spatial pattern of land cover change in the study area
with the DLS model, which is a collection of programs
that simulates pattern changes in land uses by conducting
scenario analysis of the area of land use change [17]. The DLS
model is a simulation model that is capable of integrating
multiple data sources to simulate the dynamics of land
systems. It can export a macroscopic map of land use by
estimating the effects of driving factors of spatial pattern
changes, formulating land use conversion rules and scenarios
of land use change and simulating dynamic spatiotemporal
processes of land use changes. It consists of four mod-
ules, including scenario analysis module, spatial regression
module, the conversion rules module, and spatial analysis
modules. The spatial regression module is used to identify
the relationships between land uses and their influencing
factors; the scenario analysis module of land use changes is
used to analyze the demands of land uses at the regional
level. Conversion rules module is used to express possibility
and ease of a certain type of land transfer to another type
of land on each grid cell. The spatial allocation module is
used to allocate land use changes from a regional level to
the disaggregated grid cells. The simulation with the DLS
model includes four steps. First, the statistical relationship
between the spatial distribution of land use types and the
driving factors was analyzed at the regional and grid scales,
and the key driving factors were extracted according to the
effects of the natural environment and socioeconomic factors
on the spatial patterns of regional land use.Then the changing
trend of the selected key driving factors is predicted based
on their historical characteristics and current status at the
regional level. Thereafter a proper scenario is identified and
used to foresee the balances between the supply and demand
of land resources. Finally, the spatial allocation of land cover
is implemented at the 1 km × 1 km grid level and the spatial
pattern map of land cover was generated.

2.3. Simulation with the WRF Model. The WRF model is a
next-generation mesoscale model developed by a group of
scientists from different institutes [18]. It consists of three
parts, including preprocessing module of mode (WPS), main
module of model (ARW), and assimilation module of mode
and postprocessing tools of mode data (WRF-VAR). The
ARW (Edition 3.3) was used to analyze the impacts of land
use/cover change on the land surface heat flux in this study.
This study calculates the flux of momentum, sensible heat,
latent heat and radiation, and so forth between the land
surface and the atmosphere from the perspective of the water
balance and energy balance with the WRF model based on
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the Noah land surface parameterization scheme and focused
on the analysis of the sensible heat flux and latent heat flux
to reveal the impacts of the future land use change on the
regional climate change.

The land net radiation is the energy source of near-surface
temperature change, and the latent heat flux and sensible
heat flux are two key components of the land surface energy
balance. Both of them are closely related with the efficient
energy of the land surface and are influenced by the land
surface characteristics and soil water and heat conditions.
Besides, under the condition of certain land surface net
radiation the underlying surface influences the temperature
through influencing the sensible heat flux, latent heat flux,
and soil heat flux [6, 7]:

𝑅
𝑛
= 𝐻 + 𝐿𝐸 + 𝐺, (1)

where 𝑅
𝑛
is the land surface net radiation, 𝐻 is the sensible

heat flux, 𝐿𝐸 is the latent heat flux, and 𝐺 is the soil heat flux.
The land surface net radiation heavily depends on the

sensible heat flux and latent heat flux since there is generally
very limited heat flux into soil, and the underlying surface
can directly influence the latent heat flux and consequently
indirectly influence the near-surface temperature. Therefore,
this study has mainly focused on the influence of land use
change on the latent heat flux and sensible heat flux. Since the
temperature is generally very low in the spring and winter in
Northeast China, this study has only calculated the sum of
the latent heat flux and sensible heat flux in the summer and
autumn.

The parameterization scheme of the WRF model in
this study includes the Noah land surface parameterization
scheme, CAM3 radiation scheme, WSM3-class simple ice
microphysics (MP) scheme, Grell-Devenyi ensemble scheme
for cumulus convection, and YSU boundary layer scheme.
The data of the lateral and boundary conditions came from
the National Centers for Environmental Prediction global
final analyses datasets (NCEP/FNL), being updated every
6 hours. This dataset has been constructed and updated
since July of 1999 with the data assimilation of almost all
kinds of observation data (e.g., the remote sensing data
and ground-based observation data), and it has the spatial
resolution of 1∘ × 1∘ and the vertical height of 27 layers. The
NCEP/FNL dataset has higher accuracy and spatial resolu-
tion and includesmore kinds of environmental variables than
the datasets of NCEP I, NCEP II, and EAR40. In addition, the
land surface parameters in the WRF model under different
conditions of land cover were adjusted according to the result
of scenario analysis of the future land use change.

The simulation scheme in this study is as follows.The land
cover dataset of year 2010 with the United States Geological
Survey’s (USGS) classification systemwas used as the baseline
underlying surface data in this study. Then the structural
change of land use in year 2010 and 2030 under different
scenarios was simulated with the module of GCAM and the
future spatial pattern of land cover was simulated with the
DLS model. Furthermore, the land use data were used as the
input underlying surface data of the WRF model to simulate
the impacts of land cover change on the climate change.

Finally, the monthly and seasonal simulation results were
compared as follows. Firstly, the simulation results ofmonthly
temperature in year 2010 were used to validate the ability of
the WRF model to simulate the temperature change in the
study area; then spatial difference between the land surface
heat flux in the winter of year 2010 and 2030 was analyzed;
finally the policy implication of the results for the land use
management was discussed.

2.4. Data and Processing. The input data of the WRF model
mainly include the underlying surface data and climate
forcing data. The 1 km resolution land cover data of the
USGS classification system in year 2010 were used as baseline
data, which were derived from the dataset of the National
Key Programme for Developing Basic Science in China (973
Program, number 2010CB950900).These data were extracted
from Landsat TM/ETM images, the interpretation accuracy
of which exceeds 92% [19, 20]. The land use/cover data
in the year 2020 and 2030 were predicted with the data
of land conversion among land cover types. Since different
communities have different classification systems for the land
cover data, this study used the USGS classification which
includes 24 land cover types. First, the 1 km resolution land
cover data of USGS classification in year 2010 were extracted
from the remote sensing images and were used as the land
cover data in the baseline year. Then the land conversion
data, which are used to forecast the land use change (land
conversion among different land cover types) during 2010–
2030, were simulated with the DLS model based on the
different scenarios designed according to the land demand.
Finally, the 1 km resolution land cover data were converted
into the 10 km resolution data according to the requirement
of the WRF model.

The forcing data needed in the WRF model include the
wind field, surface air temperature, long-wave radiation, and
short-wave radiation. This study used the climate forcing
data from the NCEP/FNL Operational Global Analysis data,
which were updated every 6 hours. This dataset has been
constructed and updated since July of 1999 with the data
assimilation of the remote sensing data and ground-based
observation data and so forth. The static land surface data
were the GEOG data provided by the WRF model, which
were replaced with the land use/cover data under different
scenarios in the further simulation. This study has used the
Noah land surface parameterization scheme, with which the
simulation result is more stable and reasonable. The data of
the temperature field and precipitation field in this scheme
were interpolated with the large scale information.

3. Results and Discussion

3.1. Cultivated Land Change under Different Scenarios. The
simulation results indicate that the land use change in
Northeast China during 2010–2030 is mainly characterized
by the conversion from cultivated land into forests or urban
and built-up land under the three scenarios, and the total
cultivated land area will show a decreasing trend (Figure 2).
The land use change will follow the historical trend under
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Figure 2: Changing trends of total cultivated land area in Northeast
China during 2010–2030 under the three scenarios.

the BAU scenario; the cultivated land will mainly change into
urban and built-up land and forests, the newly increased area
of which will reach approximately 3782 km2 and 1471 km2
by 2030, respectively. Besides, a few water bodies will be
converted into cultivated land under the BAU scenario. By
comparison, there will be more cultivated land converted
into urban and built-up land under the REG scenario and
forests under the CES scenario, the newly increased area of
which reach 1889 km2 and 3798 km2, respectively. In addi-
tion, the cultivated land change will show significant spatial
heterogeneity under the three scenarios.The conversion from
cultivated land into forests mainly appears in the southern
part of Heilongjiang Province, southern and middle part of
Jilin Province, and southern and eastern part of Liaoning
Province. While the conversion from cultivated land into
urban and built-up land will mainly appear in the southern
and eastern part of Liaoning Province, middle part of Jilin
Province, and eastern part of Heilongjiang Province. What is
more, compared to the BAU scenario, more cultivated land
will be converted in to urban and built-up land in the regions
around cities under the REG scenario, while more cultivated
land will change in forests in the regions far from cities
under the CES scenario, especially in some important water
conservation area such as Three River Plain and Changbai
Mountains.

The land use change in Northeast China is greatly
influenced by the socioeconomic activities, with the con-
version from cultivated land into forests and urban and
built-up mainly driven by the governmental policies, socioe-
conomic development, and urbanization. For example, a
series of major ecological construction projects have been
implemented, for example, Three-North Forest Shelterbelt
Program and Green for Grain Project, all of which greatly
promoted the expansion of the forests in Northeast China.
For example, a lot of mixed dryland/irrigated cultivated
land has been converted into grassland or mixed forests in
the northeast part of Inner Mongolia Autonomous Region,
middle and eastern parts of Heilongjiang Province, and Jilin

Province; the vegetation degradation in Northeast China
has been under control to some degree. Besides, the urban
land expansion has led to the occupation of cultivated land
around the cities. The simulation results also suggest that
more cultivated land around the metropolis and small cities
will be occupied since the socioeconomic development leads
to more demand for land resources. In summary, under
the influence of urbanization and governmental policies,
the spatial heterogeneity of cultivated land reclamation and
occupation will lead to more obvious spatial heterogeneity of
cultivated land, which will exert significant impacts on the
regional climate.

3.2. Influence of the Future Cultivated Land Change on the
Land Surface Energy Balance. Thesimulation under the three
scenarios all indicate that the average latent heat flux in
Northeast China will show a decreasing trend, while the
average sensible heat flux will show an increasing trend, but
both of them show some spatial heterogeneity (Figure 3).
Compared to 2010, the latent heat flux in 2030 will decrease
by 0.05–0.07W/m2 on average and show a decreasing trend
on average. The latent heat flux will decrease slightly in most
part of the study area. It will decrease significantly in only
a few regions, such as the western part of Jilin Province
and southern part of Heilongjiang Province, where a lot of
cultivated land will change into urban and built-up land, with
a decrement of approximately 10W/m2 on average.While the
latent heat flux will increase in the northeast part of Inner
Mongolia Autonomous Region and the eastern boundary
regions of Heilongjiang Province and Jilin Province, where
the cultivated lands occupy a large fraction of the total land
area, and the cultivated land will mainly be converted into
forests.

The sensible heat flux in 2030 shows an increasing trend
on the whole compared to that in 2010, with the average value
increasing by 0.06–0.07W/m2 (Figure 4). The simulation
result indicates that the sensible heat flux will increase
slightly in most part of the study area, with the increment
of approximately 0.3W/m2. The simulation results under the
three scenarios suggest that the sensible heat fluxwill increase
in the northern part of Great Khingan Mountains and Lesser
KhinganMountains, where a lot of cultivated landwill change
into urban and built-up land, while it will increase most
slightly in Liaohe Plain, Liaodong Peninsula and southern
part of Changbai Mountains, where the cultivated land will
mainly change into forests or grassland and the decreased
albedo will substantially increase the evaporative flux. In
summary, in the regions of returning cultivated land to
forests, the forest expansion will increase the evapotranspi-
ration, increase the latent heat flux, decrease the sensible
heat flux, and consequently lead to the decrease of the near-
surface temperature [21]. On the other hand, in the regions
of urbanization, the decrease of evapotranspiration due to
conversion from cultivated land into urban and built-up land
will lead to significant decrease of latent heat flux and obvious
increase of sensible heat flux, which is the main cause of the
near-surface temperature rise [22].
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Figure 3: Difference between the latent heat flux in Northeast China in 2010 and 2030 under different scenarios (unit: W/m2). (a) Spatial
pattern of the latent heat flux in 2010; (b) difference of the latent heat flux between 2010 and 2030 under the BAU scenario; (c) difference of
the latent heat flux between 2010 and 2030 under the REG scenario; (d) difference of the latent heat flux between 2010 and 2030 under the
CES scenario.

The difference in the change of the latent heat flux and
sensible heat flux under the three scenarios is mainly due
to the difference in cultivated land change. The simulation
results in this study suggest that more cultivated land will
be converted into urban and built-up land in the regions
around cities under the REG scenario, while more cultivated
land will be converted into forests in the regions far from
cities under theCES scenario. All these conversionswill cause
obvious vegetation cover change, which will further lead to
significant spatial heterogeneity of the latent heat flux and
sensible heat flux. The result indicates that the latent heat
flux increases the most obviously in the regions where the
cultivated landmainly converts into forests, while the sensible
heat flux increases the most obviously in the regions where
the cultivated land mainly converts into urban and built-
up land in Northeast China. A lot of research has indicated
that the terrestrial vegetation cover change can influence the
land surface energy budget through altering the land surface
albedo, roughness, and so forth and consequently change
the precipitation and temperature. In Northeast China, the
conversion from cultivated land into nonagricultural land has
been the main reason for the soil moisture change in regions
around cities. The irrigation in irrigated cultivated land can

increase the latent heat flux and decrease sensible heat flux
and consequently have cooling effects on the land surface.
However, the conversion from irrigated cultivated land into
urban and built-up land has greatly weakened this cooling
effect since it decreases the land surface roughness and
increases the land surface albedo, which leads to the decrease
of evapotranspiration as well as the land surface net radiation
and consequently decreases the latent heat flux and increases
the sensible heat flux. What is more, returning cultivated
land to forests plays a positive role in restoring the soil water
environment, and afforestation can significantly increase the
solar radiation absorbed by the land surface, making the
evapotranspiration increase, which will increase the latent
heat flux anddecrease the sensible heat flux, and consequently
decrease the temperature. In fact, the land use has changed
greatly due to the urbanization, returning cultivated land into
forests and so forth in Northeast China in the past decades,
leading to more significant spatial heterogeneity of cultivated
land, which further leads to spatial heterogeneity of impacts
of land use on the climate.

It is still necessary to carry out more in-depth research
in the future in order to forecast the possible climate effects
of land use change more accurately, and it is also necessary to
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Figure 4: Difference between the sensible heat flux in Northeast China in 2010 and 2030 under different scenarios (unit: W/m2). (a) Spatial
pattern of the sensible heat flux in 2010; (b) difference of the sensible heat flux between 2010 and 2030 under the BAU scenario; (c) difference
of the sensible heat flux between 2010 and 2030 under the REG scenario; (d) difference of the sensible heat flux between 2010 and 2030 under
the CES scenario.

quantitatively analyze the changing trends of the temperature
and precipitation and comprehensively take into account
the future changes of the monsoon, general atmospheric
circulation, change of other land use types, and so on in the
future research. For example, the regional climate change is
influenced by various factors, including not only the human
activities, but also the natural factors such as the solar
activity, all of which should be involved in the further studies.
Although there are some uncertainties in the simulation
result in this study, it still can provide scientific support for
the land managers to regulate and control the land use more
reasonably.

3.3. Policy Implication for the Land UseManagement. Human
activities have contributed to anthropogenic climate change
through a variety of processes, including both of the growth
or degradation of surface vegetation and the changes in the
land surface; however, impacts of the latter one are not cur-
rently being incorporated into the development of climate-
change mitigation policies [4]. For example, some previous
studies have quantified the potential of crop management
changes to sequester greenhouse gases, but the biogeophysi-
cal effects ofmostmanagement changes have been less widely

considered [1].The cultivated land change inNortheast China
is directly caused by the human activities [21], and the land
use management can exert great influence on the cultivated
land change, especially the conversion between the cultivated
land and other land use types, whichwill further influence the
climate change.The population growth is still the fundamen-
tal reason for the expansion of cultivated land in Northeast
China; the economic development and the macropolicy are
important driving factors of the land use change. With the
rapid economic development and accelerated urbanization,
more cultivated land will be converted into urban and built-
up land [23, 24]. Meanwhile, with more attention paid to
the environmental protection, some cultivated land will also
be returned to forests, especially in Northeast China, where
there were once a lot of forests converted into cultivated
land due to the population growth and improper land
management.Therefore, therewill surely bemore demand for
the land resources as the population continually increases and
the economy rapidly develops in Northeast China, which will
lead to further land use change and subsequently exert more
influence on the regional climate.

It is of great significance to explore how the human
activities influence climate to guiding policies to mitigate or
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adapt to climate change since the land use management can
exert great influence on the land use change and subsequently
influence the regional climate change [4, 25]. Over the
past several centuries, human intervention has markedly
impacted land surface characteristics as well as atmospheric
composition in Northeast China, in particular through large-
scale land conversion for cultivation and burning of fossil
fuels [10, 26]. The land use change in Northeast China
influences the climate change through not only the expansion
of agriculture into natural ecosystems, but also the changes
occurring within existing cultivated land. For example, his-
torical clearing of forests for cultivated land is likely to have
a cooling effect due to the greater albedo of cultivated land
relative to forests [25, 27]. Besides, the increases in irrigation
and reductions in tillage all have a physical cooling effect
through increasing the planetary albedo [22, 28]. In addition,
some research showed how reforestation in the temperate and
boreal zones can also lead to a net warming, with the biogeo-
physical (snow-albedo feedback) exceeding biogeochemical
effects, thereby accelerating rather than mitigating climate
change [10]. However, more information on the sensitivity of
climate to these management changes is needed to identify
the climate-related tradeoffs associatedwith future policy and
management decision [1]. In summary,more attention should
be paid to LUCC since it is one of the most important ways
the human activities influence the climate change, and more
in-depth research should be carried out on the climate effects
of LUCC since there are still some uncertainties in current
research results.

More rational land use management measures should be
implemented according to the local conditions of the study
area in order to reduce the adverse climate effects of land use
change while striving to meet the land demand of economic
development. For example, it is necessary to control the
loss of forests during the land reclamation in order to fulfill
their role in regulating the climate and preventing water and
soil erosion in Northeast China. It is urgent to improve the
forest management to minimize the loss of existing forests
in order to minimize human-induced climate change at all
scales. Meanwhile more efforts should be made to restore the
structures and functions of native ecosystems tominimize the
human impacts on the climate system. Besides, it is feasible
to alleviate the climate change through returning cultivated
land to forests or grassland, and it is necessary to further
implement the ecological construction projects such as the
Project of Three North Shelterbelt. In addition, it is feasible
to promote management changes such as reduced tillage
and increased irrigation in consideration of their climate
effects, and management practices that demonstrably miti-
gate regional or global climate change might be encouraged
through incentives to farmers [25].

4. Conclusions

This study analyzed the potential climate effects of cultivated
land change in Northeast China during 2010–2030 based
on the scenario analysis on the land use change and the
simulation with the WRF model. The simulation results

indicate that the land use change in Northeast China will
be mainly characterized by the conversion from cultivated
land into forests and urban and built-up land during 2010–
2030, with the total cultivated land area showing a decreasing
trend, which will inevitably influence the regional climate.
Besides, the result of the simulation with the WRF model
indicated that average latent heat flux in the whole Northeast
China would show a decreasing trend during 2010–2030
under the three scenarios, while the average sensible heat flux
will show an increasing trend. In addition, there is significant
spatial heterogeneity in the change of both the latent heat
flux and sensible heat flux. The latent heat flux will decrease
slightly in most part of the study area, but it will decrease
the most obviously in some regions where a lot of cultivated
land will change into urban and built-up land, while it will
increase the most obviously in some part of the study area
where the cultivated land will mainly change into forests. By
comparison, the sensible heat flux will show an increasing
trend on the whole during 2010–2030, the simulation results
under the three scenarios suggest that it will increase themost
obviously in the northern part of Great Khingan Mountains
and Lesser KhinganMountains, where a lot of cultivated land
will change into urban and built-up land, while it will increase
most slightly in the regions where the cultivated land will
mainly change into forests or grassland. Although there are
some uncertainties in the simulation result, it still can provide
some useful information for the landmanagers to regulate the
land use more scientifically.
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Global land use and land cover pattern has greatly changed in the past 50 years, which exerts direct or indirect influence on the
climate change remarkably at both regional and global scales. Therefore, observing and estimating the land use impacts on surface
climate is essential and has been continuously promoted by researchers. This paper explores the advancement in the models, data,
and application for observing and estimating the land use impacts on surface climate and points out further research needs and
priorities, which hopefully will provide some references for related studies.

1. Introduction

The study of land use and land cover change (LUCC) and
its impact on climate is of great significance [1]. There have
been tremendous changes in the global land use pattern in
the past 50 years, which have enormous influence on the
global climate change. Quantitative analysis for the impacts
of LUCC on surface climate is one of the core scientific
issues to understand the influence of human activities on
global climate. For instance, the diverse role of LUCC on
precipitation has been documented and land conversion
continues at a rapid pace, making this type of human induced
disturbances of the climate system continue and become even
more significant [2]. The review paper of Deng et al. [1]
comprehensively analyzed the primary scientific issues about
the impacts of LUCC on the regional climate and reviewed
the progress in relevant researches. Earlier as there was no
systematic review paper, Deng et al. reviewed the systematic
modeling of impacts of LUCC on regional climate for the first
time.This paper further develops a systematic review to cover
the advances in this research field, in which the improved
data, upgraded models, and case studies in observation and

estimation of land use impacts on climate changes have been
introduced.

2. Advancement in LUCC Dataset

2.1. Previous Dataset. LUCC has been recognized as a key
component in global environmental change. It was not
until the last twenty years that land cover products were
applied to most of the climate models. These products were
initially compiled from maps, ground surveys, and various
national statistical sources, which have inherent limitations
[3–5]. In the mid-1990s, global-scale land cover products
generated from remote sensing images became available.
Various land cover datasets were usually classified from
remote sensing images, including MSS/TM/ETM+, SPOT,
and MODIS, which have been used in numerous climate
modeling studies at regional to global scales. Since the
1990s, a series of land use/land cover datasets have been
produced inmany international institutes and countries, such
as Global Land Cover Characteristics (GLCC) [6], University
of Maryland (UMD) Global Land Cover Facility (GLCF)
land cover dataset [7], and Olson Global Ecosystem (OGE)
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dataset [8, 9]. These products were interpreted artificially
with computer aids and then verified by systematic field
survey.The need of land use/cover dataset with high accuracy
for the climate simulation has been recognized widely in the
climate modeling community [10]. Some research showed
that the result of the regional precipitation study would
be greatly influenced if the accuracy of land cover data is
under 80%, and the result may get progressively worse as the
accuracy continues to decrease [11]. Therefore the accuracy
of the land cover data is of crucial importance to the climate
studies. For example, in India and China, large amounts of
land cover data have been produced in recent years using the
remote sensing data [12]. Unfortunately, neither the overall
nor class-specific accuracy of most datasets was able to meet
the common requirements of the regional climate modeling.

The disagreement and low accuracy among these land
cover datasets primarily resulted from the differences in
the sensors, spatial resolutions, algorithms, and classification
schemes [13]. Moreover, most of the land cover datasets
derived from remote sensing are not 100% accurate. A
new statistical measure Q was developed to evaluate land
cover datasets in land-climate interaction research, which
calculates biophysical precision of land cover datasets using
1 km monthly MODIS Leaf Area Index (LAI) product [14].
The spatial data mining is proposed to produce a higher
accuracy land cover map, whose classification system should
be compatible with the well accepted classification system
used in regional climate simulations [12, 15].

2.2. Classification of LUCC Data for Climate Models. There
are a number of schemes that have been proposed for
regional to global-scale land cover categorization, including
the International Geosphere-Biosphere Programme (IGBP)-
Data and Information Systems: Land Cover Working Group
developed land cover categorization scheme [16], a six-
class biome categorization [17], the Simple Biosphere Model
scheme [18], and the Federal Geographic Data Committee
vegetation characterization and information standards [19].
Many parameters in a land surfacemodel are identified based
on the land cover types, for instance, time-invariant model
variables (e.g., vegetation reflectance, canopy top height,
canopy base height, root depth, and leaf respiration factor) in
the Simple Biosphere Model 2 (SIB2) [18] and the Common
Land Model (CoLM) [20]. Thus, the specific land cover clas-
sification units should not only be discernible (and with high
accuracy) from remote sensing image and ancillary data but
also be directly related to the physical characteristics of land
surface.The IGBP scheme embraces the same philosophy but
with modifications to be compatible with existing schemes
used by environmental modelers, to incorporate land use in
addition to land cover and to represent mosaics [16].

In order to enhance the LUCC study, data need to
be updated to increase the accuracy. The temporal land
cover datasets have been widely used in numerous climate
simulation projects. Most attention has been paid to effects of
the accuracy of the land cover data on the climate simulation.
Though there are temporal land use datawith accuracy higher
than 90% [15], still the high-precision land cover data is

absent. Therefore, there is an urgent need to reclassify the
LUCC dataset to feed into the General Circulation Model
(GCM) and Regional ClimateModel (RCM). For example, in
a case study on North China, Wu et al. [15] overlaid the land
covermaps of the IGBP-DIS, Global LandCover 2000 (GLC),
UMD Data, and Data Center for West China (WESTDC),
and the compatible grids with classification were selected as
the sample grids. They combine the land cover data with the
land use data to generate land cover data of high accuracy
for the climate simulation. Their study showed that the C4.5
algorithm was suitable for converting the land use data to
land cover data of IGBP classification. The temporal land
cover data produced by their method can meet the accuracy
requirement of the climate simulation and can be used as
the parameter of dynamical downscaling in regional climate
simulation, which constitutes a significant improvement in
the data processing.

2.3. Data Resolution and Reliability. Land surface has con-
siderable heterogeneity because of the existence of different
land cover types such as bare surface, water bodies, urban
land, trees, and snow/ice, which vary over small distance.
This surface variability not only determines the microclimate
but also affects mesoscale atmospheric circulation [21–23].
The accurate land cover maps are the foundation for land
surface, ecological and hydrological modeling, carbon and
water cycle studies, and research on global climate change
[24, 25]. With many land cover products from different
sources becoming available for a given region of the Earth,
a challenge arises as to which product is optimal for a land-
climate modeling study. Traditional classification accuracy
assessment is primarily dependent on ground-based surveys
or interpretation of high spatial resolution aerial photos
and satellite images. By comparing the classified land cover
dataset with the ground-truthing data, error metrics can be
developed to report the commission and omission errors.
Measures of accuracy, such as the Kappa coefficient of
agreement, are frequently calculated to express classification
accuracy [26, 27]. Therefore, the researcher should take full
advantage of geographic knowledge in the GIS database
to support classification, thus to remarkably enhance the
classification accuracy of land cover.

Accurate representation of land surfaces is an important
factor for climatemodeling.However, little attention has been
paid to the effect of land cover classification accuracy on
climate simulations. In reality, land cover accuracy rarely
obtains the commonly recommended 85% target [10]. The
accuracy of land use classification can reach 73%–77% using
decision-tree classification methods and thereby increasing
mapping efficiency by 50% [28]. In addition, most assess-
ments of classified accuracy were conducted using the same
dataset as was used to train the classifier. Therefore, the
classified accuracy was overstated. Moreover, the spatial data
mining techniques for the land cover classification is applied.
Finally, the evaluation of the accuracy and uncertainty of
the land cover data is accomplished by different methods;
the accuracy could reach 88.62% [15]. Inaccurate represen-
tation of land cover will lead to differences in simulating
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sensible heat flux, latent heat flux, and many other variables
depending on vegetation and land use parameters. Remote
sensing provides accurate representation of Earth’s surface
on different spatial and temporal scales and is an attractive
source for creating high accuracy land cover data. Therefore,
it is feasible to take advantage of the existing land cover data
from different sources to make a high accuracy land cover
data using the spatial data mining method. The information
fusion strategy is proposed to produce a higher accuracy land
cover map of China [29], whose classification system should
be compatible with the well accepted classification system
used in land surface modeling.

3. Upgraded Models

Studies on LUCC processes are often challenged by the
complex nature and unexpected behavior of both human
drivers and natural constraints. Therefore, a land use change
dynamic model was needed to simulate the interdependen-
cies and feedback mechanisms between social, economic,
and ecosystem environments. Land use change emerges
from the interactions among various components of the
coupled human-landscape system, which then feeds back
to the subsequent development of those interactions [30].
Currently, there are a lot of evaluation models to simulate
the dynamic decision and spatiotemporal process of land use
change [1].

3.1. Current Models

3.1.1. Empirical Statistical Model. There are numerous empir-
ical statistical models applied to land system dynamics sim-
ulation [31, 32]. The empirical statistical model can provide
the information of the key driving forces of land use change
and reflect the time lag effect of response. Moreover, the
data input could bemultiscaled.However, certain deficiencies
exist in this kind of model, as the model requires to be driven
by the data of exogenous land use change rate and amount.
Besides, the conversion rule of land use should be manually
set. Therefore, the model could not provide references for
other regions except for the selected study area.

3.1.2. Econometric Model. The econometric model is a policy
evaluation model based on sustainable utilization of land
utility which can evaluate the influence of policy factors on
land use and promote multifunction sustainable utilization
of land.

Sustainability Impact Assessment. Tools for Environmental,
Social, and Economic Effects on Multifunctional Land Use
in European Regions (SENSOR) is funded by the European
Commission FP6 framework research programme to develop
tools for ex-ante impact assessment of European policies
related to rural land use [33]. It includes a detailed macroe-
conometric model called NEMESIS, which models cross
sector impacts, being the major characteristic of SENSOR
project [34]. As it applies a cross-sector approach to land
use, it is suitable for large regions. The Dynamics of Land

System (DLS) model as another representative econometric
model can realize the dynamic simulation of land system
on the fine-grid scale through the analysis of land use
allocation constraints and simulation of land supply and
demand balance. Several case studies show that DLS is able to
measure the influence of natural and socioeconomic driving
factors to predict the future LUCC, which could provide
meaningful decision making for informed land use planning
and management [35].

3.1.3. Agent-Based Model (ABM). Since the 1990s, with the
rapid development of computational power, a number of
models based onABMbegan to be applied in LUCC research,
and models based on agent land use/land cover change
(ABM/LUCC) have been gradually developed [36].The agent
based model has high flexibility, but the flexibility of the
model increases the uncertainty of the model and thus bring-
ing the difficulties for the model validation. The agent based
model strives to simulate the individual and group behavior
together with decision making model, but the individual
decision-making behavior possesses great complexity. Zhang
et al. adopted this model in analyzing the impacts of climate
change and agents’ adaptive behaviors on the regional land
use changes [37]. In addition, their research showed that
the model is sensitive to the climatic conditions, which gave
credit to ABM on modeling the LUCC impact on climate.

3.1.4. Coupled Econometric and ABM Model. The combina-
tion of agent based model and the econometric model can
simulate complex decision problem of land use in better way,
so as to provide new methods for simulation of land use
dynamics.

The agent model and the econometric model of coupling
in the areas of land use will get recognition and application
in the future, mainly embodied in the following two aspects:
the combination of the agent based model and the econo-
metric model can simulate the individual and group decision
behavior considering the interaction among the micro- and
macrodecisions at the same time.

The integration of the economic and agent based model
combines the process of social and economic factors with
the land use dynamics. The comprehensive model not only
can be used in the simple scenario simulation of land use
but also can be used in complex scenario. The two models,
interconnected and interdependent, constitute a complex
system with hierarchical heterogeneity.

Among recent studies on land use models, Deng et
al. introduced a land use change dynamic (LUCD) model
embedded in RCM [38]. The Agro-ecological Zone (AEZ)
model is intended as the optimal option for constructing
one of the constituent modules, which is naturally correlated
with AEZs. The agent-based module identifies the land use
change demand and vegetation change can be realized and
provides the land use change simulation results which are
the underlying surfaces needed by RCM. By importing the
RCM’s simulation results of climate change and providing the
simulation results of land use change for RCM, the LUCD
model can be embedded in RCM. The coupled simulation
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systemof LUCDandRCMwill be extraordinarily powerful in
land surface system simulation.The innovation of their study
lies in that current research could only simulate the land cover
change through vegetation change modeled in RCM and
GCM but not the land use change. But this study simulated
dynamic change of land use, which is a great breakthrough in
systematically reporting the land use change.

3.2. Scenario Development. Scenario analysis of land use
change and dynamic prediction involves many driving fac-
tors that affect land use change, which has always been
the attention of academia worldwide. Through simulating
regional land use change under different scenarios, rational
forecasting and evaluation of the future land use could be
made, which will offer scientific reference for regional and
national scale land use planning and management.

Climate scenarios are plausible representations of future
climate conditions, which can be produced using a variety
of approaches, and among which, regional climate models
are increasingly popular [39]. There is a notable increase in
interest in regional-scale climate scenarios and projection
methods, especially for impact and adaptation assessment
[40].

The Intergovernmental Panel on Climate Change (IPCC)
has been working on the scenarios of potential future
anthropogenic climate change, the underlying driving forces,
and the response options. According to IPCC [41, 42],
socioeconomic scenarios could facilitate the exploration of
long term consequences of anthropogenic climate change
and available response options. The socioeconomic futures
in the scenario consist of qualitative narrative descriptions
of future trends and quantitative assumptions (also called the
storyline) about key socioeconomic variables.

In the study of land use impact on climate, with a good
database, an appropriate method shall be adopted to facilitate
the study, and the scenario analysis can be adopted here,
which performs macrostructure change. In the study of Xu
et al. [43], three kinds of scenarios were designed based
on the socioeconomic development. They simulated land
use trends under three different scenarios including baseline
scenario and two control scenarios (risk scenario and rapid
development mode transformation scenario) and obtained
themost suitable scenario to control the CO

2
emissions of the

three scenarios. Their scenarios excel other scenarios as they
compile the IPCC scenario with the specific situation in the
research area. With the scenario analysis, it will be possible
to provide a theoretical basis for the future land use planning
in adaptation to climate change. As the first attempt of the
systematic analysis of LUCC scenarios and with the dataset
produced by their study, their research laid a good foundation
for future researches.

4. Land Use Impacts on Climate Changes:
Case Studies

With an improved database and models, the climate effect
model shall be introduced in order to apply the simulation
platform of the land use impact on the climate. Climate

change simulation has increased inmany countries likeChina
during recent years. Many scholars offered representative
methods; among them, Gao et al. simulated the climate
change in China using the Abdus Salam International Centre
for Theoretical Physics (ICTP) Regional Climate Model
version 3 (RegCM3) [44]. The RegCM3 can reproduce the
observed spatial structure of surface air temperature and
precipitation. However, so far RegCM3 is a hydrostatic model
which limits the further increase of its resolution beyond
∼10 km [45]. Wu and Fu used a linear fitting method to
estimate the change of precipitation intensity spectra at
different spatial scales in China [46].

As a study on climate effect, the Weather Research and
Forecasting (WRF) Model could be correlated. Qu et al.
[47] used WRF to explore the impacts of land cover change
on the near-surface temperature in a research in Northern
Plain in China. They tested and verified the ability of the
WRF to simulate the near-surface temperature in the North
China Plain. Notably, in this study the LUCC dynamic model
and LUCC reclassification were also applied to form a good
systematic modeling of LUCC. Coupled with WRF Model,
land use impact on climate was well simulated.

Based on the compiled climate model, the climate change
influence on climate index could be further explored. Zhang
et al. [48] first reported the climate impact on grassland.
Their study took a macro and mesoscale analysis of the
possible changing trends of the net primary productivity
(NPP) of local grasslands under four RCPs scenarios. The
results showed that the grassland productivity will be greatly
influenced by the fluctuations of precipitation and tempera-
ture.

With the above mentioned studies, LUCC and future
climatic scenarios simulation in particular areas were con-
ducted. Simulation of LUCC and its climatic effects were inte-
grated through linking the functions of the newly developed
models with those of the existing models.

Further, studies related to land use changes associated
with climate variations were promoted with the advances in
the research methods. Deng et al. [49] conducted a revisit
to the impact of land use changes on the human well-being
via altering the ecosystem provisioning services. LUCC and
climate change exert tremendous influence on ecosystem
provisioning services by changing agro-ecosystem services
functions and forest and/or grassland ecosystem services
functions. In order to tackle the ecosystem provisioning
services problems, measures were taken, which increased the
input and reduced the outcome, at the same time augmented
the health risk and harm to human well-being.

R. B. Singh and S. Singh [50] have employed pixel based
high resolution mapping and modeling at small scale land
use pattern and land cover analysis to identify induced
flood risks in the Yamuna and the Hindon basin area by
WetSPA Model. Flood forecasting has been done with the
help of ILWIS Model while LUCC has been analyzed with
the help of SRTM, IKNOS, and Landsat data to find out that
almost 36% forest land has been transformed into settlement
and other land uses. Yamashima et al. [51] have analyzed
the impact of historical LUCC on the seasonal cycle of
hydroclimate over the Indian subcontinent and southern
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China. They investigated using a general circulation model
MIROC3.2 coupling with land surfacemodelMATSIROover
the period 1700–1850. A decrease in evapotranspiration has
been observed over the Indian subcontinent due to decrease
in precipitation which is induced by changes in land use/
cover.

Sahu et al. [52] have investigated the impact of recently
invented global climatic variability modes like Indian Ocean
Dipole (IOD) and El Niño Modoki at the regional climate
scale particularly at the river catchment level on daily time
series and concluded that at the upper river catchment
climate variability has significant impact on seasonal stream
flows and land use pattern. Sen Roy et al. [53] also conducted
a comprehensive study to understand the spatial pattern of
Urban Heat Islands (UHI) development within the rapidly
changing urban landscape of Delhi metropolitan region and
Kolkata metropolitan region [54]. In both the studies land
use has been a key driving force for change in microclimate.
In Delhi, overall higher temperatures were observed in the
northern and western section, which constitute the most
densely built-up residential areas and thereby experiencing
rapid vegetation loss and land use change. Remote sensing
andGIS based tools have been effectively used to predict UHI
risks.

Recently, satellite meteorology products and applications
get more and more importance. However, it cannot replace
surface measurements. For example, satellite data in the form
of GCMs needs observed data for model validation and
improves the quality of statistical and scientific significances
in research methods. Therefore, increasing emphasis should
be given to integrate observed and simulated datasets for
improving understanding about land use impacts on climate
change [55, 56].

5. Concluding Remarks

This paper reviewed the progress of the research in observing
and estimating the land use impacts on surface climate from
the perspective of the improved models, enhanced data, and
widely expanded applications.Themajor findings include the
following: the reclassification of the temporal land cover data
can meet the accuracy requirement of the climate simulation
and can be used as the parameters of dynamical downscaling
in regional climate simulation, which enhances the data
processing and lays a good foundation for LUCC simulation.
The Land Use Change Dynamics Model compatible with
RCMs is a great breakthrough in systematically reporting the
dynamic change of land use.The scenario analysis performed
themacrostructure change, which facilitated the study of land
use impact on climate. LUCC dynamic model and LUCC
reclassification can be applied to form a good systematic
modeling of LUCC coupled with the WRF Model; land use
impact on climate was well simulated.

Despite the progresses in the research, there are still
some research needs, which should be further addressed.
For example, the LUCC parameters need to be precisely
expressed to make sure of the accuracy of the simulation. It is
necessary to strengthen the observation of the land surface

processes due to the variations in the impact of land use
change on climate.

The researches observing and estimating land use impact
on climate should mainly focus on two aspects [1]: (i)
exploring the climate effects of the future LUCCas the current
study has mainly been addressed on the past and current
LUCC and (ii) predicting the land use changes in the future
and assessing its influence on the future climate.
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The extremely high-streamflow events of the Paranaı́ba River basin are found to be associated with La Niña phenomenon during
December–February (DJF). Extreme events are identified based on their persistent flow for seven days and more after taking
retention time into consideration. The extremely high-streamflow events are associated with the La Niña years; 80% of the high-
streamflow events have occurred during La Niña phases. Therefore, a very-significant 80% and above correspondence of the
La Niña events and the seasonal streamflow anomalies are found in DJF. Although climate variations have direct relationship
with the rainfall, streamflow variations are considered as the surrogates to rainfalls. However, apart from climate variations the
anthropogenic and land-use changes also influence streamflow variations. In this study, we have appliedmultivelocity TOPMODEL
approach and residual trend analysis to examine the impact of land-use to the streamflow at the Fazenda SantaMaria gauge stations.
However, the model residual trend analysis of the TOPMODEL approach cannot quantify the extent of land-use impact. Thus, La
Niña phase is important components to understand and predict the streamflow variations in the Paranaı́ba River basin.

1. Introduction

Streamflow plays a major role in the livelihood of the people
in a river catchment. Hence, the scientific analysis of stream-
flow is very essential for the present and future generations.
The influences of climate variability on the streamflows
have been studied by Sahu et al., [1–3] in their previous
studies of Indonesia, and found very good correlation of
the impact of climate variability on the streamflow. Several
studies performed on southeastern South America have used
streamflows as indicators of climatic variability from the
interannual to the seasonal scale [4–6]. It is stated that the
climate variability and changes can be studied by analyzing
river flows as a surrogate to rainfall, under the assumption
that changes in the rainfall are reflected and likely amplified
in streamflows [7, 8]. Moreover, it is easier to detect a change
in streamflow than to directly observe changes in the basic
climatic variables [9].

The Paranáıba River flows in the Rio Paranaı́ba of Brazil
and in the state of Minas Gerais of the Mata da Corda
Mountains (19∘1321S and 46∘1028W).The river is flowing
at an altitude of 1,148 meters. The length of the river
is approximately 1,000 kilometers. The Paranáıba and the
Grande River both confluence and then form the second
largest Parana River of Brazil, at the point tomake the borders
between the states of Sao Paulo and Minas Gerais [10]. The
catchment area of the Paranáıba is approximately 36,000 km2.
However, Fazenda Santa Maria gauge station (17∘5851S
and 50∘1449W, Figure 1) is in the Upper Paranáıba River
catchment, having a catchment area of about 16,750 km2. The
Upper catchment is not artificially regulated; thus, it is best
suited for our analysis to minimize anthropogenic influences
on streamflow [1]. This river is the primary source of water
to the Parana River. The water resources of this basin sustain
one of the most densely populated regions of South America,
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Figure 1: The Paranaiba River basin with Fazenda Santa Maria (green mark) gauge station.

where harvests and livestock are among the region’s most
important assets [10].

The physical characteristics of a river basin and the rela-
tionship between the climatic behavior of rainfall and its
hydrologic response, through streamflow, can present dif-
ferent degrees of complexity [1, 11, 12]. Streamflow is a
synthesis of precipitation and evapotranspiration and various
components of the hydrologic cycle together with possi-
ble anthropogenic influences [13]. The rainfall variation in
Northeast Brazil is shown to be influenced by variability in
the tropical Atlantic besides El Niño/La Niña [14, 15]. In
this study we investigate the ENSO (El Niño and Southern
Oscillation) particularly La Niña relationship at the basin
scale. The signature of La Niña is found in the extremely
high discharge events of December–February (DJF) in the
Paranaiba River basin. This paper also applies the hydrologi-
cal model TOPMODEL [16] with a multivelocity approach in
order to investigate the land-use change on discharges.

2. Data and Methods

2.1. Model Input Data. The topographic data used in this
study were extracted by using ETOPO1 elevations global data
from National Geophysical Data Center (NGDC), National

Oceanic andAtmospheric Administration (NOAA).The top-
ographic data were composed of basin boundary, slopes,
cells distances (distance to the next downward cell), cells
areas, and cumulative areas. Precipitation data were obtained
from ANA (Brazilian National Agency of Water Resources)
in two stations: Fazenda Aliança and Maurilândia. Meteo-
rological data (radiation and temperature) were extracted
from Hirabayashi et al.’s [17] reanalysis. They developed and
assessed a global 0.5 degree near-surface atmospheric data
from 1948 to 2006 at daily time scale; we used data from 1978–
2006.

Potential evapotranspiration was estimated through the
Priestley-Taylor radiation method [18]. As TOPMODEL is
a lumped hydrological model, an aerial average daily pre-
cipitation (Figure 2) and evapotranspiration (Figure 3) data
were used as input. For this period (1978–2006) the mean
precipitation value was 3.94mm with a maximum value of
108.95mm, whereas the mean evapotranspiration value was
4.11mm with a maximum value of 6.37mm and minimum
value of 2.34mm. Daily discharges data were acquired from
ANA at Fazenda Santa Maria station. They encompass the
period from 1978 to 2006. The last six years (2001–2006) of
this time series were used for model calibration purpose and
the entire time series was used for model validation purpose.
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Figure 2: Areal daily precipitation from 1978 to 2006.
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Figure 3: Areal daily evapotranspiration calculated with the
Priestley-Taylor method from 1978 to 2006.

2.2. Climatology and Composite Index Data. Daily climatol-
ogy and anomalies of river discharge are computed from the
29-year data. Extremely high discharge events were cataloged
based on a threshold; 1.5𝜎 (𝜎 stands for standard deviation)
was set as threshold for extremely high discharges events.
The NCEP/NCAR (National Centers for Environmental Pre-
diction/National Center for Atmospheric Research) global
atmospheric reanalysis-1 zonal wind (850 hPa) dataset [19] is
used from January 1, 1979 to December 31, 2008. The other
major dataset used in this study is the global coverage NOAA
interpolated of daily averages of outgoing longwave radiation
anomalies (here after OLR) data on a 2.5∘ × 2.5∘ grid at
standard pressure levels from 1 January 1979 to 31 December
2008 [20]. In addition to these, the SST anomalies are used
from the daily OISST analysis version 2 AVHRR-AMSR
(Advanced Very High Resolution Radiometer-Advanced
Microwave Scanning Radiometer) products from National
Climate Data Center (NCDC) from 1981 to 2008 [21].

3. Paranaíba Streamflow Characteristics

The climatology of streamflow (Figure 4(a)) at the Fazenda
Santa Maria gauge station of the Paranáıba River in Brazil
shows significant flow from November to May and very little
flow from June to October. The variation in this seasonal
streamflow significantly affects the human population [10].
A linear trend is seen in the streamflow at the Santa Maria
stations. During the season, we have found that the El Niño
Modoki influence reduces the streamflow to nearly half of
the average streamflow of the whole time series for extremely
low-discharge events [3]. However, in this study we have
investigated the influences of La Niña for extremely high-
streamflow events (Figure 4(b)).

It is important to understand the underlyingmechanisms
that cause the variation of streamflows due to the influences
of La Niña on the Paranáıba streamflows. A scientific analysis
is made to link the streamflow variability with the rainfall
and SST and OLR variations on daily time scale like the
previous studies [1, 2]. Apart from the climate variability
impact, in this study we have applied multivelocity approach
TOPMODEL to examine the land-use influences on the
streamflow, because the river streamflows, unlike the rainfall,
are affected by morphological and anthropogenic factors
including soil and forestry recharge, sediment deposit, topog-
raphy and land-use changes.

4. Hydrological Model Approach

The multivelocity model approach, which is consistent with
field observations carried out by Leopold et al. [22], consists
in deriving a time-area function from a distance-area func-
tion using the following equation:

tc
𝑘
=

𝑁

∑

𝑘=1

𝑙
𝑘

𝑉


𝐶𝐻
𝐴
𝑉


𝑅

𝐾

, (1)

where tc
𝑘
(T) is the time of concentration of a determined

distance-area function class 𝑘; 𝑉
𝐶𝐻

is a proportionality
constant (L-1T-1); 𝑉

𝑅
is a power law exponent (–); 𝑙

𝑘
is

the plan flow path length from a class area 𝑘 to the basin
outlet; 𝐴

𝐾
(L2) is the cumulative area of the class 𝑘 and

𝑁 is the total number of classes which the distance-area
function is composed. Details about this approach and its
implementationmay be seen in thework of Silva et al. [23, 24].

In order to evaluate the model performance, Nash coeffi-
cient [25] and log Nash coefficient were chosen as follows:

NSE (Θ) = 1 −
∑
𝑁

𝑡=1
(𝑜 (𝑡) − 𝑜 (𝑡 | Θ))

2

∑
𝑁

𝑡=1
(𝑜 (𝑡) − 𝑜)

2
,

NSElog (Θ) = 1 −
∑
𝑁

𝑡=1
(ln (𝑜 (𝑡)) − ln (𝑜 (𝑡 | Θ)))2

∑
𝑁

𝑡=1
(ln (𝑜 (𝑡)) − ln (𝑜))2

,

(2)

where 𝑜(𝑡) is the observed discharge at the time 𝑡, 𝑜(𝑡 | Θ)
is the calculated discharge at the time 𝑡 given the parameter
set Θ, 𝑜 is the observed discharge average, and 𝑁 is the
number of time steps. Thereby, the model performance (Em)
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Figure 4: (a) Streamflow Climatology at Fazenda Santa Maria gauge station from 1978 to 2006, (b) Extremely high-streamflow events as per
Table 1 during DJF seasons.

Table 1: Extreme high river discharge events together with the
climate conditions during those events. mLa Niña correspond to La
Niña Modoki, respectively.

Extremely high discharge
events

Average daily streamflows
(m3/s)/number of days

December–February
1981-82 (La Niña) 587/7
1981-82 (La Niña) 457/31
1981-82 (La Niña) 871/23
1984-85 (mLa Niña) 704/10
1989-90 (La Niña) 604/14
1989-90 (La Niña) 570/11
2001-02 (La Niña) 579/10
2001-02 (La Niña) 573/8
1993-94∗ 586/14
∗

refers to “normal year” without any influence of La Niña.

is determined by the product of these two coefficients, that is,
by the product of (1) and (2). This is an attempt to search for
simulations that try to fit the observed discharge data at high
and low discharges simultaneously.

The methodology consists basically of (1)model calibra-
tion against a period of six years, (2) model validation over
thirty-one years, and (3) model residual trend analysis.

4.1. Model Performance. In the calibration period, the model
obtained a performance coefficient Em of 0.54 (6 years)
and, in the validation period, Em was equal to 0.32. From
Figure 6 it is possible to see that most observed discharges lay
inside the uncertainty bounds of 90% and inside themax/min
interval. Therefore, the model was validated for the entire
time series. The model residuals analysis (Figure 5) does not
provide a clear upward trend in the discharges. This means
that there may be very little difference between observed
and calculated discharge increased along the time. However,
a statistical test was carried out to find the significance of
the trend on model residual. Kruskal-Wallis test [26] was
applied to identify significant difference among the first six
years and the last six years (Figure 6). The test showed little
difference between the groups (group 1 and group 2, Figure 7)
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Figure 5: Model calibration (Em = 0.54) and validation (Em =
0.31). Period at right from the red dashed line was used for model
calibration (2001–2006).The entire period (1978–2006) was used for
model validation.

at𝑃 < 0.05. It is probably due to the flux in the form of heat or
mass transfers. Nevertheless, the land-use does not have very
significant influences on the streamflow characteristics.

5. Impact of La Niña on Austral Summer

To examine the possible other component impacts on stream-
flow of the Paranáıba River, we investigate the climate var-
iability influences on the streamflow at Fazenda Santa Maria
gauge station. In this study we found that the La Niña has
significant influence on Paranáıba streamflow during austral
summer (DJF). As shown in Table 1, 7 out of the total 9
extremely low-discharge events are associated with La Niña
during the austral summer season.

Moreover, 80% of extremely high discharge events are
found in the La Niña phase of austral summer (Table 1). Out
of the 9 extremely high discharge events during the austral
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Figure 7: Frequency distribution of the first six years of model
residual (group 1) and the last six years (group 2).

summer season, 7 events are associated with La Niña and
only one event is associated with La Niña Modoki. The
composite anomalies of SST, wind and OLR for all the events
during the DJF extremely high streamflow depict a La Niña
condition when the eastern Pacific is colder than normal
(Figure 8). Unlike the El NinoModoki related extremely low-
streamflow events (figure not shown), we find here that the
tropospheric subsidence associated with La Niña condition
is more confined to Amazon basin.

We also notice anomalously strong winds blowing from
tropical Atlantic to most parts of Northeast Brazil including
the Paranáıba catchment thereby introducing more surface
moistures over that region. This also explains the nega-
tive OLR anomalies seen above that region and associated
extremely high streamflows. Further velocity potential at
200 hPa shows significant convergence over the Paranaı́ba
catchment (Figure 9). If we take the probability of occur-
rences because of La Niña, La Niña influences around 80%
of the extremely high discharge events.
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all extremely high-streamflow events associated with La Niña. Unit
for SST is ∘C, for wind is m s−1, and for OLR is w/m2. Values above
95% confidence level from a two-tailed Student’s 𝑡 test are shown.
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If we compare these analyses with the multivelocity TOP-
MODEL output, we may conclude that climate variability
such as La Niña influences the extremely high discharges
events more than any other factor in the Paranaiba catch-
ment, as it is a general acceptance that land-use influenced
more to the high discharge events due to soil erosion, sed-
iment deposits, and other anthropogenic land-use changes.
Here we recognize that climate modes could cause equal or
more amounts of damages to the streamflows.

6. Conclusions

In this study we analyzed the daily streamflow of the Para-
náıba River at the Fazenda Santa Maria gauge station on
investigate the impact of climate variations. Also, we examine
the land-use influences to the streamflow by applying the
multivelocity TOPMODEL approach by the residual analysis.
During DJF or austral summer season we found that 80% of
the extremely high discharge events occurred when eastern
Pacific represents a La Niña-like situation.

The La Niña has significantly influenced the extremely
high-streamflow characteristic of the Paranáıba River Upper
catchment. However, the model residual trend analysis of the
TOPMODEL approach cannot quantify the extent of land-
use impact, which implies that rainy season’s extremely high
discharge events of the Paranaı́ba River catchment at the
Fazenda Santa Maria gauge stations are influenced mostly
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by the La Niña phases of the Pacific. Hence, for the societal
benefits of this densely populated region climate factors
should be investigated properly with special references to the
La Niña phase of the Pacific.
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It is commonly acknowledged that land use changes (LUC) and climate changes have exerted significant effects on ecosystem
services which are essential and vital to human well-being. Among all the services provided by ecosystem, climate regulation
services are relatively sensitive to LUC and climate changes. This study aims to comprehensively review studies on the complex
effects of LUC and climate changes on climate regulation services and further integrates the effects on climate regulation services
into impact assessment for human well-being. In this study, we firstly introduced research efforts in which the drivers of and their
corresponding effects on climate regulation services are briefly identified.Then, we explicitly reviewed the researches on the effects
of LUC and climate changes on climate regulation services, especially focused on the certain methods and models used to quantify
the effects on the major drivers of climate regulation services. After that, the effects of LUC and climate changes on human well-
being via climate regulation services were revisited and commented accordingly. Finally, this paper discussed the current research
gaps and proposed some research prospects in future studies.

1. Introduction

Land use changes (LUC) and climate changes are two major
factors that result in the changes of ecosystem services [1–
4]. Along with the socioeconomic development and emerg-
ing ecological environmental problems, global changes, and
ecosystem services are becoming the research hot topics. The
relationships among LUC, climate changes and ecosystem
services are interlaced and complex, in which temporal
and spatial variations in human-induced LUC and climate
variability can result in the difference of ecosystem services
[5].

Natural ecosystem delivers a lot of benefits to human
beings, and these benefits are known as ecosystem services.
According to the Millennium Ecosystem Assessment (2005),
these ecosystem services include provisioning services such

as provision of food, water, timber, fiber, and genetic resour-
ces; regulating services such as the regulation of climate,
floods, disease, and water quality as well as waste treatment;
cultural services such as recreation, aesthetic enjoyment, and
spiritual fulfillment; and supporting services such as soil
formation, pollination, and nutrient cycling [6]. Among all
these services, supporting services and regulating services
underpin the delivery of other service categories [7]. What is
more, there often exist trade-offs between different services
when humans make management choices, which can change
the type, magnitude, and relative mix of services provided
by ecosystems [8]. However, people generally prefer pro-
visioning and cultural services over regulating services [9]
thus tend to undervalue regulating services. Consequently,
decision-makers often ignore these regulating services in
ways that will seriously undermine the long-term existence
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Table 1: Direct drivers of changes in climate regulation and their corresponding effects, adapted from [18].

Category of drivers Change of drivers Effect on climate regulation services

Habitat change:
land and sea use

Productive area: expansion, conversion, and
abandonment (agriculture, forestry)

Affects carbon sinks and existing stores, greenhouse gas
(GHG) emissions, albedo and evapotranspiration, shade,
and shelter

Mineral and aggregate extraction (peat) Affects soil carbon stores, GHG emissions

Urbanization and artificial sealed surfaces Affects soil carbon stores, albedo, shade, shelter, local
temperatures, and humidity

Pollution and
nutrient
enrichment

Pollution emissions and deposition
Nutrient and chemical inputs

Affects aerosol sources (soot)
Affects GHG emissions

Harvest
levels/resource
consumption

Livestock stocking rates Affects GHG emissions

Climate variability
and change

Temperature and precipitation Affects existing carbon stores, evapotranspiration

CO2 and ocean acidification Affects existing carbon stores, GHG emissions, and
aerosol sources

Sea-level change Affects existing carbon stores

of provisioning services [7]. The regulating services provided
by ecosystems are diverse, among which climate regulation
is a final ecosystem service. The ecosystems regulate climate
through biogeochemical and biogeophysical processes [6], as
sources or sinks of greenhouse gases (GHGs) and as sources
of aerosols all of which affect temperature and cloud forma-
tion [10–13].

The processes involved in climate regulation include the
following: (1) through the CO

2
in the atmosphere was

absorbed photosynthesis; (2) evapotranspiration from soils
and plants controls the amount of water vapour entering the
atmosphere, thus regulating cloud formation and the radia-
tive properties of the atmosphere; (3) the change of the albedo
of different land surfaces can affect the climate; for example,
the change in vegetation can have a cooling or heating effect
on the surface climate and may affect precipitation; (4) the
regulation of aerosols comes from soil erosion or vegeta-
tion through vegetation scavenging, which affects radiative
heating of the atmosphere, surface albedo, and so forth [12].

There are many direct and indirect drivers that can affect
the process of climate regulation services. For the systematic
understanding of the effect mechanism and quantitative
evaluation of the effects on climate regulation, it is important
to clarify the major drivers and quantitatively analyze the
effects induced by LUC and climate changes on those drivers
through both biogeochemical and biophysical process. Com-
paratively, a direct driver more unequivocally influences
ecosystem processes, while an indirect driver operates more
diffusely by altering one or more direct drivers; that is, direct
drivers have much more explicit effects on ecosystem pro-
cesses [14] and usually cause physical change that can be iden-
tified and monitored [15]. As to climate regulation services,
the indirect drivers mainly include demographic drivers
(population growth and distribution, migration and ethnic-
ity, etc.), economic drivers (economic growth and consumer
choice, market force, industry size and globalization, etc.),
and sociopolitical drivers (legislation, regulation, etc.) [16].

The direct drivers are listed in Table 1, among which land use
drivers are the most important in the ecosystem context and
can be identified as the main drivers of climate regulation
[17], while over longer term, climate changes will also have
feedback to climate regulation services [18].

In this study, we focus on choosing close researches
to explore how LUC and climate changes affect the cli-
mate regulation through biogeochemical and biogeophysical
processes, respectively. Then incorporating with the effects
on climate regulation services and researches on impact
assessment for human well-being were further revisited.This
study, firstly describes the climate regulation services and the
needs and significance to study climate regulation services,
then examines how LUC and climate changes affect climate
regulation services through review of the researches onmajor
drivers, and after that outlines how changes of the role of
ecosystem services in regulating climate affect human well-
being through investigation of four major aspects (economic
value, extremeweather, food security, and humanhealth) that
are closely related with human well-being. This review study
intends to provide a reference for the future research on LUC,
climate changes, climate regulation services, and humanwell-
being.The framework for the review about the effects induced
by LUC and climate changes on climate regulation and
further impact assessment for human well-being is shown in
Figure 1.

2. Research on LUC Induced Effects on
Climate Regulation Services

As mentioned above, LUC plays an important role in climate
regulation. Anthropogenic land use has been and will con-
tinue to be a major driver of the changes in climate system
[17]. And there have beenmany observations and simulations
revealing that LUC exerts effects on climate regulation ser-
vices through biogeochemical and biogeophysical processes.
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Figure 1: Framework for integrating land-use induced effects on climate regulation services into impact assessment for human well-being.

2.1. Consideration of the Cumulative Effects through Biogeo-
chemical Processes. In terms of biogeochemical processes,
LUC mainly affects the climate regulation services through
the emission and sequestration of GHGs, especially through
altering CO

2
flux. The total amount of carbon stored in ter-

restrial biosphere is an important factor in climate regulation
[19]. Terrestrial ecosystems contribute to climate regulation
primarily through carbon dynamics. Plants absorb CO

2

through photosynthesis, storing carbon in vegetation and
soils, and the carbon accumulated in soil and biomass repre-
sents a pool of carbon which is greater than the atmospheric
carbon pool [20]. Deforestation, forest degradation, and
other land use practices accounted for approximately 20% of
global anthropogenic CO

2
emissions during the 1990s [21].

When carbon is released from the earth during cultivation,
deforestation, fire, and other land use practices, it binds with
other chemicals to form GHGs in the atmosphere and
accelerates global climate changes [21, 22]. The conservation
of carbon sinks or pools is therefore important to mitigate
GHGs levels. Thus it is of great significance to investigate the
effect of LUC on climate regulation through its biogeochemi-
cal process, that is, through the effects on the cycle of carbon.
And LUC can change the release of carbon to the atmosphere
mainly through the disturbance on terrestrial vegetation and
soils [23].

2.1.1. Biogeochemical Process Related with Terrestrial Vegeta-
tion. Terrestrial vegetation is a large carbon sink which plays
an important role in the global carbon cycle and is valued
globally for the services it provides to society. Vegetation
classifications have been related to climate variables and used
in assessment of possible global response to climate changes
[24–26]. Olson et al. (1983) built up a computerized data
base to document the map of vegetation and correspond-
ing carbon density for natural and modified complexes of
ecosystems. The map provides a basis for making improved
estimates of vegetation areas and carbon quantities [27], illus-
trating that different types of vegetation have various ability
of carbon sequestration. LUC can have great effects on the
structure of terrestrial vegetation [28]; for example, once the
forest is being converted to cultivated land, the biodiversity
will decline. The distribution of sources and sinks of carbon
among the world’s terrestrial ecosystem is uncertain, through
deforestation, urbanization, expansion of cultivated land,
and other land use practices; LUC variously alter the land
surface and species compositions and exert various effects on
the carbon cycle.

It is relatively difficult to quantify the process that LUC
affect the carbon sink or net source of terrestrial vegetation.
Most researches developed and applied different models to
record the carbon emission or sequestration resulted from
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LUC. Firstly, many researchers adopted empirical data to
simulate carbon emission and sequestration. Houghton et al.
(1983, 1999, 2000, and 2003) calculated the carbon emission
resulting from LUC and the potential for sequestering carbon
of different land covers mainly based on the parameters set
for each vegetation type in each regime [29–36], and the
modelwas called the “bookkeeping” terrestrial carbonmodel.
Further, Houghton et al. (2001) documented a numeric data
package that consists of annual estimates of the net flux of
carbon between terrestrial ecosystems and the atmosphere
resulting from deliberate LUC, especially forest clearing for
agriculture and the harvest of wood for wood products or
energy from 1850 through 1990 [37]. DeFries et al. (2002)
further apply the “bookkeeping” model in conjunction with
multiple sources of remote-sensing data to estimate carbon
fluxes from tropical LUC [38]. The “bookkeeping” model
tracks the amount of carbon released to the atmosphere from
clearing and decay of plant material and pluses the amount
of carbon accumulated as vegetation grows back. However,
the parameters in the “bookkeeping” model are mainly
based on empirical data and lack mechanism process. Then
some researches started to combine process-based ecosystem
models with the “bookkeeping” model, which can associate
the land use information with its related process and thus
enhanced the accuracy of the estimation. For example, one
type of the process-based ecosystem model, the Terrestrial
Ecosystem Model (TEM), in which the effect of LUC was
characterized by the specific parameters of the function of
different vegetation types, can be combined with the “book-
keeping” [19]. And DeFries et al. (1999) predicted the effect
of LUC on carbon cycle based on the vegetation distribution
information derived from remote sensing data and combined
with Carnegie-Ames-Stanford Approach Model (CASA)
[39].What is more, Sitch et al. (2003) also coupled the “book-
keeping” model with Lund-Potsdam-Jean dynamic global
vegetation model (LPJ) [40]. Particularly, McGuire et al.
(2001) combined four models, that is, TEM, High Resolution
Biosphere Model (HRBM), LPJ, and Integrated Biosphere
Simulator (IBIS) model [19]. And Levy et al. (2004) combine
the HYBRID vegetation dynamicmodel with the “bookkeep-
ing” model to estimate the carbon dynamic resulted from
LUC [41]. Differently, Schröter et al. (2005) used a range
of ecosystem models and scenarios of climate and LUC to
assess the vulnerability of ecosystem services, and the sim-
ulation results showed that LUC affected terrestrial carbon
sink positively through decreases in agricultural land and
increased afforestation during the 21th century [1]. Different
models have different results about the amount of the carbon
emission induced by LUC, but all the results show that global
deforestation can lead to large carbon emission.

Among all the vegetation types, forest as one of the
productive area is a major part of terrestrial ecosystem.
Global deforestation has great effect on the carbon emission
[42]. Using forest inventory data and long-term ecosystem
carbon studies, Pan et al. (2011) estimated a total forest sink of
2.4 ± 0.4 petagrams of carbon per year (Pg C year−1) globally
for 1990–2007, and tropical deforestation around the world
contributes to a gross emission of 2.9 ± 0.5Pg C year−1,
which was equal to 40% of global fossil fuel emissions [43].

Combined with spatial explicit information on changes in
forest area which derived from satellite observations and
terrestrial carbon models, many researches focused on the
tropics to detect whether tropic deforestation act as carbon
sink or net source and identified that tropics acted as carbon
sink [38, 44]. Explicitly, Arora et al. (2009) assessed the
biogeochemical behavior of the CCCma earth system model
(CanESM1) against observations for 1850–2000 and then
compared simulated atmospheric CO

2
concentration with

available observations and observation-based estimates; the
simulation results showed that forests’ different photosynthe-
sis ability and CO

2
emissions from LUC resulted in different

density of CO
2
in atmosphere, which indicated that the

tropics were large carbon sinks [45].
Currently, based on model simulation, it was acknowl-

edged that LUC can affect the carbon sink or source. Firstly,
many researches were based on empirical data and statistical
models which can use only observation data about the land
cover without knowing conversions among different land
cover types.While with the application of remote sensing and
developed ecosystem models, the carbon emission induced
by LUC can be more accurately estimated. However, most
models also cannot take some important factors into account,
such as the feedback of regional climate change, the water
cycle before and after LUC, and the physical structure of soil.
More efforts should be devoted to develop models that can
comprehensively integrate all the factors to do simulations.

2.1.2. Biogeochemical Process Related with Soil Carbon. The
changes of LUC can affect the sink of carbon not only through
the sequestration of vegetation covering the land, but also
through the changes of soil characteristic of different land
cover types. It has been identified that different land cover
types’ potentials of soil carbon are various. For example,
tropical forests were estimated to store approximately 206 Pg
C in the soil globally [4], which was relatively less than half
of that of boreal forests’ soil [18, 46]. And explicitly, wet and
moist tropical forests tend to have greater soil carbon pools
per unit area than tropical dry forests due to higher rates
of Net Primary Productivity (NPP) [47]. The potential of
cropland soils [48] and grazing land soils [49] to sequester
carbon andmitigate the greenhouse effect are different. Daw-
son and Smith (2009) reviewed effects of LUC and climate
changes on soil carbon losses and found that the soil car-
bon emissions of agriculture land (cropland and grassland),
forestry land, and peatlands/wetlands explicitly have different
ability of carbon sequestration, and human’s land use man-
agement is critical to regulate carbon emission [50].

LUC plays an important role in determining whether
soil is a sink or source of atmospheric CO

2
, since it can

change the amount of soil carbon sequestration. For example,
deforestation can result in an initial loss of carbon from
soils due to increased decomposition rates, erosion, and
reduced inputs of vegetation residues, namely, soil organic
matters (SOM) [51]. Ayanaba et al. (1976) reported that
deforestation for cultivated land leads to the reduction of
soil total carbon content [52]. As most researches about the
effect of deforestation on soil carbon only focused on one
kind of land conversion while did not simultaneously take all
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the land cover types into consideration, Powers (2004) pre-
sented better understanding of the effects of LUC on regional
and global ecosystem process by considering all of the land
use conversions that occur in the landscape and detect the
difference among the effects on soil carbon of each land use
conversion based on statistical analyze [53]. Scott et al. (2002)
designed a soil carbon monitoring system for New Zealand
using country-specific land use and soil carbon information,
which can be used to estimate both soil carbon stocks at a
single point in time and also future soil carbon stocks in
response to LUC [54].

LUC affect the soil carbon content mainly through reg-
ulating soil organic carbon (SOC) pools [55]. The dynamic
changes of SOChave a strong effect on atmospheric composi-
tion and the rate of climate change, thus playing an important
role in climate regulation. There have been many studies
quantifying the effects of LUC on SOC, and since the carbon
dynamics in soil are a long-term process which is relatively
difficult for doing field researches and observations, most of
the studies were based onmodel simulations.Themajor SOM
models include SOMmodel (SOMM), Institute of Terrestrial
Ecology-Edinburg (ITE), Verberne, Rothamsted C model
(ROTHC), Carbon-Nitrogen-Dynamics (CANDY), DeNitri-
fication and DeComposition (DNDC), CENTURY, DAISY,
and NCSOIL, and so forth. Smith et al. (1997) compared
these nine models with data from seven long-term exper-
iments representing multiple vegetation and management
conditions [56]; the results showed that a comparison of the
overall performance of models across all datasets reveals that
the model errors of one group of models (ROTHC, CANDY,
DNDC, CENTURY, DAISY, and NCSOIL) did not differ
significantly from each other. Another group (SOMM, ITE,
and Verberne) did not differ significantly from each other
but showed significantly larger model errors than did models
in the first group. Among all the nine models, ROTHC and
CENTURY are two of the most widely used and tested SOM
models. Shrestha et al. (2009) used theCenturymodel to sim-
ulate changes in SOC pool over 100 years (1950–2050) under
managed dense Shorea forest, rainfed upland, and irrigated
low land in a midhill watershed of Nepal [57]. And Dieye
et al. (2012) analyzed the sensitivity of the GEMS soil organic
carbonmodel in response to LUC [58]; the GEMSmodel was
also developed from the CENTURYmodel [59]. Barancikova
et al. (2010) and Francaviglia et al. (2012) used the ROTHC
model to simulate the changes in agricultural land’s SOC
pools [60, 61]. SOC cannot only be affected by LUC, but also
by climate change, which will be revisited in Section 3.1.

2.1.3. Combined Biogeochemical Process of Terrestrial Vegeta-
tion and Soil. As mentioned above, most researches focused
on the calculation of carbon emission resulted from the
terrestrial vegetation changes with different models and
methodologies, based on the historical observations or sce-
narios analysis. And also there are researches trying to figure
out the change of carbon emission as the change of soil
characteristic of different land cover types resulted from land
use management practices. However, it is also important to
combine the two biogeochemical processes together to detect

the effect of LUC on carbon cycle and further analyze the
effect on climate regulation services.

As to this point of view, Woomer et al. (2004) defined
the total carbon in the ecosystem as the sum of the woody
biomass, herbaceous biomass, root, litter, and soil carbon
pools, and using an inventory procedure involving satellite
images which reveal historical LUC and recent field mea-
surements of standing carbon stocks occurring in soil and
plant; they estimated Senegal’s terrestrial carbon stocks in
1965, 1985, and 2000 [62]. In addition, the changes of carbon
emission from vegetation and soil resulted from LUC and
climate changes can also counteract with each other. Synthet-
ically considering the carbon emission from vegetation and
soil induced by LUC and climate changes, based on a series of
ecosystemmodels and scenarios of LUC and climate changes
to evaluate the ecosystem service supply and vulnerability,
Schröter et al. (2005) confirmed that Europe’s terrestrial bio-
sphere acted as a net carbon sink, with decreased agricultural
land and increased afforestation resulting in the increasing
sequestrated amount of carbon, while soil carbon losses due
to warming would balance the carbon sequestrated by terres-
trial biosphere by 2050 and lead to carbon releases by the end
of this century [1]. In the Integrated Valuation of Ecosystem
Services and Tradeoffs (InVEST) model, a simplified carbon
cycle that maps and quantifies the amount of stored and
sequestered carbon based on five carbon pools (above ground
biomass, below ground biomass, soil, dead organic matter,
and harvested wood products) is incorporated [63]. Leh et al.
(2013) used average literature values in the InVest model to
calculate the carbon as part of the ecosystem services in
major land classes according to the proportion of land use
land cover (LULC) area in Ghana and Cote d’Ivoire, West
Africa [64]; the model is of great significance to evaluate the
ecosystem services.

In summary, effect on climate regulation through bio-
geochemical process mainly focuses on the carbon emission
and sequestration both in terrestrial vegetation and soil; from
comprehensive and global perspective, it is important to
regulate the carbon cycle to control global warming and there
should be more researches to combine the whole biogeo-
chemical processes of LUC’s effect on carbon cycle together
to provide references for decision-makers to make land use
management practices.

2.2. Overall Effects Accounting through Biogeophysical Pro-
cesses. LUC is a general term for the human modification
of Earth’s terrestrial surface, and the albedo and evapotran-
spiration of different surfaces vary with land cover types.
The biogeophysical effect mechanisms of LUC on climate
regulation are mainly through changing the albedo and
evapotranspiration, which are closely related with energy flux
between land surface and atmosphere [23, 65–70].

2.2.1. Biogeophysical Process Related with Albedo. Albedo
represents the fraction of incoming radiation reflected by
the surface. A reduction in albedo means that a larger
fraction of the incoming radiative energy is absorbed by the
surface, further results in warming [71]. The effect of albedo
changes on regional and local climates is a research hotspot,
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especially changes in climate in response to changes of
vegetated land cover and built-up areas. These changes alter
surface heat balance not only by changing surface albedo, but
also by altering evaporative heat transfer caused by evap-
otranspiration from vegetation and by changes in surface
roughness [23].

Land surface with different vegetation types possesses
different albedos; for example, forests typically have lower
albedos than bare ground, grassland, and cropland; therefore,
absorb more incoming solar radiation [12, 17], indicating that
different vegetation types participated in the land surface
play a role in regulating surface energy, thus affecting surface
climate. Based on different methodologies and models, there
have been many researches focusing on the net radiation
associated with the change of albedo resulted from LUC.
In the 1970s, Charney (1975) firstly pointed out that albedo
changes play an important role in global climate based on
Global Climate Model (GCM) and put forward the biogeo-
physical feedback mechanism [72]. The mechanism explains
that vegetation reduction due to drought will lead to increas-
ing the albedo, decreasing the net radiation of the surface and
corresponding sensible and latent heat, and further weaken-
ing the convergence upward movement, thus resulting in the
reduction of cloud and precipitation. It can be seen that
albedo plays an important role in surface net radiation and
energy exchange. The radiative forcing due to surface albedo
change can be simulated with the radiative transfer scheme of
the third Hadley Centre Atmosphere Model (HadAM3) [73].
Betts (2000) applied HadAM3 to simulate the radiative forc-
ing associated with changes in surface albedo and revealed
that decreasing albedo exerts a positive radiative forcing on
climate [65]. Snyder et al. (2004) investigated the partici-
pation of different vegetation types within the physical cli-
mate system based on CCM3-IBIS (the Community Climate
Model coupled to the Integrated BIosphere Simulator), a
coupled atmosphere-biosphere model, analyzed the effects
of six different vegetation biomes (tropical, boreal, and
temperate forests, savanna, grassland and steppe, and shrub-
land/tundra) on the climate through their role in modulating
the biogeophysical exchanges of energy, water, and momen-
tum between the land-surface and the atmosphere, and
explained the role of the albedo in modifying the surface
radiation budget [70].

2.2.2. Biogeophysical Process Related with Evapotranspiration.
Evapotranspiration causes local cooling due to latent heat
transfer from the surface to the atmosphere. Evapotranspi-
ration can also influence cloud cover, which, in turn, affects
the amount of energy reaching the surface [71]. Clearing
vegetation reduces evapotranspiration and associated latent
heat flux, as without the vegetation, energy normally used to
evaporate water instead of heating the land [17]. Evapotran-
spiration is an important ecosystem integrity indicator and is
strongly related to land cover types.The process of evapotran-
spiration consumes energy and therefore has a cooling effect
and a positive effect on microclimate regulation. To quantify
the climate regulation and assess the effect of LUC on climate

regulation, Kroll et al. (2009) used thermal emissions of
different landuse classeswith different land surface emissivity
derived from remote sensing data and land cover information
of MOLAND classification based on PLUREL scenario [74].
And Twine et al. (2004) analyzed the effects of LUC on the
energy and water balance of theMississippi River basin using
the IBIS model, in which the forest cover was assumed to be
completely converted to crop coverwhich resulted in decreas-
ing annual average net radiation and evapotranspiration [75].
In order to assess the effect of LUCon evapotranspiration, Liu
et al. (2008) used Dynamic Land Ecosystem Model (DLEM)
in conjunction with spatial data of LUC to estimate the
LUC’s effects on the magnitude, spatial and temporal vari-
ations of evapotranspiration in China, and results showed
that deforestation averagely increased evapotranspiration by
138mm/year and urban sprawl generally decreased evapo-
transpiration 98mm/year during 1900–2000, and so forth
[76]. Yang et al. (2012) first used a knowledge-based decision
tree (K-DT) classification technique to detect LUCwhichwas
characterized with deforestation and expansion of farmland,
barren land and residential land, then a two-source potential
evapotranspiration (PET) model was used to estimate the
potential evapotranspiration response to LUC, and the result
showed a decreasing trend of PET at ShalamulunRiver water-
shed in China [77]. And more efforts on quantifying the bio-
geophysical regulation of climate by ecosystems have largely
focused on regional analyses, using GCMs that include land-
surfacemodels coupledwith atmospheric circulationmodels,
and these regional-scale analyses have focused on areas
with strong land-climate feedbacks, including the Amazon
[66, 78] and boreal regions [79].

As mentioned above, current approaches for quantifying
the biogeophysical regulation of climate by ecosystems (espe-
cially through effects on atmospheric heat andmoisture) were
mainly concentrated on highly complex models, especially
atmospheric models, such as HadAM3 and GCMs; thus few
nonmeteorologists have access (or the expertise) to run and
interpret high complex systems; then West et al. (2010) put
forward an alternative approach for quantifying climate reg-
ulation by ecosystem; they developed a simple climate regula-
tion index that could quickly produce approximations of bio-
geophysical regulation of climate by terrestrial ecosystems, in
which the potential effects of LUC on biogeophysical climate
regulation were estimated based on comparing a natural
vegetation scenario to a bare ground scenario [69]. However,
conversion of natural land to other land-cover types can have
different results; thus themodel has potential to be improved.

In some sense, researches of effect on climate regulation of
LUC through biogeophysical process are of great significance
and mainly focused on the net radiation, energy balance and
so forth, which is related with albedo change and evapotran-
spiration rate. And most researchers simulate the effects with
complex atmospheric models, biosphere models, and com-
bined models, and the effect mechanism is relatively similar,
while more attention should be paid to how to integrate
and simplify the whole process to support most policy-
makers, nonmeteorologists, and other related people decision
making.
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3. Identification on the Effects on Climate
Regulation Services due to Climate Changes

According to the forth report of Intergovernmental Panel on
Climate change (IPCC AR4, 2007), there is more than 90%
probability that human activities have affected the climate
[21], mainly through two approaches: fossil fuel burning
and land use/cover change. LUC cannot only directly exert
effect on the drivers of climate regulation, but also indirectly
through its impact on climate changes [80–82]. And climate
changes (temperature and precipitation variation and CO

2

variation) are also likely to put many ecosystem services
that humans derive from lands, waters, and so forth at risk.
Over the long term, climate changes will feed back to climate
regulation services [1] also through both biogeochemical and
biogeophysical process.

3.1. Biogeochemical Process of the Effect on Climate Regulation
Services. The amount of carbon in atmosphere is important
to climate regulation services. Climate variations, such as the
changes of temperature, precipitation, and atmospheric CO

2

content affect existing carbon stores through biogeochemical
process. Friedlingstein et al. (2006) used eleven coupled
climate-carbon cycle models with a common protocol to
study the coupling between climate changes and the carbon
cycle, through the feedback analysis; their results indicated
that future climate changes will reduce the efficiency of the
earth system to absorb the anthropogenic carbon perturba-
tion [83]. And as to carbon accumulation, soil carbon is a
major component of global carbon inventory which interact
with atmospheric CO

2
. Rising atmospheric CO

2
concen-

trations will increase radiative forcing and is expected to
increase soil temperatures and accelerate decomposition rates
of SOC,which, in return, will increaseCO

2
accumulation rate

in the atmosphere [84–86].
Regarding the temperature changes, which are major ele-

ments affecting the photosynthesis [87] and decomposition of
SOM [88]. Jenkinson et al. (1991) used the Rothamstedmodel
for the turnover of organic matter in soil to calculate the
amount of CO

2
that would be released from the world stock

of SOM if temperatures increase as predicted and the annual
return of plant debris to the soil being held constant. The
results showed that if world temperatures rise by 0.03∘C per
year, the additional release of CO

2
fromSOMover the next 60

years will be 61 × 1015 gC [89].The temperature’s effect on soil
carbon losses is also confirmed by recent experimental and
modeling studies [90–93] and lots of experimental studies
overwhelmingly indicate that increased SOC decomposition
resulting from higher temperature led to increased CO

2

emissions from soils [91, 94, 95]. In addition to carbon
emission, soil carbon sequestration can be regulated by
temperature change [93, 96].

As to moisture or precipitation conditions, in mature
tropical forests, soil carbon pools tend to decrease exponen-
tially as the ratio of temperature to precipitation increases,
corresponding to a gradient from wet to dry forests [47].
Albani et al. (2006) used ecosystem demography (ED)model,
through comparison between the patterns of variability
in net ecosystem productivity (NEP) with the patterns of

temperature and precipitation variability from 1948 to 2003
and revealed that the periods of carbon losses during the
1960s were caused by anomalously dry conditions, while
the carbon losses that occurred in the late 1990s were due
to a combination of reduced precipitation and anomalously
warm temperatures in the Eastern US [97]. What is more,
to better quantify climate changes’ effect on soil carbon, Ise
and Moorcroft (2006) used a mechanistic decomposition
model in which the effects of temperature and moisture are
multiplicative, to estimate the global-scale temperature and
moisture dependencies of SOC decomposition, the results
indicated that modeling of temperature and moisture depen-
dencies of SOC decomposition in global-scale models should
consider effects of scale which were not considered in other
models [88]. And asmentioned in Section 2.1.3, SOC can also
be affected by climate change. In many SOMmodels, climate
data are important part as the input data into the models,
and SOC changes in response to climate changes under
different climate scenarios which derived from GCMs and
other climatemodels were usually analyzed [60, 61, 98].What
is more, as the biogeochemical process of carbon seques-
tration is complex, it is difficult to take into account of all
influencing factors; Zhan et al. (2012) used a panel datamodel
and decomposition analyses to figure out the subtle effects
of climatic, demographic, geographic, and economic factors,
which revealed the importance of climatic factors in carbon
sequestration [99].

3.2. Biogeophysical Process of the Effects on Climate Regu-
lation. Human induced climate changes are also important
factors affecting the climate regulation services. Along with
the industrialization and other human activities, the global
climate showed a warming trend, which in the long-term
will return feedback to climate regulation services through
biogeophysical process.

3.2.1. Effect on Evapotranspiration. Climate changes can exert
effects on the hydrological cycle and alter the evapotranspi-
ration that both with implication for ecosystem services and
feedback to regional and global climate. Land evapotranspi-
ration is a central process in the climate system and a nexus of
the water, energy, and carbon cycles [100]. As evapotranspira-
tion cannot bemeasured directly at the scale of climate obser-
vations and climate predictions, therefore most researches
generally applied hydrological models to estimate the effect
of climate changes on evapotranspiration [101]; among the
models, different PET models are often used. To accurately
detect the effect of climate changes on PET, more and more
researchers turned over to analyze the sensitivity of these
models to climate changes [102–105].

3.2.2. Effect on Albedo due to Changes of Terrestrial Vegetation.
Climate changes can also exert effect on climate regulation
via the change of vegetation which plays an important
role in climate regulation through albedo and evapotran-
spiration change. The response of terrestrial vegetation to
climate changes has long been a research hotspot; there are
many studies about understanding and quantifying climate-
induced vegetation change [106, 107].
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Regarding temperature and precipitation changes, Over-
peck et al. (1990) used the FORENA model to simulate the
effects of climate changes on four forest types in easternNorth
America with three types of climate change experiments; the
results indicated that climate changes would induce increases
in forest and vegetation disturbance, which can significantly
alter the total biomass and compositional response of forests
to future warming [108]. As anthropogenic increases in the
atmospheric concentration of CO

2
and other GHGs are

predicted to cause a warming of the global climate by modi-
fying radiative forcing [109], Peters and Darling (1985) had a
widespread hypothesis that global warming resulted from
greenhouse effect can diminish biological diversity and shift
the terrestrial pattern [110]. Moreover, corresponding climate
changes with enriched CO

2
may also alter the density of

vegetation cover, thus modifying the physical characteris-
tics of the land surface to provide climate feedback. In a
vegetation/ecosystem modeling and analysis project (1995),
three biogeochemical models (BIOME-BGC (BioGeochem-
istry Cycles), CENTURY, and TEM) and three biogeophys-
ical models (BIOME2, Dynamic Global Phytogeography
Model (DOLY), and Mapped Atmosphere-Plant Soil System
(MAPSS)) were applied, respectively, to simulate the geo-
graphic distribution of vegetation types under doubled CO

2

and a range of climate scenarios (temperature and precipi-
tation variations), and the results indicated that carbon con-
centration and temperature and precipitation variations can
obviously change the distribution of vegetation types [111].
Betts et al. (1997) used a general circulation model iteratively
coupledwith an equilibrium vegetationmodel to quantify the
effects of both physiological and structural vegetation feed-
backs on a doubled-CO

2
climate, with the output vegetation

structure mainly represented by Leaf Area Index (LAI).
The results showed that changes in vegetation structure can
significantly feed back to regional-scale climate [112]. The
vegetation structure feeds back to climate mainly through
two opposite effects; increased LAI tended to warm the land
surface by lowering its albedo and cool the land surface by
enhancing evaporation, while decreased LAI tended to cool
the surface via increased albedo and warm the surface via
reduced evaporation [79, 113]. To understand how vegetation
growth responded to the climatic variations, Piao et al. (2006)
took the LAI as an indicator to represent the vegetation
activity and based on a mechanism terrestrial carbon model,
to detect effect of current climate changes on vegetation
growth in the northern hemisphere, and results showed that
the vegetation change in different areas can be explained by
temperature and precipitation, respectively [114].

Most of the researches focused on terrestrial vegetation
ecosystem, while Lovelock and Kump (1994) suggested that if
living organism participates in climate regulation in an active
and responsive way, they domost probably as part of a tightly
coupled system, which includes the biota, the atmosphere,
the ocean, and the crustal rock. Within such system, the
growth of organisms changes environmental conditions and
environmental changes feed back to the growth. Thus they
conducted qualitative analysis of the effects of temperature
change on the feedbacks induced by changes in surface
distribution of bothmarine algae and land plants, as to detect

how the planetary area occupied by these two ecosystems
varies with temperature [115]. There are many kinds of
ecosystems on the earth, among which terrestrial ecosystem
ismuchmore connectedwith human beings, while it is also of
great significance to do researches that combine other ecosys-
temswith terrestrial ecosystem to comprehensively detect the
impact mechanism of LUC and climate changes.

4. Impact Assessment for Human
Well-Being due to Land-Use Induced
Climate Regulation Services Changes

According to the Millennium Ecosystem Assessment (2005),
human well-being is assumed to have multiple constituents,
including the basic material for a good life (adequate liveli-
hoods, sufficient nutrient food, shelters, access to goods,
etc.); health (feeling well, access to clean air and water, etc.);
security (secure resource access, personal safety, and security
from disasters, etc.), and freedom of choice and action and so
forth [6]. The services provided by ecosystems for all those
unalterable needs indicate that ecosystem services are essen-
tial to human well-being. Climate regulation relates to the
maintenance of a favorable climate, both at local and global
scales, which has important implications for health, crop
productivity, and other human activities [7]. In this paper,
we reviewed how changes in the role of ecosystem services in
regulating climate affect human well-being, mainly including
economy benefits, food security, human health, and a healthy
environment.

4.1. Economic Value Determined by Climate Regulation.
Ecosystem services and the natural capital stocks that pro-
duce the services are critical to support the earth’s life system,
contribute to human well-being both directly and indirectly,
and therefore represent part of the total economic value of
the planet. Costanza et al. (1997) firstly developed the Ecosys-
tem Value System (ESV) calculation system to estimate the
economic value of 17 ecosystem services (including climate
regulation services) for 16 biomes, in which land use is one of
the major factors [116]. Based on the ESV calculation system,
some researchers examine the potential effects of the past
and future LUC on the ecosystem services [117, 118], and the
results showed that the changes of ecosystem services value
(among which climate regulation accounted for 10% of the
change) in Baguio city about 98% were due to forest cover
loss for 1988–2009.

Forest ecosystems play an important role in climate regu-
lation through trapping moisture and cooling the earth’s sur-
face, thus regulating precipitation and temperature. Costanza
et al. (1997) found that forests yield US$450 per hectare per
year in terms of climate regulation benefits [116]. Explicitly,
in the urban context which is directly related with human
well-being, urban and community forests can strongly
influence the physical/biological environment and mitigate
many effects of urban development by moderating climate,
conserving energy, CO

2
, and water, improving air quality,

controlling rainfall runoff, and so forth. As in the case of
Tucson, Arizona, each tree would give benefits in the range
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of US$20.75 annually by reducing cooling costs for buildings
[119]. Dwyer et al. (1992) calculated that 100 million mature
trees in US cities could reduce annual energy costs by US$2
billion based on computer simulations estimate [120].

LUC and climate changes can exert effect on the capacity
of ecosystem to absorb carbon, which will result in the loss of
climate regulation services and further loss of socioeconomic
benefits. To estimate the value of carbon sequestration in
Uganda’s protected area, Howard (1995) used two different
approaches: first, based on figures of the damage that would
occur if the land was converted and carbon released in the
atmosphere, the value of Uganda’s protected areas as a carbon
sink was estimated at US$245 million, which amounts to
a US$17.4 million annually; second, the replacement cost
approach was also used to estimate the cost of replacing this
carbon sink functions through an afforestation scheme and
was valued at US$20.3 million annually [121]. The results
indicated that along with the degradation or loss of climate
regulation services in carbon sequestration, much cost will
be input to ecological engineering, such as afforestation and
construction of environmental protection area.

4.2. Effects of ExtremeWeather Events. In response to ecosys-
tem services changes, extreme weather events directly affect
human well-beings, leading to drastic disasters which can
influence most aspects of humans, such as living envi-
ronment, agriculture production, and health. Regional cli-
matic conditions are influenced by changes in ecosystems
and landscapes, especially deforestation and desertification.
Human-induced alteration of atmospheric composition (the
greenhouse effect) also affects climatic conditions. On a
large scale, the long-term ongoing GHGs effect will lead
to increasing risks of deaths in extreme weather events
(heat waves, floods, droughts, etc.) [122]. These events have
local and sometimes regional effects, directly through deaths
and injuries and indirectly through economic disruption,
infrastructure damage, and population displacement. In turn,
thismay lead to increased incidence of certain communicable
diseases as a result of overcrowding, lack of clean water and
shelter, poor nutritional status, and adverse effects on mental
health.

Climate regulation of hydrology is a research area, in
which natural climate system affect hydrology and further
exert effect on the runoff, rainfall cyclicity, water quality,
soil development, and so forth [123, 124]. As a result, there
are marked variations in the likelihood of flooding and
droughts, the intensity of erosion and nutrient cycling, and
the demand for irrigation water and water supplies, which
further will bring substantial loss of human well-being. And
as to urban ecosystem, climate changes caused by increased
anthropogenic emissions of CO

2
and other GHGs are a long-

term climate hazard with the potential to alter the intensity,
temporal pattern, and spatial extent of the urban heat island
in metropolitan regions [125]. The microclimate regulation
of all natural ecosystem in the urban areas contribute to
reducing the urban heat island effect, as urban green increases
evapotranspiration and therefore has a cooling effect; from
the perspective of economics, vegetation can also decrease
energy use for heating and air conditioning substantially in

urban areas by shading house in summer and reducing wind
speed in winter [126].

4.3. Response of Food Security to Climate Regulation. The
accessibility of food is highly dependent on suitable climatic
conditions, and the sustainable production of food and raw
materials is vulnerable to changes in temperature, precipita-
tion, and concentrations of CO

2
. Though the role of climate

regulation in food security has not been fully estimated
[127], the climate variability which can result from LUC,
has been examined as the principal source of fluctuations in
global food production in different areas, such as the arid
and semiarid tropical countries of the developing world, the
northernChina, and so forth [128–130]. Specifically speaking,
soil carbon sequestration can be regulated by climate changes,
especially the changes result from temperature change
[93, 96] and LUC. As land is the basic requirement for
cultivation of crops, a region’s potential for food production
in agricultural areas depends directly on the fertility of
available arable lands [131], and soil carbon sequestration is a
key element for ecosystem biogeochemical carbon cycle and
contributes to the formation of fertility in soil, which helps to
maintain net productivity, improve water quality, and restore
degraded soils and ecosystems [20, 132]. Thus along with the
climate regulation services changes, the variability of soil
carbon sequestration results in the change of food production
and accessibility.

4.4. Consequence on Human Health. In the Millennium
Ecosystem Assessment, it was stated that stresses on freshwa-
ter sources, food-producing systems, and climate regulation
could cause major adverse health effects, and each ecosystem
service is sensitive to climate conditionswhichwill be affected
by LUC and climate changes. And the change of ecosystem
serviceswill affect the humanwell-being and health of human
[122]. Climate regulation is one of the services the ecosystems
provide to regulate climate conditions, mainly to ensure that
people live an environmentally clean and safe life [133]. The
degradation of climate regulation will decrease the ability
of ecosystem to avoid the adverse effect of climate changes
and can affect human health through both direct effect (such
as increasing mortality, diseases from extreme weather) and
indirect effects (such as climate-induced changes in the distri-
bution of productive ecosystems and the availability of food,
water, and energy supplies). Although climate changes may
have some benefits to human health, most are expected to be
negative especially in urban areas. As human migrate from
rural areas to cities, more than half of the world’s population
now live in high-density urban areas, many of which are
poorly supplied with either ecosystem or human services
[122]. And in these urban areas, a reduction in climate regu-
lation services could exacerbate climate stress for large num-
bers of people, reducingwell-being and increasing death rates
directly through higher summer temperatures and so forth
[16]. Furthermore, climate regulation services of soil carbon
sequestration can help mitigate climate changes by offsetting
emissions of fossil fuels and reducing GHGs effects, and so
forth, which is of great significance to improve environment
for healthy lives [132, 134].
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5. Concluding Remarks

LUC and climate changes will alter the supply of ecosystem
services that are vital for human well-being. The processes
through LUC and climate changes influence human well-
being via exerting effects on climate regulation services are
complex and complicated, involving both biogeochemical
and biogeophysical processes. From the perspective of the
drivers of and their corresponding effects on climate regula-
tion services, this paper mainly revisited the closely related
researches to explore how LUC and climate changes exert
effects on the major drivers, such as carbon emission and
sequestration, albedo, and evapotranspiration which are key
elements to regulate surface energy exchange and further
play an important role in climate regulation services. And,
along with the changes of climate regulation services resulted
from LUC and climate change, different aspects of human
well-beings will be impacted which have also been assessed
by many researchers. Generally speaking, LUC and climate
changes have great effects on climate regulation services.
Globally, deforestation, degradation of forest and grassland,
land conversion from forest to cultivated land, urban expan-
sion, carbon emission, and so forth all will probably lead to
changes in climate regulation services.

So far, lots of researches have been conducted and signifi-
cant progresses have been made related to each aspect shown
in Figure 1. However, there is still room for improvement.
First, there have been many methodologies and models
developed or enhanced to investigate the effect mechanism of
the drivers of climate regulation services via biogeochemical
and biogeophysical process, while there are less researches
that combine both the processes in the models; thus more
research attention should be paid to the effect mechanisms
that take both biogeochemical and biogeophysical effects into
considerations. Second, in future research, improved models
which can combine the effects of LUC and climate changes
on the climate regulation as a whole should be developed.
In addition, as human well-being changes along with the
variation of climate regulation resulted from the effect of
LUC and climate changes, further anthropogenic activities
and economic development related with human well-being
will respond to LUC and climate changes. However, there are
relatively less researches that have taken the responses into
consideration when assessing the effects, so future research
should also focus on these potential societal responses.
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Copyright © 2013 Xiangzheng Deng et al. This is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly
cited.

This simulation-based research produces a set of forecast land use data of Qinghai Province, China, applying the land use change
dynamics (LUCD)model.The simulation results show that the land use patternwill almost keep being consistent in the period from
2010 to 2050 with that in 2000 in Qinghai Province. Grassland and barren or sparsely vegetated land will cover more than 80% of
the province’s total area. The land use change will be inconspicuous in the period from 2010 to 2050 involving only 0.49% of the
province’s land.The expansion of urban and built-up land, grassland, and barren or sparsely vegetated land and the area reduction of
mixed dryland/irrigated cropland and pasture, water bodies, and snow or ice will dominate land use changes of the case study area.
The changes of urban and built-up land and mixed dryland/irrigated cropland and pasture will slow down over time. Meanwhile,
the change rates of water bodies, snow and ice, barren or sparsely vegetated land, and grassland will show an inverted U-shaped
trajectory. Except for providing underlying surfaces for RCMs for future climate change assessment, this empirical research of
regional land use change may enhance the understanding of land surface system dynamics.

1. Introduction

Land use change and the resulting changes in land surface
characteristics are recognized drivers of climate change [1–
3].The biogeochemical impacts of land use change on the cli-
mate through changing atmospheric concentrations of green-
house gases (GHGs) have been of great concern. For instance,
theGHGs from agriculture land uses are estimated to account
for 10–20% of the total global anthropogenic emissions [4].
The gross CO

2
emissions from tropical deforestation are

roughly equivalent to 40% of global fossil fuel emissions from
1990 to 2007 [5]. Besides lands under management, natural
land cover types such as wetlands and primeval forest are also
found to be large sources and sinks of GHGs [6]. Land use
change affects climate by not only impacting GHG emissions
but also land surface properties. Urban heat island (UHI) is

one of the most noticeable effects of land surface property
changes on local climate change [7–9]. Land use change
may result in changes of thermal properties (albedo, thermal
conductivity, and emissivity) and further affect the surface
energy budgets as well as atmospheric circulations [10–13].
Consequently, land use data should play a central role in
climate change assessment.

While the importance of land use change in climate
change modeling has been fully realized, most regional cli-
mate models (RCMs) use historical and constant land use
data as underlying surface data [14, 15]. Always, simulation of
climate change is implemented by using land use data of one
year of history as underlying surfaces which are assumed to
be constant throughout the whole simulation. It is reasonable
to assume that the underlying surfaces are constant in exper-
iments of separating the effects of other factors on climate
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change from those of land use change. However, for climate
change prediction and assessment, the constant underlying
surfaces will affect the accuracy of RCMs.

It has been proved that the alteration of underlying
surfaces has significant impacts on the simulation results of
RCMs. Jacobson and Ten Hoeve [16] analyzed the effects of
conversion of all roofs worldwide to white roofs on temper-
ature with a one-way-nested global-regional Gas, Aerosol,
Transport, Radiation, General Circulation, Mesoscale, and
Ocean Model (GATOR-GCMOM) and found that white
roofs cooled population-weighted temperatures by about
0.02K but warmed the Earth overall by about 0.07K. Rozoff
et al. [17] estimated the land use impacts on thunderstorms
and found that urban expansion and its initiated UHI played
the largest role in initiating deep,moist convection downwind
of the city. Guo et al. [18] numerically investigated the effect of
urbanized modification on cloud structure and precipitation
distribution by using the fifth-generation Pennsylvania State
University-National Center for Atmospheric Research (PSU-
NCAR) Mesoscale Model (MM5) and found that the peak
rainfall located near borderline was 40mm for the nonur-
banized condition and 65mm for the urbanized condition.
Trusilova et al. [19] investigated the effects of urban land on
the climate in Europe on local and regional scales with a
modified land surface scheme.The simulation results showed
that the diurnal temperature range in urbanized regions was
reduced on average by 1.26 ± 0.71∘C in summer and by 0.73 ±
0.54∘C inwinter. All above researches have illustrated that it is
essential to alter the underlying surfaces in RCMs to conduct
more realistic simulations.

While the historic underlying surfaces for RCMs can be
derived from remote-sensing images, ground investigation,
and aerial photography, the future land use data can only be
obtained through model-based simulation. Accurate simu-
lation of land use change is challenging because of the geo-
graphically complex socioeconomic drivers and natural con-
straints. Overall, simulation models of land use change can
be classified into three categories: empirical statistical model,
cellular automaton (CA) model, and agent-based model
(ABM) [20].TheCAmodel with the superiority of simulation
process visualization is widely used in land use change simu-
lation, especially urban expansion [21–23]. The Agent-Based
Models of Land Use and Land Cover (ABM/LUCC) model
were regarded as the most potential modeling strategies for
land use change [24, 25], but most of the existing models
are not compatible with RCMs. Deng et al. provide a novel
framework of land use change dynamics (LUCD) model
to introduce parameterized land use data into RCMs. The
model consists of three modules, namely, economic module,
vegetation change module, and agent-based module, and is
extraordinarily capable of simulating the land surface proc-
esses and their changing patterns in theory.

This empirical study aims to produce a set of forecast
land use data for RCMs applying the LUCD model. Qinghai
Province which is located in the northwest of country was
chosen as our case study area. The major contribution of
this paper is that it provides future underlying surface data
for RCMs for Qinghai Province and a demonstration of the
LUCD model’s application. The predicted land use data of

this simulation work can be used for future climate change
assessment by altering the underlying surfaces of RCMs.
This empirical study illustrates that the LUCD model can be
coupled with RCMs by introducing its results into RCMs
as underlying surfaces. The case study area and simulation
scheme are described in Section 2. The data used in our
simulation are also introduced in this section.The results and
discussion are provided in Section 3 and concluded in the
final section.

2. Data and Methodology

2.1. Study Area. Qinghai Province which is located at the
northeastern part of the Tibetan Plateau is the origins of
the Yellow River, the Yangtze River, and the Lancang River.
The province ranging from 89∘35 E to 103∘04 E and from
31∘40N to 39∘19N is a plateau with an average elevation
of over 3000m (Figure 1). The annual average temperature
and precipitation in Qinghai Province range from −5.7∘C
to −8.5∘C and from 50mm to 450mm, respectively. The
continental climate with scarce rainfall, high evapotranspi-
ration, and low average temperature makes the ecological
environment of the province especially fragile [26]. Due to
the important function of water source and ecosystem con-
servation, Qinghai Province is concerned by the research
fields of climate change, land use, and cover change, and eco-
hydrology. Land use change of historical period in Qinghai
Province has been widely studied [27–29]. More than 40% of
the province’s land is unsuitable for either farming or grazing.
According to the remote sensing data in 2000, grassland and
barren or sparsely vegetated land cover 52.91% and 34.96% of
the province’s total land area, respectively (Figure 1).

The implementation of the Great Western Development
Strategy in 2000 has undoubtedly accelerated the economic
development of Qinghai Province. The imbalanced increase
of output value of different industries results in industrial
structure changes. The proportions of three major industries
changed from 15.2 : 41.3 : 43.5 in 2000 to 10.0 : 55.1 : 34.9 in
2010. With the gradual decrease of the proportion of primary
industry, the percentage of secondary industry has increased
year by year and surpassed that of tertiary industry. This
change indicates that there are abundant labors transferred
from primary industry to secondary industry. This labor
transfer leads to population migration from rural area to
cities, which undoubtedly accelerates the urban expansion
and cropland abandon.

2.2. Land Use Change Dynamics Model. The LUCD model
is constituted by three modules, namely, economic module,
vegetation change module, and agent-based module. In this
study, a computable general equilibrium (CGE)model is used
in the economic module to calculate the area demand for all
land use types in economic activities maximizing economic
utility of land uses (Figure 2). And the dynamics of land use
(DLS) model is applied to allocate simulated land use change
demand at regional scale to grids [30, 31]. Land is regarded
as one of the three primary factors input in commodity pro-
duction [32]. The land prices vary along with not only time
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Figure 1: Location and land uses/cover in Qinghai Province of China in 2000.

but also location and productivity. The land prices are not
introduced in the economic module because CGE model
does not support a diverse prices modeling framework.
Specifically, land uses in economic development in a specific
agro-ecological zone (AEZ) are summarized as follows:

𝑌
𝑖,𝑒
= 𝑏
𝑖,𝑒
∏
ℎ
𝐹
𝛽
ℎ,𝑖,𝑒

ℎ,𝑖,𝑒
∏
𝑙
𝐴𝑒𝑐
𝜍
𝑙,𝑖,𝑒

𝑙,𝑖,𝑒
,

𝐴𝑒𝑐
𝑙,𝑖,𝑒
=

𝜁
𝑙,𝑖,𝑒
𝑌
𝑖,𝑒

𝑏
𝑖,𝑒

,

(1)

where 𝑌
𝑖,𝑒
is the value added of the 𝑖th firm in the 𝑒th AEZ;

𝐴𝑒𝑐
𝑙,𝑖,𝑒

is the input area of the 𝑙th land use type in 𝑖th firm
in the 𝑒th AEZ; 𝐹

ℎ,𝑖,𝑒
is the input of the ℎth factor by the 𝑖th

firm in the 𝑒thAEZ; 𝑏
𝑖,𝑒
is the scaling parameter in production

function, also called total factor productivity (TFP); 𝜁
𝑙,𝑖,𝑒

is
the share parameter in production functions; and 𝛽

ℎ,𝑖,𝑒
is the

share parameter in production functions.
The agro-ecological zone (AEZ) model is used in the

vegetation change module to assess the growth suitability

of specific vegetation and provides the possibility of vege-
tation change. The AEZ model is developed by Food and
Agriculture Organization (FAO) of the United Nations with
the collaboration of the International Institute for Applied
Systems Analysis (IIASA) [33]. The AEZ model is chosen
because it is naturally correlated with AEZs facilitating the
coupling of economicmodule and vegetation changemodule.
Climate, topography, and soil characteristics are three key
inputs of the AEZmodel.Themodel can estimate the climate
productivity of vegetation driven by climate changes. The
possibility of vegetation change can be calculated based on
the climate productivity from AEZ model:

𝑃V,𝑝,𝑡+1 =
𝑌V,𝑝,𝑡+1 − 𝑌V,𝑝,𝑡

𝑌V,max
, (2)

where 𝑃V,𝑝,𝑡+1 is the possibility of vegetation change of the Vth
type of vegetation in the pixel 𝑝 in the (𝑡+1)th year; 𝑌V,𝑝,𝑡 is
the climate productivity of the Vth type of vegetation in the
pixel 𝑝 in the 𝑡th year; and 𝑌V,max is the maximum climate
productivity of the Vth type of vegetation. A superiority index
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Figure 2: Application framework of land use change dynamics model.

is proposed to compare the superiority of different vegetation
in the specific pixel and time:

𝑆V,𝑢,𝑝,𝑡+1 =
𝑌V,𝑝,𝑡+1 − 𝑌V,𝑝,𝑡

𝑌
𝑢,𝑝,𝑡+1

− 𝑌
𝑢,𝑝,𝑡

, (3)

where 𝑆V,𝑢,𝑝,𝑡+1 is the superiority index of the Vth type of
vegetation compared with the 𝑢th type of vegetation in the
pixel 𝑝 in the (𝑡+1)th year.

The agent-based module identifies if the land use change
demand and the possible vegetation change can be realized
under the background of irrational decisions [34]. A case-
based reasoning (CBR) strategy is used in agent-based
module in this study [35]. The dissimilarities between a
given household ℎ and all defined household groups in the
population can be measured by

𝐷
ℎ,𝑔

=

𝑆

∑

𝑠=1

𝑤
𝑠
[

[

(𝑉
ℎ,𝑠
− 𝑉
𝑔,𝑠
)

2






𝑉
ℎ,𝑠
+ 𝑉
𝑔,𝑠







]

]

, (4)

where𝐷
ℎ,𝑔

is the distance fromhousehold ℎ (ℎ = 1, 2, . . . , 𝐻)
to the household group 𝑔 (𝑔 = 1, 2, . . . , 𝐺); 𝑉

ℎ,𝑠
is the value

of variable 𝑠 (𝑠 = 1, 2, . . . , 𝑆) representing the character
of household ℎ; 𝑉

𝑔,𝑠
is the average value of variable 𝑠 of

households in household group 𝑔; and 𝑤
𝑠
is the weight

coefficient of the variable 𝑠 in explaining the character of
household and household group.The household ℎ is assigned

into the most similar household group and makes the same
land use change decision with the household group:

𝑔

= arg min {𝐷

ℎ,1
, 𝐷
ℎ,2
, . . . , 𝐷

ℎ,𝑔
, . . . , 𝐷

ℎ,𝐺
} , (5)

where 𝑔 is the most similar household group to household
ℎ. Based on the case database of land use change decision, we
can assign each household into one similar household group
and deduce its land use decision. For the assessment result
of possible vegetation change, the LUCD model provides
a criterion to judge which kind of vegetation change will
happen in a specific pixel in the agent-based module:

𝐿V,𝑝

=

{
{
{
{
{
{
{
{

{
{
{
{
{
{
{
{

{

1, if for ∀𝑢 ̸= V, 𝑃V,𝑝,𝑡+1 > 0, 𝑆V,𝑢,𝑝,𝑡+1 > 1 or ≤ 0,

or 𝑃V,𝑝,𝑡+1 ≤ 0, 𝑆V,𝑢,𝑝,𝑡+1 > 0 or ≤ 1,

0, if for ∀𝑢 ̸= V, 𝑃V,𝑝,𝑡+1 > 0, 𝑆V,𝑢,𝑝,𝑡+1 > 0 or ≤ 1,

or 𝑃V,𝑝,𝑡+1 ≤ 0, 𝑆V,𝑢,𝑝,𝑡+1 > 1 or ≤ 0,

(6)

where 𝐿V,𝑝 = 1 denotes that the Vth type of vegetation is the
dominant vegetation in the pixel 𝑝 and 𝐿V,𝑝 = 0 denotes that
the Vth type of vegetation is not the dominant vegetation in
the pixel 𝑝. For a specific pixel, vegetation change will happen
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if only the productivity of the one kind of vegetation exceeds
that of the original dominant vegetation:

𝐿𝑉
𝑝,𝑡+1

= V, if for ∀𝑢 ̸= V, 𝑅𝑌V,𝑝,𝑡+1 > 𝑅𝑌𝑢,𝑝,𝑡+1,

𝑅𝑌V,𝑝,𝑡+1 = 𝑅𝑌V,𝑝,𝑡 +
𝑅𝑌V,𝑝,𝑡

𝑅𝑌
𝑝,𝑡

𝑌V,𝑝,𝑡+1,

𝑅𝑌
𝑝,0
= ∑

V

𝐴V,𝑝,0

𝐴
𝑝

𝑌V,𝑝,0,

(7)

where 𝐿𝑉
𝑝,𝑡+1

denotes the new vegetation type that char-
acterized the pixel 𝑝 in the (𝑡+1)th year; 𝑅𝑌V,𝑝,𝑡+1 is the
productivity of the Vth type of vegetation in the pixel 𝑝
in the (𝑡+1)th year; 𝑅𝑌

𝑝,𝑡
is the total productivity of all

the vegetation in the pixel 𝑝 in the 𝑡th year; 𝑅𝑌
𝑝,0

is the
total productivity of all the vegetation in the pixel 𝑝 in the
base year; 𝐴

𝑝
is area of pixel; 𝐴V,𝑝,0 is area the Vth type of

vegetation in the pixel 𝑝 in the base year; and 𝑌V,𝑝,0 is the
productivity of the Vth type of vegetation in the pixel 𝑝 in
the base year. The LUCD model, which is spatially explicit,
integrates human activities and climate change, rational and
irrational decision makings, and macro- and microdynamic
models into the land use change.

2.3. Data andProcess. The landuse data involved in this study
was derived from the dataset of the Project of Impacts of
Large-Scale Land Use Change on Global Climate, National
Basic Research Program of China (973 Program).The dataset
is originally established with a 1 km × 1 km grid scale using
the classification system of United States Geological Survey
(USGS) based on the interpretation of remotely sensed
imagery data and ground survey of 2000 (Figure 1). The data
of Social Accounting Matrix (SAM) which is the basis of
the economic module of LUCD model is derived from the
database of SinoTERM, a multiregional computable general
equilibrium (CGE) model of China. The database covers 31
provinces andmunicipalities includingQinghai Province and
extends the published national input-output table of China
for 2002 to 137 sectors [36, 37]. The climate data such as
solar radiation, temperature, precipitation, and latent heat
flux from 2010 to 2050 are derived from the simulation results
of WRF (Weather Research and Forecasting) model. These
hourly data of solar radiation, temperature, precipitation, and
latent heat flux were reconciled to daily data for the use
of AEZ model. The case data of land use decision making
which are needed in the agent-basedmodule of LUCDmodel
are derived from the survey data of the Project of Impacts
of Large-Scale Land Use Change on Global Climate, 973
Program.

3. Results and Discussion

The future land use in Qinghai Province from 2010 to 2050
was obtained by using the LUCD model. The simulation
results show that there will be totally eighteen land use types
in future in Qinghai Province which remain constant with
those in 2000 (Figures 1 and 3). And the land use pattern
will almost keep consistent. There will be about 3.54 × 105

hectares of land converted during the period from 2010 to
2050 accounting for 0.49% of the province’s total land area.
The expansion of urban and built-up land, grassland, and
barren or sparsely vegetated land and the area reduction of
mixed dryland/irrigated cropland and pasture, water bodies,
and snow or ice will be the dominating of future land use
changes of the case study area.

The change of urban and built-up land and mixed dry-
land/irrigated cropland and pasture will be mainly due to
urbanization. The future population migration from rural
area to cities will lead to demand increase of urban and built-
up land. The expansion of urban and built-up land will seize
the areas of other land use types such as dryland cropland
and pasture, mixed dryland/irrigated cropland and pasture,
grassland, and barren or sparsely vegetated land (Figure 3).
The simulation results show that the urban and built-up land
will expand by 1.12 × 104 hectares with an average annual
expansion rate of 0.39% (Figure 4). There will be 3.60 × 103
hectares of barren or sparsely vegetated land converted to
urban and built-up land in the period from 2010 to 2050
accounting for 32%of the newurban and built-up land.As the
second largest source of urban and built-up land, grassland
will reduce by 2.80 × 103 hectares. And there will be 2.50 ×
103 hectares of mixed dryland/irrigated cropland and pasture
loss due to urban and built-up land expansion. In addition,
the rural-urban migration will result in a conversion of
0.30 × 103 hectares from mixed dryland/irrigated cropland
and pasture to grassland. Consequently, the area of mixed
dryland/irrigated cropland and pasture will reduce by 2.80 ×
103 hectares (about 0.41%) in the period from 2010 to 2050.

The simulation results show that the change rates of urban
and built-up land and mixed dryland/irrigated cropland and
pasture will decrease along with time (Figure 4). The urban
and built-up land will expand by 4.10 × 103 hectares in the
period from2010 to 2020 and by 3.70× 103 hectares, 2.00× 103
hectares, and 1.40 × 103 hectares in the periods of 2020–2030,
2030–2040, and 2040–2050, respectively. The average annual
expansion rate will fall from 1.07% in the period from 2010
to 2020 to 0.18% in the period from 2040 to 2050. The mixed
dryland/irrigated cropland and pasture will reduce by 1.40 ×
103 hectares in the period from 2010 to 2020. This figure will
decline to 0.80 × 103 hectares and 0.60 × 103 hectares in the
periods of 2020–2030 and 2030–2040, respectively. The area
ofmixed dryland/irrigated cropland and pasture will stabilize
in the period from 2040 to 2050 at 6.81 × 105 hectares.

The global climate change will affect the vegetation pat-
tern through altering temperature, precipitation, solar radia-
tion, and so forth. Future global warming will accelerate the
evaporation and lead to shrinkage of water bodies and melt
of snow and ice. The simulation results show that the area of
water bodies will reduce by 3.17 × 105 hectares and the area
covered by snow and ice will reduce by 3.18 × 104 hectares
during the period from 2010 to 2050 (Figure 5). Almost all the
reduced water bodies and about 54% of the lost snow and ice
covered area are expected to convert to grassland (Figure 3).
Consequently, the total area of grassland will expand by 3.32
× 105 hectares (about 0.87%) in the period from 2010 to 2050
(Figure 6). The rest of the reduced snow and ice covered land
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Figure 3: Simulated LUCC in Qinghai Province of China, 2010–2050.
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(1.45 × 104 hectares) will mainly convert to barren or sparsely
vegetated land which will expand by 1.45 × 104 hectares in the
period from 2010 to 2050 (Figure 3).

The area of reduced water bodies will be 7.94 × 104
hectares in the period from 2010 to 2020 and climb to 9.42
× 104 hectares in the period from 2020 to 2030. Then, this
figure will turn to decline to 8.43 × 104 hectares in the period
from 2030 to 2040 and 5.90 × 104 hectares in the period from
2040 to 2050. Similarly, the area of reduced snow and ice will
reach up to 1.32 × 104 hectares in the period from 2020 to
2030 and finally decline to 0.27 × 104 hectares in the period
from 2040 to 2050.The barren or sparsely vegetated land will
totally expand by 0.14 × 104 hectares in the periods 2010–2020
and 2040–2050 and will expand by 0.36 × 104 hectares and
0.59 × 104 hectares in the period from 2020 to 2030 and the
period from 2030 to 2040, respectively. The area of grassland
will expand by 8.53 × 104 hectares in the periods from 2010
to 2020. This figure will reach up to 10.14 × 104 hectares in
the periods from 2020 to 2030 and then decline to 5.97 × 104
hectares in the periods from 2040 to 2050.

The simulation results of LUCDmodel are in accordance
with the existing researches. Unlike the existing researches,
the simulation results of this research can be used as the
underlying surfaces of RCMs. This benefits from the mod-
eling framework of LUCD model which is compatible with
RCMs. By introducing the simulation results of this study
in RCMs, the accuracy of climate change assessment can
be improved. This empirical research may also enhance the
understanding of land surface system dynamics by inte-
grating human activities and climate change, rational and
irrational decision makings, and macro- and microdynamic
models into land use change.

4. Conclusions

A simulation-based research on land use change was imple-
mented. Qinghai Province was selected as case study area due
to its importance of water source and ecosystem conservation
for China as well as global climate change and land use and
land cover change researches for the world. One contribution
of this research is the application of the LUCD model which
is designed to be compatible with RCMs. This makes it
possible to introduce the simulated future land use data into
RCMs as underlying surface data. In addition, the land use
data provided by this research can inform decision making
because the simulation was implemented by taking both
human activity and climate change into consideration.

The main conclusions of this work can be summarized as
follows.

(1) The land use pattern will keep being consistent in
the period from 2010 to 2050 with that in 2000 in Qinghai
Province. There will be totally eighteen land use types in
future. Grassland and barren or sparsely vegetated land will
totally cover more than four-fifths of the province’s area. The
landuse changewill be inconspicuous in the period from2010
to 2050 involving 0.49% of the province’s total land.

(2) The expansion of urban and built-up land, grassland,
and barren or sparsely vegetated land, and the area reduction
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of mixed dryland/irrigated cropland and pasture, water
bodies, and snow or ice will dominate land use changes of
the case study area.The reduction of mixed dryland/irrigated
cropland and pasture and urban and built-up land expansion
will be mainly due to the future urbanization. The area
increase of grassland will mainly come from the shrinkage
of water bodies. The changes of urban and built-up land and
mixed dryland/irrigated cropland and pasturewill slow down
over time. Meanwhile, the change rates of water bodies, snow
and ice, barren or sparsely vegetated land, and grassland will
show an inverted U-shaped trajectory.

(3) This model-based simulation provides underlying
surfaces for RCMs for future climate change assessment as
well as land use management decision-making information.
The empirical research of regional land use change enhances
the understanding of land surface system dynamics.
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An algorithm was developed to expand the surface air temperature and air humidity to a larger spatial domain, based on the
fact that the variation of surface air temperature and air humidity is controlled jointly by the local turbulence and the horizontal
advection. This study proposed an algorithm which considers the advective driving force outside the thermal balance system and
the turbulent driving force and radiant driving force inside the thermal balance system.The surface air temperature is determined
by a combination of the surface observations and the regional land surface temperature observed from a satellite. The average
absolute difference of the algorithm is 0.65 degree and 0.31mb, respectively, for surface air temperature and humidity expansion,
which provides a promising approach to downscale the two surface meteorological variables.

1. Introduction

Air temperature and humidity are the most fundamental
elements that humanbeings interactwith in the environment.
The heat and steam (moisture) that reach the surface (the
surface or active surface of soil, vegetation, rocks, and water,
generally called the earth’s surface) have complex interaction
with the air in the boundary layer, causing new balance and
redistribution of heat and steam. The most important and
frontier indicator for this new temporal and spatial distri-
bution is the air temperature and humidity at the height of
thermometer shelter in weather stations. For a long time, air
temperature and humidity are not only the primary items of
weather forecast, but also the core input to model the surface
sensible heat flux and latent heat flux.The Penman-Monteith
equation [1] requires the air temperature and humidity and
some other inputs to calculate the evapotranspiration on the
basis of energy balance.

The spatial distribution of air temperature and humidity
depends on the uniformity of the surface energy balance
and the intensity of the horizontal advection [2]. So far, the

observation means for such important parameters is still
limited in very small “point” scale [3]. The spatial repre-
sentativeness of the air temperature and humidity at the
height of thermometer shelter in weather stations is about
a few hundred square meters [4, 5]. The density of weather
stations varies with each country’s capacity onmeteorological
observations and the corresponding financial budget. Cur-
rently inChina, there is approximately oneweather station for
each administrative county, whichmeans one weather station
for average area of 5846 square kilometers (close to 6000
MODIS pixel; counties in the east are smaller so the density
is higher than the average and counties in the west are larger
so the density is lower than the average). Apparently, the
air temperature and humidity currently observed by weather
stations have often a lack of representativeness for the areas
they are located in. As a result, the spatial distribution of
the regional or global energy and material flows inversed
based on these parameters much deviated from the actual
condition.

In the assimilation of land surfacemodel and quantitative
remote sensing model, there is an urgent demand for air
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temperature and humidity data with finer spatial resolution,
which could not be achieved by the existing weather stations
[6]. The high temporal resolution of Fengyun meteorological
satellite and the high spatial resolution surface temperature
from MODIS, combining with the high time resolution
air temperature and air humidity observed from weather
stations, were used to obtain air temperature and humidity
of high time frequency at 1 km spatial resolution in the
study. This has critical effect on the assimilation of land
surface model and two-layer remote sensing evapotranspira-
tion model [7] and also benefits the imbalance in two-layer
evapotranspiration model brought by the energy imbalance
and the horizontal advection.

Many methods, linear and nonlinear, of spatial inter-
polation and spatial extension have been proposed [8–11];
however, most of them lack mechanism support for surface
interaction, causing the interpolated or extended air tem-
perature and humidity to deviate from the actual situation a
lot. In linear or nonlinear distance inverse methods (inverse
distance interpolationmethods) [8–11], interpolation is based
on two weather stations’ observation of temperature and
humidity and on the distance between the two stations, where
the surface uneven thermal effect between two stations is
not considered [12]. For example, the vegetation cover of two
stations is grass, and the surface between them is dry sand;
obviously, the air temperature and humidity over the dry sand
would be significantly different with the values of this kind of
interpolation.

The spatial expansion methods for surface air temper-
ature and humidity can be summarized into four kinds:
(i) linear interpolation methods without physical meaning,
(ii) nonlinear interpolation methods without physical mean-
ing, (iii) static feedback methods with physical meaning, and
(iv) dynamic feedback methods with physical meaning [13].
The spatial extension method for air temperature driven by
the thermal radiation of surface temperature [14] expressed
the radiant thermal effect of surface thermal driving force
on the air temperature; it is a static feedback method with
physical meaning. However, thismethod did not consider the
turbulent driving force of air temperature and the advective
driving force outside the thermal balance system. This study
proposed an algorithmwhich considers the advective driving
force outside the thermal balance system and the turbulent
driving force and radiant driving force inside the thermal
balance system.

2. Methodology

2.1. Establishment of the Spatial Extension Algorithm for Air
Temperature. The air temperature from the ground to the
height of the thermometer shelter is caused by the advective
driving force, turbulent driving force, and radiant driving
force.The first two driving forces are supposed to be comple-
mentary weighted functions for the hybrid air temperature.
Advective driving force depends on the advection intensity,
and the advection intensity is determined by the factors of
wind speed, temperature difference of inside and outside
the system, and so on. The physical mechanism of advective
driving force is weighted as hybrid.

Advective driving force can be divided into large-scale
advective driving force and local-scale advective driving
force. Large-scale advective driving force is caused by large
synoptic processes; the driving force is the same within
the region of 50 km or larger. Local-scale advective driving
force is formed by the local circulation and large-scale
advective driving force after being assimilated and denatured
by the local underlying surface; the driving force is nearly
in proportion to the moisture and heat condition of the
underlying surface. Advective driving force mixes with local
turbulent driving force and becomes a part of the surface
driving mechanism.

For the surface turbulent driving force mechanism, first,
the surface performs thermal exchange with the close-surface
air temperature layer and changes its temperature and then is
weighted as hybrid on the vertical direction in the form of
turbulence. These two drive mechanisms are similar. As for
the radiant driving force mechanism, the temperature rises
through absorbing the long-wave radiation of the surface
through the moisture and carbon dioxide in the air; this kind
of temperature rising acts on the entire atmosphere layer, and
comparing to the entire atmosphere layer, the height from
the surface to the thermometer shelter is quite thin; therefore,
the radiant driving force is small, and the temperature rising
of even thinner layer still acts on the sensor at the height
of the thermometer shelter through the turbulence in the
atmosphere. Thus, the basic equations which approximately
handle this kind of hybrid driving mechanism are

𝑇 = (𝑓
𝑡
(𝑢)) 𝑇ad + (1 − 𝑓𝑡 (𝑢)) 𝑇rt, (1)

𝑇
𝑖
= (𝑓
𝑡
(𝑢)) 𝑇ad𝑖 + (1 − 𝑓𝑡 (𝑢)) 𝑇rt𝑖, (2)

𝑇
𝑗
= (𝑓
𝑡
(𝑢)) 𝑇ad𝑗 + (1 − 𝑓𝑡 (𝑢)) 𝑇rt𝑗. (3)

In the equations, 𝑇 is the air temperature of the 50 km ∗
50 km Fengyun satellite pixel; 𝑇ad is the temperature contri-
bution of advective driving force on the basis of the 50 km
∗ 50 km large-scale air average value; 𝑇rt is the temperature
contribution of radiant and turbulent driving forces on the
basis of 50 km ∗ 50 km surface temperature average value.
𝑓
𝑡
(𝑢) is complementary weighted function depending on two

variables, the advective and the radiant turbulent driving
forces; it is also a weighted function between 0 and 1. 𝑢
is the parameter which indicates the advection intensity; it
is implicated in the temperature during the calculation; the
specific value of it is not required.

Meanwhile, in (2) and (3), 𝑇
𝑖
and 𝑇

𝑗
are two MODIS

pixel-scale air temperatures of twoweather stations’ observed
data of temperature. 𝑇ad𝑖 and 𝑇ad𝑗 are the temperature con-
tributions of advective driving force in the above two 1 km
∗ 1 km pixels. 𝑇rt𝑖 and 𝑇rt𝑗 are the temperature contributions
of turbulent driving force of the above two 1 km ∗ 1 km pixels,
which can be replaced by the radiant temperature of these two
pixels.

2.1.1. Determination of the Complementary Function 𝑓
𝑡
(𝑢).

Assume that, in 50 km pixels scale or larger range (this
assumption is supported by the verification later), the temper-
ature contributions of advective driving force are the same;
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that is, 𝑇ad𝑖 = 𝑇ad𝑗 = 𝑇ad𝑘, . . ., and then subtract (2) and (3) to
get the complementary functions:

𝑇
𝑗
= (𝑓
𝑡
(𝑢)) 𝑇ad𝑗 + (1 − 𝑓𝑡 (𝑢)) 𝑇rt𝑗, (4)

𝑓
𝑡
(𝑢) = 1 −

𝑇
𝑖
− 𝑇
𝑗

(𝑇rt𝑖 − 𝑇rt𝑗)
. (5)

2.1.2. Determination of the Advective Driving Force’s Temper-
ature Contribution 𝑇

𝑎𝑑
. Temperature contribution of advec-

tive driving force can be obtained directly from (2) and (3):

𝑇ad = 𝑇ad𝑖 = 𝑇ad𝑗

=

𝑇
𝑖
− (1 − 𝑓

𝑡
(𝑢)) 𝑇rt𝑖

𝑓
𝑡
(𝑢)

=

𝑇
𝑗
− (1 − 𝑓

𝑡
(𝑢)) 𝑇rt𝑗

𝑓
𝑡
(𝑢)

,

(6)

or by addition to (2) and (3):

𝑇ad = 𝑇ad𝑖 = 𝑇ad𝑗

=

[𝑇
𝑖
+ 𝑇
𝑗
+ (1 − 𝑓

𝑡
(𝑢)) 𝑇rt𝑖 + (1 − 𝑓𝑡 (𝑢)) 𝑇rt𝑗]

2𝑓
𝑡
(𝑢)

.

(7)

2.1.3. Inversion of MODIS Pixel-Scale Air Temperature 𝑇
𝑘

from the 50 km ∗ 50 km Fengyun Pixel. Assume that, in the
range of 50 km ∗ 50 km Fengyun satellite pixel or larger,
the complementary function and advection driving force of
all the to-be-solved MODIS descendent-scale pixels remain
unchanged; there is,

𝑇
𝑘
= (𝑓
𝑡
(𝑢)) 𝑇ad𝑘 + (1 − 𝑓𝑡 (𝑢)) 𝑇rt𝑘, (8)

where subscript 𝑘of𝑇
𝑘
, . . . , 𝑇

𝑘+1
, . . . , 𝑇

𝑘+𝑛
indicates the to-be-

solved temperature of weather station MODIS pixel.

2.1.4. Selection Principles for Surface Stations 𝑇
𝑖
and 𝑇

𝑗

(1) Uniform underlying surfaces.
(2) Temperatures of the two stations 𝑖 and 𝑗 are signifi-

cantly different with the surface radiant temperatures
of their located pixels.

(3) The two stations 𝑖 and 𝑗 are inside 50 km pixel and the
central location is the best.

(4) If there is only one station in the 50 km pixel or even
none, then expand to two or even three 50 km pixel
ranges, until there are two weather stations meeting
the above conditions.

2.1.5. Further Optimization. The target of further optimiza-
tion is the consistence comparison and difference correction
of thermal driving sources of the area that the temperature of
the weather station thermometer shelter is able to represent
and the area of the MODIS pixel scale that it is located in.

Choose the TM satellite which has higher spatial reso-
lution than MODIS satellite for the consistence comparison
anddifference correction of thermal driving sources. Approx-
imately, consider the surface temperature of the TM satellite

six-wave band pixel scale of the date closest to the date of the
to-be-inverted MODIS satellite as the nonadvective thermal
driving source of the temperature of the thermometer shelters
in the weather stations. Its ratio with the nonadvective ther-
mal driving source of the to-be-inverted MODIS satellite can
be expressed as:

𝜍 =

𝑇
4

mo
𝑇
4

tm
or 𝜍 =

𝑇mo
𝑇tm
. (9a)

The ratios in the above equations have different physical
meanings: ratio in the left equation is the radiant driving
force, and the right one is the air hybrid driving force.
According to the above modeling process, for the air layer
two meters off the ground, air hybrid drive is predominant.
Therefore, equation on the right is adopted. For different
weather stations, the ratios are also different. Equations are
distinguished with 𝑖 and 𝑗 as below:

𝜍
𝑖
=

𝑇
𝑖mo
𝑇
𝑖tm
, 𝜍

𝑗
=

𝑇
𝑗mo

𝑇
𝑗tm
. (9b)

The driving force weighted function equation (5) should
be revised to

𝑓
𝑡
(𝑢) = 1 −

𝑇
𝑖
− 𝑇
𝑗

𝜍
𝑖
𝑇rt𝑖 − 𝜍𝑗𝑇rt𝑗

. (10)

Then, we have the corresponding advective driving force
polynome which is similar to (7):

𝑇ad = 𝑇ad𝑖 = 𝑇ad𝑗

=

𝑇
𝑖
− (1 − 𝑓

𝑡
(𝑢)) 𝜍
𝑖
𝑇rt𝑖

𝑓
𝑡
(𝑢)

=

𝑇
𝑗
− (1 − 𝑓

𝑡
(𝑢)) 𝜍
𝑗
𝑇rt𝑗

𝑓
𝑡
(𝑢)

,

(11a)

𝑇ad = 𝑇ad𝑖 = 𝑇ad𝑗

=

[𝑇
𝑖
+ 𝑇
𝑗
+ (1 − 𝑓

𝑡
(𝑢)) 𝜍
𝑖
𝑇rt𝑖 + (1 − 𝑓𝑡 (𝑢)) 𝜍𝑗𝑇rt𝑗]

2𝑓
𝑡
(𝑢)

.

(11b)

2.2. Establishment of the Spatial Extension Algorithm for
Humidity. Similar to with the air temperature, humidity is
also driven by advection and turbulence. The two driving
forces should be complementary weighted functions against
the hybrid air humidity; it also depends on the advection
intensity, which is determined by the humidity difference
inside and outside the system as well as other factors.

2.2.1. Basic Equations. The basic equations are

𝑒 = (𝑓
𝑒
(𝑢)) 𝑒ad + (1 − 𝑓𝑒 (𝑢)) 𝑒pt, (12)

𝑒
𝑖
= (𝑓
𝑒
(𝑢)) 𝑒ad𝑖 + (1 − 𝑓𝑒 (𝑢)) 𝑒pt𝑖, (13)

𝑒
𝑗
= (𝑓
𝑒
(𝑢)) 𝑒ad𝑗 + (1 − 𝑓𝑒 (𝑢)) 𝑒pt𝑗. (14)
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In the equations, 𝑒, 𝑒
𝑖
and 𝑒

𝑗
, are the average humidity

of the 50 km pixel and the two humidity of 1 km pixels
with weather station humidity data; 𝑒pt, 𝑒pt𝑖, and 𝑒pt𝑗 are
the turbulent driving forces of 1 km pixel and the turbulent
driving forces of the two pixels with weather station humidity
data; 𝑒ad, 𝑒ad𝑖, and 𝑒ad𝑗 are the advective driving forces of the
50 km pixel and the driving forces of the two 1 km pixels
with weather station humidity data. Assume that, in the
50 km ∗ 50 km Fengyun satellite pixel, the complementary
functions and advective driving forces of all the to-be-solved
MODIS descendent-scale pixels remain unchanged. There is
no radiant driving force for air humidity.

2.2.2. Obtaining of Turbulent Driving Force for Humidity. By
the surface temperature𝑇

𝑖
of a pixel, its saturated water vapor

pressure 𝑒∗
𝑖
at this temperature, the apparent thermal inertia

𝑃
𝑖
of this pixel, and the apparent thermal inertia 𝑃max of

the fully wet bear soil pixel, it can be confirmed that the
physical meaning of 𝑒pt𝑖, 𝑒pt𝑗, . . . , 𝑃𝑖/𝑃max is the ratio of the
two pixels’ thermal inertia, which, under the premise that
the parent materials of the soil are the same, expresses the
water content’s ratio of the layer that from the depth of the
soil with constant daily temperature changes to the surface,
that is, the ratio of the soil layer’s water supply ability and
which in fact is the ratio of local air humidity driving force.
Field experiments show that the bear soil’s thermal inertia
has linear relationship with the soil’s water content; the local
driving force for humidity is the vaporized value of soil water
content; therefore, the linear relationship between the ratio
of the humidity and the ratio of the thermal inertia is on a
theoretical and experimental basis.

In addition, it is worth pointing out that in reality the
surface is often covered with vegetation of a certain propor-
tion.The thermal inertia calculated by the soil thermal inertia
formula when there is vegetation cover is very different with
bear soil on the quantity expressing the soil water content; it
is called pseudothermal inertia. Practice shows that the ratio
between the true and pseudo-thermal inertias expressing the
same soil water content reaches 6–8 [6]. In other words, the
pseudo-thermal inertia is six to eight times more sensitive
than the true thermal inertia on expressing the soil water
content.

In conclusion, the driving force for local surface humidity
can be expressed by

𝑒pt𝑖 = 𝑒
∗

𝑖
(𝑇
𝑖
)

(1 − 𝑉
𝑓
) 𝑃

tru
𝑖
+ 𝐾 × 𝑉

𝑓
𝑃
fak
𝑖

𝑃max
,

𝑃
𝑖
=

𝑆
0𝑖
(1 − 𝛼

𝑖
) (𝑡
1
− 𝑡
2
)
1/2

(𝑇
1𝑖
− 𝑇
2𝑖
)

,

𝑃max =
𝑆
0
∗

(1 − 𝛼
∗
) (𝑡
1
− 𝑡
2
)
1/2

(𝑇
1
∗

− 𝑇
2
∗

)

.

(15)

In the equation, 𝑃tru
𝑖

, 𝑃fak
𝑖

, 𝑉
𝑓
, 𝐾, 𝑆

0𝑖
, 𝛼
𝑖
, 𝑡
1
, 𝑡
2
, 𝑇
1𝑖
, and

𝑇
2𝑖
are, respectively, the soil’s true thermal inertia, vegetation

pseudo-thermal inertia, vegetation coverage, ratio of true and
pseudo-thermal inertias, direct radiation of the sun, surface

albedo ratio, thermal inertia calculation start time (usually
early morning), thermal inertia calculation end time (usually
noon) in seconds, surface temperature at the calculation start
time, and the surface temperature at the calculation end time.

Likewise, for the other pixel,

𝑒pt𝑗 = 𝑒
∗

𝑗
(𝑇
𝑗
)

(1 − 𝑉
𝑓
) 𝑃

tru
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+ 𝐾 × 𝑉
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,

𝑃
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)
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,
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∗
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∗
) (𝑡
1
− 𝑡
2
)
1/2

(𝑇
1
∗

− 𝑇
2
∗

)

.

(16)

Besides that the subscript is changed from pixel 𝑖 to pixel
𝑗; other meanings are all the same with (15).

2.2.3. Obtaining of the Complementary Function for Humidity.
Subtract (9a), (9b), and (10):

𝑒
𝑖
− 𝑒
𝑗
= (1 − 𝑓

𝑒
(𝑢)) (𝑒pt𝑖 − 𝑒pt𝑗) . (17)

The complementary function for humidity is:

𝑓
𝑒
(𝑢) = 1 −

𝑒
𝑖
− 𝑒
𝑗

(𝑒pt𝑖 − 𝑒pt𝑗)
. (18)

2.2.4. Obtaining of the Advective Driving Force for Humidity.
Obtain from (13) and (14), respectively, the advective driving
forces for humidity which are

𝑒ad = 𝑒ad𝑖 = 𝑒ad𝑗

=

𝑒
𝑖
− (1 − 𝑓

𝑒
(𝑢)) 𝑒pt𝑖

𝑓
𝑒
(𝑢)

=

𝑒
𝑗
− (1 − 𝑓

𝑒
(𝑢)) 𝑒pt𝑗

𝑓
𝑒
(𝑢)

,

𝑒ad = 𝑒ad𝑖 = 𝑒ad𝑗

=

[𝑒
𝑖
+ 𝑒
𝑗
+ (1 − 𝑓

𝑒
(𝑢)) 𝑒pt𝑖 + (1 − 𝑓𝑒 (𝑢)) 𝑒pt𝑗]

2𝑓
𝑒
(𝑢)

.

(19)

2.2.5. Further Optimization. The target of further optimiza-
tion is the consistence comparison and difference correction
of turbulent humidity driving source of the area that the
humidity of the thermometer shelter in the weather station
is able to express and the area of the MODIS pixel scale that
it is located in.

Choose the TM satellite which has higher spatial resolu-
tion thanMODIS satellite for the consistence comparison and
difference correction of turbulent humidity driving source.
Approximately, consider the ratio of the saturatedwater vapor
pressure and thermal inertia under the surface temperature
of the TM satellite six-wave band pixel scale of the date
closest to the date of the to-be-inverted MODIS satellite as
the turbulent humidity driving source of the temperature of
the thermometer shelter in the weather station. Its ratio with
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Table 1: Comparison of the calculated value of air temperature and humidity model of North China Plain and the actual observed value.

Station number
Observed air
temperature
(k)

Calculated air
temperature
(k)

Absolute
difference (k)

Observed
humidity
(mb)

Calculated
humidity
(mb)

Absolute
difference
(mb)

01 Chaocheng 284.25 285.28 1.03 2.51 1.72 0.79
02 Xinhe 286.35 284.94 1.41 1.97 1.60 0.38
03 Jixian 285.95 285.32 0.63 1.33 1.74 0.40
04 Nangong 285.95 285.32 0.63 1.78 1.66 0.12
05 Qinghe 285.95 286.15 0.20 1.92 1.69 0.23
06 Gucheng 284.75 285.74 0.99 1.64 1.64 0.00
07 Jingxian 284.65 285.58 0.93 1.36 1.61 0.25
08 Wuqiao 285.15 285.64 0.49 1.54 1.61 0.07
09 Linxi 285.55 285.54 0.01 1.44 1.65 0.21
10 Guantao 284.85 285.12 0.27 2.06 1.64 0.42
11 Qiuxian 286.05 286.75 0.70 1.79 1.79 0.00
12 Shunping 285.25 285.83 0.58 1.84 1.63 0.20
13 Xincheng 285.45 285.63 0.18 1.52 1.69 0.17
14 Yixian 285.45 285.63 0.18 1.35 1.74 0.39
15 Bazhou 284.45 286.20 1.75 1.47 1.66 0.19
16 Yongqing 284.65 286.22 1.57 2.04 1.67 0.37
17 Xushui 285.75 285.91 0.16 1.60 1.70 0.09
18 Anguo 285.95 285.78 0.17 2.22 1.67 0.55
19 Anxin 285.35 285.41 0.06 2.56 1.65 0.91
20 Raoyang 285.65 285.38 0.27 1.74 1.62 0.12
21 Wangdu 285.75 285.65 0.10 2.04 1.62 0.43
22 Shenxian 286.15 285.66 0.49 1.50 1.67 0.17
23 Anping 284.95 285.46 0.51 1.94 1.63 0.31
24 Renqiu 284.65 285.89 1.24 1.49 1.66 0.16
25 Mancheng 284.65 285.89 1.24 1.65 1.73 0.08
26 Wenan 284.55 286.24 1.69 1.48 1.66 0.18
27 Dacheng 285.05 286.55 1.50 1.39 1.69 0.30
28 Hejian 284.75 286.07 1.32 2.32 1.65 0.67
29 Cangzhou 284.45 285.84 1.39 1.34 1.66 0.32
30 Xianxian 284.25 285.75 1.50 1.59 1.64 0.05
31 Botou 284.95 286.01 1.06 1.38 1.66 0.28
32 Lixian 286.05 285.87 0.18 1.79 1.66 0.13
33 Shenze 286.15 285.17 0.98 2.25 1.67 0.58
34 Yanshan 284.05 285.27 1.22 1.83 1.58 0.24
35 Xiongxian 284.75 285.94 1.19 1.37 1.63 0.27
36 Xinji 286.45 285.75 0.70 1.99 1.70 0.28
37 Hengshui 285.95 285.79 0.16 1.63 1.67 0.05
38 Wuyi 285.05 285.42 0.37 1.67 1.63 0.05
39 Dongguang 285.35 285.90 0.55 1.56 1.66 0.10
40 Nanpi 284.55 285.62 1.07 1.35 1.64 0.29
41 Linzhang 285.45 285.40 0.05 2.72 2.09 0.63
42 Shahe 286.05 285.84 0.21 2.83 2.19 0.64
43 Lincheng 286.25 286.77 0.52 1.66 2.43 0.77
44 Longyao 285.75 286.33 0.58 1.60 2.13 0.53
45 Zanhuang 285.75 286.33 0.58 1.44 2.12 0.69
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Table 1: Continued.

Station number
Observed air
temperature
(k)

Calculated air
temperature
(k)

Absolute
difference (k)

Observed
humidity
(mb)

Calculated
humidity
(mb)

Absolute
difference
(mb)

46 Ningjin 286.25 285.51 0.74 2.41 2.12 0.29
47 Xingtai 285.85 285.89 0.04 2.06 2.10 0.05
48 Renxian 285.55 285.61 0.06 2.45 2.01 0.44
49 Wuan 285.45 285.53 0.08 2.43 2.18 0.26
50 Nanhe 285.95 285.38 0.57 2.51 2.03 0.48
51 Quzhou 286.35 285.99 0.36 2.12 2.08 0.04
52 Yongnian 286.05 285.71 0.34 2.08 2.12 0.04
53 Weixian 285.45 285.41 0.04 2.43 2.04 0.39
54 Feixiang 285.75 285.63 0.12 2.77 2.07 0.70
55 Pingxiang 285.85 286.42 0.57 2.35 2.15 0.20
56 Zaoqiang 284.85 285.71 0.86 1.65 2.07 0.42
Average 0.65 0.31
Variance 0.25 0.05

the nonadvective thermal driving source of the to-be-
inverted MODIS satellite can be expressed as:

𝜉 =

𝑒
∗

mo𝑃mo

𝑒
∗

tm𝑃tm
. (20a)

For different weather stations, the ratios are different.The
differences are marked with 𝑖 and 𝑗 as below:

𝜉
𝑖
=

𝑒
∗

𝑖mo𝑃𝑖mo

𝑒
∗

𝑖tm𝑃𝑖tm
,

𝜉
𝑗
=

𝑒
∗

𝑗mo𝑃𝑗mo

𝑒
∗

𝑗tm𝑃𝑗tm
.

(20b)

Driving force weighted function equation (5) should be
revised to

𝑓
𝑒
(𝑢) = 1 −

𝑒
𝑖
− 𝑒
𝑗

𝜉
𝑖
𝑒pt𝑖 − 𝜉𝑗𝑒pt𝑗

. (21)

Advective driving force polynome is as follows:

𝑒ad = 𝑒ad𝑖 = 𝑒ad𝑗

=

𝑒
𝑖
− (1 − 𝑓

𝑒
(𝑢)) 𝜉
𝑖
𝑒pt𝑖

𝑓
𝑒
(𝑢)

=

𝑒
𝑗
− (1 − 𝑓

𝑒
(𝑢)) 𝜉
𝑗
𝑒pt𝑗

𝑓
𝑒
(𝑢)

,

(22a)

𝑒ad = 𝑒ad𝑖 = 𝑒ad𝑗

=

[𝑒
𝑖
+ 𝑒
𝑗
+ (1 − 𝑓

𝑒
(𝑢)) 𝜉
𝑖
𝑒pt𝑖 + (1 − 𝑓𝑒 (𝑢)) 𝜉𝑗𝑒pt𝑗]

2𝑓
𝑒
(𝑢)

.

(22b)

2.2.6. Obtaining of the Humidity of All MODIS Descendent-
Scale Pixels. Assume that, in a 50 km ∗ 50 km Fengyun
satellite pixel, the complementary function and advective
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Figure 1: Weather station distribution in North China Plain.

driving force remain unchanged for all the to-be-solved
MODIS descendent-scale pixels; then,

𝑒
𝑘
= (𝑓
𝑒
(𝑢)) 𝑒ad𝑘 + (1 − 𝑓𝑒 (𝑢)) 𝑒𝑝𝑘. (23)

The 𝑒
𝑘
, 𝑒
𝑘+1
, . . . , 𝑒

𝑘+𝑛
of all the to-be-solved MODIS

descent-scale pixels in the 50 km ∗ 50 km Fengyun satellite
pixel can be obtained by

𝑒
𝑘+1
= (𝑓
𝑒
(𝑢)) 𝑒ad𝑘+1 + (1 − 𝑓𝑒 (𝑢)) 𝑒𝑝𝑘+1, (24a)

𝑒
𝑘+𝑛
= (𝑓
𝑒
(𝑢)) 𝑒ad𝑘+𝑛 + (1 − 𝑓𝑒 (𝑢)) 𝑒𝑝𝑘+𝑛. (24b)

In the equations, 𝑒
𝑘
, 𝑒
𝑘+1
, . . . , 𝑒

𝑘+𝑛
are the descendent-

scale humidity of the to-be-solved pixels.
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Figure 2: Surface air temperature (a) and humidity distribution (b)
in North China Plain.

Surface station observation sites 𝐹, 𝑒pt𝑖, and 𝑒pt𝑗 are to-
gether with 𝑇

𝑖
and 𝑇

𝑗
; no site selection is required.

2.3. Validation of the Algorithm. Choose MODIS image with
a range that contains three weather stations; the image
could be larger than the 50 km ∗ 50 km Fengyun satellite
pixel. Use the air temperature and humidity of any two
stations to extrapolate the air temperature and humidity of
the third weather station, and compare then with the actual
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Figure 3: Comparison of modeled and observed surface air tem-
perature (a) and water vapor pressure distribution (b) over the
meteorological stations.

observed value of the air temperature and humidity of the
third station. Comparative verifications are performed to the
three combinations of the three stations. The locations of
the meteorological stations in North China Plain are given
in Figure 1. Figure 2 shows the interpolated results of air
temperature and air humidity on the basis of the method
described in Section 2. Values of air temperature and air
humidity at the pixel, whereweather stations are located, were
extracted. Table 1 and Figure 3 show the comparison of the
calculated value of air temperature and humidity model of
North China Plain and the actual observed value. It can be
seen that the average absolute difference of the algorithm is
0.65 k and 0.31mb, respectively, for surface air temperature
and humidity expansion.

3. Conclusions

Practice shows that using the observed air temperature and
humidity data of two adjacent weather stations and corre-
sponding surface temperatures inverted with surrounding
MODIS and TM satellite pixels, the air temperature and
humidity of surrounding MODIS satellite pixels could be
extrapolated.
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The verification result shows that the average absolute
difference of the algorithm is 0.65 degree and 0.31mb, respec-
tively, for surface air temperature and humidity expansion. It
was demonstrated that this algorithm is practically applicable.
It will have a direct benefit for the assimilation of land surface
model and the improvement of the accuracy of quantitative
remote sensing surface evapotranspiration.

The key assumption for this algorithm is that the advec-
tive driving force of observed air temperature andhumidity of
two adjacent weather stations are the same. This assumption
is valid at most weather stations on plains. When there
is obvious terrain height difference and mountains, the
situation is different.
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Based on the crop water stress index (CWSI) concept, a new model was proposed to account for advection to estimate
evapotranspiration. Both local scale evaluation with sites observations and regional scale evaluation with a remote dataset from
Landsat 7 ETM+were carried out to assess the performance of thismodel. Local scale evaluation indicates that this newly developed
model can effectively characterize the daily variations of evapotranspiration and the predicted results show good agreement with the
site observations. For all the 6 corn sites, the coefficient of determination (𝑅2) is 0.90 and the rootmean square difference (RMSD) is
58.52W/m2. For all the 6 soybean sites, the𝑅2 andRMSDare 0.85 and 49.46W/m2, respectively. Regional scale evaluation shows that
themodel can capture the spatial variations of evapotranspiration at the Landsat-based scale. Clear spatial patterns were observed at
the Landsat-based scale and are closely related to the dominant land covers, corn and soybean. Furthermore, the surface resistance
derived from instantaneous CWSI was applied to the Penman-Monteith equation to estimate daily evapotranspiration. Overall,
results indicate that this newly developed model is capable of estimating reliable surface heat fluxes using remotely sensed data.

1. Introduction

Evapotranspiration (𝐸𝑇) is a very important process which
relates to energy and water exchange between the hydro-
sphere, atmosphere, and biosphere [1, 2]. The research on
evapotranspiration is very crucial to further our understand-
ing of global climate change, land-atmosphere interaction,
water cycle, and ecological studies [3–5]. Recently, the “evap-
oration paradox,” which is referred to as the decreasing pan
observations and the increasing surface air temperature over
the past 50 years, has been reported in many regions around
the world [6–8]. Pan evaporation provides a measurement
of the integrated effect of radiation, wind, temperature, and
humidity on the evaporation from an open water surface.
Actual evaporation is the quantity of water that is actually
removed from natural surfaces.There is a need to understand
the change of actual evapotranspiration at regional and global

scales behind evaporation paradox. Actual evapotranspira-
tion is a key factor to understand the regional water cycle
and energy balance. An in-depth understanding of regional
evapotranspiration will benefit the water resource planning
and management in arid and semiarid areas [9].

As a promisingmeans of land surface observation, remote
sensing has some salient characteristics, such as large scale
coverage, multitemporal observation, and low cost, and it
provides excellent datasets for estimating regional evapo-
transpiration [10]. Many studies have been carried out on
the retrieval of regional evapotranspiration based on remote
sensing. A lot of remote sensing based evapotranspiration
models have been proposed and used in different regions
of the world. Jackson et al. [11, 12] is one of the pioneers
who investigated the regional evaporation retrieval based
on thermal infrared observations from remote sensing.
Subsequently, many scholars developed different kinds of
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models based on different assumptions. These models can be
roughly divided into four categories. (1) The first category is
empirical/statisticalmodels [13, 14]. As a good example of this
category, Jung et al. [15] estimate global land-𝐸𝑇 based on
FLUXNET, remote sensing, andmeteorological observations.
(2) The second one is surface energy balance based single
and dual source models [16–20]. The surface energy balance
system (SEBS) model developed by Su [20] is a good example
of the surface energy balance-based single source model.
The two-source approach proposed by Norman et al. [19] to
distinguish vegetation transpiration and soil evaporation is a
good representation of the surface energy balance-based two
source model. Coupled with a time-integrated component
connecting surface sensible heating with planetary boundary
layer development, Anderson et al. [21] proposed a two-
source time-integratedmodel for estimating surface fluxes.
Recently, the Atmosphere-Land Exchange Inverse (ALEXI)
model was developed by Anderson et al. [16, 17] and they
applied this model to study the continental evapotranspira-
tion based on thermal infrared observations from geosta-
tionary satellites. (3) The third category is spatial contextual
models based on land surface temperature-vegetation index
space (Ts/VI). This category includes the works by Moran et
al. [22], Roerink et al. [23], Jiang and Islam [24], Zhang et
al. [25, 26], Wang et al. [27], Stisen et al. [28], and Shu et al.
[29]. In general, three types of feature space are often used
in the spatial contextual models. They are LST/NDVI space,
LST/albedo space, and Δ𝑇/NDVI (Δ𝑇, temporal changes of
LST). Comprehensive reviews of models in this category can
be found in the recent papers byCarlson [30] andPetropoulos
et al. [31]. (4) The fourth one is Penman-Monteith equation
based models. Cleugh et al. [32] used NDVI and LAI to
calculate surface resistance and applied this approach to map
the regional 𝐸𝑇 for Australia from 2001 to 2004. Later, Mu et
al. [33, 34] further revised Cleugh’s approach and developed a
global remote sensing 𝐸𝑇 algorithm. Comprehensive reviews
of methodologies for regional 𝐸𝑇 estimation from remotely
sensed data can be found in the papers by Kalma et al. [35]
and Li et al.[36].

Although great progress has beenmade on𝐸𝑇 estimation
based on remote sensing, there are still many pending issues
that have not been solved properly. Firstly, advection having
great impact on𝐸𝑇 has been reported bymany fieldmeasure-
ments [37].Wang et al. [38] noticed a significant “desert-oasis
effect” in the Heihe River Basin Field Experiment (HEIFE).
Tolk et al. [39, 40] observed that 𝐸𝑇 can be enhanced
greatly by advection in the semiarid regions of the southern
High Plains. In some experiments, 𝐸𝑇 can even exceed net
incoming radiation due to advection from the surrounding
landscape. Allen et al. [41] found that 24 h 𝐸𝑇 from alfalfa, as
measured by lysimeters, is larger than net radiation (Figure 1
in his paper). Oke [42] also observed that daily 𝐸𝑇 from
a minilysimeter exceeds the net radiation. Rijks [43] found
that the evaporation rate is 1.8 times greater than the supply
of net radiation. It is not uncommon in semiarid, advective
environments to have 𝐸𝑇 that exceeds (𝑅

𝑛
− 𝐺) by 30–50%

(Terry A. Howell, 2011, personal communication). However,
(𝑅
𝑛
− 𝐺) is often used as the potential rate of 𝐸𝑇 in most

surface energy balance-based single and dual source models.

Penman-Monteith equation based models may be useful
under advective environments, but the parameterization
scheme of the surface resistance based on LAI and NDVI
is far from being validated. Secondly, the development of an
accurate method for extrapolating instantaneous estimates to
daily values is imperative. The evaporative fraction method
is widely used to derive daily 𝐸𝑇 [20]. However, contrary
conclusions have been drawn by different scholars. Chávez
et al. [44] evaluated six extrapolation methods and they
suggested that the evaporative fraction method showed the
best performance. Farah et al. [45] evaluated the temporal
variability of the evaporative fraction in a tropical watershed
and found a good relationship between daily and average
day evaporative fraction. While Crago [46] derived a quite
different conclusion, he suggests that a complicated combi-
nation of weather conditions, soil moisture, and biophysical
conditions contributes to the conservation of evaporative
fraction. Hoedjes et al. [47] showed that evaporative fraction
is almost constant under dry conditions, but it is depicted
as a concave shape under wet conditions. The reference
𝐸𝑇 based extrapolation fraction method was proposed by
Allen et al. [48] to scale daily 𝐸𝑇 from instantaneous 𝐸𝑇

values. However, Chávez et al. [44] indicated that thismethod
overestimates daily 𝐸𝑇 by about 4 ± 10.0% (MBE ± RMSE).

In this paper, a new 𝐸𝑇 model was proposed to account
for advection based on the crop water stress index (CWSI),
and then this method was employed to estimate 𝐸𝑇 at both
local and regional scales. Section 2 presents a description
of 𝐸𝑇 from natural nonsaturated surfaces and the CWSI
concept. Section 3 introduces the datasets used to assess the
model at site scale and regional scale. Section 4 firstly reports
the evaluation of the model performance at site scales and
then presents the results of the model applied to regional
scale with variables from Landsat based variables. In the
remainder of Section 4, daily 𝐸𝑇 was estimated using the
surface resistance derived from CWSI. Section 5 discusses
the limitations in this work and the final section gives a
conclusion.

2. Theory and Methodology

2.1. Evaporation from Natural Nonsaturated Surfaces. Mon-
teith [49] developed the Penman equation and extended it
to cropped surfaces by introducing surface and aerodynamic
resistance. The Penman-Monteith form of the evaporation
can be written as follows:

𝐸 =

Δ (𝑅
𝑛
− 𝐺) + 𝛾𝐸𝑎

Δ + 𝛾 (1 + (𝑟
𝑠
/𝑟
𝑎
))

,

𝐸𝑎 =

𝜌
𝑎
𝐶
𝑝
(𝑒
𝑠

𝑎
− 𝑒
𝑎
)

𝛾𝑟
𝑎

,

(1)

where 𝐸𝑎 is the air drying power, 𝜌
𝑎
is the air density, 𝑒𝑠

𝑎
is

the saturation vapor pressure of the air, 𝑒
𝑎
is the actual vapor

pressure of the air, 𝐶
𝑝
is the specific heat of air at a constant

pressure, and 𝑟
𝑠
and 𝑟
𝑎
are the (bulk) surface and aerodynamic

resistance. This formula is also valid for soil surface with
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properly defined surface and aerodynamic resistance. This
formula can be simplified as follows:

𝐸 =

Δ

Δ + 𝛾/𝑆

(𝑅
𝑛
− 𝐺) +

𝛾

Δ + 𝛾/𝑆

𝐸
𝑎
, (2)

𝑆 =

𝑟
𝑎

𝑟
𝑎
+ 𝑟
𝑠

. (3)

For a wet surface, 𝑆 equals unit one and this formula is just
the same as the Penman equation; for a very dry surface, 𝑆
approaches zero; then 𝛾/𝑆 is undefined because of division by
zero, and the evaporation rate nearly equals zero. Equation (2)
is similar to the general expression for evaporation derived
by Granger and Gray [50]. However, Granger and Gray
termed 𝑆 as relative evaporation, and they gave an exponential
function to determine the relative evaporation. Assuming
that 𝑟

𝑠
equals zero (or 𝑆 equals unit one) and the surface

is wet, (2) and (3) are useful to derive potential 𝐸𝑇(𝐸𝑝) for
nonsaturated surfaces. Potential 𝐸𝑇 is defined as the amount
of evaporation that would occur if a sufficient water source
was available. In other words, potential 𝐸𝑇 is referred to
the available energy that could be used for 𝐸𝑇. Advection is
accounted for in the formula through air drying power [51]. If
the potential𝐸𝑇 equals the local available energy (𝑅

𝑛
−𝐺), this

is called the heat balance status and the sum of sensible (𝐻)
and the latent heat flux (𝐿𝐸) will equal (𝑅

𝑛
− 𝐺). However,

due to the stability of the atmosphere, the air drying power
is changing due to the variations of meteorological variables.
Under such conditions the potential 𝐸𝑇 will not be equal to
the local available energy (𝑅

𝑛
− 𝐺). Therefore, the advection

part can be defined as

Δ𝑄 = 𝐸𝑝 − (𝑅
𝑛
− 𝐺) . (4)

Therefore, the ratio of 𝐸𝑇 and potential 𝐸𝑇 (𝑟
𝑠
equals zero or

𝑆 equals unit one) can be derived as follows:

𝐸

𝐸
𝑝

=

Δ + 𝛾

Δ + 𝛾 (1 + 𝑟
𝑠
/𝑟
𝑎
)

=

Δ + 𝛾

Δ + 𝛾/𝑆

. (5)

2.2. Crop Water Stress Index and Surface Resistance. Jackson
et al. [52, 53] exploited the relationship between the plant-
air temperature difference and the vapor pressure deficit to
develop the crop water stress index (CWSI). In this part,
a simple modification is applied to the derivation of CWSI
in order to clearly demonstrate the advection effects. The
development of the CWSI is based on the energy balance
equation as well as the profile equations for sensible heat flux
(𝐻) and latent heat flux (𝜆𝐸):

𝑅
𝑛
− 𝐺 = 𝐻 + 𝐿𝐸,

𝐻 =

𝜌
𝑎
𝐶
𝑝
(𝑇
𝑐
− 𝑇
𝑎
)

𝑟
𝑎

,

𝐿𝐸 =

𝜌
𝑎
𝐶
𝑝
(𝑒
∗

𝑐
− 𝑒
𝑎
)

(𝛾 (𝑟
𝑎
+ 𝑟
𝑐
))

,

(6)

where𝑇
𝑐
is the surface temperature,𝑇

𝑎
is the air temperature,

and 𝑒
∗

𝑐
is the saturated vapor pressure of the air at 𝑇

𝑐
.

For the dry limit, 𝐿𝐸 will nearly equal zero and the maxi-
mum difference between 𝑇

𝑐
and 𝑇

𝑎
can be derived as follows:

𝐻dry =
𝜌
𝑎
𝐶
𝑝
(𝑇
𝑐
− 𝑇
𝑎
)

𝑟
𝑎

= 𝑅
𝑛
− 𝐺,

(𝑇
𝑐
− 𝑇
𝑎
)max =

𝑟
𝑎
(𝑅
𝑛
− 𝐺)

𝜌
𝑎
𝐶
𝑝

.

(7)

For the wet limit, the evaporation rate will equal potential
𝐸𝑇 and the difference between 𝑇

𝑐
and 𝑇

𝑎
can be derived as

follows:

𝐻wet =
𝜌
𝑎
𝐶
𝑝
(𝑇
𝑐
− 𝑇
𝑎
)

𝑟
𝑎

= (𝑅
𝑛
− 𝐺) − 𝐸𝑝, (8)

(𝑇
𝑐
− 𝑇
𝑎
)min =

𝑟
𝑎
((𝑅
𝑛
− 𝐺) − 𝐸𝑝)

𝜌
𝑎
𝐶
𝑝

=

𝑟
𝑎
(−Δ𝑄)

𝜌
𝑎
𝐶
𝑝

. (9)

Equation (9) is very helpful to understand some experiment
results of the advection effect on 𝐸𝑇. Surface temperature
can be lower than air temperature when Δ𝑄 is greater than
zero, and this is a more general explanation for the work of
Ehrler [54], who found that the leaf temperature could be
cooler than the air temperature. Also this is in accordance
with observation results of Regional Advection Perturbations
in an Irrigation Desert experiment (RAPID). De Bruin et al.
[55] found negative 𝐻 both during day and night times; 𝜆𝐸
is greater than 𝑅

𝑛
and at night it is greater than 0. CWSI is

further defined by Jackson et al. [52, 53] as

CWSI =
(𝑇
𝑐
− 𝑇
𝑎
) − (𝑇

𝑐
− 𝑇
𝑎
)min

(𝑇
𝑐
− 𝑇
𝑎
)max − (𝑇

𝑐
− 𝑇
𝑎
)min

, (10)

where (𝑇
𝑐
− 𝑇
𝑎
) is the measured temperature difference.

Menenti andChoudhury [56] redefined the parameterization
of CWSI and name the parameterization as the Surface
Energy Balance Index (SEBI). They further proposed to
use air potential temperature at the top of the atmospheric
boundary layer instead of near surface air temperature. In
fact, the air temperature and humidity of the near surface
layer have more direct impacts on 𝐸𝑇 [57, 58]. In this study,
we still use the original parameterization of Jackson et al.
Therefore, combining with (5), the following relationship can
be derived:

1 − CWSI = 𝐸

𝐸
𝑝

=

Δ + 𝛾

Δ + 𝛾 (1 + 𝑟
𝑠
/𝑟
𝑎
)

=

Δ + 𝛾

Δ + 𝛾/𝑆

. (11)

The equation clearly demonstrates the relationship between 𝑟
𝑠

and CWSI. Therefore, with properly defined 𝑟
𝑎
, 𝑟
𝑠
and 𝑆 can

be derived from CWSI. When 𝐸
𝑝
equals (𝑅

𝑛
− 𝐺), the above

equation will be the same as the evaporative fraction defined
by Su [20]. There are two attractive features of this equation.
Firstly, advection effects are accounted for in the parame-
terization of CWSI and this may be applicable to advective
environment. Secondly, 𝑟

𝑠
can be derived from CWSI with

few assumptions, and this would be an operational method
for extrapolating instantaneous estimates to daily values.
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2.3. Aerodynamic Resistance. Aerodynamic resistance is a
very important parameter for estimating sensible and latent
heat flux with remotely sensed data. Many parameteriza-
tions of aerodynamic resistance have been proposed by
different researchers based on different assumptions and
different observations. [59–61]. Liu et al. [62] evaluated
eight parameterizations for aerodynamic resistance using the
measurements of sensible heat flux, air temperature, and
surface temperature. Liu’s work provides a good reference
for parameterization of 𝑟

𝑎
. Liu et al. [62] pointed out that

the roughness length for heat and vapor transfer is a crucial
parameter and cannot be taken as a constant or be neglected.
In this study, the aerodynamic resistance was determined
on the basis of the Monin-Obukhov surface layer similarity
theory [63]:

𝑟
𝑎
= ([ln[

(𝑧
𝑚
− 𝑑)

𝑧
𝑜𝑚

] − 𝜓
𝑚
(

(𝑧
𝑚
− 𝑑)

𝐿

)]

×[ln[
(𝑧
𝑚
− 𝑑)

𝑧
𝑜ℎ

] − 𝜓
ℎ
(

(𝑧
𝑚
− 𝑑)

𝐿

)])

× (𝑘
2
𝑢
𝑧
)

−1

,

(12)

where 𝑧
𝑚
is the height of windmeasurements, 𝑧

ℎ
is the height

of humidity measurements, 𝑑 is the zero plane displacement
height, 𝑧

𝑜𝑚
is the roughness length governing momentum

transfer, 𝑧
𝑜ℎ
is the roughness length governing transfer of heat

and vapour, 𝑘 is the von Karman’s constant, 𝑢
𝑧
is the wind

speed at height 𝑧
𝑚
, and 𝐿 is the Obukhov length. 𝜓

𝑚
and

𝜓
ℎ
are the integral forms of the stability correction functions

for heat transfer and momentum exchange, respectively.
In unstable and neutral stability conditions, the stability
correction functions were determined by Paulson [64]:

𝜓
𝑚
= 2 ln [(1 + 𝑥)

2

] + ln[
(1 + 𝑥

2
)

2

] − 2 arctan (𝑥) + 𝜋

2

,

𝜓
ℎ
= 2 ln[

(1 + 𝑥
2
)

2

] .

(13)

In stable conditions, the stability correction can be expressed
as [65, 66]

𝜓
𝑚
= 𝜓
ℎ
= −5𝜉, (14)

where 𝑥 = (1 − 16𝜉)
0.25 and 𝜉 = (𝑧

𝑚
− 𝑑)/𝐿. More details

of this parameterization can be found in the papers by Katul
and Parlange [67] and Liu et al. [68]. The roughness length
of momentum transfer and zero plane displacement can be
parameterized as [69]

𝑧
𝑜𝑚

= 0.13 ℎ,

𝑑 = 0.63 ℎ,

(15)

where ℎ is the crop height. The roughness length for heat
transfer is parameterized by Kustas et al. [70] as

ln(
𝑧
𝑜𝑚

𝑧
𝑜ℎ

) = 0.17𝑢
𝑧
(𝑇
𝑐
− 𝑇
𝑎
) . (16)

3. Study Area and Data Description

3.1. SMACEX02 Experiment. The Soil Moisture-Atmosphere
Coupling Experiment (SMACEX) was designed to provide
a multiscale dataset of vegetation, soil, and atmospheric
states [71, 72]. It was undertaken over Iowa, US, from June
19 through July 9 in 2002. The primary objective was to
extend microwave soil moisture observations and retrieval
algorithms to changing crop biomass conditions and to
provide validation data for the Advanced Microwave Scan-
ning Radiometer (AMSR) brightness temperature and soil
moisture retrieval algorithms. The Walnut Creek watershed
was the core study area of this experiment. The land cover in
the Walnut Creek watershed is primarily comprised of corn
and soybean. The details of this experiment can be found in
the paper by Kustas et al. [71].

3.2. Tower Measurements. Most of the SMACEX measure-
ments include the surface energy, water, and carbon fluxes,
as well as mean and turbulent atmospheric boundary prop-
erties. Twelve field sites with eddy covariance (EC) were
deployed in the central area of the study. There were 6 corn
sites and 6 soybean sites. However, for the WC03 site, the
land cover was classified as soybean in the field notes but
was located in a corn field based on the provided coordinates
[73]. The towers were instrumented with sensors to measure
turbulent fluxes of water vapor and sensible heat, as well
as net radiation and soil heat flux at 30min intervals. The
distribution of flux towers in the Walnut Creek catchment
and the land use classifications are provided in Figure 1.
Additional hydrometeorological observations included wind
speed and direction, air temperature, vapor pressure, near-
surface soil temperature, and moisture at 10min intervals.
In this study, the hydrometeorological data were resampled
to 30min to be compatible with heat flux measurements.
Correction was performed using the approach suggested by
Twine et al. [74], which assumes that the energy nonclosure
is caused by EC underestimation, while the corresponding
Bowen ratio is correctly estimated. Based on this approach,
sensible and latent heat fluxes were adjusted by forcing
the energy balance closure using the measured net solar
radiation, soil heat flux, and Bowen ratio. The tower based
composite radiometric surface temperature was measured
by Apogee infrared thermometers. Su et al. [72] corrected
the tower-based composite radiometric surface temperature
and applied it to evaluate the SEBS model. In this study,
the correction method proposed by Su was employed. In
our revised model, vegetation height is a very important
parameter. During the experiment, LAI, vegetation fraction,
and vegetation height weremeasured at each site on 18 and 28
June and 2 and 5 July. In this study, the vegetation height was
set as 1.5m for the corn sites and 0.35m for the soybean sites.

3.3. Remote Sensing Dataset. In this study, one scene from
the Enhanced Thematic Mapper plus (ETM+) on Landsat 7
acquired at 10:40 local time onDOY 182 of 2002was used.The
remote sensing dataset is obtained from the National Snow
and IceData Center (http://nsidc.org/index.html). Emissivity
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Table 1: Meteorological data and remote sensing data used in this study.

Instantaneous estimation
(satellite overpass time value)

Daily 𝐸𝑇 estimation
(daily mean value)

Meteorological variables
Incoming solar radiation (W/m2) 958 344.72
Air temperature (∘C) 29.35 27.31
Water vapour pressure (kPa) 2.2 2.22
Wind speed (m/s) 5.32 5.16
Atmospheric pressure (kPa) 98.2 98.5

Remote sensing data Landsat ETM+
Overpass time (Local time) 11:40 11:40
Model resolution 60m 60m
LST resolution 60m 60m
Albedo 60m 60m
Emissivity 60m 60m
Classification Aggregated from Landsat based classification

Soybean site
Corn site
Watershed
Roads
Water

Urban
Trees
Soybean
Grass
Corn

WC03

WC06

WC13

WC14
WC151 WC152

WC161
WC162

WC33

WC23 WC24

WC25

Figure 1: The distribution of flux towers in the Walnut Creek
catchment and the land use classifications.

was derived with the fractional covermixingmodel proposed
by Sobrino et al. [75]. The land surface temperature was
derived from the thermal band of the Landsat imagery
based on the method proposed by Li et al. [76]. Albedo
was derived from the visible and near-infrared bands of the
Landsat imagery using algorithm in Liang [77] and Liang et
al. [78]. Land cover classification for the SMEX02 area was
obtained from Landsat ETM dataset, which is available from
theNational Snow and Ice Data Center.The vegetation height
was parameterized using the land cover classification. The
details of the meteorological data and remote sensing data
used in this study are listed in Table 1.

In this study, the net radiation is estimated from the
radiative energy balance which is expressed as

𝑅
𝑛
= (1 − 𝛼) 𝑅swd + 𝜀𝑅lwd − 𝜖𝜎𝑇

4

𝑠
, (17)

where 𝛼 is the broadband albedo, 𝜀 is the emissivity in
the thermal infrared band, 𝑅swd is the incident solar radi-
ation, 𝑅lwd is the downward longwave radiation, and 𝜎 is
the Stephan-Boltzmann constant. The soil heat flux is also
an important component in the energy balance equation.
Following Choudhury et al. [79], the soil heat flux is param-
eterized as

𝐺
0
= 𝑅
𝑛
(𝜏V𝑓 + 𝜏

𝑠
(1 − 𝑓)) , (18)

where 𝜏V and 𝜏
𝑠
are the soil heat flux ratios for the vegetation

area and bare soil areas and 𝑓 is the vegetation fraction.
The fractional vegetation cover was estimated from the
normalized difference vegetation index (NDVI) [80]:

𝑓 =

NDVI −NDVImin
NDVImax −NDVImin

, (19)

where NDVImax and NDVImin are NDVI values for vegeta-
tion cover and bare soil, respectively.

4. Results

4.1. Sites Evaluation. The 𝐸𝑇 model was applied to the site
scale of SMACEX02 with a 30min time step. Predicted 𝐸𝑇

from the proposedmodel was comparedwith the observation
from the eddy covariance system. Two strategies were used
to assess the performance of this new model. Firstly, time
variations of modeled latent heat flux and the corrected eddy
covariance measurements are compared through DOY 171–
190. Figures 2 and 3 represent the modeled results compared
with the observations for WC 06 (corn site) and WC03
(soybean site), respectively. The results indicate that the
modeled 𝐸𝑇 is in good agreement with the observations
except for a slight underestimation at night time at both sites.
The mean absolute difference (MAD) and the root mean
square difference (RMSD) are 41.90W/m2 and 50.63W/m2
for theWC06 site.TheMAD and RMSD are 30.75W/m2 and
38.22W/m2 for the WC03 site. Quantitative measures of the
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Table 2: Quantitative measures of model performance.

Site 𝑁 MAD (W/m2) RMSD (W/m2) 𝑅
2 Bias (W/m2)

WC03 835 30.75 38.22 0.93 −20.27
WC06 840 41.9 50.63 0.92 −26.26
WC13 771 48.1 62.2 0.66 0.92
WC14 827 32.91 55.09 0.87 5.36
WC23 625 19.99 27.3 0.96 10.79
WC24 538 52.17 76.26 0.86 −14.87
WC25 488 50.38 67.86 0.8 3.51
WC33 801 38.27 48.25 0.92 −21.51
WC151 372 38.05 49.39 0.93 −17.74
WC152 789 47.81 59.67 0.89 18.725
WC161 664 42.2 57.96 0.83 13.19
WC162 772 37.33 45.32 0.91 −27.04
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Figure 2: Comparison of observed (open circles) and predicted
(solid dots) latent heat flux (W/m2) for WC06. DOY denotes the
day number of the year in 2002.

model performance for other sites are listed in Table 2. Over-
all, the comparison reveals that this model can effectively
describe the daily evapotranspiration variations. Secondly,
scatter plots of modeled results against observations were
applied to the sites with the same land cover. Figure 4 shows
the evapotranspiration predictions against observations from
all corn sites. For the corn sites, 3824 samples are used.
Most of the points are evenly distributed along the 1 : 1
line, indicating a good fitness of the modeled results to
the observations. The 𝑅

2 (coefficient of determination) is
0.90; MAD and RMSD are 44.51W/m2 and 58.52W/m2.
The slope and the intercept of the fitted line are 1.096 and
−35.8W/m2. For the soybean sites, 4494 samples are used.
Figure 5 illustrates the evapotranspiration predictions against
observations from all soybean sites. Most of the points are
close to the 1 : 1 line. The slope and the intercept of the fitted
line are 1.083 and −20.7 W/m2. The 𝑅

2 is 0.88; MAD and
RMSD are 35.45W/m2 and 49.46W/m2, respectively. The
quantitativemeasures for the two categories of sites show that
this model is robust to estimate latent heat flux.

4.2. ET Estimation with Remotely Sensed Data. Land surface
flux on July 1, 2002, was derived for the SMACEX02 regions

WC03
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Figure 3: Comparison of observed (open circles) and predicted
(solid dots) latent heat flux (W/m2) forWC03. (The gap in the figure
was due to lack of observations. DOY means the day number of the
year in 2002.)

with remote sensing data and meteorological observations.
The latent heat flux estimated from the Landsat based (60m)
variables is shown in Figure 6. The spatial patterns produced
by the contrast between soybean and corn fields can be clearly
seen in the Landsat based evapotranspiration maps. The
difference between soybean and corn is about 80–120W/m2.
A histogram was used to perform a further analysis of the
retrieved result. Figure 7 presents the frequency of evapo-
transpiration across the study area with the Landsat based
variables. The result indicates that bimodal histograms are
found in the retrieval, which is in accordance with the
soybean and corn fields. This may be associated with the LAI
(leaf area index) values at different fields.The corn fields may
have larger LAI values than the soybean fields, indicating
larger transpiration rate in corn fields than the soybean fields.
For the soybean and corn fields, two peaks of about 380W/m2
and 510W/m2 were found in the Figure 7. The mean latent
heat flux and the standard deviation are 427.8W/m2 and
72.29W/m2, respectively, for the Landsat based estimates.

All the available tower observations were used to assess
the estimated results. A comparison between the observed
latent heat flux and the estimates derived from the Landsat
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Figure 5: Model predicted latent heat flux (W/m2) versus eddy
covariance based observations for all soybean sites from DOY171-
190, 2002.

based variables is listed in Table 3. For most sites, except
WC03 andWC161, the comparison indicates that the derived
results are acceptable at Landsat based scales and the differ-
ence is lower than 70W/m2. However, a large deviation was
found atWC03 andWC161.The discrepancies are 113.4W/m2
and 157.6W/m2. The WC03 is located at the junction of the
different fields. The mixed pixel in the remote sensing data
and the representation of the WC03 observations may be
the explanation for the big disparity in the comparison. For
WC161, Su et al. [72] also found a big difference in WC161
in their analysis. This can be attributed to the fact that the
WC161 site is very close to the road and the corn field.There-
fore, the observed results at WC161 represented the mixed
underline covers, as the fetch of the eddy covariance system
is about 100 meters [81]. Considering the representation of
the observations and the mixed pixels in remote sensing
imagery, the comparison indicates that the model is capable
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Figure 6:The latent heat flux (W/m2) estimated fromLandsat based
variables.
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Figure 7:Thehistogramof the latent heat flux fromdifferent sensors
based variables.

of computing reliable land surface heat flux over the study
area.

In order to demonstrate the improvements of this model,
the SEBS model was compared with the newly developed
model. Figure 8 shows the comparison between estimates
from SEBSmodel and the newly developed model.Themod-
eled results from the newly developed model are larger than
the estimates from the SEBS model. There are 91140 samples
in the comparison; the MAD and RMSD are 37.21W/m2
and 43.08W/m2. The bias (SEBS model is the reference
model) is 13.18W/m2. The disparity between these models
may be attributed to three main reasons. Firstly, the forcing
energy for 𝐸𝑇 is quite different in these two models. In
the SEBS model, which is based on the surface energy
balance, the net radiation minus soil heat flux (𝑅

𝑛
− 𝐺)

is assumed as the potential energy for 𝐸𝑇. The advection
effect is not considered in the SEBS model. However, in the
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Figure 8: An intercomparison of the SEBS model and the newly developed model. (a) Comparison of the forcing energy (W/m2) used in
SEBS and the newly developed model. (b) Comparison of the latent heat flux (W/m2) estimates from SEBS and the newly developed model.

Table 3: Comparison between the observed latent heat flux and the
estimates derived from Landsat-based variables.

Site
name

Tower
Observations

(W/m2)

Landsat-bsed
Estimates
(W/m2)

Difference∗

WC03 354 467.4 113.4
WC06 506 540.9 34.9
WC13 304.1
WC14 414.8
WC151 488 524.1 36.1
WC152 475 516.7 41.7
WC161 299 456.6 157.6
WC162 445.9
WC23 392 329.3 −62.7
WC24 533 467.5 −65.5
WC25 392.1
WC33 472 413.8 −58.2
∗Difference referred as estimated value minus observed values.

newly developed model, advection is accounted for in the
model development and the potential 𝐸𝑇 is determined as
the potential energy for 𝐸𝑇. Secondly, the parameterization
of aerodynamic resistance is different in our model develop-
ment. In the newly developed model, the empirical function
for 𝑍

𝑜ℎ
is applied in this study, while in SEBS model, a

different parameterization for 𝑍
𝑜ℎ

is developed. This may be
another reason for the disparity of the comparison. Thirdly,
the advection effect is not significant in the study area.
Figure 8(a) presents the comparison between potential 𝐸𝑇
and 𝑅

𝑛
− 𝐺. Over the 91140 samples used in the comparison,

the MAD and RMSD are 33.77W/m2 and 35.77 W/m2,
respectively. Potential 𝐸𝑇 is shown to be larger than 𝑅

𝑛
− 𝐺.

The bias is 33.77W/m2.Therefore, the estimates from the two
models are comparable. Although the difference does not

seem to be large in this comparison, the approaches used to
derive the 𝐸𝑇 estimation are quite different.

4.3. Daily ET Estimation. The evaporative fraction method
is often applied to daily 𝐸𝑇 estimation. However, quite
different conclusions were drawn by different researchers
[44, 47]. Developing an accurate extrapolate method from
instantaneous estimates is imperative in regional 𝐸𝑇 esti-
mation based on remotely sensed data. Equation (11) clearly
demonstrates the relationship between surface resistance and
CWSI. Therefore, surface resistance can be derived from
CWSI. In this study, the surface resistance is assumed to
be constant on a daily basis and daily 𝐸𝑇 can be retrieved
based on the Penman-Monteith equation. Figure 9 shows
the spatial distribution of surface resistance estimated from
Landsat based variables. The surface resistance ranges from
0 to 420 s/m. The urban area shows the maximum value of
surface resistance (310–420 s/m), while the area along the
river shows the lowest surface resistance (0–20 s/m). The
surface resistance of soybean fields is shown to be higher than
that of the corn fields and the difference is about 50–80 s/m.
As soon as the surface resistance is available, it becomes
operational to estimate daily 𝐸𝑇 based on the Penman-
Monteith equation. Figure 9 presents the spatial distribution
of daily 𝐸𝑇 over the study area. The spatial pattern of daily
𝐸𝑇 is quite opposite to the surface resistance. The urban area
shows the smallest values of daily 𝐸𝑇 (0–3.3mm), while the
area along the river shows a maximum of daily 𝐸𝑇 values
(10.0–11.5mm). Daily 𝐸𝑇 for the soybean fields is about 5.0–
8.0mm,while daily𝐸𝑇 for the corn fields is about 8–10.5mm.

To evaluate the performance of this new extrapolate
method, daily 𝐸𝑇 (mm) derived from sites observations was
used. Table 4 lists the tower observations, adjusted tower
observations, estimates from themodel, and discrepancy (the
difference between estimates and adjusted observations) for
every site of the study area.The estimates are comparablewith
the adjusted tower observations at sitesWC06,WC24,WC25,
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Figure 9: Surface resistance (s/m) and daily 𝐸𝑇 (mm/day) estimated from Landsat based variables over Walnut Creek catchment for July 1,
2002.

Table 4: Comparison between the observed daily ET and the
extrapolated daily ET from Landsat-based variables.

Tower
name

Tower observations
(mm) Estimates (mm) Difference∗

WC06 7.1 8.3 1.2
WC24 7.1 7.8 0.7
WC25 4.9 6.3 1.3
WC33 6.6 6.4 −0.2
WC151 7.0 9.3 2.2
WC152 6.2 9.6 3.4
WC03 5.9 9.2 3.3
WC13 — 5.3 —
WC23 5.9 6.1 0.2
WC14 — 7.5 —
WC161 4.6 8.6 4.0
WC162 — 8.2 —
∗Difference refers to estimated value minus observed values.

WC33, and WC23, while large differences were also found
at WC151, WC152, WC03, and WC161. For site WC03, the
land cover was classified as soybean in the field notes, but it
was located in a corn field based on the provided coordinates
[73]. Therefore, the large differences may be attributed to
the parameterization of the vegetation height. For WC03
and WC161, the difference can be as large as 3.4mm and
4.0mm. Large differences are found in the instantaneous
comparison in Section 4.2 (Table 2). The mixed pixels in
remote sensing imagery may contribute to large disparity. In
addition, the observations from the eddy covariance system
are seldom validated. Many problems related to 𝐸𝐶 have not
been fully solved. Firstly, many field observations of surface

heat and vapor fluxes often fail to reach closure of the surface
energy budget [55, 82, 83]. Secondly, the correction methods
proposed by Twine et al. [74] are used frequently, but little
is known about the accuracy of these correction methods.
Advection is not accounted for in the forcing energy balance
closure method and many field measurements indicate that
𝐸𝑇 can often exceed net incoming radiation due to advection
from the surrounding landscape [42, 43]. Considering the
above reasons, the comparison of the estimates and the
observations from the towers listed in Table 3 may only
provide a reference for the model’s performance.

5. Discussion

The impact of advection on local energy balance and 𝐸𝑇 has
long been reported by different researchers. In some extreme
conditions, 𝐸𝑇 can even be greater than the net incoming
radiation [37, 42, 43]. However, many remote sensing models
still define (𝑅

𝑛
− 𝐺) as the only available energy used for

𝐸𝑇 and this may cause errors under advective environments.
In this study, a new model accounting for advection was
proposed to estimate 𝐸𝑇. This newly developed model is
based on the CWSI concept and takes the advection effect
into consideration. For the local scale evaluation, it is found
that themodel can effectively characterize the daily variations
of evapotranspiration and the modeled results show good
agreement with the site observations. For the regional scale,
this model can characterize the spatial variations of land
surface heat flux at the Landsat based scales.

Vegetation height is a very important parameter in the
model development. In this study, the land surface classi-
fication from Landsat is applied to derive the vegetation
height. This simplified method may cause some errors in the
𝐸𝑇 retrievals. This may be one of the reasons for the large
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disparity at WC03 and WC161 in Tables 3 and 4. The soil
heat flux is an important component in the energy balance
equation. However, the importance of the soil heat flux is
not sufficiently considered. The parameterization proposed
by Choudhury et al. [79] was applied in this study. This
may be another reason for the large disparity at WC03 and
WC06. Further research is needed for the parameterization
of vegetation height and the soil heat flux.

Many problems are related to the precise observation
of the actual evapotranspiration at the site scale. Eddy
covariance approach provides a direct way for observing the
actual evapotranspiration. However, there are two problems
related to this approach. Firstly, it is well recognized that
field measurements of surface heat fluxes often fail to
reach closure of the surface energy budget [74, 83, 84].
The correction methods proposed by Twine [74] are used
frequently, but little is known about the accuracy of these
correction methods. Secondly, the location of the site and
spatial representation of the observation are another problem
related to this approach. The disparity of spatial scale in the
eddy covariance approach and in the model estimates is a
difficult problem associated with the validation results in
Tables 3 and 4. Therefore, eddy covariance approach needs
more analysis before it can be used for validation of regional
scale estimates. Although it has its limitations, observations
from eddy covariance provide a good reference for the
regional estimates based on remote sensing.

A reliable temporal extrapolation method is imperative
for regional 𝐸𝑇 estimation based on remotely sensed data.
The evaporative fraction and 𝐾𝑐 method are a complicated
combination of weather conditions, soil moisture, and bio-
physical conditions, as suggested by Crago [46]. In this study,
the surface resistance was derived fromCWSI, and then daily
𝐸𝑇 is estimated based on the Penman-Monteith equation.

The parameterization of aerodynamic resistance is very
important in this newly developed model. In this study, the
aerodynamic resistance was determined on the basis of the
Monin-Obukhov surface layer similarity theory proposed by
Brutsaert [63]. Liu et al. [62] evaluated eight parameteriza-
tions for aerodynamic resistance and pointed out that the
roughness length for heat and vapor transfer is a crucial
parameter. The empirical formula proposed by Kustas et al.
[70] was used in this study. More research is needed to vali-
date or observe aerodynamic resistance with high accuracy.

6. Conclusions

In this study, a new model was proposed to estimate 𝐸𝑇.
This model is based on the crop water stress index (CWSI)
concept and clear relationship was found between CWSI
and surface resistance. There are two attractive features of
this model. Firstly, advection effects are accounted for in
the model parameterization. Secondly, surface resistance can
be derived from CWSI and can be used for extrapolating
instantaneous estimates to daily values.

Both local scale evaluation with sites observations and
regional scale evaluation with a remotely dataset from Land-
sat 7 ETM+were carried out to assess the performance of this

model. Local scale evaluation indicates that this newly devel-
oped model can effectively characterize the daily variations
of evapotranspiration and the predicted results show good
agreement with the site observations. Regional scale evalu-
ation shows that the model can capture the spatial variations
of the evapotranspiration at the Landsat based scale. Clear
spatial patterns were observed at the Landsat based scale
and are closely related to the dominant land covers, corn,
and soybean. In addition, the surface resistance derived from
instantaneous CWSI was applied to the Penman-Monteith
equation to estimate daily 𝐸𝑇. The evaluation indicates that
the model is capable of estimating reliable surface heat
fluxes. Several issues are unresolved, such as the energy
balance closure problem related to observations from the
eddy covariance system and the spatial heterogeneity in the
mixed pixels. More research is needed to parameterize the
aerodynamic resistance and to observe 𝐸𝑇 with a higher
accuracy in order to minimize the uncertainties in the 𝐸𝑇

modeling and evaluation.
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[82] J. L. Chávez, T. A. Howell, and K. S. Copeland, “Evaluating
Eddy-Covariance cotton ET measurements in an advective
environment with large weighing lysimeters,” Irrigation Science,
vol. 28, no. 1, pp. 35–50, 2009.

[83] T. Foken, “The energy balance closure problem: an overview,”
Ecological Applications, vol. 18, no. 6, pp. 1351–1367, 2008.

[84] T. Foken, F. Wimmer, M. Mauder, C.Thomas, and C. Liebethal,
“Some aspects of the energy balance closure problem,” Atmo-
spheric Chemistry and Physics, vol. 6, no. 12, pp. 4395–4402,
2006.



Hindawi Publishing Corporation
Advances in Meteorology
Volume 2013, Article ID 658941, 7 pages
http://dx.doi.org/10.1155/2013/658941

Research Article
A Framework for the Land Use Change Dynamics Model
Compatible with RCMs

Xiangzheng Deng,1,2 Jiyuan Liu,1 Yingzhi Lin,3 and Chenchen Shi1,4

1 Institute of Geographic and Natural Resources Research, Chinese Academy of Sciences, Beijing 100101, China
2 Center for Chinese Agricultural Policy, Chinese Academy of Sciences, Beijing 100101, China
3 School of Mathematics and Physics, China University of Geosciences (Wuhan), Wuhan 430074, China
4 State Key Laboratory of Water Environment Simulation, School of Environment, Beijing Normal University, Beijing 100875, China

Correspondence should be addressed to Xiangzheng Deng; dengxz.ccap@gmail.com

Received 22 August 2013; Accepted 12 November 2013

Academic Editor: Burak Güneralp
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A framework of land use change dynamics (LUCD) model compatible with regional climate models (RCMs) is introduced in this
paper. The LUCD model can be subdivided into three modules, namely, economic module, vegetation change module, and agent-
based module. The economic module is capable of estimating the demand of land use changes in economic activities maximizing
economic utility. A computable general equilibrium (CGE) modeling framework is introduced and an approach to introduce land
as a production factor into the economic module is proposed.The vegetation change module provides the probability of vegetation
change driven by climate change. The agroecological zone (AEZ) model is supposed to be the optimal option for constructing the
vegetation change module. The agent-based module identifies whether the land use change demand and vegetation change can be
realized and provides the land use change simulation results which are the underlying surfaces needed by RCM. By importing the
RCMs’ simulation results of climate change and providing the simulation results of land use change for RCMs, the LUCD model
would be compatible with RCMs.The coupled simulation system composed of LUCD and RCMs can be very effective in simulating
the land surface processes and their changing patterns.

1. Introduction

There are two primary factors that contribute to climate
change: land use change and greenhouse gas emission [1, 2].
Land use change, which has been found to affect climate
change in both biogeochemical and biogeophysical ways, is
fundamentally important for the researches of regional cli-
mate change [3]. In regional climate modeling, land use data
are applied as underlying surfaces and definitively determine
the simulation results of regional climate [4]. Many simula-
tion experiments have proven that the simulation results of
RCMs are sensitive to underlying land use and land cover
changes (LUCC) [5, 6]. While the interaction between land
use change and climate change has been fully realized, most
RCMs introduce LUCC data exogenously [7, 8]. Always, they
apply the LUCC data of one year of history as underlying sur-
faces and keep them constant ignoring the interaction

between LUCC and climate variations. This paper provides a
framework of land use change dynamics (LUCD)model com-
patible with RCMs to introduce parameterized LUCC into
regional climate changemodeling endogenously. Several sug-
gested models are introduced and some specific parameter
processing approaches are explained in detail. This modeling
framework helps to enhance the understanding of the cou-
pling mechanism of land use system and climatic system and
strengthen the simulation capability of land system.

Land system is geographically complex, which is com-
posed of natural factors, human land-use activities, and other
impact factors [9–11]. Land use change simulation is a predic-
tion of when, where, why, and how land use pattern changes
[12, 13]. However, studies on land use change processes are
often challenged by the complex and unexpected human act-
ivities and natural constraints. Land use change emerges from
the interactions among various components of the coupled
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human-landscape system and feeds back to the subsequent
development of these interactions [14]. Most land use change
simulation models simulate successional pattern change of
land use under the macrobackground of the regional popula-
tion growth, economic development, social progress, changes
in the natural environment, and other facts [15, 16]. On the
whole, the land use change simulationmodels can be broadly
divided into three major categories: empirical statistical
model, agent-based model (ABM), and raster neighborhood
relationship based model [17].

There are abundant empirical statisticalmodels applied to
land use change simulation. A typical example is the Conver-
sion of land use and its effect at small regional extent (CLUE-
S) model whose application in land use change simulation is
currently in the ascendant [18–20].TheCLUE-Smodel is con-
structed to simulate land use change and its effects on enviro-
nment at meso/microscale. It has the capability of synchro-
nously simulating the changes of multiple types and intro-
duces the dynamic driving factors (such as population and
economic growth) to improve the simulation accuracy. Since
the 1990s, along with the rapid development of complexity sci
ence, ABM began to be applied to land use change research
[21]. The agent-based models of land use and land cover
(ABM/LUCC) were specially discussed by LUCC report
number 6, inwhich the development prospect ofABM in land
use change simulation is highly valued [22]. An ABM model
mainly identifies the linkage between agents and environ-
ment by describing the interaction and affiliation of indepen-
dent agents [23]. By combining ABM and cellular automata
(CA) model, the simulation of land use change is character-
ized by multiscale and becomes more effective in multiobjec-
tive decisionmaking. Semboloni et al. [24] established amul-
tiagent system with the residents, industry practitioners, ser-
vice practitioners, and developers as themain agents to simu-
late the land use change in urban areas. Zhang et al. [25] built
an ABM to simulate the impacts of the climate changes on the
regional land use changes and agents’ economic benefits in
theThree-River Headwaters Region of China. It is found that
the agents would get more wealth under the scenario without
climate changes in the long term, even though the total
income is lower than that under the scenario with climate
changes. As a representative of raster neighborhood relation-
ship basedmodel, CAmodel iswidely used in landuse change
simulation, especially urban expansion [26, 27]. Syphard et al.
[28] analyzed the distinction of LUCC caused by urban
expansion in areas with different slope with the CA model.
One of the superiority of the CA model in land use change
simulation is that it supports visualization of the simulation
process. The structure of the CA model makes it difficult
considering the impacts of land use policies.

In this study, we developed an LUCD model com-
patible with RCMs to describe the interdependencies and
feedback mechanisms between social economics, ecosystem
environment, and irrational decision-making process. The
LUCD model describes a combined and complex system
composed of social economic, ecosystem components, and
decision-making process and consequences. It provides a
consistent and comprehensive framework of land use change
modeling and emphasis on how themodels work together. By

introducing agroecological zone (AEZ) based on the sim-
ulation results of RCMs, the LUCD model is compatible
with RCMs and constitutes an iterative simulation system of
LUCC and climate changes.

2. Land Use Change Dynamics (LUCD) Model

2.1. Model Structure. The LUCD model can be subdivided
into three modules, namely, economic module, vegetation
change module, and agent-based module. The economic
modulcalculates the area demand for all land use types in
economic activitiesmaximizing economic utility of land uses.
The vegetation change module provides the probability of
vegetation change driven by climate changes. And the agent-
based module identifies whether the land use demand and
vegetation change can be realized and provides the land use
change simulation results which are the underlying surfaces
needed by RCM. To feed the LUCDmodel results into RCMs,
the land use system applied to the LUCD model should be
consistent with the underlying surfaces used in RCMs
(Figure 1). By iteratively using the output of one model as the
input of another, the LUCDmodel is compatible with RCMs.
In Figure 1, the dotted lines show the data transmission be-
tween the LUCDmodel andRCMs,while the solid lines stand
for the flow of information in the LUCD model. The LUCD
model provides the simulation results of land use change for
RCMs as underlying surface data; then RCMs can simulate
the climate change resulted from the land use change. The
results of climate change simulated by RCMs are further
imported into the LUCD model and affect land use change.

The economic module estimates the land use change de-
mand driven by human activity.The current condition of land
uses is introduced in this module as one of the limitations of
economic activity as well as land use decisions. The equilib-
rium of markets determines the commodity supply and in
turn influences the land use demand. Combining the land use
demand, the limited amount of land, and the current land use
status, the land use change demand is obtained. The vegeta-
tion change module describes the possible vegetation change
driven by climate change. The AEZ is the key concept that
links the climate change and vegetation change and helps to
couple human activity with climate change. The climate
change leads to change of AEZs which determines the growth
of vegetation [29, 30]. Consequently, the climate change
affects not only the evolution of natural vegetation but also
the human activities including planting and breeding. By
overlying the AEZs on the current vegetation pattern, the
suitability of vegetation change can be evaluated. The agent-
based module describes the procedure of land use decision
coupled with the land use change demand and vegetation
change suitability using the agent-based simulation technol-
ogy. This module identifies whether or not the theoretical
land use change demand and the possible vegetation change
estimated by the economicmodule and the vegetation change
module can be realized. The output of this module, land use
change, is the underlying surfaces that needed by RCMs. By
embedding the LUCD in RCMs, an iterative simulation sys-
tem of land use change and climate change is constructed
(Figure 1).
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Figure 1: Framework of feeding LUCC model results into RCMs
simulation.

2.2. EconomicModule. Theeconomicmodule should provide
a comprehensive macroeconomic framework to describe
market-oriented economies. Computable general equilib-
rium (CGE) models are suggested to be appropriate for such
a macroeconomic framework [31]. For convenient applica-
tion, the way that induces land into the economic module
under a CGEmodeling framework is proposed as well in this
study (Figure 2). Land is one of the three primary factors
input in commodity production. And there are five compo-
nents: producers, households, government, trade, and mar-
kets in CGE model [32]. Producers decide demand of inputs
including primary factors of land, labor and capital, and sup-
ply of outputs (commodities) to maximize their profits.
Households decide demand of commodities and supply of
their endowments of labor and capital to maximize their eco-
nomic utility. Government imposes taxes and expends them
in public consumption and savings. The savings of govern-
ment and households transform into investment according to
reserve requirements, which is also an important component
in demand. And we employ the small-country assumption
that the study area is too small to affect prices in international
markets. Thus, import and export prices which this country
faces are given for it in foreign currency terms. The demand
and supply of commodities and primary factors are equilibr-
ated in markets by price adjustment. With this module, we
can compute land uses in various equilibria to simulate what
will happen in the future.

ThoughCGEmodels are good at describing the quantities
and prices variation as others, we do not introduce land prices
but land area in the economic module. This is because the
land prices vary along with not only time but also location,
productivity, and so forth. And as a macroeconomic model,
CGE model does not support a diverse prices modeling
framework. Thus, we summarize land uses in economic
development as follows:

𝑌
𝑖,𝑒
= 𝑏
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Figure 2: Overview flow chart of economicmodule applying a CGE
modeling framework.
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where 𝑖 is the index of commodities; 𝑒 is the index of AEZs; 𝑙
is the index of land use type; ℎ is the index of primary factors
(labor and capital);𝑌

𝑖,𝑒
is the value added of the 𝑖th firm in the

𝑒th AEZ; 𝐴𝑒𝑐
𝑙,𝑖,𝑒

is the input area of the 𝑙th land use type for
𝑖th commodity production in the 𝑒th AEZ;𝐹

ℎ,𝑖,𝑒
is the input of

the ℎth factor by the 𝑖th firm in the 𝑒th AEZ; 𝑏
𝑖,𝑒
is the scaling

parameter in production function, also called total factor pro-
ductivity (TFP); 𝜁

𝑙,𝑖,𝑒
is the share parameter in production

functions; and 𝛽
ℎ,𝑖,𝑒

is the share parameter in production
functions. Considering that the value added is proportional
to the input land area under the certain technique condition
and primary factors input, the input area of each land use type
is calculated by (2).

The input land area of each type of land use per unit of
each commodity output is inversely correlated with primary
factors input besides TFP. Consequently, the share parameter,
𝜁
𝑙,𝑖,𝑒

, is determined by the input of the ℎth factor by the 𝑖th
firm in the 𝑒th AEZ, 𝐹

ℎ,𝑖,𝑒
:

𝜁
𝑙,𝑖,𝑒
= 𝑓 (𝐹labor,𝑖,𝑒, 𝐹capital,𝑖,𝑒) . (3)

The area demand of lands input in commodity produc-
tion is determined by the economic system, because the eco-
nomic links in the comprehensive macroeconomic frame-
work provided byCGEmodel are tightly connectedwith each
other. Each shock to economic system will influence the area
demand of lands input in commodity production. For exam-
ple, the growth in the rate of direct tax will lead to an increase
in government revenues and a decrease in household income.
Then, the structure differences of investments and consump-
tions between government and household determine the
change of commodity demand structure. Under the market-
clearing condition, the commodity production and supply
structure should be altered. And finally, the area demand of
lands input in commodity production will change.

As most of the economic models, the economic module
assumes that the ultimate purpose of economic development
is to increase the economic utility of household. Household’s
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economic utility is dependent on the amount of consumption
of commodity, which are purchased from producers:

𝑈𝑒𝑐 = ∏

𝑖

𝑋𝑝
𝜒
𝑖

𝑖
, (4)

where 𝑈𝑒𝑐 is the economic utility; 𝑋𝑝
𝑖
is the amount of con-

sumption of the 𝑖th commodity; and 𝜒
𝑖
is the share parameter

in the economic utility function.
The economic utility is indirectly restrained by the area of

land used for economic development. In reality, the earnings
from endowments of land are the component household’s
income which is the constraint of household consumption.
And the input of land in production by producer determines
the output and supply of commodity. Nevertheless, we only
consider the constraint function of land in production in this
module because the earnings from the endowment of land are
not included when accounting income constraints. The eco-
nomic development can be summarized as the following opti-
mization problem:

maximize
{𝑋𝑝𝑖}

𝑈𝑒𝑐 = ∏

𝑖

𝑋𝑝
𝜒
𝑖

𝑖

subject to 𝑇𝑙𝑎𝑛𝑑 = ∑

𝑒

∑

𝑙

∑

𝑖

𝐴𝑒𝑐
𝑙,𝑖,𝑒
,

(5)

where 𝑇𝑙𝑎𝑛𝑑 is the total land area which is exogenously
defined. Equation (4) shows the objective function of eco-
nomic utility to bemaximized, and (5) is a total land area con-
straint equation meaning that total land areas used for com-
modity production must be equal to the total land area used
in economic activity on the left-hand side of the equation.The
simulated land use change demand at regional scale can be
allocated to grids by using DLS (dynamics of land systems)
model, CLUE-S model, or CA models [33–36], and so forth.

2.3. Vegetation Change Module. The vegetation change mod-
ule assesses the growth suitability of specific vegetation and
provides the possibility of vegetation change.There are many
models including dynamic global vegetation model [37, 38],
Holdridge life zone model [39], and AEZmodel [40] that can
be used to describe the vegetation change driven by climate
change. In this study, we propose AEZ model as the optimal
option because it is naturally correlatedwithAEZs facilitating
the coupling of economic module and vegetation change
module. We also illustrate how to estimate the possibility of
vegetation change usingAEZmodel.TheAEZmodel is devel-
oped by Food and Agriculture Organization (FAO) of the
UnitedNations with the collaboration of the International In-
stitute for Applied Systems Analysis (IIASA) [41]. Climate,
topography, and soil characteristics are three key inputs of the
AEZ model. The model can estimate the climate limited veg-
etation productivity. Assuming that the estimated climate
limited productivity of the Vth type of vegetation in the pixel𝑝
in the 𝑡th year is 𝑌V,𝑝,𝑡, the possibility of vegetation change of
the Vth type of vegetation in the pixel 𝑝 in the (𝑡 + 1)th year is

𝑃V,𝑝,𝑡+1 =
𝑌V,𝑝,𝑡+1 − 𝑌V,𝑝,𝑡

𝑌V,max
, (6)

where 𝑌V,max is the maximum climate limited productivity of
the Vth type of vegetation and 𝑃V,𝑝,𝑡+1 is the possibility of veg-
etation change of the Vth type of vegetation in the pixel 𝑝 in
the (𝑡 + 1)th year.

A positive𝑃V,𝑝,𝑡+1 implies that the Vth type of vegetation in
the pixel 𝑝 will expand or be more thickly forested (𝑡 + 1)th
year, while a negative 𝑃V,𝑝,𝑡+1 means that the Vth type of veg-
etation in the pixel 𝑝 will be inclined to degrade in the in the
(𝑡+1)th year.Thepossibility of vegetation change provides the
comparison criterion of specific vegetation change of differ-
ent pixels in different times.When comparing the superiority
of different vegetation in the specific pixel and time, a super-
iority index, 𝑆V,𝑢,𝑝,𝑡, is proposed:

𝑆V,𝑢,𝑝,𝑡+1 =
𝑌V,𝑝,𝑡+1 − 𝑌V,𝑝,𝑡

𝑌
𝑢,𝑝,𝑡+1

− 𝑌
𝑢,𝑝,𝑡

, (7)

where 𝑆V,𝑢,𝑝,𝑡+1 is the superiority index of the Vth type of veg-
etation compared with the 𝑢th type of vegetation in the pixel
𝑝 in the (𝑡 + 1)th year.

The superiority index cannot depict the dominance rela-
tions between two types of vegetation by itself. The applica-
tion of this index should be combined with the possibility of
vegetation change. For instance, when 𝑃V,𝑝,𝑡+1 is positive and
𝑆V,𝑢,𝑝,𝑡+1 is larger than 1, the Vth type of vegetation is more
superior than the 𝑢th type of vegetation in the pixel 𝑝 in the
(𝑡+1)th year. Amore exact mathematical formula for judging
the dominance relations ofmultiple types of vegetation is pro-
posed in the agent-based module.

2.4. Agent-Based Module. Determination of land use change
is partly characterized by nonrationality such as tradition and
custom. The agent-based module identifies whether the land
use change demand simulated by economic module and the
possible vegetation change assessed by vegetation change
module can be realized under the background of irrational
decisions. Agent-based modeling is able to simulate land use
change by measuring the individual behavior and results of
land use over time [42]. Take the decision of land use change
of a given household for instance.The dissimilarities between
a given household ℎ and all defined household groups in the
population can be measured:

𝐷
ℎ,𝑔
=

𝑆

∑

𝑠=1

𝑤
𝑠
[

[

(𝑉
ℎ,𝑠
− 𝑉
𝑔,𝑠
)

2






𝑉
ℎ,𝑠
+ 𝑉
𝑔,𝑠







]

]

, (8)

where𝐷
ℎ,𝑔

is the distance from household ℎ (ℎ = 1, 2, . . . , 𝐻)
to the household group 𝑔 (𝑔 = 1, 2, . . . , 𝐺);𝑉

ℎ,𝑠
is the value of

variable 𝑠 (𝑠 = 1, 2, . . . , 𝑆) representing the character of house-
hold ℎ;𝑉

𝑔,𝑠
is the average value of variable 𝑠 of households in

household group 𝑔;𝑤
𝑠
is the weight coefficient of the variable

𝑠 in explaining the character of household and household
group.

The household ℎ is assigned into the most similar house-
hold group andmakes the same land use change decisionwith
the household group:

𝑔

= arg min {𝐷

ℎ,1
, 𝐷
ℎ,2
, . . . , 𝐷

ℎ,𝑔
, . . . , 𝐷

ℎ,𝐺
} , (9)



Advances in Meteorology 5

where 𝑔 is the most similar household group to household
ℎ. By establishing a case database of land use change decision,
we can assign each household into one similar enough house-
hold group and deduce the land use decision. It helps correct
the land use change results simulated of economic module
based on ideas of optimization.

For the assessment result of vegetation change module,
the agent-based module also provides a criterion to judge
which kind of vegetation change will happen in a specific
pixel:

𝐿V,𝑝

=

{
{
{
{
{

{
{
{
{
{

{

1,

if for∀𝑢 ̸= V, 𝑃V,𝑝,𝑡+1 > 0, 𝑆V,𝑢,𝑝,𝑡+1 > 1 or ≤ 0,
or𝑃V,𝑝,𝑡+1 ≤ 0, 𝑆V,𝑢,𝑝,𝑡+1 > 0 or ≤ 1;

0,

if for∀𝑢 ̸= V, 𝑃V,𝑝,𝑡+1 > 0, 𝑆V,𝑢,𝑝,𝑡+1 > 0 or ≤ 1,
or𝑃V,𝑝,𝑡+1 ≤ 0, 𝑆V,𝑢,𝑝,𝑡+1 > 1 or ≤ 0,

(10)

where 𝐿V,𝑝 = 1 denotes that the Vth type of vegetation is
the dominant vegetation in the pixel 𝑝 and 𝐿V,𝑝 = 0 denotes
that the Vth type of vegetation is not the dominant vegetation
in the pixel 𝑝. This criterion defines that, for any other veg-
etation type 𝑢, when 𝑃V,𝑝,𝑡+1 is positive and 𝑆V,𝑢,𝑝,𝑡+1 is larger
than 1 or no larger than 0, or 𝑃V,𝑝,𝑡+1 is not positive and
𝑆V,𝑢,𝑝,𝑡+1 is smaller than 0 or no larger than 1, the Vth type of
vegetation is the dominant vegetation in the pixel 𝑝 in the
(𝑡 + 1)th year; when 𝑃V,𝑝,𝑡+1 is positive and 𝑆V,𝑢,𝑝,𝑡+1 is larger
than 0 or no larger than 1, or 𝑃V,𝑝,𝑡+1 is not positive and
𝑆V,𝑢,𝑝,𝑡+1 is larger than 1 or no larger than 0, the Vth type of veg-
etation is not the dominant vegetation in the pixel 𝑝 in the
(𝑡 + 1)th year.

For a specific pixel, vegetation change will happen as long
as the productivity of the new dominant vegetation exceeds
that of the original dominant vegetation:

𝐿𝑉
𝑝,𝑡+1

= V, if for ∀𝑢 ̸= V, 𝑅𝑌V,𝑝,𝑡+1 > 𝑅𝑌𝑢,𝑝,𝑡+1

𝑅𝑌V,𝑝,𝑡+1 = 𝑅𝑌V,𝑝,𝑡 +
𝑅𝑌V,𝑝,𝑡

𝑅𝑌
𝑝,𝑡

𝑌V,𝑝,𝑡+1

𝑅𝑌
𝑝,0
= ∑

V

𝐴V,𝑝,0

𝐴
𝑝

𝑌V,𝑝,0,

(11)

where 𝐿𝑉
𝑝,𝑡+1

denotes the new vegetation type that charact-
erized the pixel 𝑝 in the (𝑡 + 1)th year; 𝑅𝑌V,𝑝,𝑡+1 is the pro-
ductivity of the Vth type of vegetation in the pixel 𝑝 in the (𝑡+
1)th year;𝑅𝑌

𝑝,𝑡
is the total productivity of all the vegetation in

the pixel 𝑝 in the 𝑡th year; 𝑅𝑌
𝑝,0

is the total productivity of all
the vegetation in the pixel 𝑝 in the base year; 𝐴

𝑝
is area of

pixel; 𝐴V,𝑝,0 is area the Vth type of vegetation in the pixel 𝑝 in
the base year; and 𝑌V,𝑝,0 is the productivity of the Vth type of
vegetation in the pixel 𝑝 in the base year.

3. Discussion and Conclusions

In this paper, we introduced the LUCDmodel which is com-
patible with RCMs to provide endogenous underlying surface

for climate modeling. This model is constituted by economic
module, vegetation changemodule, and agent-basedmodule.
The economicmodule calculates the land use change demand
driven by economic activities aiming at maximizing eco-
nomic utility. The vegetation change module evaluates the
probability of vegetation change driven by climate change.
These two modules depict the land surface process under the
condition of rational decision making and ideal circumst-
ances. To couple the economicmodule and vegetation change
module, the AEZ was introduced in the LUCD model. The
agent-based module identifies whether the land use change
demand and vegetation change can be realized under the con-
dition of irrational decision making and multiple vegetation
competition. By introducing the simulation results of the
LUCD model in RCM and applying the simulation results of
RCM in the LUCD model, a coupled simulation system of
land surface system simulation can be established.

In addition to themodeling framework, several suggested
models were introduced and some specific parameter pro-
cessing approaches were explained in detail for the constitu-
tion of the LUCD model. For the economic module, a CGE
modeling framework and the difference between land and
other production factors in CGEmodel were introduced.The
effects of climate change on human activities were also taken
into consideration by establishing production function for
each AEZ. The AEZ model was suggested for the vegetation
change module and two indexes (possibility of vegetation
change and superiority index) were supposed to determine
the climate-induced vegetation change. For the agent-based
module, an example of land use change decision making and
the criterion of vegetation change was provided.

The LUCD model offers a framework integrating human
activities and climate change, rational and irrational decision
makings, and macro- and microdynamic models into the
land use change.Themodel is spatially explicit and has a good
empirical applicability by integrating natural vegetation
change and land use change. By embedding the LUCDmodel
results into RCMs’ climate simulation, regional land use
change and climate change can be iteratively simulated, which
will undoubtedly enhance the understanding of land surface
system dynamics.

To ensure that the output on LUCCof LUCDmodel easily
feeds into RCMs’ simulation, the classification system of
LUCC in the LUCDmodel should be comparable with that of
underlying surface data needed by RCMs. The classification
system determines the choice of driving factors that affect
land use change, vegetation change, and decision making
processes in the LUCD model. In other words, the modeling
approaches of three modules of the LUCD model should be
accordant with specific RCM, which is one of the major rea-
sons by which we keep the LUCC classification flexible in the
LUCD model. The proposed LUCC classification system, by
default in the LUCDmodel, is compatible for most of RCMs.
And the specific parameter processing approaches provided
in this study can also serve as valuable examples even if a new
modeling approach is used in module construction in the
LUCD model.

Both the LUCD and RCMs are grid based, while the grid
scale RCMs used are always much more rough for land use
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change modeling. Though there are more and more re-
searches applying RCM based on high resolution grid data,
the difference in grid scale is still kept as one of themajor chal-
lenges in coupling the LUCD model and RCMs [43–46]. We
suggest introduction of subgrid to solve the grid scale issue.
The LUCC simulation in the LUCDmodel can be based on a
high resolution grid data and the simulation of climate change
in RCMs can be implemented at a low resolution grid scale.

Besides the grid scale issue, the temporal scale difference
is the problem that hinders the seamlessly embedding of the
LUCD model into RCM. The simulation of RCM should be
hourly while that of the LUCDmight be yearly based at least.
The alteration of underlying surface data in RCMs will cer-
tainly result in a sudden variation of simulation results. Con-
sequently, the analysis of hourly climate data exported by
RCMs will make little sense. Therefore, we suggest the sim-
ulation results of RCM be reconciled to monthly or yearly for
analysis. And it is apparent that the simulation results of
RCMs should be reconciled to yearly for the purpose of input
into the LUCD model.
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Climate change caused by land use/cover change (LUCC) is becoming a hot topic in current global change, especially the changes
caused by the grassland degradation. In this paper, based on the baseline underlying surface data of 1993, the predicted underlying
surface data which can be derived through overlaying the grassland degradation information to the map of baseline underlying
surface, and the atmospheric forcing data of RCP6.0 fromCMIP5, climatological changes caused by future grassland changes for the
years 2010–2020 and 2040–2050 with theWeather Research Forecast model (WRF) are simulated.Themodel-based analysis shows
that future grassland degradation will significantly result in regional climate change.The grassland degradation in future could lead
to an increasing trend of temperature in most areas and corresponding change range of the annual average temperature of −0.1∘C–
0.4∘C, and it will cause a decreasing trend of precipitation and corresponding change range of the annual average precipitation of
10mm–50mm. This study identifies lines of evidence for effects of future grassland degradation on regional climate in Mongolia
which provides meaningful decision-making information for the development and strategy plan making in Mongolia.

1. Introduction

During the last millennium, human beings have changed
natural ecosystems, such as converting forest lands and
grasslands into croplands, pastures, and bare soil [1].The land
use and cover changes (LUCC), in which the human activities
play a dominant role, interact with the environment and have
significant effects on the ecosystems at the local, regional,
and global scales and consequently directly or indirectly
exert great influence on the global climate changes [2–5].
Anthropogenic climate changes gradually attracted world-
wide concerns in recent years. The interaction mechanisms
between land surface processes and climatic conditions have
been increasingly investigated and modeled. These LUCC
will continue to exert impacts on the climate in the future.
The conversion from one land use/cover type to another is
more often than an impermanent change. Thus any impact
on the climate due to this change would not be short lived;

rather it would be a long term effect having lasting effects on
the climate [6]. Significant global warming occurred in the
twentieth century and especially in the most recent decades.
Global mean surface air temperature increased with a rate of
0.07∘C per decade from 1906 to 2005 [7]. It seems that the
magnitude of importance of LUCCon future climate can only
be determined by knowing and understanding how certain
land conversions directly impact on climate on regional
scales.

It has long been known that climate change and LUCC
influenced each other.The land use changes caused by human
activities such as deforestation[8–11], grassland degradation
[12, 13], agriculture practice [14, 15], and urbanization [16–18]
all have some influences on the climate [19], while at present
most of the previous researches are aimed at the influences of
climate change on LUCC [20–22]. As to Mongolia, what was
concerned most was the grassland change caused by climate
change, while the studies that focused on the effects of LUCC
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on climate, especially the effect of grassland change on climate
in Mongolia, were not that much, since human activities are
getting more and more active, which made LUCC influence
the climate system at various temporal and spatial scales
[23–25]. For example, the deforestation may lead to the
temperature decrease in the tropic zone, while it may lead to
the regional temperature decrease in the Frigid Zone [26]. It
was turned out that the human activitiesmay account for 90%
of the reasons for the global warming according to the fourth
assessment report of Intergovernmental Panel on Climate
Change (IPCC AR4), and 1/3 of the global CO

2
increase

was caused by land use change since the 1750s. It has been
known that grassland can feed for livestock; at the same time,
it could adjust the ecosystem and the climate system with
its ecosystem service function. So the change of grassland
and its effect on climate system are becoming a significant
and hot issue on global change in recent years. Previous
studies showed that increase of grassland since preindustrial
times has caused an overall warming trend in both mean
and extreme temperatures which is detectable in the observed
temperature changes [27, 28].Thewarming in bothmean and
extreme temperatures due to anthropogenic forcing other
than land use is detected in all cases, whereas the relatively
weak effect of natural climatic forcing is not detected in any
research.

The grassland is an important land use type that plays
an important role in the ecosystem services supply. It is of
great significance to the grassland management to determine
the changing trend of grassland productivity and its response
to climate change [29]. It can be seen that previous studies
are all focused on the effects of LUCC on climate but we
can rarely find the study about the influences of grassland
change on climate especially in Mongolia. Grassland is an
important land cover type, and the change of grassland
area would have a notable influence on the regional climate
change. The impacts of LUCC on climate can be divided
into two major categories: biogeochemical and biogeophys-
ical. Biogeochemical processes can easily affect the regional
climate through changing the chemical composition of the
atmosphere. Biogeophysical processes affect the physical
parameters that determine the amount of solar energy that is
absorbed by the Earth’s surface, as well as how this energy is
distributed at the Earth’s surface. The most important one of
these parameters which is consideredmost often with respect
to climate is albedo. The albedo of a region with high-quality
grassland is lower than that of a desert. Changing the albedo
by converting the land use and cover types, the amount of
energy absorbed would change and reflect out of the region,
and then the local climate would be affected. In addition,
the land use activities also have significant effects on the
characteristics of regional climate system, for example, the
temperature, evapotranspiration, precipitation, atmospheric
pressure, and, especially, the temperature and precipitation
[30, 31]. The recent researches suggest that the LUCC may
affect the extremes in temperature and precipitation [32].
Therefore, in this study, wewill present some lines of evidence
for future grassland change effect on regional climate based
on simulations of precipitation and temperature inMongolia.
And the result would contribute to reasonable utilization

of grassland and provide some theoretical and scientific
support for the development and the strategy plan making in
Mongolia.

2. Case Study Area

Mongolia is located in the middle of Asia with bordering
Russia to the north and the Inner Mongolia region of China
to the south, east, and west. It is the second-largest inland
country all over the world with total area of 1.56 million
km2. And its national territorial area ranks the 18th in the
world. Most of the country’s area is covered by steppes which
accounting for more than 70% of the national area (Figure 1).
Mongolia is located in theMongolian Plateau; its west, north,
and middle are mountainous region; its eastern part is hills
and plains and the southern part is Gobi desert. Mongolia
is far away from the coast and has obvious inland climate
characteristics. There is a large difference of the temperature
daily and in seasons. The winter is cold and long and its
summer is warm and short. According to the dates from
Mongolia Meteorological Administration from 1960 to 2006,
in northern Mongolia, the temperature is relatively low with
annual average temperature of −5∘C or even much lower; in
the southern part of plain the annual average temperature is
4∘C [33].Thehottestmonth is July, the average temperature in
the areas of Altai County, Hangay County, Hövsgöl County,
and Hentiy Nuruu is 10∘C–15∘C. The temperature in Gobi
desert and the eastern plains of Mongolia is more than
20∘C [34]. And average annual precipitation in Mongolia is
200–300mm from 1980 to 2006 [35]. Global warming is a
“natural phenomenon.” There has been a significant increase
in global temperature since 1980s. In the recent 20 years, the
global average temperature has risen by 0.74∘C, while average
temperature of Mongolia rose by 1.5∘C to 2.5∘C, which is two
or three times the world average level [36]. The precipitation
in Mongolia is not too much in the whole year. Storm and
drought are the two main nature disasters for the agriculture
and animal husbandry production.

The pillar industry in Mongolia’s national economy is
always stock farming. And approximately 30% of the pop-
ulation is nomadic or seminomadic. So grassland is quite
important in Mongolia. Revealing the effects of grassland
change on climate is of global importance in such a typical
region. Its grassland is mainly divided into forest grassland,
typical grassland, mountain grassland, desert grassland, and
desert. Since the 1960s, due to overgrazing, herds imbalance,
the excessive use of pastures, and the effects of global warm-
ing, the decrements of species in forest grassland, typical
grassland, mountain grassland, desert grassland, and desert
are 50%, 44.73%, 30.3%, 23.8%, and 26.7%, respectively. The
forage grass of high quality was gradually recessed or replaced
by inferior plants (bushes, shrubs, etc.) [37]. Many species
of plants decreased greatly and forage value declined year
by year. From 1961 to 2006, the rates of pasture production
decline rate in forest grassland, typical grassland, mountain
grassland, desert grassland, and desert are 40.54%, 52.17%,
39.28%, 33.33%, and 39.28%, respectively [33]. The above
studies have shown that the situation of Mongolia’s grassland
degradation is serious and widespread deterioration of the
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Figure 1: Land use and land cover of Mongolia in 1993.

pastures may lead to the increase of carbon dioxide and
other greenhouse gases, thus making the temperature rise
in Mongolia and the temperature rise will also cause the
precipitation redistribution, make natural ecosystem out of
balance, and even threaten the human food supply and living
environment.

3. Data and Methodology

3.1. Underlying Surface Data and Atmospheric Forcing Data.
There are two types of input data in WRF model, the under-
lying surface data and atmospheric forcing data. An advanced
very high resolution radiometer (AVHRR) grid data of 1 km
× 1 km of the United States Geological Survey’s (USGS)
classification system spanning a 12-month period (April
1992–March 1993, henceforth, 1993) was used as the baseline
underlying surface data in this study. And the predicted land
use and cover grid data of 0.5∘ × 0.5∘ from 2010 to 2050
are derived from the database of Representative Concentra-
tion Pathway (RCP) 6.0. This database is developed by the
Asia-Pacific Integrated Model (AIM) modeling team at the
National Institute for Environmental Studies (NIES), Japan.

To investigate the effects of future grassland degradation on
climate, we only used the grassland degradation information
of the database, though change information of all kinds of
land use and cover is available. Supposing that other types
of land use and cover are constant, the new grassland area
pixels derived from the database of RCP 6.0 were overlaid to
the map of baseline underlying surface. Consequently, both
of these two major underlying surface data were transformed
to grid data of 50 km × 50 km by resampling. The fifth phase
of the Coupled Model Intercomparison Project (CMIP5)
produces a state-of-the-art multimodel dataset designed to
advance our knowledge of climate variability and climate
change. It provides projections of future climate change on
two time scales, near term and long term. Model output
of the latter of RCP 6.0 such as air temperature, specific
humidity, sea level pressure, eastward wind, northward wind,
and geopotential height from 2010 to 2050 was used as the
atmospheric forcing dataset of WRF model.

3.2. Weather Research Forecast (WRF) Model. The WRF
model is a state-of-the-art atmospheric simulation system



4 Advances in Meteorology

based on the Fifth-Generation Penn State/NCAR Mesoscale
Model (MM5) and assimilation system was developed by
some scientists and was used in many different institutes
[38], such as the National Center for Atmospheric Research
(NCAR) and the Air Force Weather Agency (AFWA). They
thought that the WRF project would be a multi-institutional
effort to develop an advanced mesoscale forecast and data
assimilation system that would be accurate, efficient, and
scalable across a range of scales and over a host of computer
platforms. A lot of previous researches have showed that the
WRF is a good model to simulate the climate change in
future and it has been widely used all over the world [39, 40].
Two dynamical core versions of WRF were developed in the
process of application, the Advanced Research WRF (ARW),
and the WRF-NMM (NMM). The former one was used
to investigate the change of temperature and precipitation
driven by future degradation of grassland in this study.

3.3. Experimental Design. The WRF model based on the
Eulerian mass solver was used to investigate the tempera-
ture and precipitation changes driven by future grassland
degradation in this study. Two sets of tests (control test
and simulated test) were designed; the baseline underlying
surface and predicted underlying surface were used in the
above two tests, respectively. Simulation from 2010 to 2050
with a constant underlying surface (the pattern of grassland
as well as other land use and cover types in the study area
is fixed to that of 1993, namely, baseline underlying surface)
was implemented first, whose results are regarded as baseline.
Then supposing other types of land use and cover constant,
the new grassland area pixels derived from the database of
RCP 6.0 were overlaid to the map of baseline underlying
surface; finally the predicted underlying surfaces of 2010 and
2040 were obtained. Consequently, two major underlying
surface data, baseline underlying surface data directly derived
from AVHRR data of 1993 and predicted underlying surface
data by overlaying the grassland degradation information
to the map of baseline underlying surface, were obtained.
The effects of future grassland degradation on climate can
be measured by the difference of the simulated results
with predicted underlying surface and baseline underlying
surface. Consider the following:

𝑅
𝑖
= 𝐶
𝑖
− 𝑆
𝑖
, (1)

where 𝑅 is the effects of future grassland degradation on
climate, 𝑖 refers to average of annual and monthly temper-
atures and average of annual and monthly precipitations,
and 𝐶 and 𝑆 are the simulated results of WRF model
with predicted underlying surface and baseline underlying
surface, respectively.

4. Results

The average effects of grassland degradation on temperature
and precipitation for each period of 2010–2020 and 2040–
2050 were simulated. In the simulation of two periods, the
baseline underlying surface data and predicted underlying
surface data were used. Concretely, the temperature and
precipitation of each period of 2010–2020 and 2040–2050

with baseline underlying surface were obtained first. And
then the simulation of temperature and precipitation of two
periods of 2010–2020 and 2040–2050 were continuously
implemented by using the predicted underlying surface of
2010, 2040, respectively. As described above, the effects of
future grassland degradation on climate were measured by
the difference of the simulated results with baseline and
predicted underlying surfaces, which can also reduce the
simulated bias induced by discontinuous simulation. The
original simulated results were hourly and aggregated into
average annual data and average monthly data.

4.1. Effects on the Annual Average Temperature. Thegrassland
is an important land use type that plays an important role
in the ecosystem services supply in China. It is of great
significance to the grassland management to determine the
changing trend of grassland productivity and its response to
climate change. The simulated results show that there would
be an upward trend of annual average temperature with
an increment of 0.1∘C–0.3∘C during 2010–2020 (Figure 2).
In addition, the simulated results indicate that the annual
average temperature shows a trend of fluctuation; the effects
on temperature decrease gradually from west to east and
climb up first then decline step by step from north to south.
The annual average temperature changes significantly in the
northwest of Mongolia in which grassland distributes the
most; the temperature increased by 0.3∘Candwas higher than
other regions. Besides, in a small area near the sea in the
northeast, the temperature shows a trend of decline; it fell by
0.1∘Capproximately. At the same time,we found that the areas
which experience the most serious grassland degradation
are mainly distributed in Alli county, Ada Chad’s county,
and Altay city. Meanwhile the change of annual average
temperature of these areas happens to be the most obvious; it
indicates that the grassland degradation has a great influence
on the local temperature change in Mongolia.

It fully illustrates that grassland plays an important role
in regulating temperature. In order to predict the trend of
future temperature in Mongolia, we use the same method to
simulate the effects of grassland degradation on the average
annual temperature from 2040 to 2050; the simulated result
showed that there would be a upward trend of annual average
temperature with an increment of 0.1–0.4∘C during 2040–
2050 (Figure 3).The effects of temperature decrease gradually
from west to east and climb up first then decline step by step
from north to south. Compared with the simulated result of
2010–2020, it can be seen clearly fromFigure 3 that the annual
average temperature rising areas increased significantly and
the areas are mainly concentrated in northwestern and
central regions ofMongolia; the rising of annual average tem-
perature was about 0.1∘C. Besides, the temperature decreases
by about 0.1∘C in some areas of southwestern and eastern
regions of Mongolia. In summary, as a grassland dominated
country, grassland plays an important role in regulating the
climate; the impacts of future grassland changes on climate
should be concerned highly in Mongolia.

4.2. Effects on the Annual Average Precipitation. The degra-
dation of grassland leads to significant change of the spatial
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Figure 2: Effects of future grassland degradation on average annual temperature between years 2010 and 2020 (measured in degree Celsius)
in Mongolia.
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Figure 3: Effects of future grassland degradation on average annual temperature between years 2040 and 2050 (measured in degree Celsius)
in Mongolia.

pattern of the annual average precipitation in Mongolia. The
simulated result during 2010–2020 indicates that the degrada-
tion of grassland will make the annual average precipitation
in the northwestern and eastern parts of Mongolia decrease
by more than 40mm (Figure 4). Besides, the annual average
precipitation in the central part ofMongoliawill also decrease

by more than 20mm. However, the degradation of grassland
will make the overall annual average precipitation in the
simulated area decrease by 25mm.

In comparison, the simulated results during 2040–2050
indicated that the overall effects of the grassland degradation
on the annual average precipitation are as significant as
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Figure 4: Effects of future grassland degradation on average annual precipitation between years 2010 and 2020 (measured in millimeters) in
Mongolia.

those during 2010–2020. The grassland degradation will
make the annual average precipitation decrease by 15mm
to 50mm; in most parts of Mongolia, there has been a
decrease in the tendency of annual average precipitation from
the eastern and western to the central areas; the minimum
average annual precipitation is 15mm (Figure 5). The most
obvious decrease of annual average precipitation occurs at
the northwestern and eastern parts of Mongolia, but in the
central part the change is relatively slow. According to the
grassland distribution ofMongolia in 2010, the areas in which
the annual average precipitation changes the most happen to
be the grassland degradation areas it shows that the expansion
and degradation of the grassland; have a significant impact on
the local precipitation.

4.3. Effects on the Monthly Average Temperature and Precipi-
tation. The effects of grassland degradation on the monthly
average temperature vary from month to month during
2010–2020 and 2040–2050. The simulated result indicated
that the overall trends of the monthly average temperature
in the above two periods are basically the same and have
the obvious seasonal characteristics. Grassland degradation
has a significant impact on the temperature in Mongolia;
the change range of monthly average temperature is 0.025–
0.075∘C; compared to the baseline data of 2010 and 2040, the
monthly average temperature increases continually, and the
rate of change increases first then decreases; the maximum
change of monthly average temperature appears in July with
0.075∘C, the minimum change of the average temperature
occurs in December and January, and the change range is
between 0.025 to 0.03∘C (Figure 6). The simulated result
about monthly average temperature further confirmed the

above results; grassland degradation would lead to higher
temperature, and the more serious the degradation is the
greater the temperature rising is.

The areas of cropland in Mongolia is large, owning to
the drought; in the recent 10 years, there has been a sharp
decrease of cropland areas from 1.3 million hectares to 0.9
million hectares in the 1990s. So the effects of degradation on
the monthly average precipitation are more significant than
that on themonthly average temperature. Overall, the change
trends of themonthly average precipitation during 2010–2020
and 2040–2050 are basically the same and have the seasonal
variation phenomenon; the simulated results show that the
precipitation in summer is significantly higher than in winter
and the range of monthly average precipitation variation
is −3mm to 5mm (Figure 7); it can be seen clearly that
precipitation change is obvious in June-August; the monthly
average precipitation in the three months is 3–5mm higher
than the baseline year, but in the other months the monthly
average precipitation is lower than the baseline. It illustrates
that grassland degradation has direct and indirect impact
on the precipitation, which is directly related to the local
agricultural production and income.

5. Conclusion and Discussion

This study analyzed the interaction effects between the
grassland degradation and the climate change on the basis
of the WRF model at the national levels and assessed the
effects of grassland degradation on the annual and monthly
average temperature and precipitation in Mongolia. Despite
some limitations due to the spatial resolution of the data and
long simulation time, the data are still helpful in assessing
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the impacts of the grassland degradation on the climate
change.The results indicate that grassland degradation has an
obvious effect on the regional temperature and precipitation
in the next 40 years in Mongolia and the effects have spatial
and temporal heterogeneity. Annual average temperature and
precipitation change significantly from April to September;
the maximum change is in July. The comparison between
the simulated test and control test showed that, under the
condition of grassland degradation, the areas in which the
annual average temperature change obviously are mainly
concentrated in the northwest, southeast, and middle-east
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Figure 7: Effects of future grassland degradation on average
monthly precipitation during two decades (measured in millime-
ters) in Mongolia.

of Mongolia, the annual average temperature change is
approximately −0.1∘C–0.4∘C. In about 70% of areas in Mon-
golia; the annual average temperature change is 0.1∘C–0.3∘C.
Besides, annual average precipitation change in Mongolia
has obviously regional and seasonal characteristics. Overall,
there has been a falling trend of average annual precipitation
change in most regions of Mongolia; the most significant
changes are in July and August, and change values are 30–
50mm. According to the analysis of the monthly average
temperature and precipitation, the comparison between the
simulated test and control test showed that in July andAugust
the monthly average temperature rose most obviously; the
change value is 0.06∘C–0.075∘C. In winter the temperature
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rose relatively slow,with change value of about 0.02∘C-0.03∘C.
The most obvious change of monthly average precipitation is
from April to September; the change value is 2–5mm.

The impact of grassland degradation on the climate
change ought to be comprehensive; in this study we only
consider the impact of grassland degradation on tempera-
tures and precipitation, while, without report on the energy
balance, circulation, monsoon, and other climate factors,
this may lead to incomprehensive analysis of the impacts.
And there are still some shortages in this study. Firstly, the
climate effect could be caused by some other factors except
for grassland degeneration, such as solar activity and other
human activities, while only the grassland degeneration has
been taken into account in this study, so more factors could
be included in further research. Secondly, some uncertainties
exist in the simulated test.The uncertainness may come from
data, parameterization, andWRFmodel itself. So there is still
further work to do in order to get more accurate results in the
future research.
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Scenario analysis and dynamic prediction of land use structure which involve many driving factors are helpful to investigate the
mechanism of land use changes and even to optimize land use allocation for sustainable development. In this study, land use
structure changes during 1988–2010 in North China Plain were discerned and the effects of various natural and socioeconomic
driving factors on land use structure changes were quantitatively analyzed based on an econometric model. The key drivers of land
use structure changes in the model are county-level net returns of land resource. In this research, we modified the net returns of
each land use type for three scenarios, including business as usual (BAU) scenario, rapid economic growth (REG) scenario, and
coordinated environmental sustainability (CES) scenario.The simulation results showed that, under different scenarios, future land
use structures were different due to the competition among various land use types. The land use structure changes in North China
Plain in the 40-year future will experience a transfer from cultivated land to built-up area, an increase of forestry, and decrease of
grassland. The research will provide some significant references for land use management and planning in the study area.

1. Introduction

Land use change, as the direct cause and response of regional
environment change, has always been one of the core topics
of global change research [1]. It is difficult to analyze the
relationship between land use and climate change clearly.
On the one hand, climate change should exert impacts on
the production of cultivated land, forestry, grassland, and
so forth. For example, agricultural yields can be directly
affected by climate change through changing temperature and
precipitation, the distribution of pests, and the frequency of
forest fires, and the markets can also be affected by climate
change [2]. Moreover, in recent years, there have been a
number of literature-analyzed effects of climate change on
agricultural production, with the help of some models [3, 4].
From these pieces of literature, we can learn that hedonic
price models are widely used to estimate the relationship
between county-level farmland values and climate variables

such as temperature and precipitation.These models are then
used to simulate the effects of climate change on the value
of agricultural production [5]. Even so, some researchers
think that it is unreasonable to use mean temperature in the
analysis of climate change impacts on agriculture [6]. They
find that the grain output has a good positive correlation
with temperature but then falls quickly as temperature
increases above a certain threshold. Other studies support
these findings for global timber productivity [7, 8]. In most
regions, crops are sensitive to climate change [9, 10]. Usually,
global warming will accelerate the crop development, alter
the growing season, and enhance themaintenance respiration
[11], while, as to animal husbandry development, global
warming would lead to grassland degradation, which would
reduce the amount of livestock grazing and then decrease the
output of livestock production. Meanwhile, livestock grazing
might promote the CO

2
emissions [12–14]. According to the

researches mentioned above, climate change will affect the
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Figure 1: Location and land use structure of the North China Plain.

agriculture, forestry, animal husbandry production, and so
forth; then, the demand for products of different land use
types can result in new balance of the supply of and demand
for land and further lead to land use structure changes. On
the other hand, most of experts think that the climate system
should take account of land use; that is, land use/cover change
plays an important role in climate change; for example,
afforestation and reforestation can reduce atmospheric CO

2

concentrations, thus, to mitigate the emission of greenhouse
gas, and deforestation can result in temperature rising and
precipitation decreasing in some regions [15]. Then, through
the connection of climate change, we can figure out that the
land use structure has relationships with climate change.

Research on land use structure changes needs to identify
the driving factors from a systemic perspective and choose an
appropriate model as a tool to reflect the changes to spatial
distribution on a certain scale [16]. At present, there have
been some achievements in applying economic models and
empirical statistical methods for analyzing the driving forces
of the land use structure changes, and the simulation about
land structure change has a tendency of regionalization and
of being microcosmic, while there is much more room for
improvement in many links of such simulation researches
[17]. For example, quite a lot of case studies just simulated the
changes of one or several types of land use and seldom com-
prehensively simulated macroscopic structural changes of all
land use types from a systemic perspective [18]. The change
of land use structure is a dynamic process, which should
be based on regional socioeconomic development chara-
cteristics, cultural traditions, natural conditions, the previous
trend of land use structure changes, and other factors to
acquire valuable simulation results for decision. And it is
helpful to make the forecast and evaluation results more

science oriented and rational by simulating regional land use
structure changes under different scenarios.

The North China Plain is located in 32–40∘30N, 113–
120∘30E (Figure 1), which belongs to the warm temperate
zone, with the flat terrain, deep soil layer, and peaks and vall-
eys of rainfall and heat in the same period. It covers seven
provinces and cities, including Hebei, Henan, Shandong,
Jiangsu, Anhui, Beijing, and Tianjin (containing 387 coun-
ties), and has an area of 33.4 million hectares, among which
the area of land is 21million hectares, and it is the largest plain
in China [19]. The region with convenient transportation,
developed industries, and sufficient labor is one of the
most important agricultural regions, and its agricultural
production has a great potential for development. The North
China Plain is a region that was earlier developed and was
greatly influenced by human activities, and it is also one of
economically developed regions in China. The distribution
of towns and cities is relatively intensive in the North China
Plain; in addition to Beijing and Tianjin there are also more
than 20 cities with a population of more than one million. In
the North China Plain, the grain output accounts for 18.4% of
total national output; the output of cotton accounts for 40%
of total national output; and the output of oil-bearing crops
also accounts for a large proportion in China.

In 2006, theGDPper capita (GDPPC) in theNorthChina
Plain reached 19224.27 Yuan. According to the experience of
industrialization and urbanization in the developed countries
and districts, the urbanization development of the North
China Plain has entered into the period of cluster develop-
ment and the later period of industrialization development.
Since the North China Plain is located in a vast plain area and
the land use types are relatively unitary, the core problem of
land use lies in the contradiction between the cultivated land
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Table 1: Land use structure of the North China Plain in various years (unit: ten thousand hectares).

Land use type 1988 1995 2000 2005 2010 Change rate during 1988–2010 (%)
Cultivated land 2448.81 2410.86 2402.01 2372.28 2346.51 −4.18
Forestry 467.01 472.01 470.82 471.05 471.48 0.96
Grassland 375.12 363.34 363.48 356.25 355.51 −5.23
Water area 310.09 312.74 315.28 317.84 321.02 3.53
Built-up area 1137.88 1187.64 1197.93 1237.09 1263.32 11.02
Unused land 40.20 32.50 29.58 24.59 21.25 −47.12
Change rate during (𝑅) 1988–2010 is calculated based on following formula: 𝑅 = (𝐵 − 𝐴)/𝐴 ∗ 100%; 𝐴 represents the area of each type of land in 1988, and 𝐵
represents the area of each type of land in 2010.

protection and nonagricultural construction land [16]. The
North China Plain is one of the important commodity grain
bases in China, while its built-up area’s expansion has taken
up a large amount of high quality cultivated land resources,
which poses threat to regional and national food security and
ecological environment.

In the North China Plain, most researches focused on the
impact of climate change on cultivated land. There are few
researches of the responsemechanismon grassland and built-
up area, and only a few studies have explored the combined
effects of climate change on the agricultural and forestry
sectors. The North China Plain is China’s traditional and
important agricultural production base, and it is also a region
where the population grows rapidly; economy and urban-
ization develop rapidly with obvious land use conversion,
especially the transfer between cultivated land and nonagri-
cultural land use [20]. Therefore, in this study, we selected
the North China Plain as case study area to analyze the
future land use structure changes under different scenarios.
And based on an econometric model, we analyzed the effect
of natural conditions (climate factors such as precipitation,
temperature, etc.) and socioeconomic factors on land use
structure changes. This study can provide reference for the
decision making of the local land use planning, urbanization
management, and land use management.

2. Data

2.1. Data. In this study, the information about land use stru-
cture and its changes was derived from the remote sensing
images of the North China Plain in years 1988, 1955, 2000,
2005, and 2010 though the man-computer interactive inter-
pretation (Table 1). And the information can be used as the
basic data for analyzing the driving mechanism of land use
structure changes.

According to the statistics in Table 1, in the North China
Plain, cultivated land accounts for the largest share about
50%, and built-up area, forestry, water area, and grassland
overall occupy a certain proportion, which guaranteed the
development of local farming, forestry, animal husbandry,
side-line production, and fishery. From 1988 to 2010, there
had been some changes in the macrostructure of land use;
cultivated land and grassland decreased by 4.18% and 5.23%,
respectively. And along with the development of economy
and expansion of urbanization, the built-up area increased
by 11.02% from 1988 to 2010. In addition, the change trends

of each land use type during 1988–2010 are also not the same;
cultivated and unused land always showed a trend of decre-
ase, while water area and built-up area showed a continual
trend of increase. The forestry overall increased with inter-
val decrease from 1995 to 2000, and the grassland overall
decreased with a slight interval increase from 1995 to 2000.

Moreover, the data used in this study include the basic
geographic information data, socioeconomic data, and cli-
mate data that can affect land use structure changes.The basic
geographic information data mainly include remote sensing
data and biological geographical elements data. And the land
use data and climate information are uniformly rasterized
into 1 km × 1 km grid cell. The land use data mainly come
from remote sensing images interpretation during 1988–2010
[21], and then the information of interpreted raster data can
be extracted from county level. And thus we derived the
geographical elements information of each county, including
temperature, precipitation. The concrete operations of data
aremainly based onArcgis9.3 and Stata10.0 platform, and the
data eventually were prepared in the form of panel data for
analyses [17].

In this study the socioeconomic data and climate data
of 378 counties in the North China Plain were collected in
1988, 1995, 2000, 2005, and 2010 (Table 2). However, the land
use data is of spatial data type. To make the land use data
match with the statistic data of socioeconomic factors, the
land use data should be aggregated into county level. And
in order to increase the sample space, improve the degree
of freedom, provide individual information, and make the
estimated results more accurate, the data mentioned above
were prepared into the format of panel data which integrated
the cross-sectional data and the time-series data.

2.2. Scenarios. In this study, the basic settings of parameters
for future scenarios are as follows: the average annual growth
rate of annual per capita income is 7%; the population in
China should increase to 1.36, 1.45, and 1.5 billion in 2010,
2020, and 2050, respectively. The data are derived from the
forecast of National Planning and Chinese Academy of Social
Sciences.

In this research, through investigating the rule of macro-
scopic land use structure changes during the past 20 years
in the North China Plain, three scenarios were designed,
namely, business as usual scenario (BAU), rapid economic
growth scenario (REG), and coordinated environmental
sustainability scenario (CES). The land use structure changes



4 Advances in Meteorology

Table 2: Descriptive statistics of main variables at county level.

Variable Obs Mean Std. Dev. Min Max
Population 1633 614909.90 421749.10 63245 6600841
Annual per capita income (Yuan) 1366 1959.64 2414.40 823 46739
Total grain output (T) 1392 294692.9 207261.60 0 2231531
Price index of agricultural products 1935 104.12 3.30 101.30 108.40
Price index of forestry products 1935 105.20 1.98 102.30 108.50
Price index of animal husbandry products 1935 111.62 7.92 100.50 123.90
NPP (net primary productivity) (gc/m2

⋅y) 1933 352.66 85.39 143.74 827.50
Annual average precipitation (mm) 1930 688.14 208.84 257.44 1562.09
Annual average temperature (∘C) 1930 13.57 1.46 3.23 16.28
Land quality (dummy variable) 1915 499.58 142.50 54.00 868.07
The observations are different because of the data availability in several counties (387 counties ∗ 5 periods).

Table 3: Regional trends in population and annual percapita income
in the North China Plain assumed for the BAU, REG, and CES
scenarios.

Scenario Year
2010 2020 2030 2040 2050

Population (Hundred million people)
BAU 2.48 2.51 2.54 2.57 2.6
REG 2.54 2.69 2.64 2.63 2.64
CES 2.42 2.52 2.45 2.35 2.33

Annual per capita income (Yuan)
BAU 3375.6 4537.8 5873.6 6974.3 7825.4
REG 3407.9 4769.8 6200.7 7443.3 8930.7
CES 3442.4 4625.4 5921.4 7220.5 8378.5

Note: the annual per capita income was calculated and adjusted based on the
consumer-price index of year 2000 to eliminate the effect of inflation.

of the North China Plain during 2010–2050 are simulated
under the three different scenarios.These scenarios are story-
lines that represent different future developments regarding
population growth, economic growth, and environmental
sustainability (Table 3). We adopted the population and
income assumptions of the three scenarios to develop asso-
ciated projections of built-up area returns. We modified
agricultural returns with projections of agricultural prices
produced for each of these scenarios. Finally, we incorporated
agricultural and forest yield changes into the scenarios. From
2010 to 2050, population and annual per capita income
increase gradually and the population growth rate in the REG
is the highest and about 1.3% higher than that in the CES
scenarios. The REG scenario has higher annual per capita
income, which is 24% higher than that in the CES scenario
in 2050.

BAU Scenario was designed according to the socioeco-
nomic conditions and the local development plan of the
North China Plain, which can comprehensively and objec-
tively reflect real conditions of local production activities and
economic development.

REG Scenario and CES Scenario were designed with
different conditions of economic development and ecolog-
ical environmental sustainability to simulate the land use
structure changes at county level. This study intends to

Table 4: National agricultural price indexes under the BAU, REG,
and CES scenarios.

Scenario Year
2000 2010 2020 2030 2040 2050

BAU 100 108 136.5 180.7 228.4 250.8
REG 100 109.7 147.4 188.7 230.1 267
CES 100 108.6 149 190.6 237.2 274.6

simulate the land use structure changes, respectively, under
different scenarios, among which the REG scenario is giving
priority to economic development and the CES scenario
is giving priority to ecological environmental sustainability
and further provides reference for regional-level land use
exploitation, planning, and management.

Most agricultural commodities are traded internationally.
And, therefore, itmakes sense to focus on how climate change
will affect global agricultural prices; thus, this study applied
the basic linked system (BLS), a computable general equilib-
riummodel that represents all of themajor economic sectors,
including agriculture, together with the agroecological zones
(AEZ) model, which can assess the effects of climate change
on agricultural systems to analyze the impact of climate
change. The regional price indexes of all crops in the three
scenarios are shown in Table 4. From the national point of
view, the area of cultivated land will decrease year by year,
the future mode of agricultural production will gradually
transfer from cultivated land to grassland, and increase of
built-up area will not bring small impact on cultivated land,
so the national and regional agricultural price index is rising
constantly in the future (Table 4). The national agricultural
price index has obvious rising trend year by year, and it is
significantly higher under the REG and CES scenarios than
that under the BAU scenario, which means that in order to
guarantee the rapid economic growth and the sustainable
development of ecological environment, it will inevitably lead
to the changes of land use structure and further affect the
changes of industrial structure and product price.

3. Methodology
As to the methods used to project land use structure under
the BAU, REG, and CES scenarios, in the first subsection, we
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discuss the land-use simulationmodel.The key driver of land
use structure changes in the projection model is county-level
net profits of cultivated land, grassland, forestry, and built-
up area. These variables are modified in the three scenarios
according to assumed changes in population and annual per
capita income and to predicted changes in regional agric-
ultural prices, NPP, and forest carbon. And in the subsequent
subsections, we discuss how these projections are scaled
down to the county level and linked to the net profits.

3.1. Land-Use Simulation Model. In this study, based on the
econometric model that Haim et al. used to study the rela-
tionship between climate change and future land use changes
in US, the land-use simulation model is developed through
adjusting the variables that affect the net profit of each land
use type [2]. In the model, the change of the overall land
system with various land use types can be simulated, and it
allows transfers of different land use types.This study applied
the historical data of the North China Plain to estimate the
land owners’ response to economic benefits and furthermake
decisions on land use allocation. The county-level net profits
of cultivated land, forestry, grassland, and built-up area are
regarded as the main driving factors of land use structure
changes, and the net profits are calculated synthetically based
on population, annual per capita income, agricultural prices,
NPP, and so forth. Climate change can indirectly affect the
net profits through causing the change of some factors, and
according to the principle of maximum benefits, it will affect
land use allocation.

In this model, the area of each land use type is the depe-
ndent variable, and the net profit and quality of each land
use type are independent variables. The net profit variables
provide the link between different land use types, which can
be described in detail as follows.

The general equation for the net profit in county 𝑐 is as

NP
𝑚𝑐
= ∑

𝑚

𝜔
𝑚𝑐
𝑝
𝑚𝑐
𝑞
𝑚𝑐
−∑

𝑚

𝜔
𝑚𝑐
𝑐
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where 𝜔
𝑚𝑐

is the net profits for commodity type𝑚 in county
𝑐, 𝑝
𝑚𝑐

is the per-unit price for commodity type 𝑚 in county
𝑐, 𝑞
𝑚𝑐

is the per-acre average yield of commodity type 𝑚
in county 𝑐, and 𝑐

𝑚𝑐
is the per-hectare cost of producing

commodity type 𝑚 in county 𝑐. Thus, the net profits of
different land use types can be calculated as the income of
all the products minus the cost.

In themodel, it is assumed that the land owners’ expected
values of the net profits of land are fixed, and they would
change the land use type in order to get the maximum net
profits. The net profits include deterministic and stochastic
components; the deterministic components include county-
level net profits, land quality, and interaction between the
two variables, and the stochastic components are estimated
through the nested logit model according to the distribution
hypothesis [20]. In this study, four main types of land use are
taken into consideration, which are cultivated land, forestry,
grassland, and built-up area. The probabilities of the transfer
of different types of land use can be calculated based on the
econometric model shown in (2), in which the independent

variables and estimated parameters are incorporated to cal-
culate the probabilities:
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where 𝑃𝑡
𝑖𝑗𝑘

is the probability that the land use type 𝑗 will be
transferred to land use type 𝑘 in region 𝑖 during the research
period, 𝜀

𝑗𝑘
is the vector of estimated parameters, and 𝐿𝑄

𝑖
is

the dummy variable that indicates land quality of region 𝑖.
Scenario simulations are performed at county level, con-

sidering year 1988 as the baseline, and, for simplicity, years
1988, 1995, 2000, 2005, and 2010 are noted as 𝑡 = 0, 1, 2, 3, 4,

𝑆
𝑡+1

𝑖𝑗𝑘
= ∑

𝑘

𝑃
𝑡

𝑖𝑗𝑘
⋅ 𝑆
𝑖𝑘𝑡
, (3)

where 𝑆𝑡
𝑖𝑘
is the area of land use type 𝑗 in region 𝑖 at time 𝑡, and

we can get the sequence of transfer probabilities with (2), and
then future land use allocation can be calculated. The land
use structure changes from time 𝑡 to time 𝑡 + 1 indicate the
change of supply of land products and services and further
indicate the change of net profits and prices of all land use
types. In this study, the prices of land products of cultivated
land, forestry, grassland, and built-up land are regarded as
exogenous variables.

As the area of each type of land use (𝑆
𝑖𝑗0
) in baseline year

was known, the land use structure changes till 2050 can be
simulated based on (3). The transfer probability 𝑃𝑡

𝑖𝑘𝑗
can be

derived from (2), and 𝑃𝑡
𝑖𝑘𝑗

is a function of county-level net
profit.Thus, once we get the county-level net profit, the future
land use structure changes can be simulated.

3.2. Estimation of Net Profits

Net Profit of Built-Up Area. According to the standard urban
land rent theory, population and income growth are the two
main determinants of the value of urban land [18]. Based
on statistical model using county-level panel data, the net
profit of built-up area as the dependent variable can be linked
with the population and income as independent variables
at county level. And according to the theory, population
and annual per capita income are positively correlated with
the built-up area value. High annual per capita income
increases the demand for housing and high population
growth increases the price of habitable land. So, we can
choose population and annual per capita income as two
indicators to simulate and predicate the future net profit of
built-up area.

Net Profit of Cultivated Land. According to (1), using the
price index of agricultural products 𝑃

𝑚𝑐
released by National

Bureau of Statistics, the net profit of cultivated land can be
calculated. Considering the condition of marked economy
in China, it is reasonable to apply the nation price index to
county-level estimation, and it is the same to the county-
level price index of forestry products and animal husbandry
products.

Net Profits of Forestry and Grassland. Based on the MAPSS
model, it was assumed that the changes of forestry products
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and animal husbandry products were positively correlated
with NPP.Through optimal management measures, the NPP
of forestry and grassland can reach the maximum value. And
the NPP was calculated based on leaf area index (LAI) and
normalized difference vegetation index (NDVI).

3.3. Validation of theModel. In order to validate the accuracy
of the model, that is, to verify whether the simulation results
can meet with the actual situation of land use, based on the
historic data of land use, we do the validation as follows.
Based on the model and actual land use data in 2005, we
simulate the land use structure in 2010, then calculate the
deviance between the actual landuse structure in 2010 and the
simulated land use structure, and thus measure the accuracy
of the model, as shown in

𝐷
𝑖,𝑡
=

�̂�
𝑖,𝑡
− 𝑌
𝑖,𝑡

𝑌
𝑖,𝑡

× 100%, (4)

where𝐷
𝑖,𝑡
is the area deviance of land use type 𝑖 at time 𝑡, �̂�

𝑖,𝑡

is the simulated area of land use type 𝑖 at time 𝑡, and Y
𝑖,𝑡
is the

actual area of land use type 𝑖 at time 𝑡.
Thevalidation results showed that the deviance of forestry

and grassland was ±4% and ±3% respectively. While culti-
vated land and built-up area account for larger shares, the
deviance of them is relatively high, but the overall deviance
was still controlled within 8%. Thus, the model can be
regarded as robust and can be used to simulate the future land
use.

4. Results

In this study, we established the county-level net return
models of cultivated land, forestry, grassland, and built-up
area. And various factors that have effects on the net returns
were synthetically incorporated into the basic land use
structure changemodel.Through the analysis of the historical
data, land use structure change model can quantitatively
determine the effect degrees of various factors on the land use
structure changes. Then, as to the simulation of future land
use structure, based on the effect degrees of the factors, such
as population, annual per capita income, and price index,
the future land use structure changes can be simulated under
different scenarios.

The macroscopic change of the land use structure during
2010–2050 was simulated under different scenarios, with the
water area and unused land integrated into other lands since
it is difficult to evaluate them. As to the simulation of land
use scenarios, integrating all the factors that can affect the
net returns, according to the assumption of the changes of
population and annual per capita income, expected agricul-
tural prices, and grassland production, the future land use
structure changes can be simulated from 2010 to 2050.

Under the BAU scenario (Figure 2), cultivated land and
built-up area are still the main land use types, but cultivated
land tends to decrease year by year, and built-up area tends
to increase year by year, which is the inevitable requirement
of economic development. By 2050, the cultivated land still
accounts for the largest proportion. The forestry generally
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Figure 2: Structure changes of land use under BAU scenario.
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Figure 3: Structure changes of land use under REG scenario.

shows a growing trend; the grassland overall shows a trend of
decrease; the change of both of land use types is not obvious;
and the amount of forestry and grassland is relatively stable.

Under the REG scenario (Figure 3), during 2010–2050,
the area of cultivated land decrease, from 2400 ten thousand
hectares to 1500 ten thousand hectares, reducing by 37.5%.
However, there has been a rapid growth in built-up area, the
area of which increases from 1250 ten thousand hectares to
2000 ten thousand hectares. The growth rate of built-up area
is much higher than that under the BAU scenario (Figure 2)
and CES scenario (Figure 4). However, the area of forestry
shows a trend of fluctuations with slow increase and the area
of grassland decreases year by year with small amplitude.

Under the CES scenario, we give priority to the protection
of development of ecological environmental sustainability.
According to the simulation results, the area of cultivated
land decreases significantly, while the area of built-up area
and woodland area increases year by year, and the area of
grassland also shows a trend of decrease, but the trend is
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Figure 4: Structure changes of land use under CES scenario.

not obvious. The decreasing trend of cultivated land and the
expansion trendof built-up area can reach stable balance until
2050, and the area of the forestry continues to increase to
maintain the sustainable development of ecological environ-
ment.

In general, with the improvement of economic growth
rate, the built-up area is increasing year by year, and the
decrement rate of cultivated land is also increasing. Under the
REGandCES scenarios, the proportion of built-up area in the
land system is more than that of the cultivated land by 2050.
Andunder the three different economic growth scenarios, the
forestry overall shows a trend of increase, and the growth rate
of forestry speeds up as economic growth speeds up. And the
grassland overall shows a trend of decrease under the three
scenarios.

5. Conclusions

The North China Plain is one of the agricultural produc-
tion bases in China, which is in the important period of
increasing population, developing economy, and accelerating
urbanization process. In this paper, we applied economet-
ric model to analyze the mechanism of county-level land
use structure changes, then simulated the changes of land
use structure from 2010 to 2050 under three scenarios,
quantitatively revealed the relationship between the land
use structure changes and the driving factors, and realized
the simulation and scenario analysis on structural changes
of land use. This relatively sophisticated county-level land
use structure changes simulation method can be applied in
other regions, and the conclusions can provide reference for
decisionmaking of regional-level land exploitation, planning,
and management.

First, comparing the simulation results of future land use
structure changes in the North China Plain of BAU, REG,
and CES scenarios, the competition laws among land use
types under the synthesized effects of various driving factors
can be analyzed. Under the BAU scenario, each type of land

experience expansion and shrinkage to some extent over
time, among which, the cultivated land has an obvious trend
of decrease and the built-up area has an obvious trend of
increase. And under the REG and CES scenarios, since the
economic growth rates are different, the extents of expansion
and shrinkage of different land use types are also different.

Second, the built-up land overall shows a trend of increase
under the three scenarios, with its area increasing from
1260 ten thousand hectares in 2010 to 1500 ten thousand
hectares, 1910 ten thousand hectares, and 1820 ten thousand
hectares in 2050 under the BAU, REG, and CES scenarios,
respectively. Under the REG scenario, the significant increase
of the built-up land reflects that the rapid economic growth
can lead to the increase in net return of built-up area and
it is important to note that the growth rate of built-up area
may be overestimated since the endogenous driving factor
urbanization is not taken into consideration. There has been
a view that, with the expansion of built-up area, the net
return of built-up areawill decline, thus, to limit the continual
expansion of built-up area. In addition, the increase in the
net return of built-up area could lead to the increase of urban
housing density and further affect land use structure, while
the housing factor is also not taken into consideration in
this model. Thus, the absence of these factors may limit the
accuracy of the simulation results of land use structure in
these models.

Third, the structural change trends of land use under
the three scenarios are relatively consistent, with cultivated
land showing a trend of decrease and built-up area showing
a trend of increase. It indicates that urbanization in the
North China Plain is one of the main driving factors of land
use structure changes. According to the simulation results,
cultivated land, as the main land use type in the North
China Plain, accounting for the largest proportion, decreases
with the improvement of economic growth. Under the REG
scenario, the area of cultivated land will be less than that of
built-up land by 2050.

Finally, the simulation results of land use structure
changes under the three scenarios can provide significant
reference formaking landuse planning and sustainable devel-
opment strategy of government. On the whole, the cultivated
land will decrease and built-up area will increase with the
economic development, which may lead to contradiction
between cultivated land, food security, and improvement
in our living standard. So, more attentions should be paid
to the trade-off between the urban expansion and food
security, including the land consolidation and rehabilitation
and compensationmechanism for protecting cultivated land.

6. Discussions

We have projected land use structures at regional scale under
three scenarios. Our method involves linking projections
from global integrated assessment models (IAMs) of agricul-
tural price and agricultural and forest yields to county-level
measures of net returns of alternative use and then using an
econometric model of land use structure changes to make
associated projections of land use structure. We also adopt
assumed trends in population and annual per capita income
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and use these to project future net returns to urbanization.
Projected land areas under the CES and REG scenarios are
compared to those under the BAU scenario that assumes
historical trends in agricultural prices and agricultural and
forest yields.

On regional level, urbanization is found to be a key driver
of land use structure changes. The demographic changes
resulting in urbanization have larger effects on land use future
structure than on the land use net returns change with the
agricultural and forest sectors. Although we have achieved
some of the steps in the projected land use area in future,
much work remains to be done. As noted above, additional
work is needed on the effect of yield variation on land use
decisions. Effects of climate change on crop and timber prices
also need attention. Finally, the largest task will be to model
the feedback from regional outcomes to IAMs. This will
ensure consistency between predictions of climate change
at global and regional scales. The study will also give some
enlightenment on the land use planning of stakeholders.
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Land use/cover change (LUCC) has become one of the most important factors for the global climate change. As one of the major
types of LUCC, cultivated land reclamation also has impacts on regional climate change.Most of the previous studies focused on the
correlation and simulation analysis of historical LUCC and climate change, with few explorations for the impacts of future LUCC
on regional climate, especially impacts of the cultivated land reclamation. This study used the Weather Research and Forecasting
(WRF) model to forecast the changes of energy flux and temperature based on the future cultivated land reclamation in India and
then analyzed the impacts of cultivated land reclamation on climate change. The results show that cultivated land reclamation will
lead to a large amount of land conversions, which will overall result in the increase in latent heat flux of regional surface as well as
the decrease in sensible heat flux and further lead to changes of regional average temperature. Furthermore, the impact on climate
change is seasonally different.The cultivated land reclamation mainly leads to a temperature decrease in the summer, while it leads
to a temperature increase in the winter.

1. Introduction

The land use/cover change (LUCC) is one of the most
important human activities and one of the driving forces
for the global climate change [1–5]. The LUCC can alter the
properties of the land surface and subsequently influence
the energy and material exchange between the biosphere
and atmosphere as well as the biogeochemical process and
consequently exert significant influence on the regional and
even global climate [6–12]. The LUCC includes not only the
change of land use patterns in the same land use type [13] but
also the conversion among different land use types [14, 15], for
example, the conversion of cultivated land to built-up land
[16], deforestation, and reclamation of the wasteland [17].
As human society develops, especially since the industrial
revolution, LUCC plays a more and more important role in
the environment [18–20]. On the one hand, the demand of

built-up land has continuously increased with the accelera-
tion of the urbanization, and a lot of cultivated land has been
occupied, which makes the existing cultivated land decrease
greatly [21, 22]. On the other hand, the population growth
and improvement of the living standard have put forward
higher demand on the grain production [23]. People have to
meet their need by making more intensive use of the existing
cultivated land and meanwhile continuously reclaiming the
forests [24], grassland, and wetland and even by filling in
the sea to grow grain [25]. All these human activities have
profoundly influenced the regional and even global climate
change [5]. In order to have deeper understanding of the
impacts of LUCC on the climate change, the researchers have
implemented many relevant researches and reached many
conclusions; for example, the deforestation will make the
temperature in different latitudes decrease or increase and
lead to the decline of precipitation [26–29]. Besides, the land
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use change due to the intensive agriculture also leads to
the change of the precipitation [30, 31], and the agricultural
activities such as the agricultural irrigation also influence the
regional water cycle and subsequently influence the regional
and global climate change [8, 32, 33]. However, the previous
researches are mostly based on the correlation analysis and
simulation analysis of the historical data of land use and
climate change; there have been very few researches with
the research focus on forecasting the possible impacts of
the reclamation of cultivated land on the regional climate,
which can provide significant scientific reference for decision
making during the process of reclamation of cultivated land.

India is a typical region of the reclamation of cultivated
land in the global LUCC, which is closely related to its
national conditions. According to the fifteenth population
survey in 2011, the total population of India has exceeded
1,210 billion, accounting for 17.5% of theworld population and
ranking second in the population all over the world. Accord-
ing to the changing trend of the demographic structure by
country in the world, the population of India is estimated to
exceed that of China in 2030 [34].The continuous population
growth has posed a great challenge to the solution of the
food security, so India has increased the seeded area by the
continual reclamation of cultivated land while promoting the
modernization of agriculture so as to meet the domestic food
demand. The large area reclamation of cultivated land leads
to the land use/cover change, which inevitably influences
the exchange and distribution of the energy, moisture, and
momentum between the biosphere and atmosphere, affects
the radiation balance and water cycle, and has significant
effects on the regional climate through various biological
geophysical effects [6, 27]. So what biological geophysical
effects will the future large-scale reclamation of cultivated
land have?What changes in the regional climatewill it further
lead to? This study has aimed to quantitatively project these
effects by the model simulation.

The climate effect of the reclamation of cultivated land in
India is one of the key research issues at the regional scale
and the result of the interaction and feedback among the
soil, vegetation, and atmosphere. The atmospheric general
circulation models have a low simulation ability at the
regional scale due to restriction of the resolution; while the
land surface models cannot reveal the feedbacks between
the atmosphere and land surface, the short term sensitivity
tests of the mesoscale models can only be used to simulate
and explain the impacts of the reclamation of cultivated land
on specific weather processes and cannot reveal the long-
term climatic effects [35]. So, it is necessary to predict the
climatic effects of the reclamation of cultivated land in India
by implementing the long-term analog integration with the
high-resolution regional climate model. This study has used
the latest-generation numerical weather prediction model,
the Weather Research and Forecasting (WRF) model, which
has a high ability to simulate the surface-atmosphere process
accurately [36–38]. By integrating the future reclamation of
cultivated land in India, this study has forecasted the climatic
effects of the reclamation of cultivated land during 2010–
2050 by the long-time simulation with analog integration
so as to quantitatively analyze the possible impacts of the

future reclamation of cultivated land in India on the regional
climate.

2. Model and Data

2.1. Model. The WRF model is a next-generation mesoscale
model developed by a group of scientists from different insti-
tutes. It includes the Advanced Research WRF (ARW) and
the Nonhydrostatic Mesoscale Model (NMM); this study has
adopted the former one. Besides, this study has calculated the
flux of the exchange of sensible heat and latent heat between
the land surface and atmosphere from the perspective of the
water balance and energy balance with the Noah land surface
parameterization scheme in the WRF model. The simulation
domain is illustrated in Figure 1. The spatial resolution was
set to be 30 km, and there were 79 grid points in the east-
west direction and 111 grid points in the north-south direction
in the whole simulation area. The eastern small part of India
is not included in the study area. The temporal duration of
the simulation with the WRF model is for the time period
between 2010 and 2050 in this study.

The parameterization scheme mainly includes the Noah
land surface parameterization scheme [39], CAM3 radiation
scheme [40], WSM3-class simple ice microphysics (MP)
scheme [41], Grell-Devenyi ensemble scheme for cumulus
convection [42], and YSU boundary layer scheme [43]. The
fifth phase of the Coupled Model Intercomparison Project
(CMIP5) produces a state-of-the-art multimodel dataset
designed to advance our knowledge of climate variability and
climate change. The model output which is being analyzed
by researchers worldwide underlies the Fifth Assessment
Report by the Intergovernmental Panel on Climate Change.
It provides projections of future climate change on two
time scales, near term (out to about 2035) and long term
(out to 2100 and beyond). Model output of the latter of
Representative Concentration Pathway (RCP) 6.0 such as air
temperature, specific humidity, sea level pressure, eastward
wind, northward wind, and geopotential height from 2010 to
2050 was used as the atmospheric forcing dataset of WRF
model.

The parameters of the Noah land surface parameteriza-
tion change as the land cover conditions change, but they all
change globally, so it is necessary to adjust the configuration
of these parameters since India is only a region. Besides, only
the vegetation parameters related to the land cover as well
as the land cover change were adjusted since this study has
mainly focused on the effects of the land cover change rather
than the radiation process.

2.2. Data. The main data we used in our simulation are
derived from the experimental designs. There are two sets of
tests included in the experimental design; one is the control
test and the other is the prediction test (Table 1). The land
cover data in 2010 and the predicted land cover data in
2050 were used as the underlying surface data in the control
test and prediction test, respectively. The land cover data in
2010 were extracted from the USGS remote sensing images
deriving from theNational Basic Research Program of China.
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Figure 1: Spatial pattern of cultivated land in the base year of 2010 (a) and its possible changes in future (b) in India.

Table 1: Description of the experimental design.

Test Test period Forcing data Land cover data used in the WRF model
Control test 2050 2050 Land cover data of 2050
Prediction test 2010–2050 2010–2050 Land cover data of 2010

And the predicted land cover data in 2050 were obtained by
combining the data of the newly increased cultivated land
(deriving from the LUCC data) and the former data. The
LUCC data used to forecast the land use change during 2010–
2050 came from the RCP 6.0 scenario developed by the
Asia-Pacific Integrated Model (AIM) modeling team at the
National Institute for Environmental Studies (NIES), Japan.
We choose RCP 6.0 because it is a stabilization scenario
where total radiative forcing is stabilized after 2100 without
overshoot by employment of a range of technologies and
strategies for reducing greenhouse gas emissions [44]. Only
the data of newly increased cultivated land were extracted
since this study mainly aimed to analyze the impacts of the
reclamation of cultivated land on regional climate.

3. Result

3.1. Changes of the Spatial Patterns of Cultivated Land in
India. Cultivated land is widely distributed in India, and

the total area of the cultivated land and pasture reaches
around 2.07 million km2, accounting for 73.03% of the
study area. There are mainly four kinds of cultivated land
in India which correspond to the USGS classification, that
is, the dryland cropland and pasture, irrigated cropland and
pasture, cropland/grassland mosaic, and cropland/woodland
mosaic. The dryland cropland and pasture is mainly located
in Gangetic Plain in the north part of India, Malwa Plateau
in the middle part of India, and the northern part of Deccan
Plateau. The dryland cropland and pasture owns the largest
area among the four kinds of cultivated land, reaching nearly
1.18 million km2, or 56.76% of the total cultivated land
area, in study area. The irrigated cropland and pasture ranks
second in the total area, reaching over 665.65 thousand km2,
accounting for 32.10% of the total area of cultivated land; it is
mainly distributed in the northern part of Indus plain, eastern
part of India Peninsula, and the coastal plain in the southern
part of India.There are only a few cropland/grasslandmosaics
in the northern part of Indus plain and the middle part of
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India Peninsula, the area of which is around 203.66 thousand
km2, accounting for 9.82% of the total cultivated land area.
The cropland/woodland mosaic is kept with the least area,
only reaching 27.39 thousand km2, or 1.32% of the total area
of cultivated land, as is sparsely distributed in the coastal area
in the southwest parts of India (Figure 1(a)).

According to the land transfer data under the AIM
performance, the area of the cultivated land that will change
in the future is around 1.16 million km2. There will be
conversion of the cultivated land in most part of India except
Gangetic Plain and the coastal area in the southeast part
of India, including the conversion of other land use types
into the cultivated land as well as the conversion of the
dryland cropland into the irrigated cropland (Figure 1(b)).
The conversion area of the dryland cropland into the irrigated
cropland will be 584.33 thousand km2, or 50.23% of the total
conversion area.The conversion of the dryland cropland into
the irrigated cropland is mainly in regions where the terrain
is flat, for example, Indus Plain and the middle part of India
Peninsula, and it is mainly due to the improvement of the
irrigation techniques. By contrast, the conversion of other
land use types into the irrigated cropland mainly distributes
in the regions except Gangetic Plain and the coastal area
in the southeast part and Malwa Plateau, that is, the plain
and coastal area in the northeast part of Eastern Ghats
Mountain, the northern part ofWesternGhatsMountain, and
some undeveloped regions with certain water sources in the
southwest part of India. It is mainly caused by the increasing
demand for the grain due to the population growth, and
the area of this kind of conversion will be up to 560.12
thousand km2, accounting for 48.15% of the total conversion
area. Among the conversions of other land use types into
the irrigated cropland, grassland and shrub accounts for
93%, while forest only accounts for 7%, only very little land
of other land use types will be converted into the dryland
cropland, only sparsely distributed in Malwa Plateau. There
has been a large area of dryland cropland in India, and more
land will be converted into the irrigated land which is of
higher productivity with the improvement of the irrigation
conditions, progress of irrigation techniques, and increase in
the grain demand.

3.2. Verification of the Ability of the WRF Model to Simulate
the Temperature Change. The ability of the WRF model to
simulate the temperature change in India was first verified
by comparing the simulation result of the standard WRF
model and the historical data of land surface temperature.
The result indicates that the maximum temperature appears
around March according to both the historical data and
the simulation result; besides, the minimum temperature
appears in November, and the rate of temperature fall during
September and November is a bit higher than the rate of
temperature rise during January and March; that is, the
temperature decreases a bit more rapidly in the autumn than
it increased in the spring (Figure 2).

There is still some difference between the simulated and
observed temperatures. The simulated temperature is lower
than the observed one on the whole; the historical data
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Figure 2: Simulated and observed values of the monthly average
near-surface temperatures in India for the year of 2010. Note: The
historical data come from http://sdwebx.worldbank.org/climate-
portal/index.cfm.

indicate the annual daily average temperature is 29.06∘C,
while it is 27.70∘C in the simulation result. As for the monthly
temperature change, the simulated temperature is lower than
the observed one in all months except February, and the
difference between them is most significantly in September,
reaching 2.69∘C. As for the seasonal temperature change,
the simulated temperature is lower than the observed one
in all seasons except the winter. The difference between
the simulated and observed temperatures in the spring and
autumn is 1.89∘C and 1.77∘C, respectively; and it is relatively
small in the summer and winter, only reaching 0.95∘C.

The spatial pattern of the annual daily average tempera-
ture indicates that the simulated and observed temperatures
are both higher in the south and lower in the north and
higher in the mountainous area and lower in the plain at
the same latitude, and the inland is warmer than the coastal
area. For example, the temperature in Madurai City in the
extreme south is 20.5∘C higher than that in Ludhiana in the
extreme north; while it is 15.5∘C higher in Bangalore City in
the mountainous area than it is in Chennai City in the plain
at the same latitude. Besides, the temperature in Hyderabad
City in the inland is 2.4∘C higher than that in Visakhapatnam
City in the coastal area (Table 2).

In summary, theWRFmodel has a high ability to simulate
the seasonal change and spatial pattern of the temperature in
India, although there is some difference between the simu-
lated and observed values, with the simulated temperature
being a bit lower on the whole. The spatial pattern of the
temperature indicates that there is no significant difference
between the simulated and observed values in most regions
except a few areas where the difference is a bit larger.

3.3. Possible Impacts of the Cultivated Land Reclamation on the
Energy Flux. The reclamation of cultivated land in study area
may lead to significant change of the energy flux, whichmight
further influence the temperature change through the land-
atmosphere interaction and the change of the atmospheric
circulation. Table 3 shows the projected monthly and annual
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Table 2: Spatial pattern of the simulated and observed values of the annual average near-surface temperature in India for the year of 2010.

City Coordinates Location Observed value of
temperature (∘C)

Simulated value of
temperature (∘C) Difference (∘C)

Ludhiana (31.05N, 77.34E) North 14.2 13.0 −1.2

Madurai (10.19N, 79.23E) South 35.0 33.5 −1.5

Chennai (14.05N, 80.29E) Plain 16.6 17.4 0.8
Bangalore (13.92N, 77.12E) Mountainous area 33.2 32.9 −0.3

Visakhapatnam (18.90N, 83.28E) Coastal area 30.9 30.3 −0.6

Hyderabad (18.23N, 78.27E) Inland 32.8 32.7 −0.1

Note: The historical data come from http://sdwebx.worldbank.org/climateportal/index.cfm.

differences of latent heat flux and sensible heat flux between
2010 and 2050.The reclamation of cultivated landmay change
the land cover, and the land cover change may further lead
to changes in surface heat flux [5, 19]. The annual average
difference shows that there is some change in the distribution
of the surface heat flux between the latent heat flux and the
sensible heat flux; the latent heat flux increases by 0.84W/m2
while the sensible heat flux decreases by 1.03W/m2, which
might lead to the decrease in the near-surface temperature in
India.

The simulation result indicates that there is obvious
seasonal fluctuation of these fluxes (Table 3). For example,
the latent heat flux in the monsoon season (roughly from
August to October) increases by 0.73W/m2 on average, while
the sensible heat flux decreases by 0.90W/m2 on average.
By comparison, the latent heat flux before the monsoon
season (roughly fromApril to July) increases by 1.56W/m2 on
average, while the sensible heat flux decreases by 1.72W/m2
on average, which indicated that the changes on these fluxes
before the monsoon season are larger than that in the
monsoon season.Most of the cultivated land in India depends
on the provision of the water source by the irrigation, and
there is limited precipitation before the monsoon season.
So the evapotranspiration in the cultivated land before the
monsoon season is much higher than that in other land cover
types, which may enhance the change on the distribution of
the surface heat flux between the latent heat flux and sensible
heat flux above the new cultivated land, while in themonsoon
season the sufficient precipitation increases the soil moisture
in all land cover types and makes the evapotranspiration in
other land cover types be similar to that in the cultivated land,
which relatively weakens the impacts of the reclamation of
cultivated land on the energy.

3.4. Possible Impacts of the Cultivated Land Reclamation on
Air Temperature

3.4.1. Overall Conditions of the Near-Surface Temperature.
Since the near-surface temperature is themost extreme in the
summer andwinter, we havemainly focused on the forecast of
the monthly average temperature in the summer and winter
with the simulation of the cultivated land reclamation for the
study area of India. The spatial heterogeneity of the monthly
average temperature in the summer and winter from 2010
to 2050 is shown in Figure 3. The result indicates that the
future reclamation of cultivated land in India will have some

impacts on the monthly average temperature in the summer
and winter. In comparison to the base year 2010, it will make
the monthly average temperature of the summer in India in
2050 decrease by 0.22∘C and that of the winter increase by
0.11∘C. And it has cooling effect on the temperature in India
on the whole, which is different from the results of researches
only focusing on irrigation [35, 45] or deforestation [29],
but it is consistent with the conclusion of Feddema et al.
[27] that agriculture expansion can contribute to the decrease
in the daytime temperature at the low or middle latitudes.
This may be because some other land use types will be
converted into the irrigated cropland during the reclamation
of cultivated land in India; the increased irrigation plays an
important role in decreasing the temperature. Besides, the
conversion of grasslands or forests into the dryland cropland
can increase the sensible heat of the land surface, decrease the
latent heat and evapotranspiration, and consequently make
the monthly average temperature increase. In addition, the
combined effects of the conversion of various other land use
types into the cropland may make the overall climatic effect
very different.

Our simulation results indicate the temperature change
also varies with spatial locations. In the summer, the monthly
average temperature in most regions of India decreases to
some degree, among which it decreases most significantly
in Gangetic Plain in the north part, with the decrement
of 0.70∘C; as this region has good irrigation conditions,
the newly reclaimed cultivated land can be irrigated which
consequently makes the cultivated land play an important
role in decreasing the temperature, which is consistent with
the conclusions of Feddema et al. [27] and Mao et al. [35].
The temperature has not changed that much in some parts
of the Eastern Ghats Mountain and the Western Ghats
Mountain where the altitude is relatively high. And the
temperature shows an increasing trend in the regions along
Himalayas Mountain and the area to the west of Western
Ghats Mountain, with an increment of 0.57∘C. In the winter,
the monthly average temperature increases to some degree
in most parts of India (approximately 64.52% of the study
area) due to the reclamation of cultivated land.These regions
are mainly located in the plateaus with a high altitude and
part of the plain area, where there is very limited agricultural
irrigation in the winter and the reclamation of cultivated
land has limited effects on the temperature fall. However, the
conversion of forests and so forth into the cultivated land in
these regions may decrease the vegetation coverage, change
the latent heat flux and sensible heat flux, and consequently
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Table 3: Projected differences of monthly and annual heat fluxes between 2010 and 2050 in India.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Yearly average
Latent heat flux (W/m2) 0.14 0.54 0.68 1.80 1.06 1.40 1.99 0.47 1.50 0.23 0.18 0.11 0.84
Sensible heat flux (W/m2) −0.42 −0.78 −0.95 −2.00 −1.17 −1.54 −2.18 −0.64 −1.61 −0.45 −0.33 −0.29 −1.03
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Figure 3: Change of the monthly average temperature in the summer (a) and the winter (b) due to the cultivated land reclamation in India.

make the temperature increase [9]. Besides, the monthly
average temperature keeps stable in approximately 35.15%
of the whole region of the study area, mainly in the plain
area where the altitude is relatively low. In addition, the
monthly average temperature shows a decreasing trend in
only 0.32% of the whole region, which is sparsely distributed
in some area near Himalayas Mountain. In summary, there is
obvious seasonal change of the impacts of the reclamation of
cultivated land in India on the monthly average temperature.
Meanwhile, the regions with the temperature change is much
wider than the regions with reclamation of cultivated land,
indicating that the reclamation of cultivated land influences
not only the local climate but also the regional climate in the
neighboring districts (Figure 3).

3.4.2. Relationship between LUCC and the Changes of Near-
Surface Temperature. We quantitatively analyzed the rela-
tionship between the monthly average temperature and

LUCC caused by reclamation. The results show that the
changes from evergreen broadleaf forest to irrigated cropland
and pasture (designated as the conversion of 13 to 3 for
brevity; the same below) or the changes from mixed forest
to irrigated cropland and pasture (15 to 3) will cause an
increase in the monthly average temperature separately by
0.31∘C and 0.21∘C in summer (Figure 4(a)). These two types
of reclamation can cause a decrease in latent heat flux and
an increase in sensible heat flux, leading to an increase
on land surface temperature. The increase in temperature
causing by the decrease in forest will be larger than the
decrease in temperature causing by cropland irrigation in
this case. In addition to these two types of cultivated land
reclamation, other types have cooling effect on the surface
temperature, among which, the conversion from barren or
sparsely vegetated to irrigated cropland and pasture (19 to
3) will lead to a maximum decrease in the monthly average
temperature (i.e., −0.40∘C); this is because there is little
vegetation in the initial types of land; while they are converted
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Figure 4: Change of the monthly average temperature of different types of LUCC in the future reclamation of cultivated land in the summer
(a) and the winter (b). Note: 𝑖-𝑗 (𝑖, 𝑗 are codes of land use/cover types) refers to the conversion from the land use/cover of 𝑖 to that of 𝑗.

into irrigated cropland and pasture, latent heat flux would be
increased and sensible heat flux decreased, so the monthly
average temperature is reduced. And the cooling effect of
conversion from cropland/woodland mosaic to irrigated
cropland and pasture (6 to 3) is the least (i.e., −0.04∘C). In
winter (Figure 4(b)), different types of reclamation will cause
an universal rise on themonthly average temperature, among
which, the conversion from evergreen broadleaf forest to
irrigated cropland (13 to 3) will lead to a maximum increase
in the monthly average temperature (i.e., 0.17∘C).

The results above indicate that the effects of cultivated
land reclamation on temperature vary between seasons.
Meanwhile, the impacts of different cultivated land reclama-
tion types on temperature are also different, this is because
different types of cultivated land reclamation will lead to dif-
ferent changes in vegetation types and farmlandmanagement
modes, which will result in change of latent heat flux and
sensible heat flux and thus lead to different temperature effect
indirectly.

4. Conclusions and Discussion

After testing and verifying the ability of the WRF model in
simulating the temperature of India, we updated the static
land cover data in the WRF and simulated the possible
impacts of cultivated land reclamation on the temperature in

India. India has vast cultivated land reclaimed for agricultural
production; there is, however, still a trend of reclamation
of cultivated land in the future since the population growth
leads the increasing grain demand. The area of LUCC due
to the reclamation of cultivated land is projected to reach
1.16 million km2, among which, around 584.33 thousand km2
of the dryland cropland will be converted into the irrigated
cropland, and nearly 560.12 thousand km2 of other land use
typeswill be converted into irrigated cropland, accounting for
50.23% and 48.15% of the total conversion area, respectively.
The proportion of cultivated land and pasture in the study
area will increase from 73.03% to 85.28%.

The result of the model verification indicates that the
WRF model can well reflect the seasonal change and spatial
pattern of the temperature in India, although there is some
difference between the simulated and observed values, with
the simulated temperature being a bit lower on the whole.
The simulation result in six representative cities indicates
that there is no significant difference between the spatial
pattern of the simulated and observed values inmost regions,
suggesting that the WRF model has great advantage in
simulating the climate in India.

There is some change in the distribution between the
latent heat flux and sensible heat flux; the latent heat flux will
increase, while the sensible heat fluxwill decrease, whichmay
be a reason for the decreasing trend of the monthly average
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temperature in India on the whole. Besides, there are some
variations on the heat flux changes in different seasons.

The cultivated land reclamation has obvious seasonal
impacts on the climate in India. It mainly decreases the tem-
perature in the summer, while it increases the temperature
in the winter. Since the different types of reclamation of
cultivated land involve different types of LUCC and cropland
management modes, there will be some differences in the
change of the geophysical parameters such as latent heat
flux and sensible heat flux, which will subsequently lead to
different effects on the near-surface temperature. Besides,
the reclamation of cultivated land influences not only the
local climate but also the regional climate in the neighboring
districts.

This study is still preliminary, and there are some uncer-
tainties and problems to be further solved on the climatic
effects of the LUCC in the research; further study should be
carried out. For example, there are many factors that influ-
ence the regional climate and they generally act synthetically,
so more factors should be taken into account. Besides, the
reclamation of cultivated land in India also influences many
climatic factors, some of which have not been taken into
account in this study, so there may be some uncertainties and
it is necessary to complement the sensitivity analysis in the
forthcoming researches.
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The land use simulation model is an important tool to analyze the land use/land cover change (LUCC), which plays a key role in
influencing the global warming. However, there have been very few global LUCC simulation models, especially the models that
can be used to analyze the interaction among the socioeconomic development, climate change, and LUCC. The Global Change
Assessment Model (GCAM) and the GTAP-AEZ model are two models that take account of the influence of social economy and
climate change at the global scale, but they may have some parameter errors due to the rough parameter setting.This study aims to
compare the simulation results obtained with the GCAMmodel andGTAP-AEZmodel and optimize their parameters according to
the specific conditions of China. First, we simulated the land use structure in China in 2010 with the two models and compared the
simulation results with the real one. Second, we calibrated these parameters of models according to the China’s national conditions
and implemented the simulation again.The result indicates that the calibrated GCAM can provide more accurate simulation result
of land use, which can provide significant reference information for the land use planning and policy formulation to mitigate the
climate change in China.

1. Introduction

Humans have transformed significant portions of the Earth’s
land surface, 10 to 15 percent of which is currently dominated
by agricultural crop or urban-industrial areas, and 6 to 8
percent is pasture [1]. These land use changes have important
implications for future climate changes and, consequently,
great implications for subsequent land use changes [2–4].
Climate change and land use change are both global drivers of
environmental change, and the impact assessments generally
show that interactions between them can lead to serious
challenges to the provision of ecosystem services. Besides,
in many cases it is impossible to determine the impacts of
climate change without consideration of land use/land cover
change (LUCC). LUCC is a widespread, accelerating, and
significant process, and it has been one of the research cores
of the international programmes such as the International
Geosphere-Biosphere Programme (IGBP) and the Global
Environmental Change Human Dimensions Programme
(IHDP) and is also one of the global environmental research

focuses and cutting-edge issues [5]. LUCC is driven by
human activities, and in many cases it also leads to changes
that impact the humans; therefore, LUCC modeling is a
critical way for formulating effective environmental policies
and management strategies [6, 7]. Understanding the role
of land use change in the global environmental change
requires the analysis of historical land cover conversions
and/or projection of possible future land use changes, both
of which heavily rely on the land use simulation models.
Besides, the land use simulation model also provides an
essential approach for stakeholder to project and evaluate
the potential consequences of policy decisions and other
actions. As more scholars realized the importance of LUCC,
the land use simulation model has become an important
tool for the analysis of both the mechanism and the spatial
distribution of LUCC in the past and future [8, 9]. The land
use simulation models include Markov model, logistic func-
tion model, regression model, econometric model, dynamic
systems model, spatial simulation model, linear planning
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Figure 1: Land use allocation framework of GCAM.

model, nonlinearmathematical planningmodel, mechanistic
GIS model, and cellular automata model [10]. All of these
models may help to explore the combined effects of social
policies, individual behavior, and other drivers of the land
use change; however, most of them have some drawbacks.
For example, the Markov model has been widely used to
simulate the land use change, but it involves no spatial factors,
and the land use change cannot be spatially and explicitly
reflected. The CLUE-S model can comprehensively analyze
the regional LUCC process and driving force, but it can only
be used in the spatial allocation of land use changes so far,
while the nonspatial changes must be estimated with other
methods [11]. Therefore, although some models can be used
to simulate land use change, there are still some serious
drawbacks [12, 13].Moreover, there were few globalmodels to
simulate the LUCC, especially in the study of the interaction
mechanism among the social economy, climate change, and
LUCC. In some sense, the GTAP-AEZ model and the Global
Change Assessment Model (GCAM) are more useful in the
land use simulation, which can simulate the land use change
of each agricultural ecological zone (AEZ), combined with
the influences of social economy and climate change at global
scale [14–16]. However, the parameters of these models are
rough, and the simulation accuracy needs to be improved.

In the preparation for the fifth assessment report of the
Intergovernmental Panel on Climate Change (IPCC AR5),
the international community is developing new advanced
Earth System Models (ESMs) to address the combined
effects of human activities (e.g., land use and greenhouse
gas emissions) on the carbon-climate system. Besides, the
four representative concentration pathways (RCPs) scenarios
of the future (2005–2100) have been provided by the four
Integrated Assessment Model (IAM) teams, which are used
as input to the ESMs for the future carbon-climate projection
[17, 18]. This study aims to compare the simulation results
of land use change obtained with the GCAM and GTAP-
AEZ models and improve the simulation accuracy through
optimizing the input parameters of the models, and the
calibrated GCAM can be used to provide more accurate
reference information of land use change for the land use
planning and policy formulation to mitigate the climate
change in China.

2. Models

2.1. GCAM. GCAM is a dynamic recursive model of land
use and land cover, economy, agriculture, and energy, which
fully integrates the energy and agriculture systems with
economic equilibrium in the energy and agriculture markets
[19]. GCAM consists of four modules, that is, Edmonds-
Reilly-Barnes (ERB) model [20, 21], Agriculture and Land
Use (AgLU) simulation model [22, 23], Model for the
Assessment of Greenhouse-gas Induced Climate Change
(MAGICC) [24], and Regional Climate Change Scenario
Generator (SCENGEN) [25]. The inputs of GCAM include
capital, labor, and initial land use allocation, all of which need
to be provided by researchers.

The land use allocation framework shows how the land
area is allocated among alternative land use types (Figure 1).
Themarkets inGCAMare defined for energy and agricultural
products, which are driven by factors such as the population,
labor productivity growth, and price of resources. The land
use allocation is achieved through the price mechanism in
the market (Figure 1); that is, the land use allocation is based
on maximization of the economic return in a region. The
economic return is represented with the profit per hectare,
which is the revenue (yield per hectare times price received)
minus the production cost (yield per hectare times nonland
cost per unit of input), as is shown in (1):

𝜋𝑟
𝑖,𝑙,𝑚,𝑝
= 𝑦
𝑖,𝑙,𝑚,𝑝
⋅ (𝑃
𝑖,𝑙,𝑚
− 𝐺
𝑖,𝑙,𝑚
) , (1)

where 𝜋𝑟
𝑖,𝑙,𝑚,𝑝

is the economic return of the land measured
with the profit rate ($/ha⋅yr), 𝑦

𝑖,𝑙,𝑚,𝑝
is yield per hectare of the

land use type 𝑖 in the AEZ 𝑝 (calories/ha),𝑃
𝑖,𝑙,𝑚

is themarket
price of the product produced by the land use type 𝑖, 𝐺

𝑖,𝑙,𝑚
is

the nonland cost per unit output, 𝑖 is an index for land use
type, 𝑙 is the region index, and 𝑝 is an index for agricultural
ecological zone (AEZ) within a region.

The calculation of the profit rate (𝜋𝑟) of forest products
is somewhat different due to the time lag between planting
and harvest, and it includes a term that converts the future
earnings into the present earnings as follows:

𝜋𝑟
𝑖,𝑙𝑚,𝑝
=

𝑟

(1 + 𝑟)
45
− 1

⋅ (𝑃
𝑖,𝑙,𝑚
− 𝐺
𝑖,𝑙,𝑚
) , (2)

where 𝑟 is the interest rate ($/$, that is dimensionless).
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In order to determine the land area allocated to each land
use type, the shares of land use were numerically analyzed
based on the profit rates calculated with (1) and (2). Then
a simplified approach was used to allocate the land area in
each AEZ with the aim of maximizing the profit, with which
the maximum profit rate after the land use allocation in each
AEZ can be obtained, and subsequently the maximum profit
which is the core of the land allocation in each AEZ can be
calculated. Under the specific assumption of the functional
form of the yield, the share of land use allocated to the land
use type 𝑖 is given with a logit share equation as follows:

𝑆
𝑖,𝑙,𝑚
=

𝜋𝑟
𝑖,𝑙,𝑚

1/𝜆

∑
𝑝
𝜋𝑟
𝑖,𝑙,𝑚,𝑝

1/𝜆
, (3)

where 𝜆 is a positive parameter that represents the percent-
age change of land use in response to the change of the profit
rate and 𝜋𝑟

𝑖,𝑙,𝑚
is the average profit rate of the land use type

𝑖, which is evaluated with the average or intrinsic yield 𝑦
𝑖
of

the land use type 𝑖.
The land area of a specific land use type is calculated based

on the total land area and the share of land use as follows:

Landuse
𝑖,𝑙,𝑚
= 𝑆
𝑖,𝑙,𝑚
⋅ Totalland

𝑙
. (4)

2.2. GTAP-AEZ Model. The GTAP-AEZ model is based on
the GTAP-E model, an extended version of the GTAP model
[26], which allows for the substitution between the capital and
energy and that between various fuels in sector production
(Figure 2). The equilibrium solutions were worked out using
the GTAP-AEZ model, with the potential future economic
activities assumed based on the RCP 4.5 scenario. The inputs
into the production include capital, labor, land, and other
intermediate inputs, and the GTAP-AEZ model takes full
account of substitutions among the input factors such as the
capital, labor, and land. Besides, there is a unique production
function for each land use sector in AEZs in the GTAP-
AEZ model, which reflects the difference of the productivity
between different AEZs. For example, the productivity of the
paddy rice production sector in AEZ 𝑖 is different from that
in AEZ 𝑗 [27, 28], and this difference can be reflected with
the production function of the paddy rice production sector.
Nevertheless, it is assumed that all the paddy rice sectors in
the same AEZ have a homogenous productivity and ability to
meet market demand.

We assume that transfer of land in a specific AEZ can
occur between sectors, for which the land is more appro-
priate, and we believe that the introduction of the AEZ can
render a sound presentation of sector competition for land.
This is a new assumption beyond the standard GTAP model,
in which it is assumed that the land is only transformable
between sectors of crop production, livestock breeding, or
timber plantation, regardless of climatic or soil constraints.
However, facts show thatmost plants can only growunder the
condition of certain temperature, moisture, soil types, land
form, and so forth.

The GTAP-E model is a multisector, multiregion, and
recursive dynamic computable general equilibrium model
that extends the standard GTAP model through including

the international capital mobility, endogenous capital accu-
mulation, and the adaptive expectations of investment. This
model is distinguished for its disequilibrium mechanism of
determining the regional supply of investments.This disequi-
librium mechanism includes the adjustment of the expected
rate of return toward an actual return rate within each region
and adjustment of the regional expected return rate toward
the global return rate. These lagged adjustment mechanisms,
as well as the mechanism of determining the composition of
capital and allocation of wealth, are parameterized according
to the econometric estimation documented by Golub (2006)
[29]. In the analysis of the equilibrium of land use, it is
assumed that the land is distributed among sectors for the
maximization of profits in each period with similar capital
and labor, although the land use does not change rapidly.

We split the total sector land rent into 18 AEZs according
to the AEZ-specific production shares derived from the data
provided by the Center for Sustainability and the Global
Environment (SAGE) [15] as follows:

𝐿
𝑐𝑎
= 𝐿
𝑐
⋅ [ ∑

𝑖∈SAGELANDUSE=𝑐
𝑃
𝑖
⋅

𝑄
𝑖𝑎

𝐻
𝑖𝑎

⋅

𝐻
𝑖𝑎

∑
𝑎∈AEZS ∑𝑖∈SAGELANDUSE=𝑐 𝑃𝑖 ⋅ 𝑄𝑖𝑎/𝐻𝑖𝑎 ⋅ 𝐻𝑖𝑎

]

𝑐 ∈ LANDUSE; 𝑖 ∈ SAGELANDUSE; 𝑎 ∈ AEZS,
(5)

where 𝐿
𝑐𝑎

is the land rent accrued to the land use sector 𝑐
in AEZ 𝑎; 𝐿

𝑐
is the land rent of the land use sector 𝑐, with

no AEZ distinction; 𝑃
𝑖
is the per-ton price of SAGE’s land

use type 𝑖; 𝑄
𝑖𝑎
is the production (ton) of SAGE’s land use

type 𝑖 in AEZ 𝑎; and 𝐻
𝑖𝑎
is the harvest area of SAGE’s land

use type 𝑖 in AEZ 𝑎. The ∑
𝑖∈SAGELANDUSE operator means to

aggregate over the disaggregated land use type 𝑖 to the cor-
responding aggregated land use type 𝑐. Note that we assume
that the per-ton land production price (𝑃

𝑖
) is homogenous

across the AEZs.

3. Scenarios

The Integrated Assessment Models (IAMs) explored a range
of technological, socioeconomic, and policy futures that
could lead to particular concentration pathways and mag-
nitudes of climate change, which is represented by the
RCPs. The RCPs include four different scenarios (Table 1),
that is, one mitigation scenario leading to a very low
forcing level (RCP2.6), two medium stabilization scenarios
(RCP4.5/RCP6), and one very high baseline emission sce-
nario (RCP8.5), all of which could be obtained with different
combinations of economic, technological, demographic, pol-
icy, and institutional futures. The development of the RCPs
in the first phase allows climate modelers to proceed with
experiments in parallel to the development of emission and
socio-economic scenarios, expediting the overall scenario
development process [18]. Coupled carbon-cycle climate
models can then as well calculate associated emission levels
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Table 1: Description of RCPs.

Description Publication-IA
Model

CP8.5 Rising radiative forcing pathway
leading to 8.5W/m2 in 2100

MESSAGE
[30]

RCP6 Stabilization without overshoot
pathway to 6W/m2 at stabilization AIM [31]

RCP4.5
Stabilization without overshoot
pathway 4.5W/m2 at stabilization after
2100

GCAM [32]

RCP2.6 Peak in radiative forcing at ∼3W/m2

before 2100 and decline IMAGE [33]

(which can be compared to the original emissions of the
IAMs) [34].

Two important characteristics of RCPs are reflected in
their names. The word “representative” indicates that each of
the RCPs represents a large set of scenarios in the various
literature. In fact, as a set the RCPs should be compatible
with the full range of emissions’ scenarios available in the
various current scientific literature, with and without the
climate policy. The words “concentration pathway” means to
emphasize that these RCPs are internally consistent sets of
projections of the components of radiative forcing that are
used in subsequent phases rather than the final new and fully
integrated scenarios; that is, they are not a complete package
of socio-economic, emission, and climate projections. The
use of the word “concentration” instead of “emissions” also
emphasizes that concentrations are used as the primary
product of the RCPs and designed as inputs to climatemodels
[35].

The RCP4.5 scenario is used in this study, under which
the land use change is simulated with GCAM. Besides, the
GTAP-AEZ model, which is similar to GCAM, is also used
to analyze the land use structure in AEZs, and the results
obtained with the two models were finally compared. The
RCP4.5 scenario is a stabilization scenario in which the
total radiative forcing is stabilized shortly after 2100, without
overshooting the long-run radiative forcing target level [36].

RCP4.5 includes long-term, global emissions of greenhouse
gases, short-lived species, and land use-land cover in a global
economic framework which stabilizes the radiative forcing at
4.5 Watts per square meter (W/m2), approximately 650 ppm
CO
2
-equivalent in the year 2100 without ever exceeding

that value. The defining characteristics of this scenario are
enumerated in Moss’ papers [17, 18]. RCP 4.5 was updated
from earlier GCAM scenarios to incorporate the historical
emissions and land cover information and follows a cost-
minimizing pathway to reach the target radiative forcing.
The necessity to limit emissions in order to reach this
target leads to the changes in the energy system, including
shifts to electricity, lower emissions energy technologies,
and the deployment of carbon capture and geologic storage
technology. In addition, the RCP4.5 emission price is also
applicable to the land use emissions. The simulated future
emissions and land use were downscaled from the regional
scale to the grid scale to facilitate the transfer to climate
models.While there aremany alternative pathways to achieve
a radiative forcing level of 4.5W/m2, the application of the
RCP4.5 provides a common platform for climate models to
explore the response of the climate system to stabilize the
anthropogenic components of radiative forcing.

4. Results and Analysis

The results indicate that the land use areas in different
AEZs, which are obtained with the GCAM model and the
GTAP-AEZ model, are generally consistent (Figure 3). The
pastureland areas simulated with the two models differ most
greatly, but they are still generally consistent in different
AEZs. Besides, the results obtained with the GTAP-AEZ
model and the GCAM model both show that the grassland
is approximately equally distributed in different AEZs, but
the grassland area in different AEZs differs a bit more
greatly in the result obtained with the GCAM model. In
addition, the results obtained with the two models show that
the forestland is mainly located in AEZ9-AEZ12, while the
shrubland and cropland are mainly in AEZ7-AEZ13. What
is more, the built-up land, the area of which is the smallest,
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Figure 3: Simulated land use area in 14 AEZs in 2010 using the GCAMmodel (a) and GTAP-AEZ model (b) (unit: hectare).

×10
8

0

0.5

1

1.5

2

2.5

Cropland Forestland Grassland Built-up land

GTAP
GCAM
Real

Figure 4: Comparison between the simulated and real land use
areas in 2010 (unit: hectare).

is generally distributed in AEZ10. Through comparing the
results obtained with the two models, it is found that the
distribution of different land use types among AEZs is
approximately consistent, but with some difference in the
total areas of different land use types.
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Figure 5: The comparison of land use area in China in 2010
simulated with the calibrated GCAMmodel, the GTAP model, and
the real values (unit: hectare).

There is still some difference between the real land
use area and that obtained with the two models, and the
simulation result with the GTAP-AEZ model is better than
that with the GCAM model (Figure 4). The result shows
that the areas of cropland and forestry land simulated with
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Table 2: The adjustment of GCAM input parameters in 2010 (unit:
%).

Input parameters Previous parameters Adjusted parameters
GDP growth 10 10.4
Labor growth 0.4 0.4
Capital growth 12.6 12.8
TFP growth 0.9 1.1
Population growth rate 0.8 0.5

the GCAM model and the GCAM model are far higher
than the real one. The area of cropland obtained with the
GCAM model and the GTAP-AEZ model is 2.13 and 1.96
times larger than the real one, respectively. However, the
areas of grassland and built-up land simulated with the
two models are both lower than real values. This indicates
that there is still some inaccuracy in data of the land use
structure, industry structure, and social economic situation
of China in the global simulation. For example, the forest land
should be divided into economic forest lands and ecological
forest lands, but the forest land was not distinguished in this
study, which leads to the significant difference between the
simulated and real areas of the forest land.

There are an extremely complex socioeconomic structure
and land use structure in China, both of which have changed
greatly due to the rapid economic development of China and
consequently made it very difficult to accurately simulate
the land use change in China using models with static
data. For instance, the estate price in China has fluctuated
prominently during the past decades, but a static estate price
was first used in the GCAMmodel in this study, whichmakes
it obviously difficult to simulate the constantly changing
industrial structure in China. Therefore, it is necessary to
calibrate the models before simulating the land use change.

In order to more accurately simulate the change of the
land use structure in China according to the reality of China
and improve the precision of future scenario simulation,
we calibrated the parameters of the GCAM model and
the GTAP-AEZ model (Table 2). The influence of policy
intervention was included in the models according to the
specific national condition of China, and other parameters
were also calibrated. In this study, the price of agricultural
products was set to increase by 1.5 percent every year; TFP
will increase by 0.1 percent, and the annual population growth
rate will decrease from 0.8% to 0.5%.The results indicate that
the land use structure simulated with the calibrated GCAM
model becomes much more accurate than it was and has
more closely approached to that in the reality. Besides, the
simulation accuracy with the calibrated GCAM model is
much higher than that with the calibrated GTAP-AEZmodel
(Figure 5).

5. Conclusion and Discussion

This study simulated the land use change in China under
the RCP 4.5 scenario with GCAM and GTAP-AEZ models
and compared the simulated and real land use structures.
Overall, the simulation results obtained with GCAM and

GTAP-AEZ are consistent, but also with some difference, and
the land use structure simulated with GTAP-AEZ is to be
more close to the real conditions in different AEZs than that
obtained with GCAM. For example, the consistence between
the forest land area simulated with GCAM and the real one
reached more than 80%, while that with GTAP-AEZ reached
only 37%. GCAM involves the driving factors of the rapid
economic development, which makes the simulation more
close to the reality. However, neither of the two models
takes account of the impacts of policies on socioeconomic
development, which also have great influence on the land
use change. Therefore, it is necessary to calibrate the models
through optimizing the model input parameters. When the
models are calibrated through adjusting these socioeconomic
parameters according to the specific conditions, the overall
simulation accuracy of GCAM reached 82%, while that of
GTAP-AEZ also reached 60%, indicating that it is possible
and necessary to improve the simulation accuracy through
optimizing input parameters of the models according to the
specific conditions.

In recent decades, more and more land use simulation
models have developed, but it is still a hard task to implement
the calibration of input parameters of these model. In the
study, the land use structure of China in 2010 under the RCP
4.5 climate change scenario was simulated with GCAM and
GTAP-AEZ, both of which were further calibrated through
adjusting the input parameters, focusing on comparing sim-
ulation accuracy of the two models. The result indicates that
the areas of cropland and forest land simulated with the two
models were higher than the real one, while the simulated
areas of grassland and built-up land were lower than the real
values, and the simulation accuracy was greatly improved
after themodel calibration. However, due to the uncertainties
of climate change, economic development, and other factors,
it is very difficult to accurately simulate the long-term land
use change in the future, and therefore it is necessary to
implement more in-depth research on how to optimize the
parameters according to the specific conditions in the future.
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Climate change inevitably leads to changes in hydrothermal circulation. However, thermal-hydrologic exchanging caused by land
cover change has also undergone ineligible changes.Therefore, studying the comprehensive effects of climate and land cover changes
on land surface water and heat exchanges enables us to well understand the formation mechanism of regional climate and predict
climate change with fewer uncertainties. This study investigated the land surface thermal-hydrologic exchange across southern
China for the next 40 years using a land surface model (ecosystem-atmosphere simulation scheme (EASS)). Our findings are
summarized as follows. (i) Spatiotemporal variation patterns of sensible heat flux (H) and evapotranspiration (ET) under the land
cover scenarios (A2a or B2a) and climate change scenario (A1B) are unanimous. (ii) Both H and ET take on a single peak pattern,
and the peak occurs in June or July. (iii) Based on the regional interannual variability analysis,H displays a downward trend (10%)
and ET presents an increasing trend (15%). (iv) The annual average H and ET would, respectively, increase and decrease by about
10% when woodland converts to the cultivated land. Through this study, we recognize that land surface water and heat exchanges
are affected greatly by the future climate change as well as land cover change.

1. Introduction

Global climate change characterized by global warming has
put significant impacts on natural ecosystems and human
society [1, 2]. According to estimates, global climate will very
likely continue to become warm in the next 100 years [3].
Many observed natural and biological systems’ abnormal
changes, such as species extinction, sea level rising, and
frequent extreme weather events, as well as changes in plant
and animal biological characteristics, have been linked to
climate warming [4, 5]. Therefore, a reasonable estimate of
future climate change has become an important issue for
scientists, public, and policy makers and a hot topic for

improving the understanding of the climate system and the
accuracy of future climate change projections.

Climate warming intensifies hydrothermal circulation as
well and causes temporal-spatial variations of water and heat
resources. It will further increase the frequency of hydro-
logical extreme events and change the regional water and
heat balances. In turn, water circulation and heat transport
are important processes of each circle in the entire climate
system. They directly affect the local climate, environments,
and ecosystems and therefore play very important roles in
climatic change and abnormity. Only detailed studies on
their individual physical characteristics are carried out, can
we recognize the formation mechanism of regional climates.
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Sensible heat flux (H) and evapotranspiration (ET), respec-
tively, reflecting the heat content and H

2
O vapor content in

the atmosphere, are the two main components of the land
surface water and heat fluxes which directly drive climatic
change. Therefore, the allocation proportion of H and ET
will directly impact the climate change [6]. Analysis of
their variations can enrich our knowledge of the interaction
between terrestrial ecosystems and the atmosphere and thus
promote us to better understand the regional and global
climatic change processes.

Climatic change is a direct driving force of land surface
thermal-hydrologic cycle. Many studies have assessed the
impacts of climate change on energy transferring during
historical periods [7–10]. However, recently some researchers
began investigating the land-atmosphere energy exchange
under future climate change scenarios [11]. The hydrological
cycle and energy balance components caused by human
activities at various temporal and spatial scales have also
undergone ineligible changes. Human activities are mainly
reflected in the underlying surface land use/cover change.
Structure changes in the boundary layers caused by land
cover change determine the spatial changes of sensible
heat, latent heat, and moisture flux changes and then will
alter the physical processes of the atmospheric boundary
layers. At meso- and local scales, land use transformations
are even likely to be among the first drivers of climatic
change through altering local surface fluxes of radiation (e.g.,
albedo), heat, moisture (e.g., evaporation), and momentum
(e.g., roughness length) [12–14]. It showed that simulated
land cover conversion through climate in a Special Report on
Emissions Scenarios (SRES) by the Intergovernmental Panel
on Climate Change (IPCC) could have significant impacts
on regional and seasonal climate, and some of these effects
are the result of direct impacts of land cover change on local
moisture and energy balances.

Themajority of the previous related researches for history
periods and future projections focused on the impact of
water and heat exchange resulted from either climate change
[15] or human activities [16–19]. Even if a few researches
implemented a comprehensive analysis of the influences of
the climate change and land cover change at regional scale,
most of them just focused on qualitative aspects. Therefore,
there is a need to assess the comprehensive influence of
climate change and land cover change on the land surface
water and heat fluxes so as to improve the capacity of
forecasting future climate change.

On the underlying surface characterized by diverse com-
position, complex nature, andheterogeneous distribution like
Southern China, the land-atmosphere interactions, as the key
physical processes affecting climate anomalies, are evenmore
comprehensive. Moreover, Southern China had experienced
land cover change process of deforestation-reforestation-
reforestation in the past 30 years.With such a complex change
process, only the analysis of land-atmosphere interaction pro-
cesses from the mechanism level can improve our capability
of modeling and predicting the future climate change in the
Asian monsoon region.

In this study, the future spatiotemporal changes of
H and ET in Southern China were simulated using

the ecosystem-atmosphere simulation scheme (EASS) model
driven by the future projection data under climate change
scenarios and land cover change scenarios to better under-
stand the evolution pattern of water balance and net radiation
budget. The research aims at providing a scientific basis for
properly estimating the future climate dynamics under the
context of global change.

The paper is organized as follows.The subsequent section
describes the study area and methodology. Section 3 gives a
short description of model forcing datasets and validation
data. Results and Discussion are presented in Sections 4 and
5, respectively. The final section provides a summary of the
main findings.

2. Study Area and Methodology

2.1. Study Area. The study area, with various geomorphic
types, is located between 104.42∘E, 21.12∘N and 120.59∘E,
31.25∘N, which covers the majority of Southern China, cover-
ingmost parts of the Yangtze River and Pearl River (Figure 1).
Totally, the study area is about 1.63 × 106 km2. Its elevation
ranges from 0m to 3702m above the sea level. The Yunnan-
Guizhou Plateau in the western area has the highest elevation
and most of the other regions are at less than 500m elevation
except for Fujian province. The area is dominated by forests
(40.97%) which mainly include evergreen coniferous forests
and evergreen broad-leaved forests. Then cropland accounts
for 25.02%. The distribution of soil types which are mainly
comprised of sandy loam (16.32%), clay loam (24.48%), and
loam (24.51%) has a high degree of fragmentation. The
subtropical climate is prevailed in the study area with the
annual average temperature between 14∘C and 20∘C and
annual average precipitation between 1100mm and 1800mm.
Rainy seasons are mainly from April to October here. The
annual precipitation is imbalanced in different regions and
interannual variations are also significant. Besides frequent
natural disasters, this area has also experienced deforestation,
afforestation, and reforestation processes during the past 30
years.

2.2. Model Description. An integrated land surface model,
named ecosystem atmosphere simulation scheme (EASS),
[20] is based on a single-layer vegetation canopy overlying
a seven-layer soil, including physically-based energy and
moisture fluxes transferring from the vegetation canopy
and through it. The thermal dynamic in EASS is treated
distinctively between vegetation and the underlying ground.
Moreover, considering “big Leaf ” models have inherent
limitations [21], EASS stratifies the vegetation canopy as
sunlit and shaded leaves. It has been referred to as a “two-
Leaf ” canopy model [20].

EASS can be run pixel by pixel over a defined domain,
so it can be adopted at different scales based on available
input data. Besides, EASS has flexible spatial and temporal
resolutions, as long as the input data of each pixel is defined.

The typical characteristics of the model are briefly
described as follows. (i) Energy, water, and carbon are
simulated simultaneously based on explicit link among pho-
tosynthesis, evapotranspiration, and stomatal conductance.
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Figure 1: The location and land cover map in the year 2005 in Southern China.

(ii) Vegetation cover is treated as a single layer and the model
stratified the vegetation canopy as sunlit and shaded leaves
according to the solar zenith angle and a foliage clumping
index (Ω) tominimize the biases from the “big Leaf ” assump-
tion. Ω, in addition to LAI, is used to characterize the effects
of three-dimensional canopy structure on radiation, water,
and carbon fluxes. (iii) The key geoscience physical parame-
ters (e.g.,Ω, land cover) of themodel are parameterized based
on remote sensing quantitative retrieval, and the regional
simulation accuracy is improved. (iv) Amultilayering scheme
for energy exchanges and water transformation through the
soil layers and/or snowpack (if present) is introduced in
EASS. The number of snow and soil layers and the depth
of each layer were user-defined according to soil physical
structures, snow depth, and application objectives. (v) The
dynamics of snowpack and freeze-thaw cycle in the soil
profile are also emphasized in EASS. EASS is forced by
near-surface meteorological variables at a reference level 𝑧ref
within the atmospheric boundary layer, including surface
air temperature, relative humidity, incident solar radiation,
wind speed, and precipitation. The detailed descriptions are
referred to in the paper by Chen et al. [20].

2.3. Methodology

2.3.1. Model Parameter Optimization. For future land cover
scenarios, land cover classification system mainly includes
cultivated land, woodland, grass land, build-up land, water
area, wetland, nival area, desert, bare rock, and desertifica-
tion land. This is a relative rough classification, making it
impossible to correspond to the International Geosphere-
Biosphere Program (IGBP) classification acquired in EASS

model. Therefore, the model needs to be improved and
parameter optimization is required tomatch the existing land
cover classification system for the future scenarios. Given that
only one flux observation tower (QYZ) locates in this study
area, we used the measured data from FLUXNET to optimize
EASS model parameters over various plant function types
and carried out model validation and evaluation.

2.3.2. Meteorological Data Preprocessing. The model driving
meteorological data, including incoming shortwave radia-
tion, air temperature, relative humidity, precipitation, and
wind speed, were obtained from GCM-HadCM3, Hadley
Centre for Climate Prediction and Research.

(i) Data Reading. Original format of the obtained mete-
orological data is rare (WTH format) and in irregular
latitude and longitude grid cell, which adds great
difficulty to the data processing work.

(ii) Spatial Downscaling. In view of the strong hetero-
geneity of the underlying surface, we took into
consideration the vegetation, topography, and other
factors closely related to meteorological conditions.
Referring to Jia’s methods [22], the 0.5∘ grid cells were
downscaled to obtain more accurate interpolation
results.

(iii) Temporal Downscaling. The EASS model was run
at hourly time steps. The obtained daily data need
to be downscaled to hourly data. According to the
dynamic characteristics of meteorological variables,
different downscaling methods were adopted for dif-
ferent variables. Air temperature, relative humidity,
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and incoming solar radiation have certain diurnal
variation rules but lack key control variables such
as the maximum and minimum values. Therefore,
the study referred to the hourly variability in a
certain historical year. Moreover, the historical year
was randomly selected, such as from 2000 to 2005,
so as to avoid the constraints of a fixed reference
year in the practical calculation process. We carried
out downscaling to the daily meteorological variables
for the future scenarios and eventually obtained
relatively accurate hourly meteorological data series.
Considering the suddenness and discontinuities of
precipitation as well as variability and instability of
wind speed, stochastic method was used to assign the
daily average value to hourly value [23].

2.3.3. Validation Criteria and Model Evaluation. The critical
parameters were optimized in the model to improve the
model’s capacity and applicability to varied land surface con-
ditions. Employing the available global EC flux observation
network data, the EASS model has been further validated
and parameterized among a number of flux towers worldwide
covering various plant functional types. The coefficient of
determination (𝑅2), root mean square error (RMSE, (1)), and
index of agreement (𝑑, (2)) are used to measure the accuracy
of the model simulation:
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where 𝑂 is the observed data, 𝑃 is the model-simulated data,
and 𝑂 is the observed mean.

2.3.4. Experimental Design. This study used five-year time
series (2010–2050) daily IPCC SRES A1B (medium emis-
sions scenario) climate scenario data from the PRECIS
forced by GCM-HadCM3 and two future land cover sce-
narios data (A2a version2, B2a version2), analyzed spatial-
temporal variability of land surface thermal-hydrologic
exchange in the next 40 years through two group experiment
runs: (i) A1B climate scenario data and A2a version2 land
cover scenario data and (ii) A1B climate scenario data and
B2a version2 land cover scenario data. Then land surface
water and heat flux changes were analyzed for the regions
suffering from land cover conversion to further explore the
impact of land cover changes on the water and heat fluxes.

3. Data Preparation

3.1. Input Data

3.1.1. Land Cover Data. Land cover scenario data used in this
studywere developed by Institute of Geographic Sciences and
Natural Resources Research, Chinese Academy of Sciences.
Combined with observational data of 735 meteorological

stations in China and based on the climate change data
of HadCM3 A1FI, A2a, and B2a, temporal-spatial variable
raster data series of China HLZ (Holdridge life zone) ecosys-
tem were obtained. Then, the marginal conversion model
was established and run with these data and then China’s
future land cover change scenarios temporal series data were
simulated. Detailed description of the production process
can refer to Yue et al. [24]. Figure 2 shows the land cover
change scenario in the next 40 years under A2a scenario.
The land cover change scenario under B2a scenario was
almost consistent with that under A2a scenario (data are not
presented), except for a few changes of cultivated land and
woodland (Figure 3).

3.1.2. Forcing Data. The atmospheric drivers for EASS
included air temperature, relative humidity, precipitation,
wind speed, and incoming shortwave radiation. The Provid-
ing Regional Climates for Impacts Studies (PRECIS) dataset
was acquired from GCM-HadCM3 in Hadley Centre for
Climate Prediction and Research with high resolution at 50×
50 km and then downscaled to 30 × 30 km over our study
regions using the method by Jia et al. [22]. PRECIS is widely
used in China at present, mainly for climate simulations
and climate change impact assessment, and a lot of work
had been carried out for verifying its simulation capacity.
PRECIS can be more reasonable to simulate temporal-spatial
distribution pattern of Chinese regional climate variability
[25–27]. Interannual changes of the two key forcing variables
under A2a scenario are shown in Figure 4. The percentage
changes under B2a scenario are almost consistent with that
under A2a scenario (data are not presented).

3.1.3. Other Input Data. 1 : 1,000,000China soil database used
in this study was built by Institute of Soil Science, Chinese
Academy of Sciences [28]. The database consisted of soil
spatial database, soil property database, and Chinese soil
reference system. Majority of basic soil mapping unit in soil
spatial databases are soil genus and included 12 soil orders,
61 soil groups, 235 subgroups, 926 soil type units, and 94,000
polygons. Soil property database contains 81 property fields,
that is, soil depth, profile thickness, bulk density, organic
matter content, gravel content, and so on. Valid connection
of each corresponding polygon unit was created between soil
profile data property database and spatial database with GIS
platform.

All the driving datawere unified at the same scale through
rational scaling methods because the simulated experiments
were based on spatial resolution of 30 × 30 km grid. No
future scenarios forecast LAI data yet till now. The research
assumed that LAI maintains constant in the next 40 years,
and LAI in 2005 was used as a reference to all the simulation
experiments.

3.2. Flux Dataset. We chose the measured data in
2003 at QYZ (26.733∘N, 115.050∘W), FR-Pue (43.741∘N,
3.596∘W), AT-Neu (47.116∘N, 11.320∘W), CA-NS6 (55.917∘N,
−98.964∘E), FI-Kaa (69.141∘N, 27.295∘W), and US-Bo1
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Figure 2: Spatial dynamics of A2a land cover change scenario in the next 40 years.

Table 1: EASS validation results for𝐻 and ET for several typical ecosystems.

Station name Longitude Latitude Elevation (m) PFTs 𝐻 (Wm−2) ET (mmday−1)
𝑅
2 RMSE 𝑑 𝑅

2 RMSE 𝑑

FR-Pue 3.59 43.74 270 EBF 0.83 49.96 0.91 0.57 66.60 0.83
AT-Neu 47.12 11.32 970 Grassland 0.76 85.93 0.55 0.91 16.87 0.96
FI-Kaa 27.30 69.14 155 Wetland 0.76 21.93 0.95 0.71 19.58 0.83
US-bo1 −88.29 40.01 219 Crop 0.65 68.27 0.82 0.91 37.55 0.87
QYZ 115.05 26.73 111 ENF 0.94 36.18 0.88 0.83 29.16 0.86
CA-NS6 −98.96 55.92 244 Shrub 0.57 24.49 0.89 0.81 29.57 0.92
Note. EBF is evergreen broadleaf forest; ENF is evergreen needleleaf forest.

(40.006∘N, −88.290∘W) (Table 1) which located at different
plant functional types from the FLUXNET and ChinaFLUX
network for model validation.

The meteorological variables for model inputs including
incoming shortwave radiation, air temperature, and relative
humidity, were measured in 2003 with eddy covariance (EC)
systems at the towers, and all of them were recorded at

30 minute intervals. Precipitation above the canopy was
recorded with a rain gauge. 3D wind speed was mea-
sured with a 3D sonic anemometer, and the half-hourly
surface fluxes were measured simultaneously with the EC
system. More detailed descriptions on observation of these
sites can be found online at http://www.chinaflux.org/ and
http://www.fluxdata.org/.
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Figure 3: Interannual change of cultivated land and woodland area percentage in the next 40 years under A2a and B2a land cover change
scenarios.
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Figure 4: Interannual change of precipitation and air temperature in the next 40 years under A2a scenario.

4. Results

4.1. Validation of the Model. In order to validate the model,
land surface experiments were performed at the tower sites
mentioned above. Simulated H and ET agree well with the
observations throughout the year (Table 1). The coefficients
of determination (𝑅2) for the six stations located in different
typical ecosystems are mostly above 0.7, and the values
of indexes of agreement (𝑑) are typically higher than 0.8,

except for H in grassland. The EASS model performed well
overall and is acceptable across different ecosystems. More
evaluation of the EASSmodel can be referred to in Chen et al.
[20] paper published in 2007.

4.2. Temporal-Spatial Variation of Water and Heat Fluxes
under Land Cover Scenario. We analyzed regional change of
H in the next 40 years based on the value obtained in 2010.
Figure 5 demonstrates that interannual changes in spatial
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Figure 5: Interannual spatial dynamic of H (Wm−2) in the next 40 years under A2a scenario.

patterns are significant on the whole (the simulated results
under B2a scenario are almost consistent with those under
A2a scenario (data are not shown)). Specifically, both area
amplification and area expansion would have a dramatic
growth in 2020. The largest regional increase occurs in the
southeast of the study area with themaximumof 12.78wm−2.
However, it shows that the whole research area takes on
a decreasing trend. The change between 2025 and 2040 is
consistent at spatial distribution except for a small increase
in the southeast of the study area in 2040. From the annual
average at the regional scale, a steep rise is observed in the
year 2020, but the change trend takes on a sudden drop in
2040. However, the interannual change displays a decreasing
trend generally in the next 40 years (Figure 8).

Similarly, Figure 6 presents the distribution pattern of
temporal and spatial variation of interannual ET in the next
40 years based on the values in 2010 (the simulated results
under B2a and A2a scenarios are almost consistent (data
are not shown)). The temporal and spatial variations of
interannual ET are also obvious. Both area amplification and
area expansion would happen in 2020. The maximum area
amplification is about 0.95mmday−1, and the area expansion

would be the largest in the next 40 years. A large area growth
also would occur in 2040, but the increased magnitude is not
as much as that in 2020. However, a large area decreasing
would occur in 2015, 2025, and 2030. The decreased area
mainly locates in the east in 2015 and 2030 but locates in
the middle in 2025. ET shows insignificant changes in most
areas in other years (2035, 2045, and 2050), in comparison
to the value in the year 2010. Contrary to the change trend
of the average annual H at the regional scale, ET in the same
period takes on a clear increasing trend in the next 40 years
(Figure 8).

In addition, seasonal variability of H and ET in the next
40 years (Figure 7) was also analyzed.The simulated results in
each period based on the two land cover scenarios are almost
consistent (Figures 7(a), 7(c), 7(b), and 7(d)). BothH and ET
approximately take on cosinusoid pattern except for a small
peak showing in November for H and reach peak in June or
July in each period.There exist very large fluctuations among
the simulated years. These change rules are also reflected
significantly in the spatial distribution patterns of H and
ET, whereas the impact of land cover change on seasonal
variability is small from the simulated results.
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Figure 6: Interannual spatial dynamic of ET (mm year−1) in the next 40 years under A2a scenario.

4.3. Impact of Land Cover Change onWater and Heat Exchan-
ges. In order to explore the impact of land cover changes on
land surface water and heat fluxes, we chose a region where
significant change occurred locates in Guizhou province
(red circle area in Figure 9, 107.55∘E, 26.59∘N). This area is
cultivated land under A2a land cover scenario in 2040 and
transfers to woodland in the same year under B2a land cover
scenario. We abstracted the dailyH and ET and analyzed the
daily change as shown in Figure 9. H under A2a scenario is
basically higher than the simulated result under B2a scenario
at any time of the year, and the average annual data under
A2a scenario is higher by 9.4% than the value under B2a
scenario. Opposed to H, ET under A2a scenario decreases
by approximately 9.4% compared with the value under B2a
scenario. Similar findings were also reported by previous
studies [28].

5. Discussion

Just concernedwith climate change itself, air temperature and
precipitation would increase in the next 40 years (Figure 4),
and generally, canopy temperature would increase, and con-
sequently H would increase. However, the simulation results

are not as this (Figure 8). The main reason may be that
land cover transformation would also occur in the next 40
years. From Figure 3, we can see obviously that the woodland
area increases continually, and would increase about 5% and
4.4% for the two land cover scenarios from 2010 to 2050,
respectively. We also found that cultivated land area almost
reduced the same proportion as increasing woodland area;
that is, the increasing woodland area is mainly from the the
decreasing of cultivated land area. Generally, the increased
woodland area will lead to increased ET [29, 30].

As we all know, not only net radiation includes short-
wave radiation balance but also long-wave radiation which
is proportional to the fourth power of the temperature.
Net radiation is equal to the sum of H, latent heat flux,
and ground heat flux (G) (G value is generally small). In
order to maintain energy balance, H is bound to decrease
when ET increases. The surface net radiation increases with
woodland coverage ratio increasing. In our simulation, land
cover transferring from cultivated land under A2a land cover
scenario to woodland under B2a land cover scenario, H
decreases by 10% and ET increases by 15%. The decrease in
H is insufficient to the increase in ET.This 5% deficiency may
be due to an increase of net radiation.
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Figure 7: Seasonal variability of H and ET in the next 40 years. (a) and (b) for the simulated results under A2a scenario; (c) and (d) for the
simulated results under B2a scenario.

The results also could be explained from the view of
plant physiology. Forest vegetation has a high photosynthetic
capacity. Absorbed solar energy would be converted to H

2
O

vapor through photosynthesis process and dissipated into
atmosphere fromplants (canopy and leaf).This process needs
to absorb heat, and consequently plants will reduce their
surface temperature. With the leaf temperature decreasing
and air temperature increasing,H would be decreased.More-
over, woodland, as a thermostat, has a cooling effect, and
consequently canopy temperature would decrease through
evaporative cooling.

6. Conclusion

In this study we addressed the comprehensive impact of
climate change scenario and land cover change scenario on
future land surface water and heat fluxes with a material

circulation and energy flow coupled land surfacemodel EASS
and obtained the following preliminary conclusions through
the above two simulation experiments.

(i) The simulated results under the two land cover
scenarios show that spatial variation of H and ET simulated
in the two above runs in the next 40 years is almost consistent
and this change pattern is reflected more intuitively from the
regional average annual change. (ii) The seasonal variations
demonstrated that the simulated results are almost consistent
under the two scenarios except for H appearing small peaks
in November in the simulated years. Besides, there exist huge
fluctuations among the simulated years. (iii) Through annual
variation analysis of the two scenarios, H has a decreasing
trend by about 10% and ET has an increasing trend by about
15% in the next 40 years. (iv) Spatiotemporal distributions
of land surface water and heat would suffer greatly from the
future climate change, whereas the impact of the regional
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Figure 8: Interannual average areal H and ET in the next 40 years.
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Figure 9: Analysis of the impact of land cover scenario process on water and heat exchange for the year 2040 located in the east of Guizhou
province.
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magnitude from the land cover change scenarios cannot be
neglected.
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Urban land expansion plays an important role in climate change. It is significant to select a reasonable urban expansion pattern to
mitigate the impact of urban land expansion on the regional climate in the rapid urbanization process. In this paper, takingWuhan
metropolitan as the case study area, and three urbanization patterns scenarios are designed to simulate spatial patterns of urban
land expansion in the future using the Partitioned and Asynchronous Cellular Automata Model. Then, simulation results of land
use are adjusted and inputted into WRF (Weather Research and Forecast) model to simulate regional climate change. The results
show that: (1) warming effect is strongest under centralized urbanization while it is on the opposite under decentralized scenario;
(2) the warming effect is stronger and wider in centralized urbanization scenario than in decentralized urbanization scenario;
(3) the impact trends of urban land use expansion on precipitation are basically the same under different scenarios; (4) and spatial
distribution of rainfall was more concentrated under centralized urbanization scenario, and there is a rainfall center of wider scope,
greater intensity. Accordingly, it can be concluded that decentralized urbanization is a reasonable urbanization pattern to mitigate
climate change in rapid urbanization period.

1. Introduction

Urbanization is one of the most important anthropogenic
influences on climate. By transforming the nature land cover
to the artificial state, and anthropogenic heat emissions, the
process of urbanization has a profound impact on global
climate change [1].Therefore, with the rapid urbanization, the
impact of urbanization especially urban land expansion on
global climate change has been one of the hotspots in research
fields [2–5]. Using 40 years’ climate change data and land use
data ofHongKong, Ka and Edward (2013) found that with the
evolution of natural vegetation and rural landscape to urban
landscape, the trend of rising temperatures in urban areas has
become more apparent [6]. Combined with remote sensing
and spatial statistical model, Xiong et al. (2012) studied the
impact of four periods of urban land expansion on surface
temperature from 1990 to 2009 inGuangzhou, and found that

there is a significant correlation between the urban heat island
intensity and urban land expansion in Guangzhou City [7].
Guo et al. (2012) constructed urbanization index according to
different land covers and analyzed effects of different degrees
of urbanizations on surface temperature [8].The results indi-
cated that urbanization and urban surface temperature index
had a complex relationship. Kishtawal et al. (2010) assessed
effects of urbanization on Indian summer heavy rain [9].
Results showed that torrential rain is more likely to occur in
rapid urbanization areas than other areas. Numerous studies
have demonstrated that rapid urbanization, especially urban
land expansion significantly affects regional temperature and
precipitation.

China has reached the “urban tipping point,” with about
52.57% percent of its population now living in cities. By
2030, the number of people who live in cities will likely
be one billion. Nowadays, urban agglomeration has become
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the main feature of China’s urbanization. A large body of
the literature studied the effect of city size on economic
efficiency while few researches pay attention to figure out
climate change effects of different urbanization patterns,
especially spatial patterns of urban sprawling. Chen et al.
(2013) analyzed relationship between urbanization and eco-
nomic growth in China and found that China’s urbanization
process has progressed faster than economic growth since
2004, so it is the right time that China should rethink under-
urbanization and its countermeasure in development strategy
[10]. Salvati et al. (2013) discovered the transition from
compact towards dispersed urban form and the consequent
changes in Land Cover Relationships observed from 1960
to 2009 in Attica (Greece) [11]. Based on historical land use
data, Wu et al. (2011) characterized the temporal patterns of
Phoenix and Las Vegas using landscape pattern metrics at
multiple spatial resolutions [12]. However, few studies have
focused on different impacts of city size and different patterns
of urban land expansion on climate change, especially climate
effects of urban land expansion in urban agglomerations.

Wuhan Metropolitan is the comprehensive reform pilot
area of resource-saving and environment-friendly society
which Chinese government approved. It is the emerging
urban cluster in China following the Bohai Rim, the Yangtze
River Delta, and Pearl River Delta. In recent years, both
economic development and urban land expansion in Wuhan
Metropolitan are rapid. Meanwhile, theWuhanMetropolitan
urban land expansion has a significant impact on regional
climate [13]. Therefore, it is urgent to figure out the impact
of different urban land expansion patterns on climate change
inWuhanMetropolitan, that will find out a reasonable urban
land expansion pattern to mitigate regional climate change in
Wuhan Metropolitan.

This paper set up three kinds of urbanization scenarios:
baseline scenario, centralized urban land expansion scenario,
and decentralized urban land expansion scenario. Then, the
Partitioned and Asynchronous Cellular Automaton Model is
employed to simulate urban land expansion patterns under
different scenarios in Wuhan Metropolitan in 2020. The
results are taken as a land use/land cover underlying surface
data, and input it into theWRFmodel, and simulated impacts
of urban land expansion on regional climate change under
three different scenarios of urban land expansion pattern.
Through comparative analysis of three different scenarios of
urban land expansion in the temporal and spatial impacts
of climate change, refining to get a reasonable response of
urbanization patterns to climate change inWuhanMetropoli-
tan.

2. Study Area and Data Sources

2.1. Study Area. WuhanMetropolitan is located in themiddle
of Hubei province, China. It is the urban agglomeration
which takes Wuhan as the center, and is composed of 8
cities of Huangshi, Ezhou, Huanggang, Xiaogan, Xianning,
Xiantao, Tianmen, and Qianjiang within 100 km, with a
total area of about 5.78 × 104 km2, accounting for 31.1%
of land area in Hubei Province (Figure 1). By the end of
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Figure 1: Study area.

2008, the resident population of Wuhan Metropolitan was
2994.6 million, the annual GDP reached 697.211 billion
Yuan, accounting for 61.5% of the province’s total GDP;
it is also an important economic development center in
Hubei Province, and an important strategic fulcrum of “rise
of central China.” Wuhan Metropolitan faces many devel-
opment opportunities as the comprehensive reform pilot
area of “resource-saving and environment-friendly” society.
However, as China’s first “resource-saving and environment-
friendly” society construction pilot area, it is necessary for
Wuhan Metropolitan to consider the rapid development of
not only socioeconomic development but also concerned
about the ecological and environmental effects in the fast
urbanization process. Therefore, it is beneficial to select
Wuhan Metropolitan reasonable urbanization patterns ana-
lyzing effects of different urbanization pattern on regional
climate from the perspective of climate change. It is of great
significance for Wuhan Metropolitan “resource-saving and
environment-friendly” society construction and it provides
a new perspective for the urban land expansion chosen.

2.2. Data Sources. The data of this paper included Wuhan
Metropolitan’s land use data, natural environment condition
data, and social-economy statistical data.

2.2.1. Land Use Data. Land use data is mainly used for sce-
nario simulations of land use change, including two remote
sensing image interpretation data of Wuhan Metropolitan in
2000 and 2008, covering five land types (farmland, forestland,
grassland, built-up land, and water bodies). Among them,
land use data in 2000 came from the Land Use Database of
Data Center Resources and Environment, Chinese Academy
of Science [14]. The resource of this database is Landsat
TM/ETM+ image interpretation with a spatial resolution of
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the 30m × 30m. And then, the land use dataset is resampled
to 100m × 100m raster dataset. Land use data in 2008 came
from the CBERS (China-Brazil Earth Resource Satellite)
image interpretation with a spatial resolution of 20m ×
20m. The results of remote sensing interpretation are also
resampled to 100m× 100mgrid. Specific process is as follows:
using remote sensing data processing software ENVI to
make geometric correction, radiometric correction, cropping
boundary, supervised classification and visual interpretation,
accuracy test for remote sensing image, and then generate
land use data. Land use types include five land types such
as farmland, forestland, grassland, built-up land, and water
bodies. Built-up land covers urban land, rural residential, and
other construction land.

2.2.2. Natural Environmental Conditions Data. The natural
environmental conditions data involved in this study include
DEM data of the study area, distance from the city at all
levels, distance from the railway, distance from the road, and
distance from the river. DEM data in this research came from
1 : 250000 DEM data of the State Bureau of Surveying and
Mapping (SBSM). This paper hierarchically calculated the
distance from the city at all levels to each 100m × 100m grid.
Using the Landsat TM/ETM+ geometric correction in 2000
that covered Wuhan Metropolitan, laid out the major river
systems and the lines of communication of the study area,
worked out the distance from each 100m × 100m grid to rail,
road, and river.

2.2.3. Social-Economy Statistical Data. The social and eco-
nomic statistical data in this paper include population data
of Wuhan Metropolitan cities, per capita retail sales of social
consumer goods, the total investment in fixed assets, per
capita income, and second industry gross grain yield per unit
area from 2000 to 2008. This kind of data comes from Hubei
Statistical Yearbook.

2.2.4. Climate Data. Climate data includes annual precipi-
tation data and annual average temperature data. Based on
the China weather site observation data, spline interpolation
arithmetic method is employed to interpolate meteorological
site’s observation data to get grid form of annual precipitation
data and annual average temperature data in research region.

3. Methods and Models

3.1. Research Framework. The basic idea of scenario analysis
on the impacts of urban land expansion on climate change is
performed by Figure 2. Based on setting urban land expan-
sion scenarios in Wuhan Metropolitan, the Partitioned and
AsynchronousCellular AutomataModel is employed to carry
out the scenarios simulation of urban land use expansion
in Wuhan Metropolitan, so as to get temporal pattern of
urban land expansion about the future. By converting urban
land expansion simulation results to land use/land cover
underlying surface data and inputting it into WRF model,
regional climate change under different scenarios in Wuhan
Metropolitan can be carried out. By comparing analysis

on climate change effects of urban land expansion under
different scenarios, it is helpful to get reasonable urban land
expansion pattern for mitigation climate change in Wuhan
Metropolitan.

(1) Urban Land Expansion Scenario Simulation. Urban land
expansion pattern scenarios of Wuhan Metropolitan are set
up firstly. In this paper, three urbanization pattern scenarios
are set up. They are baseline scenario, centralized urban
land expansion scenario, and decentralized urban expansion
scenario. On this basis, the Partitioned & Asynchronous
Cellular Automata model is employed to simulate urban
land expansion under different scenarios. In Partitioned &
Asynchronous Cellular Automata model, urban land expan-
sion scenarios and regional socioeconomic development
conditions are used to calibrate asynchronous evolving speed,
regional land use change laws and regional differences of
socioeconomic conditions are used to calibrate transforma-
tion rules in each partition, and built-up demand decided
by economic development and farmland demand decided by
food security are used to calibrate global stopping condition.
After these, urban land expansion patterns under different
scenarios in Wuhan Metropolitan can be carried out.

(2) Scenario Analysis of Urban Land Expansion on Climate
Change.The underlying surface data of WuhanMetropolitan
for climate model are processed firstly. By scale transfor-
mation and type transformation, Scenario simulation results
of urban land expansion can be converted to underlying
surface data for WRF model. Then, keeping lateral boundary
conditions and all other parameters of WRF model constant,
processed Land Use/Land Cover underlying surface data are
input intoWRFmodel to simulate regional climate change in
Wuhan Metropolitan. After these processes, regional climate
change under different urbanization patterns in Wuhan
Metropolitan can be figured out by WRF model. Through
scenario analysis of regional climate change under differ-
ent urbanization patterns, reasonable urbanization patterns
which can mitigate climate change in Wuhan Metropolitan
can be worked out.

3.2. Partitioned and Asynchronous Cellular Automata Model.
Cellular automata model has the ability of simulating spatial
and temporal evolution in complex systems. Their “bottom-
up” research idea fully reflects the concept that the local
individual behavior of complex systems produces global
and orderly pattern. Therefore, cellular automata model
has natural advantages in urban land expansion simulation
[15]. However, most cellular automat models have some
limitations in simulating urban land expansion. On the one
hand, it ignores spatial heterogeneities existing in urban
land expansion and its influencing factors to use the unified
cellular transformations rules for all cellular in urban land
expansion simulation. On the other hand, it ignores the
spatial heterogeneities of urban land expansion speed to
employ same evolving speed for all cellular. Both of them
become the barrier of simulation accuracy improving for
cellular automata model [16]. To solve this problem, Ke
(2010) proposed a Partitioned & Asynchronous Cellular
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Figure 2: Research framework of scenario analysis of urban land expansion on climate change impacts.

Automata Model based on spatial data mining [17]. In this
model, spatial data mining methods are employed to dig
out partitions for cellular automata model and separately
cellular transformation rules for each partition are dug out by
Decision Tree Algorithm. On the other hand, evolving speed
for each cellular is calculated grid by grid. Combining with
transformer rules for each partition and evolving speed for
each cellular, more accurate simulation result of urban land
expansion can be worked out.

Transformation rules for each partition are made up of
three sections: transformation probability for each partition,
unit constraints, and neighborhood development density
[15]. It can be showed by the following formula:

𝑃
𝑡

𝑑,𝑖𝑗
= [1 + (− ln 𝛾)𝛼] × 𝑃

𝑔
× con (𝑠𝑡

𝑖𝑗
) × Ω
𝑡

𝑖𝑗
, (1)

where 𝑝𝑡
𝑑,𝑖𝑗

is transformation probability for each partition, 𝛾
is randomnumber ranging from 0 to 1, and 𝛼 is the parameter
which is controlling random variable effect level. It is an inte-
ger which ranges from 1 to 10,𝑃

𝑔
is transformation probability

which is decided by urban expansion influencing factors,
con(𝑠𝑡
𝑖𝑗
) is constraint condition of unit, Ω𝑡

𝑖𝑗
is neighborhood

function which means effect of neighborhood on cellular
automata transformation probability.

In the above parameters, 𝛾 and 𝛼 are introduced to add
random factors in cellular automata model, using to imitate
effect and intervention of all kinds of uncertain factors in
the process of land use. 𝑃

𝑔
is obtained from the geographical

phenomenon change data and related impact factors by the
method of spatial data mining. It remains unchanged in the
process of the whole simulation.

Ω
𝑡

𝑖𝑗
is a very important factor. It changes over time and

can be performed by the following formula:

Ω
𝑡

𝑖𝑗
=

∑
3×3
(𝑠
𝑖𝑗
= target)

3 × 3 − 1

,
(2)

where con(𝑠𝑡
𝑖𝑗
) is unit constraint condition representing cel-

lular which cannot transform to urban land, such as water
and high mountain. For example, con(𝑠𝑡

𝑖𝑗
) = 0, where cellular

represent basic farmland preservation area, because it is
constraint to development in this area.
𝑃
𝑔
is regional land use change regulations mined from

data of the regional land use and related influencing factors.
In our research, C5.0 Decision Tree Algorithm is employed
to calculated regional land use change rules. Decision Tree
Algorithm is a typical data mining classification algorithm.
Its main role is to reveal the structured information in the
data. The created tree structure is visual, easy to understand,
and easy to deal with describing data of nonlinear data, the
hidden knowledge rules in data can be extracted. Therefore,
the Decision Tree Algorithm can be used to dig out cellular
transformation rule in cellular automata [17]. In C5.0 Tree
Decision Algorithm, clusters are decided by information gain
which can be calculated by the following formula:

𝐼 (𝑟
1
, 𝑟
2
, . . . , 𝑟

𝑚
) = −

𝑚

∑

𝑖=1

𝑝
𝑖
∙ log
2
(𝑝
𝑖
) , (3)

where, 𝑟
𝑖
is the subset of dataset 𝑆which belongs to cluster𝐶

𝑖
,

𝑝
𝑖
is the probability of every sample that belongs to𝐶

𝑖
, 𝐼 is the

information gain.
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Asynchronous evolving speed is determined by two parts,
level of social-economic development and urbanization sce-
nario. Compared with the conditions of social and economic
development level, urbanization patterns play much more
important role in urban land expansion speed. Therefore, in
order to clarify the influential difference of cities urban land
expansion on regional climate change in different urbaniza-
tion pattern of Wuhan Metropolitan, asynchronous evolving
speed for Partitioned & Asynchronous Cellular Automata
Model is decided by urbanization patterns. In baseline
scenario, the evolving speed for each cellular in Wuhan
Metropolitan follows in the history of law,mainly determined
by the regional differences of socio-economic development.
In centralized urbanization scenario, the greater the cities are,
the higher the urban land expansion prefers and the faster the
urban land expand. In decentralized urbanization scenario,
smaller the size of cities is, the higher priority and slower the
speed of urban land expansion are. Asynchronous evolving
speed in Partitioned & Asynchronous Cellular Automata
Model can be figured out by the following formula:

V
𝑖𝑗 pri =

priority
𝑖𝑗

prioritymax − prioritymin
× (Vmax − Vmin) + Vmin,

(4)

where, V
𝑖𝑗
is transformation speed of cell (i, j), priority

𝑖𝑗
is

urban land development priority of cell (i, j), prioritymax
is the maximum of all-region’s urban land development
priority, prioritymin is theminimumof all-region’s urban land
development priority, Vmax and Vmin are all-region’smaximum
and minimum of cellular transformation speed.

Since cellular automatonmodel does not have the concept
of transform speed but only evolution interval, so we need
to convert evolutionary speed to evolution interval here as
follows:

Interval
𝑖𝑗 pri = [

1

V
𝑖𝑗 pri
] . (5)

The above formula is the corresponding evolution inter-
val of evolving speed. Accordingly, we can estimate asyn-
chronous evolution interval of urban land expansion in
Wuhan Metropolitan.

3.3. WRF Model. WRFmodel is a new generation mesoscale
weather forecasting models which were jointly initiated by
the U.S. Center for Atmospheric Research in middle and
small scale meteorological department, the National Cen-
ters for Environmental Prediction Environmental Simulation
Center, Forecasting system forecast research lab, and the
storm prediction center of Oklahoma University. The key
consideration ofWRFmodel is forecast of important weather
process from the cloud scale to the synoptic scale, including
preprocessing module WPS (WRF processing system) and
main module ARW. WPS is not only the preprocessing part
of mode data, but also the part that provides some initial
boundary before the three-dimensional variation systems
established. It is mainly responsible for the standard grid data
preprocessing and terrain data preprocessing. WPS modules

include three sub-modules: geogrid, ungrib, and metgrid.
Among them, main function of geogrid submodule is to
define and create areas of patterns. In the geogrid module,
users can set the projection of the simulation domain,
range size, regional location, nesting, and other parameters.
According to these custom settings, geogrid will interpolate
topography, land use, soil type, and other data to the defined
region network, the data format is NetCDF. Ungrib sub-
module’s main function is converting standard grib format
data files into a format that can be recognized by metgrid.
Typically grib data files havemany different formats; the same
meteorological elements may have different elements code.
For these different formats, WPS provides the corresponding
Vtable function pointer, such as AWIP, GFS, and so forth.
Metgrid sub-module’s main function is meteorological data
interpolation. It interpolates the meteorological of large area
into calculated grid of pattern (including the horizontal
direction and the vertical direction), and provides initial and
boundary condition file for the model.

InWRFmodel, the original land use data comes from the
global 24 types of land use types of United States Geographi-
cal Survey land use systems (US Geological Survey land use,
USGS). Each land-use types have different roughness, albedo,
and other parameters, affecting the flow of meteorological
fields, precipitation, temperature, or temperature.

In this study, the urban land expansion scenario simula-
tion results inWuhanMetropolitan were spatially resampled.
We substituted urban land use of simulation results for
corresponding land use type in the original land use data
in WRF model to format new underlying surface data. So
it could be used to simulate urban land expansion climatic
effects.

4. Results

4.1. Urbanization Pattern Scenarios for Wuhan Metropolitan.
Urbanization patterns are divided into two categories: cen-
tralized and decentralized urbanization. Centralized urban-
ization has three main features. First, the urban scale struc-
ture is centralized. It is mainly performed that large cities,
metropolitan and medium-sized cities lead in development.
Second, cluster is the main feature of city metropolitan. It
is mainly showed that metropolitans in various grades are
developing rapidly. Third, urban land use becomes more
intensified spatially. In our research, centralized urbaniza-
tion mainly refers to the first characteristic, namely, cities,
metropolitan, and medium-sized cities that lead in develop-
ment. Corresponding decentralized urbanization, the main
characteristic is that small towns lead in development.

According to urbanization patterns, three scenarios of
urban land expansion are designed. There are baseline
scenario, centralized urban land expansion scenario, and
decentralized urban land expansion scenario in this research.
Under the baseline scenario, urban land expansion inWuhan
Metropolitan follows its historical law. In centralized urban
land expansion scenario, large cities lead in development,
while small towns of urban land use expansion speed
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Table 1: Asynchronous evolution interval of urban land expansion
in Wuhan Metropolitan under different scenarios.

Name Urban land expansion scenarios
Baseline Centralized Decentralized

Wuhan 1 1 20
Caidian 7 5 15
Jiangxia 7 5 15
Huangpi 4 5 15
Xizhou 4 5 15
Ezhou 4 10 10
Huangshi 2 10 10
Daye 5 20 1
Yangxin 4 20 1
Huanggang 4 10 10
Macheng 6 20 1
Wuxue 4 20 1
Tuanfeng 6 20 1
Hong’an 6 20 1
Luotian 4 20 1
Yingshan 2 20 1
Xishui 4 20 1
Qichun 4 20 1
Huangmei 5 20 1
Xiaogan 3 10 10
Yingcheng 5 20 1
Anlu 5 20 1
Hanchuan 4 20 1
Dawu 5 20 1
Yunmeng 4 20 1
Xianning 8 10 10
Chibi 5 20 1
Jiayu 5 20 1
Tongcheng 3 20 1
Chongyang 3 20 1
Tongshan 3 20 1
Xiantiao 5 20 1
Tianmen 5 20 1
Qianjiang 7 20 1

is controlled. In decentralized urban land expansion sce-
nario, priority in the development is achieved by small
towns, metropolitan urban land expansion are controlled.
Accordingly, by setting the asynchronous evolution interval
of Partitioned & Asynchronous Cellular Automata Model,
urban land expansion patterns inWuhanMetropolitan under
different scenarios can be simulated. Taking centralized
urbanization scenario for example, large cities will receive
the prior development. At the same time, cities have higher
evolving speed, that evolution should be given a smaller inter-
val. Accordingly, we could set three asynchronous evolution
intervals of urban land expansion under different scenarios in
WuhanMetropolitan (Table 1). In each scenario, the demand
of urban land in whole Wuhan Metropolitan is 819784 hm2,
while the demand of farmland in the whole is 2574194 hm2.

4.2. Scenario Simulation of Urban Land Expansion of Wuhan
Metropolitan. According to asynchronous evolution inter-
vals scenarios set by urban land expansion scenario inWuhan
Metropolitan, combing transform rules for each partition and
global stopping conditions which were determined by socio-
economic conditions and natural resource endowments in
Wuhan Metropolitan, the Partitioned & Asynchronous Cel-
lular Automata Model can be employed to carry out urban
land expansion patterns under each scenario in Wuhan
Metropolitan (Figure 3). As could be seen, spatial patterns
of urban land use results in Wuhan Metropolitan which are
very similar under the baseline scenario and the centralized
scenario. The difference lies in baseline scenario, the speed
of urban land expansion in big cities and small cities had
some difference, but both developed; while in centralized
urbanization scenario, big cities and small cities’ speed of
urban land use expansion has a very significant difference.
There were very rapid urban land use expansion in Wuhan
and its surrounding areas, but urban land use of other areas
in Wuhan Metropolitan expanded very slowly. Compared
with former two scenarios, urban land use expansion law of
Wuhan Metropolitan is distinctly different in decentralized
urbanization scenario: Wuhan and its surrounding areas of
urban land expansion are very small, while the urban land
expansion is obvious in corresponding small urban areas.

The underlying surface of WRF model is classified based
on classification criteria of USGS data, while Land Use/Land
Cover in urban land expansion simulation was divided into
five categories: farmland, forestland, grassland, water bodies,
and built-up land.Therefore, the simulation results cannot be
directly used as underlying surface data to input into theWRF
model. Based on original underlying surface data of WRF
model, urban land expansion simulation results are converted
raster datasets which have same scale with underlying surface
data of WRF model by spatial analysis tools in ArcGIS10.
Then, grid data in original underlying surface data are
displaced by urban land use type in corresponding grid
in processed urban land expansion simulation results and
obtained new underlying surface data contain urban land
expansion in Wuhan Metropolitan under various scenarios
for WRF model (Figure 4).

4.3. Scenario Analysis of Urban Land Expansion on Climate
Change Impacts. Keeping boundary conditions and other
initial field of WRF model constant, substituted Wuhan
Metropolitan’s underlying surface data under different sce-
narios for WRF model. Then, regional climate change under
different scenarios inWuhanMetropolitan can be figured out
by WRF model, especially spatial pattern of temperature and
precipitation in Wuhan Metropolitan.

Under different scenarios of urbanization, the impact
of underlying surface changes on temperature had obvious
differences (Figure 5). Overall, thewarming effect of the three
scenarios is significantly different. Among the three scenar-
ios, the most obvious warming effect is centralized urban
land expansion scenario, followed by the baseline scenario,
while the smallest warming effect is decentralized urban
land expansion scenario. From the aspect of time series, the
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Figure 3: Spatial Pattern of Land Use under Different Urbanization Scenarios in Wuhan Metropolitan.

strongest warming effect difference of three scenarios appears
at the hottest month of the year (June, July, and August).
In the colder months (January, February, November, and
December), the warming effect difference of three scenarios
is small.

Under different scenarios of urbanization, there are sig-
nificant differences of spatial patterns of impacts of land
surface on temperature change (Figure 6). Seeing fromdiffer-
ences of the three scenarios, difference between centralized
urban land expansion scenario and decentralized urban
land expansion scenario is the biggest, while there are
small differences between centralized urban land expansion
scenario and baseline scenario. Compared to decentralized
urban land expansion scenario, the spatial range of warming
effect is much stronger in centralized urban land expansion
scenario, and the magnitude of temperature difference was
greater. Compared with the baseline scenario, the spatial

range of warming effect was a little stronger and more
concentrated in centralized urban land expansion scenario,
and the magnitude of temperature difference is also smaller.
From the aspects of time series, colder month (in January
as an example) warming differences are small, but the
hotter months (in July for example) warming differences
are much significant. From the annual average level, the
biggest warming difference still lies between in centralized
urban land expansion scenario and decentralized urban land
expansion scenario, the minimum warming difference lies
between centralized urban land expansion scenario and the
baseline scenario. As could be seen, among three scenarios,
the warming effect caused by underlying surface changes
is widest and strongest under the centralized urban land
expansion scenario. In decentralized urban land expansion
scenario, thewarming scope caused by the underlying surface
changes is the smallest and so is magnitude.
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Figure 4: Underlying surface data of Wuhan Metropolitan under different scenarios.
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Figure 6: Spatial pattern of warming effect under different scenarios (unit: ∘C).

Under different scenarios of urban land expansion, the
difference of impact of underlying surface changes on pre-
cipitation is not particularly significant (Figure 7). Overall,
the precipitation of decentralized urban land expansion
scenarios is maximum, slightly higher than the other two
scenarios. The precipitation of centralized urbanization sce-
narios isminimal, slightly lower than the other two scenarios.
From the aspects of time series, precipitation under different
scenarios presents an appearance of consistent in monthly
change, the peak of precipitation appeared in July. Precipi-
tation differences of three scenarios are maximum near the
peak precipitation.

As the spatial distribution is concerned, precipitation
of the centralized urban land expansion scenario and the
baseline scenario is relatively concentrated, while spatial pre-
cipitation of the decentralized urban land expansion scenario
is relatively dispersed (Figure 8). There is a wider scope

and greater intensity of rainfall centers under centralized
urban land expansion scenario and baseline scenario. In the
decentralized urban land expansion scenario, precipitation
center presented decentralized characteristic, there were two
smaller and weaker precipitation centers which are more
evenly distributed in space.

5. Conclusions and Discussions

Rational choice of urbanization patterns is the hot issue in
government and academy society. Many economists have
conducted comparative study of urbanization pattern from
the perspective of economic efficiency, and given the basis
of urbanization model selection from an economics. On the
other hand, natural scientists have proved that urban land
expansion is one of the most important reasons for global
climate change. Urban land expansion has a nonnegligible
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Figure 8: Spatial distribution of precipitation under different scenarios (unit: mm).
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impact on regional climate by changing the underlying
surface. As an important place for human settlements, urban
development should be evaluated form both environmental
effects and its impact on human welfare when pursuing
economic efficiency. Therefore, not only economic efficiency
differences but also the environmental effects of urban devel-
opment and its impact on human living conditions should be
considered to choose a rational urban land expansion pattern.
Especially in the context of global climate change, studying
impacts of underlying surface on regional climate change
has important guiding significance for selection of rational
urbanization patterns.

China is currently in the period of rapid urbanization.
In the coming period, China will maintain a high speed
of urbanization. Therefore, rational choice of urbanization
model has a special significance for China. Urban agglom-
eration has gradually become the main form of urbaniza-
tion in China. Wuhan Metropolitan is an important urban
agglomeration after the rise of the central China following
the Yangtze River Delta, Pearl River Delta, and the Bohai
Sea Rim in China. It is also the first batch of pilot area
of the “resources-saving and environment-friendly” society
construction in China.This paper tookWuhanMetropolitan
as the case area, based on using Partitioned & Asynchronous
Cellular Automata Model to carry out urban land expansion
scenario simulation under different urbanization patterns.
And then, the impact of the underlying surface changes on
regional temperature and precipitation in different urbaniza-
tion scenarios are simulated and analyzed by WRF model.
Results show the following.

(1) Under different urban land expansion scenarios,
warming effect of urban land expansion has sig-
nificant differences. Warming effect of centralized
urbanization is the most significant, far higher than
the decentralized urbanization scenario’s warming
effect. Warming effect of decentralized urban land
expansion scenario is much weaker than the other
two scenarios.

(2) Under different urban land expansion scenarios, the
spatial distribution of warming effect also has signif-
icant differences. The warming effect of centralized
urban land expansion is widest and strongest in three
urban land expansion scenarios. The warming effect
of decentralized urban land expansion scenario is on
the opposite.

(3) The different effects of different urban land expansion
scenarios on regional average precipitation are not
very significant. Overall, the regional precipitation
is largest under decentralized urban land expansion
scenario, slightly higher than the other two scenarios.
On the opposite, the regional precipitation under
centralized urban land expansion scenario is smallest.
The precipitations under difference scenarios are
comparatively consistent in time distribution.

(4) Under different urban land expansion scenarios, spa-
tial distribution of precipitation has significant differ-
ences.The spatial distribution of precipitation ismore

concentrated in centralized urban land expansion
scenario, and presents a wider scope and greater
intensity of rainfall center. The distribution of pre-
cipitation is more dispersed and the rainfall centers
are still dispersed under decentralized urban land
expansion.

(5) Decentralized urban land expansion pattern is the
suitable urbanization pattern for mitigating the cli-
mate change. Under decentralized urban land expan-
sion scenario, underlying surface change has little
effect on climate change, and showing a uniform
distribution pattern in space. In the centralized urban
land expansion scenario, there is a greater impact
on climate change, and the distribution is more
concentrated in the space.

By analyzing effects of urban land expansion on regional
temperature and precipitation in different urban land expan-
sion patterns, it can be concluded that decentralized urban
land expansion pattern is rational in “resources-saving and
environment-friendly” society construction. In further stud-
ies, we need to discuss in-depth that the spatial and tem-
poral laws of regional underlying surface change on other
parameters affects the ecological environment and its effect
on the human temporal welfare under different urban land
expansion scenarios.
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Accurate estimation of vegetation biophysical variables such as the vegetation canopy height (𝐻) is of great importance to the
applications of the land surface models. It is difficult to obtain the data of 𝐻 at the regional scale or larger scale, but the remote
sensing provides the most useful and most effective method. The leaf area index (LAI) is closely related to the𝐻, and we analyzed
its relationship with the correlation analysis based on the dataset at 86 site-years of field measurements from sites worldwide in this
study. The result indicates that there is significant positive exponent correlation between these two parameters and the change of
LAI would exert great impacts on𝐻. The higher the LAI is, the higher the𝐻 is, and vice versa. Besides, the coefficients of different
land cover types are very heterogeneous, and LAI of the needleleaf forest shows strong correlationwith𝐻, while that of the cropland
shows weak correlation with 𝐻. The results may provide certain reference information for the extraction of the data of H at the
regional scale with the remote sensing data.

1. Introduction

The vegetation plays an important role in the transfer of heat,
momentum, and substance in the Earth system [1], and the
accurate estimation of vegetation biophysical variables is of
great importance to the agricultural, ecological, and meteo-
rological applications [2].The structural factors of vegetation,
such as the leaf area index (LAI) and vegetation canopy
height (𝐻), have direct influence on the surface albedo,
surface roughness, surface temperature, surface moisture,
and so forth, all of which are important input parameters
of the models such as land surface models (LSM), regional
climate model (RCM), and global climate model (GCM) [3].
Therefore, the data accuracy of the vegetation density and
height may have great impacts on the uncertainties in the
simulation results with these models.

Both LAI and 𝐻 are important vegetation physiological
parameters that have close relationship with the ecologi-
cal, hydrological, and climatic models. 𝐻 is an important

ecological metric that can provide essential information to
scientists interested in understanding or modeling a wide
range of atmospheric, hydrological, biophysical, and ecolog-
ical processes in the forest and shrubland [4], while LAI is
also one of the most important vegetation parameters and
land property indices that serve as a primary controlling
factor of the exchange of energy, water, and carbon fluxes
between the terrestrial ecosystems and the atmosphere [5–8].
As the primary attribute of the vertical structure,𝐻 affects the
boundary layer meteorology and microclimate [9]. Besides,
𝐻 plays a very important role in the interface between
atmosphere and land surface in many ways. For example,
since the physical processes generally change at the 𝐻, the
quantities of physical parameters (e.g., wind speed, temper-
ature and concentration of CO

2
) above the ground surface

are often normalized at the𝐻, and sometimes these physical
parameters are also normalizedwith their values at the𝐻 [10].
In addition, some studies demonstrated that𝐻 also plays an
important role in influencing the biogeochemical properties
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of the land system. For example, Desai et al. showed that
𝐻 had a strong correlation with CO

2
fluxes [11]. 𝐻 is a

fundamental variable in allometric equations that estimate
the forest biomass and productivity [12, 13]. Therefore, 𝐻 is
a very important parameter in many research fields; however,
the current land cover and vegetation classifications usually
provide little and even no information about 𝐻 beyond the
most basic structural vegetation distinctions [4].

Land surface models such as CESM, SEBAL, and MET-
RIC [14, 15] can calculate the surface fluxes as a function of
the aerodynamic resistance for the heat transfer, which is a
function of aerodynamic roughness length 𝑧0 (m). In these
models zero-plane displacement 𝑑 (m) and 𝑧0may be derived
from a variety of canopy structure inputs. At the most basic
resolution, 𝑑 and 𝑧0 are simple linear functions of site-level
𝐻, typically 𝑑 ≈ 0.66𝐻 and 𝑧0 ≈ 0.10𝐻 [16, 17]. Some studies
took 𝑑 and 𝑧0 as a proportion of ℎ [18]. This increases the
uncertainties of the simulation results. Pitman (1994) showed
that a 30% error in the estimation of 𝑧0 within LSM could
lead to a 15% error in estimation of the sensible heat flux over
forested environments [19]. Besides, parameters such as𝑑 and
𝑧0 [20, 21] are often normalized by𝐻 for intersite comparison
studies. Both 𝑑 and 𝑧0 are primarily dependent on𝐻, though
the normalized values 𝑑/𝐻 and 𝑧0/𝐻 are known to vary with
the canopy density and/or LAI [20–22].

Some researchers have found that there is a relatively
high correlation between the𝐻 estimates fromNASA’s active
laser vegetation imaging sensor (LVIS) and maximum 𝐻
values of the Howland Forest measured in the field [23, 24].
However, there is some limitation in the spatial extent of
the data obtained from the airborne LIDAR sensors such
as LVIS [25], and it is necessary to develop some efficient
methods to estimate 𝐻 using optical remote sensing [26].
Unfortunately, there have been no mature approaches yet.
Currently, the light detection and ranging (LIDAR) data can
provide detailed information about the forest canopy height
in the vertical plane [25, 27]. For example, the current remote
sensing data, for example, the Landsat data, can provide
useful structural information in the horizontal plane, but
these data are relatively insensitive to the 𝐻. It has become
a popular and effective method to extract the𝐻 based on the
remote sensing data at the regional scale [6], and it has also
become an important scientific issue to analyze the relation
between𝐻 and other relevant parameters of vegetationwhich
can be easily accessed by remote sensing.

In terms of the relationship between the vegetation char-
acteristics, other researches have evaluated the relationships
between vegetation indices, canopy structure, physiology,
and biomass [28, 29]. Besides, some previous researches have
reported that there is close relationship between LAI and the
land cover type [30]. However, there are few studies about the
direct physical relationship between them. In this study, we
have assumed that there is certain linear relationship between
them and analyzed this relationship with the regression
between𝐻 and LAI on the basis of observation data collected
from 86 sites covering various vegetated surfaces. The result
of this study may provide certain reference value for indirect
extraction of𝐻 at the regional and global scale.
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Figure 1: Spatial distribution of sites.
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Figure 2: Result of fitting curve of𝐻 and LAI BF (broadleaf forest),
NF (needleleaf forest), C (croplands), G (grasslands), S (savannas),
and (MF) shrublands.

2. Data

The dataset used in this study mainly includes the data of
𝐻 and LAI, both of which are considered as important par-
ameters of the land surface characteristics in most sites
[31]. In this study, we have collected and sorted out data
of the vegetation and structure parameters at 86 site-years
of field measurements from sites worldwide. The original
vegetation cover data were sorted into 17 types [32] according
to vegetation/land cover classification system standard by
International Geosphere-Biosphere Program (IGBP) [33].
Figure 1 shows the spatial distribution of these sites. In
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Figure 3: Scatter plots between ln(𝐻) and LAI, (a) broadleaf forest, (b) needleleaf forest, (c) croplands, and (d) grasslands.

Figure 1, the five site-years in the yellow circle, which do
not have the coordinate information, are from the second
version (Version 2) database of the Global Land Cover
Characteristics.

In this study, the dataset of 𝐻 and LAI comes from two
data sources. The first dataset is the dataset of net carbon
dioxide and water fluxes of global terrestrial ecosystems,
1969–1998. The Oak Ridge National Laboratory Distributed
Active Archive Center (ORNL DAAC) for Biogeochemistry
Dynamics organized and formatted these data for long-term
archive. The data file of 133 study sites includes 110 microm-
eteorological studies and 23 enclosure studies. The type of
study (micrometeorological or enclosure) and classification
of the ecosystem given by Buchmann were added to each
entry. Data used in this paper is measurement site locations
and several physical and biophysical characteristics (e.g., 𝐻,
LAI, and stand age) and finally sorted out valid data record 53.
The second dataset comes from the research results of Cho et
al. (2012) [34]. The data is measured at the peak of the leaf
biomass in the specified year for each site and categorized
by the IGBP vegetation classification system. In this dataset,
there are 33 records.

The dataset which contains information of latitude, lon-
gitude, LAI (maximum), and 𝐻 (maximum) in the sites

was finally established. Descriptive statistics for the variables
of this dataset are included in Table 1. For the analysis, we
reclassified the original vegetation types into the types of the
IGBP classification system. Then statistics of different types
of record number were incorporated into NF (needleleaf
forest), BF (broadleaf forest), C (croplands), G (grasslands),
MF (shrublands), and savannas (Table 2). The main surface
vegetation type of the site is grasslands, croplands, forests
(deciduous broadleaf Forests, deciduous needleleaf forests,
evergreen needleleaf forests, evergreen broadleaf forests,
and open/closed shrublands), and savannas. Then the land
cover classification system of vegetated surface was got after
excluding nonvegetation surface types, including urban and
built-up (13), snow and ice (15), water bodies (17), land cover
classification types with nonsite distribution mixed forest
(5), woody savannas (8), permanent wetlands (11), crop-
land/natural vegetation mosaic (14), and barren or sparsely
vegetated (16).

3. Results

The correlation analysis between𝐻, ln(𝐻), LAI, and ln(LAI)
was implemented one by one, and finally the correlation
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Table 1: Descriptive statistics of the dataset at 86 site-years of field measurements from sites worldwide.

Variable Obs. Mean Std. dev. Min Max
𝐻 86 12.71 11.49 0.05 60
LAI 86 3.48 2.36 0.2 10
Latitude 81 33.12 32.08 −42.2 69.47
Longitude 81 −9.18 97.61 −164.73 176

Table 2: Sites statistical distribution in IGBP land cover classification system.

Code IGBP classification Obs. Merge sorting
1 Evergreen needleleaf forest 16 NF
2 Evergreen broadleaf forest 2 BF
3 Deciduous needleleaf forest 19 NF
4 Deciduous broadleaf forest 21 BF
5 Mixed forest — —
6 Closed shrublands 1 MF
7 Open shrublands 1 MF
8 Woody savannas — —
9 Savannas 4 S
10 Grasslands 14 G
11 Permanent wetlands — —
12 Croplands 8 C
14 Cropland/natural vegetation mosaic — —
16 Barren or sparsely vegetated — —
Note. The table excluded nonvegetation surface types which are urban and built-up (13), snow and ice (15), and water bodies (17). So “—” means that such land
cover types do not exist.

Table 3: Correlation matrix of𝐻, ln(𝐻), LAI, and ln(LAI).

𝐻 ln(𝐻)

Pearson value Significance
(bilateral) Pearson value Significance

(bilateral)
LAI 0.641 0.000 0.609 0.000
ln(LAI) 0.616 0.000 0.681 0.000

matrix was obtained. The result indicated that the Pearson
correlation value of LAI and vegetation height (𝐻) and ln(𝐻)
reached 0.64 and 0.616, respectively, while there is a more
sensitive correlation between ln(𝐻) and LAI and ln(LAI)
since their Person value was 0.609 and 0.681, respectively.

The result shows that there is a positive correlation
between all of𝐻, ln(𝐻), LAI, and ln(LAI) (Table 3). There is
the most significant correlation between ln(𝐻) and ln(LAI),
which is significant at the 1% level of significance (bilateral),
and their correlation coefficient is 0.681. It is followed by that
between 𝐻 and LAI, the correlation coefficient of which is
0.641. The significance level of ln(𝐻) and LAI is the weakest,
and their correlation coefficient is 0.609. By inquiring the
critical value table of the correlation coefficient, it is found
that the correlations between𝐻, ln(𝐻), LAI, and ln(LAI) are
all significant at the 99% level of confidence.

The regression analysis of 𝐻 and LAI was implemented
with the SPSS software, with𝐻 being the dependent variable
and LAI being the independent variable. The results are as
follows: the summarized conditions of the regression model,

the estimated values of parameters, the results of curve fitting
of 𝐻 and LAI, and the final regression equations (Table 4,
Figure 2).

The result indicated that these functions all reflected the
relationship between 𝐻 and LAI to some degree. The result
suggests that the result of curve fitting of 𝐻 and LAI with
the power function is the most proper, which can effectively
reflect the correlation between𝐻 and LAI (𝑦 = 1.4915𝑥1.3396,
𝑅
2
= 0.464). It is followed by the linear fitting (𝑅2 = 0.411),

while the result with the exponential function is the worst
(𝑅2 = 0.371).

Although the power function can reflect the correlation
between 𝐻 and LAI best, it is found that the logarithmic
function can better reflect the correlation between𝐻 and LAI
to some degree when the single or several land cover types are
taken as the research object. So the logarithmic function has
been used to analyze the correlation between𝐻 and LAI with
the combined land cover types as the research object in this
study, including the land cover BF, NF, C, and G.

The results of the analysis with the logarithmic function
are as follows. Figures 3(a), 3(b), 3(c), and 3(d) represents
the scatter plots between ln(𝐻) and LAI of the broadleaf
forest, needleleaf forest, croplands, and grasslands, respec-
tively. The solid lines represent the fitted line of the changing
trend, the fitted equations, their fitting variances (𝑅2), and
significance level; see Table 5.

The result indicated that the changing trends of 𝐻 and
LAI of broadleaf forest, needleleaf forest, and grasslands tend
to converge; that is, they show a positive correlation on
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Table 4: Summarization of regression models and estimated values of parameters.

Models Summarization of the model Estimated values of parameters Regression models
𝑅
2

𝐹 df1 df2 Sig. Constant 𝑏
1

Liner 0.41 58.64 1 84 0.00 1.846 3.120 𝑦 = 3.120𝑥 + 1.846

Logarithm 0.38 51.35 1 84 0.00 5.378 7.792 𝑦 = 7.792 ln(𝑥) + 5.378
Power 0.46 72.60 1 84 0.00 1.492 1.340 𝑦 = 1.492𝑥

1.340

Exponential 0.37 49.51 1 84 0.00 1.057 0.461 𝑦 = 1.057𝑒
0.461𝑥

Table 5: Changing trends of broadleaf forest, needleleaf forest,
croplands, and grasslands (with the square of correlation coefficient
(𝑅2), significance level (Sig.), and regression models).

Type Regression model 𝑅
2 Sig.

Broadleaf forest 𝑦 = 0.2348𝑥 + 1.9174 0.24 0.019∗∗

Needleleaf forest 𝑦 = 0.1305𝑥 + 2.0052 0.25 0.002∗∗∗

Croplands 𝑦 = −0.3083𝑥 + 1.192 0.49 0.064∗

Grasslands 𝑦 = 0.4479𝑥 − 2.0488 0.26 0.055∗

Notes. ∗∗∗Significant at 1% level, ∗∗significant at 5% level, and ∗significant at
10% level.

the whole, suggesting that the canopy heights of broadleaf
forest, needleleaf forest, and grasslands all will increase with
LAI. And the 𝑅2 of broadleaf forest, needleleaf forest, and
grasslands are 0.24, 0.25, and 0.26. They are significant at
the 10% significance level. There is a negative correlation
between the changing trend of𝐻 and LAI of cropland, which
is contrary to that of their land cover types and inconsistent
with the common sense; it may be due to the following
reasons. First, the data of croplands is greatly influenced
by the types of the crop. Second, the analyzed result is not
significant correlation between H and LAI since there is very
limited data of this land cover type in the dataset used in this
study.

By contrast, the results well reflected the correlation
between 𝐻 and LAI in the other three land cover types. The
result indicated that there is a positive correlation between
𝐻 and LAI on the whole, and the change of LAI has some
influence on the change of the vegetation height; that is, the
larger the LAI is, the higher the vegetation height will be, and
vice versa. Besides, there is some variation in the degree of
correlation between𝐻 and LAI in different land cover types.

4. Conclusions

The results show that there is significant positive correlation
between 𝐻 and LAI, and the power function relationship
between 𝐻 and LAI is especially significant. Besides, this
study also analyzed the relationship between 𝐻 and LAI
with the vegetation type of broadleaf forest, needleleaf forest,
croplands, and grasslands. The result indicates that there is
significant difference in relationship between 𝐻 and LAI
among different land cover types. Specifically, there is a
significantly positive relationship between 𝐻 and LAI of
broadleaf forest, needleleaf forest, and grasslands, while there
is negative correlation between 𝐻 and LAI of croplands. In
addition, the instrument used to measure LAI in different

sites is not exactly the same, which increases the uncertainties
in the relationship between LAI and𝐻.

More types of vegetation dataset should be included to
improve the robustness of this study. At the same time, for
the data shortage, this study only analyzed the relationship
between 𝐻 and LAI of broadleaf forest, needleleaf forest,
grasslands, and some other vegetation cover type, so the
future studies should analyze a comprehensive relationship
between 𝐻 and LAI and include a wider range of vegetation
cover types to quantify the role of vegetation on heat trans-
port.
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The climatic effects of LUCC have been a focus of current researches on global climate change. The objective of this study is to
investigate climatic effects of grassland degradation in Northwest China. Based on the stimulation of the conversion from grassland
to other land use types during the next 30 years, the potential effects of grassland degradation on regional climate in the overgrazing
area of Northwest China from 2010 to 2040 have been explored withWeather Research and Forecasting model (WRF).The analysis
results show that grassland will mainly convert into barren land, croplands, and urban land, which accounts for 42%, 48%, and
10% of the total converted grassland area, respectively. The simulation results indicate that the WRF model is appropriate for the
simulation of the impact of grassland degradation on climate change.The grassland degradation during the next 30 years will result
in the decrease of latent heat flux, which will further lead to the increase of temperature in summer, with an increment of 0.4–1.2∘C,
and the decrease of temperature in winter, with a decrement of 0.2∘C. In addition, grassland degradation will cause the decrease of
precipitation in both summer and winter, with a decrement of 4–20mm.

1. Introduction

The influence of human activities on the climate system
has become the focus of the academic community at home
and abroad in the context of global warming since the 20th
century [1]. The fourth assessment report of Intergovern-
mental Panel on Climate Change (IPCC AR4) indicated that
the human activities are an important influencing factor of
climate change, accounting for 90% of global warming [2,
3]. Some previous researches have showed that the human-
induced land use/land cover change (LUCC) was one of
the major factors, which influence the regional climate [4].
The LUCC influences the climate change mainly through
changing the underlying surface properties such as the
surface reflectivity, roughness, soil moisture, leaf area, and
vegetation coverage [5, 6]. The effects of LUCC on the bio-
geophysical processes vary from region to region, which are
closely relatedwith the land-atmosphere interaction, regional
surface climate, environmental background and vegetation,

and so forth, [7, 8]. Therefore, it is of great significance to
study the effects of LUCC on regional climate for adapting
to climate change.

Grassland as one of the most widespread land use type
covers about 40% of the total land area of China [9, 10].
The grasslands provide various ecosystem services such as
the provision of the forage, milk, and meat. Besides, the
grasslands also provide some important ecosystem services
that regulate the regional climate, for example, the mitigation
of greenhouse gas (GHG) emissions through soil organic
carbon (C) and nitrogen (N) sequestration [11, 12].Therefore,
the grassland change would be the import factor influencing
the climate change.Theovergrazing areas inNorthwestChina
are the most significant hinterlands. The grassland degra-
dation and desertification in overgrazing area of Northwest
China has greatly intensified due to the irrational exploitation
of the natural resources, rapid population growth, and the
expansion of road network in recent years [13, 14]. The mean
rate of grassland degradation has accelerated overall in the
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Figure 1: Location of the study area and the distribution of land use type in the overgrazing areas of Northwest China.

past 50 years and only decelerated in recent years. Moreover,
the grassland degradation has led to the decline of grassland
productivity and increased the frequency of extreme climate
events such as droughts and fierce freeze-up, which have
seriously influenced the sustainable development of animal
husbandry [14]. Therefore, it is of great importance to study
the influence of grassland degradation on the climate in the
overgrazing area of Northwest China.

There have been many researches focusing on the
impacts of the grassland degradation in overgrazing areas
in Northwest China on climate change. Most of those
researches detected the interaction between the grassland
degradation and the climate change by the selection of
regional climate model (RCMs) or global climate models
(GCMs) and experiment designs [15]. Xue and Fu et al.
identified that grassland degradation over the Mongolian
and the Inner Mongolian grassland could bring significant
influence on surface climate [16, 17]. Zhang et al., found
that the grassland degradation could lead to the decrease
of precipitation and the increase of surface temperature
in Northwest China [18]. Liu et al. found that the grass-
land desertification can lead to grand temperature increase
in the daytime and decrease at night, and the sensitive
heat flux increase and the latent heat flux decrease in the
Source Regions of Three Rivers [19]. All of these previous
researches with GCMs and RCMs have contributed to the
comprehensive understanding of the impacts of grassland
change on the climate change at the regional and global
scales. However, because of the coarse resolution, there
are some bias and uncertainties in the simulation of the
regional climate change with GCMs [20–24]. The weather
Research and Forecasting (WRF)model represents the recent

advances of RCMs and is specifically designed for high
resolution applications and provides an ideal tool for assess-
ing the value of high resolution regional climate modeling,
and some researchers have identified the WRF model to
be superior to other RCMs such as RegCM2, RegCM3,
RAMS, RIEMS, RegCM-NCC, and IPCR-RegCM [1, 25,
26].

Some studies with the WRF model have shown that
grassland degradation in overgrazing areas of Northwest
China has obvious effect on the regional climate [19, 24].
However, those previous researches about the effects of
grassland degradation on the climate change have generally
focused on the effects of land change during the historical
period with the numerical simulation models, while there
were few researches on the impacts of predicted future land
use change on the climate. Therefore, this study aims to
estimate the potential impacts of grassland degradation on
climate change in overgrazing area of Northwest China from
2010 to 2040 with the WRF model.

2. Data and Methodology

2.1. Study Area. The overgrazing area of Northwest China
is located in 104∘04∼114∘02E, 32∘40∼41∘20N with a total
land area of 811856 km2 covering five provinces which include
Ningxia Province, the south east part of Gansu Province,
Shaanxi Province, the west part of Shanxi Province, and the
middle and south west part of Inner Mongolia Autonomous
Region (Figure 1). It is one of the largest grazing areas of
China, which is the major production base of the animal
husbandry industry in China.
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This region stretches across the eastern monsoon region
and northwest arid region and is close to the Qinghai-
Tibet alpine region, approximately located in the transition
zone of the three major natural zones of China. It is the
continental semiarid climate in this region, with an annual
average temperature of 5–10∘C and the annual precipitation
of 200–800mm. There is very limited water resource, the
spatiotemporal distribution of which is very imbalanced, and
there are frequently meteorological disasters.

The grassland and cultivated land are the dominant land
use types in this region, accounting for 36.19% and 29%
of the total area, respectively. The irrational utilization of
grassland resources is very common due to overgrazing and
overreclamation under the influence of pursuit of economic
benefit since the 1980s. It has led to the continual degradation
of the grassland. The proportion of grassland accounting
for the total area of Northwest China has decreased from
about 36% in 1995 to 31% in 2008, and most of grassland
degraded into barren land and croplands. The intensive
grassland degradation has resulted in more and more acute
contradiction between the human and nature, economic
development and eco-environmental conservation in region.
Therefore, the exploration of the degree and mechanism of
grassland degradation’s influence on regional climate and
environment is of great significance to the policy making of
the regional sustainable land use and management.

2.2. Data Resource. In this study, the 1 km resolution land
cover data of United States Geological Survey (USGS) clas-
sification in 2010 were extracted from the MODIS dataset.
The land conversion data with 1 km resolution used to
forecast the information of land use change (land conversion
among different land cover types) during 2010–2040 were
simulated based on Representative Concentration Pathways
6.0 (RCP6.0) using the Asia-Pacific Integrated Model (AIM)
developed by the National Institute of Environmental Stud-
ies (NIES) in Japan. According to the requirement of the
WRF model, it is necessary to convert the 1 km resolu-
tion land cover data of United States Geological Survey
(USGS) classification in 2010 into the 30 km resolution
data.

The meteorological data used in this study, including
the near-surface temperature and precipitation, were all
from 84 meteorological stations in Ningxia Province, Inner
Mongolia Autonomous Region, Gansu Province, Shanxi
Province, and Shaanxi Province. In order to analyze the
simulation accuracy of the WRF model, the original data of
annual average temperature, monthly average temperature
and annual precipitation in year 2010 were interpolated
into 1 km resolution grid data with the Kriging interpo-
lation method and then compared with the simulation
results.

The atmospheric forcing data such as air temperature,
specific humidity, sea level pressure, eastward wind, north-
ward wind, and geopotential height from 2010 to 2040
used in this study were from a state-of-the-art multimodel
dataset produced by the fifth phase of the Coupled Model
Intercomparison Project (CMIP5) [27].

Table 1: Parameterization scheme of physical processes in theWRF
model.

Classification of schemes Scheme option
Physics parameterization scheme WSM3-class simple ice
Cumulus parameterization scheme Grell-Devenyi ensemble
Boundary layer process scheme YSU
Radiation scheme CAM 3 radiation
Land surface process scheme Noah land surface model

2.3. Description of the WRF Model. The WRF model is
a next-generation forecast model developed by the scien-
tific research center, atmospheric administration (NOAA),
research institutions and universities in the United States.
Two motive power cores were included in the WRF model,
that is, ARW(AdvancedResearchWRF) developed byNCAR
and used in scientific research and nonhydrostatic Mesoscale
Model (MMM) developed by NCEP and widely used in the
business system.This study has mainly used the ARWmodel
[28].

The parameterization scheme of physical processes in
the WRF model in this study is as follows (Table 1). It
mainly includes theWSM3-Class simple ice physical scheme,
ensemble cumulus convection schemes of Grell-Devenyi
ensemble, YSU, CAM3 radiation schemes, and consolidated
NOAH land surface parameterization scheme [29, 30].

2.4. Test Design. In this study, two numerical simulation
tests, including the control test and sensitivity test, were
designed and performed with the same horizontal resolu-
tion and parameterization scheme in order to analyze the
effects of grassland degradation on the regional climate more
accurately, unlike other previous experiment studies in which
the entire grassland was replaced by other land covers. The
control test as a reference case used the land cover data of
2010, while the sensitivity test used the land cover data from
2010 to 2040, in which part of grassland converted into bare
land, croplands, and urban land. The climate forcing data
in both the control test and sensitivity test were all from
2010 to 2040. The center of the simulated area is located
at 37∘53N, 109∘1E with two standard parallels of 39∘N and
35∘N, including 27 grid points in the east-west direction and
48 grid points in the north-south direction. The simulation
period is 30 years from January 1st, 2010, to December 31th,
2040.

3. Result

3.1. Forecast of Future Grassland Degradation in Overgrazing
Areas of Northwest China during 2010–2040. The grassland
in the study mainly concentrates in the south and middle
part of Inner Mongolia and Ningxia Province, the northeast
of Gansu Province, and south part of Shaanxi Province,
accounting for about 35% of the total area of overgrazing
areas in Northwest China.This study stimulates the grassland
change of overgrazing areas in Northwest China from 2010
to 2040. The stimulation result indicated that with the
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Figure 2: Conversion from grassland to other land use types
between 2010 and 2040 of the overgrazing areas inNorthwest China.

increasing population and unreasonable use of the grassland,
the grassland degradation is still severe, in the future 30 years;
the conclusion will be coherent with that of previous study
[31]. There will be mainly the conversion between grassland
and croplands, bare land, and urban land.

This study also statistically analyzed the number of grid
cells converting from grassland into other land types between
2010 and 2040. The result indicates that there will be 55
grids converting from grassland into other land types from
2010 to 2040 in the study area (Figure 2). About 48% of
the converted grassland will convert into croplands, which
mainly distributed in the southeast part of Inner Mongolia
Autonomous Region, northwest part of Shaanxi Province,
and northeast part of Gansu Province. The obvious con-
version from grassland into barren land will mainly occur
in south and central part of Inner Mongolia and Shanxi
Province, south part of Ningxia Province, and southeast part
of Gansu Province, accounting for 42% of the total number
of converted grids. There will be 9 grids converting from
grassland into urban land, accounting for about 10% of the
total number of converted grids. In summary, the grassland
in overgrazing areas in Northwest China will mainly convert
into barren land and croplands.

3.2. Result of the Control Test. It is necessary to investigate
whether the WRF model can well simulate the climate

change in the overgrazing areas of Northwest China since the
performance of theWRFmodel in different regionsmay vary
greatly. In this study, the simulation ability ofWRFmodel was
tested through comparing the stimulated temperature and
precipitation with the observation data.

The result indicates that the WRF model can simulate
the temporal change of temperature very well (Figures 3(a)
and 4(a)). According to the monthly temperature change in
the entire study area, the simulated temperature is roughly
consistent with the observed value in the spring and winter,
and the difference between them ranges from 0∘C to 0.5∘C
(Figure 3(a)). However, the temperature is obviously lower
than the observed value in both the summer and autumn,
with the difference between them ranging from 0.5∘C to
2.5∘C. As can be seen from Figure 4(a), the stimulated annual
average temperature is lower than the observed value, and
the difference between them ranges from 0.2∘C to 1.4∘C,
indicating that there is only slight difference between the
stimulated and observed annual average temperature.

As can be seen from Figure 3(b), the stimulated precip-
itation in the spring and autumn of 2010 is lower than the
observed value, and the difference between them ranges from
5mm to 40mm in most months except June. Figure 4(b)
reveals that the annual precipitation of 2010 in overgrazing
areas in Northwest China, especially the southeast part of
Gansu Province and northwest of Shaanxi Province, is lower
than the observed value, and the difference between them
generally ranges from 5mm to 30mm. In summary, the
difference between the simulated and observed monthly and
annual change of precipitation is not very obvious.Therefore,
the WRF model can well simulate the monthly and annual
change of precipitation very well.

3.3. Effects of GrasslandDegradation on LatentHeat Flux. The
land cover change can influence the energy balance of the
earth-gas system through changing the underlying surface
parameters such as the land surface albedo, roughness, and
soil water content [26]. Latent heat flux is the indispens-
able element of energy exchange between land surface and
atmosphere [32]. The grassland degradation could decrease
the roughness, which would lead to the decrease of latent
heat exchange in the earth-gas system. As can be seen from
Figure 5, the grassland degradation would result in the
obvious decrease of the average monthly latent heat flux from
March to July, and the maximum decrement reaches about
10W/m2.

3.4. Effects of GrasslandDegradation on the Land Surface Tem-
perature. The land use/cover change influences the regional
surface temperature through altering the land roughness, and
soil hydrological and thermal features, which lead to further
change of the land surface energy balance, long wave radia-
tion, fluxes of momentum, sensible heat and latent heat, and
so forth [33]. While the impacts of grassland degradation on
the temperature in overgrazing areas of Northwest China can
be analyzed through calculating the difference in the annual
average near-surface temperature (air temperatures at two
meters above the ground) between the results of the control
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Figure 3: Difference between the observed and simulated monthly temperature ((a), unit: ∘C) and precipitation ((b), unit: mm) of 2010 in
the overgrazing areas of Northwest China.
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Figure 4: Difference between the simulated and observed annual average temperature ((a), unit: ∘C) and annual precipitation ((b), unit: mm)
in the overgrazing areas of Northwest China in 2010.

test and sensitivity test on the basis of the simulation in the
control test and sensitivity test, the simulation result indicates
that there will be different climate effects of the grassland
degradation in different areas and seasons from 2010 to 2040
in the overgrazing areas of Northwest China (Figure 6).
Besides, the results of the two tests showed that the grassland
degradation would increase the land surface albedo, which
could lead to the decrease of near-surface temperature in the

winter in the middle part of Inner Mongolia Autonomous
Region, southwest of Ningxia Province, and northwest of
Shanxi Province due to the conversion from grassland to
barren land and urban land with the decrement reaching
0.2∘C (Figure 6(a)). Although the near-surface temperature
of thewinter increased in themiddle part of Shaanxi Province
and north part of Shanxi Province due to the decrease of
land surface albedo caused by conversion from grassland to
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Figure 5: Average monthly change of latent heat flux (unit: W/m2) in the overgrazing area of Northwest China from 2010 to 2040.
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Figure 6: Difference in the annual average temperature (unit: ∘C) in the winter (a) and summer (b) from 2010 to 2040 in the overgrazing
areas in Northwest China between the sensitivity test and the control test.

croplands, the grassland degradation can mainly result in
the decrease of the near-surface temperature of winter in the
study area.

The impacts of grassland degradation on the near-
surface temperature are more complicated and widespread
in the summer than that in the winter. The grassland
degradation can decrease the surface albedo, which will
result in the increase of the near-surface temperature in
the overgrazing areas of Northwest China, with an incre-
ment of about 0.4∘C–1.2∘C (Figure 6(b)). The temperature
rise most obviously in the southwest of Inner Mongolia

and middle part of Shaanxi, which are in the overgrazing
areas of Northwest China, with the increment of about
1.2∘C.

Although surface temperature of summer decrease in the
south part of Inner Mongolia, the south part of Shaanxi
Province, and south east of Gansu Province with the drop
scale of about 0.4∘C (Figure 6(b)), which would be caused
by the conversion from grassland to croplands since there is
obvious difference between the surface albedo of croplands
and grassland and the higher evapotranspiration of the crop-
lands, the grassland degradation would mainly lead to the
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Figure 7: Difference in the annual precipitation (unit: mm) in the winter (a) and summer (b) from 2010 to 2040 in overgrazing areas of
Northwest China between the sensitivity test and control test.

increase of surface temperature of summer in the overgrazing
areas of Northwest China.

3.5.The Effect of Grassland Degradation on Precipitation. The
land cover change can influence the precipitation through
modifying both the energy balance and water balance [26,
33].There are very complex impacts of grassland degradation
on the precipitation. Due to the complicated interactions
between land surface and atmosphere, such as the inter-
actions between land surface albedo, soil moisture, sand
temperature, the grassland degradation will increase surface
albedo, reduce roughness, and weaken the regulation func-
tion of vegetation cover in the water cycle [26].

The simulation result indicates that the grassland degra-
dation can cause the decrease of precipitation in the winter
in most part of the overgrazing areas of Northwest China,
with a decrement from about 0mm to 12mm (Figure 7(a)).
Particularly, the annual precipitation in the northwest part
of Shanxi Province and south part of Inner Mongolia
Autonomous Region will decline most obviously due to
the serious grassland desertification, with a decrement of
about 12mm. Besides, in the summer, the conversion from
grassland to barren land can result in the obvious decrease
of precipitation in north and central part of Shanxi Province,
north part of InnerMongolia, andNingxia Province, with the
decrement ranging from about 4mm to 20mm (Figure 7(b)).

The abovementioned numerical simulation of tempera-
ture and precipitation in the next 30 years shows that the
grassland degradation in the overgrazing areas of Northwest

China will make the climate change show a dry-warm trend
according to the results of both the control test and sensitivity
test.The results are consistent with theoretical analysis results
that the vegetation degradation will cause the increase of
surface albedo, surface sensible heat, and the decrease of
latent heat and thereby lead to the decrease of precipitation
and increase of temperature [34].

4. Conclusion and Discussion

Based on the analysis of grassland change in the future, this
study analyzed the impacts of grassland degradation on the
regional climate in the overgrazing areas of Northwest China
through implementing the numerical simulation with the
WRF model. The conclusions of this study are as follows.

The result indicates that theWRFmodel canwell simulate
the spatial pattern and change of temperature and precipi-
tation, although the simulated value is a bit lower than the
observed value. Besides, the grassland of Northwest China
would mainly degrade into croplands, bare land, and urban
land over the next 30 years. The most obvious grassland
change will occur in the central part of Inner Mongolia
Autonomous Region and northwest part of Shaanxi Province.

The simulation result indicates that the grassland degra-
dation will make the climate change in the overgrazing areas
of Northwest China show a dry-warm trend in the future
30 years. The grassland degradation will lead to the decrease
of latent heat flux through influencing the phase change of
water in the atmosphere and the surface-air heat exchange.
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The impacts of grassland degradation on the climate will
vary in different seasons. In the summer, the grassland
degradation will lead to the increase of surface temperature
and decrease of precipitation. While in the winter, it will lead
to the decrease of both the precipitation and temperature.

There are generally various impacts of land cover change
on the climate change. However, this study has only analyzed
the effects of grassland degradation on the temperature
and precipitation; therefore, more influencing factors of
the climate change should be taken into account in the
future research. In addition, there are various factors that
influence the regional climate, but in this paper, only the
land cover change is used to analyze the impacts of grassland
degradation on the regional climate, which leads to some
uncertainties of the results. Therefore, more efforts should be
made in the future research on the sensitivity test to reduce
the uncertainties of the results.
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[30] G. A. Grell andD. Dévényi, “A generalized approach to parame-
terizing convection combining ensemble and data assimilation
techniques,”Geophysical Research Letters, vol. 29, no. 14, pp. 38–
1, 2002.

[31] F. Wu, X. Deng, F. Yin, and Y. Yuan, “Projected changes of
grassland productivity along the representative concentration
pathways during 2010–2050 inChina,”Advances inMeteorology,
vol. 2013, Article ID 812723, 9 pages, 2013.

[32] J. L. Schedlbauer, S. F. Oberbauer, G. Starr, and K. L. Jimenez,
“Controls on sensible heat and latent energy fluxes from a short-
hydroperiod Florida Everglades marsh,” Journal of Hydrology,
vol. 411, no. 3-4, pp. 331–341, 2011.

[33] L. Lian and J. Shu, “Simulation of effects of grassland degrada-
tion on regional climate over sanjiangyuan region in Qinghai-
Tibet plateau,” Acta Meteorologica Sinica, vol. 23, no. 3, pp. 350–
362, 2009.

[34] M. V. K. Sivakumar, “Interactions between climate and deserti-
fication,” Agricultural and Forest Meteorology, vol. 142, no. 2–4,
pp. 143–155, 2007.



Hindawi Publishing Corporation
Advances in Meteorology
Volume 2013, Article ID 907367, 8 pages
http://dx.doi.org/10.1155/2013/907367

Review Article
A Revisit to the Impacts of Land Use Changes on the Human
Wellbeing via Altering the Ecosystem Provisioning Services

Xiangzheng Deng,1,2 Zhihui Li,1,2,3 Jikun Huang,1,2 Qingling Shi,1,2 and Yanfei Li4

1 Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences, Beijing 100101, China
2 Center for Chinese Agricultural Policy, Chinese Academy of Sciences, Beijing 100101, China
3University of Chinese Academy of Sciences, Beijing 100049, China
4 Faculty of Resources and Environmental Science, Hubei University, Wuhan, Hubei 430062, China

Correspondence should be addressed to Xiangzheng Deng; dengxz.ccap@gmail.com

Received 22 August 2013; Accepted 6 November 2013

Academic Editor: Burak Güneralp
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It is widely acknowledged that land use changes (LUC) associated with climate variations are affecting the human wellbeing. This
paper conducted a revisit to relevant researches on the impacts of LUC on human wellbeing via specifically altering the ecosystem
provisioning services. First, the explorations on the influences of LUC on ecosystem provisioning services were reviewed, including
the researches on the influences of LUC on agroecosystem services and forest and/or grassland ecosystem services. Then the
quantitative identification of the impacts of LUC on ecosystem provisioning services was commented on. In the light of enhanced
observation and valuation methods, several approaches to ecosystem services and improved models for assessing those ecosystem
serviceswere assessed.Themajor indicators used to uncover the influences of LUConhumanwellbeingwere summarized including
the increase of inputs and the reduction of outputs in production and the augmented health risk induced by the irrational land uses.
Finally, this paper uncovered the research gaps and proposed several research directions to address these gaps.

1. Introduction

The relationship between human activities and ecosystems
has been discussed for many years by both natural and
social scientists. LUC and climate variations and their effects
on ecosystems have been core issues of the International
Geosphere-Biosphere Program (IGBP) and International
Human Dimensions Program on Global Environmental
Change (IHDP). As two interacting processes, LUC and
climate variations influence each other. On one hand, climate
variations affect human activities, which indirectly exert
influences on LUC, and on the other hand, LUC caused by
humans accelerate influences on climate variations. Mean-
while, all these changes exert impacts on ecosystems together.
In recent years, ecosystem services have been considered
as an entry point of science to uncover the human and
nature coevolution processes. Ecosystem services represent
the benefits that living organisms derived from ecosystems

to maintain the earth’s life support system and emphasize
the role of humans in socioecological systems, which include
supporting services, regulating services, provisioning ser-
vices, and cultural services [1]. As the global population
grows and its consumption patterns change, additional land
will be required for living space and agricultural production.
Then the knotty question facing global society is how to
meet humans’ growing demands for living space, food, fuel,
and other materials while sustaining ecosystem services and
biodiversity under LUC and climate variations. Numerous
studies have shown that LUC and climate variations affected
the structure and function of ecosystems and then affected
the supply of ecosystem services [2–4]. LUC might increase
the provision and value of some services but decrease others
[5]. Land use decisions that intend to maximize a single
outcome such as agricultural production or timber produc-
tion are likely to generate an accompanying decline in the
provision of other services [1].
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It is well known that ecosystems provide necessary ser-
vices for the livelihoods and human wellbeing through var-
ious ecosystem services, which directly or indirectly sustain
the quality of human life. While LUC and climate variations
have effects on those various ecosystem services in space
and time, which aremainly presented through agroecosystem
and forest and/or grassland ecosystems. As to agroecosystem
services, it would definitely be weakened if the cultivated land
was degenerated and the climate variations were intensified
remarkably, which would result in the loss of food produc-
tion. It is the same to the forest ecosystem services and the
grassland ecosystem services. Nowadays there is considerable
uncertainty about the values of ecosystem services, which are
of great importance to be identified [6, 7].

Ecosystems play an important role in providing goods
through provisioning services, which is the most apparent
connection between ecosystem services and human wellbe-
ing [8]. Provisioning services are manifested in the goods
people obtain from ecosystems such as food and fiber, fuel
in the form of peat, wood or nonwoody biomass, and water
from rivers, lakes, and aquifers.These goodsmay be provided
by heavily managed ecosystems, such as agroecosystem and
plantation forests. Thus, provisioning services are the focus
of human activities. When humans derive overmuch provi-
sioning services from nature, it will put both ecosystems and
humans at risk. The effects of LUC and climate variations
may increase changes in ecosystem services delivery [9]. As
to the impacts of climate variations on human wellbeing, it
can aggravate the situation for food security by increasing
risks of crop failure because of the higher frequency of
extreme events and progressive changes of climate [10]. In
addition, as some ecosystem services decline, some new
human actions, such as the excessive use of fertilizers and
pesticides, have had adverse impacts on ecosystems and
further on human wellbeing [11]. Studies on the impacts
of LUC and climate variations on ecosystem provisioning
services and the impacts of provisioning services changes on
human wellbeing will provide scientific and theoretical basis
for global policy making.

Comprehensive understanding and acknowledgements
of main research progress about the relationship between
human activities and ecosystems and the influence on human
wellbeing via altering the ecosystem services are of great
significance to guide future studies and further policy mak-
ing. Thus this paper integrated previous studies to conduct
a revisit to the impacts of LUC and climate variations on
the human wellbeing via altering the ecosystem provisioning
services (Figure 1). In this paper, Section 2 reviewed the
exploration on the functions of LUC and climate varia-
tions on ecosystem provisioning services. Climate variations
related to ecosystem services can be expressed by changes in
temperature, precipitation, heat flux and some abnormal cli-
mate, and so forth. LUC related to ecosystem services include
cultivated land reclamation, afforestation and deforestation,
grassland degeneration, and built-up land expansion. The
changes of them would have impacts on ecosystem services,
including regulating services, provisioning services, support-
ing services, and cultural services. In addition, the altering of
the provisioning services of agroecosystem and forest and/or

grassland ecosystems was explored and commented on. In
Section 3, the quantitative identifications of LUC and climate
variations impacts on ecosystem services were reviewed. The
enhanced observation and valuation approaches of ecosystem
services and improved models for assessing ecosystem ser-
vices were illustrated. In Section 4, the major indicators used
to uncover the influences of ecosystem services changes on
human wellbeing were revisited via the increased inputs with
reduced outputs in production and the augmented health risk
induced by the irrational land uses. As to Section 5, some
research gaps were identified; the research needs and research
prospects in further studies were also refined.

2. Exploration on the Functions of LUC on
Ecosystem Provisioning Services

The ecosystems can provide a variety of direct and indi-
rect services to humans and other living organisms, and
those services can be affected by climate variations and
human activities, especially human-induced LUC [12–14].
Some studies have shown that LUC and climate variations
are amongst the greatest global environmental pressures
resulting from anthropogenic activities, which significantly
influence the provision of crucial ecosystem services, such
as carbon sequestration, water flow regulation, and food and
fiber production, at a variety of scales [15]. In the researches
of the relationship between LUC and ecosystem services,
the analyses of the impacts of LUC on ecosystem services
were usually conducted from the aspect of land use quantity
and structure changes. Some studies have indicated that the
diversification of land use would help to improve ecosystem
services [16, 17]. In addition, combined effects of LUC and
climate variations may change ecosystem services, especially
the food provision and water yield of agroecosystem, forest
and/or grassland ecosystems [18, 19].

2.1. Influences of LUC on the Agroecosystem Services. As a
kind of specific complex manual-natural ecosystem, agroe-
cosystem not only has efficient and direct production func-
tion, but also the function of environmental services, tourism
services, and aesthetic services [20]. Agriculture is a domi-
nant form of land management globally, and agroecosystem
covers nearly 40% of the terrestrial surface of the earth [11].
Agroecosystem is faced with severe challenges under the
context of global warming and the intensive human-induced
LUC.

More and more current studies have shown that LUC
especially rapid urbanization has already directly or indi-
rectly affected the food provisioning services of agroecosys-
tem [21, 22]. The quality and quantity changes of agri-
cultural land have potential effects on provision services
of agroecosystem. However, some studies have shown that
agricultural land use has degraded the soil, water, NPP, and
the biological assets in agroecosystem to such an extent
that the restoration of natural capital and rehabilitation of
ecosystem services are needed through changes in land use
andmanagement [23]. A primary reason for this degradation
is the failure of agricultural commoditymarkets to internalize
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Figure 1: Diagram to trace the impacts of LUC and climate variations on the human wellbeing via altering the ecosystem provisioning
services.
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environmental costs associated with land use and manage-
ment decisions.

The LUC especially the excessive reclamation of cropland
and the intensive agriculture land use exert potential effects
on biodiversity conservation of agroecosystem, which will
influence the stability of provisioning services in agroecosys-
tem. Some studies have indicated that the rapid expansion
and intensification of row crop production have resulted
in the loss of habitat and spatial heterogeneity in agroe-
cosystem, which affects the ecosystem provisioning services
[24]. Land use conversion from natural lands to croplands,
grazing lands, and urban areas has been increased over
time, resulted in reduced or modified biodiversity, altered
functional processes, and diminished provision of ecosystem
goods and services to society globally [25–27]. Some studies
also indicated that the intensive agricultural development
could change land use, which can further affect regional
ecosystem services [28].

2.2. Influences of LUC on the Ecosystem Services from Forest
and/or Grassland. Forest and grassland ecosystems are indis-
pensable constituent parts of terrestrial ecosystems which
play important roles in global climate variations. Climate
variations affect the water yield of forest and/or grassland
ecosystems via its direct influence on precipitation and
evaporation process of atmosphere hydrologic cycle. LUC
including converting grassland or shrub lands to planta-
tions, afforestation and reforestation, are gaining attention
globally and will alter many ecosystem processes, including
water yield of forest and grassland ecosystems [18, 29–31].
Changes in the extent and composition of forest, grassland,
wetland, and other ecosystems have large impacts on the
biophysical conditions, which further affect the provision
of ecosystem services, biodiversity conservation. The LUC
influence the water yield of ecosystems through changing
the transpiration, interception, and evaporation, all of which
tend to increase when grassland or scrubland are replaced
with forests. Transpiration rates are influenced by changes
in rooting characteristics, leaf area, stomata response, plant
surface albedo, and turbulence [32, 33].

Much progress has been made to understand the effect
of LUC on water yield of forest ecosystems during the past
century all over the world, the results of which generally
indicated that LUC have both positive and negative effects
on water yield. For example, clear-cutting forests in the
US may result in the increase in annual water yield [34,
35]. The vegetation restoration will have positive effects on
watershed health by reducing soil erosion and nonpoint
source pollution, enhancing terrestrial and aquatic habitat,
and increasing ecosystem carbon sequestration [19]. Some
studies also indicated that vegetation changes, particularly
those involving transitions between forests and grasslands
dominated covers, often modify evaporative water losses
as a result of plant-mediated shifts in moisture access and
demand. And massive afforestation of native grassland have
strong yet poorly quantified effects on the hydrological cycle
[18]. Since forests with well-developed root systems cost
plentiful ground water and soil water, it can save plenty of

water to convert forest into short seasonal crops. To plant
abundant pasture instead of forest in catchment areas is
becoming a widely used method to increase water yield.

3. Quantitative Identification of the Impacts of
LUC on Ecosystem Services

Many ecologists and natural scientists study ecosystem pro-
cesses to understand ecosystem services across different
landscapes via quantifying ecosystem services [36]. Quantifi-
cation and valuation of services, if linked with payments or
incentives, can enhance policies and regulations that properly
reward decisions that yield public benefits. It is well known
that ecosystems are essential to the existence of humans,while
ecosystem services are typically not priced correctly at their
value because of absence of markets for ecosystem goods and
services and inadequate or nonexistent information about
the value of goods and services [37]. There are many studies
evaluating the impacts of LUC on ecosystem services in both
developed and developing countries [38, 39]. To sum up the
quantitative researches so far, we found that there are two
kinds of methods to value the ecosystem services, namely,
observations based on remote sensing and GIS technology
and modeling approaches.

3.1. Enhanced Observation and Valuation Approaches of
Ecosystem Services. The historical ecosystem services value
could be reflected by remote sensing along with a GIS-based
model (GEOMOD) since LUC are of the upper most driving
forces of regional ecosystems and have huge impacts on
ecosystem services value. Remote sensing provides reliable
area-wide data for quantifying and mapping ecosystem ser-
vices at comparatively low costs and with the fast, frequent,
and continuous observations for monitoring. GEOMOD
model is a kind of method and technique to allocate LUC
spatially and to evaluate its impact on ecosystems simply and
transparently.

The selection of indicators to be used in the analyses
of potential impacts of LUC is the main challenge after
obtaining the remote sensing data. The valuation of different
ecosystem services and the spatial-temporal monitoring of
their respective changes can provide useful indicators of
the potential impacts of LUC. Generally speaking, as the
ecosystem services values were different for each land use
category [40], Costanza et al. (1997) first attempted to esti-
mate the ecosystem services value coefficients [4], then many
researches use the same approach in order to quantify and
map the ecosystem services values at global or regional scales
[41–43]. Although there are many potential conceptual and
empirical problems and limitations to estimate the ecosystem
services values [44, 45], the magnitude of the estimated
ecosystem services values changes in the LUC is substantial.
Thus, it may still be possible to draw general inferences about
the effect of the perceived LUC on the estimated ecosystem
services values.

3.2. Improved Models for Assessing Ecosystem Services. More
and more ecosystem services values were assessed by models
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around the world in recent decades, and it seems to have
become a trend to assess various ecosystem services with
models. To avoid the weakness of common assessment mod-
els used before, some improved approaches or models were
formed to assess the ecosystem services values, including the
Millennium Ecosystem Assessment (MEA) approach [46],
Integrated Valuation of Ecosystem Services and Tradeoffs
(InVEST) [44] model, and the UK National Ecosystem
Assessment [47].

The Millennium Ecosystem Assessment (MEA) was set
up in 2000, it is the first time to provide a comprehensive pic-
ture of past, present, and possible future trends in ecosystem
services and their values and propose corresponding mea-
sures. Many researchers have assessed the ecosystem services
at national scale with framework of MEA. They have valued
the agricultural ecosystem services, forest ecosystem services,
and grassland ecosystem services in China [48]. For instance,
17 ecosystem services in 18 categories of grassland ecosystem
in China have been assessed [49]. Exploring the researches
between LUC and ecosystem services, we found that most
studies analyzed the impacts by analyzing the quantity and
structure change of land use. It is generally acknowledged that
the provision of ecosystem services depends on biophysical
conditions and changes over space and time due to human-
induced LUC. Spatial patterns of LUC can be linked to large
regions and provide direct measures of human activities [50].

The InVEST model has been widely used in valuating
ecosystem services values [45, 48, 51]. The model uses maps
and tabular data of land use and land management in
conjunction with environmental information, such as soil,
topography, and climate, to generate spatially explicit predic-
tions of the ecosystem services. InVEST model estimates the
provision and value of ecosystem services under alternative
land use scenarios. Economic information about demand for
ecosystem services can be combined with biophysical supply
to generate predictive maps of services use and values [6, 45].
InVEST model also analyzes the impacts of land use and
land management on species habitat provision and quality.
Thus, the model provides a powerful tool for quantifying
and valuing multiple ecosystem services and assessing the
impacts of LUC. By varying land use or landmanagement and
evaluating the corresponding output with InVEST, we can
provide useful information to managers and policy-makers
to weigh the tradeoffs in ecosystem services, biodiversity
conservation, and other land use objectives.

The UK National Ecosystem Assessment (UK NEA) is
the first analysis of UK’s natural environment in terms of
the benefits it provides to society and the nation’s continuing
prosperity. It has been a wide-ranging, multistakeholder,
cross-disciplinary process, designed to provide a comprehen-
sive picture of past, present, and possible future trends in
ecosystem services and their values; it is underpinned by the
best available evidence and the most up-to-date conceptual
thinking and analytical tools, which can be applied to assess
the ecosystem services values aimed to describe the changes
of key drivers that affect UK’s ecosystems, including changes
in land use and climate. The UK NEA distinguished between
the ecosystem processes and intermediate ecosystem services
and the final ecosystem services that directly deliver welfare

gains and/or losses to people.This distinction is important to
avoid double counting in the valuation of ecosystem services
[52]. As the researches go on, theUKNEAwould have a broad
application prospect to assess the impacts of human activities
on ecosystem services.

At any rate, ecosystem services play an important role in
maintaining the balance of global ecosystems and improving
human living environment. Quantifying and mapping those
ecosystem services is necessary to periodically determine the
response of ecosystem services to global change, such as LUC
and climate variations.Those approaches andmodels, though
beingwidely used to quantify andmap the ecosystem services
values around the world, still have potential to be improved
in order to get more accurate assessment results. In addition,
so far there is still no assessment system and method that
has been commonly approved by researchers. Therefore, it is
still a hot issue to study the assessment of ecosystem services
values to clarify the relationship between LUC and ecosystem
services.

4. Major Indicators Used to Uncover
the Influences of Ecosystem Provisioning
Services on Human Wellbeing

Ecosystem services are essential for the maintaining of
human wellbeing and the links between ecosystem services
and human wellbeing are complex, diverse, and complicated
to assess properly with the consideration of different spatial
and temporal scales [53].Healthy ecosystems provide services
that are the foundation for human wellbeing including the
provision of resources for basic survival, such as clean air,
water, and genetic resources for medicines, along with the
provision of raw materials for industry and agriculture [54].
Thus, the degradation and loss of ecosystem services have
negative effect on human wellbeing. On one hand, the
degradation and loss of ecosystem provisioning services will
increase the inputs in production to recover reduced outputs
in the ecosystems. On the other hand, the degradation and
loss of provisioning ecosystem services will increase the
human health risk.

4.1. Increased Inputs with Reduced Outputs in Production.
Ecosystems are changed by the LUC and climate variations,
all of which may reduce or increase the supply of ecosystem
services temporarily or permanently. Some evidences have
shown that the climate variations and human activities espe-
cially LUC have changed agricultural and natural ecosystems
more rapidly and extensively over the last 50 years [1]. The
MA reported that 15 of the world’s 24 ecosystem services are
in decline, which have affected humanwellbeing and threaten
the survival of other species. The declining ability of the
earth’s systems tomeet the needs of a growing population and
sustain the life support systems of the planet is a very urgent
and serious issue. Due to the impacts of climate variation
and LUC on agroecosystem services, the outputs humans
obtained in agricultural production will decrease, including
the food production and water yield. Therefore, humans
would input more production factors such as fertilizers and
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pesticides in the process of food production and invest more
in search of more water resources to sustain the continual
ecosystem provision of human wellbeing.

The development of novel chemicals and new technolo-
gies during the last century has supported the modern agri-
cultural revolution, resulting in an increase in food produc-
tion and harvest rates [55]. Some studies have indicated that
the application of fertilizers (such as the nitrogen application)
and pesticides in some regions increased rapidly to meet the
demands for greater food production needs [56, 57]. The
increasing use of these chemicals and technologies removed
the constraint of nutrient limitation for crop growth, aswell as
competitive pests and weeds, resulting in increased outputs.
However, on the other side, these increased outputs are at the
cost of the reducing ecosystem services, especially the provi-
sioning services.Thus, human wellbeing would be weakened.
With the ecosystem services changing, governments have
supplied subsidies and grants to adjust personal and business
behavior.

4.2. Augmented Health Risk Induced by the Irrational Land
Uses. Ecosystem services can support the fundamental need
of human wellbeing in a variety of ways. The changes of
ecosystem services would both directly and indirectly put
the humans’ health at risk through the insufficient provision
of food and fresh water, inorganic chemicals and persistent
organic chemical pollutants in food and water, and infectious
disease caused by ecosystem services loss [58]. Besides, the
indirect health risk was caused by the irrational land uses.

The insufficient accesses to the ecosystem provisioning
services of food production and water yield are particularly
important factors leading to the health risks in human
wellbeing. Some studies have indicated that a lack of access
to the ecosystem provisioning services of food causes far
more than physical harm, it may put thousands of millions
of people in mental and physical potential risks by reducing
intelligent and physical growth, in some cases from the
moment of human conception [59]. Undernutrition was
recently assessed as an underlying cause of death each year
worldwide, which is particularly common in sub-Saharan
Africa and South Asia, especially in India [60]. Vegetation
especially the grass and forest is important for the intercep-
tion of water. Some studies have shown that about 1 billion
people were affected by land degradation caused by soil
erosion, waterlogging, or salinity of irrigated land.

Humans are also at risk due to inorganic chemicals and
persistent organic chemical pollutants in food and water
and the infectious disease caused by ecosystem services
loss [58]. Some studies indicated that human actions, for
example, releasing toxic chemicals into the environment or
using pesticide and chemical fertilizer, will pollute the water
and food, which can have adverse effects on various organ
systems [61]. Some evidence indicated that some chemicals
from pesticide and chemical fertilizer have increased the
microbial contamination of drinking water, which has led
to the infectious diseases accounting for approximately 6%
of all deaths globally [58]. The pattern and extent of change
in incidence of particular infectious disease depends on

the particular ecosystems affected, such as type of LUC. Some
studies showed that climate changes and some LUC, such as
deforestation, might alter infectious disease patterns [62, 63].
There have been lots of studies to investigate the influence of
the increased income and the health risk of humanwellbeing,
which will be helpful to profoundly understand the influence
mechanism and extent of the degradation of ecosystem
services on human wellbeing.

5. Concluding Remarks

Based on current researches about the effects of LUC and
climate variations on ecosystem services, we mainly focus
on ecosystem provisioning services and the influence of the
changes in provisioning services on humanwellbeing. Firstly,
we explored the researches on identification and quantifica-
tion of the impacts of LUC on ecosystem services values and
later examined how the impact on ecosystem provisioning
services affects human wellbeing through analyses of the
increased inputs and the reduced outputs of agricultural
production and the augmented health risk of humans.

So far, there are still some researches to be done to
uncover the impacts of LUC and climate variations on human
wellbeing via ecosystem provisioning services. First of all,
the current researches are focused on the ecosystem services
values but the mechanisms through which LUC and climate
variations influence ecosystem services are still not well
understood. However, this is of great significance to the
sustainable development of humanwellbeing. Secondly, there
would be uncertainty involved when the remote sensing data
were used for quantifying and mapping ecosystem services.
Therefore, validating the reliability of the results obtained by
using remote sensing in quantifying and mapping ecosystem
services needs to be done in further researches. As to the
impacts of ecosystem services changes on human wellbeing,
more researches on quantification of these impacts need to be
done to make the research more comprehensive.

It has been shown by research practice that the assess-
ment of ecosystem services was useful to the setting of
strategies and policies, with potentially far-reaching influence
on human activities. Thus, further researches are needed to
focus on the following three issues. First, there is a need to
formulate a set of thorough and normative method to assess
ecosystem services values and improve the accuracy of assess-
ment results. Second, an in-depth process-based analysis of
the relationship between human activities and ecosystem
services function is needed. Third, there is an urgent need
to promote the application of ecosystem services values in
various aspects of production, livelihood, and government
decision-making and eventually serve for human wellbeing.
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[30] K. A. Farley, E. G. Jobbágy, and R. B. Jackson, “Effects of
afforestation onwater yield: a global synthesis with implications
for policy,” Global Change Biology, vol. 11, no. 10, pp. 1565–1576,
2005.

[31] V. Sahin and M. J. Hall, “The effects of afforestation and
deforestation on water yields,” Journal of Hydrology, vol. 178, no.
1–4, pp. 293–309, 1996.

[32] W. A. Hoffmann and R. B. Jackson, “Vegetation-climate feed-
backs in the conversion of tropical savanna to Grassland,”
Journal of Climate, vol. 13, no. 9, pp. 1593–1602, 2000.



8 Advances in Meteorology

[33] R. A. Vertessy, F. G. R. Watson, and S. K. O’Sullivan, “Factors
determining relations between stand age and catchment water
balance in mountain ash forests,” Forest Ecology and Manage-
ment, vol. 143, no. 1–3, pp. 13–26, 2001.

[34] J. D. Stednick, “Monitoring the effects of timber harvest on
annual water yield,” Journal of Hydrology, vol. 176, no. 1–4, pp.
79–95, 1996.

[35] G. G. Ice and J. D. Stednick, A Century of Forest and Wildland
Watershed Lessons, Society of American Foresters, 2004.

[36] C. Raudsepp-Hearne, G. D. Peterson, and E. M. Bennett,
“Ecosystem service bundles for analyzing tradeoffs in diverse
landscapes,” Proceedings of the National Academy of Sciences of
the United States of America, vol. 107, no. 11, pp. 5242–5247, 2010.

[37] J. Newcome, A. Provins, H. Johns et al., “The economic, social
and ecological value of ecosystem services department for
environment, food and rural affairs,” 2005, https://www.cbd.int/
doc/case-studies/inc/cs-inc-uk6-en.pdf.

[38] L. Tianhong, L. Wenkai, and Q. Zhenghan, “Variations in
ecosystem service value in response to land use changes in
Shenzhen,” Ecological Economics, vol. 69, no. 7, pp. 1427–1435,
2010.

[39] S. Su, R. Xiao, Z. Jiang, and Y. Zhang, “Characterizing landscape
pattern and ecosystem service value changes for urbanization
impacts at an eco-regional scale,” Applied Geography, vol. 34,
no. 2, pp. 295–305, 2012.

[40] R. C. Estoque and Y. Murayama, “Examining the potential
impact of land use/cover changes on the ecosystem services of
Baguio city, the Philippines: a scenario-based analysis,” Applied
Geography, vol. 35, no. 1, pp. 316–326, 2012.

[41] W. R. Turner, K. Brandon, T. M. Brooks, R. Costanza, G. A. B.
Da Fonseca, andR. Portela, “Global conservation of biodiversity
and ecosystem services,” BioScience, vol. 57, no. 10, pp. 868–873,
2007.

[42] U. P. Kreuter, H. G. Harris, M. D. Matlock, and R. E. Lacey,
“Change in ecosystem service values in the San Antonio area,
Texas,” Ecological Economics, vol. 39, no. 3, pp. 333–346, 2001.

[43] A. Troy and M. A. Wilson, “Mapping ecosystem services:
practical challenges and opportunities in linking GIS and value
transfer,” Ecological Economics, vol. 60, no. 2, pp. 435–449, 2006.

[44] H. Tallis and S. Polasky, “Mapping and valuing ecosystem
services as an approach for conservation and natural-resource
management,” Annals of the New York Academy of Sciences, vol.
1162, pp. 265–283, 2009.

[45] E. Nelson, G. Mendoza, J. Regetz et al., “Modeling multiple
ecosystem services, biodiversity conservation, commodity pro-
duction, and tradeoffs at landscape scales,” Frontiers in Ecology
and the Environment, vol. 7, no. 1, pp. 4–11, 2009.

[46] K. Chopra,Ecosystems andHumanWell-Being: Policy Responses:
Findings of the Responses Working Group, Island Press, 2005.

[47] U. Nea, “The UK national ecosystem assessment,” in Synthesis
of the Key Findings, UNEP-WCMC, Cambridge, UK, 2011.

[48] D. Xie, X. Yu, and L. Chunxia, “Study on ecosystem services:
progress, limitation and basic paradigm,” Acta Phytoecological
Sinica, vol. 30, no. 2, article 191, 2006.

[49] Y. Xiao, G. Xie, and K. An, “Economic value of ecosystem
services in Mangcuo Lake drainage basin,” Chinese Journal of
Applied Ecology, vol. 14, no. 5, pp. 676–680, 2003.

[50] K.H. Riitters, J. D.Wickham,R.V.O’Neill et al., “Fragmentation
of continental United States forests,”Ecosystems, vol. 5, no. 8, pp.
815–822, 2002.

[51] S. Polasky, E. Nelson, D. Pennington, and K. A. Johnson, “The
impact of land-use change on ecosystem services, biodiversity
and returns to landowners: a case study in the state of Min-
nesota,” Environmental and Resource Economics, vol. 48, no. 2,
pp. 219–242, 2011.

[52] B. Fisher, K. Turner, M. Zylstra et al., “Ecosystem services
and economic theory: integration for policy-relevant research,”
Ecological Applications, vol. 18, no. 8, pp. 2050–2067, 2008.

[53] E. Pereira, C. Queiroz, H. M. Pereira, and L. Vicente, “Ecosys-
tem services and human well-being: a participatory study in a
mountain community in Portugal,” Ecology and Society, vol. 10,
no. 2, article 14, 2005.

[54] G. C. Daily, S. Alexander, P. R. Ehrlich et al., Ecosystem Services:
Benefits Supplied to Human Societies By Natural Ecosystems,
Ecological Society of America, Washington, DC, USA, 1997.

[55] J. D. Floros, R. Newsome, W. Fisher et al., “The importance of
food science and technology,” Comprehensive Reviews in Food
Science and Food Safety, vol. 9, no. 5, pp. 572–599, 2010.

[56] Z. L. Zhu and D. L. Chen, “Nitrogen fertilizer use in China—
contributions to food production, impacts on the environment
and best management strategies,” Nutrient Cycling in Agroe-
cosystems, vol. 63, no. 2-3, pp. 117–127, 2002.

[57] G. C. Nelson, E. Bennett, A. A. Berhe et al., “Anthropogenic
drivers of ecosystem change: an overview,” Ecology and Society,
vol. 11, no. 2, article 29, 2006.

[58] C. F. Corvalan, S. Hales, and A. A. J. Mcmichael, Ecosystems and
Human Well-Being: Health Synthesis, World Health Organiza-
tion, Lyon, France, 2005.

[59] C. D. Butler andW. Oluoch-Kosura, “Linking future ecosystem
services and future humanwell-being,” Ecology and Society, vol.
11, no. 1, article 30, 2006.

[60] L. E. Caulfield, M. de Onis, M. Blössner, and R. E. Black,
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China has experienced rapid urbanization since 1978, and the dramatic change in land cover is expected to have significant impacts
on the climate change. Some models have been used to simulate the relationship between land use and land cover change and
climate change; however, there is still no sufficient evidence for the impacts of urbanization on the regional climate. This study
aims to identify the impact of urban land use change on regional temperature and precipitation in summer in the Beijing-Tianjin-
Tangshan Metropolitan area during 2030–2040 based on the analysis of the simulation results of WRF model. Firstly, we analyzed
the land use change and climate change during 1995–2005 in the study area.The impacts of future urbanization on regional climate
change were then simulated.The results indicate that urbanization in this area has affected the regional climate and has the potential
to increase temperature and precipitation in the summer of 2030–2040. These research results can offer decision-making support
information related to future planning strategies in urban environments in consideration of regional climate change.

1. Introduction

More than 50% of the world’s people live in cities, and the
urban population is growing at a much faster rate than the
Earth’s population as awhole and by larger annual increments
than ever before [1]. It is expected that 61% of the world’s
population will reside in urban settlements in 2030 [2], and
China’s current plan is to make the proportion of urban
population reach 67% in 2030, shifting 280 million people to
cities within two decades [3]. Some studies have shown that
the population size of Chinawill reach the peak around 2030–
2040 and thereafter decline gradually, shifting from the low
growth phase to a negative growth phase. The climate system
involves the land surface, atmosphere, oceans and other water
bodies, the cryosphere and the biosphere, and urbanization
which is one of the most important human activities that

influence the climate system [4]. Urban climates are warmer
and more polluted than their rural counterparts [5]. These
differences are partly due to the urban expansion, which
usually removes and replaces crops and natural vegetation
with nonevaporating and nontranspiring surfaces such as
metal, asphalt and concrete [6]. There is generally low land
surface albedo, vegetative cover, and moisture availability
in urban areas. These factors, along with the presence of
high levels of anthropogenic heating, are associated with the
phenomenon known as the urban heat island (UHI), which
describes the difference in ambient air temperature between
an urban area and its surrounding rural area [5]. UHI often
occurs when a large fraction of the natural land cover in an
area is replaced by the built surfaces that absorb the incoming
solar radiation during the day and then reradiate it at night
[7, 8]. UHI has been the most intensively studied climatic
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feature of cities and has been quantified by calculating air or
surface temperature differences between urban and nearby
rural areas [9–12].

A number of studies have indicated that there is some
relationship between urbanization and climate change. For
example, Bornstein found that there is less intense and
less frequent urban surface temperature inversion in New
York City than in the surrounding nonurban regions [13].
The research of Kalnay and Cai suggested that half of the
observed decrease in the diurnal temperature was due to
urban expansion and other land use changes [14]. Sertel
et al. indicated that urbanization increased the average
temperature in Turkey according to the results of simulation
with the Weather Research and Forecasting (WRF) regional
climate model [15]. In fact, the WRF model has been widely
used in previous researches that focus on the impacts of
future urbanization on climate change [16, 17]. What is more,
urbanization can also influence the regional precipitation
[18]. For instance, Huff and Vogel and Vogel and Huff found
that the urban surfacewas themain factor affecting the spatial
and temporal pattern and the intensity of short-term rainfall
in St. Louis,MO,USA [19, 20]. Shepherd et al. showed that the
rainfall was modified by major urban areas according to the
observation data from space-borne rain radar on the TRMM-
satellite [21]. Many modeling studies have also indicated that
the urbanization increased the surface convergence on the
leeward side of the urban region and consequently led to
increased precipitation [22–24]. For example, Rozoff et al.
andHeever et al. showed that urban-enhanced aerosols could
exert significant influence on the dynamics, microphysics,
and precipitation once convection was initiated, and the
impacts of urban aerosols on the downwind storms decrease
with the background aerosol concentration [24, 25].

Previous researches have analyzed the effects of the urban
land surface change at the microscale; however, it is also
necessary to study howboth the past and future urbanizations
might affect the weather and climate. In particular, it is very
necessary to analyze how these effects can extend beyond the
city, affecting the climate at the regional scale [26]. It is urgent
to develop a metric to quantify how urbanization affects the
regional climate since the neglection of these effects will lead
to inaccurate analysis results of climate change [4]. Besides,
the metropolitan cities in China have shown the “spreading”
and “aggressive” expansion accompanied by regional urban
development and megalopolis formation since the reform
and opening up [27–29], resulting in increasing effects on cli-
mate change [30–33]. Beijing-Tianjin-TangshanMetropolitan
area is the economic center of northern China, and it plays
a strategically important role in the political and economic
development of China as a whole [34].Therefore, the primary
objectives of this study are (1) to analyze the relationship
between urbanization and climate in the Beijing-Tianjin-
Tangshan Metropolitan area during 1995–2005 and (2) to
identify the impact of urbanization on temperature and
precipitation in summer based on the difference between two
scenario simulations during 2030–2040. Section 2 introduces
the study area and the simulation process, which also includes
the data resource. The results and discussions are shown in
Section 3 and Section 4 concludes.

2. Data and Methodology

2.1. Study Area. The Beijing-Tianjin-Tangshan Metropolitan
area is located in northeast North China Plain between
38∘25–41∘5N and 115∘25–119∘25E. It covers Beijing Munic-
ipality, Tianjin Municipality and the cities of Tangshan,
Langfang, and Qinhuangdao (TLQ) of Hebei Province, with
a total area of 55,000 km2 and a resident population of
29,368,600. This region is mainly mountain and plain, and
the hilly area is 1.98 km2. The area belongs to the continental
monsoon climate.The average annual temperature is between
10∘C and 12∘C, with the mean temperature of −1.9∘C in
January and 26.4∘C in July. The average annual precipitation
is between 75 and 500mm with an uneven time distribution,
which mainly occurs during summer with 72% of the total
annual rainfall.

Owing to the superior natural condition and critical
strategic location of the Beijing-Tianjin-TangshanMetropoli-
tan area, it is defined as the political, cultural, and eco-
nomic center of China. The National Eleventh Five-Year
Plan concluded the development of this region. The Beijing-
Tianjin-Tangshan Metropolitan area developed quickly with
high land use intensity, especially in large-scale science and
technology parks, economic zones, industrial parks, and
other new development zones. Thus, the conflict between
rapid city growth and water and soil resources has become
increasingly pronounced [35], and currently it is one of the
most stressed areas for such problems in China.

2.2. Simulation Scheme. TheWeather Research and Forecast-
ing (WRF)model based on the Eulerianmass solver was used
in this study to investigate the temperature and precipitation
change driven by the future urban expansion in the study
area. This mesoscale model is a state-of-the-art atmospheric
simulation system based on the Fifth-Generation Penn
State/NCAR Mesoscale Model (MM5) [34], and it has been
widely used in global climate and regional climate research,
and it has achieved good results [36–40].

This study simulated the climate change in the Beijing-
Tianjin-TangshanMetropolitan area during 2030–2040 based
on two tests with the WRF model. Two simulation tests were
conducted for the summer (June–August) during 2030–2040
(Table 1) with the WRF model under the same condition
except the underlying surface in order to indicate the impact
of urbanization on temperature and precipitation. First, the
underlying surface data of 1992-1993 in the WRF model
was replaced since it cannot exactly reflect the land surface
condition after 2000. The land cover data in 2010 were used
as the underlying surface data for the control test, and the
land cover data in 2030 predicted on the basis of the trend
of social-economic simulation were used for the sensitivity
test. Then, the simulation results of the control test and
sensitivity test were compared, and the effects of urbanization
on the summer temperature and precipitation were finally
examined. The effects of the future urban expansion on the
climate can be explained with 𝐸

𝑖
. Consider the following:

𝐸
𝑖
= 𝑅
𝑖
− 𝑟
𝑖
, (1)



Advances in Meteorology 3

Table 1: Schemes of the simulation test.

Test Test time Land cover data used in WRF
Control
test 2030.01.01–2040.12.31 Land cover data of 2010

Sensitivity
test 2030.01.01–2040.12.31 Land cover data of 2030

Table 2: Configuration of the physical parameterization schemes in
WRF.

Physical processes Scheme option
Microphysics scheme Lin et al. [16]
Cumulus scheme Grell-Devenyi ensemble
Land surface process Noah land surface model
Planetary boundary layer process YSU scheme
Short-wave radiation CAM scheme
Long-wave radiation CAM scheme

where 𝑖 refers to the precipitation and temperature, 𝐸
𝑖
is the

effect of the future urbanization on the climate,𝑅
𝑖
is the result

of the simulation with the predicted underlying surface, and
𝑟
𝑖
is the result of the simulation with the baseline underlying

surface.
The parameterization schemes in this study are listed in

Table 2. The Grell-Devenyi ensemble scheme was adopted
in the cumulus parameterization scheme, with YSU being
the boundary layer process scheme, and the CAM scheme
being both long-wave radiation and short-wave radiation
schemes, while the land surface process scheme was the
Noah land surface model. The boundary buffer was set to
be 4 layers of grid points, and the relaxation scheme was
adopted in the boundary conditions. The time interval of the
model integration was set to be 5 minutes and that of the
radiation process and cumulus convection was 30 minutes
and 5 minutes, respectively. There were 27 layers in the
vertical direction, and the atmospheric pressure at the top
layer was 50 hPa.

The lateral boundary forcing data was from the National
Centers for Environmental Predictions (NCEP) operational
Global Final (FNL) Analyses (NCEP/FNL) and was updated
every 6 hours. The dataset was established on the basis of
the assimilation of almost all kinds of observational data
(e.g., remote sensing data and ground-based observation
data) with a spatial resolution of 1∘× 1∘ gird and a vertical
height of 27 layers, and it has been updated to the present
time since July, 1999. Compared with the dataset of NCEP
I, NCEP II, and EAR40, the NCEP/FNL not only has the
higher accuracy and spatial resolution but also involves
more kinds of environmental variables. The data of future
force filed were from the fifth phase of the Coupled Model
Intercomparison Project (CMIP5) which produces a state-of-
the-art multimodel dataset. The model output analyzed by
researches forms the basis for the Fifth Assessment Report
of the Intergovernmental Panel on Climate Change [41], and
two time scales of projections of future climate change are
provided. The first one is the near term (out to about 2035),
and the other one is the long term (out to 2100 and beyond).

Model output of the RCP 6.0 such as air temperature, specific
humidity, sea level pressure, eastward wind, northward wind,
and geopotential height from 2010 to 2040 was used as the
atmospheric forcing dataset of the WRF model.

Urban land use data, which were extracted from Landsat
TM images in 1995 and Landsat ETM images from the China-
Brazil Earth Resources satellite (CBERS) in 2005 [42, 43], was
acquired from the data center of the Chinese Academy of
Sciences. The land use change during 1995 to 2005 has been
described in Table 3. The predicted land use and land cover
data in 2030were derived from the database of Representative
Concentration Pathway (RCP 6.0).The new urban area pixels
during 2010–2030 derived from RCP 6.0 were overlaid to
the map of baseline underlying surface; then the underlying
surface data in 2030 was transformed to grid data of 30 km ∗
30 km of USGS data by resampling.

3. Results and Discussion

3.1. Spatiotemporal Pattern of Urban Expansion since 1995.
The urban expansion is one of the key characteristics of land
use change in the Beijing-Tianjin-Tangshan Metropolitan
area from 1995 to 2005, the spatiotemporal pattern of which
was analyzed according to the remote sensing data (Table 3).
During 1995 and 2005, the total area of cultivated land and
forests decreased by 0.98% and 2.15%, respectively, while
the urban land area increased by 3.34%, with an average
annual rate of 0.33%. Urban expansion is the main driving
factor of the shrinkage of cultivated land and forests. The
center of urban expansion has shifted from Beijing mega-
city to the periphery cities such as Tianjin and Tangshan
due to the regional development strategies and population-
resource-environment pressures [34]. The socioeconomic
development and geographical factors, such as the population
growth, policy, and economic development, all affect the
urban expansion and subsequent landscape changes.

3.2. Spatiotemporal Change of the Temperature and Pre-
cipitation in the Beijing-Tianjin-Tangshan Metropolitan Area
during 1995–2005. There was slight temperature change in
the Beijing-Tianjin-Tangshan Metropolitan area from 1995
to 2005 (Figure 1). Overall, the temperature showed an
increasing trend in most parts of the study area, especially
around metropolitan Beijing and in the costal metropolitan
area of Tianjin and Tangshan, with an average increasing
rate of 0.023∘C/year. However, the temperature has decreased
to some degree in the northeast and northwest part of the
study area. The regions that converted from other land use
types into cities have shown relatively higher temperature
rise, indicating that the urbanization has some influence on
temperature in the Beijing-Tianjin-Tangshan Metropolitan
area. At the same time, the precipitation showed a rising trend
in metropolitan Tangshan and northeast parts of Beijing
Metropolitan, while it showed a downward trend in the west
and south part of Beijing. According to the results mentioned
above, it can be concluded that the process of urbaniza-
tion in this region has affected the regional temperature
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Table 3: Land use changes in Beijing-Tianjin-Tangshan Metropolitan area, 1995–2005.

Year/period Cultivated land (%) Forestry area (%) Grassland (%) Water area (%) Built-up area (%) Unused land (%)
1995 48.48% 24.59% 6.32% 5.54% 14.14% 0.92%
2005 47.50% 22.45% 6.74% 5.08% 17.48% 0.76%
Change 2005–1996∗ −0.10% −0.21% 0.04% −0.05% 0.33% −0.02%
Note: ∗represents the change rate calculated with the following equation: (𝐴2005

𝑖
− 𝐴
1995

𝑖
)/(10), where 𝐴2005

𝑖
means the area proportion of land use type 𝑖 in

2005 and 𝐴1995
𝑖

means the area proportion of land use type 𝑖 in 1995.
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Figure 1: Simulated changes of temperature (a) and precipitation (b) in Beijing-Tianjin-Tangshan Metropolitan area during 1995–2005.

and precipitation to a certain extent in the Beijing-Tianjin-
Tangshan Metropolitan area.

3.3. Urban Area Change from 2010 to 2030. There will be
obvious conversion from other land use types to urban area
in Beijing-Tianjin-Tangshan Metropolitan area during 2010–
2030 (Figure 2). The urban area in the study area would con-
tinue to increase during 2010–2030, and the newly increased
urban land will mainly be concentrated in the regions around
the downtown of Beijing and Tianjin City. The land use
conversion mainly results from the joint effects of both the
internal factors and external factors such as the terrain, traffic,
and economic factors, behaviors of the government, and
cultural tradition [44]. The land cover data in 2010 and 2030
were put into the WRF model and two separate numerical
tests were carried out, the simulation results of which were
compared, and thereafter the urbanization impacts of urban
expansion on the climate were examined.

3.4. Results of the Numerical Simulation. Figure 3 depicted
the simulated impact of future urban expansion on the aver-
age annual temperature in the study area during 2030–2040.

There will be significant warming effects in the summer,
mainly occurring in the downtown and eastern part of Beijing
Metropolitan. The transformation of vegetated land to urban
land results in significant differences of near-surface temper-
ature. As a result, the temperature would increase obviously
in the regions with urban expansion, mainly owning to the
urban heat island effect, which is consistent with the results
of previous researches [16, 45, 46].

The surface temperature is determined with the surface
energy balance equation. Consider the following:

−𝜌𝐿V(𝑤

𝑞

)
sfc
+ 𝑅
𝑛
− 𝑆 − 𝜌𝑐

𝑝
𝐶
ℎ
𝑢 (𝑇sfc − 𝑇) = 0, (2)

where the first item refers to the latent heat flux, the second
item refers to the net radiation flux, the third item refers to
the soil heat flux, and the forth item refers to the sensible heat
flux.

Part of the net radiation flux is absorbed by the Earth’s
surface, which further influences the latent heat flux and
sensible heat flux, with the rest being transformed into the soil
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Figure 2: Conversion from other land use types to urban area in
Beijing-Tianjin-Tangshan Metropolitan area during 2010 to 2030.

and soil heat flux. The heat transfer in soil complies with the
thermal diffusion equation. Consider the following:

𝐶 (Θ)

𝜕Θ

𝜕𝑡

=

𝜕

𝜕𝑧

(𝐾
𝑡
(Θ)

𝜕𝑇

𝜕𝑡

) , (3)

where 𝑇 is the soil layer temperature, Θ refers to the soil
water content, 𝐶 means the specific heat of soil layer, 𝐾

𝑡
is

the thermal conduction system.
There will be many more populations in the new cities,

which will need and consume a lot of heat/power due to their
activities (transportation, air conditioning, and industries),
thus exerting significant impacts on the balance of surface
energy. It has been reported that the surface temperature is
determined by the radiation flux, sensible heat flux, latent
heat flux, specific heat of soil layer, and thermal conduction
system, while the surface temperature also affects the sensible
heat flux and latent heat flux [47, 48]. In the urbanized area,
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average temperature between control test and sensitivity test in
Beijing-Tianjin-Tangshan Metropolitan area, 2030–2040.

the surface temperature, which magnifies the sensible heat
flux and the soil heat flux, will rise due to the increase of the
net surface short-wave radiation and decrease of the latent
heat flux. All these changes alongwith the increase of human-
induced heat emission will lead to the temperature rise [49].

The urban expansion has significant impacts on the
precipitation in the summer during 2030–2040 in the study
area (see Figure 4). In general, there is obvious heterogeneity
of the local precipitation change, and there will be some
precipitation increase in the urban areas, which may be due
to the extended urban boundary and increased secondary
outflow activity. Shepherd also showed that the expansion of
future urban land covermight result in amore expensive area
of rainfall [50]. Urbanization would increase the emission
of atmospheric pollutants, cause the heat island effect, and
lead to the land use change. The volatile air layer can lead
to the thermal convection easily due to the urban heat island
effect, which can increase thermal convection and convective
precipitation. Moreover, buildings of different heights can
not only cause mechanical turbulence but also hinder the
moving slowprecipitation system, thus leading to the increase
of precipitation. At the same time, there are intensive human
activities in the urban regions, which lead to the emission
of a large amount of greenhouse gases, aerosol, and other
particulatematters. On the one hand, thesematerials increase
the condensationnucleus for precipitation; on the other hand,
these materials intensify the urban heat island effect in the
urban regions. Under the condition of sufficient moisture,
there will be more precipitation due to the increased con-
densation nucleus above the municipal areas and relatively
high underlying surface temperature, which may account for
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Figure 4: Projected summer precipitation difference of monthly
average precipitation between control test and sensitivity test in
Beijing-Tianjin-Tangshan Metropolitan area, 2030–2040.

the increase of precipitation in this region in the summer.
In summary, the hydroclimate will be directly and indirectly
affected by the urban land cover change [51] and the urban
expansion will exert more influence on the local climate as
the urban development continues.

4. Conclusions

The urban climate change results from the interaction
between human activities and local climate change in essence.
The change of underlying surface properties, human-induced
heat emission, and so forth will lead to the difference between
the urban and rural temperature, which will further change
the local climate forcing field and consequently lead to the
redistribution of climate factors such as the wind, cloud,
and precipitation. This study investigated the contribution
of urban land use change to the change of temperature and
precipitation in Beijing-Tianjin-Tangshan Metropolitan area
during 2030–2040 with the WRF model based on the latest
actual urban land cover data from 1995 to 2005.

The impact of urbanization on regional climate change
is a very complex and challenging problem, and it is still
necessary to carry out more in-depth research since there
are still some uncertainties in the results of this study. For
example, more efforts should be made to more compre-
hensively investigate the contribution of urbanization to the
change in the annual temperature and precipitation, extreme
climate, latent heat flux at the land surface, wave flux at
ground surface, and so forth. Meanwhile, it is necessary to
carry out further research on how to quantitatively measure
the inner link between the urban development and climate

factors and how this inner link will change as the climate
factors change. For instance, this study demonstrates that
the urban expansion was the most significant land use and
land cover change in the study area during 1995–2005, which
influenced the regional temperature and precipitation to
some degree. There was an obvious warming effect in the
urbanized regions and their surrounding regions, where the
precipitation amount also increased to some degree. The
urban area in this region would increase continuously, and
the urban expansion leads to the continual rise of local
temperature and will make the precipitation in summer show
an increasing trendduring 2030–2040.These changeswere all
due to the complex interactions between the land surface and
urban process.

The results of this study indicate that the anthropogenic
land cover change has significant impacts on the regional
climate of the Beijing-Tianjin-Tangshan Metropolitan area,
which can provide scientific reference for the optimization of
the future land use in consideration of the regional climate
change. The government can take some useful measures
according to the result of this study to mitigate the climate
change. For example, it is necessary for the government to
increase the proportion of the urban green land in the urban
land use planning and Consider the urban forests as an
important component of the ecological infrastructure to pro-
mote the ability of cities to adapt to climate change since the
urbanizationwill continue. Besides, it is urgent to regulate the
balance between supply and demand of water resources and
reinforce the ability of cities to cope with the flood damage
since the future climate change may decrease the stability of
the water supply system and consequently threaten the water
supply safety in the water sources of the Beijing-Tianjin-
Tangshan Metropolitan area. For example, the government
should adjust the design standards of infrastructures such
as the water reservoirs, flood control facilities, and drainage
systems and integrate the water drainage function of the
rainwater collection system and natural landscapes in order
to improve the ability of cities to cope with rainstorms. In
addition, it is necessary to implement the retreat plans in
the regions susceptible to floods or set these regions as parks
so as to reduce the loss from floods to the smallest extent.
Meanwhile, it is urgent to improve the ability to monitor,
forecast, and cope with the extreme weather events.
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Boreal deforestation plays an important role in affecting regional and global climate. In this study, the regional temperature variation
induced by future boreal deforestation in European Russia boreal forest region was simulated based on future land cover change
and the Weather Research and Forecasting (WRF) model. This study firstly tested and validated the simulation results of the WRF
model.Then the land cover datasets in different years (2000 as baseline year, 2010, and 2100) was used in theWRFmodel to explore
the impacts of boreal deforestation on the near-surface temperature. The results indicated that the WRF model has good ability
to simulate the temperature change in European Russia. The land cover change in European Russia boreal forest region, which
will be characterized by the conversion from boreal forests to croplands (boreal deforestation) in the future 100 years, will lead to
significant change of the near-surface temperature.The regional annual temperature will decrease by 0.58∘C in the future 100 years,
resulting in cooling effects to some extent and making the near-surface temperature decrease in most seasons except the spring.

1. Introduction

According to the fourth assessment report of Intergov-
ernmental Panel on Climate Change (2007, IPCC AR4),
there is a probability of more than 90 percent that human
activities have affected the climate [1], mainly through two
approaches: fossil fuel burning and land cover change. There
is a consensus among the scientists that fossil fuel burning
can lead to increase in the greenhouse gas concentration in
the atmosphere and further results in the global warming,
while the impacts of land cover change on the climate system
at the local, regional, and global scales have become one of
the research hotspots. Terrestrial land cover is an important
component of the climate system. It is the most direct source
not only of the atmospheric heat, but also of the atmospheric
moisture. Therefore, land cover change will directly affect
the surface-atmosphere interactions and further influence
the atmospheric thermodynamic characteristics. The land
use activities significantly changed the regional land cover

and exerted great impacts on the climate system at regional
scale, including temperature, evapotranspiration, precipita-
tion, wind, and air pressure. The impacts of land cover
change on climate can be divided into two major categories,
that is, biogeochemical and biogeophysical impacts [2]. The
biogeochemical processes mainly refer to greenhouse gas
emissions caused by the land cover change, changing the
gas composition of the atmosphere and thereby affecting
the climate. The biogeophysical processes directly affect
the physical parameters that determine the absorption and
disposition of energy at the earth’s surface.

Global deforestation plays an important role in regulat-
ing climate through biogeophysical effects [3]. At present,
deforestation is one of the most important types of land
cover change, and the global land cover change associated
with deforestation has always been taken as the main reason
for the climate change in different regions. The albedo
for forests is relatively lower than that for grasslands or
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croplands, thus forests can absorb more solar radiation [4].
And the transpiration of forests is more exuberant than that
of herbaceous plants in the growing season and will release
more latent heat. Forest cover change may cause the change
of the albedo and evapotranspiration and consequently leads
to climate change.These effects on climate are not the same at
different latitudes. Tropical forests have strong evapotranspi-
ration, deforestation in tropical forests such as the Amazon
region will lead to lower evaporate rates and make the local
climate become drier and warmer [5–8]. Deforestation at
high latitudes, that is, deforestation in boreal forests has
different effects on the climate compared with that in tropical
regions [3, 9, 10].

There have beenmany researches focusing on the impacts
of the high-latitude boreal deforestation on climate change.
As boreal forest is the largest continuous terrestrial ecosystem
in the world, boreal forest has the potential to influence
the climate by altering the radiation budget. Bonan found
that loss of boreal forests provided a positive feedback for
glaciation, whereas boreal forest expansion during the mid-
Holocene amplified warming [3]. Bathiany et al. clarified
that in the next 100 years, the deforestation at the northern
latitudes (45∘N–90∘N) will lead a decrease of 0.25∘C in
global annual mean temperature, while the afforestation had
equally large warming effects combining both biochemical
and biophysical effects [9]. And through latitude-specific
large-scale deforestation experiment, Bala et al. revealed that
the difference of the global average temperature between the
standard case without deforestation and the experiment with
boreal deforestation at high latitude in year 2100 is −0.8∘C
[11]. Based on observations, Lee et al. found that, for the
site pairs at 45∘N, the mean annual temperature difference
induced by deforestation is 0.85 ± 0.44∘C (±mean standard
deviation) [12]. Overall, most researches clarified that, at
higher latitudes, boreal deforestation will result in cooling
effects due to the boreal forests with lower albedo being
replaced by other types of vegetation with higher albedo,
such as crops and grasslands [13]. Boreal deforestation will
lead to a large increase in albedo especially in winter [14],
the alteration of albedo is a major factor driving climate
change, which will alter surface heat balance. Also boreal
deforestation can alter surface heat balance by altering
evaporative heat transfer caused by evapotranspiration from
vegetation and by changes in surface roughness [15]. Unlike
the tropical forests, removal of the boreal forest vegetation has
a larger effect that resulted from the strong albedo feedback
than from the evapotranspiration change on the surface
radiative balance. In boreal forest region, the considerable
increase in albedo due to deforestation will result in cooling
effects since the albedo plays a more important role than
the vegetation transpiration [16–18]. Replacing the forest
vegetation with other types of vegetation or bare ground that
will be snow covered increases the albedo considerably. The
land surface responds by absorbing less net radiation as more
incoming solar radiation is reflected from the surface.The air
temperature at the surface will cool considerably as there is
less energy absorbed at the surface [19].

As to the selection of climate models and experiment
designs to detect the climate impact of deforestation, current

researches on the impacts of boreal forests change on climate
change mainly focus on large-scale experiments based on
global or regional climate models, with assumption that
the boreal forests are being replaced by other types of
vegetation or bare lands [10, 19], while only a few researches
implemented simulation of the climate effects of future land
cover change based on the scenario analysis with a mesoscale
numerical model. The earliest researches on the regional
climate effects generally used the global circulation models
(GCMs) and carried out the sensitivity test with the force-
response method [20, 21], that is, representing the land use
changes with the changes of the land surface parameters
(e.g., albedo, roughness, and evapotranspiration).The GCMs
have been widely used in the study of climate change;
however, their coarse resolution is inappropriate to reveal the
land surface-atmosphere interactions for simulating regional
climate variability especially for complex terrain, so there are
some bias and uncertainties in the simulation of the regional
climate change with GCMs [22, 23]. Then regional climate
models (RCMs) were developed during the late 1980s and
the early 1990s [24] and have become an important tool
in the regional climate simulations, among which, Weather
Research and Forecasting (WRF)model represents the recent
advances of RCMs that combine the expertise and experience
for mesoscale meteorology and land-surface and climate
science developed over the last several decades [25].TheWRF
model was specifically designed for high resolution applica-
tions and provides an ideal tool for assessing the value of high
resolution regional climate modeling, and some researchers
have identified theWRF to be superior to other RCMs [23, 26,
27]. In addition, although the experiments with assumption
that the boreal forest be completely replaced by other types
of vegetation can help understand the impact mechanism
of boreal deforestation, experiments based on land cover
scenarios can relatively be related to real human activities and
provide reference for future land use management.

European Russia with high coverage of boreal forest has
gone through intensive human activities. The largest part
of the boreal forests is located in Russia, and about half
of the boreal forests are still primary, with very limited
impacts from forestry and other human activities. While
in Scandinavia and western Russia (European Russia), the
boreal forests are most intensely managed and influenced by
human beings with only patches of old-growth forests remain
in reserves. Some researchers have shown that European
Russia has gone through fluctuant forest cover change [28–
30]. Baumann et al. found that the temperate forests in
European Russia underwent substantial change during 1990–
2010, with a decrease rate of 1% in total area between 1990
and 1995 and an increase rate of 1.4% between 2005 and 2010,
which may be caused by the forest regrowth on abandoned
farmlands [28]. Hansen et al. reported that Russia has the
third largest area of gross forest cover loss (GFCL). Russia’s
GFCL is geographically widespread due to deforestation in
the European and far-eastern parts of the country and forest
fires throughout Siberia [29]. Potapov et al. indicated that
the forest cover in the central part of European Russia was
between 16% and 50% (average forest cover of 36%). The low
forest cover within these regions is a result of a long history
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Figure 1: Accumulated fraction of conversion from forests to
croplands between 2000 and 2100 in the study area.The black box is
the boundary of the study area.

of conversion of forests to croplands. The forest cover is the
lowest (3–14%) in eleven administrative regions located in the
forest-steppe interface, where the expansion of croplands was
coupled with the natural forest fragmentation [30].

Thus, in this study, the European Russia that has expe-
rienced fluctuant land cover change and serious forest loss
due to the intensive human activities was selected as a typical
area to detect the impacts of deforestation on the near-surface
temperature (Figure 1). And the near-surface temperature in
European Russia was simulated with the Weather Research
and Forecasting Model (WRF) on the basis of the land cover
datasets of years 2000, 2010, and 2100, which were derived
from the scenarios of land cover change. The results can
contribute to the understanding of biogeophysical effects of
boreal forest change on the climate and provide constructive
suggestions on the future climate mitigation and land use
management of European Russia.

2. Data and Methodology

2.1. Data Processing. The data used in this study include land
cover data, atmospheric forcing data, and meteorological
observation data. The accuracy and resolution of land cover
data are significant to the climate simulation [31]. In this
study, the 1 km resolution land cover data of the USGS
classification system in year 2000 derived from USGS Land
Cover Institute, which include 24 land cover types, were
used as baseline data. The land cover data of years 2010 and
2100 were predicted with the data of land conversion among
different land cover types. The land conversion data were
derived from land use scenario that was simulated with the
model that combines Asia-Pacific Integrated Model with the
global economy model (AIM/CGE) based on Representative
Concentration Pathways 6 (RCP6). In the AIM/CGE model,
land was treated as a production factor for agriculture, live-
stock, forestry, and biomass energy production. Urban land
use increased due to population and economic growth, while

croplands area expanded due to increasing food demand.The
land cover data and underlying surface change data during
1500–2100 can be obtained through data fusion at 0.5∘× 0.5∘
resolution [32].

As there is a difference in the spatial resolution and classi-
fication types between the land cover data of the USGS classi-
fication system and the RCP-based land conversion data, it
is necessary to reclassify the land conversion data to the
USGS classification and convert the spatial resolution to be
of higher resolution (1–10 km) as the requirement of theWRF
model. As it is well acknowledged that RCMs with spatial
resolution at or coarser than 30 km are unable to produce
accurate climate forecasts [33]. Higher resolution allowed
the model to include the regional features and predict the
regional climate with more accuracy. For example, WRF
simulations can be done at a resolution of 4 km which allows
many small scale features such as mountains, coastlines and
other land use categories to be represented more accurately,
which is important for our purposes [34]. In this study, we
set the resolution of the land cover data to be 5 km in the
WRF model. Taking the processing of land cover data of
year 2100 as an example, first, the accumulated fraction of
different kinds of land conversion in each 0.5∘×0.5∘ grid from
2000 to 2100 was calculated (Figure 1). Then the dominant
conversion type (with maxima conversion amount) of each
grid was identified, and thereafter whether the land cover
type of grids changed or not was identified through setting
threshold value of the conversion rate. The threshold values
were mainly set to reveal the conversion trend, as to each
type of conversion, the threshold value was set to be the 50th
percentile of the conversion rate.The land cover data in years
2010 and 2100 were further obtained on the basis of the land
cover data of the USGS classification in year 2000 and the
data of land conversion during 2000–2010 and 2000–2100,
and finally these underlying surface data were transformed
to grid data of 5 km × 5 km through resampling.

As to the atmospheric forcing data, the fifth phase of the
Coupled Model Intercomparison Project (CMIP5) produces
a state-of-the-artmultimodel dataset designed to advance our
knowledge of climate variability and climate change [35, 36].
The model output which is being analyzed by researchers
worldwide underlies the Fifth Assessment Report of IPCC.
It provides projections of future climate change on two time
scales, near term (out to about 2035) and long term (out
to 2100 and beyond). Model output of RCP6 such as air
temperature, specific humidity, sea level pressure, eastward
wind, northward wind, and geopotential height from 2000 to
2100 was used as the atmospheric forcing dataset of theWRF
model. And the meteorological observation data, which were
used to comparewith the simulated temperature in this study,
were derived from European Climate Assessment & Dataset
(http://eca.knmi.nl/dailydata/predefinedseries.php).

2.2. The WRF Model and Scenario-Based Experiment Design

2.2.1.WRFModel. With the development of the climatemod-
els and land surface process models, the numerical sim-
ulation has become a widely used approach to study the
influence of land cover change on climate. The WRF model
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is a next generation mesoscale numerical weather prediction
system that has been developed as a collaborative effort
by the National Center for Atmospheric Research (NCAR),
the National Oceanic and Atmospheric Administration, the
National Centers for Environmental Prediction (NCEP) and
the Forecast Systems Laboratory (FSL), theAir ForceWeather
Agency (AFWA), the Naval Research Laboratory, the Univer-
sity of Oklahoma, and the Federal Aviation Administration
(FAA). It is a state-of-the-art atmospheric simulation system
based on the Fifth-Generation Penn State/NCAR Mesoscale
Model (MM5) [37]. This mesoscale model has been widely
used in the simulation of the global climate [38–40] and
regional climate [41]. In this paper, the WRF model based
on the Eulerian mass solver was used to analyze the impacts
of land cover change on the near-surface temperature in the
study area. In a WRF simulation, each grid point has a land
cover type based on the land cover dataset being used for the
model run.The properties (surface albedo, surface emissivity,
moisture availability, and surface roughness length) of each
land cover type depend on the land surface model used in the
WRF run.The land surfacemodel is the component that takes
care of the processes involving land-surface interactions.
For the WRF runs, the parameterization scheme of physical
processes in the model was set; USGS classification dataset
was used to specify land cover types and their properties. To
simulate land cover change conditions, all the land cover data
were projected based on scenarios.

2.2.2. Experiment Design. The Advanced Research WRF
(ARW-WRF Edition 3.3) was used in this study.The Lambert
projection was used, with the two standard parallels both
being 57∘N and central meridian 48∘E.The spatial resolution
was set to be 5 km. The study area is located in European
Russia, and it contains 192 grid points in the east-west
direction and 174 grid points in the north-south direction.

The parameterization scheme of physical processes in the
model (Table 1) is as follows. The Microphysics parameter-
ization Scheme adopted the scheme introduced by Lin et
al. [42]. The cumulus parameterization scheme adopted the
Grell-Devenyi ensemble scheme.The boundary layer process
scheme was Yonsei University (YSU) scheme. The long-wave
radiation scheme and short-wave radiation scheme bothwere
the Community Atmosphere Model (CAM) scheme, and the
land surface process scheme was Noah land surface model.
The boundary buffer was set to be 4 layers of grid points, and
the boundary conditions adopted the relaxation scheme.The
time interval of the model integration was set to be 5 minutes
and that of the radiation process and cumulus convectionwas
30 minutes and 5 minutes, respectively. There were 27 layers
in the vertical direction, and the atmospheric pressure at the
top layer was 50 hPa.

The simulation schemes in this study are as follows
(Table 2). The simulation was implemented with the land
cover data in three years as the underlying surface. The
land cover dataset of year 2000 (Figure 2) with the United
States Geological Survey’s (USGS) classification system was
used as the baseline underlying surface data in this study.
The land use datasets of years 2010 and 2100 were based on
the land use/cover conversion information that was derived

Table 1: Parameterization scheme of physical processes in the
model.

Classification of schemes Scheme option
Microphysics parameterization
scheme

Bulk microphysics schemes
introduced by Lin et al. [42]

Cumulus parameterization scheme Grell-Devenyi ensemble
Boundary layer process scheme YSU
Long-wave radiation scheme CAM long-wave Radiation
Short-wave radiation scheme CAM short-wave Radiation
Land Surface process scheme Noah land surface model

Table 2: Design of the simulation scheme.

Simulation Period of
forcing data

Land cover data used in the
WRF model

Control simulation:
year 2000 as the
baseline year

2000 Land cover data of year
2000 (USGS Classification)

Sensitivity simulation
I: year 2010 2010

Land cover data of year
2010 (USGS Classification
Based on Scenario)

Sensitivity simulation
II: year 2100 2100

Land cover data of year
2100 (USGS Classification
Based on Scenario)

from land use scenario which was simulated with AIM/CGE
based on RCP6 [32]. Then the underlying surface datasets
of each year were used as the input data of the WRF model
to simulate the impact of land cover change on the climate
change. The simulations in three years were all implemented
with the meteorological forcing data as displayed in Table 2.
Themonthly and seasonal simulation results were compared.
Firstly, the simulation results of monthly temperature in year
2010 were used to validate the ability of the WRF model
to simulate the temperature change in the study area; then
spatial difference between the near-surface temperature in
the winter of years 2000 and 2010 was analyzed; at last the
comparison between the monthly near-surface temperatures
of years 2010 and 2100 was implemented.

2.3. Land Cover Change in the Study Area of European
Russia. The main land cover types in the study area are the
croplands (four types of croplands in USGS classification,
with “Dryland Cropland and Pasture” (DCP) and “Cropland
Woodland Mosaics” (CWM) dominating) and forests (four
types of forests in USGS classification, with “Evergreen
Needleleaf Forest” (ENF) and “Mixed Forest” (MF) dominat-
ing), accounting for about 53% and 44% of the total land area,
respectively. The conversion types in the region are mainly
dominated by the conversion between croplands and forests.

From 2000 to 2010, the land cover conversion is domi-
nated by the conversion from croplands to forests (mainly
from CWM type to MF type in the northern part of the
study area) and conversion from forests to croplands (mainly
from MF type to DCP type in the southern part of the
study area) in different parts of the study area. Statistics
of the dominant conversion type of each grid show that
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Figure 2: Land cover of the study area in year 2000.

grids dominated by the conversion from croplands to forests
account for 26.18% of all the grids in the study area and
grids dominated by the conversion from forests to croplands
account for 27.80% of all the grids. Besides, integrated with
other types of land conversion, the percentage of forests in the
total land area will decrease from 44.40% to 44.07%, while
that of the croplands will increase from 53.04% to 53.37%.
The conversion between the forests and croplands will be
in balance overall during 2000–2010. However, the spatial
heterogeneity of the conversion between them will lead to
the change of their spatial distribution. For example, the
croplands in the northern part of study area have a tendency
to be converted to forests, while the scattered forests in the
southern part tend to be converted to croplands (Figure 3).

According to the statistics of conversion type grids,
the conversion from forests to croplands will dominate in
the study area by 2100. The grids presenting the conversion
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Figure 3: Land cover of the study area in year 2010.

from forests to croplands as the primary conversion type will
account for 37.4% of all the grids.The croplands coverage will
account for 72.27% of the total land area, while the forests
coverage will decrease to 25.31% (Figure 4). It is indicated
that there is a strong tendency of conversion from forests to
croplands in this region in the future 100 years.

The coverage percentage of different land cover type in
years 2000, 2010, and 2100 which was calculated based on the
account of grids of each land cover type is shown in Table 3.

3. Results

3.1. Validation of the Simulation Result. To assess the ability
of the WRF model to simulate the temperature change in
the study area, we compared the simulated values of monthly
average temperature with the ground-based observed val-
ues of year 2010. First, the daily average temperature was
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Figure 4: Land cover of the study area in year 2100.

simulated based on the WRF model, then it was used to
calculate monthly average temperature to compare it with
the ground-based observed data. As shown in Figure 5,
the change trends of both simulated and observed monthly
average temperatures in the study area were relatively similar,
and the difference between the observed and simulated
values generally fluctuates around zero. To examine whether
the difference was significant or not, a paired t-test was
conducted to test the difference between simulated values and
observed values. The null hypothesis was that there was no
significant difference between those two samples, and the P
value of the paired t-test was 0.9146 at the significance level
of 0.05, indicating that there was no significant difference
between the simulated values and observation values. Thus,
it can be identified that the WRF model has the ability to
simulate the temperature change.
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Figure 5: Comparison of simulated and observed values of the
monthly average near-surface temperature at 2 meters above the
ground of the study area.
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Figure 6: Difference of simulated monthly average temperature in
the winter between year 2000 and 2010 (unit: ∘C) in the study area.

3.2. Analysis of Temperature Change. As a result of the con-
version between croplands and forests from 2000 to 2010,
the simulatedmonthly average temperature during thewinter
(December, January, and February) increased in most of the
parts of the study area compared with that in year 2000
(Figure 6). The spatial pattern of the temperature change
during winter corresponded to the land cover and land cover
change. The average temperature in the winter generally
increased in the regions which are mainly covered by crop-
lands and where the boreal forest expands. In the southern
part of the study area, which is mainly covered by DCP
type cropland, the forests were converted to croplands, and
the temperature increment was relatively higher. The average
temperature increment generally declines as the distance to
regions mainly covered by the forests decreases. In general,
the land cover change in the study area is almost in balance
from 2000 to 2010; there was very slight change in the average
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Table 3: Coverage percentage of different land cover type (%).

USGS land cover classification Coverage percentage
2000 2010 2100

(1) Urban and built-up land 0.65 0.59 0.62
(2) Dryland cropland and pasture 31.07 28.59 32.21
(3) Irrigated cropland and pasture 0.00 0.00 0.00
(5) Cropland/grassland mosaic 1.07 0.78 1.01
(6) Crop/woodland Mosaic 20.90 24.00 39.05
Sum of cropland 53.04 53.37 72.27
(7) Grassland 0.18 0.12 0.03
(8) Shrub land 0.01 0.01 0.01
(10) Savanna 0.12 0.07 0.00
(11) Deciduous broadleaf forest 0.24 0.06 0.01
(12) Deciduous broadleaf forest 0.27 0.13 0.02
(14) Evergreen needleleaf forest 9.87 8.54 6.76
(15) Mixed forest 33.85 35.33 18.51
(16) Water bodies 1.74 1.74 1.74
Sum of Forests 44.22 44.07 25.30
(18) Wooded wetland 0.00 0.00 0.00
(19) Barren or sparsely vegetated 0.02 0.02 0.01
(21) Wooded tundra 0.00 0.00 0.00
(22) Mixed tundra 0.01 0.01 0.01
Total 100 100 100

temperature in the winter (no more than 0.023∘C/year), and
the spatial distribution of temperature change corresponds to
land cover and land cover change.

The land cover change in the study area in year 2100
is mainly characterized by the conversion from forests to
croplands, and it will lead to change of the near-surface
temperature. The annual temperature will decline, while the
monthly average temperature will increase from February
to June and decrease from July to January (Figure 7). In
the boreal forest region, the temperature change mainly
results from the change of albedo due to snow masking [9].
As snow covers the surface and boreal forests are converted
to croplands, the albedo of the land surface will increase
and the net surface solar radiation will reduce; thus it will
lead to the cooling effect, which offsets the warming effect
due to the decrease of evaporation-transpiration. Therefore,
near-surface temperature during the winter will change most
intensively, decreasing by 1.81∘C on average. In the northern
hemisphere, solar radiation begins to strengthen in June and
becomes the strongest around July and August. The conifer
forests (needle-leaf forests) have lower evapotranspiration
rate (defined as ratio of latent heat flux to available energy)
than the deciduous broadleaf forests in the summer, which
can lead to the higher rates of sensible heat flux [3]. From 2010
to 2100, most evergreen needleleaf forests will be converted
to croplands, and thus the cooling effect due to the albedo
increase is also stronger than the warming effect due to the
decrease of evapotranspiration in the previous needle-leaf
forest area during July and August and consequently makes
the average temperature decrease by 0.30∘C. While, in the
spring, snowwillmelt and the solar radiation is not very high,

the warming effect due to the evapotranspiration reduction
of evergreen needleleaf forests cannot be offset by the cooling
effect due to the increase of surface albedo, and consequently
the monthly average temperature will increase by 0.86∘C in
the spring. In general, the result indicated that the high albedo
resulting from deforestation of boreal forests has negative
impacts on the temperature; that is, boreal deforestation will
make the temperature decrease, especially during the snow
season.

4. Conclusions and Discussions

In this paper, the WRF model was used to study the impacts
of boreal deforestation on the near-surface temperature in
the European Russia. Based on the analysis of the land cover
data of years 2000, 2010, and 2100, it was shown that the
land cover change in the study area was mainly characterized
by the conversion between forests and croplands. During
2000–2010, the croplands increased by 0.33% and the forests
decreased by 0.15%, while other land cover types changed
slightly. The conversion from croplands to forests mainly
appeared in the northern part which was previously domi-
nated by forests, while the conversion from scattered forests
to croplands mainly appeared in the southern part which was
mainly dominated by croplands. By year 2100, there will be
significant land cover change; the percentage of forests in the
total land area will decrease from 44.22% to 25.3%, indicating
that about half of the forests will be coveted to croplands.

The results indicate that the simulation result with the
WRF model can match the monthly average temperature
change with the observed temperature in the study area.
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Figure 7: Comparison of simulatedmonthly average temperature at
2 meters above the ground in year 2010 and year 2100 in the study
area.

The land cover change in the study area, which was mainly
characterized by the conversion between boreal forests and
croplands, will lead to significant change of the near-
surface temperature, especially in year 2100. It will make
the regional near-surface temperature decrease by 0.58∘C
in future 100 years (0.0058∘C/year on average) with the
temperature change varying greatly in different seasons. The
temperature changes most drastically in the winter, with an
average decrease of 1.81∘C. And the temperature will decrease
by 0.30∘C in the summer, while in the spring it will increase
by 0.87∘C. The temperature change is mainly due to the
increase of surface albedo caused by boreal deforestation,
which offsets the warming effect due to evapotranspiration
reduction of forests.

The results of this study basically reveal the impacts
of boreal deforestation on regional climate changes, which
are closely related to human activities, but there are still
some uncertainties about the influence of the future land
cover change since only biogeophysical effects were taken
into consideration in the WRF model, without considering
the biochemical effects through some other key influencing
factors, such as carbon emission. Since the impacts of land
cover change are very complex, it is still necessary to carry
out more indepth researches on a series of issues such as
the improvement of the climate model and combination of
biochemical and biophysicalmodels, which take both the bio-
geophysical and biogeochemical processes into account. In
addition, there are still some aspects that should be improved
to more accurately detect the impact of deforestation on
climate changes. First, it is still necessary to further explore
the data integration between the land cover data of USGS
classification and the RCP-based land conversion data since
there is some difference between them. Although the main
trend of land conversion can be identified, there still exist
some uncertainties about its impacts on the future climate

change. Second, there are many factors that may influence
the climate change, and it is necessary to do some sensitivity
experiments to detect the main factors and minimize the
uncertainty.
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The climate impacts of future urbanization in the Pearl River Delta (PRD) region in China were simulated with the Dynamics of
Land Systems (DLS) model and the Weather Research and Forecasting (WRF) model in this study. The land use and land cover
data in 2000 and 2020 were simulated with the DLS model based on the regional development planning. Then the spatial and
temporal changes of surface air temperature, ground heat flux, and regional precipitation in 2020 were quantified and analyzed
through comparing simulation results by WRF. Results show that the built-up land will become the dominant land use type in the
PRD in 2020. Besides, the near-surface air temperature shows an increasing trend on the whole region in both summer and winter,
but with some seasonal variation. The urban temperature rise is more apparent in summer than it is in winter. In addition, there is
some difference between the spatial pattern of precipitation in summer and winter in 2020; the spatial variation of precipitation is
a bit greater in summer than it is in winter. Results can provide significant reference for the land use management to alleviate the
climate change.

1. Introduction

Urbanization can lead to massive loss of cultivated land,
forestry area, and grassland and pose a threat to national food
security and ecological safety [1]. More importantly, it can
change the land surface properties and consequently influ-
ence the regional climate [2, 3].The urban areas have a higher
heat-storage capacity, Bowen ratio, and surface roughness in
comparison to the rural areas [4].These differences lead to the
change of dynamic processes in the atmospheric boundary
layer and the surface energy budget, which ultimately affect
the regional climate in and around the urban areas [5].

More attention should be paid to the climate effect of
urbanization since more than half of the world’s population
resides in the urban areas, which is expected to continue

to increase [6–8]. The research on the climate impacts of
urbanization can help to predict and solve the problems
caused by climate change more scientifically and efficiently.
For example, Seto and Shepherd [9] indicated that the land
use and land cover changes in the urban area exerted great
impacts on the climate. Stone Jr. [10] suggested that the
climate change could be more efficiently mitigated through
regulating the land use change than only controlling the
greenhouse gas emission. Besides, Stone et al. [11] recom-
mended that the municipal and state governments should
broaden climate action plans to include the urban-scale heat
management strategies in addition to imposing greenhouse
gas emission controls.

There is still very limited knowledge on the impacts
of rapid urbanization on the future regional climate [3].
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Although it has been easier to detect the regional effect
of urbanization with the help of a series of regional cli-
mate models, the effects of these actions on future climate
are still far from well understood since the anthropogenic
impacts on Earth’s surface continue to increase [11, 12].
A well-acknowledged phenomenon of the climate effect of
urbanization is the urban heat island effect (UHI), which is
characterized by the temperature contrast between the city
and its surrounding areas [13]. UHI can influence the local
circulation patterns, which may further have some effects on
the precipitation [14].

It is necessary to implement valid prediction of the chang-
ing trend of the future urbanization in order to forecast the
climate effects of future urbanization more reasonably. In
other words, it is necessary to take into account the proposed
framework of the development planning of a specific region.
Therefore this study analyzed the potential climate effects of
the future land use decisions on the assumption based on the
regional development planning.The reasonable prediction of
the climate effects of urbanization can provide the basis and
guidelines for the land use structure optimization, which is of
great significance to the determination of the reasonable city
scale.

The remainder of this paper is organized as follows.
Section 2 introduces the background of the study area, espe-
cially its characteristics of urbanization. Section 3 describes
the two main models used in this study, Dynamics of Land
Systems (DLS) andWeather Research and Forecasting (WRF)
model, and explains themodel experiments performed in this
study. Section 4 shows the result of the model performance
and outlines the effects of the future urbanization on the
regional climate projected by the high-resolution simulation.
Finally, Section 5 shows the discussion and conclusion.

2. Study Area

The Pearl River Delta (PRD), located in the southern part of
Guangdong Province in China (111.5–115.5∘E, 21.5–25∘N), has
been one of the fastest developing regions in the world since
the 1980s (Figure 1). There has been phenomenal economic
and industrial growth in the PRD since the economic reform
at the end of the 1970s in China, and this region has been one
of the world’s largest manufacturing and industrial bases. It
accounts for 30% of the population of Guangdong Province,
but it creates the 77% of the province’s GDP. This region is
experiencing rapid urbanization (Figure 2), and there have
been many large cities in the region, that is, Hong Kong,
Guangzhou, Shenzhen, Dongguan, Zhongshan, Foshan, and
Macau. According to the data issued by National Bureau
of Statistics of China, proportion of Urban Population to
Permanent Population by city of the PRDwas 71.59% in 2000
and 82.72% in 2010.

As one of three major economic corridors of China,
PRD has received great attention of the urban climatologists.
Previous researches show that urbanization in this region
contributes to the increase of surface temperature due to
the land use change [15, 16]. Some researches on the urban
land change over PRD also found that the urban heat
island effect (UHI) increased the air temperature gradient
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Figure 1: Land use/cover types of the USGS classification system in
the PRD in year 2000.

between the urban area and the nearby ocean, leading to
an enhancement of the land-sea breeze circulation [17]. The
PRD experiences more heavy precipitation but less slight
precipitation compared to the surrounding nonurban regions
[13]. In addition, there is some relationship between the urban
land use and the reduced rainfall over the urban area in the
dry winter seasons, but not in summer [18]. In other words,
there is some seasonal variation in the effects of urbanization
on the rainfall over PRD region.

The reasonable and orderly regional development heavily
depends on the development planning. The National Devel-
opment and Reform Commission have issued “Skeleton of
the Reform and Development Planning in Pearl River Delta
(2008–2020)” on April 4, 2010, which has been implemented
very well. Beside, Guangdong Provincial Government has
issued “Territorial Planning of Guangdong Province (2006–
2020)” on 18 April 2013, in order to formulate the reasonable
planning of expansion of regional built-up land. According
to this planning, the built-up land in Guangdong Province
will reach 2.0060 million ha in 2020, which is 10% more
than that in 2010, and the land use intensity in the optimized
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and improved area of Pearl River Delta will reach 40.52%.
Besides, the land use intensity of the optimized development
region of Pearl River Delta (fringe area), the coastal key
development region at the sides, and Shaoguan-Shanwei-
Yangjiang moderate development region will reach 12.94%,
19.12% and 10.59%, respectively, which will lead to well-
bedded gradients of the land use intensity.

The pace of urban expansion, which is one of the major
indicators of the urbanization, will continue to increase in
the study area, and therefore this region is an ideal area to
analyze the urbanization and its climate effects in China. In
this study, the future urbanization in the PRD was first pre-
dicted according to the regional development planning, and
subsequently the regional climate effect of the urbanization
was further analyzed, which is of great importance to the
research on the influence of urbanization on the climate. In
order to give full consideration to the integrity of regional
development, this study has simulated the change of urban
land in the whole Guangdong Province with the DLS model.
Given the potential changes in the area and land use intensity
of built-up land in the PRD, we initiated a study to investigate
the potential impacts of the implementation of “Territorial
Planning of Guangdong Province (2006–2020)” strategy on
local climate through examining the surface energy balance
across a range of urban residential densities.
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Figure 3: Space spatial distribution pattern of various land use types
under the regional planning.

3. Data and Methodology

3.1. Dynamic Simulation of City Expansion. To predict the
future urbanization, the Dynamics of Land System (DLS)
model was used in this study, which is capable of solving the
problems existing in the currently available methods and of
integrating multiple data sources to simulate the dynamics of
land systems [19]. There are two special features in the DLS
model. On the one hand, it reaches a balance by incorporating
a dual-level strategy: a scenario analysis of land demand at
a regional level and a spatial desegregation of land uses at a
detailed pixel level. On the other hand, it takes into account
the interaction among influencing factors of land use and
the interaction between neighbor pixels for these influencing
factors.

There are four major modules in the DLS model, includ-
ing scenario analysis module, spatial analysis module, the
conversion rules module, and spatial analysis module. In
this study, scenario analysis module is used to express urban
land change as well as other land types need under regional
planning. Spatial analysis module is used to calculate the
probability values of various land use types in each grid unit
through spatial regression analysis for driving factors which
are emphasized in the next paragraph. Transfer rules module
is used to express possibility of a certain type of land transfer
to urban land on each grid cell. Space allocation module
implements spatial distribution pattern of various land use
types especially urban land under regional planning on the
grid. Space allocation module takes land uses into account
in both sector and pixel scale. In this study, we first allocate
area demand of different land types to various industries
according to supply-demand situation of different industries
on land under the regional planning. Then, we forecast the
spatial distribution of land use in the grid scale by supply and
demand balance analysis (Figure 3).
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Table 1: Influencing factors of land uses considered in the DLS model in the case study.

Influencing factors Variables Unit Definitions

Natural conditions
DEM M Elevation
Slope Degree Slope
Splain % Proportion of Plain

Traffic variables RoadDEN km/km2 Density of traffic route

Proximity variables

DpvCap km Distance to province capital
DHYW km Distance to the highway
D2provw km Distance to the province way
D2port km Distance to the port

Socioeconomic variables

NonAgr Nonagricultural labor force
ArgProp % Proportion of agricultural population in the later period
POP1 Person Total population in the later period
GDP1 Hundred million Yuan GDP by primary industry
GDP2 Ten thousand Yuan GDP by secondary industry
GDP3 Ten thousand Yuan GDP by tertiary industry
FDI Ten thousand Yuan Foreign investment

TranInvest Ten thousand Yuan The number of transportation and telecommunications investment zones
DevelopZone The number of development zones

Note: (1) variables in the later period is represented by the average values over the past 3 years; (2) the price for GDP in the Socio-economic variable is calculated
according to the price in year 2000.

Table 2: Major control indicators of land use in Guangdong Province.

Index 2005 2010 2020 Index property
Inventory of cultivated land 295.27 291.40 290.87 Obligatory
Area of basic farmland 284.67 255.60 255.60 Obligatory
Area of garden-plot 92.48 88.86 93.08 Prospective
Area of forests 1015.74 1024.68 1026.16 Prospective
Area of grasslands 2.76 2.77 2.74 Prospective
Total area of built-up land 171.53 182.61 200.60 Prospective
Area of urban and rural built-up land 131.88 140.00 152.30 Prospective
Area of land for mining and industry 66.58 75.00 91.30 Prospective
Area of land for transportation, water conservancy and other purposes 39.65 42.61 48.3 Prospective
Area of land for mining and industry per capital (m2/person) 119 118 118 Obligatory
Note: the data is from territorial planning of Guangdong Province (2006–2020) and the data is measured by ten thousand ha.

The dynamics of a land system are actually influenced
by a couple of factors. In this study, the influencing factors
can generically be categorized into four kinds: geophysical,
climatic, proximity, and socioeconomic variables (Table 1). In
this study, the scenario of land use in 2020 was derived by
an interpolation process based on a reference condition in
“Territorial Planning of Guangdong Province (2006–2020)”
from the Government of Guangdong Province and “Reform
and Development Plan of the Pearl River Delta Region
(2008–2020)” from the national development and Reform
Commission.

The overall objective in this region is mainly to protect
the farmland in order to guarantee the total area of the
basic cultivated land, adjust the structure and layout of land
use, and implement the optimal and intensive land use. The
two plans regulated the main indictors of land use (Table 2).

The urbanization level in Guangdong Province will reach
71%–73% by 2020. Besides, the population in Guangdong
Province will increase from one hundred and ten million
to one hundred and twenty million by 2020, among which
the population in the PRD will account for 45%–50% of the
provincial total population, and about 80 million people will
live in the cities and towns.

The targets of the adjustment of the land use structure
and layout and optimal and intensive land use are as fol-
lows: raising the proportion of the land for mining and
industry in the built-up land; promoting regional coordi-
nated development and making the proportion of the newly
increased built-up land in the plain region of PRD in the
total newly increased built-up land decrease from 74.1%
during 1996–2005 to 47.46% during 2006–2020 so as to
promote the industrial upgrading and transfer in the PRD;
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Figure 4: Proportion of built-up land in the total land area in major
cities.

strictly controlling the unordered expansion of the land
for mining and industry, and making the area of land for
mining and industry per capital during the planning period
decrease from 119m2/person in 2005 to 118m2/person in
2020; making the total built-up land area show significant
regional heterogeneity (Figure 4).

3.2. Numerical Simulation Model. WRF is a next-generation,
limited-area, nonhydrostatic, and mesoscale modeling sys-
tem with a terrain-following eta coordinate [20]. The newest
version of WRF has been coupled with the Noah land
surface and UCM. The UCM is a single-layer model used
to parameterize the effects of urban canopy geometry on
the surface energy balance and low level wind shear [21]. It
estimates both the surface temperature and heat flux from
three surface types: roof, wall, and road, and accurately
reproduces the characteristics of the diurnal range and
nocturnal cooling rates on surface air temperature [22].Many
studies have verified that the WRF model coupled with the
simple urban canopymodel has good ability to capture urban
heat islands, boundary layer structures, and urban plume for
several metropolitan areas [23–25].

A Lambert conformal conic projection is used for the
model’s horizontal coordinates. The main physical parame-
terizations used include the new version of rapid radiative
transfer model (RRTMG) [26], the WRF single-moment
three-class scheme microphysical parameterization (WSM3)
[27], the newKain-Fritsch convective parameterization (K-F)
[28], and the Yonsei University (YSU) planetary boundary
layer (PBL) scheme [29].

4. Result

4.1. Urban Expansion by 2020. The simulation result of
the urban expansion indicated that the built-up area will

Table 3: Schemes of the simulation experiment.

Experiment Simulation period Land cover data used in the
WRF model

case CURURB 2001.01–2010.12 Land cover data of 2000
case FUTURB 2010.01–2020.12 Land cover data of 2020

continually expand as the time goes by, but the pace of
expansion will gradually slow down (Figure 5). The regional
heterogeneity of the built-up land expansion indicated that
the newly increased built-up land will mainly concentrate in
the regions where the urbanization level is relatively high,
for example, PRD, Zhanjiang, and Chaoshan. The built-up
landwill have been approximately the dominant land use type
in the PRD by 2020. There is also some increase of urban
land in other regions, but the increment is relatively small.
This suggests that the large cities have a better economic
foundation and can attractmore foreign investment and labor
force, which can further accelerate the development of these
cities.

4.2. Experiment Design. Themain objective of this study is to
explore the effects of the future urban expansion on regional
climate, and two experiments with different land cover data
were used to evaluate the impacts of future urbanization.The
sensitivity experiment (case FUTURB) represents the future
urban expansion, and the land cover data for the FUTURB
were updated with the output of the DLS model. The control
experiments (case CURURB) represent the current land
cover conditions, with the land cover data updated with
the data extracted from the MODIS satellite observations in
2000. The experiments were designed and run for the entire
year in order to determine the impacts of future urbanization
on the regional climate in different seasons and months. The
two experiments were carried out in both the summer (June
to August, JJA) and winter (December to February, DJF)
in order to determine the impacts of future urbanization
on the regional climate in different seasons. Besides, the
first month was considered as the spin-up period so as to
minimize the influence of the initial conditions. Finally, the
simulation results were integrated for 20 years from January
1 2001, to December 31, 2020 (Table 3), and the differences
in simulation results between FUTURB and CURURB were
used to analyze the impacts of urbanization on the climate.

4.3. Model Validation. The ability of the WRF model to
simulate the climate change in the study area was vali-
dated through comparing the simulation results of the case
CURURB in 2005with the observation data from the national
standard meteorological observation dataset provided by
China meteorological administration (http://www.cma.gov
.cn/2011qxfw/2011qsjcx/). Table 4 shows the comparison
between simulated and observed annual average temperature
and precipitation. The errors between the simulations and
observations of mean of 2m temperature (𝑇

2m) are less than
1.0∘C in the study area except a few stations. The simulation
results of the average monthly precipitation agree with the
observations very well, with the relative errors less than 10%.
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Figure 5: The simulation result of the urban expansion under the regional planning: (a) 2010, (b) 2015 and (c) 2020.

Table 4: Comparison of nine urban meteorological stations observed (OBS) and model simulated (SIM) mean air temperature (𝑇
2m, degree

Celsius) and precipitation (P, millimeters) of the year 2005 over the 16 observation sites.

Site name 𝑇
2m Precipitation

SIM OBS Error SIM OBS Error
Lianxian 20.05 19.08 0.97 1636.0 1560.7 75.3
Shaoguan 20.50 21.64 −1.14 1772.2 1669.4 102.8
Fogang 21.42 19.74 1.68 1937.2 1780.3 156.9
Lianping 20.38 18.56 1.82 1834.3 1665.5 168.8
Guangning 21.43 21.92 −0.49 2013.4 2063.7 −50.3
Gaoyao 22.53 21.48 1.05 1905.2 1825.2 80.0
Guangzhou 22.78 22.5 0.27 1986.2 2012.0 −25.8
Dongyuan 22.17 21.7 0.47 2044.4 2005.6 38.8
Zengcheng 22.14 21.38 0.76 2278.3 2205.4 72.9
Huiyang 22.38 21.37 1.01 1709.2 1630.6 78.6
Luoding 22.98 21.76 1.22 1156.5 1092.9 63.6
Taishan 22.46 23.06 −0.60 1776.1 1724.6 51.5
Shenzhen 23.23 21.77 1.46 2143.6 2002.1 141.5
Shanwei 22.40 21.84 0.56 2093.3 2151.9 −58.6
Yangjiang 22.26 21.26 1.00 1644.9 1565.9 79.0
Shangchuandao 22.88 22.1 0.77 2608.8 2522.7 86.1

The simulated temperatures presented a positive bias in all the
observation sites except Shaoguan, Guangning, and Taishan.
Overall, the WRF model simulates the seasonal variation of
temperature in the PRD quite well. However, compared to
the observation data, the simulated temperature has roughly
a small positive bias and the precipitation is overestimated in
some months. Besides the intrinsic limitations of the WRF
model, the simulation errors are possibly related to the lack
of parameterization of anthropogenic heat release, aerosol
influence, and the ideal and uniform urban parameters [30].
Although there are some errors in the simulation result,
the bias between simulated and observed results is still
acceptable since this study focuses on the difference between
two experiments.

4.4. Urbanization Effects on Surface Temperature and Energy
Budget. The simulation results indicate that 𝑇

2m will show an
increasing trend on thewhole in both the summer andwinter,
with some seasonal variation (Figure 6). Compared to the
result in case CURURB, the summer temperature increment
over thewhole simulation domain is about 0.012∘Con average
in case FUTURB. The urban temperature will increase more
obviously in the summer (by 0.014∘C on average) than in
the winter (by 0.010∘C on average), which is consistent with
the result of previous researches. For example, Cheng and
Chan found that spatial and temporal features of the effects
of urbanization on the temperature and precipitation are
different between summer and winter since the 1980s [31].
It can be found that the warming trend is consistent with
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Figure 6: Spatial patterns of the change of𝑇
2m in JJA andDJF from the year 2000 to the year 2020.The unit for temperature is degrees Celsius.

(a) JJA; (b) DJF.

previous researches even though the temperature increment
is lower than that in the historical period. One reason is that
this study involved the whole Pearl River Delta rather than
the urban area. Another reason is that the urbanization rate
of the PRD is lower in the next decade than it was in the past
30 years.

The spatial pattern of seasonal temperature indicates that
there is more significant spatial heterogeneity of the impacts
of land surface on the temperature change in the winter than
in the summer (Figure 6). Overall, the temperature rise due
to urbanization shows some obvious spatial heterogeneity in
the summer, while it shows no obvious spatial heterogeneity
in the winter. Besides, the temperature rise is more obvious
in the inland of the PRD than it is in the coastal area
in the winter (Figure 6). This tendency is consistent with
the simulation result of the urban expansion under the
regional planning shown in Figure 5 since the inland of
the PRD will experience more rapid urbanization by 2020.
The higher the urbanization level is, the more obviously the
temperature increases, especially in the summer. In addition,
the urbanization may exert influence on 𝑇

2m in the summer
in two ways. First, there will be no obvious urban expansion
in the coastal regions where the cities have covered the whole
regions and the afforestation may be even better, while the
urban expansion will mainly occur in the regions close to
the inland. Second, the specific heat of sea water exerts less
influence on the inland than on the coastal regions. The
result agrees with the conclusion of previous studies that
the temperature increases over the PRD region as well as
the Yangtze River Delta, which is also a subtropical climate
region located in southeast China, owing to urbanization in
the history [31, 32].

The surface energy balance plays a key role in influencing
the dynamics and thermodynamics above the land surface,

and the changes of surface energy balance provide an explicit
explanation of the climate effects of urbanization [33]. The
simulation results indicate that the urbanization effects on
the surface variables are consistent in both the summer and
winter. The simulation results show that the sensible heat
flux increases while the latent heat flux decreases slightly in
the whole year of 2020. The changes in the sensible heat
and latent heat mainly result from the increased shortwave
absorption and reduced longwave emission in the urban area.
In addition, the ground heat flux shows a slightly increasing
trend and without significant season variation (Figure 7).
The stronger influence on the thermodynamic field in the
summer is mainly caused by the greater modification of
surface radiation parameters of the urban land use.

The ground heat flux will increase on the whole over
the whole simulation domain in both summer and winter
compared to that in 2000.The underlying surface will convert
from irrigated cropland or grassland into waterproof surface
which is mostly made up of cement during the urbanization
processes. The limited availability of surface water due to
the change of land surface property will reduce evaporative
cooling in urban areas, which limits the heat released from
the surface to the atmosphere andmakes the ground heat flux
increase accordingly. Besides, the variation of ground heat
flux is higher and the variation range is wider in the summer
than in the winter (Figure 7(b)). It may be because the
incident shortwave radiation, which dominates the energy
budget of the land surface, is the highest in the summer.

4.5. Urbanization Effects on Precipitation. Precipitation is a
key factor in the global water cycle and a proxy for climate
change. Estimation of the effect of urbanization on precipita-
tion becomes increasingly important for both climate change
research and for its impact on human lives. On the other
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Figure 7: Annual variation of the ground heat flux in JJA and DJF from the year 2000 to the year 2020. The unit is W⋅m−2. (a) JJA; (b) DJF.
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Figure 8: Spatial patterns of the change of precipitation in JJA and DJF from the year 2000 to the year 2020.The unit for precipitation is mm.
(a) JJA; (b) DJF.

hand, local forcing aswell as synoptic forcing has complicated
effects on rainfall, which can enhance the uncertainties of
future rainfall prediction.

There is some difference between the spatial patterns of
precipitation in the summer and winter of 2020; the spatial
variation of precipitation is slightly greater in the summer
than that in the winter (Figure 8). For example, there will
be slight increase of the precipitation in the inland urban
area in the summer of 2020, while the precipitation will
increase significantly in thewestern coastal region of the PRD

(Figure 8(a)). However, the spatial pattern of precipitation
change is consistent in the entire PRD region in winter in
2020. In other words, there is slight increase of rainfall in
both the inland urban area and the coastal area (Figure 8(b)).
In the summer, the prevailing wind enhances the moisture
level, which plays an important role in increasing the rainfall
over the urban area. Particularly, the strong positive moisture
advection makes great contribution to the increase of rainfall
over the coastal areas in summer. The increased low-level
vertical velocity over the urban area increases the convection
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and consequently leads to more rainfall in the urban areas. In
addition, the increased convergence and/or cyclonic anomaly
due to urban roughness can increase the precipitation in these
areas even when there is little change in the water vapor in
lower troposphere. There is a similar mechanism that can
contribute to the slight increase of rainfall in the entire PRD
in the winter.

The mechanism of urbanization impacts on the precip-
itation can also help to explain the seasonal variation of
precipitation. First and foremost, local forcing has an effect
on the precipitation, for example, the prevailing south wind
brings more moisture from the sea to the urban area in
summer, which leads to the increase of rainfall over the
coastal area in summer. Besides, urbanization has greater
impacts on the surface variables in the summer than in the
winter. For example, the results mentioned above show that
𝑇
2m has a positive change in urban area in both the summer

and winter; the urban area will become a low-pressure area
since the land cover change increases the surface temperature
in the urban area. The urbanization increases the surface
roughness and consequently reduces the wind speed over
the urban area, which will lead to convergence and rising
motion of air in the urban area. In fact, the simulation
results of this study as well as other numerical experiments
all indicate that the surface pressure in the urban area has
a decreasing tendency due to urbanization and UHI. In
addition, the decreased surface pressure and the increased
surface roughness in the urbanized areas lead to the higher
surface convergence over the urban area, which increases the
risingmotion in the urbanized areas.What ismore, the urban
areas apparently have less vegetation, which is closely related
to the higher surface sensible heat and plays an important role
in enhancing the convective circulation over the PRD.

5. Discussion and Conclusion

This study analyzed the impacts of future urbanization on the
regional climate in the PRD of China. The main conclusions
could be summarized as follows. The pace of urban expan-
sion, which is one of themajor indicators of the urbanization,
will continue to increase in the PRD. As the urbanization
continues, the land surface energy budget in the cities will
change, which plays an important role in influencing the
urban climate. Besides, there are various factors that influence
the regional precipitation, and the complicated effects of the
local and regional influencing factors on the precipitation
lead to some uncertainties in the rainfall prediction.

The urban areas over the PRD region apparently have
less vegetation, which is closely related to the greater surface
sensible heat and will enhance the convective circulation. On
the other hand, the less vegetation can definitely decrease
the surface latent heat flux, which can reduce the amount of
moisture available for cloud formation. In addition, further
analyses should be conducted so as to reveal the underlying
processes associated with the impacts of urbanization on the
rainfall in different seasons.

This study has only analyzed the physical impacts of
urban expansion, but the urbanization process is a very

complicated process influenced by many factors, and it has
various influences on the climate. Pollutant release is another
important factor that influences the radiation process over
urban areas [34]. It is necessary to carry out more studies
that utilize a wide range of scenarios of climate change, land
use change, and realistic urban parameters to quantify the
effects of different factors on regional climate in the future.
Additionally, with the increasing available computational
resources, the long-term simulation would be an optimal way
to assess the large-scale climate effects of urbanization.
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Land Use/Land Cover change (LUCC) is a key aspect of global environmental change, which has a significant impact on climate
change. In the background of increasing global warming resulting from greenhouse effect, to understand the impact of land use
change on climate change is necessary and meaningful. In this study, we choose China as the study area and explore the possible
land use change trends based on the AgLUmodule and ERBmodule of global change assessment model (GCAMmodel and Global
Change Assessment Model). We design three scenarios based on socioeconomic development and simulated the corresponding
structure change of land use according to the three scenarios with different parameters. Then we simulate the different emission of
CO
2
under different scenarios based on the simulation results of structure change of land use. At last, we choose the most suitable

scenario that could control the emission of CO
2
best and obtain the relatively better land use structure change for adaption of climate

change. Through this research we can provide a theoretical basis for the future land use planning to adapt to climate change.

1. Introduction

LUCC is a significant performance of thematerial and energy
interactions between human and global environment [1–3].
It not only affects the geographical distribution of terrestrial
ecosystem patterns and productivity but also objectively
reflects how human influence biogeochemical cycles and the
structure and function of ecosystem [4–7]. Land use refers
to all the activities to develop and utilize the land use on
purpose; for example, agricultural land, industrial land, traffic
land, residential land, and so forth, are all the land use
types. Advanced methods have also been used by scholars
in the classification of land use; Jiang et al. used the ANN
and Dempster-Shafer theory to get a more detailed classi-
fication of land use [8]. LUCC is one of the International
core research program of International Geosphere-Biosphere
Programme (IGBP) and the Global Environmental Change
Human Dimensions Programme (IHDP), which also is one
of the new research field and global environmental research
focus in earth system science [9]. A lot of scholars had come

to realize the important research significance of LUCC, and
some studies showed that there was a very close relationship
between land use changes and climate change. Dale pointed
out that land use change was related to climate change as both
a causal factor and a major way in early 1994 [10]. Studies of
Hao and Ren showed that LUCC had a profound influence
in climates, biogeochemistry, and biological diversities; the
response of ecoenvironment to LUCC had become the core
problems both in the fields of global climate change research
and land use change research [11].

LUCCwas the core of all related sustainable development
issues; according to the IGBP and IHDP research reports,
social and economic driving force could be divided into
direct and indirect factors and the indirect factors included
demographic change, affluence, technological development,
political economy, political structures, views, and values [12].
Scholars conducted a lot of research on LUCC to reveal
the relationship of land, environment, population, and social
development. Then it could promote the precision of sim-
ulation and prediction for the land use change on the base
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of grasping the causal relationship between socioeconomic
driving forces and land use, which would offer the references
for the rational utilization of land resources [13].

According to the latest study results of the 2012 United
Nations Environment investigation team, the emission of
CO
2
had become the main research compared with other

global greenhouse gas, and its share of total greenhouse gas
emissions reached more than 80%. With global warming
becoming increasingly serious, it is urgent to mitigate the
climate worsening. Controlling CO

2
emissions is becoming

more and more important. Therefore, from then on, the
impact of land use change on climate change draws more
and more attention to researchers. Bonan analyzed the driv-
ingmechanismof climate change for the forestry area changes
[14]. Wang et al. studied the effects of urbanization level
on climate change, and the results showed that urbanization
would cause the temperature growth [15]. Kalnay and Cai
had also revealed that half of decrease observed in diurnal
temperature was influenced by urban and land use changes
[16], which reflected human activities playing important
driving forces role on climate change.

With the development of economy and the increasing of
population and resource consumption, the environment in
China has gradually degraded. Zhuang et al. considered the
impacts on land use from the view of energy supply by a
multifactor analysis and proposed a combined planting zona-
tion strategy [17]. Anderson et al. studied the influences
of climate change on agricultural economy [18]. Li et al.
proposed an evaluation approach to assess urban sustainable
development by measuring indicators for supporting urban
ecological planning [19]. Hu et al. studied the low-carbon
development of China and gave an outlook of China’s econ-
omy growth, energy-electricity demand, renewable power
generation, energy conservation, and emissions mitigation
until 2030 in an Economy-Energy-Electricity-Environment
(E4) coupled framework [20]. Zhang et al. took a meticu-
lous research to quantify the relationships among economic
growth and energy consumption and CO

2
emission, and

showed that there were sensitive impacts among them [21].
These studies had revealed that there were a close link
among human activities, land use change, and climate change
through different horizons, and applied different methods to
find out an appropriate economic development route.

In this study, China as the study area, we studied how
LUCC influence CO

2
emissions and tried to reveal the func-

tion of LUCC to CO
2
emissions. To achieve the goal above,

AgLU module of GCAMmodel was applied to simulate land
use changes in the future and then combined with ERBmod-
ule to simulate CO

2
emissions based on the simulated land

use change. Results of this study showed that socioeconomic
factors play an important role in land use change and climate
change. We came out with that coordinated environmental
sustainability scenario (CES) is the more proper scenario,
which not only protects the environment, but also promotes
the economic development. In CES scenario, it reflects the
sustainable development, which is more suitable for the
development of China.Therefore, through the comparison of
scenarios’ results, we can obtain themore suitable sustainable
development route of China based on the future structural

change of land uses, which is meaningful to achieve the goal
of sustainable development.

2. Data

2.1. Land Use Data. In the paper, we used TM/ETM images
from 1990 to 2010 as the data source, whichwere derived from
the Resources and Environment Data Center of the Chinese
Academy of Science [22]. The Landsat TM/ETM (Enhanced
Thematic Mapper) data were further grouped into six aggre-
gated classes of land cover, we used the five types land use:
cultivated lands, forest lands, grasslands, unused land, and
built-up areas including urban areas. Cultivated lands include
paddy and dry farming land. Forest lands include forest,
shrub, and others (e.g., orchards). Grasslands include three
density dependent types: dense, moderate, and sparse grass.
Unused land includes sandy land, Gobi, Salina, wetland, bare
soil, bare rock, and others such as alpine desert and tundra.
Built-up land includes urban area, rural settlements, and
others such as roads and airports.

2.2. Socioeconomic Data. Socioeconomic data include the
population, population density and growth rate of per
capita income, the proportion of agricultural population,
urbanization ratio, GDP, and price index of oil, gas, coal,
and hydropower, from 1990 to 2010. Among them, popu-
lation, GDP, population density, proportion of agricultural
population, and urbanization ratio are derived from the
Statistical Yearbook of China and the provincial statistical
data [23]. Price index of natural gas, coal, and hydropower are
mainly extracted from the Energy Statistics Yearbook; aver-
age household income growth ratio is obtained by looking
for literatures and other relevant information, which reached
about 11.24% from 1990 to 2010. Population, average income
growth ratio, and commodity market prices are the main
parameters of AgLU module; the relevant specific data will
be given in the section of scenario design.

3. Methods

3.1. GCAMModel. TheGCAMmodel is an integrated assess-
ment model of moderate complexity focused on energy
and agriculture sectors and a long-term, partial-equilibrium
model designed to examine long-term, large-scale changes in
global and regional energy system where the characteristics
of existing capital stocks are not the dominant factor in
determining the dynamics of the energy system.Themarkets
in GCAM are defined for oil, gas, coal, biomass, carbon,
and agricultural products. Driven by the factors, such as
population, labor productivity growth, and the supply and
demand of resources in market, the goal of optimal land use
allocation can be achieved through AgLU module. Besides,
through incorporation of the ERB module, the emissions of
greenhouse gases can be calculated [24].

The GCAMmodel can be conceptualized as consisting of
fourmodules: Edmonds-Reilly-Barnesmodel (ERB [25–27]),
Agriculture and Land Use model (AgLU [28, 29]), Model for
the Assessment of Greenhouse-gas Induced Climate Change
(MAGICC [30]), and Regional Climate Change Scenario
Generator (SCENGEN [31]) (Figure 1).
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Figure 1: The framework of GCAMmodel.

3.2. Land Allocation. The land allocation diagram shows how
land is allocated among alternative land uses. Selection of
land use is based on maximizing economic return at each
location. Profit per hectare is equal to revenue (yield per
hectare times price received) minus production cost (yield
per hectare times nonland cost per unit of output). This
relationship is shown in (1)

𝜋𝑟
𝑖,𝑙,𝑚,𝑝
= 𝑦
𝑖,𝑙,𝑚,𝑝
⋅ (𝑃
𝑖,𝑙,𝑚
− 𝐺
𝑖,𝑙,𝑚
) , (1)

where 𝜋𝑟
𝑖,𝑙,𝑚,𝑝

is the economic return of the land as a profit
rate ($/ha⋅yr); 𝑦

𝑖,𝑙,𝑚,𝑝
is yield per hectare for land use 𝑖 in

region 𝑗 at location 𝑝 (calories/ha); 𝑃
𝑖,𝑙,𝑚

is the market price
for the product produced by land use 𝑖 (units $/yield units:
calories or m3);𝐺

𝑖,𝑙,𝑚
is the nonland cost per unit of output in

land use (units are $/yield units: calories or m3), 𝑖 is an index
for land use type, 𝑙 is the region index, and 𝑝 is an index for
geographical location within a region.

The profit rate (𝜋𝑟) calculation for forest products is
somewhat different because of the time lag between planting
and harvest. The profit rate expression for forest products
includes a term that discounts future earnings into the present
and levelizes those earnings over 45 years; this forward price
is denoted by 𝑃

𝑖,𝑙,𝑚
,

𝜋𝑟
𝑖,𝑙,𝑚,𝑝
=

𝑟

(1 + 𝑟)
45
− 1

⋅ (𝑃
𝑖,𝑙,𝑚
− 𝐺
𝑖,𝑙,𝑚
) , (2)

where 𝑟 is the interest rate ($/$ that is unitless).
To determine the share of land allocated to each land use

type, land use shares would, in general, be calculated numer-
ically, by summing over the land distributions implied in (1)
and (2). In the usual integrated modeling context, however,
we wish to work on large regional scales. We used instead a
reduced-form expression for land shares that effectively sums
over the index 𝑝 in (1) and (2) based on maximizing profit
rates which is at the core of finding land shares that provide
the yields leading to maximum profits.

With specific assumptions on the functional form of the
yield distribution, the share of land allocated to use 𝑖 is given
by a logit share equation:

𝑆
𝑖,𝑙,𝑚
=

𝜋𝑟
𝑖,𝑙,𝑚

1/𝜆

∑
𝑝
𝜋𝑟
𝑖,𝑙,𝑚,𝑝

1/𝜆
, (3)

where 𝜆 is a positive parameter that determines the rate that
land shares change in response to a change in profit rate.
𝜋𝑟
𝑖,𝑙,𝑚

is the average profit rate using land 𝑖, which is the profit
rate evaluated at an average or intrinsic yield, 𝑦

𝑖
, for land use

𝑖.
Land use for a specific purpose is calculated based on this

logit-based share of total land:

Land use
𝑖,𝑙,𝑚
= 𝑆
𝑖,𝑙,𝑚
⋅ Total land

𝑙
. (4)

3.3. CO
2
Emissions. Carbon emissions are accounted for in

two separate categories, those from industry and fossil fuel
use and those as net land-use emissions. This is necessary
because land-use emissions have different implications for
the carbon-cycle than industrial emissions. Industrial emis-
sions are the sum of emissions from fossil-fuel production
and from cement production.

3.3.1. CO
2
Emissions from the AgLU Module. Carbon emis-

sions from land-use change are calculated as the difference
in carbon stock between periods.The land allocated to crops,
pasture, forests, commercial biomass, and unmanaged land
changes over time in response to changing demands, income,
agricultural technologies, and prices of agricultural products.
Each regional land-use category is assigned a carbon density
for soils and above ground plant material. Changes in land
use are translated directly to changes in carbon stocks with
net carbon emissions equal to the product of land use
changes multiplied by carbon densities for each land-use
class. Historical land use changes are used when vegetation
change and soil emissions are calculated for the first time
period and for soils when the more refractory carbon decays
(slower) in subsequent time periods.
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For crops, pasture, forests, and unmanaged land the car-
bon emissions from above ground are calculated as follows:

EmLC
𝑖,𝑙,𝑚
=

𝑛𝑟

∑

𝑙=1

(CLdens
𝑙,𝑖
⋅

Land use
𝑖,𝑙,𝑚
− Land use

𝑖,𝑙,𝑚−1

𝑁step
) ,

(5)

where 𝑖 is an index for land use: crops, pasture, forests, and
unmanaged land.

For soils the carbon emissions are not only based on
changes in land use but also on a fractionation of the carbon
according to decay rates. Thus, 60% of the soil carbon is
assumed to decay when land use change occurs during the
simulated time period (𝑃𝑑

0
= 0.6); 30% of the soil carbon is

assumed to only decay in the next time period (𝑃𝑑
−1
= 0.3),

and 10% of the soil carbon is assumed to decay during the
second time period 30 years after the land use change occurs
(𝑃𝑑
−2
= 0.1).

Consider

EmSC
𝑖,𝑚

=

𝑛𝑟

∑

𝑙=1

[

𝑚

∑

𝑚=𝑚−2

(CSdens
𝑙,𝑖
⋅ 𝑃𝑑
𝑚

⋅

Land use
𝑚
− Land use

𝑚−1

𝑁step
)] .

(6)

3.3.2. CO
2
Emissions from ERB Module. In the ERB module

carbon dioxide emissions from fossil fuel use are calculated
after global fuel demands have been determined. Emissions
are equal to the carbon emission coefficient times the amount
of fuel used. Emissions associated with energy transforma-
tions (synthetic fuels, electricity generation, and hydrogen
production) are allocated to the region where the transfor-
mation occurs.

Conventional oil, gas, coal, and biomass emissions are
calculated as follows, which include, if the RemFrac

2,𝑙
param-

eter is not equal to zero, carbon removal through scrubbing
by utility scrub technology and hydrogen production scrub
technology. Emissions from direct biomass burning are set to
zero in most scenarios; however,

EmSC
𝑖
= CO

𝑖

⋅ [FFcons ⋅ (1 − SedFil
𝑖,𝑙
) − RemFrac

2,𝑙

⋅ (ESU
𝑢𝑖,𝑙,𝑚
𝑔𝑢
𝑢𝑖,𝑙,𝑚
𝑔𝑖𝑗
𝑖
+ ESH

ℎ𝑖,𝑙,𝑚
𝑔ℎ
ℎ𝑖,𝑙,𝑚
𝑔𝑖𝑗
𝑖
)] ,

(7)

where CO
𝑖
is the emission coefficient of oil, gas, coal, or

biomass; SedFil
𝑖,𝑙
is the fraction of the feedstock that is not

combusted; RemFrac
2,𝑙

is the fraction of the emissions that
can be scrubbed during electricity and/or hydrogen gen-
eration; ESU

𝑢𝑖,𝑙,𝑚
is the energy in Joules that needs to be

combusted as secondary energy, electricity, to meet demand
and that needs to be converted to primary energy for emission
calculations by multiplying with the conversion coefficients
𝑔𝑢
𝑢𝑖,𝑙,𝑚

and 𝑔𝑖𝑗
𝑖
; ESH

ℎ𝑖,𝑙,𝑚
is the energy in Joules that needs

to be combusted as secondary energy, hydrogen, to meet
demand and that needs to be converted to primary energy
for emission calculations by multiplying with the conversion
coefficients 𝑔ℎ

ℎ𝑖,𝑙,𝑚
and 𝑔𝑖𝑗

𝑖
; 𝑔ℎ
ℎ𝑖,𝑙,𝑚

is the transformation
efficiency when electricity and hydrogen is produced; 𝑔𝑖𝑗

𝑖
is

the transformation efficiency from primary to secondary fuel
conversion; and FFcons equals the primary fuel demanded
for transformation into secondary fuel supply.

For each of the end-use sectors emissions are based on
fuel mode demands, attributing shale oil production emis-
sions and flared emissions to the industrial sector. Thus, for
transportation, buildings, and industry, consider the follow-
ing:

EmSC
𝑘
= ∑

𝑗

CO
𝑗
⋅ Fjk
𝑗,𝑘,𝑙,𝑚
⋅ (1 − SedFil

𝑗,𝑙
) , (8)

where CO
𝑗
is the emission coefficient of oil, gas, coal, or

biomass; SedFil
𝑗,𝑙

is the fraction of the feedstock that is not
combusted; Fjk

𝑗,𝑘,𝑙,𝑚
is the primary fuel demands.

4. Scenarios

4.1. Socioeconomic Analysis on China. With a rapid develop-
ment of economy in China in the past 30 years, GDP has a
great increase, from 364.52 billion Yuan at the beginning of
reform and opening up to 34.05 trillion Yuan in 2009, with an
average annual GDP growth rate of 9.6% which is far higher
than those of other countries in the period of economic take-
off. Meanwhile industrialization and urbanization developed
rapidly, urbanization level rose from 18% in 1978 to 46.6% in
2009, and it will reach 65% by 2030. Urbanization and the
resultant expansion of urban population will directly bring
about the growth of consumer demand, on the one hand,
and put forward more requirements for urban infrastructure
investment on the other hand. The development of indus-
trialization and urbanization will certainly exacerbate some
structural contradictions, which will raise the cost of labor,
land, natural resources, and social undertakings. However,
industrialization and urbanization are still the main internal
drives for economic growth for a long time.

China’s population has stepped into the modern popula-
tion growth phase with the character of “low birthrate, low
death rate, and low growth” since the early 21th Century.
Some studies have shown that the number of population will
reach the peak around 2030 and then the total population
may begin to gradually decline and it will enter the a negative
growth phase. After 2015, China’s working-age population
has been declining, and China’s labor supply will gradually
decline in the next 20 years.

According to preliminary statistics report released by
National Bureau of Statistics, the proportion of the added
value of first, second, and tertiary industry to GDP was
10.2%, 46.9%, and 42.9% in 2010. In comparison to 1990, the
proportion of primary industry decreased by 16.9%, while
the secondary industry and tertiaries industry increased by
5.6% and 11.4%, respectively. Overall, the industrial structural
changes in the past 20 years sustained the main changing
characteristics as it was since the 1970s in China; namely, the
proportion of primary industry was declining, the secondary
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industry consolidated its position, and the tertiary industry
has been significantly increasing. In addition, the industrial
structure will be further optimized in the future.

As the continuous expansion of global economic devel-
opment scale, the demand for resources and energies will
continue to grow; the supply-demand balance of resources
and energy also has an important influence on energy and
resource prices such as oil, natural gas, coal, and other major
energy. Since 1978, the proportion of China’s hydropower
consumption in primary energy consumption increased year
by year, increased from 3.4% in 1978 to 7.2% in 2005. In 2008,
coal accounted for 67%. According to China Statistical Year-
book, in 2009 in China the total energy production was 2.75
billion tons, while the consumption have reached 3.07 billion
tons, so there was a gap between consumption and demand.
Meanwhile, in China’s total energy productions, coal and
oil accounted for a large share, in which the percentage of
coal was 70.4%, the oil was 17.9%, and natural gas accounted
for only to 3.9%. While the hydropower, nuclear power, and
wind power are relatively slow growth and only accounted
for 7.8% of total. However, with the gradual lack of resources
and energy, the impacts and constraints of the resources and
energy on human socialeconomic development will become
more and more obvious. According to the forecasts of Inter-
national Energy Agency and the US Department of Energy,
despite global demand for energy resources continuously
grew between 2005 and 2030, the overall supply and demand
will be close to equilibrium in the future.

4.2. Scenarios Design. According to the characteristics of
socialeconomic development in the past 30 years, we design
three kinds of socialeconomic development scenarios, that is,
Business as usual scenario (BAU), Rapid economic growth
scenario (REG), and coordinated environmental sustainabil-
ity scenario (CES).

Firstly, the BAU scenario is designed according to the
economic development process and the structural charac-
teristics in China combining the factors with the most pos-
sible changes such as population, factor endowments, and
technological advances. This kind of scenario reflects the
likely changing trends of socialeconomic development and
also provides a reference which can be compared with other
scenarios. Then we design the REG scenario to explore the
land use change under the development mode of accelerating
the socialeconomic development. In addition, taking into
account the future challenges faced by domestic development
as well as growing environmental pressures in the future, the
CES scenario is also designed to simulate the possible land
use changing trends under the combined effect of these risk
factors.

4.2.1. BAU Scenario. In a long term, changes in labor supply,
investment and improvement in productivity, determine the
overall economic growth situation. Labor supply depends
on the total population and population age structure, while
the corresponding total population age structure and the
total labor change have significant effects on the labor force
immigration. Population growth is impacted by plenty of
factors such as the family planning policy, improvement of

people’s living standards, lifestyle changes, and so on, but
the main influence factor is the national population policy.
In this study, population growth is exogenous variable and
the forecast population data are from the CASS and Institute
of Population and Labor Economics is applied. According
to this forecast, China’s population peak will occur in 2037
with a population of about 1.47 billion, while the working-
age population peak will appear in 2017–2027 with about
10 million. According to the proportion of labor forces to
the working-age population labor in 2006, the total labor
resources in thewhole countrywill be the about 820million at
the moment when the working-age population is in the peak,
and it will increase by 40 million in comparison to 2006.

Productivity improvement is mainly reflected as total
factor productivity (TFP) changes in the model. Through
studies on total factor productivity in the past 30 years, it can
be found that there are amounts of factors affecting the TFP in
China, such as institutional reform, human capital spillover
effect, technological capital, market reform, urbanization,
foreign investment effect, foreign trade effect, infrastructure
and administrative costs, final consumption rate, and so
on. Although the specific quantitative research results have
obvious differences, most of the studies show that the average
annual growth rate of TFP in China is between 2% and 4%.
From a long-term perspective, some significant factors of
promoting the TFP growthwill continue to play an important
role; for example, system reform will further be deepened,
urbanization will steadily be pushed forward, the rural labor
force will continue to be migrated, human capital will be
accumulated, and so on. Therefore, in the BAU scenario, the
model assumes that the average annual growth rate of TFP
continues to follow the development ratio in the past during
2008–2050 and remain at the level of about 2%.

China’s demand for energy has surged to fuel its rapidly
expanding industrial and commercial sectors as well as
households experiencing rising living standards. B. Lin
research showed that from 1999 to 2008, the average growth
rate of coal production of China was 11.37%, which
was almost twice as much as that of 5.81% from 1982 to 1996,
In 2008, coal production in China rose to 2716 million
tons (40% of global coal production) [32]. Studies of Liu et
al. showed that the average energy consumption has risen
by 5.2% since 1978, while during 2001–2007, the primary
energy consumption has soared through an average annual
increase of 9.8%, and the GDP has increased by 10.2% in the
same period [33]. Besides, the Chinese Academy of Social
Sciences takes consideration of population growth, economic
growth and structural change, technological progress, envi-
ronmental impact and energy security, and other factors
predicted modeling results; in 2050 primary energy demand
will reach 3440Mtce∼41502Mtce.The structure of energy get
improved significantly, and the proportion of coal in primary
energy consumption from 60% in 1990 (excluding biomass
76.2%) declined to 47.7% in 2050 (51.9%), while oil and
gas from 14.8% (18.7%) increased to 26.3% (28.6%). Primary
energy supply capacitywould increase from 1302Mtce in 1990
to 2980Mtce∼3740Mtce in 2050, where: coal 2500Mtce∼
2700Mtce, crude 100Mt∼200Mt, and natural gas 120 billion
cubic meters to 1,400 cubic meters.
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Table 1: Economic growth under the BAU scenario in 2008–2100 (unit: %).

2008∼2010 2011∼2015 2016∼2020 2021∼2025 2026∼2030 2031∼2040 2041∼2050 2051∼2075 2076∼2100
GDP growth 8.7 7.9 7.0 6.6 5.9 5.6 5.5 4.6 3.9
Labor growth 0.4 0.5 0.0 0.0 −0.3 −0.3 −0.4 −0.6 −0.9
Capital growth 12.6 9.4 8.4 7.8 6.7 6.2 5.9 5.4 4.8
TFP growth 0.9 2.0 2.0 1.9 2.0 1.9 1.9 1.9 1.8

Table 2: Economic growth under the REG scenario in 2008–2100 (unit: %).

2008∼2010 2011∼2015 2016∼2020 2021∼2025 2026∼2030 2031∼2040 2041∼2050 2051∼2075 2076∼2100
GDP growth 8.7 8.4 7.2 6.6 5.8 5.7 5.6 4.9 4.3
Labor growth 0.4 0.5 0 0 −0.3 −0.4 −0.4 −0.8 −1.2
Capital growth 12.6 9.2 7.5 6.8 5.5 4.6 3.9 2.9 2.1
TFP growth 0.9 2.7 2.7 2.6 2.6 2.6 2.5 1.9 1.8

In the scenario of BAU, it assumes that urbanization and
industrializationwill continue to be pushed forward, the level
of urbanization will increase 0.35–0.55% per year, and it will
be expected to be 52% in 2015, 65% in 2030, and up to
around 70% in 2050. Taking into account the international
economic environment and comparative advantage changes
inChina, export growth ratewill gradually reduce in this kind
of scenario. The trade surplus will continue to exist in a long
time with a gradually declining trend and achieve the basic
balance between import and export by 2050 and would rise
steadily in 2050–2100 (Table 1).

4.2.2. Control Scenario One: REG Scenario. In the REG
scenario, it assumes that the reforms will be putted forward
quickly and smoothly, the role of market in the allocation of
resources will be enhanced obviously, structural adjustment
will be vigorously promoted, and the economic growth
pattern will make progress. The specific settings include: (1)
the price of all kinds of resources will be straightened out,
and there will be a more rational allocation for resources.
The external cost of economic activities will be internalized
by the means of taxation, energy, and resource use efficiency
will be improved. (2) We adjust the public expenditure
structure of government and increase the proportion of the
expenditure of education, medical and scientific research,
and social welfare. Many studies have found that the low
proportion of government spending on public services is one
of the significant reasons leading to a lower consumer will,
so adjusting the structure of government spending is helpful
to expand the consumption, and promote the coordinated
development of the structure of consumption and invest-
ment. (3) Eliminate the barriers to labor force immigration
and accelerate the process of urbanization. Urbanization is
the significant drivers to promote the optimal allocation of
resources, economic growth, and industrial structure adjust-
ment. (4) Intensify to the development of support service and
industrial structure was further upgraded. In this model, the
accelerated development of services is reflected by the higher
TFP growth and lower tax levels (Table 2).

4.2.3. Control Scenario Two: CES Scenario. CES scenario
mainly considers the following aspects of changes: (1) slower

urbanization. Slower urbanization not only restricts the
smooth and effective immigration of labor force, but also the
upgrading of consumption structure and industrial structure
optimization. (2) Slow recovering of the world economy,
serious trade protection, and slow export growth. Exports
are the significant motive force of economic growth, the
annual growth rate of China’s exports has been over 20%
since 2000. The proportion of exports to GDP has also
gradually increased, which was about 23.3% in 2000, while
the proportion of exports to GDP (including goods and
services) reached 36.9% in 2008 with an increase of 13.6%
during 8 years. In the situation with slow economic growth,
industrial structure adjustment, and optimization will also
be more difficult. (3) Higher international energy prices and
restricted energy imports. In recent years, with the rapid
economic development, the dependence on some kinds of
resources especially crude oil and iron ore was also rising.
In 2007, China produced 186 million tons of crude oil and
imported 211 million tons, so the imports have exceeded
domestic production. Once the international energy and
resource prices rise, energy imports are restricted, which will
be a greater constraints to economic development. (4) Slow
progress in system reform and slow technological innovation
and efficiency improvement. If the innovation ratio is slow,
it may cause slow efficiency improvement, and result in the
slow conversion of development patterns and slow growth
rate. Under this scenario, the TFP value is lower than that
under the BAU scenario by 0.4% (Table 3).

5. Land Use Changes under
Different Scenarios

5.1. Accuracy Analysis of Land Use Simulation. GCAMmodel
was applied to simulate the land use for the cultivated land,
forestry area, grassland, built-up area, and unused land in
1990, 2005, and 2010.We took an accuracy analysis of land use
simulation according to the comparison of simulated land use
and real land use in 1990, 2005, and 2010 (Figure 2, Table 4).

As seen from the comparison of simulation results and
real land use in 1990 2005 and 2010 in Figure 2, it is found
that the simulation results is similar with the real land use
change. Cultivated land show increases due to population
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Figure 2: Comparison of simulated land use and real land use: (a) the real land use area in 1990, 2005, and 2010; (b) simulated land use area
in 1990, 2005, and 2010 (unit: 1000 km2).

Table 3: The economic growth under the CES scenario in 2008–2100 (unit: %).

2008∼2010 2011∼2015 2016∼2020 2021∼2025 2026∼2030 2031∼2040 2041∼2050 2051∼2075 2076∼2100
GDP growth 8.7 7.0 5.7 5.1 4.3 3.5 2.8 2.6 2.3
Labor growth 0.4 0.5 0.0 0.0 −0.3 −0.3 −0.4 −0.5 −0.8
Capital growth 12.6 9.2 6.9 6.1 4.9 4.2 3.4 2.5 1.8
TFP growth 0.9 1.3 1.6 1.4 1.5 1.3 1.2 1.1 0.9

growth and domestic demand expansion. A larger demand
for timber because of social and economic development, so
that forestry area shows a downward trend overall, but the
decreasing ratio is declining.As for the grassland, overgrazing
has caused serious area shrinking. In the past decades, with
a rapid economic development, urbanization is rising all the
way and it brings about the built-up area keeping expanding
in recent years.Theunused land are assumed to be unchanged
in the GCAM model, it would not be concerned about in
future simulation. Besides, according to the accuracy analysis
in Table 4, the total average error is about 8.67%, which shows
good simulation accuracy. So it is proper to simulate the land
use change trends of China.

5.2. Simulation of Land Use Change under Three Scenarios

5.2.1. Land Use Change under BAU Scenario. In the BAU
scenario, using GCAM model we simulated and obtained
land use change trends in the drive of inertial socioeconomic
growth (Figure 3).

As shown in Figure 3, under BAU scenario, cultivated
land increases first and then decreases.The total forestry area
is relatively stable, while the managed forestry area show a
downward trend during 1990–2005, then increased gradually
after 2005, and stabilized in 2080. The unexplored forestry

area reduces before 2080, and then step into a stage of steady
increase. Due to expansion of the range of human activities,
the managed grassland goes up until 2065, and then it is
in a steady stage during 2065–2095. As for the unexplored
grassland, it declines from 1990 to 2050 and tends to be
stable after then. The total grassland also decreases first and
then becomes in a stable condition. Urban area under BAU
scenario has no significant expansion, but it will still increase
steadily, and the extent is relative small. Because of the
current rapid development,more food demand requiresmore
cultivated land, thus, cultivated land increases rapidly, and it
will reach the maximum before the middle of 21st century.
With the technological development, agricultural productiv-
ity increases gradually, and the decreasing dependence on
cultivated land needs less cultivated land, so that cultivated
land decreases all the way since the middle of 21st century,
and the rate of declining will gradually increase first and then
gradually decrease.

5.2.2. Land Use Change under REG Scenario. In REG sce-
nario, socioeconomic development accelerated, under the
drive of socioeconomic and, simulation results with GCAM
model, we obtained the land use change trends (Figure 4).

The simulation results of land use under the REG scenario
show that the obvious land use characteristics is that urban
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Figure 3: Land use change trends of China under BAU scenario during 1990–2095: (a) land use change trends of cultivated land, forest land,
grassland, and built-up land; (b) trends of managed and unmanaged forest land; (c) trends of grazed and other grassland (unit: 1000 km2).

Table 4: The simulation accuracy of land use allocation (unit: %).

Cultivated land Unused land Forestry area Grassland Built-up area Average error Total average error
1990 −14.63% −5.06% 15.61% −12.72% 1.74% 9.95%

8.67%2005 −7.50% 3.23% −12.35% 14.03% −2.85% 7.99%
2010 −5.21% 2.93% −12.56% 13.75% 5.92% 8.07%

area increased significantly due to the rapid urbanization.
Cultivated land still increases first during 2010–2035 and
then decrease after then. Accelerated economic development
promotes the rising demand for timber, so as shown in
Figure 4 the total forestry area decreases significantly, and the
explored forestry area increases all the way. Rapid economic
development accelerate the scarcity of resources; moreover,
the demand gap will be widened under the development sce-
nario, so the total area of grassland is in a downward trend, the
unexplored grassland reduces all the way, while the explored

grassland grows obviously. Under this scenario, it can be seen
than explored grassland has been seriously damaged due to
the grazing.

5.2.3. Land Use Change under CES Scenario. In CES scenario,
the speed of socioeconomic development slowed down;
under the drive of socioeconomic and simulation results
with GCAM model, we obtained the land use change trends
(Figure 5).
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Figure 4: Land use change trends of China under REG scenario during 1990–2095; (a) land use change trends of cultivated land, forest land,
grassland, and built-up land; (b) trends of managed and unmanaged forest land; (c) trends of grazed and other grassland (unit: 1000 km2).

According to Figure 5, cultivated area increases from 1990
to 2035 and decrease after then under CES scenario. As for the
forestry area, the implementation of conservation measures
has protected the forestry area excellently, so the forestry area
increases all the way from 2005 to 2050, although it decreases
during 1990–2005. After 2050, it will make small range of
reduction. The unmanaged forestry area has been reduced
all the time, while it will rise after 2070. The total forestry
area decreases first and then there is an increase trend due to
the implementation of environmental conservation strategy.
Grassland decreases during 1990–2030 and then increase
after 2030. According to Figure 5, the unexplored grassland
has been in a downward trend during 1990–2065, and
then become stable after 2065, while the explored grassland
increases obviously. Therefore, CES scenario has positive

effect on the protection of environment, and it is consistent
with the model of sustainable development and low-carbon
economic development. Of course, urbanization still plays an
irreplaceable positive role in the process of socialeconomic
development, and the built-up area also has an increasing
trend under CES scenario.

6. CO
2

Emissions Resulting from
Land Use Change

As shown in Figure 6, under the BAU scenario, CO
2
emis-

sions will have a certain amount of increase in the coming
decades and begin to drop down around 2065; however,
it will be extremely slow. CO

2
emissions will continue to

accumulate over the next 50 years, and CO
2
emissions are
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Figure 5: Land use change trends of China under CES scenario during 1990–2095: (a) land use change trends of cultivated land, forest land,
grassland, and built-up land; (b) trends of managed and unmanaged forest land; (c) trends of grazed and other grassland (unit: 1000 km2).

maintained at the relative high level for a long time under
the BAU scenario. Therefore, although it will not cause the
serious pressure on the environment under the BAU scenario,
the negative effect is still profound, and it is not suitable
for the current environment. Under the REG scenario, CO

2

emissions are at a higher level compared with the other two
kinds of scenarios. CO

2
emissions have the rising trend all the

time.The greenhouse effect is serious currently, so controlling
the CO

2
emission is the primary objective of developing

the low carbon economy around the world. It can be seen
from the simulation results of the REG scenario, although
it can obtain the rapid economic development, it is contrary
to the strategic goal of sustainable development. Therefore,
the REG scenario cannot meet the requirements of social
development. It is different under the CES scenario CO

2

emissions are beginning to show a downward trend in 2030
and have maintained a low level after 2070, close to the
level in 1990s. This kind of scenario is beneficial to protect
environment and relieve the environmental pressures in line
with the strategic objectives of sustainable development.
Besides, it ensures the steady development of social economy
as well. Therefore, this kind of scenario achieves double win,
not only protect the environment, but also promote the
economic development. Thus, the CES scenario is the most
suitable scenario.

7. Conclusions and Discussion

In this study, three kinds of scenario; that is, BAU scenario,
REG scenario, and CES scenario are designed. We use the
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Figure 6: CO
2
emissions under three scenarios during 1990–2095

(unit: MTC).

GCAM model to simulate the land use change from 2015 to
2095 and estimate the impact of land use on CO

2
emissions

under the drive of social economy and finally find which
kind of land use change can adapt to climate change. The
conclusions are obtained as follows.

(1) The BAU scenario kept the development trend in the
past decades, and there is still a relatively high speed
of economic development. However, it needs time to
digest and absorb the great achievements brought by
rapid economic development in the coming period in
order tomake all the aspects adapt to the development
requirement, such as the promotion of the envi-
ronmental protection technology, the rationalization
of emission standard, and the further narrowing of
urban and rural gaps. When the whole society adapts
to the economic development achievements, the
bubble economy cannot be formed, and the future
economy will show more steady improvement. The
simulation results indicate that the CO

2
emissions

will be at an extreme high level for a long time in
China under the BAU scenario. The government
should take the appropriate measures or polies at
different stages to meet the real requirements of
socialeconomic development. Therefore, the baseline
scenario is not suitable for the future CO

2
emission

control.
(2) Under the REG scenario, the rapid growth of GDP

and population brings about the increasing pressure
on the environment. The adjustment of industrial
structure especially the rising proportion of sec-
ondary industry will lead to the growing of energy
consumption and demand, the total amount of
exploitation and import of oil, while natural gas and
coal is obviously increasing. Besides, the rapid urban-
ization will consume more energy and resources.
According to the simulation results of this scenario,
CO
2
emissions will rise sharply and stay at an extreme

high level, and it does not meet the sustainable
development and low-carbon economic development

model. Moreover, this scenario will lead to serious
environmental crisis. Therefore, it is undesirable.

(3) The CES scenario focuses on the purpose of environ-
ment protection and controls the growth rate of GDP
and population.The setting for the urbanization level
is consistent with the one under the BAU scenario in
order to avoid further pressure on the environment.
And the adjustment of industrial structure is to
vigorously develop the tertiary industry to reduce
the proportion of the first industry and control the
development of the secondary industry. Under this
scenario, the industrial structure optimization can be
sped up, and the CO

2
emission can be effectively

controlled. Therefore, this kind of scenario is more
suitable for China.

This study is closely related with the socioeconomic fac-
tors and climate change through taking the land use change
as the core influencing factor of climate change and the
socioeconomic development as the driving force, and the
results of this study are of great practical significance and
far-reaching research value. However, there are still some
shortcomings in this study. At first, there are various factors
of the socioeconomic development, which were not taken
into account in the scenario design. Therefore, it is necessary
to implement more detailed analysis of the socioeconomic
drivers of land use change in the future study. What’s more,
the impacts of socioeconomic factors on the land use change
are represented in the approach parameterization, which have
some limitations since they failed to thoroughly reveal how
the socioeconomic development influences land use change.
Meanwhile, only three scenarios, which can set the general
direction of socioeconomic development, were designed in
this study, but they cannot provide more specific details.
Therefore, more scenarios should be designed in the future
research so as to fully reveal the best land use change to adapt
to the climate change, for example, more specific scenarios of
the same type can be designed under the CES scenarios.
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The differences in the air temperature, precipitation, evaporation, and relative humidity between wetlands and nonwetlands were
analyzed to investigate the effects of alpine wetlands on regional climate.Meanwhile, the changes in precipitation and surface runoff
fluxes before and after the typical wetland degradation were discussed, and the effects of wetland degradation on soil organic carbon
were assessed. Correlation and regression analyses were applied to exhibit the relationships between wetland landscape areas and
meteorological factors. Our results showed that the cooling effects of wetlands on ambient environment were very obvious, and
soil temperature could be higher in the area with less surrounding wetland area. The evaporation capacity and relative humidity in
wetlands were higher compared to the surrounding non-wetlands. Precipitation and surface runoff flux decreased due to serious
wetland degradation, indicating that wetland degradation or expansion had close relation with regional precipitation. Once peat
soils were converted to meadow soils or Aeolian sandy soils, soil organic carbon (SOC) would decline linearly. Correlation and
regression analyses showed that there were significant correlations between wetland landscape areas and the annual average air
temperature, the average air temperature in growing seasons, and the evaporation in growing seasons (𝑃 < 0.05).

1. Introduction

Wetlands are the important underlying surface types on the
earth and have their own radiation, thermal and hydrous
properties, which can form unique microclimate with sig-
nificant cooling and humidifying effects [1, 2]. Changes
in wetland landscape patterns due to varying hydrological
processes have profound impacts on wetland biodiversity,
ecological processes, and the emission of greenhouse gases
as well as regional and even global climate [3], which is
closely related to wetland function changes such as carbon
accumulation and emission (i.e., CO

2
and CH

4
) [4]. Some

researchers have presented that wetland drainage (including
peatlands) can increase soil respiration [5, 6] and have a
significant contribution to the feedback processes of carbon
cycle and climate change [7]. Therefore, wetlands play an
important role in global warming as a result of the great
potential of carbon emission [8].

Zoige Plateau is a hummocky plateau with the highest
and largest area of alpine peatland wetlands worldwide. The

alpine wetlands on the Zoige Plateau cover approximately
470,000 hm2, where the amount of reserved peats can reach
up to 7.6 billionm3 and become the biggest peat mining
area in China. However, these alpine peatlands are suffering
from serious degradation or alternation due to global climate
change and anthropogenic activities, which have caused a
large amount of carbon release [9]. Moreover, the wetland
degradation and peat decomposition, in turn, will affect the
regional climate change, and thus promoting global warming.
Therefore, it is an ideal site for scientists to investigate the rela-
tionship between alpine wetlands and global climate change
on the Zoige Plateau. Previous researches have focused on
the changes in wetland landscape patterns as well as carbon
storage and emission [10–12], however, little information is
available on the effects of alpine wetland changes on regional
climate.

The primary objectives of this study are (1) to investigate
the cooling effects of wetlands based on meteorological
factors of wetlands and nonwetlands; (2) to analyze the
changes in the precipitation and surface runoff flux before
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Figure 1: Location map of Zoige Plateau on the Qinghai-Tibet Plateau.

and after wetland degradation using geographic information
system; (3) to reveal the effects of wetland degradation on soil
organic carbon; and (4) to identify the relationships between
changes in wetland landscape area andmeteorological factors
using correlation and regression analyses.

2. Materials and Methods

2.1. Site Description. Alpine wetlands on the Qinghai-Tibet
Plateau are unique wetlands worldwide. The Zoige Plateau,
which is located in the northeastern part of theQinghai-Tibet
Plateau (Figure 1), is a dome-shaped geographical unit with
large area of alpine peatlands [13]. The Zoige Plateau (33∘10
to 34∘06N, 101∘36 to 103∘25E) administratively belongs to
Zoige, Hongyuan, and Aba counties in Sichuan Province as
well as Maqu and Luqu counties in Gansu Province [10, 11].
It is a crucial ecological function area of water conservation
with the water storage of about 840millionm3 along the
upper reaches of the Yellow River and a significant living
habitat for wetland biodiversity conservation. The dominant

vegetation types are subalpine meadow and wetland vegeta-
tion (i.e., Kobresia tibetica,Muli sedge, and Carex lasiocarpa).
This region has a typical humid and semihumid continental
monsoon climate of plateau cold temperate zone [11]. It
has more rains and heat in the same season, and the air
temperature varies significantly fromday to night.The annual
mean air temperature is 0.6–1.2∘C, with a long frost period.
The extreme low and high air temperatures are −33∘C and
28∘C, respectively. The annual mean precipitation is 600–
800mm, while the annual evaporation is higher compared
to the annual mean precipitation. The rainstorm and hail
weather is more frequent, accounting for 90% of the total
annual rainfall in warmer seasons (from May to October).
This region has a long sunshine time and sufficient solar
radiation.

2.2. Data Sources and Analysis. Five main meteorological
stations were chosen in this region. These meteorological
data including the monthly average air temperature, the
precipitation, the evaporation, and the relative humidity from
1961 to 2000 and soil temperature data from 1961 to 1980
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Table 1: Correlation matrix between wetland landscape areas and regional meteorological factors on the Zoige Plateau.

A AP PGS AAAT AATGS AE GSE AARH ARHGS
A 1.000
AP −0.340 1.000
PGS −0.266 0.749∗∗ 1.000
AAAT −0.516∗ 0.090 0.074 1.000
AATGS −0.447∗ 0.009 −0.089 0.973∗∗ 1.000
AE −0.356 −0.227 −0.245 0.465∗ 0.460∗ 1.000
EGS −0.470∗ −0.306 −0.313 0.568 0.568 0.641 1.000
AARH 0.395 0.320 −0.016 −0.286 −0.267 −0.100 −0.185 1.000
ARHGS 0.302 0.425 0.321 −0.512∗ −0.554∗ −0.109 −0.622∗ 0.573∗ 1.000
∗Correlation is significant at the 0.05 level (2-tailed).
∗∗Correlation is significant at the 0.01 level (2-tailed).
AP: annual precipitation; PGS: precipitation in growing seasons; AE: annual evaporation; EGS: evaporation in growing seasons; AAAT: annual average air
temperature; AATGS: average air temperature in growing seasons; AARH: annual average relative humidity; and GSARH: average relative humidity in growing
seasons.
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Figure 2: Changes in multiyear monthly average soil temperatures
at Zoige and Aba stations during the period from 1960 to 1980.

(no longer time series of data) were collected from the above
five stations. More detailed information on meteorological
stations has been described by Bai [14]. With respect to the
short-termmonitoring data, we developed a relationshipwith
the similar terrain station and adjacent year length to predict
the missing monitoring data. Both Aba (in nonwetland area)
and Zoige (in wetland area) stations were selected to compare
the average air temperature between them. Land-use data
and hydrological data sources in the four years of 1966, 1986,
1995, and 2000 were described in detail by Bai et al. [10].
Meteorological and hydrological grid data of Zoige Plateau
were applied to analyze the differences in the air nonwetlands,
and the grid data was obtained based on the interpolation of
meteorological station data.

Soil sampleswith five replicateswere collected in the three
land use types such as peatlands, meadows, and sand dunes.
All soil samples were air-dried for three weeks, and all coarse
plant debits, roots, and stones were removed. The air-dried
soils were ground and sieved through 0.18mmmesh sieve for
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Figure 3: Changes in annual average air temperatures at Zoige and
Aba stations during the period from 1960 to 2000.
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Figure 4: Changes in annual average relative humidity at Zoige and
Aba stations during the period from 1960 to 2000.

the determination of soil organic carbon (SOC).The SOCwas
determined by the method of Walkley and Black [15].

Correlation analysis was carried out to identify the
relationship between wetland landscape areas and meteo-
rological factors. Statistical analysis was performed using
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Figure 5: Changes in wetland landscape patterns and selected hydrological data points in degraded regions in Zoige County during the
period from 1966 to 2000.

SPSS10.0 statistical package, and correlation was considered
to be significant if 𝑃 < 0.05.

3. Results and Discussion

3.1. Cooling-Humidifying Effects of AlpineWetland Landscapes

3.1.1. Cooling Effects of Alpine Wetlands. Zoige Station in
wetland area andAba Station in nonwetland areawere chosen
to compare soil temperature in both stations based on the
multiyear average soil temperature in top 5 cm soils. As
shown in Figure 2, the multiyear average soil temperature
was higher in Zoige Station in each month compared to
Aba Station. Figure 3 showed that the annual average air
temperature of Zoige Station was greatly lower than that of
Aba station over the past four decades. This indicates that
cooling effects of wetlands on the surrounding region were
very obvious [16]. Most researchers also reported that wet-
lands could play significant role in reducing air temperature
at least at regional scale [17, 18]. The possible explanation
was that wetlands have strong evaporative capacities which

are significantly higher than those of the cultivated lands and
grasslands [18], which could decrease the air temperature to
some degree as the evaporation process is a heat-consuming
process. Gao et al. [19] also presented that cooling effects of
wetlands are closely associated with the evapotranspiration
and cold radiation of wetlands, which primarily depends
on the air temperature and the moisture conditions of the
underlying surfaces. In the perennial flooding wetlands, the
processes of warming in the daytime or cooling at night
were much slower compared to seasonal flooding wetlands
or meadow wetlands, for their air temperatures could be
regulated by the overlying water [20].Therefore, themoisture
conditions played an important role in cooling effects of
wetlands, whereas the cooling effects would be weakened or
disappeared after wetland degradation, alteration or loss.

3.1.2. Humidifying Effects of Alpine Wetlands. Figure 4 illus-
trates the changes in the annual average relative humidity
between Zoige Station and Aba Station over the past four
decades. The annual average relative humidity of Zoige



Advances in Meteorology 5

0
50
100
150
200
250
300
350
400
450

0
100
200
300
400
500
600
700
800
900

1000

1966 1986 1995 2000

Su
rfa

ce
 ru

no
ff 

flu
x 

(m
m

)

A
nn

ua
l p

re
ci

pi
ta

tio
n 

(m
m

)

Precipitation
Surface runoff flux

Figure 6: Changes in annual precipitation and surface runoff flux in
the heavily degraded area in Zoige County during the period from
1966 to 2000.
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of wetland soils.

Station was higher than that of Aba Station, indicating
obvious humidifying effects of alpine wetlands. This was
because of higher evapotranspiration in wetlands than in
nonwetlands, which can lead to higher relative humidity in
wetland areas [21, 22]. Sun and Zhang [13] found that the
evaporation of alpine wetlands on the Zoige Plateau was
about 2 to 4 times higher than that in surrounding area, and
in perennial flooding wetlands, it was about 2 times as much
as that of meadows. Additionally, Sun and Zhang [13] also
presented that once the relative humidity exceeds 91% to 99%
in wetlands, dews would be formed, which was also onemain
source of the moisture.

3.1.3. Relationships between Wetland Degradation and
Regional Precipitation. Wetland degradation or expansion
also had a close relation with regional precipitation. Figure 5
showed the changes in wetland landscape patterns in Zoige
County during the period from 1966 to 2000 based on
landscape analysis [23]. There were a large number of marsh
wetlands in Zoige County in 1966, but most marsh wetlands
disappeared after 1986, especially in the northeast part of this
county. Therefore, we selected this heavily degraded wetland
region in Zoige County to analyze regional precipitation
changes before and after wetland degradation.

Figure 6 shows the changes in the annual precipitation
and the surface runoff fluxes in the heavily degraded area
of Zoige County during the period from 1966 to 2000.
This study area exhibited the maximum annual precipitation
and surface runoff flux in 1966, whereas the minimum
values were observed in 2000. Generally, both the annual
precipitation and the surface runoff flux showed a decreasing
tendency from 1966 to 2000. This indicates that the annual
precipitation and surface runoff flux began to decrease after
wetland degradation (converting to grasslands). Wu et al.
presented that land use and land cover changes are one of the
prime driving forces of climate change [24]. Deng et al. also
concluded that land use and land cover changes have some
effects on regional climate [25]. Meanwhile, the decreasing
annual precipitation and surface runoff flux might further
promote wetland degradation.

3.2. SOC Accumulation and Release in Alpine Plateau Wet-
lands. Alpine wetlands on the Zoige Plateau are dominantly
composed of peatland wetlands with a huge carbon sink.
It was estimated that the total peat reserve on the Zoige
Plateau was approximately 14.08 million tons, accounting
for about 40% of the national peat reserve in China, with
carbon storage in this region of approximately 8.08 million
tons [13]. Most researchers have paid much more attention
to methane emissions from wetlands due to its warming
effects of 25 times as much as that of CO

2
[26]. It has

been well known that marsh wetlands are the dominant
natural sources of atmosphericmethane [27]. However, lower
methane emissions were found in this region due to alpine
climate, and its emission flux is only about 0.02% of the
amount from the largest Carex Lasiocarpa freshwater marsh
in Northeast China [28].

Plant residual roots are the main source of soil organic
carbon in alpine wetlands on the Zoige Plateau. Soil organic
matter would keep accumulating due to slower decompo-
sition under lower air temperature and higher humidity. It
was estimated that the peat was accumulated at the rate of
0.38mma−1 in this region. However, wetland degradation or
loss due to anthropogenic activities such as digging trenches
and drainage would lead to a large amount of carbon loss
through CO

2
emission due to elevated decomposition rate of

soil organic matter [29]. As shown in Figure 7, SOC storage
would decline linearly and be converted to carbon source
from carbon sink for alpine wetlands of this region once the
peat soils were converted to meadow soils or Aeolian sandy
soils due to anthropogenic activities and natural conditions.
However, if these degraded wetlands were restored, SOC
storage in these alpine wetlands will be greatly increased.

3.3. Relationships between Alpine Wetland Landscape Areas
and Regional Meteorological Factors. Table 1 showed the cor-
relation matrix between wetland landscape areas (A) on the
Zoige plateau covering five counties (i.e., Zoige, Hongyuan,
Aba, Maqu, and Luqu) in four time periods (i.e., 1966,
1986, 1995, and 2000) [10] and these selected meteorological
factors.We put together all the data on the wetland landscape
areas and the corresponding meteorological factors of five
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Figure 8: Relationships between wetland landscape areas (A) and the annual average air temperature (AAAT), the average air temperate in
growing seasons (AATGS), and the evaporation in growing seasons (EGS).

counties to carry out the statistical analysis. Correlation
analysis showed that wetland landscape area was significantly
negatively correlated with the annual average air temperature
(AAAT), the average air temperature in growing seasons
(AATGS), and the evaporation in growing seasons (EGS)
(𝑃 < 0.05; Table 1). However, no significant correlation
was observed among A and other selected meteorological
factors such as annual precipitation (AP), annual evaporation
(AE), annual average relative humidity (AARH), and the
average relative humidity in growing season (ARHGS) and
precipitation in growing seasons (PGS) (𝑃 > 0.05; Table 1).
Regression analysis also exhibited that AAAT, AATGS, and
EGS decreased gradually with increasing wetland areas
in growing seasons (Figure 8). This indicates that AAAT,
AATGS, and EGS in growing seasons would decrease with
increasing wetland landscape areas due to the cooling-
humidifying effects of wetlands.Meanwhile, the above results
of statistical analysis imply that the wetland landscape areas
are related to the surrounding regional climate (e.g., air
temperature,𝑃 < 0.05; Table 1), especially in growing seasons
(e.g., AATGS and EGS) because the thawing period lasts
from May to September and the freezing period lasts from
October to the next April in these alpine wetlands. Moreover,

the precipitation and evaporation mainly concentrated in the
growing seasons in this region.

4. Conclusions

Alpine wetlands have obvious cooling and humidifying
effects and play an important role in regulating regional
climate, especially in growing seasons. The annual average
temperature and the average temperature and the evapora-
tion in the growing seasons will be lower in those areas with
large-area wetlands. Wetlands will be converted to carbon
sources from carbon sinks after serious wetland degradation,
alteration, or loss. Therefore, it is very necessary to protect
and restore degraded alpine wetlands in the alpine regions
or mountain regions to improve the cooling and humidifying
effects of wetlands, which will contribute to increasing water
storage and carbon storage, and thus alleviating global warm-
ing.
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To understand the effects of the land use/cover changes due to agricultural development on summer climate in Eastern China, four
12-year simulations using theWRF-SSiB model were performed. We found that agricultural development resulted in warming and
rainy effects. In the middle to lower reaches of the Yellow River and the Yangtze River, the warming effects were approximately
0.6∘C and resulted from increased surface net radiation and sensible heat fluxes. In Northeast China, the warming effects were very
small due to increases in latent heat fluxes which resulted from the extensive conversion from grassland to cropland.The rainy effect
resulted from increases in convective rainfall, which was associated with a warming surface in certain areas of the Yellow River and
Yangtze River and a large increase in the surface moisture flux in Northeast China. Conversely, in themiddle to lower reaches of the
Yellow River and the Yangtze River, the grid-scale rainfall decreased because the climatological northward wind, which is moist and
warm, was partially offset by a southward wind anomaly. These findings suggest that the agricultural development left footprints
not only on the present climate but also on the historical climate changes before the industrial revolution.

1. Introduction

Eastern China is affected by the Asian monsoon [1]. In this
area, summer is the warmest and wettest season. The heat
and rainfall in summer feed agriculture for human welfare.
Therefore, the summer climate has crucial implications to the
originations and development of agriculture in East China
[2].The agriculture in Eastern China potentially extends back
thousands of years [3]. Agricultural development converts
land cover from natural vegetation (e.g., forest, grassland,
and wetland) to anthropogenic cropland. Such conversions
may lead to changes in surface parameters, including albedo,
emissivity, and roughness and therefore may have important
climatic implications [4, 5]. As a result, as a by-product
of agricultural development, the summer climate might
be modified. The current summer climate might therefore
include a human dimension. Studying the effects of agri-
cultural development would be valuable for understanding
“natural” summer climate to improve our predictability of
future scenarios.

Many studies attempted to use past history to reveal the
effects of human-induced land cover changes (HLCCs) on

regional climate [6]. According to the experimental design,
these simulation-based studies can be classified into two
categories. The first category focused on the climatic effects
of the conversion from potential nature land cover to
current human-dominated land cover. For example, Fu [7]
reported a weakened East Asia Monsoon due to HLCC using
two 3-month (June to August) simulations. Gao et al. [8]
reported increased precipitation in southern China, reduced
precipitation over Northern China, cooling along the Yangtze
River, and warming in extreme southern China using two 15-
year simulations. The HLCC prescribed in these simulations
occurred from the origination of agriculture to the present.
Therefore, the climatic effects that were revealed in these
simulations were actually the total effects of the last several
thousand years.

The second category of simulations used historical land
use/cover data, whichwas reconstructed using historical data,
for example, population data, agriculture/tax inventories, and
mathematics estimations. These simulations attempted to
study climatic effects of HLCC along with agricultural devel-
opment from one point in time to another. Wang et al. [9]
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carried out eight one-month (June) simulations using land
use for 1700, 1750, 1800, 1850, 1900, 1950, 1970, and 1990,
respectively, from the HYDE dataset [10]. In this study,
warming effects corresponding to conversions from forests to
grassland and cropland and cooling effects corresponding to
the conversion from short grass to cropland were reported.
Li et al. [11] carried out five two-year simulations using land
use for 1700, 1800, 1900, 1950, and 1990, respectively, from
the HYDE dataset [10]. The increased rainfall in the middle
and lower reaches of the Yangtze River, Northwest China,
and Northeast China and warming effect were simulated [11].
Li et al. [11] also reported that the conversion from natural
vegetation to cropland amplified heat differences between the
ocean and land, therefore, enhancing the East Asian Summer
Monsoon. However, many studies have reported that the
HYDE dataset has a low ability to exhibit regional HLCC
due to the lack of highly accurate historical cropland area
data at regional scales. These shortcomings may result in
uncertainties in our understanding of the climatic effects of
HLCC [12].

In this study, we attempted to improve our understanding
of the effects of historical HLCC on summer climate in
Eastern China. Unlike existing studies, this study used a
new anthropogenic land use dataset.This dataset was created
using local historical archives and experts’ experiences. The
new dataset reproduces HLCC that more closely resembles
the real history compared to the HYDE dataset [13].Through
comparisons of the simulated climate using natural vegeta-
tion and using human-dominant land cover conditions for
the middle 17th century, early 19th century, and late 20th
century, we studied the potential effects of HLCC in the last
300 years on the summer climate in Eastern China.

This paper is organized as follows. Section 2 introduces
the model, historical land use dataset and experimental
design. In Section 3, we present the simulated climatic effects
of historical HLCC. Finally, in Section 4, the conclusions
are presented and the associated uncertainties and future
research directions are also discussed.

2. Experimental Design and Method of
Data Processing

2.1. Model and Experimental Design. The simulations were
performed using the next-generation weather research and
forecasting (WRF) V3.4.1 model with the advanced research
WRF (ARW) dynamics solver [14]. The simplified version
of the simple biosphere model (SSiB) [15, 16] was used to
simulation the land processes and radiation, heat fluxes,
and moisture fluxes from the surface to the atmosphere.
In the coupled model, the atmosphere provides heat, rain-
fall/snowfall, and wind to the underlying land. The land
surface state is updated after absorbing downward radiation
and heat fluxes, rainfall/snowfall, and wind (momentum).
Then, the land surface reflects shortwave radiation, emits
long wave radiation, and provides sensible heat fluxes and
latent heat (moisture) fluxes to the atmosphere.Moreover, the
canopy height determines the surface roughness length and
thus regulates the wind speed.

In the SSiB, there are three soil layers and one canopy
layer. In total, there are 12 vegetation types, including
anthropogenic crops. The parameters for vegetation were
created using a variety of sources. Among them, seasonally
varying monthly values of the leaf area index and green leaf
fraction are prescribed. The other parameters are invariant
with season. The prescription of the crop vegetation type is
different from that of other vegetation types. The vegetation
cover, leaf area index, green leaf fraction, leaf orientation, and
root length are varied according to the growing season, which
is a function of latitude and time.The SSiB is able to simulate
land process and land-atmosphere in East Asia and has been
widely used to simulate regional climate in East Asia [17–19].

In total, we performed four 12-year (1980–1991) simula-
tions using individual land use data, respectively.The control
experiment (E2000, hereafter) used land use in 2000. More-
over, two simulations (E1661 and E1820) used land use data
in 1661 and 1820, respectively. The last simulation (NATU)
used natural vegetation. Except for the land use/cover data,
the four simulations used exactly the same settings and
physical parameterizations schemes. The simulation domain
(Figure 1) with a central point of 38∘N and 107∘E has a
horizontal resolution of 50 km (110 grid cells in the zonal
direction and 130 grid cells in the meridional direction) and
28 vertical levels (up to 50 hPa) for the atmosphere. The
physical parameterizations used in this study include the
community atmospheric model (CAM3) radiative transfer
scheme for shortwave and longwave [20], the Grell-Devenyi
ensemble convective parameterization [21], the Yonsei Uni-
versity counter-gradient boundary layer turbulence transfer
scheme [22], the 5-class mixed phase cloud microphysics
scheme [23], and the SSiB for land surface processes [15, 16].
The simulations were initialized on May 1, 1980, and ended
on December 31, 1991. The lateral boundary conditions, sea
surface temperature (SST), and sea ice were provided by the
NCEP/DOE Reanalysis II dataset (dataset no. ds091.0 from
rda.ucar.edu), which has a spatial resolution of 2.5 degrees
and a 6-hour time interval.

2.2. Approach for Preparing the Land Use/Cover Data. First,
we created a natural vegetation map for the NATU run.
Then, we created human-modified land cover maps for 1661,
1820, and 2000, for the E1661, E1820, and E2000 simula-
tions, respectively, using contemporary cropland to replace
corresponding natural vegetation. The natural vegetation
map was created using the default land use/cover data from
the coupled WRF-SSiB model and the potential natural
vegetation (PNV) map from Zhang et al. [24]. We filled the
cropland cells in the default land use/cover data of WRF-
SSiB with the corresponding vegetation from the PNV; the
natural vegetation cells remained unchanged. A natural veg-
etation map (Figure 1) was obtained. This natural vegetation
map was used for the NATU simulation. Moreover, this
natural vegetation map was used as the basis for creating
the human-modified land cover maps for 1661, 1820, and
2000. By replacing corresponding natural vegetation with
contemporary anthropogenic cropland, the human-modified
land cover maps in 1661, 1820, and 2000, were created.
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Figure 1: Natural vegetation in the simulation domain and cropland cells in Eastern China in 1661, 1820, and 2000 (the colorbar corresponds
to the following: 1 broadleaf-evergreen tree; 2 broadleaf-deciduous trees; 3 broadleaf and needleleaf trees; 4 needleleaf-evergreen trees; 5
needleleaf-deciduous trees; 6 broadleaf trees with groundcover; 7 groundcovers only; 8 broadleaf shrubs with perennial groundcover; 9
broadleaf shrubs with bare soil; 10 broadleaf shrubs with ground cover; 11 bare soils; 12 croplands; 16 water bodies).

The human cropland data in 1661 and 1820 was given
as a cropland area fraction with a cell size of 60 km by
60 km. These data were originally created by collecting local
historical cropland records and calibrating these records
with governmental ground surveys in the early 20th century
[25]. Lin et al. [26] developed a method for distributing the
provincial cropland area into geographically explicit 60 kmby
60 km grid cells. Lin’s method comprehensively considers the
effects of population and topography (elevation and slope)
on agriculture. Because the original data were based on
historical records for croplands andwere comparablewith the
historical population census and agricultural tax, this dataset
was shown to be closer to real history than the regional
data from the HYDE and SAGE datasets [13]. To use these
data in the E1661 and E1820 simulations, we redistributed the
cropland area fraction for 60 km by 60 km cells into 50 km
by 50 km WRF-SSiB cells using an area-weighted average.
WRF-SSiB cells with more than half the grid area containing
cropland were treated as cropland cells, while the others
remained natural vegetation cells (Figure 1). The human-
modified land cover was created for E1661 and E1820 in this
way.

The human cropland data for 2000 was also given in
cropland area fraction, but for 1 km by 1 km pixels. This
dataset was created using Landsat TM digital images and
CBERS-1 (China-Brazil Earth Resources Satellite 1) data and
local experts’ knowledge which was valuable for improving
the accuracy [27]. To use this high-resolution data in the
E2000 simulation, we aggregated the 1 km by 1 km pixels
into the 50 km by 50 km WRF-SSiB cells by calculating the
mean cropland area fraction for the WRF-SSiB cells. Similar

to the historical scenarios, the cells with more than half the
grid area containing cropland were treated as cropland cells,
while the others remained natural vegetation cells (Figure 1).
This created the human-modified land cover for the E2000
simulation.

2.3. Method for Analyzing the Results. This paper focuses
on the analysis of surface temperature and precipitation for
summer (from June to August). We used the 0.5 degree by
0.5 degree gridded monthly daily-mean temperature dataset
[28] andmonthly precipitation dataset to evaluate our control
simulation. The gridded data were produced using surface
meteorological station data with topographic adjustment.
The simulated 50 km resolution of temperature and precip-
itation from E2000 were interpolated to 0.5 degree by 0.5
degree grid cells through area weighting. We calculated the
absolute values of grid cell-based differences between clima-
tologic means from observations and a 1981–1991 simulation.
Moreover, we calculated the spatial correlation between the
simulation and observations as follows:

𝑟 =

∑
𝑛

𝑖=1
(𝑥
𝑖
− 𝑥) ∗ (𝑦

𝑖
− 𝑦)

√∑
𝑛

𝑖=1
(𝑥
𝑖
− 𝑥)
2

∗ ∑
𝑛

𝑖=1
(𝑦
𝑖
− 𝑦)
2

. (1)

Here, 𝑟 is the correlation coefficient, 𝑥 and 𝑦 denote observed
and simulated climatology means, respectively, and 𝑛 repre-
sents the total number of grid cells in the study area.

Then, we calculated the differences (E1661, E1820, and
E2000 minus NATU, resp.) for each cell to determine
spatial pattern of differences. Because the four simulations
used exactly the same settings and boundaries except for
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Figure 2: Ground observed and CTL simulated seasonal mean surface air temperature and precipitation for summer during the period
1981–1991.

the underlying land cover, these differences demonstrate the
effects of land cover changes. In the analysis, we only used the
mean simulation results from 1981 to 1991; the simulations for
1980 were treated as spin-up.

3. Results

3.1. Evaluation of the Control Simulation. Figure 2 shows
the observed and E2000 simulated summer mean surface
air temperature and summer rainfall from 1981 to 1991. A
general agreement is found between the observations and the
E2000 simulation, especially in regard to the geographical
distribution. The spatial correlation coefficient between the
simulation and observations is as high as 0.91. This high
correlation suggests that the coupled WRF-SSiB model is
capable of reproducing spatial variability of climatological
temperatures. The E2000 simulation also exhibits systematic
biases. The regionally averaged root mean square error
(RMSE) is 1.7∘C. Generally, the E2000 simulation has a warm
bias. The largest warm bias (3.6∘C) primarily occurred in
Tibet and the Huang-Huai-Hai Plain in North China.

Furthermore, general agreement in regard to the geo-
graphical distribution of rainfall was found. The spatial
correlation between the simulation and observations is 0.66.
This suggests that the coupled WRF-SSiB model is able to
capture the general spatial variability of summer rainfall.
Large biases could be found as well. Less rainfall in South
China characterized the bias. The low bias is approximately
40% of the observations.

Model bias has many sources, including boundary con-
ditions, physical parameterizations, and mathematic expres-
sions used in the dynamical framework. Diagnosing the
sources of bias and reducing bias are very complicated and
time consuming. In this study, we do not focus on the sources
of bias. Instead, we focus on the differences between the
simulations. The differences between the simulations might

be a little affected by aforementioned bias, because most of
the bias might be contained commonly in all of simulations,
and therefore these bias might be largely removed through
calculating the differences between the two simulations.

3.2. Effects on Temperature and Precipitation. Figure 3 shows
the temperature effects of land cover changes induced by
agricultural development. From 1661 to 1820, and to 2000,
effects were found along with the increase in cropland. On
one hand, the area with warming effect extended spatially.
On the other hand, the warming effect was also enhanced.
In 1661, the warming effect could only be detected near the
Huai River and the maximum warming effect was no higher
than 0.8∘C. In 1820, the detectable warming effects spread
over the Huai River and the middle to lower reaches of
the Yangtze River. The maximum warming effect reached
up to approximately 1.2∘C along the Huai River. In 2000,
the area with detectable warming effects expanded to the
entire middle to lower reaches of the Yangtze River and
the northern to middle reaches of the Yellow River. The
maximum warming effect moved to the Sichuan Basin and
was as high as 1.8∘C.The areaswith largewarming correspond
to land cover conversion from woodland to cropland. Such
warming effect induced by the conversion from woodland to
cropland was also reported by Wang et al. [9]. The warming
effects were small in Northeast China where the conversion
from grassland to cropland was dominant, even though
tremendous agricultural development occurred in the 20th
century. The slight warming shown here was different from
the results shown previously that conversion from short grass
to crops induced a slight cooling effect [9].

At the gridscale, the conversion fromdeciduous broadleaf
forest to cropland was most extensive, accounting for 47%
(1661) to 23% (2000) of cropland area. The mean warming
was ∼0.25∘C. The conversion from grassland to cropland
accounted for 14% (1661) to 30% (2000) and resulted in
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Figure 3: Changes in surface air temperature induced by land cover conversions from natural vegetation to cropland in 1661, 1820, and 2000.

a slight warming of ∼0.35∘C. The conversion from evergreen
broadleaf forest to cropland and conversion from mixed
broadleaf and needleleaf forest to cropland accounted for
10%–15% of cropland area. The mean warming caused by the
conversion from evergreen broadleaf forest to cropland was
as high as 0.5∘C.Themeanwarming caused by the conversion
from mixed broadleaf and needleleaf forest to cropland was
∼0.2∘C. The conversion from broadleaf forest with grass to
cropland accounted for a little more than 10% of cropland
area. This conversion led to negligible changes in the surface
air temperature.

Figure 4 illustrates the effects of land cover changes on
rainfall. Generally, convective rainfall increased while the
grid-scale rainfall decreased. With the expansion of cropland
area from 1661 to 2000, the areas with enhanced convective
rainfall extended spatially. In 2000, the enhanced convective
rainfall was found from Northeast China to South China.
The largest increase in convective rainfall was as high as ∼
1.8mm/day and was found in the lower reach of the Yellow
River.The increased convective rainfall spatially matched the
aforementionedwarming effects, except for Northeast China.
This finding could be explained by our knowledge that a
warm surface is good for convection.

Conversely, the grid-scale rainfall was broadly reduced,
especially in the middle to lower reaches of the Yellow River.
The spatial domain with decreased grid-scale rainfall was
unvaried with the extension of the cropland area. However,
the amplitude of the reductions increased gradually with the
extensions of cropland area from 1661 to 2000.Themaximum
reduction in grid-scale rainfall was ∼1.0mm/day. Meanwhile,
in Northeast China, a slight increase in grid-scale rainfall was
found.

The amplitude of the enhancement in total rainfall in-
creased and the areaswith the largest increasemoved spatially
from 1661 to 2000 (Figure 4). In 1661, the largest increase
(∼0.8mm/day) occurred along the Yangtze River. In 1820,
the largest increase (∼1.2mm/day) moved to the lower reach
of the Yellow River. Lastly, in 2000, the largest increase (∼
1.8mm/day) moved northward to the Northeast China.

3.3. Effects on the Surface Energy Budget and Circulation. To
understand the changes in temperature and rainfall, we ana-
lyzed changes in the surface energy budget and atmospheric
circulation. Figure 5 shows the changes in the energy budget
at the surface. Clearly, in agricultural areas, the downward
solar radiation increased while the reflected shortwave radi-
ation by surface decreased. According to the aforementioned
experimental design, moisture in the atmosphere is the main
factor causing differences in the downward solar radiation
between the simulations. The increased downward solar
radiation suggests a dry atmosphere, which corresponds
to the increase in rainfall. The decrease in the reflected
shortwave radiation at the surface was caused by weakened
albedo. The weakened albedo, on one hand, resulted from
the conversion of natural vegetation to cropland, which was
prescribed (see [15, 16] for details). On the other hand, it also
partly resulted from increased rainfall and thus increased soil
moisture because the wet soil has a lower albedo than a dry
soil.

In 1661 and 1820, the areas with the largest increase
(∼20Wm−2) of downward solar radiation occurred along
the Huai River. From 1661 to 2000, the strength of the
increase in downward solar radiation remained nearly con-
stant. However, the spatial domain extended to the lower
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Figure 4: Changes in convective rainfall, grid-scale rainfall, and total rainfall induced by land cover conversions from natural vegetation to
cropland in 1661, 1820, and 2000.
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Figure 5: Changes in surface downward solar radiation, reflected shortwave radiation at the surface, surface sensible heat flux, and latent
heat flux induced by land cover conversions from natural vegetation to cropland in 1661, 1820, and 2000.

reach of the Yangtze River. The decreased upward shortwave
radiation spatially matched well with the agricultural areas.
In the North China Plain, the decrease was approximately
−4Wm−2. Moreover, inNortheast China, the decrease was as
large as−20Wm−2.The increase in downward solar radiation
and decrease in upward shortwave radiation jointly lead to
increased surface net radiation.

Increased sensible heat fluxes in the agricultural area were
found. The increase was as high as 20Wm−2. The changes
in the latent heat fluxes varied geographically. Generally, in
the lower reach of the Yellow River to the Yangtze River,
the latent heat fluxes were slightly reduced. Furthermore,
in Northeast China, the latent heat fluxes were broadly
increased by as much as 20Wm−2. The largely increased
sensible heat fluxes and small decreased latent heat fluxes
explain the aforementioned surface warming in the lower
reaches of the Yellow River and the Yangtze River, where
the conversion from woodland to cropland was dominant.
This finding is consistent with results reported byWang et al.
[9]. The extensive increase in the latent heat fluxes, which
is able to partly offset the increased sensible heat-induced
warming, explains the slight warming in Northeast China.

The increased latent heat fluxes implicate more moisture
supply from the surface to the atmosphere, which is necessary
for rainfall.Therefore, this finding also explains the enhanced
convective rainfall in Northeast China.

Figure 6 shows the climatological wind and changes in
wind for summer. From low (750 hPa) tomid levels (500 hPa)
of troposphere, the northward wind is dominant across the
Eastern China. This northward wind brings moisture from
the southern oceans and leads to rainfall. Due to the changes
in land cover, a cyclone occurred with a center in the East
China Sea. Because the lower reaches of the Yellow River
and the Yangtze River are located on the western side of
the cyclone, there was a southward wind anomaly. Therefore,
the climatological northward wind was partly offset by this
southwardwind anomaly.This finding implicates a weakened
summer monsoon. The agricultural development-induced
weakened summer monsoon had also been reported in
previous studies [7, 8]. There were also studies exhibiting
enhanced summer monsoon [11], which is different from
our findings. The decreased northward wind explains the
decrease in grid-scale rainfall in the middle to lower reaches
of the Yellow River and the Yangtze River. The formation of
the cyclone also corresponded with the surface warming.



8 Advances in Meteorology

E1661-NATU E1820-NATU E2000-NATUNATU

(gpm) (gpm)

(gpm) (gpm)

La
tit

ud
e

 

  20

25

30

35

40

45

50

55

 

 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Longitude Longitude LongitudeLongitude

  

  

  

  

  

  

  

  

La
tit

ud
e

 

 

20

25

30

35

40

45

50

55  

100 110 120 130 100 110 120 130 100 110 120 130

  

  

  

  

Longitude Longitude Longitude Longitude

100 110 120 130 100 110 120 130 100 110 120 130 100 110 120 130

100 110 120 130

2400 2450 2500 2550 2600

5650 5700 5750 5800 5850

−5 −4 −3 −2 −1 0 1 2 3 4 5

−5 −4 −3 −2 −1 0 1 2 3 4 5

5
0
0

hP
a

7
5
0

hP
a

10m/s

10m/s

2.5m/s

2.5m/s 2.5m/s 2.5m/s

2.5m/s 2.5m/s

Figure 6: Height (color contours) and wind (arrows) at 500 hpa and 750 hpa underlying natural vegetation and the changes induced by land
cover conversions from natural vegetation to cropland in 1661, 1820, and 2000.

The aforementioned results indicate that along the Yellow
River and the Yangtze River, the changes in rainfall were
closely related to the surface warming. The surface warming
enhanced convective rainfall and concurrently weakened the
grid-scale rainfall. In 1661 and 1820, increased convective
rainfall was larger than the decrease in grid-scale rainfall.
Therefore, the total rainfall increased. In 2000, the surface
warming was much stronger than in 1661 and 1820 (Figure 3).
However, the convective rainfall did not increase along with
the surface warming. The grid-scale rainfall decreased with
the surface warming.The total rainfall was therefore detected
to have a small decrease (Figure 4). In Northeast China, the
changes in total rainfall were predominantly determined by
convective rainfall, which was closely related to the surface
latent heat flux.

4. Conclusion and Discussion

This study simulated the effects of agriculture-induced land
cover changes on surface air temperature and rainfall using

the coupled WRF-SSiB model with historical land use data.
Both warming and rainy effects were found. The warming
effect was approximately 0.6∘C and primarily located in
the middle to lower reaches of the Yellow River and the
Yangtze River, where woodland was converted into cropland.
Moreover, thewarming effects wereweak inNortheast China,
where grassland was converted into cropland. Near the
Yellow River and the Yangtze River, the warming effect was
mainly derived from increased surface net radiation and
surface sensible heat flux. The surface warming resulted in
more convection and therefore convective rainfall increased.
Conversely, the grid-scale rainfall decreased because the
northward wind that brings moisture to produce rainfall was
partly offset by a southward wind anomaly. The southward
wind anomoly was caused by western part of a cyclone
that may also have been induced by the surface warming.
In Northeast China where grassland was converted into
cropland, the latent heat flux increased extensively. Due to
increases in the latent heat flux, the surface warming was
small. Moreover, the increased supply of moisture produced
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more convective rainfall. These findings demonstrate that
in the last three centuries, the area experiencing warming
and rainfall changes expanded along with the expansion
of cultivated areas. Moreover, the warming effect in the
cultivated areas was also strengthened.

This study confirms the idea that climatic effects of land
cover changes vary with locations as noted by IPCC AR4.
More importantly, this study demonstrates that during the
past three centuries agricultural development may promote
climate warming and the increases in convective rainfall
in the Yellow River reach and the Yangtze River reach.
From 1820 to 2000, tremendous agricultural development in
Northeast China had little effect on temperature and lead
to a potential increase in rainfall through increased latent
heat fluxes.These findings are partly consistent with previous
studies [7–9]. However, because this study only considered
the conversion from natural vegetation to cropland, the
results are different from findings in other studies [29], which
focused on the climatic effects of agricultural management,
for example, irrigation. This study may suggest that humans
leave footprints not only on present climate change but also
on historical climate change, before the industrial revolution.

Meanwhile, there are several relevant issues. Although the
WRFmodel generally reproduces themajor characteristics of
temperature and precipitation variability, it contains biases,
especially with rainfall. Preliminarily, the underestimated
rainfall in South China may be associated with incorrect
physical parameterization schemes and largely uncertain lat-
eral boundaries conditions.Moreover, the surface parameters
in the SSiB scheme, which represents a global mean condi-
tion, may be not applicable in Eastern China. To improve
the performance of the WRF model, local parameters should
be used. Additionally, we presented climatological differences
using the large-scale circulation from 1980 to 1990. The
simulation period was determined jointly using (1) data
availability, (2) a long period with large climate variability,
and (3) limited computer resources. It is worthy noting that
the results did not precisely represent historical conditions
because the local/regional climatic effects of HLCCmay vary
with large-scale circulation conditions. Therefore, nesting
the WRF model into global model, such as CCSM or
CESM model, to diagnose climatic effects of HLCC using
historical circulation conditions is a potential avenue for
future research. Moreover, it is important that the vegetation
parameters, including leaf area index, canopy height, and
canopy albedo, rely only on vegetation type that is prescribed
by the modeller. However, these vegetation parameters also
vary with climate conditions, including temperature, precipi-
tation, and radiation.These variationsmay have feedbacks on
climate. Therefore, it might be a potential research direction
to consider both human-induced changes in vegetation types
and vegetation dynamics together.
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Energy shortfalls are becoming more and more serious all over the world, and worldwide governments have tried to promote the
development of biofuels in order to mitigate the climatic impacts of massive fossil fuel consumption. Since the land is the main
input factor of the bioenergy production, the development of biofuels will inevitably lead to change of the land use structure and
allocation and thereby affect the climate system. With Central Europe as the study area, this study explored the impacts of land
use/land cover change (LUCC) on climate under the influence of demand of bioenergy production for land resources. First, the
land use structure from 2010 to 2050 is simulated with the Agriculture and Land Use model in MiniCam. The result indicates that
the main conversion will be mainly from grassland and forest to cropland and from cropland to grassland. Then the Dynamics of
Land System model was used to spatially simulate the LUCC in the future. The impacts of LUCC on the climate were analyzed on
the basis of simulation with the Weather Research and Forecasting (WRF) model. The climate change will be characterized by the
increase of latent heat flux and temperature and the decrease of precipitation.

1. Introduction

Energy shortfalls have been increasingly serious all over the
world;meanwhile, the renewable energy is rapidly developing
but has not become a significant source of energy yet [1].
Since the 1990s, the United States, high-energy-consumption
countries in Europe, and the agricultural products trading
countries such as Brazil have begun to develop the renewable
bioenergy [2]. As the main type of the renewables, the
worldwide governments are also promoting its development
in order to mitigate the climatic effects of the consumption of
massive fossil fuel. At the same time, it is becoming a scientific
research hotspot in recent decades. Some previous researches
on the effectiveness of bioenergy have estimated the potential
impacts of the development of renewable energy according
to the change of greenhouse gas (GHG) emission due to

land use/land cover change (LUCC) and by means of life
cycle analysis (LCA) [3]. LUCC has great impacts on GHGs,
and it also modifies the surface energy and water balance
[4, 5] through influencing the near-surface temperature and
precipitation. Besides, it serves as an additional driving force
of the climate change at the global [6–9] and regional [10–12]
scales. This study mainly focused on the effects of bioenergy
development on LUCC, which influences the biogeophysical
processes of the land surface and subsequently impacts the
climate change.

The bioenergy has showed high potential in coping with
the worldwide energy crisis and increasingly serious envi-
ronmental problems since it is famous for being renewable,
biodegradable, nontoxic, and environmentally friendly [13].
Most researchers have studied the impacts of the growth
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and production of the bioenergy with the GBEP common
methodological framework for GHG lifecycle analysis of
bioenergy [14]. An additional 15% of greenhouse emission
results from the land use change, especially the change linked
to deforestation caused by the expansion of agricultural land.
Croplands have higher albedo than that of forests, and there
is lower absorption of solar radiation over deforested areas
[15]. Due to bioenergy production needing cultivated land or
land [16, 17], it changes land use structure [18], affecting the
carbon sinks at the same time and then influences climate
change, including the change of temperature, precipitation,
and evaporation. What is more is that the Global Bioen-
ergy Partnership [19] has reported that specific significant
methodological uncertainties and methodological choices
that can significantly affect the indicator values are related to
indirect land use change and base year to measure the LUCC.

Nevertheless, most of studies indicate there may be
some (potential) surplus of agricultural land in the EU in
the near future, while the cropland in Central Europe has
shown a downward trend since 1970 [20]. The size of this
surplus, however, depends on a large number of factors.
The general conclusion is that the future availability of land
for bioenergy production will be largely determined by the
agricultural policy andmarket development. Another general
conclusion is that the above-mentioned studies focused on
the aggregated amount, which only provide limited insight
into developments at the regional scale. A number of studies
provide important information on the environmental effects
of bioenergy production at the plot scale. However, these
studies failed to capture the effects of bioenergy production
at the landscape scale [21].

The climatic impacts of LUCC through influencing the
terrestrial biogeophysical processes have attracted more and
more attention in the current scientific domain [22–24].
LUCC can alter the convective rainfall and other regional
weather patterns such as the surface flux of moisture and
sensible and latent heat fluxes [25]. It is very difficult to
summarize the effects of land cover change on the climate
since the climatic impacts of different biogeophysical effects
may offset each other [26]. Besides, in comparison to the
impacts of land cover change at the global or annual scales,
the impacts of land cover change at the regional scale have not
beenwell represented in the annual or global average statistics
since it may often show opposite signs [27]. In fact, the
coarse resolution of the Global Circulation models (GCMs)
seriously limits their capability to capture the mesoscale
features that play a pivotal role in regional dynamics [12].
By comparison, the Regional Circulation models (RCMs) are
more suitable for the studies at the regional scale.

Currently, an increasing number of researchers have
studied the effects of LUCC on the regional climate with
the dynamic downscaling [20, 28, 29], with different original
data, conversion technologies, and applications. The expan-
sion of agricultural land at the middle latitudes leads to
the decrease of the range of daily average temperature in
many areas [30]. Many scholars studied effects of LUCC
on the regional climate with the RCMs inversion, while the
parameterization of the process is not completely targeted
on the bioenergy in some researches. This study mainly

aims to clarify how the production of bioenergy influences
LUCC and its impacts on the climate change. This study
firstly reviewed how the development of bioenergy in Central
Europe influences land use such as conversion from grass-
lands and forest lands to cultivated lands. Then the impacts
of LUCC on the temperature, precipitation, and heat balance
were detected and analyzed on the basis of simulation with
the Weather Research and Forecasting (WRF) model.

2. Methods

This study explored the LUCCunder the influence of demand
of bioenergy production for land resources with a multiscale
and multimodel approach and simulated its effects on the
climate change. Firstly, the land use structure from 2010 to
2050was simulatedwith the Agriculture and LandUsemodel
(AgLU) in GCAM.TheAgLUmodel is a top-down economic
model with enough structures to simulate the global land
use change and the consequent carbon emission over one
century [31]. These simulations were implemented with and
without a carbonpolicywhichwas representedwith a positive
carbon price. Changes in the carbon price create incentives
for commercial production of biomass, which affects the
distribution of other land types and subsequently influences
the carbon emission from land use change. Commercial pro-
duction of biomass provides a link between the agricultural
and energy systems. In this study, the main driving forces
of land use change were analyzed, including the economic
growth, income growth, demand for food growth, population
growth, climate change, and especially demand for bioenergy
production. The core of the LUCC lies in the distribution
mechanism between the cropland, grassland, forest land, and
unused land and the maximization of regional economic
profit.

Demand equation (1) for each of the crops, processed
crops, and animal products is expressed with the unit of total
calories demanded per year as follows:

CDR
𝑖,𝑙,𝑚
= 𝐴
𝑖,𝑙
⋅ (

𝑃
𝑖,𝑙,𝑚

𝑃
𝑖,𝑙,𝑚=baseyear

)

𝛼
𝑗𝑖

⋅ 𝑌

𝛽
𝑗𝑖

𝑖,𝑙,𝑚
⋅ 𝑁
𝑙,𝑚
⋅ 𝐶
𝑖,𝑙,𝑚
, (1)

where CDR
𝑖,𝑙,𝑚

is the demand for calories (total calories
demanded per year in a region at time 𝑡), 𝑖 can be crops,
processed crops, or animal products, 𝑙 is a region index,𝑚 is
the point in time of the calculation,𝐴

𝑖,𝑙
is a scaling coefficient

(unitless) to calibrate the price and income feedback terms
in the base year, 𝑃

𝑖,𝑙,𝑚
is the market price of the commodity

($/calories consumedper person per day),𝛼
𝑗𝑖
is the price elas-

ticity, 𝑌
𝑖,𝑙,𝑚

is per capita income index {$ GDP/population/($
GDP/population in base year)}, 𝛽

𝑗𝑖
is the income elasticity

for the calories demanded which implies it may differ from
income elasticity in the demand equation for transportation,
industry, or buildings (𝑟

𝑦𝑘𝑙𝑚
), 𝑁
𝑙,𝑚

is the total population by
region (which differs from the population index, the ratio
of the regional population at time 𝑡 divided by the regional
population in the base year, in the demand equation for
energy services in the transportation and building sector),
and𝐶

𝑖,𝑙,𝑚
is calories consumed per person per day (multiplied

by 365 to get yearly consumption).



Advances in Meteorology 3

Equation (2) is to compute demand for two types of forest
products, industrial wood and fuel wood:

WDR
𝑖,𝑙,𝑚
= 𝐴
𝑖,𝑙
⋅ (

𝑃
𝑖,𝑙,𝑚

𝑃
𝑖,𝑙,𝑚= baseyear

)

𝛼
𝑗𝑖

⋅ 𝑌

𝛽
𝑗𝑖

𝑖,𝑙,𝑚
⋅ 𝑁
𝑙,𝑚
, (2)

where WDR
𝑖,𝑙,𝑚

is industrial wood and fuel wood in cubic
meters demanded.

Selection of land use is based on maximizing economic
return at each location. Profit per hectare is equal to revenue
(yield per hectare times price received) minus production
cost (yield per hectare times nonland cost per unit of output).
This relationship is shown in (3), where 𝑖 is an index for
land use type, l is the region index, and 𝑝 is an index for
geographical location within a region:

𝜋𝑟
𝑖,𝑙,𝑚,𝑝
= 𝑦
𝑖,𝑙,𝑚,𝑝
⋅ (𝑃
𝑖,𝑙,𝑚
− 𝐺
𝑖,𝑙,𝑚
) , (3)

where 𝜋𝑟
𝑖,𝑙,𝑚,𝑝

is the economic return of the land as a profit
rate ($/ha-yr), 𝑃

𝑖,𝑙,𝑚
is the market price for the product

produced by land use 𝑖 (units $/yield units: calories or m3),
𝐺
𝑖,𝑙,𝑚

is the nonland cost per unit of output in land use (units
are $/yield units: calories or m3). �̃�

𝑖,𝑙,𝑚
is the forward price for

forest products which is the time lag between planting and
harvest.

Consider

𝜋𝑟
𝑖,𝑙,𝑚,𝑝
=

𝑟

(1 + 𝑟)
45
− 1

⋅ 𝑦
𝑖,𝑙,𝑚,𝑝
⋅ (�̃�
𝑖,𝑙,𝑚
− 𝐺
𝑖,𝑙,𝑚
) , (4)

where 𝑟 is the interest rate ($/$, that is, unitless).
With specific assumptions on the functional form of the

yield distribution, the share of land allocated to use 𝑖 is given
by a logit share equation:

𝑆
𝑖,𝑙,𝑚
=

𝜋𝑟
𝑖,𝑙,𝑚

1/𝜆

∑
𝑝
𝜋𝑟
𝑖,𝑙,𝑚,𝑝

1/𝜆
, (5)

where 𝜆 is a positive parameter that determines the rate that
land shares change in response to a change in profit rate.

Land use for a specific purpose is calculated based on this
logit-based share of total land:

land use
𝑖,𝑙,𝑚
= 𝑆
𝑖,𝑙,𝑚
⋅ Total land

𝑙
. (6)

Then the Dynamics of Land System (DLS) model was
used to spatially simulate the LUCC through identifying
conversions between cropland and other land cover types
during the period of 2010–2050. DLS, a good model for
allocation of land use pattern depending on the specific
demand, is a collection of programs that simulates the
changes in the land use pattern through conducting scenario
analysis of land use change in the study area [32, 33]. Firstly,
the effects of geophysical conditions and socio-economic
environment on the spatial patterns of cropland area were
explored, and the predominant driving factors on the spatial
pattern of cropland were identified. Secondly, the changing
trend of the predominant factors influencing spatial patterns
of cropland was predicted through considering the histor-
ical characteristics and current status at the regional scale.

Table 1: Physical process and parameterization scheme.

Physical process Alternative parameterization scheme
Lateral boundary
forcing data Kessler, NCEP/FNL dataset, Ferrier

Cumulus New Kain-Fritsch, Grell-Devenyi set,
Betts-miller-Janjic

Shortwave radiation Dudhia (MM5), CAM scheme, Goddard
Longwave radiation RRTM, CAM scheme, GFDL
Boundary layer MRF, MYJ, YSU
Land surface schemes STD, RUC, Noah

Thirdly, a proper scenario was selected to predict the balance
between the supply and demand of land resources. The net
changes of cropland area, which are constrained by the supply
and demand of land among various land-consuming sectors,
were allocated into each pixel according to the land use
structure. Finally, the cropland area was spatially allocated at
30 km × 30 km grid scale, and the spatial pattern was finally
generated.

Finally, the climate change was simulated with the
Weather Research and Forecasting (WRF) model in order to
assess the impacts of LUCCon the regional climate.TheWRF
model, a regional climate model for higher regional projec-
tion, is a next-generation mesoscale numerical weather pre-
diction system designed to serve both atmospheric research
and operational forecasting needs. It is featured by two
dynamical cores, a data assimilation system and a software
architecture that allows the parallel computation and system
extensibility.Themodel serves awide range ofmeteorological
applications across scales ranging from meters to thousands
of kilometers. The model version 3.5 which was developed
by the National Center for Atmospheric Research (NCAR)
includes three land surface schemes in Table 1: the simple soil
thermal diffusion (STD) scheme, the Noah scheme, and the
RapidUpdateCycle (RUC) scheme [34].The lateral boundary
forcing data came from the NCEP/FN dataset and was
updated every 6 hours. In the parameterization scheme of the
physical process in the model, the cumulus parameterization
scheme adopted the Grell-Devenyi ensemble scheme, the
boundary layer process scheme was YSU, and the shortwave
radiation scheme was the CAM scheme, while the land
surface process scheme was Noah land surface model. The
boundary buffer was set to be 4 layers of grid points, and
the boundary conditions adopted the relaxation scheme.The
time interval of themodel integrationwas set to be 5minutes,
and that of the radiation process and cumulus convectionwas
half an hour and 5 minutes, respectively.There were 27 layers
in the vertical direction, and the atmospheric pressure at the
top layer was 50 hPa.

TheWRF model was used to simulate the climate change
from 2040–2050 with the first year as spin up. There was a
set of tests which was used to simulate the climate of 2010
to validate the method. A 10-year simulation ensured that
we would see how surface climate changes with respect to
land cover change, while we found that a 1-year spin up was
enough to initialize the soilmoisture.The simulation areawas
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centered at 50∘N and 10∘E and was projected on a Lambert
conformal grid covering almost the whole of Germany; the
area covers 32 and 21 grid points in the longitudinal and
latitudinal directions, respectively. The spatial resolution of
the model is 30 km × 30 km; the main topographic features
of the simulation area are captured at this fine resolution.

3. Data Processing

3.1. Biofuel in Europe. The Organization for Economic Co-
operation and Development (OECD) gives out the statistics
of the contribution of renewables to energy supply (Figure 1),
which showed an obviously increasing trend during 1990–
2010.

There has been substantial growth of bioenergy in the
EU over the past decades, especially the bioenergy for the
modern energy carriers’ electricity and the transport sector.
The proportions of renewable energy produced in the EU
in 2005 were as follows: 66.1% from biomass, 22.2% from
hydropower, 5.5% from wind power, 5.5% from geothermal
energy, and 0.7% from solar power. In general, bioenergy
plays an essential role in the European ambition to increase
the share of renewable and domestic energy. During 1990–
2010, the thermal power increased by approximately 2% per
year, bioelectricity increased by approximately 9% per year,
while the bioenergy production increased about eight times
(with an increasing rate over 20% per year).

The contribution of bioenergy to the energy supply in
the EU in 1990 was a bit less than 2000 PJ, accounting for
two-thirds of the total renewable energy production or 4% of
the total energy supply in the EU. There will be a significant
increase of the market share of bioenergy in energy supply in
the EU,with the aimof reaching 1%on average (it has doubled
in two years). In addition, there is significant difference in the
market share of bioenergy in energy supply among different
countries in the EU; for example, that of Germany (3.8%) and
Sweden (2.2%) has achieved the reference value.

In order to reach the ambitious target of a 20% share
of energy from renewable sources in the overall energy
consumption amount, the EU plans to make efforts on
the electricity, heating and cooling sectors, and biofuels.
In the transportation industry, which is almost exclusively
dependent on oil, the EU commission hopes that the share
of biofuels in the overall fuel consumption will have reached
10% by 2020. So it was assumed that the share of biofuels may
achieve 20% by 2050 according to this trend in this study.

3.2. History of LUCC and Climate Change. With the rapid
development of bioenergy, the land use pattern in Europe
has also gradually changed. The land use change caused by
the development of bioenergy is mainly represented by the
conversion from grassland and forest to cropland. According
to OECD statistics, about 27.5% of land in Europe is arable
and permanent cropland, and permanent grassland accounts
for only 16.2%, while the forest accounts for 32.4%. We
also found in the History Today (2001) that the cropland in
Central Europe increased from 41.9Mha in 1900 to 56.9Mha
in 1960, and since then it fell to 46.7Mha in 2005 with the

4.3
5.8 5.7 5.9 6.3 6.5 6.9 7.6 8.2

9.2
10.1

0.0

2.0

4.0

6.0

8.0

10.0

12.0

1990 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010

(%
)

Figure 1: Percentage of renewables in energy supply in OECD
Europe, 1900–2010. Source: Factbook 2012 - ISSN - OECD 2012.

growth rates per year of 0.41% from 1900 to 1950 and −0.03%
between 1950 and 2000.

The annual average temperature has been 10∘C, and the
annual precipitation has ranged from 700mm to 1000mm
in Central Europe during 1900 to 2010. According to the
statistics of temperature and precipitation data in the past
[35], the temperature showed an obvious increasing trend
with the increment of 1.3∘C (Figure 2(a)), and there is also
an increase in the coefficient of variation, while there is
no obvious changing trend of the precipitation with little
decrease of 15mm (Figure 2(b)).The climate in the study area
is characterized by the peaks and valleys of temperature and
precipitation appearing during the same period. The mini-
mum values of temperature and precipitation both appear in
January, reaching about 2∘C and 80mm, respectively, while
their maximum values generally appear in July, reaching
about 18∘C and 100mm, respectively.

4. Results

4.1. Land Use Change. In Central Europe, the main land
use type is cropland. At the beginning of the 21st century,
cropland accounted for about 67% of the total land area and
forest accounted for 17%, while grassland only accounted
for 10%. The cropland is mainly distributed in the northern
part of the study area, while the forest is generally located
in the southern part where there are mountainous areas.
The current land use situation and the dominant conversion
types are shown in Figure 3. Based on the GCAM model,
the trend of land use change in the next 40 years was
simulated.The result indicated that it is mainly characterized
by the conversion from cropland to other land use types in
the northwest part, while the conversion from forest into
cropland dominates the southern part. Nearly 30% of the
grassland and 2.7% of the forest land will be converted into
cropland in the study area in the future. However, in the
process of the development of biomass energy, not only the
other land use types will be converted into cropland but also
some cropland will be converted into grassland, while on the
whole, the cropland area in Central Europe will increase to
some extent. Part of grasslands, forests, and some other land
will be converted into cropland, which will cause the change
of land use and eventually influence the climate change in
Europe (Table 2).
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Figure 2: (a) Annual temperature in Central Europe, 1900–2010. (b) Annual precipitation in Central Europe, 1900–2010.
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Figure 3: Major land use conversion in Central Europe, 2010–2050.

Table 2: Transition matrix of LUCC with grid count and percent in Central Europe during 2010 to 2050.

Cropland Grassland Forest Others Total
Cropland 444 (97.8%) 10 (2.2%) 0 0 454 (67.6%)
Grassland 20 (29.4%) 48 (70.6%) 0 0 68 (10%)
Forest 13 (2.7%) 0 101 (88.6%) 0 114 (17%)
Others 0 0 0 36 (100%) 36 (5.4%)
Total 477 (71%) 58 (8.6%) 101 (15%) 36 (5.4%) 672
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Figure 5: (a) Difference between observed and projected surface temperature in Central Europe in 2010. (b) Difference between observed
and projected precipitation in Central Europe in 2010.

The trend of land use change in the next 40 years
was obtained according to the simulation result with DLS,
which was presented with the red and yellow boxes as main
conversion from cropland and conversion into cropland,
respectively (Figure 3). The result indicated that there will
be some obvious land use change in the study area. In the
northwestern part, a lot of cropland will be converted into
other land use types, while in the southern part, some forests
and grasslands will be converted into cropland.The projected

land use in 2050 will be presented in Figure 4, and obviously
cropland has increased and forest has decreased.

4.2. Climate Change in 2010–2050. To validate the precision
of simulation result with the WRF model, the simulation
data of year 2010 were compared with the observation.
The comparison result indicated that the accuracy of the
projection of temperature (Figure 5(a)) was higher than that
of precipitation (Figure 5(b)). In spring and winter from
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Figure 6: Annual changes of projected latent heat flux in Central Europe, 2040–2050.

January to April and November to December, simulated
temperature is a little far away from the observed one, and the
temperature difference of winter is higher than other seasons,
and the simulation values were closer to the observations
in the summer and autumn. The simulation result indicated
that the simulated temperature from January to April and
from November to December was a little far away from the
observed one. Besides, the difference between the simulated
and observed temperature in the winter is greater than that
in other seasons, while the simulated and observed ones
in the summer and autumn are more consistent. On the
whole, the trends of the simulated and observed temperature
were consistent, both of which show an increasing trend
from January and February, reaching the peak in August and
then show a decreasing trend. The comparison between the
simulated and observed precipitation indicated that there is
significant difference between simulated and observed values.
According to the observation data, the precipitation is the
lowest in March, and the peak occurs in June, reaching about
1600mm.Then it declines to less than 500mm in November.
By comparison, the simulated precipitation fluctuates over
the year, with higher values occurring in the summer and
autumn.

As is shown in Table 3, theminimum temperature in 2050
appears in December, reaching 2.56∘C, while the maximum
temperature appears in July, reaching 21.73∘C. The average

temperature is 12.38∘C, while the counterpart in 2010 is
11.19∘C. The minimum and maximum of precipitation occur
in November and July, reaching 80mm and 463mm, respec-
tively. In terms of cumulative precipitation, there is 3346mm
in 2050 and 5749mm in 2010. By comparison, the heat flux
is much more stable all year round and so is the latent heat.
During 2040–2050, the temperature shows an increasing
trend, with an increment of 0.2∘C, while the precipitation
will decrease by 65mm per month. The latent heat shows an
increasing trend (Figure 6), with an increasing rate of 0.4%
per year, while the heat flux stays at a stable status.

5. Conclusions and Discussions

5.1. Conclusions. The result of this study indicated that the
increase of production of bioenergy in Central Europe would
lead to more demand for cropland in the southern part
of the study area. The increasing demand of bioenergy for
land resources would lead to LUCC which will change the
land surface and subsequently influence the future climate.
The LUCC in the future was simulated with DLS, and the
impacts of LUCC on the climate were analyzed on the
basis of projection with the WRF model. The simulation
result indicated that the region land use change is mainly
characterized by the conversion from forest and grassland
to farmland by 2050, which makes the latent heat flux and
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Table 3: Monthly projected values of climatic factors in Central Europe in 2050.

Simulation Unit Jan Feb Mar Apr May Jun
Temperature ∘C 5.94 5.79 10.0 13.6 17.3 21.4
Latent heat flux W/m2 124 98.9 101 103 124 120
Precipitation mm 215 188 255 316 332 396
Heat flux W/m2 259 259 263 267 270 274
Simulation Unit Jul Aug Sep Oct Nov Dec
Temperature ∘C 21.7 18.7 13.7 9.17 8.72 2.56
Latent heat flux W/m2 116 104 116 80.7 121 80.9
Precipitation mm 468 443 336 181 80.6 128
Heat flux W/m2 275 272 267 262 262 256

temperature show an increasing trend, while precipitation
will show a decreasing trend.

5.2. Discussions. This study explored the impacts of LUCC
on climate change at the landscape scale under the influence
of demand of bioenergy production for land resources. The
results indicated that expansion of cropland is mainly due to
the human demand for bioenergy, which is consistent with
the current energy strategies and policies [36, 37]. Once the
Common Agricultural Policy (CAP) is implemented, there
may be some reform and rationalization in agriculture due
to the change of current land use, productivity of agricultural
land, and the expected major transitions of the agricultural
sector in Central Europe [38, 39], which may provide some
opportunities for the alternative crops. Besides, the produc-
tion of bioenergy may also increase the intensity of land
use through improving the technology and education [40].
The spatial pattern of production of bioenergy represented
with the ecological indicators of farmland quality [41] will
be essential to the assessment of the climate effects of the
development of bioenergy as well. Conversion from forest to
cropland or pasture reduces the aerodynamic roughness of
the landscape and decreases both the capture of precipitation
on the canopy and the root extraction of soil moisture; these
changes tend to decrease evaporation and hence reduce the
fluxes of moisture and latent heat from the surface to the
atmosphere, which acts to increase the temperature near the
surface. In addition, the land use change is related to not only
human activities but also the natural processes, which have
not been taken into consideration in this study. What is more
is that the earth is a complex system that involves various
factors that directly influence the LUCC and subsequently
influence the climate change as well as various factors that
directly influence the climate change. Therefore, there are
still some uncertainties in the result of this study, and it is
necessary to carry out further researches on the sensitivity
and uncertainty of the impacts of LUCC on the climate
change.
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The change of land surface can exert significant influence on the future climate change.This study analyzed the effects of herdsmen’s
adaptation to climate changes on the livestock breeding, income, and land surface dynamics with a land surface parameterization
scheme.The empirical analysis was first carried out on the impacts of the adaptation measures of herdsmen on their income in the
context of the climate change with the positive mathematical programming (PMP)model on the basis of the household survey data
in theThree-River Source Region, an ecologically fragile area in Qinghai Province, China.Then, the land surface parameterization
process is analyzed based on the agent-basedmodel (ABM), which involves the herdsmen’s adaptationmeasures on climate change,
and it also provides reference for the land surface change projection.The result shows that the climate change adaptation measures
will have a positive effect on the increasing of the amount of herdsman’s livestock and income aswell as future land surface dynamics.
Some suggestions on the land use management were finally proposed, which can provide significant reference information for the
land use planning.

1. Introduction

The climate change poses great threats to the human society
and natural environment [1]. In order to adapt to the climate
change, social agents would take some adaptation measures
that have some synergistic effects on the dynamics of land
surface. However, land surface dynamics would also react
on the regional climate condition. Anthropogenic adaptation
measures on climate change and variability may directly or
indirectly influence the dynamic land surface change [2],
which will have feedback effects on climatic conditions [3–6].
One of the effects of climate change on land surface dynamics
reflects on the land surface dynamics response to climate
change in the Alpine region. Some human decisions can
somehow mitigate the climate change by influencing CO

2

concentration according to previous studies that were con-
ducted with the empirical or numerical methods [3, 4, 6–
9], while some adaptation measures will indirectly change
the climatic conditions through the intermediate impacts
mainly derived from the change of land surface properties
[6, 10–12]. The Intergovernmental Panel on Climate Change
(IPCC) Third Assessment Report has updated a framework
of interrelationship between human adaptation’ design and
implementation and climate change [13, 14]. However, pre-
vious studies have rarely analyzed the potential impacts of
human’s adaptation measures on land surface change which
will result in destabilizing the climatic conditions in return
[2].

There are still various difficulties in parameterizing the
effects of human adaptation measures on the climate change
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for climate models’ performance through the land surface
dynamics. First, the current researches on the adaptation
measures are mostly focused on the cost-benefit analysis,
while there is less concern about effects of land surface change
on climate which take adaptation measures into considera-
tion [15, 16]. Second, various views and preferences should
be taken into consideration when implementing the system-
atic simulation for land surface during the implementation
process of adaptation, which involves the policies, economy,
social agents, and many stakeholders [17].Third, the research
object of adaptation measures is the ecosystem that is open,
complex, and full of uncertainties, the knowledge about it is
still limited, and therefore there are still some uncertainties
in the implementation of adaptation measures [18]. To sum
up, there are still a lot of difficulties in the land surface
parameterization scheme in the climate models; for example,
the parameters are complex, data are difficult to capture and
quantify, and so forth, while those are the indispensable
contents for the study of climate models.

The case study in typical ecofragile regions is helpful to
comprehensively understand the importance of adaptation
measures in land surface dynamics. In this study, the Three
River Source Region in Qinghai Province, which has a fragile
ecoenvironment and relatively simple industry structure,
was selected as the study area. The future land surface was
projected on the basis of the herdsmen’s adaptation measures
to climate change. An agent-based model (ABM) was devel-
oped, in which the adaptation measures would be considered
in land surface projection for further climate models’ perfor-
mance in the ecologically fragile areas.

2. Study Area

2.1. Basic Information. TheThree River Source Region, which
is the headstream of Yangtze River, YellowRiver, and Lancang
River, is between 31 39–36 12N and 89 45–102 23E and
in the southern part of Qinghai Province, China. It plays
an important role as the ecological barrier for the ecological
environment security and sustainable development of regions
in the middle and lower reaches of Yangtze River and Yellow
River in China as well as Southeast Asian countries. In the
recent 30 years, the mean annual temperature is 3.96∘C,
with an interannual increment of 0.04∘C, while the average
annual precipitation is 500mm, with a small interannual
growth rate of 0.17mm. The annual average precipitation
gradually decreases from east to west on a whole. In addition,
the frequency and intensity of climatic disasters also tended
to increase in the past decades. The frequency of droughts
showed a decreasing trend after 1961, but the duration time
of droughts has extended, which exert great adverse impacts
on husbandry production. The temperature has increased
significantly since 1998, and the winter snowfall and fre-
quency of snow disaster have also increased. Meanwhile,
there is an obvious periodical change in the storm, that is, the
storm frequency in Qinghai Province has increased notably
since the 1990s, especially in the eastern husbandry area. The
grasslands occupy the largest area in the study area, reaching
2.665 × 10

5 km2 and accounting for about 71.50% of the total
land area of the study area. While the unused lands account

for 16.50%, the forest lands and waters account for 9.20% and
2.10%, respectively. In the past 20 years, the cultivated lands
andunused lands expanded by 46.2%and0.64%, respectively,
while the forest lands and grasslands have decreased by 0.30%
and 0.28%, respectively. In 2009, the population was 7.5 ×
10
4, with the urbanization rate reaching 15.73%. Among the

16 counties in the study area, more than half of them are
key counties for poverty alleviation and development work,
where the poor accounted for 63% of the total population.
The animal husbandry is themain economic base for survival
and development of pastoral minorities; the output value of
which accounts for 57.28% of the total agricultural output.

2.2. Herdsmen’s Adaptation to Climate Change. The adapta-
tion of the farming and animal husbandry to climate change
has been regarded as one of the key research spots, and adap-
tation measures are of great importance for mitigating the
adverse effects of climate change [19].TheThree River Source
Region is an important base for the development of animal
husbandry in China, and it is very sensitive to climate change.
The local social agents have various measures to adapt to the
climate change, which were preliminarily classified mainly
from the perspective of technology, engineering, manage-
ment, and policy on the basis of achievements of previous
researches on the adaptation measures on climate change
[20]. The herdsmen’s adaptation measures will have different
effects, the spatiotemporal heterogeneity of which is mainly
reflected by the resources endowment, population, climatic
conditions, different social agents, cost-benefit, and other
hidden effects that are not easy to be captured [17, 21, 22].

Herdsmen’s decision on the adaptation measures can
greatly affect the land surface dynamics [23]. There may be
twofold impacts of these adaptation measures on the land
use dynamics. Herdsmen’s choice of the adaptation measures
on climate change can affect their income, and the change
of income will in turn affect the herdsmen’s choices to adapt
to the different cost, then it will further affect the decision-
making behavior of the social agents. It has been discussed
how economic benefits affect decision-making behavior of
agents in previous works, with economic benefits represented
with the cost of adaptationmeasures and its potential benefits
in the ABM model [24, 25]. We captured the economic
benefits of climate change adaptation measures with the pos-
itive mathematical programming (PMP) model. In addition,
this study also involved some adaptation measures that may
have impact on land surface dynamics directly, for example,
the effective artificial maintenance on grassland, which can
prevent the degradation from grassland to desert or even
wilderness.

The adaptation measures, which are the most typical and
most concerned by the herdsmen, were selected from each
category based on the household survey (Table 1). It shows
that themajor adaptationmeasures in theThree River Source
Regionmainly include the pest control, artificialmaintenance
of grassland, early warningmechanism of snow disasters, and
fiscal subsidies, which represent the impacts of adaptation
measures from the perspective of technology, engineering,
extreme weather prevention and management, and fiscal
subsidies, respectively. During the survey interview, the
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Table 1: Descriptions of various adaptation to climate change.

Categories Adaptation Descriptions Effects

Engineering
measure

Artificial
maintenance
of grassland

Combining captive breeding with
stocking.

The captive breeding is conductive to the protection of
natural vegetation, while rescuing physical
consumption of livestock contributes to the growth of
livestock and directly increases the benefit. Meanwhile,
a large-scale captive breeding has the potential to
change the original pattern of land use [27].

Technical
measure Pest control Combining biological control and

chemical control.

It is helpful to control the desertification and
degradation of grassland, protect grassland resources,
maintain the ecological balance of grassland, and
increase the income of herdsmen [28].

Management
measure

The early
warning

mechanism
of snow
disasters

Early warning of monitoring of snow
disaster and layout of snow equipment.
Management and emergency plan of
snow disaster.

Early warning work of disaster can help farmers
effectively and make them take measures in time to
reduce the loss of disasters. But the setting of
monitoring facilities and monitoring point will increase
the area of built-up land [29].

Policy
measure

Fiscal
subsidies

Subsidy policy of livestock breeding,
subsidy of good seeds of artificial
planting forage seed, policy of production
subsidies, subsidy policy of animal
husbandry machinery purchase, and
subsidy policy of grazing prohibition for
nurture.

Policy measures can avoid the herdsman’s blind pursuit
of profit maximization which may destroy the
ecological balance. On the premise of guaranteeing the
herdsman’s income, the government subsidy can help
the implication of policy and guide the farmer and
herdsman to maintain the reasonable pattern of land
use [30].

herdsmen were asked about their preferences for adaptation
measures on climate change, choice probabilities, and think-
ingways, based onwhich the behavior rules were defined [26]
and lay the foundation for the land surface parameterization
scheme in the climate simulation. Additionally, the ABM
model is used to simulate the effects of interaction between
different social agents under particular conditions.

2.3. Data Collection and Processing. The household survey
data used in this study were obtained from the questionnaire
survey, which was implemented during August and October,
2012, in three counties of theThreeRiver SourceRegion. First,
three counties were selected from Tibetan Autonomous Pre-
fecture of Golog, Tibetan Autonomous Prefecture of Huang-
nan, and Tibetan Autonomous Prefecture of Hainan. The
selection of the sample counties was mainly based on three
factors, that is, per capita grassland area, population density,
and per capital GDP. Second, nine towns were selected in
the three-sample counties with stratified random sampling.
Then, two towns with the most and least grassland area were
selected from the 9 towns, and thereafter two villages were
selected in each sample town according to the employment
situation in sectors except the animal husbandry. Finally,
10 herdsmen families were selected as the sample families
from the herdsmen families with the large, medium, and
small grassland area in each sample village.The questionnaire
survey was carried out on 200 herdsman families, and the
response rate of the questionnaires was 100%, with 193 valid
questionnaires and a ratio of valid questionnaire of 96.50%.
The contents of the questionnaire are as follows: population,
land area (mainly including the grassland area), livestock
production, sale of animal products, investment into the
prevention and control of the damage from rats, subsidies

granted for policy considerations, employment situation
of sectors except animal husbandry, income from animal
husbandry, and so forth.

In addition, the supplementary data consist of the basic
geographic information data which are supported by Data
Center for Resources and Environmental Sciences, Chinese
Academy of Sciences (RESDC); the data mainly include land
use data, DEM data, and topographic location data. The
socioeconomic data are obtained from the Qinghai Statistical
Yearbook, China Agriculture Yearbook, and China Animal
Industry Yearbook. The natural environmental data and
climate data are collected from the meteorological stations.

3. Land Surface Parameterization Scheme

3.1. EstimationMeasures of the Impacts of Herdsmen’s Adapta-
tion. It is necessary to quantitatively analyze the economic
benefits of the herdsmen’s decision-making behavior about
adaptation measures in order to better provide reference
for the land surface parameterization scheme in the ABM
model. There are many methods for quantitative assessment
of adaptation measures, and this study used the PMP model
proposed by Howitt in 1995 [31]. This model is somehow
a popular approach to analyze the policy oriented environ-
mental and economic problems, using even scarcely available
information. The method has great flexibility and conforms
to the basic hypothesis of economics of diminishingmarginal
returns, and these advantages support wide application of
PMP model in policy effect analysis [32, 33].

There are mainly three steps to analyze the cost and
benefit of the adaptation measures for climate change [25].
First, the constraint conditions were set in the linear pro-
gramming model according to the observed values of the
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baseline period, and the dual prices (shadow prices) of the
constraint conditions were further calculated with the linear
programming model. Second, the slope of the average cost
function in the objective function of the PMP model was
calculated according to the dual price of the constraint condi-
tions.Third, the corresponding parameters in themodel were
adjusted according to the need of the assessment of specific
adaptation measures, and the parameters were obtained and
then put in the objective function to obtain the optimal
solution of the nonlinear programming for the investment
into adaptation measures.

Finally, in order to analyze the impacts of the adaptation
measures on the income of herdsmen, the PMP model was
established on the basis of the household survey data of the
herdsmen families as follows. The objective function is as
follows:

TMG = max∑(𝑝
𝑖
𝑦
𝑖
+ sub − (𝛼

𝑖
+

𝛾
𝑖

2𝑥
𝑖

) )𝑥
𝑖
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where TMG is the herdsmen’s family income from livestock
breeding; 𝑦

𝑖
is the number of livestock per unit area of

grassland; 𝑥
𝑖
is the area of grasslands for the livestock; 𝑝

𝑖
is

the selling price of the livestock; 𝛼
𝑖
is the cost per unit area of

grassland; 𝛾
𝑖
is the shadow price; 𝑙

𝑖
is the labor input into each

livestock; 𝑞
𝑖
is the capital income per unit area of grassland;

dtpro is the distance to capital of province; Gld is the area
of grassland; POP is population; NPP is the net primary
production; dtwater is the distance to water area; dtroad is
the distance to road; rain cv is the coefficient of variance of
rain; temp cv is the coefficient of variance of temperature; 𝑡

0

is the cumulative temperature above 0∘C; 𝑡
10
is the cumulative

temperature above 10∘C; conrodent is the rodent control;
aprotect is the manual maintenance of grasslands; supint is
the grazing intensity supervision; 𝜇 is the residual error.

In the PMP model mentioned previously, the objective
function is defined as the maximization of the income of the
herdsmen’s family from livestock breeding for the following
reasons. First, these adaptation measures implemented in the
ecologically fragile areas aim to reduce the livestock loss of
the herdsmen, and they consequently have positive signifi-
cant impacts on the income of the herdsmen’s family from
livestock breeding. Second, there is a very low proportion
of the income from crop production and other agricultural
industries except animal husbandry in the total income of

the herdsmen’s family since the animal husbandry is the
dominant industry in all the three counties where we do
household survey in the Three River Source Region. Third,
this study mainly focused on the impacts of these adaptation
measures on the income of the herdsmen’s family.

The income per unit area of grassland equals the product
of capital income per unit area of grassland 𝑞

𝑖
, and the area

of grasslands for grazing the livestock 𝑥
𝑖
, (2) expresses the

constraint conditions of the labor; (3) expresses the constraint
conditions of the grassland area; that is, the sum of the area
of grasslands for grazing the livestock cannot exceed the total
land area of the herdsmen’s family; (4) is the constraint con-
ditions of the capital; (5) provides the number of livestock per
unit area of grassland under specific condition. Considering
that in the system are mainly the herdsmen who graze the
cattle and sheep and will not invest the income from other
sources into animal husbandry, so the upper limit of total
amount of investment into the livestock production should
be set as the total income from livestock.

3.2. Parameterize the Adaptation in Land Surface Projec-
tion. According to different agents, the parameters of main
decision-making behavior in the ABMmodel are different to
simplify and simulate the adaptive behavior choice and the
influence of each agent on climate change. Different agent has
different preference for various adaptation measures, result-
ing in the different land surface dynamics effect. Therefore,
this paper classified and extracted the agents in the study
area and then determined their preference for adaptation
measures according to the investigation and parameterized
them.

Firstly, classify the counties and cities in Three River
Source Region into three categories according to the analysis
of their social and economic development, natural environ-
ment characteristics, and resource endowment characteris-
tics; then the herdsmen’s agents that are extracted from each
category, mainly includes herdsmen’s agent, half-herdsmen’s
agent, and restrictive herdsmen’s agent. Secondly, design and
determine the rules of agents’ behavior through on-the-spot
investigation about herdsmen’s willingness to take climate
change adaptation measures and other social economic and
ecological environment consciousness, combined with the
cost-benefit analysis of the adaptive measurements.

In addition, through the survey, it is found that in the
Three River Source Region, the output of grasslands was
relatively higher compared with that of other land use types.
The grassland is also the main ecosystem in the study area,
its ecosystem services function, such as livestock pasturing,
water conservation, water purification, climate regulation, are
indispensable to local individuals and communities. There-
fore, the relative social agents aremorewilling to preserve and
restore the grassland.

4. Land Surface Dynamics Response to
Adaptation for Climate Change

4.1. Economic Analysis of Adaptation Measures. This study
analyzed the economic benefits of adaptation measures for
climate change with PMP model and explored the impacts
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of different adaptation measures on the livestock production
and herdsmen’s income based on the different context of
climate change.The results show that the livestock production
and the economic benefits have a spatial heterogeneity and
scale effects (Figure 1).

Livestock number and animal industry income in the
same county are correlated positively, which means that ani-
mal industry income would increase with the increase of
livestock number. Adaptive technical measures make the
livestock number and animal income of industry related
positively under the high effect of temperature change rate
condition. With the decrease of farm size, the income incre-
ment of livestock number and animal industry incomewould
be declined gradually. Thus, we may deduce that the effect
of the measure and the size of farm have a good positive
correlation, and adaptive measure could increase herdsmen’s
income, but a more obvious impact on economic benefits
of large-scale pastures. The implementation of nonengineer-
ing adaptation measures plays 0.8–1% of the effect on the
animal husbandry income of the herdsman after estimating
based on survey data. It is also found that the impact of
nonengineering adaptation measures on income of animal
husbandry is different due to the pasture size. Under the
high effect of precipitation change condition, increment of
livestock number would increase gradually with the decrease
of grassland scale in the same county. However, the variation
of animal industry income would decrease firstly and then
increase with the decline of grassland scale, and the income
increment of small-scale grassland is the biggest. Hence,
engineeringmeasuremay develop the livestock production of
the herdsman and the income of animal industry. The utility
of engineeringmeasure is related positively to grassland scale,
but utility effect of water resource in small-scale grassland
would be bigger, thus engineering measure has a bigger
impact on livestock number and animal industry income
in small-scale grassland. Abnormal climate may lead to the
large-scale reduction on livestock number and animal indus-
try income; however, herdsman’s income may reduce one-
third of loss under the condition of earlywarningmechanism.
At the same time, the riskmanagement is divided into 3 levels,
and we evaluated whether they develop the management of
early warning at the government level to adapt to climate
change using PMPmodel. Simulation analysis shows that the
establishment of early warning mechanism can avoid about
12% of economic loss in the large-scale grassland. The loss
of small-scale grassland would be the minimum compared
with the other two kinds of grassland when analyzed from
the scale of grassland, that means that small-scale grassland
has a good flexibility, and it can adjust the scale of production
timely to minimize the losses. Government subsidy has a
strong positive relationship with different scale of grassland
and income of animal industry in the same county.

In conclusion, the four types of adaptation measures,
which start from the character of climate impact factor in dif-
ferent typical ecologically fragile areas and can analyze filed
sample data as well as getting the results, all can develop the
livestock number and income of industry in different degrees
from empirical analysis of PMP model. Therefore, positive

adaptive measure has a positive effect on the herdsman to
adapt to climate change.

4.2. Land Surface Dynamics. According to the simulation
results based on ABM model, the land surface in the Three
River Source Region shows some temporal and spatial char-
acteristics during the next 50 years. Generally, the grassland
area is increasing to a certain extent with an increment of
6.04%, and the unused land gets moderate development and
utilization, so the unused lands area experiences a reduction,
with a rate of 14.64%. Besides, the forest land area has some
decrease and other lands use type almost maintain the same
(Figure 2).

In the next 50 years, the area of changed land accounted
for 6.65% of the total land area, which is dominated by the
conversion from unused lands and forest lands to grasslands,
accounting for 2.99% and 1.81% of the total land area, respec-
tively. Specifically, as to the transformed lands, 74.92% of
forestlands and 80.6% of unused lands are converted to grass-
lands, in contrast, the increasing of grassland area mainly
comes from the forestland and unused land, with 34.39% and
56.67%, respectively. The dramatic changes in grassland area
are mainly because farms mainly pursue profit maximization
and focus on considering the economic benefits of landuse on
the decision-making process. Grassland area would increase
gradually and other land typeswould show a decreasing trend
according to the simulation of the next 50 years. It means that
the utilization way of land by farmers and herdsmen becomes
simplex gradually, and dominant land use type is more
and more obvious. Since single type of land will inevitably
lead to the instability of ecological system, farmers and
herdsmen should change the traditional way for adapting the
nature, utilize adaptationmeasures rationally, not just pursue
the revenue maximization of livestock yield and income of
animal husbandry, but fully consider the rationality of land
use pattern.

The distribution of land surface change simulated by
ABM is showed in Figure 3. The land use change mainly
occurred in the central and east part of the study area; the east
part was mainly dominated by the conversions from forest
lands to grasslands and from grasslands to unused lands,
while the central part was manifested by the development
and utilization of unused land, thus showing the conversion
from unused lands to grasslands. That is because of the
restively low altitude and flat terrain in the eastern area which
are relatively easy for reclaiming of unused land, and there
is restively high precipitation which is advantageous to the
pasture production and livestock farming. These favorable
factors make the herdsman develop animal husbandry by
reclaiming forest land andunused land to increase the income
of animal husbandry.

5. Conclusions and Discussions

This study analyzed the economic benefits of the adaptation
measures on climate change with the PMP model based on
the survey data in the Three River Source Region, and then
projected the land use change with the ABM model. This
method may provide some reference for the research on the
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Figure 1: Mathematical analysis of herdsmen’s adaptation to climate change including the technical measures (a), engineering measures (b),
government subsidies (c), and extreme weather adaptation (d), from three-level pasture scales, such as large (0.67 km2–4.33 km2), medium
(0.13 km2–0.67 km2), and small (0.01 km2–0.13 km2).

climate simulation with different underlying land surface.
The simulation result shows that the four kinds of adaptation
measures will have different impacts on the development
of the animal husbandry and economic benefits. Within a
certain range, the larger the scale of grassland is, the more
the income is. Therefore, the scale of pastures should be
maintained at a certain appropriate range, and the govern-
ment should continue to promote the return of the farmland
to grassland and ecological migration projects. Besides, it is
urgent to carry outmore research onmonitoring of ecological
environment and ecosystem restoration, promote the com-
prehensive management of the ecological environment, and
control the destruction of the ecological environment caused
by herdsmen. According to the analysis with the ABMmodel
on the basis of the herdsmen’s adaptationmeasures to climate
change, we could know that the adaptationmeasureswill have
synthetic impacts on the evolution of the underlying surface
and promote the development and utilization of unused land
and conversion to the forest lands and grasslands. The grass-
land increased by approximately 6.04%, while the unused

land decreased by 14.64%. According to the simulation result
of the land use inThree River Source Region during the next
50 years, we can find that all the land use types except
grassland show a decreasing trend under the condition of
adaptation measures. It means that the land utilization way
of farmers and herdsmen gradually becomes simplex, and the
predominance of grassland is more and more obvious. This
suggests that herdsmen will ignore the rationality of land use
when they excessively pursue the maximization of benefit.

The herdsmen are the main agent of economic activities
and the basic unit of decision-making on the adaptation to
climate change in the grazing districts, the decision-making
behaviors of which have profound impacts on the land sur-
face dynamics. The animal husbandry is the main economic
source in the study area, and the adaptation measures on
climate change will affect the economic income of herdsmen
and of the land surface dynamics since the herdsmen’s income
will have effects on their decision-making on the adaptation
measures and consequently lead to different land use change.
This study analyzed the impacts of adaptation measures on
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Figure 2:The underlying land surface structure in the next 50 years.
The grid cell size is 2 km × 2 km.

climate change, but the land use classification is relatively
rough, and the resolution is low, and there are many other
factors influencing the land surface dynamics; therefore, it is
necessary to implement some further researches in the future.

Although there are some uncertainties in the result, it
can still provide value reference information for the land
use management. Based on the result mentioned previously,
some measures and suggestions of land use were put forward
from all aspects. It is necessary to implement a number
of measures in the overgrazing zones, for example, the
reasonable land use planning, intensive development of land,
control of excessive reclamation of grassland, and policy of
returning grazing land to grassland, and grazing prohibi-
tion. Meanwhile, the government should provide food and
economic compensation to the farmers and herdsmen so as
to avoid the conversion from grassland to desert and other
unfavorable land use types due to excessive degradation.
Meanwhile, it is urgent to strengthen the prevention and
control of pests, reduce the loss of grassland, and promote
the utilization of existing grassland so as to further control
the reclamation of grassland. Moreover, it is also urgent to
establish the early warning mechanism of natural disasters
in view of the increased frequency and intensity of nat-
ural disasters and their direct impacts on the herdsmen’s
economic benefit. The forest accounts for a relatively small
proportion of the total area of theThree River Source Region;
however, it provides abundant ecosystem services; therefore,
it is necessary to make effort to manage and protect the forest
in order to guarantee the sustainable development.
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Tropical deforestation could destabilize regional climate changes.This paper aimed tomodel the potential climatological variability
caused by future forest vulnerability in the Brazilian Amazon over the 21th century. The underlying land surface changes between
2005 and 2100 are first projected based on the respectable output produced byHurtt et al.Then the weather research and forecasting
(WRF) model is applied to assess the impacts of future deforestation on regional climate during 2090–2100. The study results
show that the forests in the Brazilian Amazon will primarily be converted into dryland cropland and pasture in the northwest
part and into cropland/woodland mosaic in the southeast part, with 5.12% and 13.11%, respectively. These land surface changes
will therefore lead to the significant reduction of the sum of sensible heat flux and latent heat flux and precipitation and the
increase of the surface temperature. Furthermore, the variability of surface temperature is observed with close link to the deforested
areas.

1. Introduction

Anthropogenic climate changes have attracted worldwide
concerns. The coupling mechanism between land surface
vulnerability and hydrological and climatological variability
has been increasingly investigated and assessed during the
last decades [1–4]. Generally, changing in human dominated
land use or natural vegetation covers has affected the cli-
mate conditions through biogeophysical and biogeochemical
processes, by shifting the surface energy, thermodynamic
momentum, moisture budget, and atmospheric components
[5–9]. Large-scale land conversions, such as unprecedented
urban area expansion [10, 11], intensified agricultural activi-
ties [12, 13], and high tropical and boreal deforestation rate
[14], are mainly caused by the human land use practices
directly or indirectly, which is to meet the demand of human
immediate necessities [15–20]. As a result, these land conver-
sions have had great corresponding repercussions on climate
anomalies at different scales, as well as other adverse effects
in terms of biodiversity decline, ecosystem degradation, and
economic loss [21]. Though most current global climate

concerns are focused on the first-order external forcing [22],
such as the concentration of carbon dioxide (CO

2
) which

primarily originated from the fossil fuels combustion and
anthropogenic land use practices, the land surface changes
which have influenced or will influence natural climate
variability in history, current, and future have fascinated
diverse community of scholars [23].

Forests, coveringmore than 30% of terrestrial land [1, 24],
mainly comprise tropical, temperate, and boreal types from
which invaluable ecological, socioeconomic, and mental
public goods and services are provided for humanity. Further-
more, Forests can also affectmultiscale climate by exchanging
the planetary energetics, sustaining the hydrologic cycle,
containing and releasing the carbon dioxide and through
other physical, chemical, and morphological processes [1],
which thus play an indispensable role in balancing the
humanity, climate, and land surface systems at different
temporal and spatial scales through the complicated and
nonlinear interactions [25–28].

Among these forest types, tropical forest occupies nearly
20% of total forest land area and appropriates more than
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30% of net primary production (NPP) in the terrestrial
ecosystem. This outstanding biomass can sequester a great
deal of CO

2
, maintaining above 25% on land surface [29],

which doubles or triples that of temperate and boreal forests
[1, 30, 31]. Well-functioned tropical forest could effectively
accelerate the evapotranspiration rate, cool the atmospheric
temperature, and increase the rainfall [32]. Some earlier
experimental simulations in which the tropical forest was
entirely replaced with low coverage vegetation [29, 33–37]
suggested that these changeswould induce increase in surface
temperature, in comparison to the decrease of precipitation,
evapotranspiration, soil moisture, and cloud cover caused
by the increase of surface albedo and decrease of surface
roughness. Though tropical forest could mitigate surface
warming through considerable evaporative cooling effect, the
temperature would increase if the surface albedo rose to a
large extent induced by deforestation which would offset the
water and energy exchange feedback effects, compared with
the reduction of convection and precipitation [38].Therefore,
no debate of this issue would be complete without taking
the tropical forest as a significant component into account in
climate change researches.

The Amazonia tropical forest with an area of 6 million
km2, nearly 80% of its original area, covers half of the global
remaining tropical forests, and approximatly 60% is located
in the Brazilian Amazon region. The annual average forest
clearing rate in Brazil has accelerated in the past 15 years and
shown a decrease trend in recent years, from 1.3 × 10

4 km2
in 1990–1994 to above 2.0 × 104 km2 in the next two years,
then to 1.9 × 104 km2 until 2005 and less than 0.7 × 104 km2
in 2011 [39–41]. The quality of forest has also experienced
a significant loss (Table 1). Given the massive ecological
services in water maintain and climate regulation, the annual
average precipitation in Amazon reaches 2,500mm, and it
can discharge over a trillion m3 of water into the ocean.
Without these tropical forest featured by low albedo, great
radiative forcing, and high evapotranspiration rate, the local
residents should not have had such habitable zones with a
cool and wet boundary [42]. Although the tropical forests
are an indispensable component of regional ecological system
and humanity, anthropogenic activities have caused the shift
of climatic states by disturbing and clearing the tropical forest
[43]. This land surface change would destabilize regional
climatic and hydromeoterological variability [30, 44] and
then induce the climate anomalies such as changing in
precipitation and temperature [44, 45].

Numerous researches have been conducted to assess the
potential climatological changes of tropical deforestation in
(Brazilian) Amazon using the global or regional climate
models [28, 46, 47] and shared a common view that the
vast tropical forest plays a pivotal role in changing climatic
conditions. But these studies are lacking thorough and
profound investigation due to the demerits of numerical
models and data availability. As to the global climate models
(GCMs), its rough resolution is inappropriate to reveal the
land surface-atmosphere interactions for regional simula-
tion cases. Importantly, it is worth pointing out that the
entire Amazon forests have been entirely converted into

Table 1: The forest area and biomass stock in Brazil from 1990
to 2005. This table shows a dramatic reduction in both forest
quantity and quality. The data is obtained from the website
of Food and Agriculture Organization of the United Nations,
global forest resources assessment, 2005 available online at:
http://www.fao.org/forestry/country/32185/en/bra/ and http://www
.fao.org/forestry/country/32183/en/bra/.

Categories 1990 2000 2005
Forest area (106 hectares)

Primary 460.51 433.22 415.89
Modified natural 54.44 54.71 56.42
Productive plantation 5.07 5.28 5.38
Total 520.03 493.21 477.70

Biomass stock (103 million
metric tonnes oven-dry
weight)

Above ground biomass 86.09 82.68 79.22
Below ground biomass 24.43 22.86 22.02
Dead wood 6.88 6.56 6.36
Total 117.40 112.10 107.60

low coverage vegetation in terms of pasture, savanna, and
cropland in the GCMs performances. Though this unreal-
istic replacement assumption could help to understand the
importance of tropical deforestation to regional and global
climate changes as a whole, it is unable to help revealing
the regional anthropogenic climate changes mechanism. In
contrast, although the regional climate models (RCMs) with
higher resolution are better at revealing the mesoscale effects
of land surface changes on regional climate variability, the
potential climate uncertainties induced by future land surface
modification and vegetation alteration are still far from
known.

Thus, the scientific objective of this paper is to estimate
the potential impacts of future tropical deforestation on
regional climate changes in Brazilian Amazon during 2090–
2100, with the performance of a high resolution numerical
model-weather research and forecasting (WRF) model. For
this purpose, a relative rational underlying land surface
with high resolution should be projected first. Given the
observations and investigations which showed that remark-
able progress in curbing tropical forests recession has been
made in recent years as previously mentioned, the prevailing
unreasonable land surface scenarios in which the entire
forests were replaced with low coverage vegetation would
not be used in this paper. We analyzed the characteristics
of forest land transformation between 2005 and 2100, and
then the land surface map in particular years could be
identified.Thereafter, the control and simulation experiments
are designed for WRF performance.

2. Data and Methodology

2.1. Data. The data used in this paper include land sur-
face data and lateral forcing conditions. The respectable
land cover product, generated by the GCAM model under
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the implementation of the state-of-the-art Representative
Concentration Pathway scenarios (RCPs), is used to analyze
the characteristics of land cover conversions, such as the
changing trend and the fraction, which is critical to project
the future land surface properties [48, 49]. These data
harmonized the historical land uses and the future land
surface scenarios for studying the anthropogenic impacts and
the annually fractional landscape patterns and land surface
transitions for the period 1500–2100 at 0.5∘ ×0.5∘ resolutions.
For the purpose of this study, the forest land conversions
during the period from 2005 to 2100 will be identified.

There are three steps to predict and generate the future
land surface map. Firstly, the fraction of transitioned cell that
converted from the primary forest and the secondary forest
into other land cover types, including cropland, pasture,
and built-up land, was calculated to capture the changing
characteristics at temporal and spatial scales between 2005
and 2100. Then the transformation thresholds were set to
identify the targeted grid cells with vast changed area.
The fraction thresholds of grid cells that converted from
forest land to dryland cropland and pasture (pasture) and
cropland/woodland mosaic (woodland) were 0.15 and 0.02,
respectively. The grid cell would be considered converting
from forest to pasture if both thresholds were reached.
Finally, label and replace the initial land surface map in 2005,
which is processed with USGS land cover classification at the
resolution of 30 km × 30 km and will be used in the control
experiment, with corresponding targeted land cover types.
By doing this, a relative reasonable future land surface in
2100 is generated as compared with that of most researches
in which replacing the entire tropical forest with cropland or
savanna vegetation types [45]. Thereafter, a rectangle region
was selected as the study area covering the changed grid cells
as many as possible (Figure 1). High resolution with this grid
size can also help to reveal the land-atmosphere interactions
as well as the cumulus parameterization and weather.

The lateral boundary forcing data is created by and
obtained from the Centre for Environmental Prediction
(NECP) and covered 6 hours temporally, with the spatial
resolution of 1∘ × 1∘ (longitude × latitude) and the vertical
resolution of 27 pressure layers. As mentioned above, the
USGS land use and land cover system is used to determine the
topography information and land surface physical properties.
The buffer zone of the lateral boundary is set to 4 layers of grid
points. The WRF model integrates at a 5-minute step, as well
as the cumulus convection processes operation, but run the
radiation process at a 0.5 hour step.

2.2. WRF Model and Experiments. The Advanced Research
WRF model (ARW-WRF, version 3.3) is used in this study.
Created by key institutions involving National Center for
Atmospheric Research (NCAR), Air Force Weather Agency
(AFWA), National Oceanic and Atmospheric Administra-
tion (NOAA), ARW-WRF model is a fully compressed
nonhydrostatic equation model, including the prognostic
variables referred to wind, perturbation, and other scalars,
and it is possible to mix the dynamic cores and model
physics packages [50, 51]. To assess the model performance,
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Figure 1: The land surface properties in Brazilian Amazon. Only
forests and water bodies are shown in the land cover layer (1 km ×

1 km, USGS land cover classification). Grid cells in which forests are
converted into the pasture (yellow) and woodland (darkgreen) are
provided in the land surface change layer (0.5∘ × 0.5∘). The study
area (red rectangle) covers most changed forest land cells.

the land cover data and meteorology data in 2010 are used to
validate and calibrate themodel parameterization.The results
illustrated the ability of WRF model to evaluate the impacts
of land surface changes on climate variability. Since the study
area was selected, the WRF model is set up with a grid of
63×49 cells, and each one representing a 30 km×30 km area,
centered at 5∘S, 56∘W.

For assessing the impacts of deforestation on climate,
other variables were controlled but tomodify the land surface
map and relative properties in the model scheme. To achieve
this goal, two experiments were designed, including the
control experiment and simulation experiment. In the control
experiment, which is regarded as the reference case, the
current land surface map in 2005 is used as the basic land
cover data, maintaining constant in the whole simulation
process. By contrast, the simulation experiment is designed
with the implementation of project land surface map in
2100 in which certain numbers of grid cells are converted
from the forests into dryland cropland and pasture (pasture)
and cropland/woodland mosaic (woodland) (Figure 1). This
replacement will result in changing of corresponding biogeo-
physical parameters such as root depth, canopy height, and
other variables in the WRF model. The climatic metrics in
terms of sensible heat flux, latent heat flux, precipitation, and
temperature in two experiments are simulated and processed
into annual domain-averaged variables during the simulation
period of 2090–2100, and the differences of each climate
metric between two experiments are also modeled.
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Figure 2: Annual cycles’ domain-averaged in the years 2090–2100 between 49∘W and 63∘W and 12∘S and 2∘N. All flux is in W/m2, surface
temperature in ∘C, precipitation in mm. Solid line is the control simulation, and the dashed line is deforestation simulation.

3. Results and Discussion

3.1. Future Land Surface Properties. In the Brazilian Amazon,
the entire forest accounts for 78.07% of the total area in
the year 2005, totally contributed by the evergreen broadleaf
forest. According to the statistical analysis, the projected
deforested land occupies 18.23% of the study area during the
period from 2005 to 2100.The ratios of cells in which forest is
converted into pasture and woodland to the total grid cells in
the study area are 5.12% and 13.11%, respectively at the same
time. Specifically, the primary forest degrades by 13.36% of
the study area, among which 32.04% is converted into the
pasture and 67.96% is transitioned into the woodland. The
secondary forest decreases by 4.33% in the study area, among
which 19.40% is transitioned from forest into pasture and
80.60% into the woodland. Furthermore, the proportion of
each cell in which primary forest is converted to pasture and
woodland ranges from 0 to 56.51% and from 0 to 20.70%,
respectively, from 2005 to 2100, in comparison to those of
the secondary forest ranges from 0 to 37.70% and from 0 to
15.31%, respectively. In this study, by considering the potential

joint efforts to curb the deforestation in the future that may
result in reaching the saturation point of forest clearing rate,
we then set quite lower thresholds than current deforestation
rate (0.7%). Therefore, the conversion thresholds would have
had influences on the future land surface projection.

Figure 1 provides the geographical distribution of
changed forest land. The degraded and transitioned grid
cells are primarily distributed in the periphery of the entire
Amazon, or along the rivers. Particularly, most grid cells in
which forests are converted into pasture aremainly located in
the northwest part of the study area, where containing a great
deal of water resource supplied by the dense water network.
By contrast, the cells in which forest is converted into
cropland are principally distributed in the most disturbed
and populated area, especially the transition zones between
forests and other land cover types.

3.2. Heat Fluxes. The yearly averaged sum of sensible and
latent heat flux serves as an indicator for estimating the
energy exchange between land surface and atmosphere
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Figure 3: (a) and (b) show the yearly-averaged deviations of surface temperature (a) and precipitation (b) in the year 2100 (deforestation
minus control). The surface temperature is contoured at a 0.1∘C interval, and the precipitation is contoured at a 5mm interval. (c) and (d)
are zonally averaged surface temperature (c) and precipitation (d) differences (deforestation minus control). Green line indicates the north
region between 2∘N and 2∘S of the Brazilian Amazon, red line is the central region between 2∘S and 8∘S, blue line is the south region between
8∘S and 12∘S, and the dash lines are averages of zonally surface temperature and precipitation.

during 2090–2100. Generally, based on the model analysis,
deforestation will cause a reduction in surface heat flux with
approximate 5W/m2 per month (Figure 2). In the control
simulation, the flux in the east is greater than that in the west,
but the eastern area will see a decline in the deforestation
simulation. This progressively decrease in the total heat flux
illustrates the importance of increase in surface albedo and
radiation caused by deforestation. As a result, the annual
average sensible heat flux will increase to some extent,
especially in the west region covering most changed areas
that transited from forest to pasture, while the latent heat

flux shows a significant downward trend during the period
of 2090–2100. Such spatial gradient of flux will increase
the convection by generating a thermally driven circulation,
leading to rising of the sensible heat flux over the west part
and falling over the east part which will redistribute the
temperatures.

3.3. Precipitation and Temperature. On the whole, the annual
domain-averaged precipitation will decrease while the tem-
perature will increase during the simulation period. Defor-
estation inBrazilianAmazonwill induce amonthly reduction
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Figure 4: The zonally averaged difference of precipitation (mm), temperature (∘C), and latent heat flux (W/m2) of different land covers in
Brazilian Amazon in 2100.

in precipitation (1.05mm) and a monthly increase in surface
temperature (0.12∘C). Figure 2 also shows that the deforesta-
tion will cause a significant precipitation reduction in rainy
season, but a slight decrease in dry season. Correspondingly,
the surface temperature nearly increases to a large extent in
rainy season and moderately goes up to a higher level in dry
season.

The spatial distribution of differences in surface tem-
perature and precipitation between the control experiment
and simulation experiment in 2100 is significantly influenced
by the forest land changes. Obviously, the surface tempera-
ture increases over the western region, associated with the
reduction of precipitation and soil moisture that will reduce
the latent heat flux discharge from the land surface into
atmosphere. Massive deforested areas experience a signifi-
cant increase of temperature and decrease of precipitation.
However, the spatial distribution of precipitation deviation
is not so related to the deforested areas but fragmented
in the whole study area. In addition, as can be seen in
Figure 3, deforestation will intensify the precipitation shift by
increasing its amount in the southeast region even further

and decreasing in the northwest region. The precipitation
variability can be explained by that deforestation may influ-
ence the propagation of squall lines, which will reduce the
water supply in these regions.Meanwhile, the convection and
speed effects will also impose a negative feedback in these
regions.

To study the spatial heterogeneity of these climatic
metrics in longitude and latitude direction, the average
surface temperature and precipitation in different zones were
calculated (Figures 3(c) and 3(d)). Apparently, the surface
temperature fluctuates dramatically in the western region
and almost remains stable in the eastern part, which means
that the surface temperature has a longitudinal distribution
characteristic. Meanwhile, the zonally average temperature
of north region increases most greatly by 0.0350∘C in year
2100 induced by deforestation, while that of central region
has a less increment of 0.0272∘C, as compared to that of
south region with a similar growth by 0.0274∘C. For the
precipitation, those of the central region and the southern
region fluctuate more strongly than that of the northern
region. The zonally annual average precipitation in northern
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region and central region will decrease by 0.433mm and
0.147mm, respectively, while it will slightly increase by
0.09mm in the south region.

Variability of climate is also calculated on each land
cover type according to the model results in 2100 with the
resolution of 30 km×30 km (Figure 4).The statistical analysis
shows that the average precipitation and latent heat flux
of evergreen broadleaf forest will experience a decrease of
0.15mm and 0.40W/m2, respectively, while the temperature
will increase by 0.02∘C. Since forests are converted into
pasture andwoodland, the corresponding climatic conditions
in pasture will have a significant reduction of precipitation
and latent heat flux and increase of surface temperature.
Unexpectedly, though the latent heat flux of cropland will
drop at a significant level, the precipitation will grow to some
extent, as well as the temperature. This can be explained
by that the flux and wind speed gradient will accelerate
the convection and telecommunication in the study area,
which will offset the negative effects of hydrometeorological
anomalies. Thus, the land cover structure, which means the
area and continuity of each land cover type, will also rouse
uncertainties to regional climate changes.

4. Conclusions

Anthropogenic tropical forests changes have affected and will
still affect the regional and global climate. Though plenty
of studies have been conducted to explore the influences
of vegetation vulnerability on climate variability in Amazon
using various methods such as statistical extrapolation and
numerical simulation models, no debate of reasonable future
tropical forest land changes will be complete without taking
the Brazilian Amazonia forests as a key component into
account in climate researches with high resolution.

In this paper, the WRF model is used to model the
effects of future tropical deforestation on regional climate
between 2090 and 2100 in Brazilian Amazon. High resolution
land surface map (30 km × 30 km) with USGS land use and
land cover classification, projected from the respectable land
surface product that is generated under the state-of-the-art
RCP scenarios, is also utilized in this model. Land surface
changes are quite different from previous studies. Forests
are mainly converted into pasture and woodland, distributed
along the edge of the study area and river branches. The
simulated climatic results caused by these potential future
land surface changes show that expanding deforestation will
principally trigger the reduction of precipitation and increase
of surface temperature in the deforested area. The sum of
sensible heat flux and latent heat flux tends to show a decline
at the same period.

However, only the impacts of deforestation on climate
are evaluated in this study. In fact, various intangible fac-
tors will impose a synthetic effect on regional and global
biogeophysical and biogeochemical processes which will
influence the hydrological cycle and energy budget, and
further result in the climate changes. Thus, the sensitivity
analysis on other factors should be required in further
studies.
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Land use/cover change (LUCC) is an important part of the global environmental change. This study predicted the future structure
of land use/cover on the basis of theGlobal ChangeAssessmentModel (GCAM) and an econometricmodel with the socioeconomic
factors as the driving forces. The future spatial pattern of land use/cover in China was simulated with the Dynamics of Land
System (DLS) under the Business as Usual scenario, Rapid EconomicGrowth scenario and Cooperate Environmental Sustainability
scenario. The simulation results showed that the land use/land cover in China will change continually due to the human activities
and climate change, and the spatial pattern of land use/cover will also change as time goes by. Besides, the spatial pattern of land
cover in China under the three scenarios is consistent on the whole, but with some regional differences. Built-up area will increase
rapidly under the three scenarios, while most land cover types will show a decreasing trend to different degrees under different
scenarios. The simulation results can provide an underlying land surface data and reference to the methodology research on the
prediction of LUCC.

1. Introduction

Land use/cover change (LUCC) is an important part of the
global environmental change, which has always been the
focus of academia [1]. In 1995 the International Geosphere-
Biosphere Programme (IGBP) and International Human
Dimensions Programme on Global Environmental Change
(IHDP) jointly launched the land use/cover change research
project, and LUCC is still one of the core contents of the
Global Land Project (GLP) jointly launched by IGBP and
IHDP in 2005 [2, 3]. Research shows that LUCC not only
affected the terrestrial ecosystembiodiversity, energy balance,
and water cycle but also exerted influence on climate and
social economy [4, 5]. LUCC plays an important role in the
regional and global environmental change, and its effects
can be beyond the time scale through the global land-ocean
interaction [6].

The core part of researches on LUCC includes the driving
force, driving mechanism, effects, and model simulation
of LUCC [7, 8]. In the past decades, scholars of different
fields have paid great attention to LUCC, mainly focusing
on the spatiotemporal change, driving mechanism, eco-
environmental impacts, and simulation of LUCC [8, 9]. The
research on the spatiotemporal analysis of LUCC mainly
focuses on the change in quantity and spatial pattern [10],
while the research on the driving mechanism of LUCC plays
an important role in revealing the basic processes of LUCC
and its driving factors, predicting the future change and
formulating the corresponding policies. Currently, there have
been various models to reveal the mechanism, explore the
driving factors, and simulate the dynamic process of LUCC
[10–15].

The researches on the simulation of LUCC mainly
focused on the models used to forecast the future LUCC,



2 Advances in Meteorology

Table 1: Projected change rates of GDP and population (POP) in China, 2011–2100.

2011–2015 2016–2020 2021–2025 2026–2030 2031–2040 2041–2050 2051–2075 2076–2100

GDP/%
BAU 7.90 7.00 6.60 5.90 5.60 5.50 3.90 2.40
REG 8.30 7.35 6.93 6.20 5.88 5.78 4.10 2.52
CES 7.51 6.65 6.27 5.61 5.32 5.23 3.71 2.28

POP/%
BAU 6.24 4.10 1.67 −0.14 −1.04 −3.99 −5.54 −5.12
REG 6.55 4.30 1.75 −0.13 −0.99 −3.79 −5.26 −4.87
CES 5.93 3.89 1.59 −0.15 −1.10 −4.19 −5.82 −5.38

Note: the data come from references [25–27], and the change rates of GDP were expanded to 2100 according to the historical changing trend. Under the CES
scenario, the rates of population growth rate and GDP increase are 5% lower than that under the BAU scenario, while they are 5% higher under the REG
scenario than the BAU scenario.

which mainly include the empirical statistical model, agent-
basedmodel, methods based on the neighboring relationship
of grids, and dynamic simulation of the land system [11,
16]. The empirical statistical models can be used to extract
the major driving factors of LUCC and explore the reasons
for its spatiotemporal processes. The Conversion of Land
Use and its Effects (CLUE) model and Conversion of Land
Use and its Effects at Small Region Extent (CLUE-S) model
are two representative empirical statistical models [17, 18].
However, there is generally a very large spatial scale and low
resolution used in the simulationwith theCLUEmodel, while
the CLUE-S is mainly applied in the dynamic simulation of
regional land use at small scales [11, 19].The simulation of the
structural change of land use with the Agent-based Model
(ABM) has many advantages, but it generally concentrates
on the small study area [20]. The Cellular Automaton (CA)
simulates the processes of cellular evolution rules, but it
requires a variety of spatial statistical methods to assist in the
detection [21]. Many scholars have tried to explore the land
use change with other methods andmodels, such as the land-
use dynamic degree model [22], the model for identification
of driving forces [23], and the Dynamics of Land System
(DLS) model. The DLS model is capable of simulating the
spatial dynamics of LUCC, and case studies indicate that it
is an effective tool to simulate the process of land use change
[11, 24].

Great achievements have been made in the researches on
LUCC, but it is still far from being able to meet the need to
alleviate and adapt to the global environmental change. One
of the major issues to settle is that there is still no temporal
data and the current research on the driving force of LUCC is
only from simple perspectives; therefore, it is urgent to obtain
the long-term temporal data of LUCC parameters. To solve
this problem, this study simulated the structural change of
land use in China with the Global Change AssessmentModel
(GCAM) and an econometric model with the socioeconomic
factors as the driving forces.Then an econometric model was
set up and used to forecast the built-up area change, and the
changing trend of land use was simulated based on different
scenarios of socioeconomic development.Thereafter the DLS
model was used to forecast the future spatial pattern of LUCC
in China, which can provide temporal underlying surface
data for relevant researches.

2. Scenario Design and Downscaling
Simulation Method

2.1. Scenario Design. In this study, three scenarios were
designed according to the characters of historical socioeco-
nomic development of China, including the Business asUsual
(BAU) scenario, Rapid Economic Growth (REG) scenario,
and Cooperate Environmental Sustainability (CES) scenario.
The BAU scenario mainly reflects the future changing trends
of population and economy, which provides the baseline
trend of land use change. Based on theBAUscenario, theREG
scenario and CES scenario were designed according to the
main risks and the adjustment direction of China’s medium
and long-term development plan. It is assumed that under
the BAU scenario the urbanization and industrialization will
continue, the total factor productivity (TFP) which is on
behalf of the scientific and technological progresswill develop
following the historical development trend, and China’s
population will peak in the 2030s, but the population growth
rate will gradually reduce.TheREG scenario assumes that the
industrial structure adjustment would be smoothly carried
out, and the resource allocation and industrial structure
would be more reasonable, while the speed of economic
growth will keep steady. Under the CES scenario, the popula-
tion growth rate is lower than it is under the BAU scenarios,
the urbanization rate is relatively lower, and GDP would
increase with a lower rate (Table 1).

2.2. Data. The input data used in this study include the
baseline structure land use/cover data and the historical
socioeconomic data used in the GCAMmodel, the historical
socioeconomic data used in the econometric model, and the
baseline land use/cover data and some driving factors data
used in the DLS model.

The baseline data of land use/cover change are derived
from the dataset of National Basic Research Program of
China. With these spatial distribution data, the initial land
use allocation data in 2000 used by GCAM model could
also be obtained. The dataset is originally established with a
1 km× 1 km grid scale using the land use/cover classification
system of the United States Geological Survey (USGS) based
on the remote sensing image and ground information of 2000
(Figure 1). The socioeconomic data include the population,
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Figure 1: Land use/cover data with USGS classification system in
2000 in China.

population density, and growth rate of per capita income,
the proportion of agricultural population, urbanization ratio,
GDP, and price index of oil, gas, coal, and hydropower,
which are obtained from the Statistical Yearbook and other
statistical data. As essential input parameters, they are used
in the GCAMmodel.

The input variables of driving factors in the DLS model
include the natural environment data and social economic
data. The natural environment data include basic geographic
information dataset of climate, location, terrain, and soil
property. The meteorological data used in this study, includ-
ing the near-surface temperature and precipitation, were
all from meteorological stations of China Meteorological
Administration, whichwere interpolated into 1 km resolution
grid data with the Kriging interpolation algorithm, and got
the annual average value of which between 1998 and 2002.
Location data include grid distance data and neighborhood

land use/cover structure data. Among them, the grid distance
data are the distance data of each grid center to the nearest
road (including highway, state roads, provincial roads, county
roads, and other roads), the provincial capital city, cities,
water body, and the port, whichwere extracted and calculated
based on 1 : 250000 basic geographical information data. The
data neighborhood of land use/cover structure was calculated
as the area percentage of the same land use/cover type
with the target grid in the rectangular ranges of the 11× 11
grids surrounding the target grid. Terrain data include slope,
aspect, plain area ratio, altitude, topography, and other data.
The slope and elevation data were extracted based on the
1 : 250000 digital elevation models. The soil attribute dataset
was from the spatial soil attribute data of 1 : 1000000 soil
database built in the second general survey of soil in China
and interpolated with the Kriging interpolation algorithm.
This dataset includes data of loam proportion, organic con-
tent, Nitrogen content, phosphorus content, potassium con-
tent, the content of rapid available phosphorus, the content of
rapid available potassium, and pH value.

2.3. Models. In this study, the GCAM model, econometric
model, and DLS model were used to simulate the land
use/cover data from 2000 to 2100 under the three scenarios.
The formermodel was used to simulate the land use structure
data of 5 categories and the latter one was used to simulate
the spatial distribution of the land cover data of 24 categories
based on the simulated structure data from 2000 to 2100.

The Agriculture and Land Use (AgLU)module of GCAM
and simulated land use change trend data under three
scenarios in the future were used to complete the structure
land use simulation. AgLU module is a dynamic partial
equilibrium economic model, and at the core of the AgLU
model is a mechanism that allocates land among cropland,
grassland, forestry area, and other land and the economic
return from each land use type in each region is maximized.
The three primary drivers of land use change are population
growth, income growth, and autonomous increases in future
crop yields.

As there is no simulation function for built-up area in
the GCAM model, an econometric model was set up and
used to simulate the built-up area. In order to optimize the
simulation results, the coefficients in the econometric model
were calibrated according to the variation of population,
GDP, and urbanization ratio year by year.

The major driving factors in GCAM model are GDP
and population with no urbanization ratio involved in; thus,
urbanization ratio variable should be added. American urban
geographer Northam (1969) has researched the process of
urbanization in various countries in the world [28, 29].
His studies indicated that the process of urbanization was
expressed as an S.Therefore, the equationwas built as follows:

𝑦 =

1

(1 + 𝜕 ⋅ 𝑒
−𝛽𝑡
)

, (1)

where 𝑦 represented the urbanization ratio, 𝑡 represented
time, and 𝜕 and 𝛽 were parameters. It could be deformed as
follows:



4 Advances in Meteorology

ln( 1
𝑦 − 1

) = ln 𝜕 − 𝛽𝑡 (or𝑦
1
= 𝑎
0
+ 𝑎
1
𝑡) . (2)

The urbanization ratio over the years was obtained from
statistical yearbook, and according to which the parameters
𝜕 and 𝛽 in the formula were obtained from the simulation.
Hence, the calculated equation of urbanization was worked
out as follows:

𝑦 =

1

(1 + 4.5748 𝑒
−0.04𝑡
)

. (3)

Afterwards, the impact on built-up area of population, GDP,
and urbanization ratio as socio-economic indicators was
estimated by econometric model as follows:

𝑌
𝑡
= 𝑎
0
+ 𝑎
1
𝑋
1𝑡
+ 𝑎
2
𝑋
2𝑡
+ 𝑎
3
𝑋
3𝑡
+ 𝜀
𝑡
, (4)

where 𝑌
𝑡
stands for the area of built-up area, 𝑋

1𝑡
represents

population, 𝑋
2𝑡
is GDP,𝑋

3𝑡
is urbanization ratio, and 𝛼

0
is

intercept. 𝜀
𝑡
is random error term, which is an independent

random variable from other explaining variables, and it is
assumed to obey normal distribution with zero expectation
and homoscedasticity.

The DLS model is a useful tool to simulate the change
of spatial pattern of regional land use [26, 30]. It was used
to forecast the spatiotemporal pattern of LUCC across the
country in this study. The DLS model presumes that the
change of the land use pattern is influenced by both the
historic land use pattern and the driving factors within the
pixel and neighboring pixels [11].

The DLS model used in the simulation includes three
modules: driving force analysis module, scenario analysis
module, and spatial allocation module. The DLS model
analyzes the balance between supply and demand of land
resources at the grid scale through the spatial allocation
module, which can be used to realize the spatial allocation
of the structural data of land use so as to simulate LUCC
under different scenarios [11, 24].TheDLSmodel provides the
response function about the change of land system structure.
And based on the suitability evaluation of land use type
distribution, the DLS will express the spatial dominant of
the possible scenarios on regional change of land system
structure by estimating the response function. DLS expresses
the difficulty level of the conversion from one land type
to other land types through defining transformation rule.
Spatial allocation module calculates the number of grids to
allocate. As for the grids needing distribution, the model
would calculate the distribution probability of the different
land use/cover types and allocate those.

3. Simulation of the Pattern of LUCC in China

3.1. Simulation Scheme. The simulation scheme is as follows.
The structural data of LUCC were simulated on the basis
of GCAM combined with the econometric model. Then
based on the correspondence table of USGS classification and
GCAM classification (Table 2), the data of demand for each
land use/cover type ofUSGS classification in each year during
2010–2100 were obtained through allocating the land area in

the structural data of LUCC,with the original area percentage
of each land use/cover type in last year as the weight:

𝑙𝑑
𝑖,𝑡+1
=

𝑙𝑑
𝑘,𝑗,𝑡

∑ 𝑙𝑑
𝑘,𝑗,𝑡

× 𝑙𝑑𝑔
𝑗,𝑡
, (5)

where 𝑙𝑑
𝑖,𝑡+1

is the predicted area of the 𝑖th land use/cover
type of USGS classification in year 𝑡+1; 𝑙𝑑𝑔

𝑗,𝑡
is the predicted

area of the 𝑖th land use/cover type of USGS classification in
year 𝑡; 𝑙𝑑

𝑘,𝑗,𝑡
is the predicted area of the kth land use/cover

type of USGS classification, which corresponds to the jth land
use/cover type of GCAM classification in year 𝑡.

3.2. Results. The structural data of LUCC in China in the
future were simulated on the basis of GCAM combined with
the econometric model according to the BAU scenario, REG
scenario, and CES scenario. Then the LUCC in China during
2001–2100 was simulated with the DLS model in this study.
In the future, the land use/cover in China will continually
change with the human activities and climate change, and the
spatial pattern of land use will change as time goes by.

(1) The simulated changes of LUCC. In the study, we
simulated the changes of LUCC in China in the future using
GCAMmodel combined with the econometric model under
the three scenarios (Figure 2).The simulated results show the
changing trends of different land use/cover in three different
scenarios.

On the whole, built-up area, and forestry area will
show an increasing trend under the three scenarios. On
the contrary, cropland, grassland, and water area will show
a decreasing trend under the three scenarios. However,
grassland and forestry area change at the fastest rate under
CES scenario, at the lowest rate under REG scenario, while
other types change at the lowest rate in CES scenario and
fastest rate in REG.

Statistical analysis of the simulation result indicated that
land cover will change as follows. The area of built-up area
will increasemost rapidly during 2000–2100, with the 10-year
increasing rate reaching 3.86%, 5.05%, and 2.98% under the
BAU scenario, REG scenario, and CES scenario, respectively.
The area of built-up area will increase rapidly during 2010–
2060 under the BAU scenario and CES scenario, under
which the 10-year increasing rate reaches 0.54 and 0.44
million ha, respectively. But during the latter period, the 10-
year increasing rate tends to slow down, reaching only 0.15
and 0.08 million ha, respectively. Under the REG scenario
the increasing trend of built-up area tends to be rapid on
the whole during 2010–2100, with the 10-year increasing
rate reaching 0.5 million ha and the total area of built-up
area reaching 5.05 million ha. By contrast, cropland and
water area both show a decreasing trend under all the three
scenarios, especially the REG scenario, under which their
10-year decreasing rates reach 0.23% and 1.28%, respectively.
Under the BAU scenario and CES scenario, the change of
these two land cover types tends to slow down, with their
10-year decreasing rates reaching 0.19% and 0.15%, 1.17%
and 1.03%, respectively. Forestry area shows us that the area
increases to 19.77, 17.74, and 22.79 million ha under the
BAU scenario, REG scenario, and CES scenario, respectively.
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Table 2: Mapping table of land use/cover types of USGS and GCAM classification systems.

ID USGS Code USGS Name GCAM Code
1 100 Urban and built-up land 50
2 211 Dryland cropland and pasture 10
3 212 Irrigated cropland and pasture 10
4 213 Mixed dryland/irrigated cropland and pasture 10
5 280 Cropland/grassland mosaic 10
6 290 Cropland/woodland mosaic 10
7 311 Grassland 30
8 321 Shrubland 20
9 330 Mixed shrubland/grassland 30
10 332 Savanna 30
11 411 Deciduous broadleaf forest 20
12 412 Deciduous needleleaf forest 20
13 421 Evergreen broadleaf forest 20
14 422 Evergreen needleleaf forest 20
15 430 Mixed forest 20
16 500 Water bodies 40
17 620 Herbaceous wetland 40
18 610 Wooded wetland 40
19 770 Barren or sparsely vegetated 30
20 820 Herbaceous tundra 30
21 810 Wooded tundra 30
22 850 Mixed tundra 30
23 830 Bare ground tundra 30
24 900 Snow or ice 40
Note: in the column “GCAM Code”, 10: cropland; 20: forestry area; 30: grassland; 40: water area; 50: built-up area.

Grassland shows a decreasing trend under the BAU scenario,
REG scenario, and CES scenario, with the decreasing rates of
3.12%, 2.67%, and 3.80%, respectively.

(2) The spatial pattern of land use/cover change. The
simulation results indicated that the spatial patterns of land
cover in China under the three scenarios are consistent on
the whole, but with some regional difference (Figure 3). The
spatial pattern of land cover in China in the future is as
follows.The urban and built-up land has special requirement
for location, and the spatial pattern of the built-up land
in the future will show significant regional differentiation
under the joint influence of natural factors, socioeconomic
factors, topographic conditions, and so forth. In the eastern
part of China, the urban and built-up land will continue to
gather in the three major plain regions (i.e., Northeast China
Plain, North China Plain, and Middle-Lower Yangtze Plain),
Yangtze River Delta, and Pearl RiverDelta, and it will show an
expanding trend on the original basis. In the western part of
China, the urban and built-up land will mainly concentrate
in the regions such as Sichuan Basin, Guanzhong Basin,
Hetao Plain, Hexi Corridor, and oases in Xinjiang Province.
While with the implementation of policies to exploit the land
resources on the low hill and gentle slope, the land in hills
with gentle slope, mountains, and plateaus may also become
urban and built-up in the future.

The cropland, such as dryland cropland and pasture,
irrigated cropland and pasture, mixed dryland/irrigated

cropland and pasture, cropland/grassland mosaic, and crop-
land/woodland mosaic, will still be contiguously distributed
in the three major plain regions (i.e., Northeast China
Plain, North China Plain, and Middle-Lower Yangtze Plain),
Sichuan Basin, Hexi Corridor, oases in Xinjiang Province,
and so forth. Besides, it will also gather in some alluvial plains
and regions of the low hill and gentle slope. In addition, in the
marginal areas between cropland, grassland, and forestland,
there may be some farming-grazing or farming-forestry
ecotones, which include various land cover types.

Grassland will be mainly located in Inner Mongolia,
Qinghai-Tibet Plateau in the western part of China. While
in the eastern part of China, grassland will be mainly
distributed in the regions of the low hill and gentle slope, and
it will generally be mixed with cropland or forestland. There
will be great regional heterogeneity of the distribution of
land cover types that mainly include the forestland, such as
shrubland, mixed shrubland/grassland, deciduous broadleaf
forest, deciduous needleleaf forest, evergreen broadleaf forest,
evergreen needleleaf forest, andmixed forest. In the northern
part of China, the forestland will be mainly located in
Northeast China, for example, Greater Khingan Mountains,
Lesser Khingan Mountains, Changbai Mountains, and
Liaodong Basin. While in the southeast part (e.g., Lingnan
area, Taiwan), southwest part (e.g., the Yunnan-Guizhou
Plateau, Sichuan Basin and Guangxin Province), and
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Figure 2: Simulated changes of LUCC area (measured in million ha) in China, 2010–2100.

the forestland will be mainly distributed in the regions of
hills and mountains.

Some land use/cover types, including water bodies,
herbaceous wetland, and wooded wetland, will still remain
in the original regions but will show a shrinking trend on the
whole on the original basis. In spatial pattern, there will be
more of these land use/cover types in the eastern part and less
in the western part; more in the southern part and less in the
northern part. Savanna, herbaceous tundra, wooded tundra,

and bare ground tundra will be located in the Alpine regions
of Himalaya Mountains. There is no mixed tundra in China.

Snow or ice will be mainly distributed in the regions
above the snow line in the high mountains (Tianshan Moun-
tains, Qilian Mountains, Kunlun Mountains, and Himalaya
Mountains) in the southwest and northwest part of China.
Barren or sparsely vegetated land will mainly gather in the
arid desert areas centering on Taklimakan Desert in Tarim
Basin, Qaidam Basin, and so forth. In the northwest part of
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Figure 3: Simulated spatial pattern of LUCC in China in 2010, 2050, and 2100 under the Business as Usual scenario (a), Rapid Economic
Growth scenario (b), and Cooperate Environmental Sustainability scenario (c).
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China, including the Alpine arid regions in Qinghai-Tibet
Plateau, middle part of Inner Mongolia, northwest part of
Gansu Province, and so forth.

4. Conclusions and Discussion

In this study, three scenarios of the future LUCC in China
were designed on the basis of the trends of the future socioe-
conomic development and national policies (e.g., Grain for
Green). This study predicted the future land use change in
China on the basis of GCAM and the econometric model
with the socioeconomic factors as the driving forces. The
future spatial pattern of land use/cover in China under the
three scenarios was simulated with the DLS model and
its spatial and temporal change were finally analyzed. The
simulation results showed that the spatial pattern of land
use/cover in China under the three scenarios is consistent
on the whole, but with some regional difference. The result
can provide some reference to the methodology research on
the prediction of LUCC in the future. Besides, the simulation
results based on different scenarios reflect the spatial pattern
of land use/cover of China in the future to some extent, which
have important policy implications and scientific supporting
on land use planning and sustainable development of the
society and can provide the input underlying surface data for
the climate models.

There are still some uncertainties in the results of the
scenario simulation of future land use/cover change due
to the uncertain driving factors since the land system is a
complex system that is closely associated with the human
society and natural conditions. Besides, this study used the
land use/cover classification system correspondence from the
GCAM model with 5 categories of classification into USGS
with 24 categories, which also lead to the risk of uncertainties.
Therefore, the simulation results cannot represent the actual
change of area of different land use/cover types and their
spatial pattern, but they can still make good sense in the
reasonable confidence interval to a certain extent due to
the robustness of the model. It is necessary to continuously
improve the model in the future researches in order to obtain
higher simulation accuracy and more reasonable simulation
results. In addition, more attention should be paid on the
full application of the simulation results in order to make
relevant planning more reasonable according to the needs of
the socioeconomic development in further researches.
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This study first tested and verified the ability of the Weather Research and Forecasting (WRF) model to simulate the near-surface
temperature in the North China Plain.Then the static land cover data in theWRF were replaced, and thereafter the modifiedWRF
model was used to explore the impacts of land cover change on the near-surface temperature in the North China Plain in year 1992
and year 2005. The results indicated that the land cover change in the North China Plain, which was characterized by the regional
urbanization, had led to significant changes in the near-surface temperature, increasing the regional near-surface temperature by
0.03∘C/year on average. The spatial pattern of the climate change basically corresponded to that of the land cover change; for
example, the temperature increased most significantly in the regions mainly consisting of cities and built-up area. Besides, there
were some variations in the degree and range of influence of the land cover change on the temperature among seasons. The result
can provide important theoretical support for the adaptation to climate change, scientific land cover change management, and land
use planning.

1. Introduction

More and more attention has been paid to the influence
of human activities on the climate system in recent years
as great progress has been made in the researches on the
global climate system and environmental change. IPCC AR4
pointed out that the human activities may account for 90%
of the reasons for the global warming. There is very complex
influence of human activities on the climate, with the land
use/cover change (LUCC) being considered as the major
influencing factor in the climate system [1]. The LUCC
influences the climate system at various temporal and spatial
scales, and the land use change has contributed to 1/3 of the
increase in global CO

2
emission since the 1750s. Besides, a

lot of observations and simulation experiments also indicate
that the LUCC at various spatial scales has been one of
the most important approaches through which the human
activities exert influence on the climate [2–4]. The LUCC

mainly influences the climate at the local, regional, and
global scales by changing the land surface characteristics,
altering the exchange of energy, water, and other materials
between the land surface and the atmosphere and influencing
other biogeochemical processes. There is great variation in
the biogeochemical mechanism through which the LUCC
influences the climate in different regions; the climate change
caused by LUCC is mainly through the land-atmosphere
interaction and is closely related to the regional climate and
environmental background, terrain, vegetation, and so forth.
Therefore, it is of great importance to study the influence of
LUCC on the regional climate.

TheNorth China Plain has been selected as the study area
in this study. First, it has long been one of the most densely
populated regions in China; the current regional city density
is still very high and the industries and agriculture are well
developed. The rapid economic development and increasing



2 Advances in Meteorology

WRF terrestrial data
(land use, soil, etc.)

Gridded data

Metgrid data

REAL.EXE
Simulated data (temperature, 

precipitation etc.)

WPS

WRFV3

POST POST module ARW POST (GrADS/Vis5D)

Figure 1: WRF flow chart.

population have led to very dramatic land cover change in
this region, and the human disturbance to the environment is
especially significant, which greatly influences the sustainable
development of the whole China. Second, the North China
Plain is a typical area of the monsoon climate as well
as the transient region between the humid and subhumid
region and the arid and semiarid region. On the one hand,
the plain agriculture can be sustained for a long time due
the local climatic conditions. On the other hand, the local
climatic conditions also lead to more frequent droughts,
make the agricultural production extremely unstable, and
consequently may lead to greater economic loss and more
extensive social influence.Therefore, it is of great importance
to study the influence of LUCC on the climate in the North
China Plain.

This study first tested the ability of the Weather Research
and Forecasting (WRF) model to simulate the change of the
near-surface temperature in the North China Plain, based
on which the static land cover data in the WRF were then
replaced. Thereafter the modified WRF was used to study
the influence of the land cover change on the near-surface
temperature in the North China Plain in year 1992 and year
2005.The result can contribute to better understanding of the
influencing factors of the climate in the North China Plain
so as to minimize the negative influence and maximize the
positive influence on the regional climate, which is helpful to
the scientific regional land use planning and management in
China in the future.

2. Model Introduction and Experiment Design

2.1. Model Introduction. With the development of the atmo-
spheric models and land surface process models, the numer-
ical simulation has become a widely used approach to study
the influence of climate on vegetation. The regional climate
model used in this study, WRF model, has been widely
used in the global climate and achieved good simulation

result [5–9]. The WRF model is a next-generation mesoscale
numerical weather prediction system designed to serve both
atmospheric research and operational forecasting needs. The
ARW-WRF (Edition 3.3) has been used in this study.

ARW-WRF includes three parts: WRF Preprocessing
System (WPS), WRFV3, and POST (Figure 1). The WPS
program is used primarily for real-data simulations. Its
functions include (1) defining simulation domains, (2) inter-
polating terrestrial data (such as terrain, land use, and soil
types) to the simulation domain, and (3) degribbing and
interpolatingmeteorological data from another model to this
simulation domain. Its main features include (1) GRIB 1/2
meteorological data from various centers around the world;
(2) USGS 24 category land datasets; (3) map projections
for polar stereographic, Lambert Conformal, Mercator, and
latitudelongitude; (4) nesting; (5) user-interfaces to input
other static data as well asmet data.WRFV3 runs and exports
simulated data, including temperature, precipitation, and so
forth. POST part converts the results and makes the outputs
visualized.

ARW offers multiple physical parameterization schemes
that can be combined in any way. The options typically
range from simple and efficient to sophisticated and more
computationally costly and from newly developed schemes
to well-tried schemes such as those in current operational
models. Table 1 lists some schemes.

2.2. Experiment Design. The location and size of the simula-
tion area have great influence on the simulation result [10, 11].
The center line of the simulation area was set to be 36∘N and
117∘E in this study. The Lambert projection was used, with
the two standard parallels being 26∘N and 46∘N, respectively.
The spatial resolution was set to be 20 km, and there were 112
grid points in the east-west direction and 97 grid points in the
north-south direction in the whole simulation area.

The lateral boundary forcing data came from theNational
Centers for Environmental Prediction (NCEP)/FNL dataset
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Table 1: Physical parameterization schemes.

Physical parameters Schemes

Microphysics Kessler, Lin et al., WRF
Single-Moment 3-class

Cumulus
parameterization

Kain-Fritsch, Grell-Devenyi ensemble
scheme, Betts-Miller-Janjic

Shortwave radiation Dudhia (MM5), CAM scheme,
Goddard

Longwave radiation RRTM, CAM, GFDL
Planetary boundary layer MRF, MYJ, YSU

Land surface
5-layer thermal diffusion, Noah Land
Surface Model, RUC Land Surface
Model

and were updated every 6 hours. This dataset has the spatial
resolution of 1∘×1∘ and the vertical height of 27 layers, and it
has been established and updated since July of 1999 with the
data assimilation of almost all kinds of observation data (e.g.,
remote sensing data and ground-based observation data). In
comparison to the datasets of NCEP I, NCEP II, and EAR40,
the NCEP/FNL dataset has higher accuracy and spatial
resolution, and it includes more kinds of environmental
variables.

In the parameterization scheme of physical processes in
the model, the cumulus parameterization scheme adopted
the Grell-Devenyi ensemble scheme, the boundary layer
process schemewasYSU, and the shortwave radiation scheme
was the CAM scheme, while the land surface process scheme
was Noah Land Surface Model. The boundary buffer was set
to be 4 layers of grid points, and the boundary conditions
adopted the relaxation scheme. The time interval of the
model integration was set to be 5 minutes, and that of the
radiation process and cumulus convection was 30 minutes
and 5 minutes, respectively. There were 27 layers in the
vertical direction and the atmospheric pressure at the top
layer was 50 hPa.

The test scheme in this study is designed as follows
(Table 2). In order to analyze the impact of land cover
change on climate and reduce data errors, the land cover
data used in this study were extracted from the Chinese
subset of the Global Land Cover Characteristics database
which was developed based on the AVHRR data with the
support of IGBP-DIS in 1992 and the China subset of the
MODIS land cover data product in 2005. The two datasets
both adopt the IGBP classification and the time span is
relatively large. The land cover dataset of 1992 is downloaded
from land cover products of China on the website of Cold
and Arid Regions Science Data Center. And the dataset of
2005 is extracted from the Chinese subset of the MODIS
land cover data product in 2005 which is downloaded from
ftp://e4ftl01.cr.usgs.gov/MOTA/. There were two sets of tests;
one was the control test and the other was the sensitivity test,
the difference between which was related to the land cover
types of the underlying surface. The land cover data of 1992
was used in the control test and that of 2005 was used in
the sensitivity test. In addition to replacing land cover data,
the other input parameters and the parameterization scheme

Table 2: Schemes of the simulation test.

Test Test period Land cover data used in
the WRF model

Control test 2005.10–2007.12 Land cover data of 1992
Sensitivity test 2005.10–2007.12 Land cover data of 2005

of the physical process are the same in the two tests. They
were both implementedwith the climate forcing data between
October of 2005 and December of 2007.

3. Data Processingb

3.1. Processing of LandCover Data. It is necessary to reclassify
the land cover data with the USGS land cover classification
which includes 24 land cover and land use types and set the
spatial resolution to be 20 km according to the requirement of
the WRF model. Therefore, the land cover data of the IGBP
land cover classification were first reclassified with the USGS
land cover classification system, and then the spatial resolu-
tion of the data was converted from 1 km to 20 km. The two
datasets both have the spatial resolution of 1 km and adopt
the IGBP classification. On the basis of the data of the IGBP
land cover classification, we formulated the transformation
method from the IGBP land cover classification to the USGS
land cover classification (Table 3) and established the land use
and land cover dataset of the USGS classification of the North
China Plain.

The LUCC data were further upscaled on the basis of the
data mentioned above so as to embed the high resolution
underlying surface data into the large-scale climate model. In
this study, the 1 km resolution land cover and land use data of
USGS classification were upscaled into the 20 km resolution
data with the resampling function of ArcGIS. Besides, the
three kinds of data were integrated in a system of 7 land
cover types, and their area consistency and spatial consistency
were analyzed so as to check the change of the classification
accuracy of the land cover and land use data before and after
the reclassification and upscaling. The total area difference
between the land cover data that were reclassified and
upscaled and the initial data was presented in Table 4. It
indicated that there was no significant difference in the total
area of each land cover type before and after reclassification
and upscaling and the total area was consistent on the
whole, indicating that the reclassification and upscaling were
reasonable.

There was a high overall consistency between the 1 km
resolution initial data of the IGBP classification and USGS
classification in year 1992 and year 2005, except the slight
difference in the total area of grassland, water bodies, and
unused land. Besides, the 20 km resolution data of USGS
classification differed fromboth of the other two kinds of land
cover data. The result of the comparison between the initial
data and the upscaled USGS data of year 1992 indicated the
area of irrigated cropland and pasture, grassland, and water
bodies decreased by 2.69%, 7.78%, and 41.42%, respectively,
while the area of dryland cropland and pasture, deciduous
broadleaf forest, urban and built-up land, and unused land
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Table 3: Remapping tables of land-cover and land-use classification.

USGS land cover classification Correspondence IGBP land cover classification
01 Urban and built-up land 14←01 01 Evergreen needle leaf
02 Dryland cropland and pasture 13←02 02 Evergreen broadleaf
03 Irrigated cropland and pasture 12←03 03 Deciduous needle leaf
04 Mixed dryland/irrigated cropland and pasture 11←04 04 Deciduous broadleaf
05 Cropland/grassland mosaic 15←05 05 Mixed forest
06 Cropland/woodland mosaic 08←06 06 Closed shrublands
07 Grassland 09←07 07 Open shrublands
08 Shrubland 08←08 08 Woody savannas
09 Mixed shrubland/grassland 10←09 09 Savannas
10 Savanna 07←10 10 Grasslands
11 Deciduous broadleaf forest 17←11 11 Permanent wetlands
12 Deciduous needle leaf forest 02←12 12 Croplands
13 Evergreen broadleaf forest 01←13 13 Urban and built-up
14 Evergreen needle leaf forest 05←14 14 Cropland mosaics
15 Mixed forest 24←15 15 Snow and ice
16 Water bodies 19←16 16 Bare soil and rocks
17 Herbaceous wetland 16←17 17 Water bodies
18 Wooded wetland
19 Barren or sparsely vegetated
20 Herbaceous tundra
21 Wooded tundra
22 Mixed tundra
23 Bare ground tundra
24 Snow or ice

Table 4: Comparison table of area percentage (%) of each land-cover and land-use types among various kinds of classification systems.

1992 2005
IGBPa USGSb USGSc IGBPa USGSb USGSc

Irrigated cropland and pasture 4.09 4.09 3.98 3.87 3.87 3.62
Dryland cropland and pasture 66.11 66.11 66.52 64.52 64.52 65.43
Deciduous broadleaf forest 6.48 6.48 6.51 6.55 6.55 6.06
Grassland 7.07 7.37 6.52 6.79 6.78 7.96
Water bodies 3.09 2.00 1.81 3.27 2.43 2.08
Urban and built-up land 12.34 12.34 12.57 14.46 14.46 13.76
Unused land 0.82 1.61 2.08 0.54 1.39 1.09
Total 100 100 100 100 100 100
Note: arepresents the 1 km resolution data of IGBP classification, brepresents the 1 km resolution data of USGS classification, and crepresents the 20 km
resolution data of USGS classification.

increased by 0.62%, 0.46%, 1.68%, and 153.66%, respectively.
By contrast, that of year 2005 indicated the area of irrigated
cropland and pasture, deciduous broadleaf forest, water
bodies, and urban and built-up land decreased by 6.46%,
7.43%, 36.35%, and 4.87%, respectively, while the area of
dryland cropland and pasture, grassland, and unused land
increased by 1.41%, 17.29%, and 101.11%, respectively.

The errormatrixwas used to assess the spatial consistency
between the initial data and the data after reclassification in
this study. The result indicated that the consistency of the
land cover types except the unused land all exceeded 95%
(Table 5).The consistency of the urban and built-up land was

the highest, reaching 99.25%, followed by that of dryland
cropland and pasture, which was 98.76%. The overall con-
sistency reached 96.84% and the Kappa coefficient was 0.95,
indicating the reclassification result had high classification
accuracy.

3.2. Processing of Meteorological Data. The observation data,
which were used to make a comparison with the simulated
temperature in this study, came from the meteorological
stations in the North China Plain. The meteorological data
of the same period (January 2006–December 2007) of the
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Table 5: Error matrix of accuracy assessment for reclassifying land-cover and land-use types.

Irrigated cropland
and pastureb

Dryland cropland
and pastureb

Deciduous
broadleaf forestb Grasslandb Water

bodiesb
Urban and

built-up landb Unused landb

Irrigated cropland
and pasturea 97.32 0.32 2.04 0.02 0.15 2.88 0.03

Dryland cropland
and pasturea 0.23 98.74 3.43 2.02 0.05 3.2 0.2

Deciduous
broadleaf foresta 0.54 0.04 96.45 4.43 0.23 0.3 0.22

Grasslanda 0.34 0.26 5.23 93 0.4 0.54 0.17
Water bodiesa 0.37 0.24 0.01 0.05 97.78 0.27 0.23
Urban and built-up
landa 0 0 0 0 0 99.25 0

Unused landa 0.02 0.1 0.07 0.12 0.14 0.69 90.86
Note: a,brepresent land-cover and land-use types before and after reclassification.
Overall accuracy = 96.84%, Kappa coefficient = 0.9503.

simulation were used in this study. The 20 km resolution
temperature data were obtained by interpolating themonthly
average temperature data from the 57meteorological stations
in the North China Plain with the Kriging interpolation
method.

4. Results

4.1. Characteristics of Land Cover Changes in the North China
Plain during 1992–2005. Figure 2 shows the LUCC of the
North China Plain, which was obtained by reclassification
and upscaling of high resolution data.Themap shows that the
plain regionwas dominated by cropland, which accounted for
70% of the total area of the North China Plain. The irrigated
croplandmainly concentrated in the northern part of Jiangsu
Province and the southwestern part of Shandong Province.
The deciduous broadleaf forest and grassland were mainly
distributed in the mountainous and hilly areas, sea beaches,
banks of lakes and rivers, and so forth. The deciduous
broadleaf forest was mainly distributed along the southern
part of Yanshan Mountain, eastern piedmont of Taihang
Mountain, northern piedmont of Tongbai Mountain, and
DabieMountain.While the grasslandmainly concentrated in
the hilly areas and coastal areas in Shandong Province. The
urban and built-up land was scattered in the whole North
China Plain and accounted for about 14% of the total land
area.

TheLUCCdata of theNorthChina Plain in 1992 and 2005
were overlaid to further analyze the conversion and inner
change of each land cover type. The result indicated that the
LUCC was mainly characterized by the increase in the urban
and built-up land and decrease in the dryland cropland, the
changing rate of which reached 2.12% and 1.59%, respectively.
By contrast, the changing rates of other land cover types
were not more than 0.5%. The result indicated that the
newly increased urban and built-up land was mainly located
in the Beijing-Tianjin-Tangshan zone and around large and
medium-sized cities such as Shijiazhuang, Zhengzhou, Ji’nan,
Qingdao, and Lianyungang; besides, the newly increased

urban and built-up land mainly was converted from the
dryland cropland, accounting for 60.55% of the conversion
from the dryland cropland (Figure 3).

4.2. Ability of the WRF Model to Simulate the Temperature
Change in the North China Plain. The test result obtained
with the standard WRF model was first compared with the
ground-based observation data to assess the ability of the
WRF model to simulate the climate in the North China
Plain. The daily average temperature was calculated as the
average value of the temperature at 00:00, 06:00, 12:00, and
18:00 so as to keep it consistent with the ground-based
observation criteria.The result indicates that theWRFmodel
can simulate the spatiotemporal change of temperature very
well (Figure 4). According to the monthly change of the daily
average temperature in the whole study area, the highest
temperatures in the observation data and simulation data
both appear around July, and the lowest temperatures in the
observation data and simulation data both appear around
January. The decreasing rate of the temperature during
September and November is a bit higher than that during
March and May; that is, the temperature decreases a little
more quickly in the autumn than it increases in the Spring.

According to the spatial pattern of the daily average
temperature in February and August, the simulation data
and the ground-based observation data both indicate that the
temperature is lower in the north part and higher in the south
part, it is colder in the mountainous area and warmer in the
plain area in the regions at the same latitude, and it is warmer
in the inland region than in the coastal region. For example,
the temperature difference between the Fuyang observation
station in the extreme north and the Zunhua observation
station in the extreme north is as high as 5∘C in February
and 2-3∘C in August. While that between the Chengshantou
observation station in the extreme east and the Shijiazhuang
observation station in the extreme west is 1–1.5∘C and 0.2–
0.3∘C, respectively (Figure 5).

There is still some difference between the observed and
simulated temperatures; that is, the simulated temperature is
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Figure 2: The LUCC map after upscaling in 1992 and 2005.
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Figure 3:Map of the unchanged and newly increased urban and built-up land (a) andmap of the unchanged and decreased dryland cropland
(b).
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Figure 4: Comparisons of simulated and observed values of the
monthly average temperature at 2 meters above the ground.

lower than the observed temperature on the whole. The one
reason is that there is systematic error in the WRF model.
When simulating the surface temperature of East Asia with
the regional climate model, cold deviation is a widespread
phenomenon.

The annual daily average temperature of the 57 obser-
vation stations is 14.19∘C on average, while the simulated
value is 12.74∘C. According to the monthly temperature
change, the simulated value is lower than the observed
value in most months except November and December, and
the maximum difference between them reaches 3.34∘C in
August. By contrast, the data of the seasonal temperature
change suggests that the simulated temperature is lower than
the observed temperature in all seasons. The difference is
most significant in the summer, reaching 2.68∘C, while it
is relatively small in the spring, autumn, and winter, being
1.67∘C, 0.99∘C, and 0.44∘C, respectively (Table 6).

There are also some differences in the spatial patterns
of the observed and simulated temperatures. In comparison
with the observed temperature, the simulated temperature
is higher in the mountainous area and lower in the plain
area. For example, there is a large difference between the
observed and simulated daily average temperature in Febru-
ary and August. There are 49 observation stations with
significant difference between the observed and simulated
daily average temperatures (reaching the significance level of
95%) in February, of which 39 stations have the simulated
value 2.00∘C lower than the observed value on average.
While the simulated temperature of the other 10 observatio
while the observation stations n stations is 1.09∘C higher
than the observed temperature on average. The observation
stations with the lower simulated temperature are mainly
located in the middle part of Hebei Province and Shandong
Province, while that with the higher simulated temperature
mainly concentrates in the eastern piedmont of Taihang
Mountain and inner part of Henan Province. By contrast,
the differences between the observed and simulated daily
average temperatures in August in 42 observation stations
reach the significance level. The simulated value of the 17
out of the 42 observation stations is 0.51∘C lower than the
observed value on average, while the simulated temperature
of the other 25 observation stations is 0.98∘C higher than

the observed one on average. The observation stations with
the lower simulated temperature aremainly located in Henan
Province and Hebei Province, while the observation stations
with the higher simulated temperature mainly concentrate in
the hilly area in Shandong Province and the Beijing-Tianjin-
Tangshan zone (Figure 6).

In summary, the analysis mentioned above indicates that
theWRFmodel can simulate the seasonal change and spatial
pattern of temperature in the North China Plain very well.
Although there is some difference between the observed and
simulated value, with the simulated temperature being lower
than the observed temperature on the whole, there is no
significant difference in the spatial patterns of the observed
and simulated temperatures on the whole.There is only some
large difference in very few areas, indicating that the WRF
model has a great advantage in the simulation of the climate
in the plain area.

4.3. Analysis of Test Results. The LUCC in the North China
Plain, which was characterized by the regional urbanization,
had led to some change of the near-surface temperature.
The annual average temperatures in the control test and
sensitivity test were 14.61∘C and 14.64∘C, respectively. The
LUCC in the North China Plain made the regional near-
surface temperature increase by 0.03∘C/year. All the months
except January and June were characterized by a temperature
increase during 1992–2005. Besides, the LUCC in the North
China Plain also led to an increase in the near-surface
temperature in all the seasons, among which the temperature
increment was the highest in the summer and the lowest
in the winter, reaching 0.05∘C and 0.02∘C, respectively. The
monthly and seasonal temperature differences in the control
test and sensitivity test were as shown in Figure 7.

The spatial patterns of the temperature increase are
consistent in the spring and autumn on the whole, both
indicating a significant temperature increase in the North
China Plain (Figure 8). The amplitude of the temperature
increase is relatively small in the spring (generally around
0.03∘C), while it is very large in the autumn (above 0.04∘C
on average). The temperature increases most greatly in the
summer, increasing by 0.05∘C/year on average, exceeding
0.1∘C in the Circum-Bohai-Sea region, and reaching 0.2∘C in
the Beijing-Tianjin-Tangshan zone. Besides, there are much
wider regions with a significant temperature in the summer
than in the other three seasons. Although the temperature
increases in the winter on the whole, it still decreases in most
regions, especially in the Yanshan Mountain, Circum-Bohai-
Sea region, Shandong Peninsula, and so forth.

The spatial pattern of the seasonal temperature change
corresponded to that of the LUCC on the whole. The tem-
perature generally increased in the regions where the urban
and built-up land increases. The temperature increment was
very high in these regions, and the degree and range of
influence of the temperature increase varied very significantly
among seasons. Taking the Beijing-Tianjin-Tangshan zone as
an example, the temperature increment was very large and
the range of the influence of the temperature rise was very
wide in the summer in this region. The regional temperature
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Figure 5: Simulated value of the daily average temperature in the North China Plain in February and August.

Table 6: Simulated and observed values of the seasonal average temperature at 2 meters above the ground surface in the North China Plain
(unit: ∘C).

Winter Spring Summer Autumn
Simulated value 0.89 12.76 23.03 14.27
Observed value 1.33 14.43 25.72 15.27
Difference between simulated value and observed value 0.44 1.67 2.68 0.99

increased by 0.06–2.8∘C in the summer, and the temperature
change due to expansion of the urban and built-up land
influenced a wide area around the Beijing-Tianjin-Tangshan
zone. The temperature increment was largely the same in
the spring and autumn, reaching 0.03–3∘C. However, the
temperature rise mainly influenced Beijing and Tianjin in
the spring and Beijing and some area in the north part of
Hebei Province in the autumn. The temperature rise was
only obvious in the regions where the urban and built-
up land increased, while in other regions the temperature
generally decreased by 0.01–0.06∘C, which might be because
the wind velocity was generally very high in the north China
in the winter and consequently reduced the temperature rise
resulting from the increase in urban and built-up land [12, 13].

The temperature changes most greatly in the urban and
built-up land among all the land cover types in the North
China Plain (0.1∘C/year), followed by the irrigated cropland
and pasture (0.06∘C/year), while the temperature increases
most slightly in the grassland, with an increment of only
0.01∘C/year (Figure 9).The result is largely consistent with the
result of the research of Lim et al. [14], in which the climate

in the northern hemisphere was simulated with the “CRU-
NNR” model at the 5∘ × 5∘ resolution (the OMR trend value
of the urban and built-up land, crop land, broadleaf forest,
and bare land was 0.034∘C/year, 0.02∘C/year, 0.002∘C/year,
and 0.02∘C/year, resp.). However, the simulated result is
still somewhat higher, which may be because the ERA40
reanalysis indirectly included the ground-based observation
data and consequently made the OMR trend values smaller
than the results obtained with the numerical simulation.

The vegetation plays an important role in influencing
the near-surface temperature. For example, one of the main
reasons for the near-surface temperature changes in different
land cover and land use types is the amount and density of
the vegetation. On the whole, the better the vegetation cover
is, the less the temperature riseis. It may be because there
is very little evaporation in the barren land, and the land
surface heat mainly gets into the atmosphere in the form
of sensible heat. By contrast, there is higher soil humidity
in the densely vegetated land, which makes the land surface
heat mainly get into the atmosphere in the form of latent
heat and consequently reduces part of the temperature rise
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Figure 6: Difference between the observed and simulated daily average temperature in the North China Plain in February and August.
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Figure 7: Monthly and seasonal temperature differences in the
control test and sensitivity test.

of the land surface. In addition, the heat island effect in
the urban region also leads to the rise of the near-surface
temperature. By contrast, the temperature increment is less
in the water bodies, mainly because the specific heat capacity
of water bodies is very large, which makes the temperature
increase very slowly and consequentlymakes the near-surface
temperature lower [15]. Moreover, there is great difference
between the irrigation intensities of the dryland cropland
and irrigated cropland, which leads to great difference in the
physical characteristics of them and consequently makes the
temperature increments differ greatly.

The change of the average near-surface temperature
corresponding to each kind of land cover change was
summarized in this study. The following figure shows the
temperature change in the eight major types of land cover
change that involve a large area of land (Figure 10).The result
showed that the conversion from dryland crop to forest and
built-up land made the near-surface temperature increase
by 0.13∘C/year, while the conversion from dryland crop to
grassland made the near-surface temperature decrease by
0.1∘C/year. By contrast, the other conversion types only made
the near-surface temperature increase by 0.01–0.04∘C/year.

The conversion from croplands to built-up lands can
lead to the changes in the roughness and albedo of the
land surface, further cause the change in the radiation flux
of the land surface, and consequently make the regional
near-surface temperature increase. Besides, changes of the
underlying surface due to the urbanization can alter the
physical processes such as the energy balance of the land
surface, lead to the “five island effects” (i.e., dark islands, heat
islands, dry islands, wet islands, and rain islands), decrease
the wind velocity and result in the variable city climate, and
consequently influence the structure and development of the
boundary layer and change the climate in a large area. More-
over, the conversion from grasslands to dryland croplands
can decrease the albedo of the land surface, increase the
net radiation of land surface, and consequently make the
sensible heat increase and lead to the increase of the daily
average temperature. The conversion from dryland cropland
to forestmakes the near-surface temperature increase,mainly
because agricultural irrigation can usually make the evapo-
transpiration and air humidity increase, which leads to the
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Figure 8: Difference between the near-surface temperature in the four seasons in the sensitivity test and control test (Unit: ∘C).
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Figure 10: Change of the near-surface temperature corresponding to each type of land cover change.

increasing of the dew point temperature (when the pressure
is 1000 Pa, Dew point temperature rising of 1∘C is equivalent
to temperature increasing of 2.5∘C).

5. Conclusion and Discussion

The regional climate model, the WRF model, was used to
study the impacts of land cover change on the near-surface
temperature in the North China Plain on the basis of the land
cover data of theNorthChina Plain in year 1992 and year 2005
in this study.The land cover change in the North China Plain
during 1992–2005 was mainly characterized by the increase
in urban and built-up lands and the decrease in dryland
croplands. The urban and built-up lands increased by 2.12%,
and the dryland cropland decreased by 1.59%, while other
land cover types changed by no more than 0.5%. Besides, the
newly increased urban and built-up land was mainly located
in the Beijing-Tianjin-Tangshan zone and around large and
medium-sized cities such as Shijiazhuang, Zhengzhou, Ji’nan,
Qingdao, and Lianyungang. In addition, the newly increased
urban and built-up land mainly was converted from the
dryland cropland and accounted for 60.55% of the conversion
from the dryland cropland during this period.

The WRF model can reflect the seasonal change and
spatial pattern of the near-surface temperature in the North
China Plain very well, although there is some difference
between the observed and simulated values, with the sim-
ulated temperature being a little lower on the whole. There
is no significant difference in the spatial patterns of the
observed and simulated temperatures on the whole, except
some slightly large difference in few areas.The result indicates
that theWRFmodel has a substantial advantage in simulating
the climate in the plain area. The land cover change in
the North China Plain, which was mainly characterized
by the regional urbanization, has caused significant change
of the near-surface temperature. It led to a regional near-
surface temperature increment of 0.03∘C/year. Besides, the
spatial pattern of the temperature change corresponded to
that of the land cover change on the whole; that is, the
temperature mainly increased significantly in the regions
where the urban and built-up land expanded; In addition,

the degree and range of the influence of the temperature
rise varied greatly among seasons. The temperature changed
most significantly in the urban and built-up land (0.1∘C/year),
followed by the irrigated cropland and pasture (0.06∘C/year).
The temperature generally changed by 0.02–0.05∘C/year in
the forest, water bodies , and dryland cropland and pasture,
and it changed most slightly in the grassland (0.01∘C/year).
Among all the types of land cover change that involved a
large land area, the conversion from dry land into forest and
built-up land led to the greatest near-surface temperature
increment, reaching 0.13∘C/year. While the conversion from
dry land and pasture into grassland made the near-surface
temperature decrease by 0.1∘C/year. By contrast, the other
conversions only made the near-surface temperature change
by 0.01–0.04∘C/year.

Different types of land cover differ greatly in the physical
characteristics, chemical processes, and biological processes,
which lead to the significant differences in the energy budget
and water budget of the land surface and consequently have
different impacts on the regional climate change. In compar-
ison to the increase in the greenhouse gases that has a global
influence, the land cover changes exert more influence at
the regional scale.The land-atmosphere feedback can change
the albedo and soil moisture, alter the evaporation process,
and consequently influence the response of the regional near-
surface temperature to the increase in the greenhouse gases.
Generally, the better the vegetation cover is, the less the
temperature riseis. For example, the urban heat island effect
in the urban regions where there is less vegetation will lead to
greater increase in the near-surface temperature. Besides, the
temperature increment in the water bodies is generally lower
and consequently leads to a lower near-surface temperature
since the water has a large specific heat capacity and its
temperature generally increases more slowly. In addition,
the significant difference between the irrigation intensities
of the dryland cropland and that of the irrigated cropland
also leads to great difference in their physical characteristics
and consequently makes their temperature increments differ
greatly. Moreover, the change of the underlying surface due
to the urbanization can alter the physical processes such
as the energy balance of the land surface and consequently
lead to the climate change in a large area; for example, the
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conversion from the cropland to the urban and built-up land
can change the roughness and albedo of the land surface and
consequently cause the change in the radiation flux of the land
surface and lead to significant increase in the regional near-
surface temperature.

There are still some uncertainties in the research on
the climatic effects of the land cover change, so it is still
necessary to carry out more in-depth researches on a series
of issues such as the improvement of the climate model and
the reclassification method of the land cover change data,
especially the land cover data. Since this study is preliminary,
there are still some deficiencies as follows. First, there is still
some difference between the upscaled land cover data and
the initial data, which leads to some uncertainties in the
simulated climatic effects of the land cover change. Second,
the result may change if the calculus of the data of a long
period is carried out since the study of the impacts of the land
cover change on the temperature in the North China Plain
is based on the sensitivity test of the numerical integration
of the data of only two years in this <study. In addition,
there are some uncertainties in the result since there are
various feedbacks within the climate system. In view of these
deficiencies, on the one hand, it is necessary to try more
methods to upscale the data so as to reduce the influence of
the errors in the data conversion. On the other hand, it is
necessary to extend the integration time so as to guarantee
the certainties of the simulation result.
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modeling study of air pollution modulation through land-use
change in the Valley of Mexico,” Atmospheric Environment, vol.
36, no. 14, pp. 2297–2307, 2002.
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China, as a large agricultural country as well as amajor country with great demand for grain, has played amore andmore important
role in the international grain market. As Northeast China is one of the major commodity grain bases in China as well as one of the
regions with the highest intensity of human activities, it plays an important role in influencing the global food security. This study
first generally analyzed the cultivated land reclamation and the climate change of temperature and precipitation in Northeast China
during 2000–2010. Then, on the basis of these data, the climatic effects of cultivated land reclamation in Northeast China during
2030–2040 were simulated by the weather research forecast (WRF) model. Finally, the possible effects of the climate change on the
grain yield and the potential influence on the food security were analyzed. The simulation result indicated that the temperature in
Northeast China would be increasing on the whole, while the precipitation would be decreasing.The result of this study can provide
some theoretical support to the agricultural economic development in Northeast China and serve the national macropolicy and
food security strategy of the whole China.

1. Introduction

Northeast China as an important commodity grain produc-
tion base inChina plays an important role in guaranteeing the
global food security, while the historical large-scale cultivated
land reclamation is of great importance to the formation
and development of this commodity grain production base.
Northeast China currently provides 30–35 million tons of
grain every year, accounting for 13%of the national total grain
output [1]. Besides, China being a large agricultural country,
as well as a major country with great demand for grain,
plays a very important role in the international grain market.
According to the Medium and Long Term Planning Outline
of National Food Security (2008–2020), the grain output of
China will have reached 545 billion kg by 2020. Northeast
China as the core region of grain production of China will
undertake the tasks of making the grain output increase by
15.05 billion kg, which will account for 30.1% of the newly
increased grain output. Therefore, the grain production in

Northeast China will have great impacts on the Asian and
even the global food security [2, 3].

The cultivated land reclamation in Northeast China has
lasted for many years since the last century due to the
continual population growth and economic development at
the cost of large-scale overconsumption of resources [4]. As a
result, the frequent and uneven occupation and reclamation
of cultivated land have led to the significant dynamic change
of the spatial pattern of cultivated land in Northeast China.
Except for the restriction of the cultivated land area, the
grain production in Northeast China is also influenced by the
climate change. The heat resource during the growth season
of crops has shown an increasing trend in Northeast China,
and the temperature has increased significantly in the past
decades. For example, the relevant research indicates that the
temperature in Northeast China has increased by 1.43∘C in
the past century [5], which is 2 times higher than the global
average level and 3 times higher than the national average
level. The rapid temperature rise will surely have significant
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impacts on the growth of crops [6]. It has been widely
accepted that the climate change is influenced by the human
activities [7, 8], and the land use change, as one of the major
approaches through which the human activities influence
the climate change, has received more and more attention
[9]. The change of the spatial pattern of cultivated land in
Northeast Chinawill surely lead to climate change at local and
regional scales.Thehistorical data indicate that alongwith the
cultivated land reclamation, there has been significant climate
change in Northeast China, including the obvious change of
the spatial pattern of temperature and precipitation [10]. In
addition, the relevant researches also indicate that there is
close correlation between the significant climate change and
the more and more large-scale cultivated land reclamation
in Northeast China in recent decades [11–14]. It will surely
contribute to the more comprehensive understanding of the
land surface change to analyze the interaction between the
cultivated land reclamation and climate change and to assess
its impacts on the regional grain production.

So far, there are plenty of researches for climatic predic-
tion in many research fields around the world. But most of
them have disadvantages [15]. Some of the previous studies
predict the climate change in future just simply according
to the history climate data and their variation trend [16–
18]. It is well known that there is uncertainty in climate
change and that abnormal climate always occurs especially
in recent decades, which made the history trend unreliable
to represent the real one. Therefore, the shortage of this
method was obvious. For that reason, some scientists began
to predict future climate withmodels [19–21].This was a great
improvement in the process of the prediction research. But
there were still disadvantages in the studies. With various
kinds of models, different prediction results in the same
simulated region have always been reported; sometimes
these results were even contradictory, while the Weather
Research and Forecast (WRF) model used in this study is
a next-generation mesoscale numerical weather prediction
system developed by a group of scientists from different
institutes. This model is of strong robustness for predicting
the climate change with various kinds of parameters, such as
temperature, precipitation, radiation and heat. What is more,
in this study, is that the underlying surface data used inWRF
model was the simulated data with DLS model instead of the
other scenarios, which was different from other prediction
models. Thus, this study is of great significance both to the
method building and its application.

2. Data and Methodology

2.1. Study Area. Northeast China (located between 115∘05 ∼
135
∘
02
E, 38∘40 ∼ 53∘34N) has a total land area of 1.24 mil-

lion km2 and covers 209 counties in Heilongjiang Province,
Jilin Province, Liaoning Province, and Inner Mongolia
Autonomous Region (Figure 1). It is the largest production
area of corn, high quality japonica rice, and soybean as well
as the major production base of agriculture, forestry, animal
husbandry, and industry in China. The total cultivated land
area in this area is approximately 227 million ha, accounting
for 18.5% of the national cultivated land area. The area under
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Figure 1: Administrative regions of Northeast China in 2010.

crops is approximately 173 million ha and the total grain
output is approximately 87 million t in Northeast China,
which account for 16.4% and 17.6% of the national total
amount, respectively.

As a monsoon climate of medium latitudes, the amount
of precipitation in Northeast China decreases from the east
and southeast to the west and northwest on the whole area.
The winter is cold and long, while there are frequent winds
and little rainfall in the spring in Northeast China. In the
summer, the temperature is high and the rainfall is very
rich; the amounts of precipitation range from 400mm to
700mm in most part of Northeast China in the summer,
accounting for 50%–70%of the annual precipitation. Accord-
ing to the observation data of climate change from 2000–
2010, we calculated the change trend of temperature and
precipitation in Northeast China. The results showed that
the temperature increased slightly in the decade and the
average growth rate per annumwas 0.44%.While the average
annual precipitationwas in a similar circumstance, its average
growth rate per annum was 1.16%. There are often sunny
days and the southwest winds prevail in the autumn, but the
amount of precipitation is slightly more than in the spring.
Northeast China is the coldest area in China since it is at
the high altitudes; the temperature in this region is very
low in the winter and the annual temperature difference is
very large, showing obvious characteristics of the continental
climate. Besides, Northeast China can be divided into three
climatic zones fromnorth to south, that is, the cold temperate
zone, cool temperate zone, and warm temperate zone, since
it extends across a wide latitude and longitude. In addition, it
can be further divided into several climatic zones from east
to west, that is,Three River Plain Humid climate zone, Lesser
Khingan Mountains climate zone, Great Khingan Mountains
Subhumid climate zone, Songliao Plain Subhumid climate
zone, and West Liaohe Plain and Eastern Inner Mongolia
Arid climate zone.
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Table 1: Schemes of the simulation test with WRF model.

Test Test period Underlying surface data Climate forcing data
Control test 2000.01–2010.12 Land cover data of 2010 Climate forcing data between 2000.01 and 2010.12
Sensitivity test 2030.01–2040.12 Land cover data of 2040 Climate forcing data between 2000.01 and 2010.12

Northeast China is the optimal grain production area
with great development potential, and it plays an important
role in guaranteeing the national food security. Most part of
the Northeast Plain and the valleys and tablelands between
Changbai Mountains has been reclaimed for cultivated land
so far. These regions have been the major agricultural areas
in Northeast China, but at the cost of the disappearance of
primary forests and grasslands.The scale of grain production
is very large, and the major crops include corn, soybean, and
rice. The level of agricultural mechanization is very high in
Northeast China since it is one of the regions with the earliest
agricultural mechanization and the best basic conditions in
China. What is more is that Northeast China is the largest
forest area in China. The total forest area in Northeast China
reaches 6 billion km2, accounting for 28.1% of the national
forest area, and the close forest area is 3.34 billion km2.

This study analyzed the impacts on the climate change
of cultivated land reclamation by analyzing the change of
temperature and precipitation numerically predictedwith the
Weather Research Forecast (WRF) model on the basis of
cultivated land change in 30 years in Northeast China which
was simulated by the Dynamics of Land System (DLS) model
in a previous study [22, 23].The changing trend of the climate
in the future was predicted in the context of the change of
the spatial pattern of cultivated land, and the impacts of the
climate change on grain production were also analyzed. This
study will not only provide a typical case study to the research
on the global climate change but also provide some reference
for the development of social industry structure.

Meanwhile, the trend of climate change and regional
climate effects of LUCC in Northeast China indicate that
there will be more complex and significant climate change
in Northeast China, which means that the change trends of
temperature and precipitation were not simply increasing or
decreasing by year, they were up and down and what is more
is that they showed different tendencies in different seasons.
So, it is of great significance to study the impacts of cultivated
land reclamation on the climate and the grain production
in Northeast China, and the results can provide significant
technical support and policy suggestions for the development
of Northeast China.

2.2. WRF Model and Experiment Design. The WRF model
is a next-generation mesoscale numerical weather prediction
system developed by a group of scientists from different insti-
tutes.The effort to developWRF began in 1997 and was a col-
laborative partnership principally among theNational Center
for Atmospheric Research (NCAR), the National Oceanic
and Atmospheric Administration, the Air Force Weather
Agency (AFWA), the Naval Research Laboratory, the Univer-
sity of Oklahoma, and the Federal Aviation Administration
(FAA). There are two dynamical core versions of WRF, that

is, the Advanced Research WRF (ARW) and the WRF-
NMM (NMM); this study has adopted the former one in
view of the research aim of this study. The ARW module
includes the Preprocessing System (WPS),main program and
postprocessor, and the Postprocessing System, and it provides
many physics parameterization schemes. In order to simulate
the temporal regional climate change, the CAM3 scheme has
been used as the radiation scheme. In addition, the ocean
temperature and soil temperature in the deeper layer were
updated by season.

In order to draw the impact on climate change of culti-
vated reclamation, two simulated tests were designed in this
study, a control test and a sensitivity test (Table 1). The two
sets of tests both used the climate forcing data between
January of 2000 and December of 2010, and the difference
between themwas the underlying surface data. In the control
test, the test period was from January of 2000 to December
of 2010. The land cover data of 2000 was used as underlying
surface data in the test. As to sensitivity, its test period
was from January of 2030 to December of 2040, and with
land cover data of 2040 as its underlying surface data. The
experiment was designed like this to avoid the influence of
forcing data and simultaneously to focus the impact of land
use change specially the cultivated land reclamation on the
climate variation. Thereby, the effect on grain production of
the reclamation of cultivated land in Northeast China would
be uncovered in this study.

2.3. Data and Processing. The input data of the WRF model
mainly include the underlying surface data and the climate
forcing data. Part of the underlying surface data were pro-
vided by the Data Center for Resources and Environmental
Sciences and the Chinese Academy of Sciences (CAS), and
the rest of surface data needed in WRF were simulated by
DLSmodel. As to the climate forcing data, theywere obtained
from the NCEP FNL (Final) Operational Global Analysis
data.

As the simulation time was January of 2000 to December
of 2010 and January of 2030 to December of 2040, the under-
lying surface data used in this study were the land use/cover
data in 2010 and 2040 as mentioned in the experiment design
section.The former period of data was the real land use/cover
data provided by the Data Center for Resources and Environ-
mental Sciences, CAS. And the latter data was simulated by
DLSmodel with the land use/cover data of 1 km resolution in
1985, 1995, 2000, and 2005 as its simulated initial year data.
The data of four time periods were obtained from the Data
Center for Resources and Environmental Sciences, CAS. The
database is constructed from remote sensing digital images
by the US Landsat TM/ETM satellite with a spatial resolution
of 30 by 30 meters [24]. According to the simulated results,
the cultivated land reclamation data during 2030–2040 were
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Figure 2: Conversion amount of other land use types into cultivated
land in Northeast China during 2030–2040.

obtained in Northeast China (Figure 2) [22, 23]. According
to the simulation results with the DLS model, the cultivated
land area in Northeast China will increase by 288 thousand
km2 during 2030–2040, with an increment rate of 21.62%.The
newly increased cultivated land will mainly be located in the
eastern part ofThree River Plain, western part of the Songnen
Plain, Hilly and mountainous areas in the Great Khingan
Mountains and Lesser Khingan Mountains, and Hulunbuir
Region. Besides, the newly increased cultivated land will be
mainly converted from the forests, grasslands, and unused
land [22, 23].

The land use/cover data classificationmechanism inWRF
model was the USGS classification system (Table 2), while
the simulated land use/cover data in 2040 with DLS model
were classified by the land cover classification of IGBP. So
the simulated data were reclassified into USGS classification
system with classifier we developed before. In addition,
the scale of these data is 1 : 100000, and the interpretation
accuracy exceeds 92% [25].

The climate forcing data used in this study were the geo-
graphically segmented (GEOG) data obtained from NCEP
FNL (Final) Operational Global Analysis data, which was
updated every 6 hours.This dataset has been constructed and
updated since July 1999 with the data assimilation of almost
all kinds of observation data (e.g., the remote sensing data and
ground-based observation data); it has the spatial resolution
of 1∘ × 1∘ and the vertical height of 27 layers. And the time
periods of the data were truncated from January 2000 to

Table 2: Land use/cover types of the USGS classification system.

Value Description
1 Urban and built-up land
2 Dryland cropland and pasture
3 Irrigated cropland and pasture
4 Mixed dryland/irrigated cropland and pasture
5 Cropland/grassland mosaic
6 Cropland/woodland mosaic
7 Grassland
8 Shrubland
9 Mixed shrubland/grassland
10 Savanna
11 Deciduous broadleaf forest
12 Deciduous needle leaf forest
13 Evergreen broadleaf forest
14 Evergreen needleleaf forest
15 Mixed forest
16 Water bodies
17 Herbaceous wetland
18 Wooded wetland
19 Barren or sparsely vegetated
20 Herbaceous tundra
21 Wooded tundra
22 Mixed tundra
23 Bare ground tundra
24 Snow or ice
99 Interrupted areas (goode homolosine projection)
100 Missing data

December 2010. Then the climate forcing data were prepared
on the basis of these data. The NCEP/FNL dataset has higher
accuracy and spatial resolution and includes more kinds of
environmental variables than the datasets of NCEP I, NCEP
II, and EAR40. This study has used the Noah land surface
parameterization scheme, with which the simulation result is
more stable and reasonable.The data of the temperature field
and precipitation field in this scheme were interpolated with
the large-scale information.

3. Results

The change of cultivated land in Northeast China is directly
caused by the human activities in the context of the special
regional geographical conditions, such as the plentiness of
the complexmountains in this region.The population growth
is the fundamental reason for the expansion of cultivated
land in Northeast China; the economic development is an
important human driving factor, and the macro policy is
also one of the driving factors of the land use change.
With the continual population growth and rapid economic
development in Northeast China, there will be more demand
for the land resources, which will surely lead to the change of
the amount, structure, mode, and intensity of land use. It is
forecasted that the population of China will rise to the peak
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Figure 3: Temperature change in Northeast China in (December, January, and February) DJF (a) and (June, July, and August) JJA (b) during
2030–2040.

during 2030–2040, reaching 1.5–1.6 billion. The cultivated
land area inChinawill certainly be increased so as tomeet the
enormous demand of the large population for grain, forage,
dairy products, and so forth. It is inevitable that a lot of land
will be reclaimed for cultivated land reclamation inNortheast
China since it is the most important commodity grain base
with the greatest development potential in China. For these
reasons, this study simulated the climate change under the
condition of cultivated land reclamation during 2030–2040
based on the WRF model and predicted the future changing
trend of the temperature and precipitation in Northeast
China. The simulation results indicate that the temperature
in Northeast China will show an increasing trend, while
the precipitation will show a decreasing trend. The average
temperature in Northeast China shows an increasing trend
on the whole during the simulation period. The temperature
will increase in most parts of Northeast China in January
except some areas where it shows a decreasing trend, while
in August, it shows an increasing trend in almost all the
parts of Northeast China. The temperature change varies
greatly among regions; it shows an increasing trend from the
southeast to the northwest on the whole, with the largest
increment being 2∘C. The temperature increases most obvi-
ously in the northern part of Great Khingan Mountains and
Lesser Khingan Mountains, while it increases most slightly
in Liaohe Plain, Liaodong Peninsula, and the southern part
of Changbai Mountains (Figure 3). The temperature rise in
these regions is closely related with the land use conversion
in the future. For example, the conversion from forests and
grasslands into cultivated land in Great Khingan Mountains
and Lesser Khingan Mountains leads to the increase of the
regional near-surface temperature not only in the regions
with land use conversion but also in the regions without land
use conversion.

The simulation result indicates that there is not significant
change in the annual precipitation inNortheast China during
2030–3040 but there is some fluctuation of the seasonal
precipitation. The precipitation will increase most greatly in
the middle part of Heilongjiang Province and the eastern
part of Jilin Province and Liaoning Province. Besides, the
precipitation will increase most significantly in the summer,
and it will decrease in some regions in the winter. The
precipitation will show a decreasing trend on the whole
in January; it will show very different changing trends in
different regions in August but still show a decreasing trend
on the whole. The precipitation will decrease by 80mm
on average in January, with the largest decrement reaching
120mm. By comparison, it will change more significantly
in August (Figure 4). The precipitation will decrease most
greatly in Liaodong Peninsula and the southern part of
Changbai Mountains, while it will obviously increase in the
northern part of Great Khingan Mountains and Songnen
Plain. In addition, it will show great difference at the local
scale during different periods since there are some instabil-
ities in the precipitation.

The previous researches have indicated that the climate
change will have significant impacts on the crop yield, and
that there is significant regional difference in these impacts
[26–28]. When the temperature increases by 1∘C, the per
unit area yields of the wheat and soybean may increase
by 2%–40%, and the decrement is higher in the northeast
part than it is in the southwest part of Northeast China.
When the precipitation increases by 10%, the grain yield will
increase by approximately 10% in the western and southwest
parts, while it is the contrary in the southeast part [29].
However, the temperature rise may aggravate the decrease
of precipitation, since they generally appear simultaneously.
In addition, the previous researches indicate that when the
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Figure 4: Change of precipitation in Northeast China in DJF (a) and JJA (b) caused by land use/cover change during 2030–2040.

temperature increases by 2∘C and the precipitation decreases
by 20%, the grain yield in thewestern part of Northeast China
will decrease by 10%–18% [30]. Therefore, the future grain
yield in Northeast China will show a decreasing trend on the
whole, and the grain yield and soybean yield may decrease by
at least 10% in the future.

This study simulated the climatic effects of cultivated land
reclamation in Northeast China during 2030–2040 on the
basis of the WRF model. The simulation results indicate that
it will inevitably aggravate the drought disaster in Northeast
China. In summary, the regions with the most extreme
temperature change are mainly located in the northern part
of Great KhinganMountains and Lesser KhinganMountains,
while the regions with the significant precipitation change
are mainly gathered in the northern parts of Great Khingan
Mountains and SongnenPlain. Since these regions are located
in the major grain-producing areas in Northeast China, the
climate change due to the cultivated land reclamation will
have great impacts on the grain yield in Northeast China.

4. Conclusion and Discussion

The change of the spatial pattern of land use in Northeast
China in the future, mainly including the expansion of
cultivated land, will influence the supply function of regional
ecosystem services to some degree. It should be noted that
although the cultivated land area in Northeast China will
show an increasing trend, the population will increase more
rapidly, which will lead to the reclamation of some marginal
land that is not very suitable for reclamation. Since the rapid
population growth will lead to more demand for the food
and land resources, some problems such as the deforestation,
reclaiming land from lakes, and grassland reclamation may
be more serious and lead to a vicious cycle. Besides, some of
the newly increased cultivated lands may not be reasonably

used, and the extensive operation is still very widespread,
which will inevitably lead to the deterioration and waste of
the land resources.The decline of soil fertility will undermine
the potential of grain yield increase, influence the grain
production capacity of Northeast China and subsequently
influence the grain production capacity of the whole of
China, and consequently threaten the self-supply of grain
and national food security. It is necessary to properly imple-
ment some measures in the planning of the future agri-
cultural development in Northeast China on the premise
of guaranteeing the strategic grain demand of the whole
nation. Besides, it is necessary to improve the scientific and
technological level of agricultural cultivation, promote the
ecological construction, and enhance the land utilization rate.
In addition, it is necessary to implement different agricultural
production countermeasures according to the impacts of
climate change on different crops in different regions, for
example, adjusting the layout of crop variety and planting
structure and enhancing the measure to prevent disasters so
as to ensure the long-term and steady development of grain
production.

The temperature will show an increasing trend on the
whole, which will have negative impacts on the growth of
the major crops such as rice, corn, soybean, and wheat.
The regional climate change will also directly and indirectly
influence the behaviors of the peasants. For example, it will
directly lead to the change of the planting structure and tillage
measures; besides, it will lead to the change of the grain yield,
indirectly change the income of peasants, and consequently
alter their production activities. In addition, since different
crops have different adaptive capacities to climate change,
this will greatly influence the peasants’ choice of the kinds of
crops and consequently lead tomore serious imbalance in the
plantation structure. For example, in the middle and western
parts of Northeast China, where the major crop is rice, when
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the temperature increases and the precipitation decreases,
the local peasants may replace the rice with other crops or
offset the impacts of climate change on the rice by usingmore
fertilizers or irrigating the crops with more water. So, the
grain production in Northeast China has some potential to
adapt to the temperature rise, and it is of great significance
to alleviating the negative impacts of the temperature rise on
the grain production and guaranteeing the food security in
Northeast China to give full play to this potential.

This study hasmainly aimed at the simulation and predic-
tion of the change of temperature and precipitation caused
by the cultivated land reclamation in the future. In order to
forecast the climate change in the future more accurately,
it is necessary to quantitatively analyze the changing trends
of the temperature and precipitation and comprehensively
take into account the future changes of the monsoon,
general atmospheric circulation, change of other land use
types, and so forth, in the climate model and data analysis.
Therefore, there is still something to explore in the future
researches. First, the regional climate change is caused by
various factors, including not only the human activities but
also the natural factors such as the solar activity. Besides,
there are also various human activities that influence the
regional climate change in Northeast China, but only the
cultivated land reclamation has been taken into account in
this study, so, more influencing factors should be included in
the future research. Second, there are some uncertainties in
the simulation. Due to those influenced factors, the effects of
some of them on the climate change may not be captured in
the simulation analysis, which will lead to some uncertainties
in the simulation results. So, it is necessary to make further
sensitivity analysis in the future research so as to make the
simulation results more accurate.
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Based on two long-term, hourly (10:30–11:30 and 13:10–14:10) meteorological over-lake observations and data from Shenxian
meteorological station, nearby Dongping Lake, the Penman-Monteith equation and reference evaporation ratio algorithm were
used to calculate lake evaporation in Dongping Lake, China, from 2003 to 2010. The variation trend of evaporation of Dongping
Lake was analyzed, and the influences that caused changes in lake evaporation were also discussed. The results show that (1) the
total annual evaporation in Dongping Lake increased at 18.24mm/a during 2003–2010. The major climatic factors accounting for
this increase are the rising net radiation and the rising air temperature; (2) the total annual evaporation in a particular hour (13:10–
14:10) in Dongping Lake increased at 4.55mm/a during 2003–2010—the major climate factors that accounted for this increase are
rising net radiation, followed by air temperature, wind velocity, and air humidity; (3) against the background of global warming,
the climate of Dongping Lake tended to be dry during 2003–2010; the largest contribution to this comes from air temperature,
followed by wind velocity and relative humidity; and (4) the monthly evaporation in Dongping Lake has seasonal variability.

1. Introduction

Lakes and reservoirs store valuable fresh water and make
them available for use in domestic, industrial, irrigation,
hydropower, wetlands, and environmental applications [1].
The availability of fresh water stored in lakes and reservoirs
is closely tied to variations in climate and human activities
[2]. Evaporation is a key component in the water and energy
cycles of lakes and reservoirs [2, 3]. In most situations,
lake evaporation represents major water loss. Therefore,
information on lake evaporation is essential for the water
management of lakes and reservoirs. Climate variability
affects lake evaporation, and in turn, evaporation also has an
effect on the local climate [2, 4]. Some studies stated that lake
evaporation can be considered to be a basic type of reference
data for studies on land evaporation, climate changes, and
water cycles [4].

The causes of lake evaporation changes have been exten-
sively studied. For instance, hydrologicalmodels were used to
calculate the water surface evaporations of many endorheic
lakes and closed lakes, and how the regional climate changes
affect the lake evaporation was analyzed [5, 6]. A Penman
equation andCRLE (complementary relationship lake evapo-
ration)model were used to calculate the evaporation of Ziway
Lake in Africa, and how the air temperature and air humidity
caused the lake evaporation change was discussed in paper
of Vallet-Coulomb et al. [6]. Based on satellite observations,
as well as meteorological and hydrological data, the lake
water volume balance equation was used to conclude that
global warming led to the decrease in lake evaporation, which
contributed to the rapid surface expansion of Nam Lake in
Tibet [7].

At present, calculation of lake evaporation ismainly based
on climatology models or evaporation pans installed in land
near the study area [8]. An evaporation pan that is exposed to
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air has a small area and shows small effects in the atmosphere.
The atmospheric moisture deficit mainly depends on the
surrounding environment being dry; in such conditions, the
evaporation pan is more easily affected by advection and
heat conduction [9]. The quantification of lake evaporation
is ideally obtained from direct measurement through eddy
covariance techniques [10]. However, the eddy covariance
measurement requires expensive instruments and is difficult
to operate in any given lake, thereby limiting its application
in more lakes. Various indirect methods have been used
to estimate lake evaporation, such as the water balance
method, energy budget method, and mass transfer [11–13].
The widely used Penman-Monteith equation [14–16] takes
turbulent transfer and energy balance into account, as well as
meteorological factors, which can more accurately describe
lake evaporation. Therefore, in this study, the Penman-
Monteith equation was used to calculate the evaporation in
Dongping Lake.

Dongping Lake is the second largest inland lake in the
North China Plain. It bears the bleed-off tasks in river seg-
ments where the Yellow River transitions fromwide channels
to narrow channels and is also the last storage lake in the first-
phase construction of the South-to-North Water Diversion
Project’s eastern route. After storage in Dongping Lake, water
from the Yangtze River can be transferred to Tianjin and
Jiaodong Peninsula by the South-to-North Water Diversion
Project. Since 2003, we conducted long-term measurements
directly over Dongping Lake. The meteorological data for 2-
hour-long periods (10:30–11:30 and 13:10–14:10 in local time)
over an 8-year period (from 2003–2010), as regional and
meteorological representative of Dongping Lake, were con-
sistently measured through man-boated tour observations
over Dongping Lake.

The availability of consistent, long-term data motivated
us to investigate the variations in lake evaporation and
the climate variability that affected lake evaporation in this
study. This study aims to gain better understanding of lake
evaporation and its interactions with climate variability,
thereby providing a scientific foundation for water resource
assessment, hydrological studies, water conservancy project
construction, and climate change studies in the North China
Plain.

2. Study Area and Data Sources

2.1. StudyArea. Dongping Lake (N 35.97∘, E 116.18∘) is located
in the southwest Shandong Province in China. The location
and shape of Dongping Lake are presented in Figure 1.
Dongping Lake is the second largest inland lake in Shandong.
Its surface area is 626 km2. It has a perennial water area of
124 km2 (180 km2 in summer). The averaged depth is 2m.
The total water volume stored in Dongping Lake is about
40 × 10

8m3. Its elevation is 50m above the averaged sea
level. Dongping Lake locates in a humid and warm zone
over midlatitude. It has a semihumid monsoon climate with
four distinct seasons. The annual rainfall amount is 636mm,
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Figure 1: The location and shape of Dongping Lake in China.

which is concentrated in July and August. The annual aver-
aged temperature is 13.4∘C, and the annual sunshine hours
are 2474.2 hours.

2.2. Data Sources. The2-hour (10:30–11:30, 13:10–14:10)mete-
orological data obtained fromman-boated tour observations
[17]were used.Apower-driven vessel was driven by observers
from the shore to the middle, in edge-to-edge observations.
The time when arriving to the lake’s center was 11:00 or
13:40, and the observation time was for about 1 hour. This
observation method is used to reduce the errors caused by
warming and cooling of the lake surface and to minimize
the errors caused by the temperature difference between the
lake shore and lake center, when calculating the mean lake
surface temperature. The measured parameters include air
temperature, air humidity, wind velocity, net radiation flux
1.5m above the lake surface, cloud cover, lake surface tem-
perature, and water depth. Air temperature and air humidity
were measured by dry and wet bulb thermometers; net
radiation was measured by four-component table net radia-
tion; wind velocity was measured by an anemorumbometer;
and lake surface temperature was measured by a buoy-
type thermometer. Observations in winter were impossible
because of freezing, so data from December to February (the
nongrowing season) were missing. The data from March to
November in 2003–2010 were used.

Because it is difficult to calculate the daily evaporation
of Dongping Lake from 2-hour meteorological data alone,
meteorological data from a nearby weather station were also
used. The nearby weather station is Shenxian meteorological
station (N 36.23∘, E 115.67∘, 37.8mhigh), which is 54.2 km
away from Dongping Lake. The distance between Dongping
Lake and Shenxian meteorological station is presented in
Figure 1. The 2003–2010 observations from Shenxian mete-
orological station included daily maximum and hourly air
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temperature, hourly net radiation, sunshine duration, daily
and hourly air humidity, and daily and hourly wind velocity.

3. Methods

3.1. Calculation of Hourly Evaporation in Dongping Lake.
Because the FAO (Food and Agriculture Organization of the
United Nations) modified Penman equation has empirical
and regional limitations, it is not suitable for open and wide
lakes [18].This paper introduces the use of actually measured
air temperature and air humidity, and Penman-Monteith
equation fully considers turbulent transfer and energy bal-
ance with aerodynamic parameters. This allows the radiation
driving force and air drying force to be better represented.
The hourly potential evaporation LE

𝑑ℎ
in Dongping Lake is

calculated using the Penman-Monteith equation [14, 15], as
follows:

LE = 𝐸
𝑎
+ 𝐸
𝑝
=

Δ (𝑅
𝑛
− 𝐺)

Δ + 𝑟 (1 + (𝑟
𝑠
/𝑟
𝑎
))

+

𝜌
𝑎
𝑐
𝑝
(𝑒
𝑠
− 𝑒
𝑎
) /𝑟
𝑎

Δ + 𝑟 (1 + (𝑟
𝑠
/𝑟
𝑎
))

.

(1)

In (1), LE is potential evaporation in mm; 𝐸
𝑎
is radiation

driving force in mm; 𝐸
𝑝
is air drying force in mm; 𝑟 is a

psychrometric constant, usually set at 0.067, in kpa/∘C [18];
𝑐
𝑝
is the specific heat of the air in MJ/(kg⋅∘C); 𝜌

𝑎
is the mean

air density at constant pressure in kg/m3; 𝑅
𝑛
is net radiation

inMJ/(m2⋅d);𝐺 is water heat flux inMJ/(m2⋅d);Δ is the slope
of the saturation vapor pressure-temperature relationship
in kpa/∘C; 𝑟

𝑎
is aerodynamic resistance in s/m [19]; and

𝑒
𝑠
and 𝑒

𝑎
are the saturated and actual vapor pressures,

respectively, in kpa [20]. 𝑟
𝑠
is surface resistance in s/m—

for water surfaces with enough water supply, water vapor is
transported continuously upward; thus, the air close to the
underlying surface with enough water supply is gradually
saturated, so 𝑟

𝑠
is close to 0 [3].

Water heat flux 𝐺 is generally calculated by using water
temperature profiles because the temperature is different
at different water depths, the so-called water temperature
layering [2]. Dongping Lake is a shallow lake with an average
depth of 2m, so it could be considered to be a well-mixed
lake with no water temperature layering. As a result, the lake
surface temperature can satisfy the calculation of water heat
flux. The water heat flux (𝐺 in MJ/(m2⋅d)) was computed
using (2), similar to Lenters et al. [2] and Likens and Johnson
[21]:

𝐺 = 𝑐
𝑠
𝑑
𝑤
(𝑇
𝑛
− 𝑇
𝑛−1
) ∗

1000

86400

, (2)

where 𝑐
𝑠
is water heat capacity (4.18MJ/(m3 ⋅ ∘C)), 𝑑

𝑤
is lake

depth, and, 𝑇
𝑛
, 𝑇
𝑛−1

are lake surface temperature on times 𝑛
and 𝑛 − 1, respectively.

3.2. Calculation of Evaporation Ratio and Daily Evaporation.
Thedaily evaporation ofDongping Lake is calculated by using
the reference ratio method [22]. The basic hypothesis is that,
although meteorological factors change throughout the day,

the ratio of hourly potential evaporation that accounts for the
total daily amount is constant [22].

Dongping Lake is 54.2 km away from Shenxian meteo-
rological station, but the major weather processes and the
horizontal advections are basically the same; thus, their
evaporation ratios are basically the same. Without direct
evaporation records for Dongping Lake, the observation data
from Shenxian County meteorological station were used to
calculate the evaporation ratio (labeled as𝐴), which was used
as the evaporation ratio in Dongping Lake, similar to Zhu et
al. [7]:

LE
𝑠ℎ

LE
𝑠𝑑

≈

LE
𝑑ℎ

LE
𝑑𝑑

= 𝐴, (3)

where LE
𝑠𝑑

is the daily potential evaporation at Shenxian
meteorological station; LE

𝑠ℎ
is the 1-hour (13:10–14:10) poten-

tial evaporation of Shenxian meteorological station; LE
𝑑𝑑

is
the daily potential evaporation of Dongping Lake; LE

𝑑ℎ
is the

1-hour (13:10–14:10) potential evaporation of Dongping Lake;
and 𝐴 is the evaporation ratio.

Shenxian meteorological observation station is covered
by green grassland, so the FAO-modified Penman equation
[18] could be used, since it is suitable for fully covered green
land with a reference height of 0.12m, reflectivity of 0.23, and
enough water supply [18]. LE

𝑠𝑑
and LE

𝑠ℎ
are calculated as

follows:

LE =
0.408Δ (𝑅

𝑛
− 𝐺) + 𝑟 (𝐶

𝑛
/ (𝑇 + 273)) 𝑢 (𝑒

𝑠
− 𝑒
𝑎
)

Δ + 𝑟 (1 + 𝐶
𝑑
𝑢)

,

(4)

where 𝐶
𝑛
is 900 (daily) and 37 (hourly) and 𝐶

𝑑
is 0.34

according to FAO 56 guidelines. However, according to
ASCE-EWRI (The American Society of Civil Engineers-
World Water & Environmental Resources Congress), canopy
resistance in the daytime is 50 s/m and 𝐶

𝑑
in the daytime

is 0.24. The 𝐶
𝑑
values standardized by FAO and ASCE-

EWRI were validated by Allen et al. based on experiments
conducted across U.S.A [23] and they concluded that 0.24 is
suitable for calculation of hourly potential evaporation, while
0.34 is suitable for calculation of daily potential evaporation
[23].

Daily potential evaporation in Dongping Lake is calcu-
lated based on 𝐴 ((3) and (4)) and LE

𝑑ℎ
((1) and (2)). The

potential evaporation, which is considered as the regional
evaporation ability given sufficient water supply, that is, the
theoretical upper limit of actual evaporation [24–26]. Since
thewater supply is sufficient in the lake, inmost occasions, the
lake’s potential evaporation is equal to the actual evaporation
[9].

3.3. Sensitivity Analysis. We performed a Mann-Kendall (M-
K) test and contribution ratios analysis to study the variations
in lake evaporations, as well as the effects of climate variability
on lake evaporation. The details on the analysis procedures
are described as follows.

(1) Variation Trend and Sudden Change Analysis. A trend
judgment and significance test for evaporation in Dongping
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Figure 2:Variation trends of total annual hourly evaporation (13:10–
14:10) in Dongping Lake from 2003 to 2010.

Lake and other climate factor series in Dongping Lake were
performed by using the Mann-Kendall (M-K) test, following
Li et al. [27].TheM-K test, which is considered as having low
artificial influences and high quantitative degree, is widely
used to assess the trends of hydrologic and climate time series.
The formula for the test statistic is as follows:

𝑆 =

𝑛

∑

𝑖=2

𝑖−1

∑

𝑗=1

sign (𝑋
𝑖
− 𝑋
𝑗
) , (5)

where sign() is a symbolic function and 𝑋
𝑖
, 𝑋
𝑗
mean the 𝑖

and 𝑗 values in time series; when 𝑋
𝑖
− 𝑋
𝑗
is less than, equal

to, or greater than zero, then sign(𝑋
𝑖
− 𝑋
𝑗
) is −1, 0, and 1,

respectively. The variation trend is given by 𝑧:

𝑍 =

{
{
{
{
{

{
{
{
{
{

{

(𝑆 − 1)

√𝑛 (𝑛 − 1) (2𝑛 + 5) /18

(𝑆 > 0)

0 (𝑆 = 0)

(𝑆 + 1)

√𝑛 (𝑛 − 1) (2𝑛 + 5) /18

(𝑆 < 0) ;

(6)

when 𝑧 is positive, it implies an uptrend; when 𝑧 is negative,
it shows a downtrend.The absolute value of 𝑧must be greater
than or equal to 1.28, 1.96, and 2.32 to pass the 90%, 95%, and
99% significance tests, respectively.

(2) Calculation of Contribution Ratios. The effects of climate
factors on evaporation in Dongping Lake were analyzed
by using multiple regression, and their contribution ratios
to the air drying force in Dongping Lake were analyzed,
following Zhang et al. [28]. The significance levels of the
independent variables (the climatic factor) into and out of
the multivariate regression model were set at 0.05 and 0.1,
respectively. In order to judge the relative contributions of
the climate factors to evaporation from Dongping Lake, the
data should be standardized between 0 and 1. Regression
analysis was carried out on the standardized data, and the
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Figure 3: Variation trends of total annual daily evaporation in
Dongping Lake from 2003 to 2010.

standardizing sequence of the regression equation data was
obtained. The contribution by each independent variable to
the changes in the dependent variable can be calculated as
follows:

𝑌
𝑠
= 𝑎𝑋
1𝑠
+ 𝑏𝑋
2𝑠
+ 𝑐𝑋
3𝑠
⋅ ⋅ ⋅ + 𝑛𝑋𝑛𝑠,

𝜂
1
=

|𝑎|

|𝑎| + |𝑏| + | 𝑐| + ⋅ ⋅ ⋅

,

𝜂
2
=

𝑎Δ𝑋
1𝑠

Δ𝑌
𝑠

,

(7)

where𝑌
𝑠
is the standardization of the dependent variable val-

ues; 𝑋
1𝑠
, 𝑋
2𝑠
, 𝑋
3𝑠
, . . . are the respective standardized values

of the independent variables; 𝑎, 𝑏, and 𝑐 are the regression
coefficients of the standardized sequence; 𝜂

1
is the relative

contribution of𝑋
1
to 𝑌; 𝜂

2
is the actual contribution of𝑋

1
to

𝑌; Δ𝑌
𝑠
is the variable quantity of 𝑌

𝑠
; and Δ𝑋

1𝑠
is the variable

quantity of𝑋
1𝑠
.

4. Results and Discussion

4.1. Interannual Variability

4.1.1. Varying Characteristics of Hourly and Daily Evaporation
in Dongping Lake from 2003 to 2010. The yearly accumula-
tion of the hourly (13:10–14:10) and daily evaporation shown
in Figures 2 and 3 is calculated based on descriptions in
Sections 3.1 and 3.2. The total annual hourly and yearly
evaporation both have increased from 2003 to 2010. They
passed the M-K test at 𝛼 = 0.05 and 𝛼 = 0.01, and their
variation trendswere consistent and significant. Table 1 shows
the𝑍 values of theM-K trend tests for total annual hourly and
daily evaporation in Dongping Lake during 2003–2010.

Figure 3 shows that the total annually daily evaporation
from 2003 to 2010 was increased at the rate of 18.24mm/a,
within a range between 902mm in 2003 and 1088mm in
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Table 1: 𝑍 values of the M-K trend tests for total annually hourly
and daily evaporation in Dongping Lake during 2003–2010.

Hourly evaporation Daily evaporation
𝑍 values of M-K tests 1.98 2.72
Change of rate (mm/a) 18.24 4.55
Remark: mm/a means the increasing rate per year.
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Figure 4:The variation trends of annually averaged air temperature
and net radiation in Dongping Lake during 2003–2010 (open circle
means air temperature, dot means net radiation).

2009; Figure 2 shows that the hourly evaporation at 13:20 was
increased at the rate of 4.55mm/a, within a range between
123mm in year 2003 and 153mm in year 2009; the increase
of 1-hour (13:10–14:10) evaporation accounted for 24.9% of
the annual increase in evaporation, which indicates that
the hourly meteorological data (13:10–14:10) can be used to
analyze the response of evaporation in Dongping Lake evap-
oration to climate variability. This is because the evaporation
and main influence factors of evaporation, including solar
radiation, land surface temperature, and air temperature, at
most time can reach their maximum value during 13:10–
14:10. The lake surface absorbs heat and transports long-
wave radiation upwards to the air through turbulent transport
and advection movement after sunrise, which increases air
temperature and net radiation. At 12:00 noon, the solar
altitude angle and solar radiation received by the lake surface
are at their maximum. However, the received heat is still
greater than the upward emitted long-wave radiation, so lake
surface temperature and net radiation are still rising. Close
to 13:00, the heat stored and discharged by land reaches a
balance, so net radiation and air temperature both reach the
daily maximum [17].

4.1.2. The Effects of Climate Factors on Daily Evaporation
in Dongping Lake. Climate factors directly affect radiation
driving force and air drying force and thus indirectly affect
evaporation in Dongping Lake. Based on (2), net radiation
directly affects radiation driving force, while air temperature,
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Figure 5: The variation trends of annually averaged air humidity
and wind velocity in Dongping Lake during 2003–2010 (open circle
means air humidity, dot means wind velocity).

air humidity, andwind velocity directly affect air drying force.
The annual means of 10:30–11:30 and 13:10–14:10 meteoro-
logical data were used to analyze the variation trends in
the monthly evaporation of Dongping Lake. Table 2 lists the
𝑍 values of the M-K trend test for annually averaged net
radiation, averaged air temperature, averaged air humidity,
and averaged wind velocity in Dongping Lake during 2003–
2010. Figure 4 shows the variation trends of annual mean
air temperature and annual mean net radiation, and Figure 5
shows the variation trends of both annual mean air humidity
and annual mean wind velocity during 2003–2010. Based on
Figures 4 and 5 and Table 2, the annual mean net radiation
and mean air temperature in Dongping Lake both showed
an increasing trend and the increasing trend of mean net
radiation and mean air temperature passed the significance
test at 𝛼 = 0.05 and 𝛼 = 0.1. Namely, the annual mean net
radiation and annual mean air temperature in Dongping
Lake increased significantly from 2003 to 2010, although
annual mean air humidity and annual mean wind velocity
increased at a insignificant trend. The annual mean air tem-
perature, annual mean net radiation, and annual mean wind
velocity increased at 0.11∘C/a, 12.01W/m2/a, and 0.001m/s/a,
respectively. Annual mean air humidity fluctuated between
0.77 and 0.84. From the variation trend in annual change,
the increased evaporation in Dongping Lake was mainly
caused by the increasing air temperature and increasing net
radiation.

The underlying surface of Dongping Lake is a homoge-
neous water body. When solar radiation increases, the solar
shortwave net radiation received by the lake surface is greater
than that received by land due to the small albedo of the
lake surface. Water bodies have larger heat capacity and
higher heat conduction ability than land, so changes in lake
surface temperature are less rapid than those of land surface
temperatures. Thus, long-wave radiation emitted by the lake
to atmosphere is less than that emitted by land.
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Table 2: 𝑍 values of the M-K trend tests for annually averaged net
radiation, averaged air temperature, averaged relative humidity, and
averaged wind velocity in Dongping Lake during 2003–2010.

Net
radiation

Air
temperature

Air
humidity

Wind
velocity

𝑍 values of
M-K tests 1.98 1.48 0.50 0.25

Change of
rate 12.01 0.11 0.001 0.001

The increase in net radiation is the combined result
of multiple factors. When air temperature increases, the
long-wave radiation emitted from the atmosphere to the
lake surface also increases, which increases net radiation.
However, based on Figure 5, net radiation does not show
a similar variation trend as 𝑇

𝑎
, because 𝑅

𝑛
is affected by

other factors. Cloud cover can also lead to the increase of
𝑅
𝑛
by changing the solar radiation received by the Earth-

atmosphere system [29]; an increase of wind velocity can
also change the external horizontal advection of Dongping
Lake and thereby indirectly alter the net radiation by directly
changing air temperature.

The increase of global CO
2
content has led to the decrease

of long-wave radiation emitted from the Earth-atmosphere
system, to the increase of downward long-wave radiation
in the atmosphere, to the increase of energy stored in the
Earth-atmosphere system, and thus to the increase of𝑅

𝑛
[30].

Multiple factors interact in the climate system, which is a
profound scientific problem to be studied in the future.

4.2. Hourly (13:10–14:10) Evaporation through
Climate Variation

4.2.1. Variation Trends of Hourly Evaporation, Radiation Driv-
ing Force, and Air Drying Force in Dongping Lake during
2003–2010. Based on (2), Dongping Lake’s evaporation was
affected by two main factors: (1) radiation driving force from
net radiation and water heat flux and (2) air drying force,
namely, the horizontal advections driven by weather factors,
such as air temperature, air saturation difference, and wind
velocity.

The annual 1-hour (13:10–14:10) air drying force, annual 1-
hour (13:10–14:10) radiation driving force, and annual 1-hour
(13:10–14:10) evaporation in Dongping Lake were calculated
using (2) and are shown in Figures 6 and 7. Table 3 lists the
changing rate and M-K 𝑍 values of the annual 1-hour (13:10–
14:10) evaporation, the annual 1-hour (13:10–14:10) radiation
driving force, and the annual 1-hour (13:10–14:10) air drying
force and contribution ratios for annual air drying force
and radiation driving force in Dongping Lake during 2003–
2010. Table 3 and Figures 6 and 7 show that the annual 1-
hour (13:10–14:10) radiation driving force increased at the
rate of 0.012mm/day/a during 2003–2010, while annual 1-
hour (13:10–14:10) air drying force fluctuated but increased
at 0.004mm/day/9a. Annual 1-hour (13:10–14:10) lake evap-
oration passed the M-K test at 𝛼 = 0.1, and radiation driving
force passed the M-K test at 𝛼 = 0.01. Therefore, the annual

Table 3:𝑍 values ofM-K tests and contribution ratios for annual air
drying force and radiation driving force in Dongping Lake during
2003–2010.

Radiation driving
force

Air drying
force

𝑍 values of M-K tests 2.47 0.99
Contribution ratios 75% 25%
Change of rate 0.012 0.004

radiation driving force increased significantly from 2003 to
2010. However, air drying force did not pass the M-K test
indicating the increasing trend is not significant.

The annual air drying force decreased during 2003–
2006 but experienced a fluctuant increase during 2006–
2010; overall its increasing trend during 2003–2010 was not
significant. This could be because the radiation driving force
was influenced by net radiation, whichwasmainly influenced
by solar radiation and water heat flux. And the water heat
flux was mainly influenced by the water depth and the rise
value of the surface temperature over an hour. In addition,
in the same month, the lake depth did not change much.
Because water has a large heat capacity, the rising value of
the surface temperature over an hour was mainly influenced
by solar radiation and the increase of net radiation was
also mainly influenced by solar radiation. However, the air
drying force was the result of nonlinear interactions between
meteorological and nonmeteorological factors. Table 3 shows
the relative contribution ratios of radiation driving force and
air drying force to the uptrend of evaporation in Dongping
Lake. The contribution ratio of radiation driving force (75%)
was significantly higher than that of air drying force (25%).
These results indicate that (1) the major cause of increasing
evaporation in Dongping Lake during 2003–2010 was the
increased radiation driving force, while the air drying force
could promote or offset the uptrend of evaporation and (2)
the climate around Dongping Lake became drier from 2003
to 2010.

4.2.2. Contribution Rate to Air Drying Force from Climate
Factors. Based on the results in Section 4.2.1, against the
background of global warming [30], the climate around
Dongping Lake tended to slowly become drier from 2003
to 2010. From (2), air drying force is a result of the non-
linear interaction between air temperature, wind velocity,
and relative humidity. The spatial distribution of the relative
contribution ratios of climate factors to air drying force
(Table 4) shows that the largest contribution comes from air
temperature (51%), followed by wind velocity (32%) and the
smallest contribution comes from relative humidity (16%).

Table 5 lists the 𝑍 values of the M-K trend test for
annual net radiation, air temperature, relative humidity, and
wind velocity in Dongping Lake (13:10–14:10) during 2003–
2010. The variation trends in annual 1-hour (13:10–14:10) air
temperature, net radiation, air humidity, and wind velocity
are shown in Figures 8 and 9, respectively. According to
Tables 4 and 5 and Figures 6, 7, 8, and 9, the increase in wind
speed and air temperature decreases the air drying force,
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Figure 6: The variation trends of annual mean of 1-hour (13:10–
14:10) air drying force and hourly evaporation in Dongping Lake
during 2003–2010 (open circlemeans hourly evaporation, dotmeans
air drying force).
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but the increase in air humidity decreases air drying force.
However, the forces which caused air drying force to increase
were larger than the forces which caused air drying force
to decrease, finally resulting in the increasing trend of air
drying force from 2003 to 2010. Climate in Dongping Lake
region tends to be drier during 2003 to 2010 due to global
warming based on the observed trend in annual change of air
temperature (Tables 4 and 5).

Air temperature not only decides the diffusion rate of
water vapor above water surface, as well as the receiving
ability of vapors, but its stratification effect also directly affects
the gradient of air humidity. A higher air temperature will
result in greater air saturation differences and air drying
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Figure 8: The variation trends in annual mean of 1-hour (13:10–
14:10) air temperature and net radiation in Dongping Lake during
2003–2010 (open circle means air temperature, dot means net
radiation).

force. Based on the observation data in this paper (Figures
4 and 8), the air temperature in Dongping Lake during 2003–
2010 showed a fluctuant increasing trend. This is because
Dongping Lake is an ecological island for tourism; thus,
polluting industries were forbidden, so the air was clear. Even
with global warming, its air temperature during 13:10–14:10
fluctuated but slowly increased.

With enough water supply, the air close to the underlying
surface with enough water supply is gradually saturated.
Thus, the action from horizontal advections, the large input,
andmixing with unsaturated air will result in air temperature
unsaturation at a height of 1.5m. The observation data
indicate that, at 1.5mhigh, the relative humidity of the air
fluctuated stably. The wind velocity at 1.5mhigh was increas-
ing slowly. An increase inwind velocitywould strengthen tur-
bulence, so the exchange between dry and wet air increased.
Not only did long-wave radiation in the atmosphere increase,
but the air saturation difference above the water surface also
increased. This increase in wind velocity would also directly
lead to a decrease in aerodynamic resistance.These combined
processes would lead to the increase of air drying force.

4.3. Monthly Variability

4.3.1. Variation Trends of Monthly Evaporation of Dongping
Lake. The hourly evaporation was calculated by (2); the ratio
to relate the hourly evaporation into daily evaporation was
calculated by (3); and finally, the total daily evaporation for
each given month was computed. The averages of the 10:30–
11:30 and 13:10–14:10meteorological data were used to analyze
the variation trends of monthly evaporation in Dongping
Lake.

Table 6 presents the monthly lake evaporations in Dong-
ping Lake for all years during 2003–2010. It can been seen that
lake evaporations were at their maximum in summer (157.87,
162.75, and 129.51mm inMay, June, and July, resp., accounting
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Table 4: The spatial distribution of relative contribution ratios of
climate factors to air drying force.

Air temperature Wind velocity Air humidity
51% 32% 16%

Table 5: 𝑍 values of M-K trend tests for annual mean of 1-hour
(13:10–14:10) net radiation, air temperature, relative humidity, and
wind velocity in Dongping Lake during 2003–2010.

Air
temperature

Relative
humidity

Wind
velocity

𝑍 values of
M-K test 1.37 0.12 0.37

Change of rate 0.16 0.000 0.031

for more than 40% of yearly evaporation), followed by spring
(101.91 and 113.05mm in March and April, resp.), fall (110.77,
89.40, and 80.57mm in August, September, and October,
resp.), and winter (November, 53.67mm). Table 7 lists the
M-K test results; lake evaporation increased in all months
(except an insignificant downtrend in October), especially in
July (𝛼 = 0.01), followed by May, August, and November
(𝛼 = 0.1); the uptrend was not significant in March, April,
June, or September period.

The intra-annual variability of meteorological factors
affected the relevant changes in lake evaporation. The rising
trends of air temperature and net radiation from April to
August have several influences, including the thawing of
frozen water, the gradual recovery of water level, and the
activation of air molecules. This resulted in an enhanced
energy exchange. From April to August, solar radiation, air
temperature, and wind speed are gradually enhanced, finally
resulting in an increasing trend of evaporation. However,
the variations of wind speed can cause the evaporation to

fluctuate. But from September to November, the trends of
these variables exhibited just reverse trends compared to
those of April to August.

The intra-annual distribution of precipitation and the
changing characteristics of water level corresponded to the
intra-annual changes of evaporation distribution. In the rainy
season between July and August, precipitation and the rise of
water level will affect the water exchange between Dongping
Lake and the Yellow River. The annual precipitation was
concentrated in July and August, while evaporation was
centered between May and July in Dongping Lake. So, the
phase difference between precipitation and evaporation will
induce the changes of water level of Dongping Lake. Before
April, the water levels in Dongping Lake and the Yellow
River were both low but largely different, and their water
exchange was weak. From May to June, the water levels were
increased in both Dongping Lake and the Yellow River and
water exchange between them was also strengthened. From
June to August, water exchange between Dongping Lake and
the Yellow River reached its peak, and evaporation will also
reach the maximum during this period. After September,
precipitation will gradually decrease in the following months
and evaporation in Dongping Lake will be low.

4.3.2. Monthly Evaporation of Dongping Lake through Climate
Variation. Table 8 presents the 𝑍 values of M-K test on
rate of air and lake temperature change, air humidity, and
wind velocity. It can be seen from Table 8 that the net
radiation increased in all months except April. The increas-
ing trend was evident in May (11.60w/m2/month/a), July
(11.02 w/m2/month/a), and October (18.38 w/m2/month/a)
and they all passed the 𝛼 = 0.01M-K test; the trend was
prominent in June (16.34w/m2/month/a) and passed the 𝛼 =
0.5M-K test; the trend was significant in August and passed
the 𝛼 = 0.1M-K test.

Wind speed can indirectly affect water surface evapora-
tion speed through eddy exchange, and wind can move water
vapor molecules away from the water surface, thus thinning
the surface saturated layer and maintaining a high transport
rate. High wind speed can result in small aerodynamic
resistance and large water surface evaporation, while low
wind speed can result in high aerodynamic resistance and
small water surface evaporation. Under the background of
global warming [30], air temperature increased in all months
except in April. Furthermore, there is no large fluctuation of
air humidity, and the change of wind speed is a little complex.
Low air humidity means low water vapor content in the air,
which would promote water surface evaporation and vice
versa.

In March, there is a balance between the increase of
lake evaporation caused by the insignificant increases in
net radiation (12.45w/m2/month/a) and air temperature
(0.09∘C/month/a) and the change of lake evaporation caused
by an insignificant increase in air humidity (−0.02/month/a)
and an insignificant decrease in wind speed (0.02m/s/a);
this induced the smooth fluctuation of lake evaporation
in March. In April, an increase in wind speed (0.05m/s/a)
compensated for a decrease in lake evaporation caused by a
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Table 6: Monthly evaporation of Dongping Lake (unit: mm).

March April May June July August September October November Year (mm)
2003 80.71 125.96 130.35 160.61 106.62 84.60 73.65 87.33 52.81 902.64
2004 110.19 96.78 142.97 150.19 117.01 109.05 103.37 74.16 52.45 956.16
2005 117.75 151.93 161.98 197.99 104.81 101.94 86.32 84.04 53.06 1059.82
2006 130.18 80.13 160.06 133.08 120.45 124.43 96.26 78.25 43.84 966.69
2007 87.87 106.15 150.06 161.01 137.03 113.55 71.98 81.69 56.12 965.48
2008 82.99 106.19 188.65 132.51 150.35 117.01 95.27 76.06 57.38 1006.41
2009 105.21 121.73 168.65 188.22 153.25 120.48 92.36 80.22 58.25 1088.37
2010 100.35 115.56 160.23 178.36 146.56 115.12 96.12 82.78 55.46 1050.42
Average 101.91 113.05 157.87 162.75 129.51 110.77 89.40 80.57 53.67

Table 7: 𝑍 values of M-K tests and rate of monthly evaporation change.

March April May June July August September October November
Evaporation 0 0.25 1.73a 0.25 2.47b 1.73a 0.24 −0.24 1.73a

Change of rate (mm/a) −0.404 0.70 4.85 1.74 7.31 3.63 1.24 −0.26 0.87
Remark: a and b mean passing the 90%, and 99% confidence levels.

decrease in air temperature (0.12∘C/month/a), whichwill lead
to an insignificant increasing trend in lake evaporation of
Dongping Lake. FromMay to August, the significant increase
of net radiation (11.60w/m2/month/a, 16.34w/m2/month/a,
11.02 w/m2/month/a, and 14.93w/m2/month/a for May, June,
July, and August, resp.) compensated for a decrease
in lake evaporation, which was caused by a variation
in air humidity (−0.014/month/a in July, 0.005/month/a in
August) and a decrease in wind velocity (−0.09m/s/month/a,
−0.09m/s/month/a, −0.02m/s/month/a, and −0.01m/s/
month/a, for May, June, July, and August, resp.) and thus
caused the increase of lake evaporation. Though both net
radiation (10.19 w/m2/month/a, 18.38 w/m2/month/a, resp.)
and air temperature (0.05∘C/month/a, 0.34∘C/month/a,
resp.) increased in September and October, an insignificant
decrease in wind speed and an insignificant increase in air
humidity inhibited lake evaporation; thus, lake evaporation
decreased insignificantly in September and October. A
significant increase of wind speed (0.16m/s/month/a) and an
insignificant increase of net radiation (11.73 w/m2/month/a)
led to the significant increase in lake evaporation in
November.

5. Conclusions and Discussion

Based on the various meteorological elements observed in
Dongping Lake and the nearby weather station, the total
annual daily and hourly evaporations from 13:10 to 14:10 in
Dongping Lake from 2003 to 2010 were calculated using
the Penman-Monteith equation. The variables trends in
evaporation were analyzed.The relationship between climate
factors and evaporation was then further discussed. The
conclusions are as follows.

(1) The total annual evaporation in Dongping Lake
increased at 18.24mm/a during 2003–2010.Themajor
climate factor that accounted for this increase was the
rising net radiation and air temperature.

(2) Against the background of global warming [30], the
climate around Dongping Lake tended to become
drier during 2003–2010; the largest contribution to
this came from air temperature, followed by wind
velocity and relative humidity.

(3) The yearly hourly (13:10–14:10) evaporation in Dong-
ping Lake increased at 4.55mm/a during 2003–2010.
This increasing rate of evaporation from 13:10 to
14:10 accounted for 24.9% of the increases in yearly
evaporation. The major climate factor that accounted
for this increase was the rising net radiation, followed
by air temperature, wind velocity, and air humidity.

(4) The monthly evaporations of Dongping Lake have
seasonal variability. There is an important relation-
ship between the lake’s evaporation and seasonal
changes in the water level.The largest increases in rate
of lake evaporationwere inMay, July, andAugust.The
major climate factor that accounted for this increase
was the increasing net radiation.

The variation trend of evaporation in Dongping Lake
during 2003–2010 was calculated, and the contributions
of climate factors to the climate around Dongping lake
were studied quantitatively. The results will help to better
understand the effects of climate change on Dongping Lake,
as well as to provide insights for studies on the variation
trends of terrestrial evaporation in the North China Plain.
The air temperature in Dongping Lake showed an uptrend
during 2003–2010, and the warming trend in the future
will be a concern for us all. The increasing evaporation of
Dongping Lake in 2003–2010 wasmainly caused by increased
net radiation, while the increase of net radiation was mainly
caused by an increase in CO

2
concentrations. Because the

climate system is complex and has many interactions among
multiple factors, more data are needed for further studies.
However, for deep lakes, the water heat flux should take water
temperatures at different depths into account [2]. Obtaining
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Table 8: 𝑍 values of M-K tests on rate of monthly evaporation change, air and lake temperature, air humidity, and wind velocity.

March April May June July August September October November
Air temperature 0.25 −1.24 1.98b 0 0.99 1.24 0.50 1.73a 0.50
Change of rate (∘C) 0.09 −0.12 0.24 0.05 0.09 0.20 0.05 0.34 0.03
Air humidity −1.98b 0.25 −0.25 0 1.48a 0.25 0.25 2.23b 0
Change of rate −0.02 0.00 0.00 0.00 0.014 0.005 0.002 0.014 −0.002
Wind velocity 0.74 0.74 −0.74 −1.24 0 −1.48a −0.25 −0.50 1.98b

Change of rate (m/s) 0.02 0.05 −0.09 −0.09 −0.02 −0.01 −0.01 −0.002 0.16
Net radiation 0.99 0 2.72c 1.98b 2.47c 1.48a 1.24 2.48c 1.04
Change of rate (w/m2) 12.45 1.43 11.60 16.34 11.02 14.93 10.19 18.38 11.73
Remark: a, b, and c mean passing the 90%, 95%, and 99% confidence levels.

meteorological data needs to consume more human and
financial resources. In addition, applying the remote sensing
method to the estimation of lake evaporation will also be a
hot topic for studies on lake evaporation in the future.
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Yunnan province is the core region of the drought in the Southwest China, which makes the region become the hot spot in the
meteorological research. However, among the various influencing factors of the drought in Yunnan province, the influence of
the land use/cover change (LUCC) on the drought has not been quantitatively analyzed. The LUCC in recent decades was first
quantitatively analyzed in this study. Given the fact that severe drought in Yunnan province ismainly due tomuch-less-than-normal
precipitation and much-warmer-than-normal surface temperature, this study focused on the future spatiotemporal heterogeneity
of the temperature and precipitation, which have great impacts on the drought. Finally, the influencing factors of drought in Yunnan
province were simulated with the Weather Research and Forecasting (WRF) model, and the risk of drought was spatially analyzed
with the meteorological drought composite index. The results indicate that the large-area forest plays a more important role in
alleviating the risk of drought than other vegetation types do. Besides, the changes of the landscape structure resulting from the
urban expansion play a significant role in intensifying the risk of drought.

1. Introduction

Drought is one of the world’s most common and damaging
disasters [1], causing the global damages of tens of billions of
dollars and affecting more people than any other devastating
climate-related hazards [2]. Being located in East Asia, China
has suffered long-lasting and severe droughts during the
latter half of twentieth century, which caused large economic
and societal losses [3, 4]. The once-in-a-century drought
swept across Southwest China (including Yunnan, Guizhou,
Guangxi, Sichuan, and Chongqing) from the summer of 2009
to the spring of 2010. It subjected over 16million of people and
11 million of livestocks to water shortages, devastated crops
across more than 4 million hectares of farmland and made
25% of them yield no harvest. Besides, most rivers shrank to

30–80% of their normal volume, and some dried up com-
pletely.

Yunnan province is located to the southeast of Qinghai-
Tibet Plateau (100∘E–110∘E, 23∘N–28∘N) and is the core region
of the drought in the Southwest China. There is frequent
drought in the Yunnan province, which makes the region
become the hot spot in the meteorological research papers
[5]. The frequent drought is closely related with the special
geographic position of the Yunnan province. Yunnan prov-
ince is a typical plateau at lower latitudes, and the three cut-
ting-edge issues in the meteorological fields, that is, the mega
relief, lower latitudes, and tropical oceans, concentrate in this
region and consequently lead to many distinctive climatic
phenomena [6, 7]. On the one hand, it is located in the fragile
region of the monsoon climate zone and is in the junction of
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East Asian monsoon and South Asian monsoon, where there
is great variability of the climate [8] and the influencing fac-
tors of the weather and climate are extremely complex [9, 10].
On the other hand, the land use/cover change (LUCC) plays
an important role in influencing the drought disaster and
climatic anomaly.The LUCC can change the properties of the
underlying surface and lead to the local and regional climate
changes [11]. However, among the various influencing factors
of drought, the influence of the LUCC on the drought has not
been quantitatively analyzed.

There is a lack of the forecast of the scenario of drought
in the future and identification of the effects of the LUCC
in many of the research papers on the drought in the Yun-
nan province. Besides, the relevant research papers mainly
depend on the diagnosis with the historical statistical data [12,
13], which is of limited guiding significance for taking reason-
able disaster prevention measures. As for the research on the
climate and risk of drought in Yunnan Province, although
some researchers have carried out the climate simulationwith
the regional climate model and implemented sensitivity tests
of some external forcing factors, they have not accurately
parameterized and analyzed the conditions of the underlying
surface [14–16]. Among the various influencing factors of
drought, the LUCC has great influence on the frequency of
drought, and a lot of research papers have suggested that the
LUCC can alter the properties of the underlying surface and
consequently lead to the regional climate change [17]. In com-
parison to other influencing factors of drought, the reason-
able arrangement of land use is an effective approach to allevi-
ate the influence of extreme climatic events [18, 19]. So, it is of
great guiding significance to alleviate the influence of extreme
climatic events to study the influence of the LUCC on the
drought. Besides, the rapid urbanization and ecological con-
struction have caused the conversion of a lot of fertile crop-
lands, which led to the rapid decrease of cropland area and
aggravated the landscape fragmentation [19]. Although the
subsequent ecological construction has restrained the ecolog-
ical degradation in the province to some degree, the large-
scale afforestation projects have further altered the original
land cover, and human interference in the land cover influ-
ences the spatial pattern of the land surface in a large area
[20]. So, what effectswill the urbanization and ecological con-
struction have on the climate in Yunnan province?

In this study, the LUCC in Yunnan Province in recent
decades was first quantitatively analyzed. Since the severe
drought in Southwest China ismainly due tomuch-less-than-
normal precipitation and much-warmer-than-normal sur-
face temperature [3], the Weather Research and Forecasting
(WRF) model has been used to simulate and analyze the
effects of LUCC on the temperature and precipitation in the
future climate forcing field with the LUCC as the driving
factor in this study, and the future scenarios ofmeteorological
drought in Yunnan province were further forecasted and
analyzedwith themeteorological drought composite index in
the expectation of providing some reference and support for
reasonably arranging the land use, alleviating the influence of
extreme climatic events, and improving the hazard prediction
in Southwest China.
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Figure 1: Land use pattern of Yunnan province in year 2008.

2. Characteristics of the LUCC in
the Study Area

In this study, the land use/cover data in years 1985, 1993, 1998,
2003, and 2008 were extracted from the Landsat TM/ETM
images in the late 1980s and 1990s by the man-machine inter-
active visual interpretation, and the main land cover types
were summarized and spatially represented as follows. The
data suggest that themajor land use type in the northwest part
is the forest lands, which accounts for more than 58% of the
total land area reaches, while there is a lot of built-up land in
the eastern part (Figure 1).

This study implemented spatial statistics and quantitative
identification of the change pattern for all the land use types
during the study period so as to analyze the major land
use/cover change more accurately (Figures 2 and 3).The spa-
tial statistics indicates that during 1985–2008, the forest land
is the major land use type in Yunnan province and ranks the
first in the area increment among all the land use types. The
grassland ranks the second in the total area; its increment rate
reached 3.09%, and its total area showed an increasing trend.
The cultivated land ranks the third in the total area; although
its area increased in some regions, there is a significant
decrease of the cultivated land in most regions, and conse-
quently its total area decreased by more than one million ha.
Besides, the decrement rate of the cultivated land is the high-
est among all the land use types, reaching 3.75%, and the total
area decreased by 2%. The very high decrement rate along
with the very high increment rate indicated a dramatic
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Figure 3: Changes of percentage of major land use types in Yunnan
province during 1985–2008.

variation in the cultivated land inYunnan province.Thewater
bodies showed an increasing trend, with an increment rate of
approximately 1%. By comparison, the built-up land accounts
for the least proportion of the total area, which is less than 3%,
while its area changed most significantly, with an increasing
rate of 6%. The analysis of the land transfer with an interval
of 5 years further confirmed the significant land cover change
in Yunnan province. The transfer among the major land use
types also indicates that there is more dramatic variation of
the land use behind the overall land use change in Yunnan
province.

In summary, the urbanization and ecological construc-
tion have led to a significant land use change in Yunnan prov-
ince. Among all the kinds of land use change, the significant
decrease of cultivated land is mainly due to the implementa-
tion of the policy of returning farmland to forests or grass-
land. Besides, in view of the resilience of the forest land and
grassland, it is very difficult for them to recover to the original
state during short periods if damaged. Although there is great
lag in the climatic effects of the land use change, the dramatic
land use change still will inevitably have some impacts on the
ecological environment, lead to the changes of biophysical
properties, and consequently influence the frequency of the
regional drought.

3. Model Design

3.1. Selection of the Parameterization Scheme of the WRF
Model. The WRF model includes the WRF Preprocessing
System (WPS), WRF-DA, main program, and postprocessor,
among whichWPS and the main program have been used in
this study. TheWPS module is mainly used to preprocess the
model, for example, to define model domains and interpolate
static geographical data to the grids, interpolate the meteoro-
logical fields to the model grids, and prepare the input data
to the main program ofWRF.While the main program of the
WRF model is used to carry out numerical simulation with
the data prepared with the WPS module, it includes a
very distinctive numerical dynamical framework and many
advanced physics parameterization schemes.

This study hasmainly focused on the land surface param-
eterization scheme, since the main research object is to ana-
lyze the impacts of the underlying surface on the frequency
of the drought disaster.TheWRFmodel mainly includes four
land surface parameterization schemes, that is, SLAB scheme,
NOAH scheme, RUC scheme, and Pleim-Xiu scheme, all of
which calculate the flux of various exchanges between the
land surface and the atmosphere, for example, the dynamics,
sensible, and latent heat and radiation from the perspective of
the water balance and energy balance.The comparison of the
test results of these schemes indicates that the Noah scheme
proves to be more stable and reasonable than other schemes,
although it is also the most complex. Therefore, the Noah
scheme was adopted in the analysis of the future climatic
effects in this study, and the data of the temperature field and
moisture field in the Noah scheme were obtained by interpo-
lation with the large-scale climate data. Besides, the parame-
terization scheme of theWRFmodel in this studymade refer-
ence to the parameterization scheme in the localization test of
the mesoscaleWRFmodel, which was carried out by Yunnan
Institute of Meteorological Science [21]. The specific condi-
tions of the parameterization scheme are as follows.The land
surface process scheme was the Noah land surface model,
the cumulus parameterization scheme adopted the Grell-
Devenyi ensemble scheme [22], the radiation scheme was the
CAM3 scheme [23], the cloud microphysics scheme was the
Kesslermicrophysics scheme, and the boundary layer process
scheme was the YSU scheme. In addition, a triple nested
scheme was designed in this study, with three extents of the
simulation region, that is, d01, d02, and d03, amongwhich d01
covers the whole Yunnan-Guizhou Plateau, and d03 mainly
covers Yunnan province. The center point of d01 was located
at 101.80∘E, 24.85∘N, and the Lambert projection was used.
Besides, there were also three spatial resolutions in this study,
that is, 9 km, 3 km, and 1 km.

3.2.Model Validation. This study first localized the land cover
data needed by the WRF model in order to test the ability of
the WRF model to simulate the change of main climatic fac-
tors in Yunnan province. The 1 km resolution land use/cover
data were reclassified and up-scaled into the 20 km resolution
data. Besides, the land surface parameters in theWRFmodel,
including Albedo and LAI, were adjusted on the basis of
the MODIS data covering the study area. The climate forcing
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Figure 4: Comparison between the observed annual precipitation
and simulated annual precipitation with theWRFmodel in Yunnan
province during 1990–2010.

data were run from January 1990 to January 2010, the LUCC
data were updated every five years, and finally the simulated
data of the precipitation and temperature in Yunnan province
during 1990 and 2010 were obtained. In order to verify the
accuracy of the simulation, the annual average precipitation
of the meteorological stations in Yunnan province has been
collected and compared with the simulation results obtained
with the standard WRF model (Figure 4). On the whole, the
annual precipitation simulated by the model is lower than
the data from the meteorological stations, but their overall
changing trends are consistent. The correlation coefficient of
the simulated and observed annual precipitation during the
20 years is 0.567 and reaches the 95% level of confidence, indi-
cating that there is a good correlation between them, and the
WRF model can simulate the spatiotemporal change of the
temperature very well. In summary, there is, high accuracy of
the simulation of the temperature and precipitation with the
WRF model on the whole.

3.3. Calculation of the Future Meteorological Drought Com-
posite Index. In this study, we referred to GB/T20481-2006
Meteorological Drought Level published by China Meteoro-
logical Administration in 2006 and chose the meteorological
drought composite index (CI) for analysis [24]. The CI and
the values of parameters are based on the standardized pre-
cipitation index (SPI) and relativemoisture index (MI), which
is calculated as follows:

CI = 𝑎𝑍
30
+ 𝑏𝑍
90
+ 𝑐𝑀
30
, (1)

where 𝑍
30

and 𝑍
90

refer to the SPI of 30 days and 90 days,
respectively,𝑀

30
refers to the MI of 30 days, 𝑎 and 𝑏 are both

0.4 in this study, and 𝑐 is 0.8.

The SPI is calculated as follows. Suppose the amount of
precipitation during a certain period is 𝑥, which follows the Γ
distribution, its probability density function is as follows:

𝐺 (𝑥) =

1

𝛽
𝛼
Γ (𝛼)

𝑥
𝛼−1
𝑒
−𝑥/𝛽
(𝑥 ≥ 0) ,

Γ (𝛼) = ∫

∞

0

𝑥
𝛼−1
𝑒
−𝑥
𝑑𝑥,

(2)

where 𝛼 is the shape parameter, 𝛽 is the scale parameter, Γ(𝛼)
is the Gamma function, which is used to calculate the cumu-
lative probability density function (𝑥), and 𝐺(𝑥) is further
converted as follows:

𝐻(𝑥) = 𝑞 + (1 − 𝑞)𝐺 (𝑥) , (3)

where 𝑞 is the frequency of 0 in the precipitation array. The
SPI is finally obtained by further standardizing𝐻(𝑥)with the
Gaussian function. In addition,we referred theMeteorological
Drought Level [24] for the estimation of 𝛼, 𝛽.

The MI is calculated with the following formula:

MI = ∑𝑃
∑ET
0

, (4)

where∑ET
0
refers to the potential evapotranspiration in the

recent 30 days (unit: mm) and ∑𝑃 is the amount of precip-
itation in the recent 30 days (unit: mm).

The potential evapotranspiration is approximately esti-
mated with the reference method for calculating potential
evapotranspiration based on the Penman-Monteith function,
which is recommended by the United Nations Food Agricul-
ture Organization (FAO) as follows:

ET
0
=

0.408Δ (𝑅
𝑠
− 𝐺) + 𝛾 (900/ (𝑇 + 273)) 𝑈

2
(VP
𝑠
− VP)

Δ + 𝛾 (1 + 0.34𝑈
2
)

,

(5)

where ET
0
is the reference evapotranspiration (mm⋅d),𝑅

𝑠
and

𝐺 refer to the net radiation and soil heat flux, respectively
(MJ⋅m−2⋅d−1), 𝛾 and Δ refer to the psychomotor constant and
the slope of the vapor pressure curve (kPa⋅∘C−1), 𝑈

2
is the

wind velocity at 2m above the ground (m⋅s−1), and VP
𝑠
and

VP represent the saturation vapor pressure and actual vapor
pressure (kPa). The parameters used in the calculation pro-
cess all adopted the standards recommended by FAO.

4. Analysis of the Risk of Drought in
Yunnan Province in the Future

4.1. Future Spatiotemporal Heterogeneity of the Temperature
and Precipitation. After testing the accuracy of the simula-
tion with the WRF model, the simulation test, which used
the LUCC data of year 2008 and the climate forcing data
during October 2010 and October 2040, was implemented so
as to analyze the risk of the meteorological drought. Since
the severe drought in the Southwest China is mainly due
to much-less-than-normal precipitation and much-warmer-
than-normal surface temperature [3], the air temperature at
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Figure 5: Spatial heterogeneity of the air temperature at 2m above the ground in Yunnan province during 2020–2050 (unit: ∘C): (a) 2020;
(b) 2030; (c) 2040; (d) 2050.

2m above the ground and the precipitation in the future 40
years were firstly analyzed and represented as follows (Fig-
ures 5 and 6).

Since the temperature is one of the most important influ-
encing factors of the drought disaster, the time-series data of
the spatial heterogeneity of temperature change can reflect
the spatial pattern of the risk of drought disaster to some
degree. Consistent with the fact that temperature and latitude
have a so strong relation, the temperature in Yunnan province
increases from the northwest to the southeast on the whole.
In addition, the spatial distribution of the temperature in
the future 40 years indicates that this spatial pattern of the
temperature will not change in the future. If the influence of

the underlying surface is not taken into account, the solar
radiation angle and the annual sunshine hours will decrease
from the south to the north, which is consistent with the
decreasing trend from the northwest to the southeast in the
future 40 years. Besides, the time-series data suggests that the
temperature of the same place will steadily increase by
0.5∘C/10 years. On the other hand, there is a significant spatial
heterogeneity of the regional temperature change, and this
heterogeneity cannot be totally explained by latitude and
solar radiation angle. The changing trend of every 10 years
suggests that the amplitude of variation of the temperature is
the least in the northwest part of Yunnan province. The tem-
perature is lower in the northwest part of Yunnan province,
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Figure 6: Spatial heterogeneity of precipitation in Yunnan province during 2020–2050 (unit: mm): (a) 2020; (b) 2030; (c) 2040; (d) 2050.

where the amplitude of temperature change is the least. By
contrast, there is an obvious temperature rise in the eastern
part, and the close to the east it is, the higher the temperature
rise is. In addition, the amplitude of temperature rise is rela-
tively large in the regions around Kunming city, and the tem-
perature difference between these regions and other regions
will gradually increase, which is mainly due to the significant
difference between the land cover in the urban region around
Kunming city and other regions.

The precipitation as another important influencing factor
of the drought disaster also has a significant influence on the
spatiotemporal change of the risk of drought disaster. There
is a significant spatial heterogeneity of the precipitation in

Yunnan province during 2020–2050; the precipitation shows
vertical differentiation along 23.5∘N on the whole, and there
is the most significant variation of the precipitation in the
northwest part, where it will reach 2500mm in year 2020.
However, the precipitation in the northwest part will show a
first decreasing and then increasing trend, first reaching
2850mm in year 2030, then declining to 2650mm in year
2040, and finally increasing to 3000mm in year 2050. This
temporal change of precipitation may be related with the
change of the future climate forcing field. The precipitation
is generally very low in the southern part (e.g., Simao city,
Jinghong city), and there is only slight difference of precipi-
tation in this region. The precipitation in the southern part
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Table 1: Classification standard of the meteorological drought
composite index (CI).

Level Class CI
1 No drought −0.6 < CI
2 Slight drought −1.2 < CI ≤ −0.6
3 Moderate drought −1.8 < CI ≤ −1.2
4 Heavy drought −2.4 < CI ≤ −1.8
5 Extreme drought CI ≤ −2.4

shows an increasing trend on the whole. The significant
change of precipitation mainly concentrates in the southeast
part and northeast part.

4.2. Analysis of the Scenario of Drought in the Future with the
WRFModel. After the analysis of the spatial heterogeneity of
precipitation and the air temperature simulated by the WRF
model, the meteorological data in the future 40 years were
simulated with the WRF model, including the daily precip-
itation, daily temperature, net radiation, soil heat flux, wind
velocity at 2m above the ground, saturation vapor pressure,
actual vapor pressure, and solar radiation. These data were
put into the equations from (2) to (5), and the meteorological
drought composite index (CI) was calculated with (1) and
then classified according to the classification standard of
the CI (Table 1). The classification result was finally spatially
represented as follows (Figure 7).

The time-series data of the risk of drought in Yunnan
province indicate that the regions of no drought during 2020–
2050 mainly concentrate in the northwest part where the
main land cover type is the forest. The forest in Yunnan
province plays an important role in decreasing the risk of
drought in the future; however, it is notable that the degree of
drought in the northwest part is aggravating to some degree,
and the area with higher risk of drought is expanding in this
region, indicating that the forest in the northwest part has
been damaged to some degree and some forests have been
converted to other land use types. In addition, the regions
with the risk of heavy or extreme drought are generally in
the southern part, especially the southwest part, where it is
greatly influenced by the subtropical high-pressure belt.

The forest plays an important role in regulating the cli-
mate and alleviating the drought since it has greater influence
on the important biogeophysical parameters of the land sur-
face, for example, the albedo, evapotranspiration, and rough-
ness of the land surface. For example, the albedo of the forest
is generally lower than that of other vegetation types [25],
which contributes to the decline of the near-surface temper-
ature. Besides, the land surface roughness can influence the
turbulent flow between the land surface and the atmosphere
and consequently influences the local diffusion flux. Some
sensitivity tests indicate that the change of the land surface
roughness can make the global temperature increase by
0.29∘C, and the temperature rise is more obvious in the tropi-
cal zone, where there is greater variation of the leaf area index
and vegetation height [26]. Since the forest has higher land
surface roughness, it can lead tomore turbulent flow between

the land surface and the atmosphere and higher local diffu-
sion flux and consequently causes the decline of the near-sur-
face temperature [26].

In addition, although the urban area accounts for only
3%-4% of the total land area in Yunnan province, the urban
land has significant influence on the local and regional cli-
mate. What is more important, according to the urbanization
planning, the urban area will expand rapidly and conse-
quently exertmore influence on the local and regional climate
[27]. The city agglomeration as well as the urban effects are
not dominated in this province and only occurred in a limited
region. For example, in the regions to the east of Yuanjiang
river, especially in the regions around Kunming city, there is
remarkable conversion of the other land use types to the
urban and built-up land, which makes the northeast part
become the area with extreme drought by year 2030, and the
expansion of the urban and built-up lands can greatly influ-
ence the local climate. In the urban regions, there is generally
low vegetation coverage and large area of impermeable land
surface, which greatly decrease the evapotranspiration of the
land surface and make the potential heat flux much higher
than that in the regions with higher vegetation coverage and
consequently make the near-surface temperature increase
greatly and lead to the urban heat island effect. Besides, the
urban heat island effect leads to more turbulent flow in the
urban district than in the suburban district, makes the mois-
ture content in the atmosphere lower in the urban district
than in the suburban district, and consequently leads to the
dry land effect.

5. Conclusion

The distinctive geographic position, various terrain, and
complex climate conditions all make it very difficult to
simulate and forecast the regional climatic effects in Yunnan
province. On the basis of the analysis of the land use/cover
change in the past decades, this study simulated the change
of influencing factors of drought in Yunnan province with the
WRFmodel.This study hasmainly focused on the spatiotem-
poral heterogeneity of the risk of drought and the character-
istics of its change under the scenario of accelerated urban-
ization and the large-area forest since the urbanization and
ecological construction have significant influence on the land
use/cover change.

In comparison to other vegetation types, the large area of
forest in Yunnan province has played a more significant role
in decreasing the risk of drought. On the whole, the better the
vegetation cover is, the lower the risk of drought is. By con-
trast, the landscape structure changes due to the urban expan-
sion increase the risk of drought to some degree.The changes
of the underlying surface due to the urbanization can influ-
ence various physical processes such as the energy balance of
the land surface and consequently change the climate in a
large area. All these impacts act at a certain temporal and
spatial scale, for example, the land use/cover change can
influence the albedo of the land surface and consequently
influences the regional temperature in the short and medium
terms. Besides, the land use/cover change has more effects
on the regional scale, but the land-atmosphere feedbacks can
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Figure 7: Spatial pattern of the risk of drought in Yunnan province during 2020–2050: (a) 2020; (b) 2030; (c) 2040; (d) 2050.

influence the effects of the global climate change on the
regional meteorological drought to the global climate change
by altering the albedo of the land surface, soil moisture, and
the evaporation process.

The impacts of the land use/cover change in Yunnan
province on the regional climate are the combined effects of
the biogeophysical processes and biogeochemical processes,
but this study has mainly taken into account the influence of
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the biogeophysical factors in the calculation of the meteoro-
logical drought composite index. It is still necessary to carry
outmore indepth research on how to embed the biogeochem-
ical factors into theWRF model and build a more reasonable
and reliable meteorological drought index. Besides, there are
various climate types in Yunnan province, and there are also
various causes of the drought disaster, and this study has
mainly focused on the simulation and forecast of the risk of
drought due to the LUCC in the future. In order to forecast
the degree and frequency of drought more accurately, it is
necessary to quantitatively analyze the characteristics and
effects of the drought; more meteorological factors should be
taken into account in the climatemodel and numerical analy-
sis, for example, the monsoon wind, atmosphere circulation,
and changes in the ocean temperature.
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Using the coupledWRF-Noahmodel, we conducted two experiments to investigate impacts of the interannual variability of leaf area
index (LAI) on the surface air temperature (SAT) in eastern China.TheModerate Resolution Imaging Spectroradiometer (MODIS)
observed dynamic LAI data from 2002 to 2009 were used in one modeling experiment, and the climatological seasonal cycle of
the MODIS LAI was used in the other experiment. The results show that the use of dynamic LAI improves model performance.
Compared with the use of climatological LAI, the use of dynamic LAI may reduce the warm (cool) bias in the years with large
positive (negative) LAI anomalies. The reduction of the warm bias results from the modeled cooling effect of LAI increase through
reducing canopy resistance, promoting transpiration, and decreasing sensible heat flux. Conversely, the reduction of cool bias is a
result of the warming effect of negative anomaly of LAI. The use of dynamic LAI can improve model performance in summer and
to a lesser extent, spring and autumn. Moreover, the dynamic LAI exerts a detectable influence on SAT in the WRF model when
the LAI anomaly is at least 20% of the climatological LAI.

1. Introduction

A large amount of evidence shows that terrestrial vegetation
is an important dynamic component of the climate system [1–
4]. Terrestrial vegetation regulates the local/regional weather
and climate through modifying the surface energy budget,
modifying partition of surface net radiation between latent
heat flux and sensible heat flux, modifying surface wind,
as reviewed by Notaro et al. [5]. For instance, coupling a
dynamic vegetation model could upgrade the ability of the
climate model to capture low-frequency variability of precip-
itation in the Amazon region [6]. The coupled WRF-Noah
model could simulate climate warming closer to groundmea-
surements by using a dynamical green vegetation fraction
rather than by using a climatological fraction [7]. Therefore,
it would be valuable to accurately describe vegetation prop-
erties in climate models to improve model performance.

In climate models, the land surface submodel is used
to simulate the dynamics of moisture and heat within soil
and surface heat and moisture fluxes to the atmosphere. The
Noah land surface scheme (Noah LSM) is an intermediate-
complexity land surface model that can provide reasonable

diurnal and seasonal variations of surface heat fluxes [8].The
Noah LSM is employed in the National Centers for Environ-
mental Prediction (NCEP) operational mesoscale Eta model
[9], the Mesoscale Model (MM5) [8], the Weather Research
and Forecast (WRF)model, and othermesoscalemodels.The
WRF model is a next-generation mesoscale model designed
to serve both atmospheric research and operational forecast-
ing. It includes atmospheric dynamics and parameterizations
ofmesoscale atmospheric processes that could be comparable
to or more comprehensive than those found in most global
climate models. The coupled WRF-Noah model has been
widely used to simulate regional climate changes [10] and to
study surface-atmosphere interactions [7, 11, 12].

There is one canopy layer in the Noah LSM. The canopy
properties are represented by a group of parameters including
leaf area index (LAI), green vegetation fraction (𝑓

𝑔
), albedo,

emissivity, and canopy height. The albedo and emissivity
regulate the surface radiation balance.The LAI and𝑓

𝑔
are the

key parameters used to simulate canopy evaporation (𝐸
𝑐
) and

canopy transpiration (𝐸
𝑡
). Thus, these parameters regulate

the partitioning of surface net radiation between sensible heat
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flux and latent heat flux [8]. Specifically, while 𝐸
𝑐
and 𝐸

𝑡

simulations are largely affected by 𝑓
𝑔
, 𝐸
𝑡
simulations are also

affected by LAI through the regulation of canopy resistance.
Hong et al. [13] reported that evapotranspiration and surface
air temperature (SAT) simulations in the coupledWRF-Noah
model were highly sensitive to𝑓

𝑔
when comparing simulated

results from three different 𝑓
𝑔
datasets to ground measure-

ments. Ge et al. [7] showed that the use of an observed
dynamic 𝑓

𝑔
would better reproduce climate warming in the

last two decades of the 20th century than the use of a fixed
climatological𝑓

𝑔
.These findings suggest that realistic𝑓

𝑔
data

would be valuable for improving the performance of coupled
models. However, little is known about the sensitivity of the
coupled WRF-Noah model to LAI.

The goal of this study is to investigate the responses of
SAT to the interannual variability of LAI in the coupled
WRF-Noah model. The paper is organized into the following
sections: Section 2 introduces the experiment design, Section
3 presents the results, and Section 4 presents the concluding
remarks and discusses potential future research directions.

2. Methods

2.1. Experiment Design and Data. We conducted two eight-
year (2002–2009) simulations using the WRF model with
Advanced Research WRF (ARW) dynamic core version
3.4 [14]. The two simulations used the same settings and
boundary conditions except for the prescribed LAI data. The
control simulation used the Moderate Resolution Imaging
Spectroradiometer (MODIS) observed dynamic LAI from
2002 to 2009, which is referred to as the dynamic LAI sim-
ulation (DYC). The other simulation used the climatological
seasonal cycle of LAI calculated from the dynamic LAI data
from 2002 to 2009, which is referred to as the fixed seasonal
cycle of LAI simulation (FIX).

The model domain covers eastern China with the central
point at 116∘E, 36∘N. It has a horizontal resolution of 30 km
(64 grid cells in west-east and 80 grid cells in south-north;
cf. Figure 1) and 28 vertical levels with 50 hPa at the top level
of the atmosphere. The simulations were driven by 1.0 × 1.0
degree resolution 6-hourly NCEP FNL reanalysis data (avail-
able from the RDA (http://rda.ucar.edu/datasets/ds083.2/) in
dataset number ds083.2). The main physical parameteriza-
tions used in this study include the WSM 3-class simple ice
microphysics scheme [15], the Grell-Devenyi ensemble con-
vective parameterization [16], the Community Atmospheric
Model (CAM3) radiation package [17], the Yonsei University
planetary boundary layer scheme [18], and the Noah land
surface scheme [8].

The dynamic LAI data used by DYC were taken from
MCD15A2, a dataset retrieved by combining observations
from both Aqua/MODIS and Terra/MODIS [19]. The global
assessment shows that the MODIS LAI has an average
uncertainty of 0.17, accounting for 11.5% of the mean LAI.
Such uncertainty is much less than that of other prevailing
LAI datasets such as GEOV1, GLASS, GLOBMAP, and JRC-
TIP [20]. The MCD15A2 dataset is provided with a 1 km
resolution and an eight-day interval. We aggregated the
1 km resolution LAI into 30 by 30 km WRF model grid cell

resolution by calculating the mean value of the valid pixels
within a grid cell. Then, we linearly interpolated the eight-
day data to obtain daily LAI. It is worth noting that when
more than 80% of the 1 km pixels within one WRF model
grid cell were missing or were lower quality (i.e., cloud and
cloud shadow, average or high aerosol levels, or snow/ice
were detected), the corresponding WRF model grid cell was
treated as missing data at that time point. Then, the missing
data were estimated by linear interpolation using the LAI
values from the last time point and next time point of the
same grid cell.

To evaluate the modeling results, the global high-resol-
ution gridded temperature dataset CRU TS3.0 (available at
http://badc.nerc.ac.uk/view/badc.nerc.ac.uk ATOM data-
ent 1256223773328276) was used. This dataset has a spatial
resolution of 0.5 × 0.5 degrees. It was generated from in situ
measurements from a large number of stations worldwide,
as described by Mitchell and Jones [21].

2.2. Data Analysis. The data analysis included two parts:
evaluating the control (DYC) simulation and diagnosing the
effects of dynamic LAI on the SAT simulation. We first eval-
uated grid cell-based bias of mean SAT of 2002–2009 from
DYC.The biases were represented by root mean square error
(RMSE; (1)). We also computed the correlations between
the time series of simulated SAT from 2002 to 2009 and
observations for each grid cell. The correlation coefficients
represent the ability of the coupledWRF-Noahmodel to cap-
ture interannual variability of SAT. It is noted that the 30 km
simulations were spatially aggregated into the 0.5 degree
resolution of CRU grids before evaluation. These evalua-
tions were performed for spring (March to May), summer
(June to August), and autumn (September to November).
Consider

𝑅
𝑒
=
√
∑
2009

𝑖=2002
(𝑆
𝑖
− 𝑂
𝑖
)
2

7

,
(1)

where𝑅
𝑒
denotes theRMSE and 𝑆

𝑖
and𝑂

𝑖
represent simulated

values and observed values at the year 𝑖, respectively.
To diagnose effects of dynamic LAI on simulated SAT,

we first calculated the LAI anomaly for each year and each
grid cell. The LAI anomaly was calculated by removing the
climatological LAI from the observed dynamic LAI. The
years with the maximum (positive) and minimum (negative)
LAI anomalies for each grid cell were identified. The grid
cell-based spatial correlations between the LAI anomaly and
the difference in the DYC- and FIX-simulated SAT (DYC
minus FIX) for the corresponding year were computed for the
years with maximum and minimum LAI anomalies. Then,
we evaluated the grid cell-based bias of the simulated SAT by
comparing it to the observations in the maximum/minimum
LAI anomaly years for the DYC and FIX simulations. In the
following section, we compared the modeled SAT bias of the
DYC simulation to that of the FIX simulation.The differences
in biases of modeled SAT from the DYC and FIX simulations
were revealed.

To investigate the possible physicalmechanisms related to
themodeled SATdifferences in theDYCandFIX simulations,
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Figure 1: Simulation domain (black-dashed line) and land cover (derived from MODIS land cover products released together with WRF
surface static dataset).

we analyzed the correlations between time series of LAI
anomalies and the corresponding differences in the DYC and
FIX simulated surface energy budgets (DYC minus FIX) for
each grid cell. We performed the analysis in spring (March
to May), summer (June to August), and autumn (September
toNovember) because both the LAI anomaly and its potential
impacts on SATmay vary with seasons.The study area covers
a broad domain from low latitudes to mid-high latitudes
(Figure 1). The vegetation growth in the extra-tropical areas,
excluding the small tropical area in the low latitudes, ceases in
winter (December to February).Therefore, we did not include
winter in the analysis. Sparse vegetation and bare land were
also excluded.

3. Results

3.1. Evaluation of the Control Simulation. Figure 2 shows the
mean and standard deviation of LAI from 2002 to 2009 for
spring, summer, and autumn. In spring and autumn, aside
from a distinguished low LAI (less than two) area in the
northwest with sparse vegetation and bare land, themean LAI
generally decreased from approximately seven at the south
end to approximately three at the north end. In summer, the
northeast area exhibited a low LAI (less than three). For the
other areas, the geographical gradient from south to north
is too slight to be detected and the high LAI (greater than
six) could be found everywhere. The standard deviations
indicate the interannual variability. In spring and autumn,
the LAI of southern areas has greater interannual variability
(the standard deviation is approximately 0.3) than that in the
northern areas. In summer, the interannual variability of LAI
is larger in grassland in the north and in evergreen broadleaf
forest in the south than that in the other areas. Generally, the
grassland in the north had larger interannual variability (the
standard deviation is approximately 0.8) than the evergreen
broadleaf forest in the south.

Figure 3 compares the DYC simulated SAT with obser-
vations. A general agreement is found between the obser-
vations and the DYC simulation, especially with regard to
the geographical distribution. Spatial correlations between
simulated and observed SAT are high (spring: 0.99; summer:
0.95; autumn: 0.98). The high correlations suggest that the
coupled WRF-Noah model with dynamic LAI is capable of
reproducing the spatial variability of climatological SAT. The
DYC simulation also exhibits systematic biases over certain
regions. The spatial distributions of biases are characterized
by larger biases along the western edge and smaller biases in
the eastern areas of the study domain. The regional means of
RMSE have a range of 1.5∘C–1.6∘C, the negative biases in the
southwestern edges reach 5∘C–8∘C, and the positive biases in
the northwestern edges reach approximately 6∘C.

The DYC simulation is also capable of reproducing the
interannual variations of SAT. The correlations between the
interannual variations of the observed and simulated SAT are
mostly positive (Figure 4). Specially, the correlations in the
north of the simulation domain were generally over 0.8 and
significant (𝑃 < 0.01). For summer and autumn, there are
small areas of negative correlations that aremainly found over
sparse vegetation.

3.2. Effects of Dynamic LAI. Figure 5 illustrates grid cell-
based maximum LAI anomalies and the corresponding
differences between simulated SAT fromDYC and FIX (DYC
minus FIX). At the grid-cell scale, the differences in simulated
SAT were negatively correlated with the LAI anomaly (𝑟 =
−0.22; 𝑃 < 0.001). Smaller values of simulated TSA in
DYC (compared to the simulated SAT in FIX) spatially
coexisted with larger positive LAI anomalies. Such negative
correlations demonstrate the cooling effects of LAI increases.
The cooling effects change seasonally with strong effects in
summer and weak effects in spring and autumn. In summer,
the SAT can decrease approximately by 0.028∘C when LAI
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Figure 2: Mean (a) and standard deviation (b) of leaf area index (LAI) from 2002 to 2009 for spring (March to May; MAM), summer (June
to August; JJA), and autumn (September to November; SON).

increases by 10% of the climatological LAI. In spring and
autumn, the cooling effects are small. Moreover, the cooling
effects are hard to be detected when the LAI anomaly is less
than 20% of the climatological LAI.

Figure 6 shows the minimum LAI anomaly and the
corresponding differences between simulated SAT fromDYC
and FIX (DYCminus FIX).The difference between simulated
SAT from DYC and FIX was also negatively correlated with
the LAI anomalies (𝑟 = −0.38;𝑃 < 0.001).The larger negative
LAI anomalies spatially coexisted with higher simulated
SAT in DYC (compared to the simulated SAT in FIX).
Such negative correlations confirmed the above-mentioned
cooling effect of vegetation. Again, the spatial correlations in
summer were higher than those in spring and autumn. In
summer, SAT increased approximately by 0.06∘C when LAI
decreased by 10% of the climatological LAI. In spring and
autumn, the SAT changes were 25% or less of those changes
seen in summer. The effects were generally too small to be
detected when the LAI anomaly was less than 20% of the
climatological LAI.

Figure 7 shows grid cell-based maximum and minimum
LAI anomalies and the corresponding biases of simulated
SAT from the DYC and FIX simulations (DYC minus
observations and FIX minus observations). Use of dynamic
LAI could likely improve the performance of the WRF-
Noah model in summer. Compared with the observations,
the FIX simulation had a cool bias with a negative LAI
anomaly and a warm bias with a positive LAI anomaly. The
larger LAI anomaly is associated with the larger SAT bias
in the FIX simulation. By using the dynamic LAI, the DYC

simulation might reduce the biases. More specifically, the
FIX simulation would underestimate SAT at the grids for
years with a negative LAI anomaly as a consequence of the
prescribed higher LAI value comparedwith the dynamic LAI.
The FIX simulation would also overestimate SAT at the grids
for years with a positive LAI anomaly as a consequence of
the prescribed lower LAI value compared with the dynamic
LAI. It seemed that the DYC simulation with the prescribed
dynamic LAI value could reduce the bias. The reductions of
the simulated SAT bias were stronger for the grids during
a year with large LAI anomalies than those with small LAI
anomalies.The bias reduction of simulated SATwas generally
detectable when the LAI anomaly was over approximately
20% of the climatological LAI in summer. However, the bias
of simulated SAT was generally not reduced in spring and
autumn by the use of the dynamic LAI data.

3.3. Physical Mechanism of Regulation of LAI on SAT. To
explain the above-mentioned findings, we analyzed the role
of LAI in the Noah LSM. The Noah LSM includes parame-
terization of canopy resistance (𝑅

𝑐
) following (2) [22]. Lower

𝑅
𝑐
has the potential to result in more latent heat flux and less

sensible heat flux and vice versa for higher 𝑅
𝑐
:

𝑅
𝑐
=

𝑅
𝑐min

LAI ∗ 𝐹
1
∗ 𝐹
2
∗ 𝐹
3
∗ 𝐹
4

, (2)

where

𝐹
1
=

𝑅
𝑐min/𝑅𝑐max + 𝑓

1 + 𝑓

, (3)
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Figure 3: Simulated (a) and observed (b) average air temperature 2m above ground from 2002 to 2009 and the differences from simulation
minus observation (c) (RMSE denotes root mean of square errors between simulation and observation) for spring (March to May; MAM),
summer (June to August; JJA), and autumn (September to November; SON).
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Figure 5:Themaximum (positive) anomalies of LAI from 2002 to 2009 (top panel), the differences of simulated surface air temperature (SAT)
by DYC and FIX (DYCminus FIX; middle panel), and the grid cell-based spatial correlations between the LAI anomalies and SAT differences
(bottom panel; the red straight line is the best fitting line and the slope as unit of 0.01∘C per 1% LAI; the stars represent the confidence level
higher than 99.9%) for spring (left panel), summer (middle panel), and autumn (right panel).

where

𝑓 = 0.55 ∗

𝑅
𝑔

𝑅
𝑔1

2

LAI
, (4)

where 𝐹
1
, 𝐹
2
, 𝐹
3
, and 𝐹

4
are subject to 0 and 1 as lower and

upper bounds and represent the effects of photosynthetically
active radiation, vapor pressure deficit, air temperature, and
soil moisture. 𝑅

𝑐min, 𝑅𝑐max, 𝑅𝑔, and 𝑅𝑔1 are coefficients
depending fully on vegetation types without regard to the
environment. Based on (2), LAI regulates 𝑅

𝑐
through two

pathways: (1) direct reverse linear regulation and (2) the
modifying factor of photosynthetically active radiation. In the
second pathway, high LAI results in more photosynthetically
active radiation and thus lower 𝑅

𝑐
. Overall, high LAI has

the potential to reduce 𝑅
𝑐
and produce more transpiration.

Additionally, a warm and dry atmosphere and moist soil are
good for low 𝑅

𝑐
.

Figure 8 confirms the role of LAI prescribed by (2).
We found widespread positive correlations between the LAI
anomaly and differences in latent heat flux from DYC and
FIX (DYCminus FIX) and negative correlations between the
LAI anomaly and differences in sensible heat flux over a large
area. Additionally, there are widespread negative correlations
between the LAI anomaly and differences in surface Bowen
ratio. The correlations do not always have a consistent sign
(positive or negative) over the study area, suggesting that
the LAI interannual variability might not only affect local
fluxes but also have remote influence through its impact on
atmospheric processes. Nonetheless, the widespread correla-
tions with the same sign suggested that high LAI could result
in more latent heat and less sensible heat at the grid scale.
Significant correlations (𝑃 < 0.05) could be found in the
northern part of the grassland and in the evergreen broadleaf
forest where the LAI interannual variability is large.
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Figure 6: The minimum (negative) anomalies of LAI from 2002 to 2009 (top panel), the differences of simulated surface air temperature
(SAT) by DYC and FIX (DYC minus FIX; middle panel), and the grid cell-based spatial correlations between the LAI anomalies and SAT
differences (bottom panel; the red straight line is the best fitting line and the slope as unit of 0.01∘C per 1% LAI; the stars represent the
confidence level higher than 99.9%) for spring (left panel), summer (middle panel), and autumn (right panel).
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Figure 7: The maximum and minimum LAI anomalies and the corresponding biases of simulated surface air temperature (SAT) from the
DYC (blue circle) and FIX (red circle) simulations (DYC minus observation and FIX minus observation) for spring (a), summer (b), and
autumn (c), respectively.
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Figure 8: Correlations between LAI anomaly and differences in the simulated latent heat flux (a), sensible heat flux (b), and surface Bowen
ratio (c) from DYC simulation and FIX simulation (DYC minus FIX) for spring (March to May; MAM), summer (June to August; JJA), and
autumn (September to November; SON) (white lines denote a confidence level higher than 95%).

These findings explain the above-mentioned cooling
effect of LAI increases. In the Noah LSM, the increased LAI
would reduce the canopy resistance (𝑅

𝑐
) and thus have the

potential to produce more transpiration. Therefore, more
energy would be used for transpiration and less sensible heat
flux would be available to heat the lower atmosphere.

Equation (2) also helps explainingwhy the climatic effects
of LAI anomalies were larger in summer than in spring and
autumn. It is well known that in this study area, spring and
autumn generally have a cooler atmosphere and drier soil
than summer. According to (2), low temperature and soil
moisture would lead to high 𝑅

𝑐
. Under these conditions, 𝑅

𝑐

would remain high and experience sensitivity to temperature
and soil moisture, whereas the 𝑅

𝑐
would not be sensitive

to the changes in LAI. As a result, the anomaly of LAI
only weakly regulates SAT. Summer is characterized by a
warm atmosphere and moist soil. The heat and moisture can

adequately lead to low𝑅
𝑐
. Under these conditions, LAI would

largely determine the 𝑅
𝑐
changes. Therefore, the simulated

Bowen ratio and SAT are more sensitive to LAI anomaly in
summer than in spring and autumn.

4. Conclusion and Discussion

In this study, we investigated the responses of SAT to the
interannual variability of LAI using the coupled WRF-Noah
model. The results show that high LAI implies low canopy
resistance (𝑅

𝑐
) in the model and may produce more latent

heat flux and less sensible heat flux. Therefore, high LAI
would have a cooling effect and low LAI would have a warm-
ing effect in the model. As a result, use of the fixed seasonal
cycle of LAI could produce different SAT from the use of
the dynamic LAI. Our results also show that the WRF-Noah
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model with the prescribed dynamic LAI value could reduce
the bias of simulated SAT compared with the prescribed fixed
seasonal cycle of LAI in summer.However, the simulated SAT
bias was generally not reduced in spring and autumn using
the dynamic LAI data. Our findings indicate that use of the
dynamic LAI dataset in the coupled WRF-Noah model may
improve the model performance in simulating SAT in sum-
mer. Furthermore, these findings support the value of dynam-
ical vegetation for understanding climate changes. Including
a component of dynamical vegetation in the integrated
climate system model is valuable, as pointed out by Wang et
al. [23].

Although using the dynamic LAI in the summer demon-
strated detectable improvement, the reduction of the simu-
lated SAT bias was found only when the LAI anomaly was
over 20%. Furthermore, the bias reduction was relatively
small (approximately 0.03∘Cwhen the LAI anomaly was 10%)
compared with the model bias. The sensitivity of simulated
SAT to LAI variability seems to be much less than that of 𝑓

𝑔

variability, as shown by Ge et al. [7].
This study improves our understanding of the sensitivity

of SAT to LAI interannual variability in the coupled WRF-
Noah model in eastern China. However, several caveats
should be noted. First, the satellite-based LAI product is not
an exact match for the Noah LSM. The satellite-based LAI
data describe the gridded LAI, which includes the effects of
both the vegetated and nonvegetated land, whereas the LAI in
theNoahLSMrefers to the value over the vegetated portion of
the grid. Such discrepancies might cause large uncertainties
of the prescribed LAI values in the model. Second, we
have only analyzed the local effects of LAI variability in
this study. The LAI variability could also remotely affect
atmospheric processes through its impact on heat and water
fluxes between the land surface and the atmosphere. The
remote influence should be investigated in future research.
Third, this study considered all types of vegetation together
to investigate the effects of LAI anomalies on SAT; however,
the intensity of such effects might vary with vegetation type.
In future research, it is worthwhile to study the effects of each
vegetation type individually. Finally, it is well known that the
occurrence of rainfall is also associated with surface heat and
moisture fluxes. The effects of land use change on rainfall
have been well-documented [24]; however, we know little
about the effects of interannual variability of LAI on rainfall.
Therefore, the effects of dynamical LAI on rainfall would also
be a potential research direction.
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The afforestation is one of the most noticeable human activities that affect the climate through influencing not only the carbon sink
but also the thermal properties of the land surface. This research accessed the potential effects of artificial vegetation change on
the regional climate in Jiangxi Province, China. Based on simulation with the Weather Research and Forecasting (WRF) model,
a comparative analysis was carried out on the future temperature and precipitation under four hypothetical vegetation cover
scenarios. The simulation results indicated that the vegetation change would have significant effects on the regional climate. The
simulated effects of annual average temperature showed a decreasing order: evergreen broadleaf > evergreen needleleaf> deciduous
needleleaf > deciduous broadleaf, and the effects of annual average precipitation of the evergreen forests would be bigger than those
of the deciduous forests.The deciduous forests play a positive role in decreasing the annual average temperature, while the evergreen
forests promote the annual average temperature rise. Besides, the expansion of deciduous forests may result in severe drought in the
summer in Jiangxi Province. These conclusions are of important policy implication to the future afforestation in Jiangxi Province,
China, and other regions of the world.

1. Introduction

The biogeochemical impacts of land use and land cover
change (LUCC) on the climate through changing the
chemical composition of the atmosphere have been greatly
concerned and widely studied [1–5]. Impacts of LUCC on the
regional and global climate can be divided into two major
categories: biogeochemical and biogeophysical impacts [1, 6].
The biogeophysical processes driven by LUCC directly affect
the physical properties of the land surface, which determine
the absorption and emission of energy at the Earth’s surface
[2, 3]. Change of the land surface albedo can alter the
absorption rate of solar radiation and consequently influence
the energy availability [4, 5]. Characteristics of vegetation
transpiration on the land surface greatly affect how the
energy received by the land surface is partitioned into the
latent and sensible heat fluxes [7]. The vegetation type affects
the surface roughness and consequently influences the

transfer of local momentum and heat [8, 9]. The vegetation
increase/decrease exerted negative effects locally, and
the effects were stronger in growth season than those in
nongrowth season [10]. Recently, Jiangxi Province has many
forests area and makes a lot of projects of afforestation,
such as Green for Grain Project started in 2000 in Jiangxi
Province. In 2011, Jiangxi makes a “one big four small”
project of afforestation to achieve Green. As we know, these
projects influence land use conversion and climate change
[11, 12]. In addition, some researches have indicated that
the biogeophysical effects of LUCC on the climate may be
more important than the biogeochemical effects [13, 14]. The
assessment of potential effects of artificial vegetation change
on the regional climate in Jiangxi Province is meaningful for
climate change mitigation and sustainable landmanagement.

Afforestation is one of the most noticeable human activ-
ities that affect the climate through influencing not only
the carbon sink but also the thermal properties of the land
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surface [15]. Zhang et al. (2012) research results show that
the surface albedo decreased by 0.01–0.03 due to conversions
from grassland to cropland in the Northeast China Plain and
it increased by 0.005–0.015 due to conversions from forests
to cropland in the surrounding mountain. As a consequence,
the climate was warmed in the spring, autumn, and winter.
In summer, effects of surface albedo changes on climate were
closely associated with moisture dynamics, such as evapo-
transpiration and cloud, instead of being merely determined
by surface radiation budget. The simulated summer climatic
effects have large uncertainties [16]. Since Charney (1975)
first studied the land use change and its influence on the
climate, a number of researches have been implemented in
the past decades, most of which focused on the tropical
rainforest biome in South America, Africa, and Southeast
Asia [17–23]. For example, Bonan et al. (1992) and Foley
et al. (1996) explored the impacts of the boreal forest on
the climate and found that there are some feedbacks that
play a role in changing the climate as a result of changes
of the difference between the land surface albedos of the
boreal forest and bare snow [7, 24]. Besides, some researchers
found that afforestation leads to greater evapotranspiration
and consequently causes an increase of the latent heat flux
[25–29]. Snyder et al. (2004) investigated the role of different
vegetation types in the climate system using a coupled
atmosphere-biosphere model, CCM3-IBIS, and they found
that the global precipitation was most greatly affected by
the removal of the savanna vegetation when including the
areas of vegetation removal, while removal of the tropical
forest most greatly influenced the global precipitation when
excluding the areas of vegetation removal [30]. The research
ofAvissar andWerth (2005) showed that the combined effects
of deforestation of three tropical regions caused a significant
decrease of precipitation in California in the winter and
seemed to lead to a cumulative enhancement of precipitation
during the summer in the southern tip of the Arabian Penin-
sula [31]. In addition, the model-based researches showed
that the afforestation at the low latitudes makes the global
temperature decrease to some extent, while that at themiddle
latitudes leads to negligible change or increase of the global
temperature, and the afforestation at high latitudes makes
it increase to some degree [28, 29, 32, 33]. Bonan (2008)
showed that the forests in the world influence the climate
through physical, chemical, and biological processes that
affect the planetary energetics, hydrologic cycle, and atmo-
spheric composition. Besides, they found that the tropical,
temperate, and boreal reforestation and afforestation alleviate
the global warming through the carbon sequestration, and
the biogeophysical feedbacks can enhance or weaken this
negative climatic effect [34]. Boucher et al. (2012) presented a
first glimpse at the extent to which the afforestation of boreal
open woodlands (OWs) inQuébec can provide large emitters
with eventually substantial and efficient offset potential for
Greenhouse Gas (GHG), especially those emitters tied up
with incompressibleGHGemissions [35]. Sharma andHuang
(2012) performed regional climate simulations for Arizona, a
region with complicated terrain, and the dependence of the
simulated precipitation on the model accuracy was explored
with the climate downscaling experiments using theWeather

Research and Forecasting (WRF) model [36]. Tang et al. and
Yerramilli et al. showed that the variability and predictability
of climate change are the core component of the climate
dynamics [37, 38]. In summary, it is in disputable that the
change of vegetation types along with afforestation will lead
to the regional climate change.

The forest coverage in Jiangxi Province had exceeded
63.1% by 2010, which is much higher than the national
average level (lower than 20%) [11]. The area of needle-
leaved forests reaches 5.65million hm2, accounting for 68.1%
of the arbor area and 52.7% of the total forest area in Jiangxi
Province, and it will continue to increase due to afforestation.
Meanwhile, the broad-leaved forest recovery will be one of
the competitors of the needle-leaved forest expansion due to
the favorable water and heat resources. This research aims
to predict the potential effects of artificial vegetation change
on the regional climate in Jiangxi Province. Based on the
simulation with WRF model, a comparative analysis was
carried out on the future temperature and precipitation under
four hypothetical vegetation cover scenarios, under which
the forests are deciduous broadleaf, deciduous needleleaf,
evergreen broadleaf, and evergreen needleleaf. The scheme
of simulation with the WRF model is described in Section 2.
This section also introduced the atmospheric forcing dataset
and a hypothetic forest pattern dataset of different vegetation
types used in the simulation. The results and discussions are
provided in Section 3 and the final section concludes.

2. Data and Methodology

TheWRF model is a state-of-the-art atmospheric simulation
system based on the Fifth-Generation Penn State/NCAR
Mesoscale Model (MM5) [39]. This mesoscale model was
used to investigate the change of temperature and precipita-
tion driven by future afforestation in this study.

2.1. Simulation Scheme. There are currently five kinds of
forests in Jiangxi Province, that is, the deciduous broadleaf
forest, deciduous needleleaf forest, evergreen broadleaf forest,
evergreen needleleaf forest, and mixed forest. The needleleaf
forests have expanded due to the afforestation in this region;
however, the broadleaf forests are recovering owing to the
suitable climatic conditions. On the whole, the forest change
in Jiangxi Province is characterized by the competition
between the needleleaf forests and the broadleaf forests. To
cover the potential effects of the forest vegetation change on
regional climate, four hypothetical vegetation cover scenarios
were designed in this study, including the scenarios of
deciduous broadleaf (DB), deciduous needleleaf (DN), ever-
green broadleaf (EB), and evergreen needleleaf (EN), under
which the forests are all deciduous broadleaf, deciduous
needleleaf, evergreen broadleaf, and evergreen needleleaf,
respectively. The forest pattern in year 2000 was regarded as
the baseline scenario (BL). The effects of afforestation on the
regional climate can be measured with the differences of the
simulation results under the four hypothetical scenarios and
the baseline scenario:

𝐸
𝑖
= 𝑅
𝑖
− 𝑟
𝑖
, (1)
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where 𝑖 refers to the precipitation and temperature; 𝐸
𝑖
is the

effects of the vegetation change on the climate under the four
hypothetical scenarios; 𝑅

𝑖
is the simulation results under the

four hypothetical extreme vegetation cover scenarios; and 𝑟
𝑖

is the simulation results under the baseline scenario.

2.2. Atmospheric Forcing Data. The National Centers for
Environmental Prediction (NCEP) Global Forecast System
(GFS) is a global spectral data assimilation and forecastmodel
system giving atmospheric variables every 6 hours (00:00,
06:00, 12:00, and 18:00 UTC) at 26 levels with a resolution
of 0.5 degree. The NCEP GFS final (FNL) gridded analysis
datasets for the period from Jan 2000 until the current day
can be obtained. For the applications in this work, the data
of NCEP GFSFNL version of 2010 have been used as the
atmospheric forcing dataset of the WRF model.

2.3. Underlying Surface Data. The underlying surface data of
the scenarios of DB, DN, EB, and EN as well as BL are needed
in the scenario-based simulation. The underlying surface
data of the scenario of BL were derived from the dataset of
National Basic Research Program of China. The dataset was
originally established with the 1 km × 1 km grid data based on
the remotely sensed satellite imagery and ground information
of year 2000 with the land use and land cover classification
system of the United States Geological Survey (USGS). In
this study, the 1 km × 1 km grid data were first transformed
into the grid data of 5 km × 5 km by resampling the data.
The underlying surface data suggests that more than 40% of
the areas in Jiangxi Province (2717 pixels) were covered by
the forests (Figure 1) and about 30% of them were covered by
the broadleaf forests, while the needleleaf forests account for
more than 52% of the total forest area.

The underlying surface data of DB, DN, EB, and EN were
generated by replacing all the forests with one specific type of
forests. For instance, the underlying surface data of DB were
generated by replacing all the deciduous needleleaf forests,
evergreen broadleaf forests, evergreen needleleaf forests, and
mixed forests with the deciduous broadleaf forests, and
consequently all the forest area in Jiangxi Province is covered
by the deciduous broadleaf forests under the scenario of BD.
And similarly, the underlying surface data of DN, EB, and EN
were generated by altering the property of pixels.

3. Results and Discussion

The simulation results of the temperature and precipitation
in Jiangxi Province in 2010 under the scenarios of DB, DN,
EB, and EN as well as BL were finally obtained. As were
described above, the effects of afforestation on the climate
were measured with the differences between the simulation
results under the four hypothetical scenarios and the baseline
scenario as follows.

3.1. Effects on the Annual Average Temperature. The simu-
lation results showed that there were significant effects of
the vegetation change on the annual average temperature in
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Figure 1: Forest area of Jiangxi Province in 2000.

Jiangxi Province. Among the results under the four hypo-
thetical extreme scenarios, there were overall cooling effects
under the scenarios of DB and DN, while warming effects
under the scenarios of EB and EN (Figure 2). The statistics
indicates that the deciduous broadleaf expansion under the
scenario of DB will make the annual average temperature
decrease by 0.08∘C. This cooling effect will mainly happen
in the southern part of Jiangxi Province. For some areas
there, the annual average temperature will even decline by
more than 0.2∘C. By comparison, the expansion of deciduous
needleleaf forests under the scenario of DN only shows
slight cooling effects. According to the simulation results, the
cooling effects also mainly happen in the southern part of
Jiangxi Province and are not as significant as those under the
scenario of DB.The results under the scenario of DN indicate
there are some warming effects in the areas near the north
and west boundary of Jiangxi Province. The overall effects of
expansion of deciduous needleleaf forests make the annual
average temperature decrease by 0.02∘C under the scenario
of DN.

The simulation results indicated that the spatial pattern
of the warming effects under the scenario of EB is consistent
with the pattern of forests in Jiangxi Province, and the ever-
green broadleaf expansion will make the annual average tem-
perature increase by 0.03∘C (Figure 2). The annual average
temperature under the scenario of EN will increase by 0.01∘C
more than that under the scenario of BL. In summary, the
deciduous forest plays a positive role in decreasing the annual
average temperature while evergreen forest contributes to
the increase of annual average temperature, and the effect of
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Figure 2: Simulated effects of afforestation on the annual average temperature (measured in degrees Celsius) in Jiangxi Province.

needleleaf forest expansion on annual average temperature is
muchmore significant than that of broadleaf forest.This may
be due to the differences between the thermal properties of
the deciduous and evergreen forests.

3.2. Effects on the Annual Average Precipitation. The expan-
sion of deciduous forests leads to significant change of the
spatial pattern of the annual average precipitation in Jiangxi

Province. The simulation results under the scenario of DB
showed that the expansion of deciduous broadleaf forests will
make the annual average precipitation in the southeast part of
Jiangxi Province decrease by more than 400mm (Figure 3).
Besides, the annual average precipitation in the northwest
part of Jiangxi Province will also increase by more than
250mm. However, the expansion of the deciduous broadleaf
forests will make the overall annual average precipitation in
the simulation area decrease by 47mm under the scenario
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Figure 3: Simulated effects of afforestation on the annual average precipitation (measured in milimeters) in Jiangxi Province.

of DB. By comparison, the drought effects of the deciduous
needleleaf forest expansion under the scenario of DN area are
little slighter than those under the scenario of DB, and it will
make the annual average precipitation decrease by 33mm in
the study area on the whole. Moreover, the spatial pattern of
the climatic effects under the scenario of DN is similar to that
under the scenario of DB.

In comparison, the simulation results under the scenarios
of EB and EN indicated that the overall effects of the ever-
green forest expansion on the annual average precipitation
are not as significant as those under the scenarios of DB
and DN. In most part of Jiangxi Province, the evergreen
forest expansion will make the annual average precipitation
increase by 50mm to 200mm under the scenarios of EB
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Table 1: Simulated effects of afforestation on the monthly average
temperature in Jiangxi Province (measured in degrees Celsius).

Month DB DN EB EN
Mean Std. Mean Std. Mean Std. Mean Std.

1 −0.12 0.09 −0.06 0.06 0.05 0.06 0.03 0.05
2 −0.09 0.07 −0.05 0.06 0.03 0.05 0.02 0.05
3 −0.07 0.07 0.00 0.05 0.05 0.05 0.02 0.05
4 −0.07 0.06 −0.03 0.05 0.02 0.04 0.01 0.04
5 −0.08 0.07 −0.02 0.05 0.01 0.05 −0.01 0.05
6 −0.08 0.08 −0.03 0.06 0.01 0.06 0.00 0.06
7 −0.05 0.08 −0.02 0.07 0.00 0.07 −0.01 0.07
8 −0.06 0.08 −0.01 0.07 0.00 0.06 −0.01 0.07
9 −0.08 0.08 −0.03 0.06 0.00 0.06 −0.01 0.06
10 −0.07 0.06 −0.01 0.04 0.03 0.04 0.01 0.04
11 −0.08 0.07 0.00 0.06 0.05 0.06 0.02 0.05
12 −0.07 0.07 0.00 0.05 0.05 0.06 0.03 0.05

and EN (Figure 3). The drought effects under the scenarios
of EB and EN will mainly happen in the area near the east
boundary of Jiangxi Province. The simulation results show
that the annual average precipitation will decrease by 2.6mm
and 3.9mm under the scenarios of EB and EN, respectively.
On the whole, the deciduous forest expansion may aggravate
the drought, while the expansion of evergreen forests may
increase the annual average precipitation in most regions
in Jiangxi Province. So the expansion of evergreen forests
is more favorable than the expansion of deciduous forests
since the seasonal drought is one of the main problems that
restrains the agricultural production in Jiangxi Province.

3.3. Effects on the Monthly Climate. The effects of afforesta-
tion on the monthly average temperature vary from month
to month under all the four scenarios (Table 1). Under the
scenario of DB, the deciduous broadleaf forest expansion
will result in a relatively stable decrease of the monthly
average temperature in most months, by 0.07∘C to 0.08∘C;
the temperature will decrease themost in January and least in
July, by 0.12∘C and 0.05∘C, respectively. By comparison, there
is a slighter decrease of the monthly average temperature
due to the deciduous needleleaf forest expansion under the
scenario of DN than that under the scenario of DB, and the
monthly average temperature will decrease by no more than
0.03∘C from April to October. The afforestation even has no
effects onmonthly average temperature inMarch, November,
and December under the scenario of DN.

In contrast to the effects under the scenarios of DB
and DN, the evergreen broadleaf forest expansion under the
scenario of EB will lead to some increase of the monthly
average temperature (Table 1). The simulation results show
that the monthly average temperature will increase by 0.03∘C
to 0.05∘C from October to March under this scenario and
that it will decrease by 0.01∘C to 0.02∘C in April, May, and
June due to the evergreen broadleaf forest expansion. Besides,
there are no significant effects of the evergreen broadleaf
forest expansion on the monthly average temperature in July,
August, and September. There are more complex effects of

Table 2: Simulated effects of afforestation on albedo in Jiangxi
Province (magnified by 10−3).

Month DB DN EB EN
Mean Std. Mean Std. Mean Std. Mean Std.

1 11.31 30.52 3.59 27.43 −7.61 28.73 −7.61 28.73
2 11.56 30.37 3.75 27.17 −7.57 28.36 −7.56 28.39
3 11.51 31.18 3.70 28.05 −7.71 29.26 −7.71 29.25
4 11.75 27.83 3.93 24.15 −6.57 25.03 −6.57 25.03
5 12.05 22.80 4.24 17.93 −4.78 18.16 −4.78 18.16
6 12.35 20.04 4.54 13.99 −3.58 13.54 −3.58 13.54
7 12.34 19.75 4.52 13.59 −3.47 13.12 −3.47 13.12
8 12.33 19.92 4.52 13.84 −3.54 13.39 −3.54 13.39
9 12.31 20.44 4.49 14.60 −3.77 14.27 −3.77 14.27
10 11.80 24.03 3.99 19.62 −5.31 20.22 −5.31 20.22
11 11.58 27.10 3.77 23.40 −6.40 24.40 −6.40 24.40
12 11.26 28.63 3.57 25.42 −7.10 26.62 −7.08 26.63

expansion of the evergreen needleleaf forests under the sce-
nario of EN, which makes the monthly average temperature
decrease from May to September and increase from October
to April (Table 1). On the whole, the variation of the monthly
average temperature change under the scenarios of DN, EB,
and EN is similar to that under the scenario of DB.

Afforestation can affect the monthly average temperature
via multiple ways such as albedo, potential evapotranspira-
tion, and leaf area index. Considering the plentiful water
and heat resources in Jiangxi province, albedo is most likely
to be the principal cause resulting in the monthly average
temperature changes. The changes of albedo under all the
four scenarios are provided to help identify the reasons of
monthly average temperature changes (Table 2). A larger
increase in albedo corresponds to a severer decrease in
monthly average temperature. It implies that the cooling
effect is from low surface net radiation caused by high albedo
under the scenarios of DB and DN. And on the contrary,
the declines of albedo under the scenarios of EB and EN
may be the major causes of monthly average temperature
increase in Jiangxi Province.The variation ofmonthly average
temperature change also has a convergence trend with that of
albedo change.The correlation coefficient ofmonthly average
temperature change and albedo change reaches −0.77, which
also implies that the temperature changes are mainly derived
from the changes of albedo driven by afforestation.

The effects of afforestation on the monthly average pre-
cipitation are more significant than those on the monthly
average temperature. The precipitation in Jiangxi Province
will decrease greatly in the summer under the scenarios of
DB and DN (Table 3). Under the scenario of DB, the monthly
average precipitation will decrease by 10.63mm, 11.50mm,
and 8.63mm in June, July, andAugust, respectively. Although
the decrement of themonthly average precipitation is smaller
than that under the scenario of DN, it still reaches 10.42mm
in July. The drought effects of the deciduous forest expansion
will last for all the year under the scenarios ofDB andDN.The
decrease of the monthly average precipitation may restrain
the agricultural production in Jiangxi Province. By contrast,
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Table 3: Simulated effects of afforestation on the monthly average
precipitation in Jiangxi Province (measured in milimeters).

Month DB DN EB EN
Mean Std. Mean Std. Mean Std. Mean Std.

1 −0.16 5.01 −0.18 4.96 −0.06 5.09 −0.01 4.92
2 −1.03 10.98 −0.89 11.85 0.03 10.60 0.25 10.65
3 −0.57 10.43 −0.86 11.87 0.07 10.79 0.20 9.93
4 −2.39 21.93 −1.77 20.83 0.20 22.28 1.44 22.67
5 −5.10 43.83 −4.01 41.78 0.34 48.23 −0.99 46.52
6 −10.63 61.72 −6.37 55.74 −1.20 57.79 −0.34 55.14
7 −11.50 59.29 −10.42 61.17 −0.89 61.26 −2.95 60.15
8 −8.63 42.27 −4.86 42.42 −1.29 40.29 −1.89 42.31
9 −6.79 39.63 −3.48 39.87 0.11 40.48 0.06 38.69
10 −0.29 9.19 −0.29 8.96 0.09 8.74 0.23 9.01
11 −0.25 1.40 −0.21 1.35 0.03 1.30 0.07 1.32
12 −0.03 1.77 −0.08 1.72 −0.03 1.77 0.02 1.69

there are slight effects of the evergreen forest expansion on the
monthly average precipitation under the scenarios of EB and
EN (Table 3).Themonthly average precipitationwill decrease
most greatly in August under the scenario of EB, with a
decrement of 1.29mm, while it will decrease by no more
than 3mm under the scenario of EN. In summary, there is
no significant difference for variation of the monthly average
temperature change among the scenarios of DB, DN, EB, and
EN.

Above all, the effects of annual average temperature show
a decreasing order: EB > EN >DN >DB. By comparison, the
expansion of deciduous needleleaf forests under the scenario
of DB shows evident cooling effects, because there are the
highest albedos under the scenario of DB. According to the
simulation results, the cooling effects mainly happen in the
southern part of Jiangxi Province and the effects of annual
average precipitation of the evergreen forests are bigger than
those of the deciduous forests.

4. Conclusions

This study analyzed the impacts of afforestation on the
regional climate at different temporal scales in Jiangxi
Province with a scenario-based research. The main conclu-
sions could be summarized as follows.

(i) The deciduous forest expansion plays a positive role
in decreasing the annual average temperature, while
the evergreen forest expansion makes the annual
average temperature increase. On the whole, the
effects of the needleleaf forest expansion on the
annual average temperature are not as significant
as that of the broadleaf forest. The expansion of
deciduous forests may aggravate the seasonal drought
in Jiangxi Province, while the expansion of evergreen
forests is more favorable since it may increase the
annual average precipitation in most parts of Jiangxi
Province.

(ii) There are significant effects of afforestation, especially
the deciduous forest expansion, on the monthly aver-
age precipitation. There is only slight change of the
monthly average temperature caused by afforestation.
Moreover, the deciduous forest expansion may result
in severe drought at the local scale in the summer in
Jiangxi Province.
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The land-use and land-cover change (LUCC) is the synthetic result of natural processes and human activities; it largely depends on
the surface vegetation conditions, and the mutual conversion among land cover types can accelerate or alleviate the regional and
global climate changes. Aiming at analyzing the regional climatic effects of the conversion from grassland to forestland, especially
in the long term perspective, we carried out the comparison simulation using theWeather Research and Forecasting (WRF)Model
in Fujian province, results indicated that this conversion had a significant influence on the regional climate; the annual average
temperature decreased by 0.11∘C and the annual average precipitation increased by 46mmafter 11.2% of the grasslandwas converted
into the forestland in the study area from2000 to 2008. In the future (form2010 to 2050), the conversion fromgrassland to forestland
is significant under two representative concentration pathways (RCPs) (RCP6 and RCP8.5); the spatial pattern of this conversion
under the two scenarios is simulated by dynamic of land system (DLS); then, the regional climate effects of the conversion are
simulated using WRF model.

1. Introduction

Under the coupled impact of natural processes and human
activities over the past century, the global vegetation system
has changed correspondingly, which in turn influenced the
regional and global climate. The nature of the vegetation
affects the surface fluxes of radiation, heat, moisture, and
momentum, so modifying the vegetation cover can change
the lower boundary conditions of the atmosphere and hence
impact the climate [1]. Besides, changes in vegetative cover,
especially the change of vegetation types, are associated
with changes in plants’ morphology and physiology, which
could, in the absence of other force, alter the surface fluxes
and consequently the climate both at regional and global
scales [2]. In addition, forests and grasses are the most two
typical vegetation types on the Earth; however, mankind
has significantly changed the Earth surface by transforming
natural ecosystems (forests and grasslands) [3]. Furthermore,
the conversion of forestland and grassland plays an important
role in the climate system, and redistributions of forest

and other vegetation (due, e.g., to extensive logging) could
initiate important climate feedbacks [4, 5]. And a significant
difference in surface parameter (such as albedo) between
forest and grassland results in reduced absorbed radiation
for the grasslands, especially during the snow hawing season
(spring) [6]. Also, a forested landscape generally has a lower
surface albedo than grassland, particularly in conditions of
lying snow when shortwave radiation is trapped by mul-
tiple reflections within the forest canopy [7]. In fact, the
assessment reports of Intergovernmental Panel on Climate
Change (IPCC) specifically took agriculture, forestry, and
other land use (AFOLU) as a major path to slow the process
of global climate change [8], and the research on the impact
of forestland and grassland transition on climate is of great
significance to find the optimal way to mitigate the climate
change.

Numerous studies have reported the climate impact
of vegetation changes such as deforestation and grassland
degradation at different scales. However, there is still little
known about the impact of large scale conversion from
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grassland to forestland on climate, especially the scale and
degree it may bring about in the future. The deforestation
experiments with Atmospheric General Circulation Models
(AGCMs) generally agreed in significant cooling in the spring
seasonwithin themodels and argued that different vegetation
cover plays the most significant role in determining the
climate-vegetation state of the region [9, 10]. Further studies
carried out in the experiments with themodifiedCommunity
Climate Model (CCM2) and prescribed Sea Surface Temper-
ature (SST) showed a significant summer cooling effect of
grass and forest cover changes on the climate in the USA [11].
And the cooling was also observed in a simulation using a
nestedmesoscalemodel in northeast Colorado [12] and in the
central plains [13]. In addition, experiments with the Hadley
Centre climate model HadCM3 with prescribed SST showed
that historical vegetation cover change results in a reduction
in midlatitude annual mean temperatures within the model
[14]. And extreme scenarios over Amazonia replacing tropi-
cal forests with grass lead to warmer, drier climates in several
studies [15–17]. Since 1990s, numerical simulations of impact
of vegetation changes on climate in China or East Asia have
been conducted by Chinese scientists; results showed that the
regional temperature, precipitation, and other indicators have
been obviously influenced by the change, which could even
affect the summer monsoon intensity of Asia in the heavily
changed regions [18–20]. However, due to the various scales
and degrees of forestland and grassland change and different
models that had been used, the simulation results were
in poor comparability. Meanwhile, the limited calculation
condition has shorter integration time of simulation, and the
result cannot reflect the long term climate effect triggered
by the change, especially the medium and long term climate
effects in the future.

How to find a systematic quantitative way to explore the
future climate effects caused by the conversion fromgrassland
to forestland?The comparativemodel experiments need to be
carried out. In this paper, we used theWRFmodel to quantify
the regional climate effect triggered by the conversion from
grassland to forestland in Fujian province of southeast China.
Based on the RCPs scenario data, future land transition of
forestland from grassland in the study area was simulated
by using Dynamic of Land System (DLS) model, and then,
the space and time scales of regional climate effects were
analyzed.

2. Data and Methodology

2.1. Study Area. The southeastern coast of China is one
of the top lever regions with abundant water, heat, and
sunlight resources. It plays an important role in participating
in the globalization and the Pacific rim economic circle
in China, which occupies about 5.33% of the land area
and less than 21% of the national population the area and
created 35.7% of national GDP and 70% of the total import
and export [21]. With the development of economy and
the policy implementation such as “returning farmland to
forest” ecological engineering project, the area of forestland
expended sharply, especially in Fujian province, which is
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Figure 1: Pattern of the conversion (measured in 3 km) from
grassland to forestland in Fujian province, 2000–2008.

the most typical afforestation region in China. The forest
coverage rate of Fujian is the highest in China, reaching
62.96% in 2005 [22]. In addition, Fujian is the main region
of conversion of forestland from grassland in China [23],
and the conversion from grassland to forestland is obvious
(Figure 1). Statistical analysis indicated that during 2000–
2008, 11.2% of the grassland had been converted into forest-
land, accounting for 73% of the total area of forest expansion.
Besides, the dominated humid middle and south subtropical
maritime monsoon climate, with various heat resources,
and plenty water resources played an auxiliary role in the
conversion process. In 2005, the forest coverage rate in Fujian
had reached 62.96%, which was one of the highest forest
coverage rates in the nation. In addition, the most part of
grassland in Fujian province is the secondary degenerative
environment, which evolves from wasteland after the forest
system damaged, and thus, it is beneficial for the conversion
from grassland to forestland.

2.2. Data Sources. The lateral boundary force datawasmainly
derived from NCEP FNL and NCEP/NCAR reanalysis data
sets. Forecasting data was derived from the multimodal data
of WCRP’s Coupled Model Intercomparison Project phase
5 (CMIP5). Chinese National Climate Center had finished
the downscaling work of multimodal simulation datasets,
which was unified to the same resolution and had been
used to undertake the numerical simulation in the eastern
Asia. The weighted average reliability value was used to
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undertake themultimodel ensemble (MME); then the annual
and monthly average data was made for 2000–2050, namely,
climate change forecast data set in China. Data resolutionwas
1∘× 1∘, which only included the continental land, with spatial
scale of 15.5∘–55.5∘N and 72∘∼135∘E.

Land cover data was extracted from the Chinese subset of
the Global Land Cover Characteristics database which was
developed based on Landsat-TM scenes for 1999/2000 and
the Chinese subset of the MODIS land cover data product
in 2008. The two datasets have the spatial resolution of
1 × 1 km2 and an overall accuracy of 81% [24, 25]. DLS
simulation requires spatial data of natural environment con-
ditions such as climate, elevation, slope, plain area percentage,
soil properties, and the geographic data; thereinto, RCPs
data was derived from land use harmonized data products
(http://luh.umd.edu/data.php), and the climate observation
data was acquired from records of 23 weather stations of
the National Meteorological Information Center of China,
including the moderate average annual rainfall during 2000–
2008. Slope, aspect, and plain area ratio data were extracted
from elevation data based on 1 : 250000 digital elevation
model (DEM) for each 1 × 1 km2 grid. Soil property data
came from the second national soil census, and by using
Kriging interpolation method, the spatial distribution of soil
property was acquired. Regional condition data included the
distance of each grid center to highway, provincial highway,
main roads, and the provincial capital, and those artery traffic
distribution data were derived from the national 1 : 250000
fundamental geographic maps by using distance measuring
tools.

2.3. Estimation Model of Climate Effects. The regional influ-
ence of the conversion from grassland to forestland could be
described by effect index (EI), which is defined as follows:

EI(𝑥) =
𝐴change (𝑥)

𝐴 forest
, (1)

where 𝑥 is any meteorological parameter such as annual
average temperature, precipitation, water vapor mixing ratio
or wind speed. 𝐴change(𝑥) is the grid number within the
region where 𝑥 changed and 𝐴 forest is grid number of the
area converted from grassland to forestland; both of them are
calculated at the regional scale, and a bigger EI index reflects
a higher efficiency of its climate effect.

We used two nested grids with the spatial resolutions
(grid numbers) of 3 km (162 × 177). The vertical grid
consisted of 35 full sigma levels from the surface to 100 hPa,
of which the lowest 13 levels were below 1 km to show a
finer resolution in the planetary boundary layer. Both the
initial and the boundary conditions were from the National
Centers for Environmental Predictions Operational Global
Final Analyses on a 1.0∘ × 1.0∘ grid. The simulations were
divided into two stages. Firstly, simulation was integrated for
8 years from January 1, 2000, to December 31, 2008. The
initial 15-day period was considered as a spin-up period to
minimize the effect of the initial conditions. In the control
experiment, the land cover data were updated from the 2008
MODIS satellite observations to represent current land cover

conditions (TGF case). For the sensitivity experiment, all
newly expended forest cover from grass land during 2000–
2008 in domain 2 was replaced by grassland, which is the
most common land cover type surrounding the forest area in
the simulated domain (NOTGF case). These two cases were
compared to analyze the influence of historical conversion
from grassland to forestland (2000–2008) in the Fujian.
Secondly, we were moving on to the future stage, which
was simulated from January 1, 2010, to December 31, 2050,
and based on the hypothesis that the future climate effect
simulation of the land-use and land-cover change would be
reliable as that of the historical one, the newly expended
forestland from grassland was updated from the results of
DLS simulation to represent future forestland transition from
grassland in the NOTFG case.The parameterization schemes
used for the two stages are as follows: Noah land surface
processes, CAM3 radiative scheme [26], WSM 3-class simple
icemicrophysical scheme [27], Grell 3D cumulus convection
schemes [28], and YSU boundary layer scheme [27].

2.4. Simulation Model of Land Transition. Based on the
conversion data under the RCP6 and RCP8.5, which were
produced by AIM and MESSAGE model from 2009 to 2050,
respectively, the total area of land transitions from grassland
to forestland was calculated from 2010 to 2050. They were
used by DLS to simulate the future spatial pattern of the
conversion of forestland from grassland in Fujian. The DLS
model is theoretically based on restrictions of the distribution
of land types. It dynamically simulates the macroscopic
pattern changes in land cover by classifying the driving
factors that influence this pattern. Considering the links
among related models of nature, ecology, and economy, we
usedDLS to spatially allocate the area change in the forestland
transition from grassland. Based on spatial statistics data,
the probabilities of the transition of grassland to forestland
and the probabilities of distribution of this transition were
predicted at the pixel level. In the simulation process, we
also considered the influence of macroscopic factors such as
topography, environment, trade, and institutional arrange-
ment and land management policies to more accurately
simulate possible scenarios of pattern changes in land system
[29, 30].

2.5. Scenario Building and Data Analysis. We took RCP6 as
the moderate development scenario of Fujian; it is a stabi-
lization scenario where total radiative forcing is stabilized
after 2100 without overshoot by employment of a range of
technologies and strategies for reducing greenhouse gas emis-
sions [31, 32]. Grassland area declined while total forested
area extent remained constant throughout the century at the
global scale [33].

While RCP8.5 is an emissions pathway which reaches a
radiative forcing of 8.5 W/m2 and rising in 2100, we made it
a fast development scenario of Fujian, with a high magnitude
of climate change and factors related to higher vulnerability
(e.g., higher population growth and lower levels of economic
development). It is characterized by increasing greenhouse
gas emissions over time representative for scenarios in
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Figure 2: Conversion from grassland to forestland under the RCPs
scenarios in Fujian province, 2010–2050.

the literature leading to high greenhouse gas concentration
levels.The underlying scenario drivers and resulting develop-
ment path are based on the A2r scenario [34]. An important
feature of the RCP8.5 was the increase in cultivated land by
about 185 million ha from 2000 to 2050; forest cover declined
over the century by 300 million ha from 2000 to 2050 [33].

The transition from grassland to forestland in Fujian is
significant under the RCP6 andRCP8.5 scenarios with spatial
resolution of 0.5∘ × 0.5∘ (Figure 2). Firstly, the downloaded
data was downscaled to 1 × 1 km2 grid, and then the
overlay analysis was taken with the administrative boundary
data to calculate the total amount of the transition from
grassland to forestland. During 2010–2050, the transition of
forestland from grassland presents a soaring trend in 2010–
2020, followed by a sharp decline in 2020, when a stable
decrease occurs in the next 30 years under the RCP6 scenario,
but it is pervasively higher than that of RCP8.5.

3. Results

3.1. Impact on Temperature. Temperature differences of near-
surface temperature at 2 meters height (𝑇

2m) of forest-
land conversion from grassland experiment and nonconver-
sion experiment show the climate effect of the conversion
(Figure 3). In summer, the cooling effect has emerged in
the conversion area of grassland to forestland. Compared
with the other area, the maximum difference of the seasonal
average 𝑇

2m is approximately 0.60∘C in the conversion area
of grassland to forestland, and the regional average 𝑇

2m
decreases by 0.16∘C with EI (𝑇

2m) = 2.23, while in winter,
there is a heating effect in the conversion area of grassland
to forestland, with the maximum difference of the seasonal
average 𝑇

2m increasing by 0.08∘C, and the average 𝑇
2m is

rising by 0.03∘C with EI (𝑇
2m) = 1.93. On the whole, the

annual average 𝑇
2m decreases by 0.11∘C in Fujian.

3.2. Impact on Precipitation. Precipitation varies from one
region to another (Figure 4); the northwest Fujian was the

Table 1: Comparison of the meteorological station observed (OBS)
and model simulated annual near-surface temperature at 2 meters
height (unit: ∘C) and precipitation error (unit: mm) over 23 weather
stations in Fujian province in 2008.

No. Station Latitude Longitude 𝑇error 𝑃error

58726 Qixianshan 27.95 117.83 1.23 129.55
58730 Wuyishan 27.77 118.03 0.12 8.43
58731 Pucheng 27.92 118.53 0.04 −2.87
58734 Jianyang 27.33 118.12 1.56 51.79
58737 Jianou 27.05 118.32 −0.50 48.72
58754 Fuding 27.33 120.20 0.76 −77.27
58820 Taining 26.90 117.17 0.84 84.33
58834 Nanping 26.65 118.17 −0.32 35.78
58846 Ningde 26.67 119.52 1.34 67.00
58847 Fuzhou 26.08 119.28 0.98 12.47
58853 Taishan 27.00 120.70 0.25 −28.38
58911 Changting 25.85 116.37 0.56 55.00
58918 Shanghang 25.05 116.42 −2.01 34.00
58921 Yongan 25.97 117.35 0.73 74.74
58926 Tanping 25.30 117.42 0.34 33.11
58927 Longyan 25.10 117.03 1.62 −62.94
58931 Jiuxianshan 25.72 118.10 0.28 32.61
58933 Pingnan 26.92 118.98 −0.15 145.00
58944 Pingtan 25.52 119.78 0.37 34.49
59126 Zhangzhou 24.50 117.65 0.99 10.38
59133 Chongwu 24.90 118.92 0.33 −27.74
59134 Xiamen 24.48 118.07 −0.56 54.83
59321 Dongshan 23.78 117.50 0.76 74.70

main area where the amount of precipitation increased, while
the southeast reverses the case. According to the spatial
statistical analysis, the range of the difference of precipitation
between TFG case and NOTFG case is −40∼70mm, and the
majority of the change ranged from −30mm to 50mm, while
the annual average precipitation increased by 46mm with EI
(𝑃 = 4.68).

3.3. Validation of the Control Case. We selected 23 meteoro-
logical stations’ continuous observation data from 2000 to
2008; all of them have passed through the homogenization
test. The monthly mean temperature data is provided by the
NationalMeteorological Information Center of China.When
assessing its simulation capability, the simulation results were
bilinearly interpolated to 23 weather stations, to calculate the
average and seasonal temperature of each site.

The errors between the simulations and observations of
surface temperature and precipitation are listed in Table 1,
and the 𝑃 test values are 0.81 and 0.76, respectively. The
errors between the simulations and observations are less
than 1.00∘C except for the Qixianshan, Jianyang, Ningde,
Shanghang, and Longyan stations. The relative errors of the
annual precipitation are all less than 12%; therefore, we think
the simulation result is reliable and presume it will work
accordantly well in the future.
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Figure 3: Seasonal difference of near-surface temperature at 2 meters height (unit: ∘C) in the experiment of conversion from grassland to
forestland in Fujian province, 2000–2008. (a) and (b) identify the temperature difference in summer and winter, respectively.
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Figure 4: Annual average precipitation difference (unit: mm) in the experiment of conversion from grassland to forestland in Fujian province,
2000–2008.
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Figure 5: Spatial pattern of the conversion (measured in 3 km) from grassland to forestland in 2010–2050 under RCP6 (a) and RCP8.5 (b) in
Fujian province.

3.4. Future Climate Effects Estimation on Surface Temperature
and Precipitation under the RCPs Scenario. Under the two
RCPs scenarios (RCP6 and RCP8.5), the spatial pattern of
transition of forestland from grassland was simulated with
DLS model (Figure 5). It can be seen from Figure 5(a) that
the northeast and southwest of Fujianwould experiencemore
intensive transition of grassland to forestland than other
regions under the RCP6 scenario, and this conversion occurs
broadly on the whole regional perspective. While under the
RCP8.5 scenario apppeared in Figure 5(b), the transition of
grassland to forestland is not as intensive as that of RCP6
scenario; it is mainly concentrated in the northern Fujian.

Then, the two projections of land transition of forestland
from grassland data under RCP6 and RCP8.5 were used
to estimate the climate effects of that transition in future.
And the seasonal 𝑇

2m change in winter and summer of the
two scenarios is calculated between 2010 and 2050 to show
the spatial scale of the transition of grassland to forestland
(Figure 6). In summer, the conversion of forestland from
grassland has a cooling effect under the two climate scenarios.
Under the RCP6 scenario, the change of mean 𝑇

2m is mainly
distributed in the north and southwest Fujian and that of
the RCP8.5 scenario is primarily concentrated in the central
and north region.The change of average 𝑇

2m is −0.69∘C with
EI (𝑇
2m) = 3.21 under RCP6 scenario and −0.43∘C with

EI (𝑇
2m) = 1.36 under RCP8.5 scenario in the conversion

area of grassland to forestland, while in winter, the average
𝑇
2m increases 0.06∘C with EI (𝑇

2m) = 2.86 under the RCP6
scenario in the converted area; whereas under the RCP8.5

scenario, although winter cooling occurs across the region,
there is no obvious concentration area, the change of regional
average 𝑇

2m is 0.01∘C with EI (𝑇
2m) = 1.14.

In order to explore the time scale of the impact of the
conversion from grassland to forestland, the every 10-year
difference of the 𝑇

2m and precipitation was calculated from
2010 to 2050 (Figure 7). Both inRCP6 andRCP8.5, the annual
average 𝑇

2m decreases as the conversion from grassland
to forestland occurs. On the whole, the annual average
𝑇
2m decreases by 0.57∘C and 0.21∘C under the scenarios

of RCP6 and RCP8.5, respectively, from 2010 to 2050. The
maximum decrease of 𝑇

2m would reach 0.16∘C in ten years
differences, and the minimum value is 0.03∘C in the two
scenarios. Although the overall decline of 𝑇

2m under the
RCP8.5 scenario is lower than that of RCP6, the minimum
decrease of 𝑇

2m under RCP8.5 is higher than 0.03∘C. In
terms of the precipitation, there are small fluctuations under
the two scenarios, ranging at −63∼142mm and −51∼109mm.
Meanwhile, the two scenarios would experience an overall
increase of precipitation during 2010–2050.

4. Conclusions and Discussions

In this paper, climate impacts of historical (2000–2008) and
future (2010–2050) land conversion from grassland to forest-
land were simulated using WRF model, whose result showed
this conversion has a significant impact on regional climate.
The result shows that during 2010–2050, the conversion from
grassland to forestland leads to the decrease of annual average
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Figure 6: Seasonal average near-surface temperature at 2 meters height (unit: ∘C) change in 2010–2050. (a) Summer temperature change
under RCP6 scenario; (b) winter temperature change under RCP6 scenario; (c) summer temperature change under RCP8.5 scenario; (d)
winter temperature change under RCP8.5 scenario.

𝑇
2m by 0.57∘C and 0.21∘C under the RCP6 and RCP8.5

scenarios, respectively, and the value of EI (𝑇
2m) in summer

(represents cooling) is higher than that in winter (represents
heating) in the experiments, indicating that the summer
cooling efficiency is higher than winter heating efficiency in
our study. The mechanism is that grassland reflects more
solar radiation than forest in Fujian does, which is a very
efficient absorber and scatterer of short-wavelength radiation
[35]. Consequently, the net energy absorbed by the surface

was increased as a result of the conversion from grassland
to forestland, which would result in a temperature increase
but this is offset by an increase in evaporative cooling for
the fact that the fact that the area is abundant with sunlight
and heating resources. So, there is an overall decrease in
temperature.

In spite of the change of precipitation fluctuates from one
region to another as the conversion from grassland to forest-
land occurs in both historical and future land conversion
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Figure 7: Climate impacts of the conversion from grassland to
forestland under the RCP6 and RCP8.5 scenarios from 2010 to 2050
in Fujian province. (a) Near-surface temperature change at 2 meters
height (unit: ∘C); (b) precipitation change (unit: mm).

experiment in Fujian, it is increased on the whole. It is for the
fact that the precipitation within Fujian originates from two
sources, one is the recycling of water vapor released during
evapotranspiration and the other is moisture flux conver-
gence into this area. The water vapor released is increased as
the conversion from grassland to forestland occurs because of
the enhanced evapotranspiration in Fujian, while the increase
in moisture flux convergence is due mainly to decreased
albedo caused by the transition of forestland from grassland,
thus affecting the reflectivity of a surface by absorbing more
heat, and decreased albedo reduces the available energy for
upward turbulent transfer of latent energy [35], which in turn
carries moisture from forest trees into atmosphere, where it
condenses as rain and the convergence zone is induced. So,
the precipitation increases on the whole.

We have only focused on the physical impact of forestland
transition fromgrassland change in this paper, but the climate

change is a very complicated process and many factors may
influence it. Summarizing the effects of land cover change
on climate has been difficult because different biogeophysical
effects offset each other in terms of climate impacts [36], and,
on global and annual scales, regional impacts are often of
opposite sign and are therefore not well represented in annual
global average statistics [36, 37]. Besides, the uncertainty will
remain in projections of future climates for the foreseeable
future. The climate modeling community is aware of these
uncertainties and some innovative approaches to assess their
magnitude have recently been explored [38, 39]. Sensitive
study in different land surface schemes has been conducted to
better estimate precipitation inWRF [40], butmore extensive
modeling experiments are needed in the WRF simulation
process. Besides, the precise contribution of the land cover
change to the global climate change remains a controversial
but growing concerned issue [41]. In addition, pollutant
release is another important factor that affects the radiation
process and thus affects precipitation over afforestation areas.
Future studies utilizing a wide range of scenarios for climate,
land use, and realistic vegetation parameters to quantify the
effects of different factors on regional climate are essential.
Additionally, with the increasing available computational
resources, more land transition runs would be the optimal
way to assess the large scale climatic effects land use/cover
change.
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With the water and soil conservation forests of Robinia pseudoacacia in the Malian beach of Hongqi farm, Ji County, Shanxi
province, as the research object, this study estimated the potential evapotranspiration in the open space outside the forest and at
the heights of 3m, 6m, and 10m in the forests with the climate data during 2011-2012 and the upgraded Penman-Monteith formula;
then, this study explored themicroclimate characteristics inside and outside theRobinia pseudoacacia forest and thereafter revealed
the vertical variation rules of potential evapotranspiration of Robinia pseudoacacia. The results indicate that the air temperature,
relative humidity, wind speed, and potential evapotranspiration at different heights above the ground surface showed similar
changing trends, but with some variation during different periods. In addition, the weather also had impacts on the potential
evapotranspiration. In April, July, and October, the change of potential evapotranspiration of the Robinia pseudoacacia forests
showed a bimodal curve in the sunny days and rainy days, while it showed a single-peak curve with quite small fluctuation in the
rainy days. However, it showed a single-peak pattern even in the sunny days in January, and it showed no fluctuation in the snowy
days in January.

1. Introduction

Global warming and the shortage of fresh water resources
have become the most serious ecological and environmental
problems faced by the sustainable development of human
society in the 21st century. Evapotranspiration process is the
significant feedback factor in global warming and attracts the
particular concern of the scientific community of ecology and
global changes. Potential evapotranspiration is the theoretical
upper limit of real evapotranspiration and is also the basis
of estimating the evapotranspiration [1–4]. Recognizing its
temporal dynamics and control factors is the process of evalu-
ation and prediction of evapotranspiration role in the climate
systembasis [5]. Forest water consumption is themost impor-
tant element of the water balance of the forest hydrology and
the dependence for choosing the soil and water conservation
forest and forest management. It is the foundation to create
a parody of natural forests and improve the low quality

inefficiency [6, 7].Therefore, forest water consumption is one
of the hot issues in the field of forest hydrology, ecology, and
silviculture.

In the semiarid Loess Plateau, there is rare vegetation and
serious soil erosion, and water plays a key role in the growth
of vegetation.Therefore, water surplus and deficit in the forest
correspondingly become one of the concerning issues in this
region [8]. Plant transpiration constitutes themain part of the
plant’s water consumption in the semiarid and arid areas of
Loess Plateau, thus potential evapotranspiration becomes the
main focus in the Loess Plateau. Researches on the variation
of potential evapotranspiration are not only the key link of
water circulation of soil-vegetation-atmosphere system, but
also determine the regional ecological water demand [9].
Robinia pseudoacacia is one of themain tree species in the soil
and water conservation planning of Loess Plateau, analysis
of potential evapotranspiration changing trends of Robinia
pseudoacacia will be beneficial to explore the relationship
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between the plant’s water consumption and climate change
and will provide the scientific basis for water circulation of
soil-vegetation-atmosphere system.

There are amounts ofmethodologies for calculating water
consumption on potential evapotranspiration, including the
Penman-Monteith formula, Hargreaves formula, and Ivanov
formula recommended by FAO, for example, among which
the Penman-Monteith formula application is the most pop-
ular [10–12]. In recent years, many scholars have applied the
Penman-Monteith formula to evaluate the potential evapo-
transpiration of forestry area; moreover, there are also plenty
of scholars who updated the Penman-Monteith formula
which is more suitable for the climatic characteristics in
China [13–15]. Robinia pseudoacacia is one of the principal
species for soil and water conservation in western Loess
Plateau, reasonable Robinia pseudoacacia artificial forest for
soil and water conservation is therefore extremely significant
for the rational utilization of water resource.There have been
some researches on the water consumption rules of soil and
water conservation forest [16, 17]. Zhou et al. conducted
an investigation on the evapotranspiration characteristics
of different densities of Robinia pseudoacacia during the
peak potential evapotranspiration period and obtained a
reasonable density of a 15-year-old Robinia pseudoacacia in
loess area [18]. Liu et al. studied the potential evapotranspira-
tion of mixed Pinus tabulaeformis and Robinia pseudoacacia
forest with different diameters [19]. However, rare research
is conducted on the vertical potential evapotranspiration
variation of Robinia pseudoacacia forest with season and
time changes. Vertical potential evapotranspiration has some
effects on the microclimate change such as relative humidity
and air temperature to some extent [20]. So, it is significant
to study the vertical potential evapotranspiration.

Based on the meteorological data derived from meteoro-
logical station in Robinia pseudoacacia forest and open space
outside the forest, this study applies the upgraded Penman-
Monteith formula, which has been proved to be suitable for
the Shanxi province [21], to estimate the potential evapo-
transpiration of Robinia pseudoacacia at the different heights
in the forest and the open space outside the forest, explore
the different microclimate characteristics between the inside
and outside of Robinia pseudoacacia forest, and analyze the
potential evapotranspiration dynamics of Robinia pseudoa-
cacia with time and season changes. All the conclusions are
expected to provide the references for the rational water
resource utilization during the process of Robinia pseudoaca-
cia afforestation in the loess area of western Shanxi province.

2. Study Area

Thestudy area is located in theMalianBeach ofHongqi Forest
Farm, Ji County, Shanxi province, between E110∘4504 to
E110∘4738 and N36∘0015 to N36∘0432 (Figure 1). It
belongs to the gully region of the Loess Plateau in western
Shanxi province, with an average altitude of 965 to 1,345m. Its
annual average temperature is 10∘C, and the average annual
precipitation is 575.9mm, while its annual average water
surface evaporation reaches 1,732.9mm. It has a relatively dry
climate, concentrated rainfall, sparse vegetation, serious soil
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Figure 1: Location of the sample plot.

erosion, and loess-derived cinnamon soil. Comprehensive
management on Loess Plateau is a key project of natural
reform engineering in China, and its principles are soil and
water conservation. In the study area, the forest coverage
rate is 45%, and the main soil and water conservation forest
species are Pinus tabulaeformis and Robinia pseudoacacia,
and the major shrub species are Hippophae rhamnoides and
Ostryopsis davidiana [21].

3. Methodology

This study takes the soil and water conservation forest of
Robinia pseudoacacia in the Malian beach as the sample plot
and investigates the parameters of Robinia pseudoacacia in
the study area, that is, tree height, diameter at breast height
(DBH), and thickness of the litter. The details are shown in
Table 1.

Meteorological data are all derived from the two mete-
orological stations in the study area. One is installed in the
forest of Robinia pseudoacacia, which can record the relative
humidity, air temperature, solar radiation, wind speed, sun-
shine hours, and other meteorological factors data every 30
minutes at the heights of 3m, 6m, and 10m above the ground
surface inside the forest. Another one is installed in the open
space outside the forest ofRobinia pseudoacacia, which is also
used to measure the same meteorological factors every 30
minutes.

Based on the observed meteorological data, this study
applies the updated Penman-Monteith formula to estimate
the potential evapotranspiration of Robinia pseudoacacia for-
est at different heights and of the open space. Penman-Mon-
teith formula is one of themost popular formulas for potential
evapotranspiration evaluation; though its principle is appli-
cable in different regions, some of its empirical coefficients
are subjected to regional conditions. Kang corrected the
empirical coefficient tomake itmore suitable for the potential
evapotranspiration estimation in Shanxi province as follows
[21]:

𝐸
0
= (2.37𝑒

0.047𝑇
+ 6.28

𝑛

𝑁

− 3.42) (0.29𝑉 + 0.47) . (1)
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Table 1: Basic situation of the sample plot.

Vegetation
type

Sample area
(m2)

Slope
(∘) Aspect Elevation

(m)
Stand age
(years)

Canopy
density
(%)

Mean tree
height (m)

Mean
DBH (cm)

Planting
space

(m ×m)
Robinia
pseudoacacia 200 6 N133 1243 17 60 11.4 11.1 3 × 5
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Figure 2: Dynamic variation of air temperature at the heights of 3m, 6m, and 10m above the ground surface inside the forest.

The reliability of the new semiempirical formula was val-
idated through comparative analysis by Kang. The new
semiempirical formula with higher precision is based onDal-
ton Moisture Diffusion Law, including three meteorological
factors, that is, air temperature 𝑇 (∘C), sunshine ratio 𝑛/𝑁,
and wind speed 𝑉 (m/s).

4. Microclimatic Characteristics inside
the Robinia pseudoacacia Forest

4.1. Vertical Variation of Air Temperature inside the Forest.
This study selected four typical sunny days, that is, July 23 and
October 6 in 2011; January 15 and April 14 in 2012, recorded

the air temperature at the heights of 3m, 6m, and 10m above
the ground surface inside the Robinia pseudoacacia forest,
and analyzed the daily dynamic changes, respectively. The
results indicated that the air temperature inside the Robinia
pseudoacacia forest had the similar variation at different
heights; however, the changing extents at different times were
various. Moreover, the air temperature inside the Robinia
pseudoacacia forest showed significant circadian variation.

On July 23, 2011, the air temperature at different heights
inside the Robinia pseudoacacia forest all started rising
rapidly from around 6:00, went up to the peak at about 15:00,
and then dropped down (Figure 2). The air temperature dif-
ferences between different heights were all near zero during
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18:00–23:00 and 0:00–9:00. Maybe because the solar radia-
tion of this period was close to zero, the absorbed heat from
different heights of the forest was relatively small, and the
radiated heat was almost the same; therefore, the air temper-
ature was basically consistent. In addition, it should be noted
that there was a partial temperature inversion phenomenon,
whichmeans that the air temperature at the height of 6mwas
higher than that at the height of 3m from 9:00 to 15:00.

While on October 6, 2011, the air temperature changing
trend, which had a broad curve, differed from that in July.
It began to increase from 7:00, reached the peak at around
11:00, and then declined after it sustained at the peak for about
four hours (Figure 2). There was the temperature inversion
phenomenon as well, but it occurred from 18:00 to 23:00 and
0:00 to 9:00, and the air temperature grew from the ground
surface to the forest canopy. Perhaps this was because the
air temperature in the night of October was low, and the
ground radiation became cooling soon, which would lead to
the rapid decrease of air temperature near the surface ground.
Therefore, the closer to the ground it was, the lower the tem-
perature would be. As the ground radiation cooling intensi-
fied, temperature inversion phenomenon expanded upward
gradually and became strongest at the dawn. In addition, the
temperature differences between different heights were the
most significant at around 5:00 and the least significant at
about 17:00.

Although the observed time was in different years, it can
be seen that the curve pattern in January was similar to that
in July, and the one in October was partially similar to that in
April; however, it was not totally consistent. On January 15,
2012, the air temperature at different heights all started to rise
at around 7:30 and also reached the peak at 15:00, and then
the decreasing trend was showed after the peak. Moreover,
the temperature above zero only existed between 13:00–
16:30 (Figure 2). There was also the temperature inversion
phenomenon at night, which was that the air temperature
increased from the ground surface to canopy.

In April, the air temperature was the most special. There
were three peaks on April 14, 2012, the air temperature began
to go up at around 7:00, reached the first peak at around
10:00, and rose to another peak at 15:00 and 16:30, respectively
(Figure 2). Moreover, the second and the third peaks were
much higher than the first one. Additionally, there was the
similar temperature inversion phenomenon at night as that
in October and January.

4.2. Vertical Variation of Relative Humidity inside the Forest.
The relative humidity was also observed at the heights of 3m,
6m, and 10m above the ground surface inside the for-
est on July 23 andOctober 6 and 2011, January 15 and April 14,
2012. It can be obtained that the variation of relative humidity
inside the Robinia pseudoacacia forest was similar at different
heights, but the different extent was various at different times.
On July 23, 2011 andApril 14, 2012, there were obvious diurnal
changes, which had several different peaks and valleys, while
there were not somanywaves onOctober 6, 2011, and January
15, 2012 but only one large valley. Maybe this was because of
the low temperature in October and January and the small air
temperature differences between night and day.

On the typical sunny days of the four seasons, the differ-
ences of relative humidity between different heights above the
ground surface were larger at night while smaller in the day.
In addition, the relative humidity inside the forest increased
from the canopy to the ground surface during 0:00–8:00 and
20:00–23:00 (Figure 3). On July 23, 2011, the relative humidity
in the day decreased from the canopy to the surface ground,
and the rebound phenomenon appeared when the height fell
to about 6m, which meant that the relative humidity at the
middle height of the forest was lower, while it was higher in
the forest canopy and near the ground surface. The canopy
and the soil were themain parts of evapotranspiration.When
the water vapor of the soil went up, the relative humidity
became a little weaker, so that is why the relative humiditywas
higher in the part of the canopy and the ground surface, and
lower at the middle height of the forest.

4.3. Vertical Variation of Wind Speed inside the Forest. Wind
speed data on July 23, October 6, 2011, January 15, and April
14, 2012, was acquired at the heights of 3m, 6m, and 10m
above the ground surface inside the forest from the meteo-
rological station. The changing trend of wind speed was also
similar at different heights. On the typical sunny days of the
four seasons, the wind speed at different heights declines in
the sequence of 10m, 6m, and 3m. The wind speed at the
heights of 3m and 6m above the ground surface was similar,
and it became much stronger when reached the height of
10m. The stronger the wind speed was, the larger the differ-
ences between the heights of 3m and 6m above the ground
surface would be (Figure 4).

4.4. Comparative Analysis of the Meteorological Factors inside
and outside the Forest in Different Growth Periods of Robinia
pseudoacacia. This study estimated the monthly average
value, maximum value, and minimum value of air temper-
ature, relative humidity, and wind speed in April (primary
stage of growth period), July (peak of growth period), Octo-
ber (last stage of growth period), and January (nongrowth
period). The results showed that the average air temperature
inside the Robinia pseudoacacia forest was lower than that
outside the forest in July, the same for themaximum tempera-
ture and theminimum temperature. On contrary, the average
air temperature and minimum temperature inside the forest
were higher than that outside the forest in January, while the
maximum temperature was still lower. In April, the average
air temperature and the maximum temperature inside the
forest were higher, and the minimum temperature was lower
(Table 2).

In conclusion, the air temperature was higher inside the
forest than outside in January, April, and October when it
was cool or cold, while it was lower in July when it was hot.
Moreover, the maximum temperature inside the forest was
lower by 2.1∘C, while the minimum temperature was higher
by 0.91∘C in January. This phenomenon indicated that the
forest canopy coverage weakened the solar radiation and
reduced the ground long-wave radiation as well, which lead
to the slow temperature growth inside the forest and the
slow temperature decrease when the outside become cool.
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Table 2: Statistics of meteorological factors inside and outside the forest.

Month
Meteorological factor Mean value Maximum value Minimum value

Inside the
forest

Outside the
forest

Inside the
forest

Outside the
forest

Inside the
forest

Outside the
forest

4
Air temperature 12.7 12.0 19.7 19.4 3.1 4.9
Relative humidity 57.5 48.0 99.0 59.5 21.9 38.1

Wind speed 1.7 2.4 3.5 3.6 0.7 1.6

7
Air temperature 21.8 22.5 25.0 25.5 17.5 19.6
Relative humidity 67.6 62.3 96.0 88.6 42.4 49.0

Wind speed 1.1 1.7 1.5 2.5 0.8 1.1

10
Air temperature 10.9 10.9 15.5 17.0 2.9 4.4
Relative humidity 65.2 64.6 93.6 90.7 32.3 51.9

Wind speed 1.3 1.6 2.1 2.8 0.7 0.6

1
Air temperature −5.8 −6.5 −2.2 −0.1 −13.8 −14.7
Relative humidity 68.6 58.0 96.1 88.7 38.0 44.9

Wind speed 1.1 1.5 2.1 2.4 0.4 0.0
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Figure 3: Dynamic variation of relative humidity at the heights of 3m, 6m, and 10m above the ground surface inside the forest.
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Figure 4: Dynamic variation of wind speed at the heights of 3m, 6m, and 10m above the ground surface inside the forest.

Therefore, it made the maximum temperature reduce and the
minimum temperature increase inside the forest.

The mean value and the maximum value of relative
humidity inside the forest were larger than outside, while it
was contrary for the wind speed.Thus, it can be seen that the
Robinia pseudoacacia forest increased the relative humidity
and slowed down the wind speed. This phenomenon may be
caused by the fact that the cover effect of the forest canopy
weakened the wind speed and turbulent exchange inside the
Robinia pseudoacacia forest and made the water vapor from
plant transpiration and soil evaporation hang in the surface
atmosphere for a long time, so that the relative humidity was
higher inside the forest than outside.

5. Diurnal Fluctuation of the PET at Different
Heights above the Ground Surface inside
the Forest in Different Growth Periods of
Robinia pseudoacacia

5.1. Vertical Variation of PET inside the Forest in April. April,
the arid and windy season of Loess Plateau with gradual

temperature rising, is the primary stage of growth of Robinia
pseudoacacia, leaves begin to unfold and photosynthesis and
transpiration rate gradually grow, so water consumption of
potential evapotranspiration continually increases as well.
This study analyzed the potential evapotranspiration changes
at different heights above the ground surface inside the
Robinia pseudoacacia forest under different weather condi-
tions during the period from April 24 to April 27, which was
rainy on April 24 and sunny from April 25 to April 27.

The estimation results illustrated that the changing trends
of potential evapotranspiration were similar under different
weather conditions at different heights above the ground sur-
face (Figure 5). In the sunny days, there was a bimodal curve
in the potential evapotranspiration changes, which began to
rise rapidly from about 6:00-7:00, up to the first peak at
around 8:00–10:00, and it stayed at the peak for some time.
A break phenomenon appeared at noon at about 12:00-13:00,
reached the peak once again at about 15:00, and then dropped
down at the bottom of the valley at about 19:00. However,
there was still some potential evapotranspiration at different
heights even at night. In addition, the potential evapotranspi-
ration in the sunny days was significantly greater than that in
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Figure 5: Diurnal fluctuation of the PET at the heights of 3m, 6m, and 10m above the ground surface inside the forest in April.
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Figure 6: Diurnal fluctuation of the PET at the heights of 3m, 6m, and 10m above the ground surface inside the forest in July.

the rainy days. In the rainy days, the solar radiation intensity
was relatively smaller and the sunshine hours were less, so
the average daily potential evapotranspiration was obviously
less than that in the sunny days, which showed only a single
and narrow peak, starting to rise at 13:00, reached its peak at
15:00, and thendropped to the bottomat 19:00.On comparing
the potential evapotranspiration at night with that in the
day, there was no significant variation at the different heights
above the ground surface at night, contrarily, it was obvious in
the day, and the potential evapotranspiration inside the forest
decreased in the sequence of 10m, 6m, and 3m.

5.2. Vertical Variation of PET inside the Forest in July. In July,
the rainfall was abundant and the solar radiation intensitywas
strong. It was also the peak season of potential evapotran-
spiration in a year. This study explored the potential evapo-
transpiration changes at different heights above the ground

surface under different weather conditions inside the Robinia
pseudoacacia forest during the period from July 20 to July 23,
which was shower on July 20, overcast and rainy on July 21
and July 22, and sunny on July 23.

It was almost the same as in April that the changing trend
of potential evapotranspiration was also similar at different
heights under different weather conditions (Figure 6). The
potential evapotranspiration changing curve inside the forest
showed the bimodal pattern not only in the sunny days, but
also in the shower days, and it was also to grow at 6:00-7:00,
and then it showed the downward trend after it got to the first
peak at 11:00. It began to decline once again after the second
peak at 17:00 and reached the valley at about 19:00. Potential
evapotranspiration at night still occurred at different heights,
and the potential evapotranspiration in the sunny days was
extremely larger than that in the shower days as well. In the
overcast and rainy days with weaker solar radiation intensity
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Figure 7: Diurnal fluctuation of the PET at the heights of 3m, 6m, and 10m above the ground surface inside the forest in October.

and less sunshine hours, the potential evapotranspirationwas
obviously smaller than that in the sunny days and shower
days. It had the single peak type curve, the fluctuation was
small, and the peak time was not stable. It was at the peak at
around 12:00 on July 21, while at 17:00 on July 22.This may be
aroused by the various solar radiations in different overcast
and rainy days. Although the air temperature was higher in
July, however, the differences of potential evapotranspiration
at different heights differed slightly at night and greatly in the
day, and the potential evapotranspiration inside the forest had
the same sequence as in April, which is 10m > 6m > 3m.

5.3. Vertical Variation of PET inside the Forest in October.
October was the last stage of the growth period with less
rainfall and low air temperature, and the potential evapotran-
spiration inside the forest was gradually weakened.This study
selected 4 typical days from October 6 to October 10, and
explored the potential evapotranspiration changes inside the
Robinia pseudoacacia forest at different heights. During the
research period, it was sunny on October 7 and October 8,
rainy on October 9 and October 10.

The results were represented in Figure 7, and it can be
seen that the heights above the ground surface did not
overturn the changing trend of the potential evapotranspi-
ration regardless to the weather condition in October. In the
sunny days, a bimodal curve was also shown in the potential
evapotranspiration changes, which rose from 6:00 to 7:00,
declined after it reached the first peak at 12:00, decreased once
again following the second peak at 15:00, and finally got to
the valley at around 19:00; however, it would not drop to zero
even at night.The average potential evapotranspiration in the
sunny days was higher than that in the rainy days. In the rainy
days, the potential evapotranspiration changes depended on
the solar radiation to some extent. There was certain solar
radiation on October 9, and the potential evapotranspiration
changes inside the Robinia pseudoacacia forest showed the
single peak curve, and the time that it took to get to the peak

is consistent with the time of the second peak in the sunny
days. On October 10, the solar radiation intensity was close
to zero, and the sunshine hours were zero, so the potential
evapotranspiration had no fluctuation basically, and it was
very weak, close to zero.

5.4. Vertical Variation of PET inside the Forest in January. Air
temperature of Loess Plateau was low in January, and leaves
of Robinia pseudoacacia had been completely off, so there
were faint photosynthesis and transpiration, and the potential
evapotranspiration was quite small. This study selected four
typical days from the 18th to the 21st of January, 2012, to
conduct the researches on the potential evapotranspiration
changes inside the Robinia pseudoacacia forest at different
heights above the ground surface.

It was different from other seasons, the potential evapo-
transpiration inside theRobinia pseudoacacia forest had a sin-
gle peak curve in the sunny days, and the time of rising up
to the peak was also different from the other three months,
which started rising at about 10:00, but the growth rate began
to reduce at around 11:00, reached the peak when it was about
15:00, and then down to the valley until 17:00 (Figure 8).
In the snowy days, the solar radiation intensity was weak,
and the sunshine hours were less. So, there was no obvious
fluctuation except the small extent waves during 11:00–16:00
on January 19. The potential evapotranspiration inside the
Robinia pseudoacacia forest was negative in the snowy days,
and it was similar even in the sunny days. It indicated that
the air temperature at night was extremely low whether in
the sunny days or the snowy days in the study area, and the
condensation was larger than potential evapotranspiration.
The differences of potential evapotranspiration between the
different heights above the ground surface were smaller at
the night of sunny days and snowy days of January, but it
was large at the day time of the sunny days. The sequence of
potential evapotranspiration inside the forest was that 10m >
6m > 3m.
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Figure 8: Diurnal fluctuation of the PET at the heights of 3m, 6m, and 10m above the ground surface inside the forest in January.
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Figure 9: Comparison of the mean monthly PET at the heights of
3m, 6m, and 10m inside and outside the forest.

5.5. Comparative Analysis ofMonthly Average PET at Different
Heights inside and outside the Forest from July 2011 to June
2012. This study estimated the monthly potential evapo-
transpiration inside and outside the forest, respectively. The
results represented that the monthly average potential evapo-
transpiration inside the Robinia pseudoacacia forest was sim-
ilar at different heights from July 2011 to June 2012 (Figure 9).
Comparing the potential evapotranspiration of each month,
it can be obtained that the monthly potential evapotranspira-
tion changed in different months as follows: April > June >
May > July > August > October > September > March >
December > January > November > February. It was the
highest in April with the 129.1mm, 140.3mm, and 171.1mm
potential evapotranspiration at the heights of 3m, 6m, and

10m, respectively, and it was the lowest in January, and the
monthly potential evapotranspiration was only 32.54mm,
35.06mm, and 41.51mm at the heights of 3m, 6m, and 10m,
respectively. The reason why it is higher in April and May
may be because it is drier in this period, and moreover, there
are strong winds which promote the growth of the potential
evapotranspiration.The air temperature is higher in June and
July, so potential evapotranspiration is relatively high in these
twomonths. In the open space outside the forest, themonthly
potential evapotranspiration was different, whose sequence
was June >April >May > July >August > September >Octo-
ber >March >December >November > January > February.
The potential evapotranspiration at different heights inside
the forest was compared with that in the open space, and the
results indicate that the sequence was open space > 10m >
6m > 3m.

During the period from April to August, the monthly
potential evapotranspiration at the heights of 3m, 6m, and
10m above the ground surface inside the forest was 119.2mm,
128.9mm, and 157.8mm, respectively, and it was 164.9mm
in the open space outside the forest, all of which were much
larger than that of other months, being 2.49, 2.48, 2.56, and
2.52 times of that in othermonths, respectively.Thedifference
between the open space and 10m height above the ground
surface was the smallest, with only 5.1mm, and it was the
largest between the open space and 3m height above the
ground surface, which was 22.9mm. The one between 10m
height and 3m height above the ground surface was 17.8mm
and between 6m height and 3m height above the ground
surface was 6.4mm.

6. Conclusions

This study acquires the following conclusions.

(1) In the typical sunny days of the four seasons, there had
been similar changing trends at the different heights
inside the Robinia pseudoacacia forest for the air
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temperature, relative humidity, and wind speed, and
the changing extent was however various in different
times. Among them, air temperature in the Robinia
pseudoacacia forest all showed a significant diurnal
variation in the typical sunny days of the four seasons.
But for the relative humidity, the significant diurnal
variation only existed in April and July, but not in
January and October.Through the analysis of vertical
variation of air temperature and relative humidity
inside theRobinia pseudoacacia forest, it can be found
that there was a temperature inversion phenomenon
during some periods of time. The relative humidity
in the day time was relatively lower at the middle
height of the forest and higher in the canopy part and
the near-surface ground part, while it would increase
from the canopy to the surface ground at night. As for
the wind speed, it was higher at the higher parts of the
forest.

(2) According to the study, in January,April, andOctober,
the air temperature inside the forest was higher than
that of the open space outside the forest, while it was
lower in July. In January, the maximum temperature
in the forest was 2.1∘C lower than that of the outside,
and the minimum temperature was contrarily higher
by 0.91∘C than that of the outside. The mean and
maximum value of relative humidity of each month
inside the Robinia pseudoacacia forest were all higher
than that of the outside, while it was totally different
for wind speed, the mean and maximum values were
lower inside the forest.

(3) This study found that the changing trends of potential
evapotranspiration were almost similar at different
heights, but it was various under different weather
conditions. Among them, the potential evapotranspi-
ration had the obvious diurnal changing trend, which
showed the bimodal curve in the typical sunny days
and rainy days of April, July, and October, while the
diurnal rules were not significant any more in the
rainy days, and the changing curve became single-
peak pattern with smaller fluctuation. As for the
potential evapotranspiration, differences between dif-
ferent heights were not obvious at night and were
great in the day, which was represented by 10m >
6m > 3m. While the potential evapotranspiration
inside the forest showed the single-peak curve in
January, and there were no fluctuations in the snowy
days. The differences of potential evapotranspiration
between different heights were less significant at night
and in the snowy days and more significant in the
sunny days. The further from the ground it was, the
less the potential evapotranspiration was.

(4) This study indicated that the monthly potential evap-
otranspiration at the heights of 3m, 6m, and 10m
above the ground surface inside the Robinia pseu-
doacacia forest was consistent from July 2011 to June
2012, and the monthly potential evapotranspiration
changed with the month as follows: April > June >

May > July > August > October > September >
March > December > January > November > Febru-
ary, while the potential evapotranspiration in the
open space outside the forest follows the sequence as
June > April > May > July > August > September >
October > March > December > November > Jan-
uary > February. In addition, themonthlymean value
of the potential evapotranspiration in the open space
outside the forest was larger than that inside the forest
at the height of 10m, followed was that at the height
of 6m, and the smallest was that at the height of 3m.

(5) The potential evapotranspiration from April to
August was significantly higher than that in other
months whether it was inside the forest or in the
open space outside the forest. The difference between
the open space outside the forest and 10m height
above the ground surface was least significant, and it
differed most greatly between the open space and 3m
height above the ground surface. The mean monthly
potential evapotranspiration value, at the heights of
3m, 6m, and 10m above the ground surface from
July 2011 to June 2012, was 930.9mm, 1007.6mm, and
1221.5mm, respectively, and it was 1282.9mm in the
open space outside the forest.
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[16] P. Annighöfer, I. Mölder, S. Zerbe, H. Kawaletz, A. Terwei, and
C. Ammer, “Biomass functions for the two alien tree species
Prunus serotina Ehrh. and Robinia pseudoacacia L in floodplain
forests of Northern Italy,” European Journal of Forest Research,
vol. 131, no. 5, pp. 1619–1635, 2012.

[17] W. Gong, Y. G. Gong, T. X. Hu et al., “Study of microclimate
characteristics ofPinus elliottii plantations in northern Sichusan
Basin,” Journal of Sichuan Forestry Science and Technology, vol.
27, no. 3, pp. 5–14, 2006 (Chinese).

[18] X. X. Zhou, J. J. Zhang, X. H. Sui et al., “Transpiration character-
istics of Robinia pseudoacacia L. with different densities during
the peak season,” Bulletin of Soil and Water Conservation, vol.
30, no. 3, pp. 42–47, 2010 (Chinese).

[19] C. F. Liu, Z. Q. Zhang, J. T. Guo et al., “Transpiration of a pinus
tabulaeformis and Robinia pseudoacacia mixed forest in hilly
gully region of the loess plateau, west shanxi province,” Science
of Soil and Water Conservation, vol. 8, no. 5, pp. 42–48, 2010
(Chinese).

[20] K. Staudt, A. Serafimovich, L. Siebicke, R. D. Pyles, and E. Falge,
“Vertical structure of evapotranspiration at a forest site (A Case

Study),” Agricultural and Forest Meteorology, vol. 151, no. 6, pp.
709–729, 2011.

[21] S. Z. Kang, “Calculatingmethod of potential atmospheric evap-
oration in the arid and semiarid areas,” Agriculture Research in
the Arid Areas, vol. 1, no. 2, pp. 41–50, 1985 (Chinese).



Hindawi Publishing Corporation
Advances in Meteorology
Volume 2013, Article ID 362925, 10 pages
http://dx.doi.org/10.1155/2013/362925

Research Article
Impacts of Future Urban Expansion on Regional Climate in the
Northeast Megalopolis, USA

Yingzhi Lin,1 Anping Liu,1 Enjun Ma,1 Xing Li,1 and Qingling Shi2,3

1 School of Mathematics and Physics, China University of Geosciences (Wuhan), Wuhan 430074, China
2 Institute of Geographic Science and Natural Resource Research, Chinese Academy of Sciences, Beijing 100101, China
3 Center for Chinese Agricultural Policy, Chinese Academy of Sciences, Beijing 100101, China

Correspondence should be addressed to Yingzhi Lin; linyz.ccap@igsnrr.ac.cn

Received 21 June 2013; Accepted 14 August 2013

Academic Editor: Xiangzheng Deng

Copyright © 2013 Yingzhi Lin et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

In this paper, evidences for influences of future urban expansion on regional climate in the Northeast megalopolis, USA, are
presented. The model-based analysis shows that future urban expansion will significantly result in regional climate change. An
average annual temperature increase ranging from 2∘C to 5∘C in new urban area and an average annual temperature decrease
ranging from 0.40∘C to 1.20∘C in the south of the megalopolis will be caused by future urban expansion. The average annual
precipitation of the simulation area will decrease due to future urban expansion by 5.75mm, 7.10mm, and 8.35mm in the periods
of 2010–2020, 2040–2050, and 2090–2100, respectively. The warming effect of future urban expansion in original and new urban
area and drought effects in nonurban area will be more serious in summer than in winter. A cooling effect will turn up in original
urban area in winter.This research further shows that a study at the scale of megalopolis helps to understand the integrated effect of
combination and interaction of multiple cities and their surrounding areas which may crucially determine regional climate pattern
and should be highly valued in the future.

1. Introduction

Urban expansion is regarded as one of the most noticeable
effects of human activities that cover a very small fraction
of Earth’s land surface but notably affect climate. It usually
removes and replaces crops and natural vegetation with
nonevaporating and nontranspiring surfaces such as metal,
asphalt, and concrete [1, 2]. These artificial surfaces are
characterized by specific thermal properties (albedo, thermal
conductivity, and emissivity) which are different from those
of nonurban areas [3–5]. The alteration of regional thermal
properties along with urban expansion will inevitably result
in the redistribution of incoming solar radiation and affect
the surface energy budgets [6, 7]. Consequently, the wind
velocity, mixing layer depth, and thermal structures in the
boundary layer, as well as the local and regional atmospheric
circulations, are changed [8–11].

One of the most widely concerned phenomena of
urban-induced climate change is the effect of urban heat
island (UHI), which describes the difference in ambient air

temperature between an urban area and its surrounding rural
area. A lot of researches have been implemented focusing on
the UHI in a single city [12–14]. Though neglecting the inte-
grated effect of combination and interaction of multiple cities
at regional scale, these researches help greatly in understand-
ing the influences of urban expansion on climate. Back in the
late 1960s, Bornstein pointed out urban surface temperature
inversions to be less intense and far less frequent than those
in the surrounding nonurban regions [15]. Afterwards, large
quantities of empirical researches have proved that urban
expansion can inevitably cause local temperature change. For
example, the research of Kalnay and Cai suggested that half
of the observed decrease in diurnal temperature range is due
to land use changes especially urban expansion [16]. And
according to the estimation of Rosenzweig et al. using global
climate models (GCMs), the average difference in urban and
nonurban minimum temperatures is 3.0∘C for the Newark
area and 1.5∘C for Camden [17]. The statistical analysis of
Yuan and Bauer using remote sensing data of Minnesota
indicated there is a strong linear relationship between land
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surface temperature and percent impervious surface for all
seasons [18]. Gaffin et al., analyzed the historical annual
data of New York and found that the UHI intensification
increase along with urban expansion is responsible for 1/3
of the total warming that the city had experienced since
1900 [19]. Imhoff et al. found that urban expansion is the
primary driver for the increase in temperature, explaining
70% of the total variance inland surface temperature in
Los Angeles [20]. Kleerekoper et al. showed that the severe
temperature rise in urban environments is caused by heat
stresses aggravation of phenomenon UHI along with urban
expansion [21]. Tian et al. found that the diurnal temperature
ranges have tight correlation with urban areas in their study
of Shenzhen, China [22]. Besides strengthening UHI effect,
it has been found that urban expansion can significantly
lead to local precipitation change. For instance, the study
of Marshall Shepherd et al. illustrated the positive effects
of urban areas on precipitation enhancement in the west-
northwest Houston area and suggested that the future urban
expansion may lead to temporal and spatial precipitation
variability in coastal urban microclimates [23]. And Guo et
al. showed that the total accumulated precipitation in Beijing
decreases especially in the urbanized region, and its distri-
bution tends to become more concentrated and intensified
along the borderline between urban and nonurban regions
[24]. All above researches indicate that it is unambiguous that
the urban expansion can result in local climate change.

In addition to researches of small scale and single city,
there are evidences suggesting that the impacts of urban
expansion on climate change are significant at a regional
scale. Lin et al. found that the urban expansion over Taiwan’s
western plain perturbs thermal and dynamic processes and
hence affects the location of thunderstorms and precipitation
over western plain [25]. Trusilova et al. pointed out that
the urban area in Europe results in an increase of urban
precipitation in winter (0.09 ± 0.16mm/day) and a precip-
itation reduction in summer (−0.05 ± 0.22mm/day) [26].
Jacobson and Ten Hoeve pointed out that urban area is
modeled over 20 years to increase gross global warming by
0.06–0.11 K and the UHI effect may contribute to 2%–4% of
gross global warming [27]. And the researches of Sang et
al. showed that the urban expansion in the Yangtze River
Delta, China, causes obvious fluctuations of regional rain
intensity andmore uncertainty of daily precipitation variabil-
ity [28]. These researches have sufficiently and undisputedly
demonstrated that urban expansion affects local and regional
climate changes. But for mega cities whose urban areas are
still expanding such as New York, Beijing, Seoul, Chicago,
and Moscow, there are still no sufficient evidences for the
relationship between future urban expansion and regional
climate at the scale of megalopolis. And arguments on the
effects of urban expansion on large scale climate still exist
[13]. In this paper, we present some evidences for effects of
future urban expansion on regional climate based on the
simulation of precipitation and temperature in the Northeast
megalopolis of the United States of America (USA).

The primary objective of this study is to determine the
influences of future urban expansion on regional climate on
different time scales in developed megalopolis. The major

contribution of this paper is that it provides evidences for
influences of future urban expansion on regional climate
at the scale of megalopolis and helps to understand the
integrated effect of combination and interaction of multiple
cities and their surrounding areas. The simulation results
show that future urban expansion will lead to significantly
climate change. One of the surprising findings is that there
will be a cooling effect in original urban area in winter caused
by urban expansion. The future urban expansion will result
in an average annual temperature increase ranging from 2∘C
to 5∘C in new urban area and an average annual temperature
decrease ranging from 0.40∘C to 1.20∘C in the south of the
megalopolis. The average annual precipitation will decrease
by 5.75mm, 7.10mm, and 8.35mm in the periods of 2010–
2020, 2040–2050, and 2090–2100 due to future urban expan-
sion, respectively. And the magnitude of warming effects and
drought effects of future urban expansion will vary with the
seasons. Our simulation scheme is described in Section 2.
The atmospheric forcing dataset and the predicted urban
expansion dataset used in our simulation are also introduced
in this section. The results and discussions are provided in
Section 3 and concluded in the final section.

2. Data and Methodology

2.1. Study Area. The Northeast megalopolis is the most
populous and largely developed megalopolis of USA. It
is constituted by a number of cities including Baltimore,
Boston, Harrisburg, Newark, New York City, Philadelphia,
Portland, Providence, Richmond, Springfield, Hartford, and
Washington [29]. The megalopolis’s population is expected
to rise to sixty million by 2025. This megalopolis is chosen
as case study area because it is one of the most typical
megalopolis globally which can be regarded as the example
of future megalopolis development.

2.2. Simulation Scheme. TheWeather Research and Forecast-
ing (WRF-ARW) model based on the Eulerian mass solver
was used in this study to investigate the temperature and
precipitation changes driven by future urban expansion in the
study area. This mesoscale model is a state-of-the-art atmo-
spheric simulation system based on the Fifth-Generation
Penn State/NCARMesoscale Model (MM5) [30]. Simulation
from 2010 to 2100 with a constant underlying surface (the
pattern of urban area as well as other land use and cover
types in the study area is fixed to that of 1993, namely,
baseline underlying surface) was implemented first, whose
results are regarded as baseline. The effects of future urban
expansion on climate can be measured by the difference of
the simulation results with predicted underlying surface and
baseline underlying surface (Figure 1):

𝐸
𝑖
= 𝑅
𝑖
− 𝑟
𝑖
, (1)

where 𝑖 refers to average annual and monthly temperatures
and average annual and monthly precipitations, 𝐸 is the
effects of future urban expansion on climate, and 𝑅 and 𝑟 are
the simulation results of WRF-ARW model with predicted
underlying surface and baseline underlying surface, respec-
tively.
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Figure 1: Simulation scheme and data processing framework.

2.3. Data and Process. An advanced very high resolution
radiometer (AVHRR) grid data of 1 km × 1 km of the United
States Geological Survey’s (USGS) classification system span-
ning a 12-month period (April 1992–March 1993, henceforth,
1993) was used as the baseline underlying surface data in
this study (Figure 1). And the predicted land use and cover
grid data of 0.5∘ × 0.5∘ from 2010 to 2100 are derived from
the database of Representative Concentration Pathway (RCP)
6.0. This database is developed by the Asia-Pacific Integrated
Model (AIM) modeling team at the National Institute for
Environmental Studies (NIES), Japan. The reason that we
choose RCP 6.0 is because it is a stabilization scenario
where total radiative forcing is stabilized after 2100 without
overshoot by employment of a range of technologies and
strategies for reducing greenhouse gas emissions [31, 32].
To investigate the effects of future urban expansion on
climate, we only used the urban expansion information of
the database, though change information of all kinds of
land use and cover are available. Supposing other types of
land use and cover constant, the new urban area pixels
derived from the database of RCP 6.0 were overlaid to the
map of baseline underlying surface. Consequently, twomajor
underlying surface data, baseline underlying surface data
directly derived from AVHRR data of 1993 and predicted
underlying surface data by overlaying the urban expansion
information to the map of baseline underlying surface, were
finally obtained (Figure 1). And both of these two underlying
surface data were transformed to grid data of 50 km × 50 km
by resampling (Figure 2). According to the data of RCP
6.0, urban area in the Northeast megalopolis had expanded
rapidly during the period 1993–2010 and will continue to
expand in the period 2010–2100.

The fifth phase of the Coupled Model Intercomparison
Project (CMIP5) produces a state-of-the-art multimodel
dataset designed to advance our knowledge of climate var-
iability and climate change. The model output which is being
analyzed by researchersworldwide underlies the FifthAssess-
ment Report by the Intergovernmental Panel on Climate
Change [33, 34]. It provides projections of future climate
change on two time scales, near term (out to about 2035) and
long term (out to 2100 and beyond).Model output of the latter
of RCP6.0 such as air temperature, specific humidity, sea level
pressure, eastward wind, northward wind, and geopotential

height from 2010 to 2100 was used as the atmospheric forcing
dataset of WRF-ARWmodel (Figure 1).

3. Results and Discussion

The average effects of urban expansion on temperature
and precipitation for each period of 2010–2020, 2040–2050,
and 2090–2100 were calculated. In the simulation of three
periods, the baseline underlying surface data and predicted
underlying surface data were used. Concretely, the temper-
ature and precipitation of each period of 2010–2020, 2040–
2050, and 2090–2100 with baseline underlying surface were
obtained first. And then the simulation of temperature and
precipitation of three periods of 2010–2020, 2040–2050,
and 2090–2100, was continuously implemented by using
the predicted underlying surface of 2010, 2040, and 2090,
respectively. As described above, the effects of future urban
expansion on climate were measured by the difference of
the simulation results with baseline and predicted underlying
surfaces, which can also reduce the simulation bias induced
by discontinuous simulation. The original simulation results
were hourly and aggregated into average annual data and
average monthly data.

3.1. Average Annual Temperature Effects. Figure 3 depicts the
simulated effects of future urban expansion on average annual
temperature in the Northeast megalopolis, USA. From the
variation in average annual temperature change, it is shown
that temperature will be locally and regionally affected by
future urban expansion (Figure 3). The largest change in
average annual temperature will occur in the new urban area
(expanded urban area during 1993–2100), which can be cer-
tainly referred to UHI effects. The strongest UHI will lead to
an increase of 5.73∘C in average annual temperature in some
new urban areas. And for most new urban areas, the average
annual temperature will increase by 2∘C to 5∘C due to urban
expansion from 1993 to the period of 2090–2100. The effects
of future urban expansion on average annual temperaturewill
be strengthened along with urban area increase. For instance,
conversion fromdeciduous broadleaf forest to urban areawill
lead to the average annual temperature of the pixel (39∘59N,
75∘50W) rising by 3.15∘C, 3.53∘C, and 3.76∘C in the period of
2010–2020, 2040–2050, and 2090–2100, respectively.
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Figure 2: Baseline underlying surface data (1993) and predicted underlying surface data (2010, 2040, and 2090) used in this study.

There will be some nonurban pixels experiencing average
annual temperature decrease due to future urban expansions
while the average annual temperature ofmost nonurban areas
will be steady. The significant average annual temperature
decrease will mainly happen in the south of the Northeast
megalopolis withmixed forest (Figure 3).The statistics shows

that this average annual temperature decrease will range from
0.40∘C to 1.20∘C. And along with the urban expansion, the
cooling effect in this area will be more andmore notable.This
maybe because the strengthenedUHIdue to urban expansion
enhances the rising flow of urban area and consequently
results in the inflow of cold wet air stream from the sea.
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Figure 3: Effects of future urban expansion on average annual temperature in the Northeast megalopolis, USA (unit: ∘C).

3.2. Average Annual Precipitation Effects. The effects of future
urban expansion on average annual precipitation will mainly
be negative. The spatial pattern of average annual precip-
itation change will be approximately the opposite to that
of average annual temperature change (Figure 4). For some
new urban area and most of the pixels around urban areas,
the average annual precipitation will decrease by 10mm to
50mm. And the average annual precipitation will be reduced
by more than 100mm for some pixels in the south region of
the Northeast megalopolis. This reduction may be caused by
changes in surface hydrology that extend beyond the UHI
effect. There were a lot of researches that argue about urban
expansion resulting in an increase of urban precipitation
[21, 25, 35–37]. But our simulation showed that the future
urban expansion in Northeast megalopolis with mega cities
on precipitation has different rules. This simulation result is
consistent with the findings of Guo et al., and Zhang et al.,
though their study area of Beijing is much smaller than
ours on scale [6, 24]. The urban expansion will produce less
evaporation, higher surface temperatures, and larger sensible
heat fluxes. This leads to less water vapor and hence less
convective available potential energy (CAPE). Combination

of these factors induced by urban expansion contributes to
regional precipitation reduction in general. Concretely, due
to urban expansion in the Northeast megalopolis, the average
annual precipitation of the simulation area will decrease by
5.75mm, 7.10mm, and 8.35mm in the periods of 2010–2020,
2040–2050, and 2090–2100, respectively.

3.3. Average Monthly Temperature Effects. Figure 5 depicts
the monthly variation of average temperature change driven
by future urban expansion. The urban expansion in the
Northeast megalopolis will result in an average monthly
temperature increase in original urban area (urban area in
1993) in April, May, June, July, and August and opposite in
other months in the period of 2010–2020 (Figure 5(a)). The
cooling effect inwintermay be because of the local circulation
change caused by surface energy budgets change. And along
with urban expansion in the periods of 2040–2050, and
2090–2100, the cooling effect will be weakened, which can
be referred to the enhancement of UHI effect. The urban
expansion during these two periods will result in an average
monthly temperature increase from February to October and
opposite in the other three months. The average monthly
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Figure 4: Effects of future urban expansion on average annual precipitation in the Northeast megalopolis, USA (unit: mm).

temperature increase in June and July in original urban area
will exceed 0.4∘C in the period of 2090–2100 due to urban
expansion. And on thewhole, the future urban expansionwill
lead to an average monthly temperature increase in original
urban area.

The warming effect of future urban expansion in new
urban area will be more significant than that in original
urban area and more serious in summer than in winter
(Figure 5(b)). Particularly in June, the urban expansion will
lead to an average monthly temperature increase by 1.92∘C,
3.16∘C, and 3.59∘C in new urban area in the periods of 2010–
2020, 2040–2050, and 2090–2100, respectively. There will
be also a cooling effect in new urban area in November,
December, and January during the period of 2010–2020.
But it is tiny compared with the notable average monthly
temperature increase in the other months. The differences
of average monthly temperature change among the three
simulation periods indicate that the UHI effect in new urban
area will enhance along with urban expansion.

And in nonurban area, the effects of future urban
expansion on average monthly temperature will also vary
from month to month. We counted the number of pixels

with average monthly temperature changes exceeding ±0.5∘C
(Figure 6(a)). This number indicates the area that is severely
influenced by future urban expansion on average monthly
temperature.The results show that the influence area of future
urban expansion on average monthly temperature will be
larger in the period from July to January. And at least 20
pixels, which means an area of more than 5.00 × 104 km2,
will be affected by future urban expansion and experience
average monthly temperature changes exceeding ±0.5∘C in
these months. Particularly in the period of 2090 to 2100, the
urban expansion will lead to an averagemonthly temperature
changes of more than ±0.5∘C in a vast area of 1.10 × 105 km2.
And the increase of pixels with average monthly temperature
changes exceeding ±0.5∘C along with time indicates that the
influence area extends along with future urban expansion.
In sum, the larger area urban expands, the more notable
the effects of future urban expansion on average monthly
temperature will be.

3.4. Average Monthly Precipitation Effects. There will be neg-
ative effects of future urban expansion on average monthly
precipitation in original urban area though slight. Similar
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Figure 5: Effects of future urban expansion on average monthly
temperature in urban area in the Northeast megalopolis, USA (unit:
∘C).

to average monthly temperature, the change of average
monthly precipitation in original urban area caused by future
urban expansion will be more significant in summer than in
winter (Figure 7(a)). The urban expansion-induced average
monthly precipitation decrease in original urban area will
reach its maximum of 0.49mm, 0.69mm, and 0.71mm in
July in the periods of 2010–2020, 2040–2050, and 2090–
2100, respectively. And it will fall to its minimum of 0.04mm
in December in the periods of 2010–2020, and 0.02mm
and 0.01mm in January in the periods of 2040–2050, and
2090–2100, respectively.The effects of future urban expansion
on average monthly precipitation will continuously increase
from January to July, and then turn to fall until December.
This change of average monthly precipitation in original
urban area may be because of the local circulation change
caused by surface energy budgets change and can be easily
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Figure 6: Effects of future urban expansion on average monthly
temperature and precipitation in nonurban area in the Northeast
megalopolis, USA. (a) Number of pixels with average monthly
temperature change exceeding ±0.5∘C; (b) number of pixels with
average monthly precipitation change exceeding ±1mm.

found to be more and more serious along with future urban
expansion.

The drought effect of future urban expansion in new
urban areawill bemore significant than that in original urban
area (Figure 7(b)). The most severe reduction of average
monthly precipitation will occur in October with decreases
of 11.82mm, 9.23mm, and 8.14mm in the periods of 2010–
2020, 2040–2050, and 2090–2100, respectively. AfterOctober,
the drought effect of future urban expansion in new urban
area will begin to weaken and gradually fall to its minimum
(between 2mm and 3mm) in May. And then, it will turn
over rapidly and become more and more severe. Contrary
to the effects of future urban expansion on average monthly
precipitation in original urban area, larger urban area will
result in slighter drought effect in new urban area. This can
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Figure 7: Effects of future urban expansion on average monthly
precipitation in urban area in theNortheast megalopolis, USA (unit:
mm).

be deduced from the phenomenon that the average monthly
precipitation decreases in the periods of 2040–2050, and
2090–2100 will be smaller than that in the periods of 2010–
2020. It may be because that the enhancement of UHI effect
in the Northeast megalopolis will arouse the inflow of humid
air from the Atlantic.

To investigate the effects of future urban expansion on
average monthly precipitation in nonurban area, we counted
the number of pixels with average monthly precipitation
changes exceeding ±1mm (Figure 6(b)). This number indi-
cates the influence area of future urban expansion on average
monthly precipitation to some extent. The results show that
the influence area of future urban expansion on average
monthly precipitationwill be larger in summer than inwinter.
A rapider urban expands will lead to more distant effects.

For instance, the number of pixels with average monthly
precipitation changes more than ±1mm in July will be 35
(covering an area of 8.75 × 104 km2) in the period of 2090–
2100, and 32 (covering an area of 8.00 × 104 km2) and 24
(covering an area of 6.00 × 104 km2) in the periods of 2040–
2050 and 2090–2100, respectively. It implies the area with
average monthly precipitation changes more than ±1mm
caused by future urban expansion will increase persistently
along with urban expansion.

4. Conclusions

A simulation-based research on the intension and scope of
influences of future urban expansion on regional climate on
different time scales in developed megalopolis was imple-
mented. The average annual and monthly temperature and
precipitation change caused by urban expansion from 1993 to
2100 were presented taking the Northeast megalopolis, USA
as a case study area. Some conclusions were drawn as follows.

(i) It can be seen from the above analysis that the future
urban expansion will result in an average annual
temperature increase ranging from 2∘C to 5∘C in
new urban area and an average annual temperature
decrease ranging from 0.40∘C to 1.20∘C in the south
of the Northeast megalopolis. The average annual
precipitation of our simulation area will be reduced
by 5.75mm, 7.10mm, and 8.35mm due to urban
expansion in the periods of 2010–2020, 2040–2050,
and 2090–2100, respectively. This reduction is espe-
cially severe in the south region of the Northeast
megalopolis.

(ii) The effects of future urban expansion on average
monthly temperature will vary frommonth to month
and become more and more severe along with urban
expansion not only in original and newurban area but
also in nonurban area. The warming effect of future
urban expansion in original and new urban area will
be more serious in summer than in winter. And there
will be a cooling effect inwinter in original urban area.

(iii) The effects of future urban expansion on average
monthly precipitation will be severe in new urban
area but in original urban area. The drought effect in
new urban area will weaken along with urban expan-
sion.The influence area of future urban expansion on
average monthly precipitation in nonurban area will
be larger in summer than in winter and will increase
along with urban expansion.

(iv) The influence rules of urban expansion on climate
revealed at the scale of megalopolis differ from those
in a single city. A large-scale study on the impacts
of urban expansion on climate helps to understand
the integrated effect of combination and interaction of
multiple cities and their surrounding areas. And this
integrated effect may crucially determine the climate
pattern.
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The land surface in Three-River Headwaters Region (TRHR), a typical ecological fragile zone of China, is quite sensitive to the
climate changes whichwill destabilize certain ecosystem services valuable to the entire nation and neighboring countries.This study
aimed to analyze the impacts of climate changes and agents’ adaptive behaviors on the regional land use changes with the agent
based model (ABM). First, the main agents were extracted according to the production resources endowments and socioeconomic
background.Then the agents’ land use behaviors were analyzed and parameterized.Thereafter, theABMmodel was built to simulate
the impacts of the climate changes on the regional land use changes and agents’ economic benefits.The results showed that the land
use changes were mainly characterized by the increase of grassland and decrease of unused land area. Besides, the agents would get
more wealth under the scenario without climate changes in the long term, even though the total income is lower than that under the
scenario with climate changes. In addition, the sensitivity analysis indicated that the model is sensitive to the climatic conditions,
market price of agricultural and animal husbandry products, government subsidies, and cost control.

1. Introduction

Both the global and regional climate changes have greatly
undermined the terrestrial landscapes, ecological processes,
and ecosystem services [1–4], which have subsequently
threatened not only the human societies but also the natural
environment itself by the recondite feedback effects [5–8].
There have been dramatic changes in the climatic conditions
of China, which will continue to last for a long time in the
future. The atmospheric temperature of China has increased
by 0.5–0.8∘C in the 20th century, with the upper limit
exceeding the global average level. Meanwhile, the precipi-
tation has continuously decreased in northern part of China
while increased greatly in the southern and southeast part
of China. Additionally, the extreme climate and subsequent
natural disasters have also showed a longitudinal distribution
pattern. A number of researchers have reported the impacts
of climate changes on various factors of the ecological and
social systems [9, 10], such as terrestrial surface [10–12], the

market price [13, 14], and externality of public goods and even
the political negotiations among various stakeholders [15, 16].

Climate changes associated with human adaptive activi-
ties, especially the social agents’ decisions on land use, have
exerted synergistic impacts on the land surface at different
scales [11, 17, 18].There are generally two approaches through
which the climate changes influence the dynamic land surface
properties, that is, the natural processes and human adaptive
behaviors. The natural processes, for example, the change
of thermodynamic properties and hydrological changes, will
alter the terrestrial land surface at the long-term scale,
and the inherent properties of different land cover types
limit the land use activities of human beings, while the
human adaptive behaviors may mitigate the adverse effects
of climate changes through changing the land use practices.
For instance, the herdsmen prefer pasturing sheep on the
grassland to other land cover types, and therefore they may
transform the cultivated land and forest land into grassland
so as to adapt to the climate changes and obtain more
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Figure 1: The location of study area. The simulation area, a
continuous region involving all the land use types, was selected to
implement the simulation with the ABM model. This figure shows
the land use map in 2005.

ecosystem services. However, there has been very limited
knowledge on the impacts of climate changes on the land use
dynamics through disturbing microagents’ behaviors so far.
Besides, the climate change has also influenced the behaviors
of government agents, who have taken measures to mitigate
the impacts of the climate change and may subsequently
influence the behaviors of other agents. For example, the
long-term strategic development policy in the western region
of China has greatly promoted the ecological restoration and
protection of the regional ecosystem; the subsequent national
wide policies of Grain for Green (GFG) and Overgrazing
Forbidden have made remarkable progresses in the land
planning and ecological construction through compensating
farmers and herdsmen for the change of their unreasonable
land use practices; what is more important is that the
establishment of the Three-River Headwaters Region Nature
Reserve has imposed restrictions on the local human land
use practices and consequently protected the local ecological
environment.

It is necessary to analyze the driving mechanism of social
agents’ behaviors and clarify their behaviors or decision
algorithms with a proper model in order to more accurately
study the temporal and spatial transitions of land use under
the impacts of the climate change and social agents’ behaviors.
The agent-based model (ABM) is a mainstream model to
specify the behaviors of agents. Although there have been
many ABM studies on the regional and local simulation,
especially in the urban areas and transition zones between
cultivated land and grassland, it is still necessary to carry out
more in-depth ABM studies in areas without significant land
use and land cover change (LUCC) and easy-distinguished
agents. Besides, previous researches on the identification and

parameterization of the agents’ behaviors have mainly relied
on the mathematical or econometric theories, which are
different from the thinking ways of human beings from the
ethological perspective in the real life. What is more, agents
will actually choose the land use practices for a targeted land
parcel according to their own or neighbors’ successful land
use experiences, which has served as the theoretical basis of
the case based reasoning (CBR) in this study.

TheThree-River Headwaters Region (TRHR), covering a
total area of 37.2 × 105 km2, is located in the south of Qinghai
Province, China, and it accounts for 51.9% of total provincial
area. The annual average temperature and precipitation in
this area are 3.96∘C and 500mm. respectively, with an annual
increment of 0.04∘C and 0.17mm. The grassland is the
dominant land use type in this area, accounting for 71.5%
of the study area and having a total decrement of 0.03%
in the past two decades, while the unused land accounted
for 16.5% of the study area and increased by 0.10% in the
same period (Figure 1). The high and mediate coverage
grasslands have experienced continuous shrinkage, while the
low coverage grassland area has had continually expanded.
The spatial pattern of land use changes in the past decades
was characterized by the grassland degradation in the middle
and east regions and the shrinkage of the water body in
the north and west regions [19]. Besides, the economy in
the study area has experienced unprecedented development
during the past 20 years. The gross domestic product (GDP)
in 2010 is 15 times of that in 1990. The animal husbandry is
the dominant sector in the primary industry of this region,
appropriately accounting for 79.5% of the total output of the
primary industry.

This study has aimed to analyze the impacts of climate
changes and variability and corresponding agents’ adaptive
land use decisions on the land surface in the TRHR with
the agent-based model. This paper will firstly extract the
main agents based on the analysis of production resources
endowments and socioeconomic situation in the study area
and then parameterizes the behaviors of various agents by
utilizing county level statistical data and household survey
data. Thereafter the ABM model was constructed and used
to simulate the land use changes in the next 50 years. The
economic benefits of agents are also discussed in this paper.

2. Data and Methodology

2.1. Data Collection. The data used in this study mainly
includes the land use data, socioeconomic and demographic
information, the natural environment and climatic condi-
tions, all of which were derived from the following sources:
(1) Environmental Science Data Center of Chinese Academy
of Sciences, which offers the datasets of land use, digital
elevation model (DEM), topography, the distance to water
and road, and climate and soil properties; (2) statistical
yearbooks, such as Qinghai Province Statistical Yearbook,
China Agricultural Yearbook, and China Animal Husbandry
Yearbook, which mainly contain the population, GDP, food
production, and animal husbandry production; (3) house-
hold survey data, which were obtained from the household
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survey implemented by the research team in August and
October 2012 with the stratified random sampling method
performance. Three counties were selected as the sample
sites to conduct the survey, which aims to identify the
agents and parameterize their behaviors. The questionnaires
have been modified after the pretest. Besides, an intraday
examination was carried out on the result of questionnaires
so as to revise the inconsistent or unreasonable answers
with the retelephone investigation. This could not only save
a lot of human resources and finance but also ensure the
representativeness and reliability of the samples.

2.2. Identification of Agents. It is more difficult to identify the
agents in the study area than in other regionswhere the agents
such as farmers and herdsmen have inherent differences. In
the study area, most people are herdsmen who rely on the
grassland, and it seems that there are no absolute differences
among these individuals. However, the statistical analysis and
preinvestigation indicate that the herdsmen are different in
the economic background and production resources, which
would influence their land use decisions. Therefore, based
on the analysis of the socioeconomic background, natural
environment conditions, and resources endowments, all the
counties in the study areawere classified into three categories,
that is, the traditional development area, animal husbandry
dominated area, and restricted development area. By doing
this, the major agents can be extracted from each category,
including the farmer agent, herdsman agent, and hominid
agent.

The farmer agents are mainly located in the traditional
development areas, eastern regions. They possess abundant
labor force, production resources, and relatively large cul-
tivated land area, which help them get a higher economic
return from diverse income sources. The herdsman agents
mainly dwell in the animal husbandry dominated areas,
where the cultivated land shares a very small proportion,
but the grassland occupies more than 70% of the total area
of these regions. So the herdsmen extremely rely on the
grassland to develop the animal husbandry industry to get
the revenue for supporting their families. Subsequently, the
proportion of animal husbandry output to the primary indus-
try output is higher than other sectors due to the intensive
resources utilization and collective land use practices. The
hominid agents were identified according to the habitat
properties. The hominid agents were located in the counties
where the social and natural ecological systems are extreme
fragile.These counties are characterized by the harsh climatic
conditions, lower economic levels and human resource, and
lack of production resource endowments. Therefore, the
agents in these areas would heavily rely on the natural
conditions rather than the land use activities to support their
life.

2.3. Agents’ Behaviors. The general behavior rules of how
the agents decide the land use practices for a targeted
land parcel were introduced first, and then the individual
behavior rules that varied from each agent were designed and
specified with the diverse characteristics. At last, the impacts

of the government agent’s behaviors on other agents’ decision
through punishment and compensation were described.

Generally, all the agents have the same procedures of
determining the land use practices for a certain land parcel.
It means that each agent will choose a land use type for a
land parcel at the beginning of each simulation step; then the
agent will calculate the maximum combined economic and
social benefit at the end of each step to decide which land
use type should be chosen for this land parcel. Thereafter the
agent chooses a certain land use type according to the land
use decision algorithm. Finally, the agent will decide whether
or not to sell or buy land parcels based on the estimation of
economic account [20].

The individual behavior rules are different among agents
due to the variation of economic background, natural condi-
tions, and production resource endowments, which are vital
to the design of the land use decision algorithm. There are
three categories of individual decision algorithms in terms
of satisfaction, imitation, and case-based reasoning (CBR)
strategies [21]. It was assumed that agents have different
probabilities to choose the decision algorithm according to
the results of the field survey. Specifically speaking, if the
benefits of the land use decision have reached the agents’
expectation, the agents will choose the satisfactory land use
strategy, that is, choose the same land use type in last year.
Or else the agents will get certain probabilities to choose the
imitation strategy or CBR strategy if the expectation is not
realized [21]. As for the imitation strategy, the agents will
imitate the successful land use practices of their neighbors.
But actually all the agents are more willing to determine
the land use for the land parcel according to their own
historical experiences. Therefore, they will get a relative
higher probability to choose the CBR strategy.

The CBR strategy is an approach to acquire the solutions
to land use decisions through analyzing the historical experi-
ence. It can simplify the knowledge, improve efficiency, and
update the cases [20]. Each case records one agent’s land
use experiences in a specific land parcel, which includes the
year, biophysical characteristics of the land parcel, climatic
conditions, land use type, and economic and social benefits.
Cases in the model can be sorted and updated through
putting the latest case in the forefront of the retrieval store
when running the model [21]. The agents will retrieve the
case store to find the most appropriate case that matches the
properties and conditions in the simulation year. By doing
this, the agents can effectively and quickly collect detailed
information such as the economic and social benefits and
land use type to decide whether or not to choose this land
use type. Actually, as for the utilization of CBR to describe
the agents’ behaviors, the memory capacity of the agents is
limited by the memory time and size. It is assumed that
the agents can always remember several latest cases but not
forever. And what is more important is that the excessive
cases will decelerate the retrieval speed and require advanced
hardware configurations.

The government agent relies on the participationmessage
interface to pass parameters in the model, so it is also
necessary to conduct quantitative and positioning analyses.
In the ABM model, it is assumed that the government
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agent pays more attention to the ecological and environ-
mental problems, and the government agent’s behaviors were
parameterized on the basis of the ecological compensation
policies and land planning. With regard to the ecological
compensation policies, a specific analysis was conductedwith
the Grain for Green policy as an example. The Grain for
Green policy insists that the government should offer some
compensation for the conversion from cultivated land to
forestry area or grassland, and there is no restriction on the
total amount of compensation fee to practitioners, given that
the amount of compensation fee is just related to the total
land conversion area. Besides, the nature reserves and future
land planning will be considered, all of which are the bases
to support the parameterization of the government agent’s
behaviors.

2.4. Key Factors of Agents’ Behaviors. Table 1 shows the key
influencing factors of the agents’ behaviors, such as socioe-
conomic background, bad events, and human awareness
to society and natural conditions. Since these factors can
trigger the agents’ behaviors and destabilize the magnitude
of activities, different parameters of these factors were used
to specify the land use decisions of agents.

The total economic account of agents, which comprises of
initial account, agricultural income, nonagricultural income,
and government compensation, can influence the agents’
behaviors through the bid amount of land transformation
and market prices of agricultural and animal husbandry
products. The agents who own more wealth (higher pur-
chasing power) are more willing to buy land parcels in
the land transformation step (higher bid amount). The
statistical data indicated that there is a difference in the
initial accounts of agents, and the nonagricultural income of
the farmer agents is higher than other agents. Besides, the
agricultural income depends on the production and market
prices; therefore it is assumed that the agents are willing
to change the cultivated land into grassland if the prices
of animal husbandry products are higher than that of the
agricultural products. In addition, there is also difference
in the land use properties of different agents, which will
further lead to the difference in their behaviors. Generally,
the land use of last simulation step determines the result of
the next simulation step. For example, if one agent chooses
the satisfactory strategy according to the land use algorithm,
the land use of last year will be selected for the targeted land
parcels.Moreover, small land parcels are relatively easier to be
converted, and therefore their land conversion probabilities
would be higher than plots within larger areas, and the agents’
wealth and the area of each land use type are not the same;
different land use types with different areas require diverse
investments and cost.Therefore, the configuration of relevant
parameters are different among these agents and land use
types. What is more, there are still some other factors that
may influence the agents’ decisions through destabilizing
their balance analysis between two-dimensional benefits of
economic returns and social acceptance, such as the initial
human awareness and natural disasters. For example, agents
who have large population and high economic revenue and

lack the needed ecosystem services may pay more attention
to the social benefits and ecosystem services rather than
the economic return. The agents who suffered from natural
disasters may also reanalyze the two-dimensional benefits.

2.5. Parameterization and Validation. The parameters of the
ABM model mainly include the model parameters and
agents’ parameters. The model parameters include the topol-
ogy, neighbor radius, and cell numbers and sizes, all of
which are the same for all the kinds of agents. These model
parameters were mainly set on the basis of the statistical
data at the county level, while the agents’ parameters were
primarily set according to the results of county classification
and household survey data. In addition, the time delay of
land use was taken into account in this study. There is some
time delay in the impacts of the social agents’ adaptions
and government policies on the land use change. The agents
cannot immediately change the land use practices of targeted
parcels even if the income loss appears; it will take them some
time to make sure whether they will change the land use
practices or not. Therefore the parameter of the model was
adjusted on the basis of the time delay.

The land use structure and pattern in 1995 and 2005 were
first simulated on the basis of land use data of 1988 and then
compared with the actual land use data so as to validate
and calibrate the simulation model. The validation methods
include the point to point comparison, Kappa index, Moran
I index, and ROC curve. The results of all the tests showed
that the ABM model has a good simulation capacity, but the
result of the ROC test indicates there are also some potential
uncertainties. The ROC curve showed that the simulation
results of cultivated land andbuilt-up landwere not as good as
those of other land use types, which may be due to the rough
simulation resolution.The ABMmodel was finally calibrated
through changing the sensitive parameters on the basis of the
trials and errors.

3. Results and Discussion

This study aims to explore the impacts of climate changes on
the land use changes and the agents’ economic benefits in the
Three-River Headwaters Region. The land use changes were
simulated under two scenarios, one with the climate changes
and the other without the climate changes.

3.1. Land Use Changes. Most land use types except the
cultivated land will change in a similar trend under both
of the two scenarios. The simulation result suggests that
the grassland and the built-up land will show an increasing
trend, while the forest land and unused land will tend to
shrink in the simulation period. On the whole, the area of
grassland and unused land will change most greatly. More
specifically, there is obvious change in the grassland area,
with an increment rate of approximately 5.1% under the
scenario with climate changes and 6.0% under the scenario
without climate changes. On the contrary, the areas of forest
land and unused land will decrease during the same period.
The area of forest land will decrease by 23.4% and 33.7%
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Table 1: The factors that impact the agents’ behaviors.

Categories Variables Impacts on behaviors

Climate Temperature Different climatic conditions determine the agents’ land use practices; for example, mild
climate is suitable for cropping, pasturing, and so forth.Precipitation

Economy
Initial account

The amount of the agents’ account impacts their land use practice, such as investment, land
bid, and cost control.Nonagricultural income

Price
Bad events Natural disasters Weight of balancing the economy and nature.

Policy GFG The compensation can stimulate the agents to transform other land uses into grassland and
forest land.

Nature reserve Ban the agents’ land use practices in the core area.

Topography Distance to water The conversion area of grassland to cultivated land decreases with the increment of distance
to water and slope.Slope

Soil property
Soil nitrogen

Agents are willing to keep the fertile land parcel as grassland.Soil phosphorous
Soil potassium

Land use Land use The initial land use determines the results of next step.
The land use type and area determine the probabilities of land use change.

and under the scenario with and without climate changes,
respectively, while that of the unused land will be 14.6% and
8.7%, respectively (Figure 2). Therefore, the climate changes
will lead to the decrease of cultivated land and unused land
and the increase of forest land and grassland by comparing
the results of these two scenarios on the whole.

The area of the cultivated land, water body and built-
up area will fluctuate strongly under the two scenarios. The
cultivated land area will decrease to some degree under the
scenario with climate changes and show an opposite trend
under the other scenario.However, there are similar changing
trends of the area of the water body and built-up land under
these two scenarios but with more wide fluctuation range
under the scenario with climate changes. This may be due
to the rough simulation resolution. The land parcel was set
as the basic unit for land use decision, which means that
the agent will change the land use practices of all the land
cells in the targeted land parcel. However, there were initially
only 5 built-up land cells in the 2 km resolution data, and
the smallest land parcel in the study area consists of 9 grid
cells; as a result the resolution of the data leads to some errors
in the simulation result. Besides, another reason may be the
probability of climate change and the parameterization of
the agents’ behaviors, which account for the fluctuation of
land use types in the large area. The probability of climate
changes will influence the output of land use, which will
further influence the agents’ income, and therefore the agents
will change their land use practices to adapt to the climate
changes. In addition, there may be amplified impacts of
climate changes on the land use changes on condition that the
parameters of the agents’ behaviors were not set reasonably.

3.2. Regional Economy. The change of the economic return
was also simulated with the ABM model under different
climate change scenarios. The economic return of agents
mainly comes from three sources, that is, the agricultural

income from the land parcel harvest, nonagricultural income,
and government subsidies. The simulation results show that
the climate changes will lead to a stable growth of the agents’
wealth in the long term, and the agents’ income will be
higher under the scenario without climate changes, showing
an exponentially increasing trend.

The herdsman’s annual income is more than that of the
other two agents since they own more grassland, from which
the major income of the animal husbandry comes (Figure 3).
Besides, the annual income of all agents showed a more
optimistic changing trend under the scenario without climate
changes. The change of the annual income of the farmer
agents is similar to that of the hominid agent, showing an
exponentially increasing trend. The annual income of the
farmer agent will show a growing trend during the initial
25 years, followed by a declining trend under the scenario
with climate changes. By contrast, the annual income of the
hominid agent will be relatively more stable. In general, the
total income of agents under the scenario without climate
changes is lower than that under the scenario with climate
changes (Figure 4). However, the total income of the farmer
agent and hominid agents will show an exponentially increas-
ing trend under the scenario without climate changes and
a steadily growing trend under the scenario with climate
changes. In summary, the agents will get more wealth under
the scenario without climate changes in the long run.

3.3. Sensitivity Analysis. In order to analyze sensitivity of the
cell numbers of cultivated land and grassland, total income of
agents, and yield of land parcels to the driving factors listed in
Table 1, the relative sensitivitywas analyzedwith the following
formula:

𝑆 =

(𝑌 (𝑋 + Δ𝑋) − 𝑌 (𝑋)) /𝑌 (𝑋)

Δ𝑋/𝑋

, (1)
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Figure 2: Simulation results of the land uses under the scenario with and without climate changes. The picture shows the cell numbers of
each land use in every simulation step.

Table 2: Results of the sensitivity analysis, unit: %.

Variables
Cell numbers
of cultivated

land

Cell numbers
of grassland

Total
income Yield

Temperature 1.05 −0.26 −0.16 1.31
Precipitation −0.66 1.30 1.93 2.09
Price of products
of agriculture 1.19 0.16 0.21 0.95

Price of products of
animal Husbandry −0.77 3.62 8.31 1.95

Government
subsidies −1.75 2.97 2.07 0.25

Cost control −1.97 2.02 2.00 1.20

where 𝑌(𝑋 + Δ𝑋) is the simulated result after the change of
inputs,𝑌(𝑋) is the background result, andΔ𝑋 is the change of

input variables. The relative sensitivity represents the change
of the result after the change of only one variable. The greater
the change of the results is, the more sensitive to the input
variables the results are. This study mainly focused on the
sensitivity to the climate changes, market price, government
policies, and cost control.

The result of sensitivity analysis indicated that the grid
numbers of the cultivated land and grassland have a higher
sensitivity to the prices of products of the agriculture and
animal husbandry, government subsidies, and cost control
(Table 2). Besides, the total income is more sensitive to the
prices of products of the agriculture and animal husbandry,
cost control, government subsidies, and precipitation. What
is more, yield has a higher sensitivity to the cost control,
precipitation, the prices of products of the agriculture and
animal husbandry, and temperature. In summary, the prices
of products of agriculture and animal husbandry, precipita-
tion, subsidies fromgovernment for land use change, and cost
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Figure 3: Simulation result of annual income change of agents under the scenario with (b) and without climate changes (a).

control have significant influence on the land use changes and
economic return in the study area.

4. Conclusion

The climate changes can alter the land surface properties
through influencing the human land use practices, and the
ABM model is a good tool to study these climatic effects.
TheThree-River Headwaters Regionwas selected as the study
area, where it is quite sensitive to the climate changes but has
the characteristics of moderate land use changes and agents
that are difficult to identify. The agents are identified and
extracted and parameterized through analyzing the survey
data and county level statistical data. Then the ABM model
was established and used to simulate the dynamic land
use changes under different climate change scenarios. In
addition, CBR as an approach that is similar to the agents’
thinking way in real life was used to parameterize the agents’
behaviors in this study.

The results showed that the future trends of land use
changes in the study area will be mainly characterized by
the increase of grassland and decrease of unused land. A
set of factors in terms of climate changes, agents’ decisions,
and government policies will affect the dynamic process of
regional land surface. Besides, the result indicated that the
model is quite sensitive to the climate changes, prices of
agricultural and animal husbandry products, government
subsidies, and cost control. Therefore, more importance
should be attached to market price adjustment, stimulating
policies implementation, and emerging technologies promo-
tion, to lead reasonable land use practices so as to promote
the reasonable land use practices,maintain the integrality and
sustainability of ecosystems, and guarantee the provision of
ecosystem services in the long term.

In this study, only the climate changes and agents’
decisions on land use were taken into account. However, the
household survey indicates that the agents’ behaviors may be
greatly affected by the governmental subsidies and themarket
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Figure 4: Simulation result of the change of total income of agents under different climate change scenarios.

prices that influence their economic income, which can be
also illustrated with the sensitivity analysis. Therefore, more
importance should be attached to the socioeconomic state
when analyzing its impacts on the land use and terrestrial
surface change in the future researches.
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On the livestock production in the Three-River Headwaters region (TRHR) in the macrocontext of climatic change, this study
analyzed the possible changing trends of the net primary productivity (NPP) of local grasslands under four RCPs scenarios
(i.e., RCP2.6, RCP4.5, RCP6.0, and RCP8.5) during 2010–2030 with the model estimation, and the grass yield and theoretical
grazing capacity under each scenario were further qualitatively and quantitatively analyzed. The results indicate that the grassland
productivity in the TRHR will be unstable under all the four scenarios. The grassland productivity will be greatly influenced
by the fluctuations of precipitation and the temperature fluctuations will also play an important role during some periods. The
local grassland productivity will decrease to some degree during 2010–2020 and then will fluctuate and increase slowly during
2020–2030.The theoretical grazing capacity was analyzed in this study and calculated on the basis of the grass yield. The result
indicates that the theoretical grazing capacity ranges from 4 million sheep to 5 million sheep under the four scenarios and it can
provide quantitative information reference for decision making on how to determine the reasonable grazing capacity, promote the
sustainable development of grasslands, and so forth.

1. Introduction
The net primary productivity (NPP) of vegetation reflects the
productivity of the vegetation under the natural conditions
[1]. The climatic change is one of the key driving forces of the
interannual change of NPP of vegetation [2]. The climate is
undergoing the change which is mainly characterized by the
global warming. The land surface temperature has increased
significantly since the 1980s, especially in the northern region
of China [3–6]. The grassland is one of the most important
land use types in China, which has essential functions in
the development of the animal husbandry [7]. The grassland
is greatly influenced by the climatic change, and the spati-
otemporal change of NPP of grasslands and the influencing
mechanism of the climatic change on it have been one of the
research focuses at home and abroad [8–11].

TheThree-River Headwaters region (TRHR) is the head-
stream of the Yellow River, Yangtze River, and Lancang River,
which is one of themost ecologically sensitive areas in China.
Besides, it is also the largest animal husbandry production
base in Qinghai Province, with about 21.3 thousand km2 of
native pasture and native grassland. Many researchers have
analyzed the change of NPP in this area from different per-
spectives [12–16] and there have been many research works
on the pattern and spatiotemporal characteristics of NPP of
ecosystems. However, there have been few comprehensive
studies on the spatiotemporal change of NPP of grasslands
and the consequent effects in the TRHR. On the one hand,
owing to the distinctive natural ecological conditions in
this region, the development of local animal husbandry
always depends on the increase of the livestock amount,
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which increases the income of local people and meanwhile
leads to the long-term overgrazing. The serious grassland
degradation has greatly restrained the development of the
local animal husbandry and change of landscape [17]. On the
other hand, the global warming has led to the decrease of
the average annual precipitation, and the grass yield per unit
area also decreases slightly year by year, which has threatened
the development of local animal husbandry. Therefore a
description of the climate and relevant economic activities
in the study area is detailed and significant [18]. In order
to solve the problems brought by the grassland degradation
and promote the sustainable development of the local animal
husbandry in the TRHR, it is necessary to carry out scientific
prediction of the local grass yield, determine the reasonable
grazing capacity, and guide the production of local animal
husbandry.

The research on NPP of the grassland is the basis for the
study of the grass yield and prediction of grazing capacity,
and there have been many investigations and research works
on the estimation of NPP of the grassland in China in recent
years.Themethods to estimate NPP of grassland vary greatly
due to the difference in the natural environment of the study
area, data availability, and so forth. There are mainly four
kinds of models to estimate NPP of grassland, that is, the
light use efficiency model, ecosystem process model, remote
sensing-process coupling model, and climatic statistic model
[19]. There are both advantages and disadvantages in these
models. For example, the light use efficiency model based
on the mechanism of vegetation photosynthesis is easy to be
constructed and has high calculation efficiency, but there are
some faults in the factors taken into account, parameter selec-
tion, calculation result, and so forth. The ecosystem process
model simulates the physiological processes of vegetation
and applies the technologies such as the remote sensing,
which makes it possible to carry out multiscale dynamic
monitoring of the spatiotemporal change of NPP. However,
this model is very complex and requires high quality data,
which restrains its practicability to some degree, especially
in the regional estimation. The remote sensing-process cou-
pling model integrates the advantages of both the models
mentioned above, but the accuracy of its calculation result
is greatly influenced by other factors. The climatic statistic
model introduces the regressionmodels constructed with the
simple climatic factors such as temperature and precipitation
and has a low data requirement. This kind of models is
more practical, but it is still limited by the low accuracy
of the result. There is great complexity, uncertainties, and
inaccuracy in the extraction of vegetation indices and soil
parameters with the remote sensing data, all of which make
it very difficult and very inaccurate to calculate these data
with the light use efficiency model, ecosystem process model,
and ecological remote sensing coupling model. Besides, it
is a fact that the climatic conditions have great impacts on
the livestock production in the study area. Therefore, the
climatic statistic model was finally used to estimate the future
grassland productivity in the TRHR.

The most widely used climate models mainly include
the Miami Model, Thornthwaite Memorial Model, Chikugo
Model, and the comprehensive model. The climate model is

an effective tool in the study of climate [20]. The compre-
hensive model is more suitable for the estimation of NPP of
vegetation in the arid area than the Chikugo Model. Besides,
in comparison with other three models, the comprehensive
Model has a solider theoretical foundation, takes more into
account of the physiological processes of vegetation, and
consequently can obtain a better estimation result in Zhejiang
Province [21] and Inner Mongolia [22, 23].

In order to overall forecast the changing trend of the
grassland NPP and theoretical grazing capacity in the study
area in the context of climate change, four representative
concentration pathways (RCPs) (which represent the emis-
sion trajectories under the natural and social conditions
and the corresponding scenarios) were selected to analyze
the changing trend of grassland NPP in the Three-River
Headwaters region. This study is of both theoretical and
practical significance. In theory, this study extends the field
of application of the estimation of NPP and explored the
theoretical grazing capacity in the TRHR in the future, which
provides certain references for the relevant research works in
other similar regions. In practice, this study qualitatively and
quantitatively analyzed the changing trend of the grass yield
and grazing capacity in the study area, which can provide
some guidance for the local grasslandutility andmanagement
and the development of animal husbandry and promote the
harmonious and sustainable development of the local man-
land relationship.

2. Study Area

TheTRHR is located in the southern part ofQinghai Province
of China, between 31∘39–36∘12N and 89∘45–102∘23E with
an area of 363 thousand km2 which accounts for 43% of the
total area of Qinghai Province. The TRHR with the altitude
ranges from 3500m to 4800m is the headstream of the
Yellow River, Yangtze River, and Lancang River and has a
dense network of rivers. The administrative regions cover 16
counties, including Yushu, Xinghai, Tongde, Zeku, Matuo,
Maqin, Dari, Gande, Jiuzhi, Banma, Chengduo, Zaduo,
Zhiduo, Qumalai, Nangqian, andHenan, except for Tanggula
Mountain Town which is under the charge of Golmud City.

The grassland area is 203 thousand km2 in the TRHR,
accounting for 65.4% of the total area of this region (Figure 1).
The vegetation diversity of the TRHR is the richest among the
regions at the same altitude all over the world. The grassland
type changes from alpine meadow to high-cold steppe and
alpine desert, with the productivity also gradually decreasing
[24–27]. The grassland resource is very rich in this region;
however, the grass yield per unit area has decreased year by
year due to the climatic change and overgrazing in recent
years, which has threatened the development of the local
animal husbandry.

3. Methodology and Data

3.1. Models

3.1.1. Comprehensive Model. The comprehensive model
was developed on the basis of two well-known balance
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Figure 1: Location of the TRHR and distribution of grassland.

equations, that is, the water balance equation and heat bala-
nce equation [28, 29]. Zhou and Zhang deduced the regional
evapotranspiration model that links the water balance
equation and heat balance equation from the physical process
during the energy and moisture influence the vaporization
and then constructed the natural vegetation NPP model
based on the physiological characteristics [28, 29], that is,
the Comprehensive Model. The Comprehensive Model can
calculate the potential NPP of natural vegetation on the basis
of the precipitation and net radiation received by the land
surface in the study area. This model is of great significance
to the reasonable use of climatic resource and fulfillment of
the climatic potential productivity [28]. The formula of this
model is as follows:

NPP = RDI ×
𝑃
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𝑅
𝑛
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𝐿 ⋅ 𝑃
𝑟

,

(1)

where 𝑅
𝑛
is the annual net radiation, 𝑃

𝑟
is the annual

precipitation, 𝐿 is the annual latent heat of vaporization, and
RDI is the radiation aridity.

3.1.2. Model of the Hay Yield of Grassland. There are mainly
three indictors of the grassland productivity, that is, the
hay yield, theoretical grazing capacity, and animal products
[30]. The hay yield, that is, the total dry matter yield of a
certain area during a certain period, reflects the primary
productivity of grassland and is a basic indicator of the
grassland productivity. In this study, the hay yield of grassland

during 2010–2030 was calculated based on NPP of grassland
with the following formula:

𝐵
𝑔
=

NPP
𝑆bn (1 + 𝑆ug)

, (2)

where 𝐵
𝑔
is the annual total hay yield per unit area (g⋅m−2

⋅a−1), NPP is the annual total NPP of grassland (gC⋅m−2⋅a−1),
𝑆bn is the coefficient of the conversion coefficient of the
grassland biomass and NPP (g/gC), which is 0.45 [31, 32],
and 𝑆ug is the proportionality coefficient of the over ground
biomass and underground biomass, which varies among
different vegetation types [33]. 𝑆ug of the alpine meadow,
high-cold steppe, and alpine desert is 7.91, 4.25, and 7.89,
respectively. According to the location of the study area, 𝑆ug
of the alpine meadow was used to calculate the grass yield.

3.1.3. Model of the Theoretical Grazing Capacity of Grassland.
The theoretical grazing capacity of grassland during 2010–
2030 was calculated on the basis of the grass yield. Since the
grazing capacity of grassland is customarily represented by
the unit of livestock in China, that is, the number of adult
livestock that can be supported by per unit of land area every
year, and the number of sheep is generally used as the unit,
the grazing capacity of grassland is also represented by the
number of sheep per unit of land area.

There have been many methods to calculate the theo-
retical grazing capacity of grassland. The estimation method
of “limiting livestock based on grassland carrying capacity”
can better reflect the restriction of the practical situation in
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the grazing districts on the livestock production, and hence
the following formula was used [34]:

CA = 𝐺 ⋅ Cuse
𝑈
𝐺
⋅ DOY
, (3)

where CA is the theoretical annual grazing capacity of
grassland (unit: number of sheep per unit of land area), 𝐺
is the annual hay yield of grassland per square meter (unit:
kg/m2), and Cuse is the utilization efficiency of grass by the
livestock varying among different grassland types [34]. In this
study, Cuse of the alpinemeadow, high-cold steppe and alpine
desert, shrubbery, and swampmeadow is 60%, 50%, 40%, and
55%, respectively. 𝑈

𝐺
is the hay quantity needed by per unit

of sheep every day (unit: kg/d), which was set to be 2.0 kg
according to the relevant criterion [35]. DOY (unit: d) is 365.
Since the grassland is the main vegetation type in the Three-
River Headwaters region, Cuse of the high-cold steppe was
used to estimate the theoretical grazing capacity of grassland
during 2010–2030.

3.2. Data Source. The data of precipitation and near-surface
air temperature in the study area was simulated with the
models of CMIP5 (Coupled Model Intercomparison Project
Phase 5). There are three steps in the data processing. (1)
The data was first selected and downloaded, including the
model (CCSM4), modeling realm (atmosphere), ensemble
(r6i1p1 and r5i1p1), and climatic variables (precipitation and
near-surface air temperature). (2) The data of study area
was then extracted and calculated. The annual average value
was calculated based on the monthly data, and the annual
precipitation was calculated as the sum of the monthly
precipitation and then extracted 112 points covering the study
area. (3) The point data with the spatial resolution 0.9 × 1.25
degree were interpolated in 1 km × 1 km raster using the
Kriging method and were projected with the Albers 1940
coordinate system.

4. Results and Analyses

4.1. Changing Trend of NPP of Grassland in the TRHR.
There is significant spatial heterogeneity of the NPP in the
TRHR, decreasing from the southeast to the northwest on
the whole (Figure 2). The results indicate that the NPP of
grassland mainly increases in the east and southeast part,
while it decreases significantly in the northwest, southwest,
and middle part. There is no significant change of the NPP
of grassland in most of other parts. The changing trends of
NPP during every ten years indicate that the NPP changes
significantly under the RCP2.6 scenario andRCP4.5 scenario,
increasing in the east and southeast part to some degree and
decreasing in the south part to some extent.TheNPP changes
slightly under the RCP6.0 scenario and RCP8.5 scenario.
Under the RCP4.5 scenario, the NPP decreases obviously in
the middle and south part during 2010–2020 and increases
slightly during 2020–2030, indicating that there is serious
desertification of the local grassland. Besides, the increase of
NPP by 2030 suggests that there is some improvement of the
conditions of the local grassland.

In this study, the influence of temperature and precipita-
tion on the change of NPP was analyzed. The result indicates
that the NPP of grassland will range from 100 g ⋅m−2 ⋅ a−1 to
130 g ⋅m−2 ⋅ a−1 during 2010–2030.The results under different
scenarios are shown as follows (Figure 3).

The result under the RCP2.6 scenario indicates that
the temperature and precipitation would present a decreas-
ing trend during 2015–2020 and 2025–2030 and shows an
opposed trend during 2010–2015 and 2020–2025 (Figure 3).
The precipitation will fluctuate more greatly than the tem-
perature on the whole. By contrast, the NPP will change
in an opposite way during these periods, but with smaller
amplitude of fluctuation. Therefore, there is a significant
negative relationship between the NPP and temperature,
while there is only a weak relationship between the NPP and
precipitation under this scenario.

The result under the RCP4.5 scenario indicates that the
NPP and precipitation show a similar changing trend, that
is, a concave-down parabolic trajectory on the whole. The
precipitation will fluctuate most greatly during 2010–2020,
while the NPP first decrease with the precipitation and then
increases rapidly after reaching a relatively low level. The
NPP will decrease by 8.4% from 2010 to 2015, but it will
increase by 8.2% from 2015 to 2020. Then the NPP will
increase slowly while fluctuating slightly during 2020–2030.
Therefore, there is a significant negative relationship between
the NPP and precipitation under this scenario, while the
relationship between the NPP and temperature is very weak.

The result under the RCP6.0 scenario indicates that the
NPP will first increase and then decrease during 2015–2025,
while temperature will show an opposite changing trend
during this period, as during other period they will change in
a similar way.The precipitation will show an increasing trend
during 2010–2015 and 2020–2030.TheNPP and precipitation
will both decline obviously during 2015–2020 and reach the
bottom around 2020. The NPP will decrease by 10% in 2020
when compared with 2015, which indicates that the change
of NPP is greatly influenced by the change of precipitation
during this period and they are strongly correlated. The
result suggests that the changing trends of the NPP are
consistent with those of the precipitation on the whole, but
the fluctuation range of the NPP is small, indicating that
there is some lag in the response of the NPP to the change of
precipitation under this scenario. According to the analysis
above, the NPP responds more sensitively to the change of
precipitation than to the change of temperature.

Under the RCP8.5 scenario, the temperature changes
slightly during 2010–2025 and 2025–2030 and shows an
increasing trend during 2020–2025. Besides, the NPP also
fluctuates slightly during 2010–2025 and 2025–2030, indicat-
ing that the temperature plays a dominant role in influencing
the NPP. The NPP and precipitation both fluctuate signif-
icantly during 2015–2020 and there is an obvious low ebb
around 2020. The NPP decreases by 15.3% in 2020 in com-
parison to 2015, indicating that there is a strong correlation
between the change of NPP and the change of precipitation.
During 2020–2025, the NPP, temperature and precipitation
all show an obvious increasing trend. The NPP increases
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Figure 2: The NPP map of the TRHR in 2010, 2020, and 2030 under the four RCPs scenarios.

by 20.4% from 2020 to 2025 and reaches a significant peak
around 2025, indicating that there is significant relationship
between the change of NPP and the changes of both the
precipitation, and temperature. Therefore, the temperature
plays a key role in influencing the change of NPP during
2010–2020 and 2025–2030, while the precipitation plays a
dominant role during 2015–2020. Besides, during 2020–2025,
both the temperature and precipitation greatly influence the
NPP.

4.2. Changing Trend of Grass Yield of Grassland. The result
under the RCP2.6 scenario indicates that the changing trend

and fluctuation range of the grass yield are both pretty
consistent with those of the NPP mentioned above; that is,
both increase during 2015–2020 and 2025–2030 and decrease
during 2010–2015 and 2020–2025 (Figure 4). On the whole,
the grass yield is generally above 6.3 million tons under
this scenario except for the period around 2025, and the
fluctuation range is not great and the average yield level is very
stable.

The result under the RCP4.5 scenario indicates that the
grassland yield will fluctuate greatly but will still increase
slightly on the whole during 2010–2015. The grass yield
will keep a stable increasing trend during 2015–2030. In
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Figure 3: Changing trends of the NPP of grassland, temperature,
and precipitation (the average number in every year) in the TRHR
during 2010–2030.
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Figure 4: Changing trends of grass yield of grassland in the TRHR
during 2010–2030 under the four scenarios.

comparison to the changing trend of NPP mentioned above,
the changing trend of the grass yield is consistent with that
of the NPP during 2015–2030, but they are not closely related
during 2010–2015.

The result under the RCP6.0 scenario indicates that the
grass yield will decline during 2010–2020 and then tends
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Figure 5: Theoretical grazing capacity in the TRHR during 2010–
2030 (ten thousand sheep).

to increase slowly after reaching a low level around 2020,
indicating that the grass yield of the TRHR will fluctuate
greatly under this scenario.

The result under the RCP8.5 scenario suggests that the
grass yield of the TRHR will fluctuate slightly during 2010–
2015, then declines significantly, and thereafter keeps an
increasing trend, but the increment will gradually decline
and there may even be some slight decrease. According to
the analysis above, it is predictable that the grass yield will
fluctuate obviously around 2020 and decline to a very low
level and will only fluctuate slightly during other periods
under this scenario.

To sum up, there is a positive relationship between the
grass yield and NPP of grassland in the TRHR. The change
of the NPP of grassland has an impact on the grass yield,
but its effects vary among different RCPs scenarios.The grass
yield is very stable under the RCP2.6 scenario, generally
above 6.3 million tons every year. Under the RCP4.5 and
RCP6.0 scenarios, the changing trends of the grass yield and
NPP of grassland are generally similar during most periods
except for 2015–2020, during which their changing trends
are contrary. Under the RCP8.5 scenario, the grass yield
fluctuates most greatly, and the precipitation, grass yield, and
NPP of grassland will all descend to the bottom around 2020,
indicating that the grass yield is most greatly influenced by
the precipitation under this scenario.

4.3. Analysis of the Grazing Capacity of Grassland. The theo-
retical grazing capacity during 2010–2030 was analyzed in
this study.The grazing capacity of grassland in the TRHRwas
calculated on the basis of the grass yield. The result indicates
that the theoretical grazing capacity ranges from 4 million
sheep to 5 million sheep under the four scenarios (Figure 5).

The result under the RCP2.6 scenario indicates that the
theoretical grazing capacity in the TRHR will show a signi-
ficant decreasing trend and reach the minimum in 2017, and
it will then increase rapidly during 2018–2021 but will there-
after keep a decline trend on the whole (Figure 5). Besides,
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the inter-annual fluctuation range is very great under this
scenario. According to the changing trends of the tempera-
ture and precipitation mentioned above, the grazing capacity
responds very slowly to the change of temperature within a
certain scope and there is no significant relationship between
them, while the grazing capacity shows a changing trend sim-
ilar to that of the precipitation.The result indicates that, under
the condition of no great fluctuation in the temperature, the
grazing capacity mainly depends on the precipitation, which
is consistent with the actual condition that the local animal
husbandry is mainly restricted by the water resource.

The result under the RCP4.5 scenario indicates that the
grazing capacity fluctuates greatly during 2010–2015, but
the fluctuation range will gradually decrease with the time.
It shows an increasing trend during 2015–2025, especially
during 2019–2025, and there will be a stable and continuous
increase. The grazing capacity will first decrease sharply and
then increase rapidly during 2025–2030. On the whole, the
grazing capacity fluctuates very greatly and the stability is
very low under this scenario. It suggests that the grazing
capacity of the local grassland increases with the precipitation
within a certain scope, beyond which the temperature will
play a more important role. In comparison to the changing
trends of the temperature and precipitationmentioned above,
it can be seen that the influence of the temperature on the
grazing capacity is always very significant under this scenario,
while that of the precipitation is only significant during 2015–
2025.

The result under the RCP6.0 scenario indicates that the
grazing capacity shows a decreasing trend on the whole
during 2010–2020, during which there is great fluctuation.
The grazing capacity will first increase and then decrease
during 2020–2030, and it shows a decreasing trend on the
whole under this scenario. In comparison to the changing
trends of the temperature and precipitationmentioned above,
the changing trend of the grazing capacity is more consistent
with that of the precipitation. However, during 2020–2030,
the change of the grazing capacity is negatively related with
the change of temperature, and it responds very slowly to the
change of precipitation, and even not obviously. It indicates
that the precipitation has more important impacts on the
grazing capacity when the temperature is within a certain
range; but on condition that the temperature decreases by a
certain degree, the precipitation will only play a secondary
role.

The result under the RCP8.0 scenario indicates that the
local grazing capacity will fluctuate slightly during 2010–
2015, but without significant change on the whole. It will
continually decrease during 2016–2020 and reach the bottom
around 2020 and then will keep increasing and finally
fluctuate around 4.5million sheep. According to the changing
trends of the temperature and precipitation, the changing
trend of the grazing capacity is more consistent with that
of the precipitation, indicating that the precipitation plays a
more important role on influencing the grazing capacity than
the temperature does.

In summary, the precipitation plays a dominant role
in influencing the grazing capacity under the RCP2.6 sce-
nario, and the water resource is the main limiting factor of

the development of the local animal husbandry. The precip-
itation has limited impacts on the development of the local
animal husbandry under theRCP4.5 scenario.The theoretical
grazing capacity increases with the precipitation within a
certain scope, beyondwhich the temperature will play amore
important role. The precipitation and temperature both have
some influence on the grazing capacity under the RCP6.0
scenario.The precipitation plays a more important role when
the temperature reaches a certain scope and vice versa. The
precipitation plays a more important role in influencing the
grazing capacity under the RCP8.5 scenario. On the whole,
the theoretical grazing capacity in the TRHR ranges from 4
million to 5 million sheep.

5. Conclusion and Discussion

This study estimated theNPPof grassland in theTRHRunder
four RCPs scenarios based on the comprehensive model
and estimated the local grass yield and theoretical grazing
capacity in the future. Besides, the future changing trends
of the NPP, grass yield, and grazing capacity were analyzed
under four scenarios. In this paper, we draw the following
conclusions.

There are very complex influences of the precipitation and
temperature on the grassland productivity, and the effects of
the precipitation and temperature on theNPP, grass yield, and
grazing capacity are very complex and unstable under differ-
ent scenarios. For example, the theoretical grazing capacity in
2029 is 4.1072million sheep under the RCP2.6 scenario, while
it is 4.6527 million sheep under the RCP4.5 scenario, which
also differs greatly under another two scenarios.

The grassland productivity in the TRHR is unstable
on the whole. The grass yield is greatly influenced by the
fluctuation of the precipitation and the temperature which
also plays a more important role and subsequently influences
the grazing capacity. This conclusion is consistent with that
of the previous research on the changing trend of vegetation
NPP in the past 50 years in the Yellow River Headwater
Area, which was carried out by Yao et al. [36], indicating
that the precipitation plays a dominant role in influencing the
grassland productivity in theThree-River Headwaters region.

The grassland productivity in the TRHR will decrease
slightly during 2010–2020, especially around 2020when there
will be a minimum, while the grazing capacity will first
increase and then decrease during this period under all
the scenarios except the RCP8.5 scenario. According to the
analysis of the changing trend of the grazing capacity, there is
a dramatic change in the grazing capacity in the TRHR due to
the influence of the climatic factors. Therefore, it is necessary
to reinforce the control on the grazing capacity, eliminate
some livestock species in time, and replace the dominant
grass species with the grass species that can better adapt to
the climatic change. Besides, it is necessary to prepare for
the various responses to the climatic change and formulate
the artificial intervention mechanism as early as possible so
as to reasonably guide the development of the local animal
husbandry.

This study forecasted and analyzed the grassland NPP,
hay yield of grasslands, and theoretical grazing capacity with
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the comprehensive model on the basis of the simulation
of temperature and precipitation under the four scenarios.
The research result is only obtained on the basis of the
hydrothermal conditions, while in fact various factors, such
as the soil, terrain, and solar radiation, all have some impacts
on the grasslandNPP.Therefore, there is still some limitations
in the result of this study, and it is necessary to carry out
more in-depth research works on the modification of the
simulation result with the comprehensive model through
including more other factors.
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An agroecological zone (AEZ) is a land resource mapping unit, defined in terms of climate, landform, and soils, and has a specific
range of potentials and constraints for cropping (FAO, 1996). The shifting patterns of AEZs in China driven by future climatic
changes were assessed by applying the agroecological zoning methodology proposed by International Institute for Applied Systems
Analysis (IIASA) and Food and Agriculture Organization of the United Nations (FAO) in this study. A data processing scheme
was proposed in this study to reduce systematic errors in projected climate data using observed data from meteorological stations.
AEZs in China of each of the four periods: 2011–2020, 2021–2030, 2031–2040, and 2041–2050 were drawn. It is found that the
future climate change will lead to significant local changes of AEZs in China and the overall pattern of AEZs in China is stable.
The shifting patterns of AEZs will be characterized by northward expansion of humid AEZs to subhumid AEZs in south China,
eastward expansion of arid AEZs to dry and moist semiarid AEZs in north China, and southward expansion of dry semiarid AEZs
to arid AEZs in southwest China.

1. Introduction

The world is facing a crisis in terms of food security [1, 2].
The challenge is from not only the growing global population
but also the sustainability of nutritious food supply. In order
to meet global demands, food production should increase
60–70% by 2050 compared with that at the beginning of the
21th century [3]. Climate change is now widely recognized
as one of the most critical influences on sustainability of
food supply. It changes the suitability of crop and investment
structure in agriculture. Researchers have confirmed that
the crop suitability shifts in the context of climate change
[4–7]. Lane and Jarvis [8] predicted the impact of climate
change with current and projected future climate data and
found that the suitable area of main food crops including
rice, wheat, potato, and some cash crops such as apple,
banana, coffee, and strawberry would reduce along with
climate change. According to the evaluation of Easterling
et al. [9], even in the scenario of Intergovernmental Panel on
Climate Change (IPCC) low emissions (B1, with a 2∘C rise
in global mean temperatures by 2100) the current farming
systems will be destabilized. If the increasing suffering from

chronic hunger is frustrating today, the further difficulties,
risks, and challenges for achieving food security will make
people desperate, especially for those in South Asia and sub-
Saharan Africa [10, 11].

China, which experienced rapid growth and increased
integration with the global economy in recent years, has
significant potential to contribute to global food security
not only by alleviating hunger among its own citizens, but
also by increasing trade and financial linkages as well as
technology and knowledge exchanges with other developing
countries [12]. China has made remarkable progress in
reducing poverty, cutting the share of people living on less
than $1.25 a day from 84 percent of the population in 1981 to
13 percent in 2008 and reducing the number of poor people
from 835 million to 174 million [13]. In recent years, the
development of China’s agricultural production is very stable
which significantly contributes to global security [14, 15].
But there are still some potential challenges for China’s food
supply.One of themost probable challenges is climate change.
Now and in the future, China’s food supply will be a key issue
for the world food market.
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There are variousways such as the frequency and intensity
changes of disasters (including flood, drought, hail, and
typhoon) and the changes of precipitation, accumulated
temperature, and solar radiation that climate changes influ-
encing China’s agricultural production.Thoughmost of these
influences are occasional and small-scaled, there are still
some influences that are persistent and massive [16–18]. The
variation of AEZs may be one of the most notable responses
of climate changes that can alter the pattern of crop and agri-
cultural management.The AEZ concept was originally devel-
oped by the FAO [19]. It has widespread applications in land
use planning, design of appropriate agricultural adaptations,
reducing vulnerability, as well as cropwater requirements and
long-term frost protection measures determination [20, 21].
There aremany researches on agroecological zoning in China
and relevant topics [22–27]. Chen [28] classified China into
twelve AEZs based on the mode of agricultural production,
the productivity of farmland, heat, water, and landform. Jin
and Zhu [29] divided Northeast China into three AEZs and
found that the maize yields are reduced significantly along
with climate change. Yang et al. [30] applied the method
proposed by Chen [28] to classify Northwest China into
thirteen AEZs and analyzed the climate-induced changes
in crop water balance in each AEZ. He et al. [31] divided
Chinese wheat producing area into three major regions and
ten AEZs depending on the produced grain traits, ecological
factors, soil properties, cropping system, and so on. On the
basis of these ten AEZs, Kong et al. [32] proposed a number
of potential strategies to increase the grain protein content
and protein-based grain processing quality. Jia et al. [33]
studied the variation of precipitation and found the AEZ-
based research help to master the precipitation patterns of
different agricultural regions. As a determinant of cropping
pattern and agriculture management, the pattern of AEZs
may change significantly under the background of global
climate changes. There is no doubt that an assessment of
shifting patterns of AEZs in China is helpful to guide the
nation’s future agricultural development and guarantee global
food security.

The global agroecological zones (GAEZs) were developed
in order to provide a prediction for crop potential productiv-
ity in a specific environment under limiting factors including
climate and soil [34]. They were used as the main analysis
units of agricultural production in Global Trade Analysis
Project (GTAP) as well as a lot of other researches [35]. For
example, Atehnkeng et al. [36] analyzed the distribution and
toxigenicity ofAspergillus species isolated frommaize kernels
from threeAEZs inNigeria. Palm et al. [37] analyzed environ-
mental and socioeconomic barriers for plantation activities
on local and regional levels and investigated the potential
for carbon finance to stimulate the increased rates of forest
plantation on wasteland in southern India combined with
AEZs. IIASA and FAO had published the GAEZ version 3.0
aiming to include practical applications such as a significantly
updated version, including expanded crop coverage and dry-
land management techniques. This dataset provides climate
change impacts on agroecological suitability and productivity
for three time horizons, 2020s, 2050s, and 2080s, for 11 com-
binations of GCMs and IPCC emission scenarios, which is

global significance [38]. But it is a little bit sketchy for guiding
national and regional agriculture developments becausemore
detailed and accurate data can always be obtained to support
agroecological zoning at such scale. Mugandani et al. [39]
reclassified the AEZs of Zimbabwe based on the climatic
data from meteorological stations to cover the shortage of
GAEZ. Kurukulasuriya and Mendelsohn [40] compared the
observed distribution of AEZs from FAO and the calculated
distribution of AEZs given climate and found there were
significant local differences.These studies imply that it makes
sense to access the impacts of future climate changes on
shifting patterns of the AEZs by using more detailed and
accurate data at regional and national levels.

This study aims to assessing the shifting patterns of
AEZs in China driven by future climate changes. The major
contribution of this paper is that it provides future AEZs
in China which contains decision making information for
agriculture development in China and global food security.
Compared with GAEZ, this study takes full advantage of
observed climate data from meteorological stations. And
compared with other static assessment results based on
historical period data such as Chen [28], this study provides
more predictive information of shifting patterns of AEZs. In
addition, the data processing scheme of integrating observed
and predicted data of this study has high reference value for
similar studies. AEZs in China of four periods: 2011–2020,
2021–2030, 2031–2040, and 2041–2050 were drawn in this
study based on the projected climatic changes. It is found that
the future climate changes will lead to significant change of
AEZs in China, while the overall pattern of AEZs in China is
stable.Thenorthward expansion of humidAEZs to subhumid
AEZs in south China, eastward expansion of arid AEZs to
dry andmoist semiarid AEZs in north China, and southward
expansion of dry semiarid AEZs to arid AEZs in southwest
China are the major characteristics of future AEZs changes
in China.

2. Data and Methodology

2.1. Agroecological Zoning Methodology. The AEZ is a zone
characterized by specific length of growing period (LGP) and
climatic attributes. Several agroecological zoning methods
have been previously used for agricultural purposes [41, 42].
The Center for Sustainability and the Global Environment
(SAGE) at the University of Wisconsin derived six global
LGPs by aggregating the IIASA/FAO GAEZ data into six
categories of approximately 60 days per LGP: (1) LGP1: 0–
59 days, (2) LGP2: 60–119 days, (3) LGP3: 120–179 days, (4)
LGP4: 180–239 days, (5) LGP5: 240–299 days, and (6) LGP6:
more than 300 days [43]. These six LGPs roughly divide the
world along humidity gradients, in a manner that is generally
consistent with previous studies in global agro-ecological
zoning [44]. They are calculated as the number of days
with sufficient temperature and precipitation/soil moisture
for growing crops. In other word, LGPs are calculated as the
number of days in the year when average daily temperature
(Ta) and precipitation plus moisture stored in the soil (P) are
above their thresholds. In GAEZ, three standard temperature
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Table 1: Definition of agroecological zones used in Global Trade Analysis Project.

AEZs LGP Climatic zone AEZs LGP Climatic zone
AEZ1

0–59
Tropical AEZ4

180–239
Tropical

AEZ7 Temperate AEZ10 Temperate
AEZ13 Boreal AEZ16 Boreal
AEZ2

60–119
Tropical AEZ5

240–299
Tropical

AEZ8 Temperate AEZ11 Temperate
AEZ14 Boreal AEZ17 Boreal
AEZ3

120–179
Tropical AEZ6

≥300
Tropical

AEZ9 Temperate AEZ12 Temperate
AEZ15 Boreal AEZ18 Boreal

thresholds for temperature growing periods are used: (1)
periods with 𝑇𝑎 > 0∘C, (2) periods with 𝑇𝑎 > 5∘C, which
is considered as the period conducive to plant growth and
development, and (3) periods with 𝑇𝑎 > 10∘C, which is used
as a proxy for the period of low risks for late and early frost
occurrences. In this study, we choose the second standard
temperature threshold (𝑇𝑎 > 5∘C) for calculating LGPs in
China. We set the threshold of precipitation plus moisture
stored in the soil as half the potential evapotranspiration (ET)
(𝑃 > 0.5ET) to keep it consistent with FAO [45]. Therefore,
LGP used in this study is defined as follows:

LGP = Card {(𝑇𝑎
𝑖
, 𝑃
𝑖
) | 𝑇𝑎

𝑖
> 5
∘C, 𝑃
𝑖
> 0.5ET

𝑖
} , (1)

where 𝑇𝑎
𝑖
(∘C) is the average daily temperature of the 𝑖th day

in the year; 𝑃
𝑖
(mmday−1) is the precipitation plus moisture

stored in the soil of the 𝑖th day in the year; ET
𝑖
(mmday−1) is

ET of the 𝑖th day in the year; Card is the cardinality function
counting the number of elements of a set.

In addition to the LGP breakdown, the world is sub-
divided into three climatic zones, tropical, temperates and
boreal, using criteria based on absolute minimum temper-
ature and growing degree days (GDD), as described by
Ramankutty and Foley [46]. Concretely, the climatic zone
rules are as follows:
zone

=

{
{

{
{

{

tropical, if 𝑡min > 0
∘C,

temperate, else if 𝑡min > −45
∘C, GDD

5
> 1200,

boreal, else,
(2)

where 𝑡min (
∘C) is the absolute minimum temperature; GDD

5

is the annual number of accumulated growing degree days
above 5∘C. GDD

5
are calculated by taking the average of the

dailymaximumandminimum temperatures compared to the
base temperature, 5∘C.

GDD
5
=

365

∑

𝑖=1

(

𝑇𝑑
𝑖,min + 𝑇𝑑𝑖,max

2

− 𝑇𝑑base) , (3)

where 𝑇𝑑
𝑖,min and 𝑇𝑑

𝑖,max are the daily maximum and
minimum temperatures, respectively; 𝑇𝑑base (=5∘C) is the

base temperature. We employ the definition of AEZs used in
the GTAP land use database [35], which divides the world
into 18 AEZs (Table 1).

2.2. Data and Process. Both observed and projected climate
data were used in this research to assess the shifting patterns
of AEZs in China driven by climatic changes. This dataset
includes climatic data, moisture stored in the soil, and
ET. Historically observed climate data including average
daily temperature, precipitation, absolute minimum tem-
perature, and daily maximum and minimum temperatures
were collected by the China Meteorological Administration
for the year 2006. The spline interpolation method is used
to interpolate these data using a 100m digital elevation
model developed by Chinese Academy of Sciences. This
interpolative method is selected because it takes into account
the climatic dependence on topography by using a trivariate
function of latitude, longitude, and elevation [47–50] and
balances the smoothness of fitted surfaces and the fidelity
of the data by minimizing the generalized cross-validation
automatically [51]. Observed data of moisture stored in the
soil comes from soil categories and soil composite data sets
at the scale of 1 : 1,000,000. This data set were developed
according to the survey results of the second national soil
census data, covering 1,572 soil profiles in 100 cm depth layer
[52–55]. The ET data comes from the MODIS (Moderate
Resolution Imaging Spectroradiometer) Global Evapotran-
spiration Project (MOD16). This project aims to estimate
global terrestrial evapotranspiration by using satellite remote
sensing data [56, 57]. The missing values of ET data are
complemented using the spline interpolation method.

The projected climate data including average daily tem-
perature, daily precipitation, absoluteminimum temperature,
and daily maximum and minimum temperatures from 2006
to 2050 comes from the data sets produced from Hadley
Centre Coupled Model version 3 (HadCM3) GCM (Global
Circulation Model) under greenhouse-gas emission scenario
of B2. The B2 scenario describes a world in which the
emphasis is on local solutions to economic, social, and
environmental sustainability. While the scenario is also ori-
ented towards environmental protection and social equity,
it focuses on local and regional levels [58]. The data is



4 Advances in Meteorology

originally obtained with a spatial resolution of 2.50∘ × 3.75∘
and downscaled to 1 km × 1 km using the spline interpolation
method. A data processing scheme is designed to reduce
systematic errors generated by HadCM3 and improve the
assessment accuracy of the shifting patterns of AEZs in China
(Figure 1). First, the changes of average daily temperature,
daily precipitation, absoluteminimum temperature, and daily
maximumandminimum temperatures of each year from2011
to 2050 compared with those of 2006 are calculated using the
projected climate data:

Δ𝐾
𝑖,𝑦
= 𝐾
𝑖,𝑦
− 𝐾
𝑖,2006
, (4)

where 𝐾
𝑖,2006

refers to the projected average daily temper-
ature, daily precipitation, daily maximum and minimum
temperatures of the 𝑖th day, and absolute minimum tem-
perature, in 2006; 𝐾

𝑖,𝑦
(𝑦 = 2011, 2012, . . . , 2050) refers to

the projected average daily temperature, daily precipitation,
daily maximum and minimum temperatures of the 𝑖th day,
and absolute minimum temperature, in the yth year and
Δ𝐾
𝑖,𝑦

refers to the changes of average daily temperature,
daily precipitation, absoluteminimum temperature, and daily
maximumandminimum temperatures of each year from2011
to 2050 compared with those of 2006. Second, the corrected
climate data can be generated by addingΔK

𝑖,𝑦
to the observed

climate data of 2006:

𝑄
𝑖,𝑦
= 𝑄
𝑖,2006
+ Δ𝐾
𝑖,𝑦
, (5)

where𝑄
𝑖,2006

refers to the observed average daily temperature,
daily precipitation, daily maximum and minimum tempera-
tures of the 𝑖th day, and absolute minimum temperature, in
2006; 𝑄

𝑖,𝑦
refers to the corrected average daily temperature,

daily precipitation, daily maximum and minimum temper-
atures of 𝑖th day, and absolute minimum temperature, in the
yth year. By these two steps, the systematic errors in projected
climate data generated by HadCM3 are reduced. Considering
that climate change is a long-term shift inweather conditions,
we then take the average for ten years of the corrected climate
data to assess the shifting patterns of AEZs driven by future
climate changes:

𝑄
𝑖,𝑝−(𝑝+9)

=

1

10

𝑝+9

∑

𝑦=𝑝

𝑄
𝑖,𝑦
, (6)

where 𝑄
𝑖,𝑝−(𝑝+9)

(p = 2011, 2021, 2031, 2041) refers to the ten-
year averaged climate data including average daily tempera-
ture, daily precipitation, daily maximum and minimum tem-
peratures of the 𝑖th day, and absolute minimum temperature,
in the periods of 2011–2020, 2021–2030, 2031–2040, and 2041–
2050. Finally, future AEZs in China are obtainedwith the ten-
year averaged climate data and data of moisture stored in the
soil and ET.

3. Results and Discussion

The assessment results show that there are totally fourteen
AEZs inChina,most of whichwill experience pattern shifting
from 2011 to 2050 (Figure 2). The AEZ4, AEZ5, and AEZ6

Projected climate data,
2011–2050

Future climate change data,
2011–2050

Corrected climate data,
2011–2050

Ten-year averaged climate
data

Projected climate data,
2006

Observed climate data,
2006

Data of moisture stored in
the soil and ET

Chinese agroecological
zones

Figure 1: Data processing scheme for assessing the shifting patterns
of agroecological zones in China.

characterized by tropical climate will be mainly found in
the extreme south of China (Figure 2). The AEZ4 will be
stable in pattern and area over time and covers 0.16 million
hectares, and this translates to no more than 0.02% of the
whole country (Table 2).The area of AEZ5 will increase from
1.08 million hectares to 1.76 million hectares from 2011 to
2050with an area expansion of 63.73%.This area increase will
mainly happen in the period of 2021–2040. The new area of
AEZ5 will be mainly transferred from AEZ6 (Table 3). The
AEZ6 will experience an area decreasing from 10.44 million
hectares to 9.57 million hectares during the period from 2011
to 2050 (Table 2). Besides the conversion to AEZ5, the area
decrease of AEZ6will be also due to the southward expansion
of AEZ11 (Table 3, Figure 2).

The AEZ11 and AEZ12 will occupy most area of south
China (Figure 2). The AEZ12 will cover about 16% of the
whole of China and expand by 3.88 million hectares from
2011 to 2050 (Table 2). This expansion will be mainly because
of the westward expansion being larger than the southward
shrink of AEZ12 (Figure 2). And the newly added area
of AEZ11 cannot counterbalance the reduced area from
AEZ12 expansion (Table 3). Consequently, the area of AEZ11
will reduce from 85.50 million hectares in 2011 to 82.48
million hectares in 2050 (Table 2). Moreover, the northward
movement of northern side boundary of AEZ11 implies
that there will be LGP reduction that happened in central
China. The area of AEZ10 will decline from 53.52 million
hectares to 47.34 million hectares from 2011 to 2050 mainly
due to the southward expansion of AEZ11 in central China
and the expansion of AEZ9 in northwest China (Table 3).
The center of gravity of AEZ9 will shift to the east due
to the overall northward movement of AEZ10 but its area
which is about 60.00 million hectares will keep stable
(Table 2).

Most of the area of northern China will belong to AEZ7
and AEZ8 (Figure 2). The AEZ7 will cover 200.23 million
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Figure 2: Future agroecological zones in China, 2011–2050.

hectares in the period of 2011–2020 and expand to 207.76
million hectares in the period of 2041–2050 (Table 2). This
area increase is mainly because of the conversion from AEZ8
to AEZ7 (Table 3). And there will be significant area reduc-
tion of AEZ7 due to the expansion of AEZ13 in northwest
China (Table 3). The area of AEZ8 will decrease from 90.05
million hectares to 83.41 million hectares from 2011 to 2050
mainly due to the eastward expansion of AEZ7 (Table 2 and
Figure 2). The boundary change of AEZ7 and AEZ8 implies
that there will be LGP reduction in northern China and
temperature decrease in northwest China. Another signifi-
cant change in northeast China will be the area reduction of
AEZ15 (Table 2 and Figure 2). About one-fifth of the AEZ15

in northeast China will convert to AEZ8, AEZ9, and AEZ10
due to temperature rise (Table 3).

The AEZ13 will cover about 15% of the whole China and
more than a half of southwest China (Table 2 and Figure 2).
Its area will expand by 15.00 million hectares from 2011 to
2050 mainly due to the conversion from AEZ14 (Table 3).
This indicates that the LGP in southwest China will be
generally increased driven by future climate change. And
AEZ14 will become more continuous along with climate
change (Figure 2). The total area of AEZ15 will be reduced
by 2.95 million hectares mainly due to its area decrease
in northeast China (Table 2 and Figure 2). The AEZ16 and
AEZ17 will mainly spread over southwest China (Figure 2).
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Table 2: Areas of future agroecological zones in China.

AEZs Area (unit: million hectares)
2011–2020 2021–2030 2031–2040 2041–2050

AEZ4 0.16 0.16 0.16 0.16
AEZ5 1.08 1.08 1.71 1.76
AEZ6 10.44 11.08 9.62 9.57
AEZ7 200.23 199.37 203.73 207.76
AEZ8 90.05 89.85 85.72 83.41
AEZ9 60.26 58.38 60.29 60.53
AEZ10 53.52 55.80 48.39 47.34
AEZ11 85.50 81.78 88.18 82.48
AEZ12 151.90 155.90 149.59 155.78
AEZ13 141.05 136.86 143.84 156.05
AEZ14 86.57 90.65 88.98 74.27
AEZ15 55.60 53.83 51.94 52.64
AEZ16 15.96 17.58 19.71 20.10
AEZ17 0.49 0.49 0.96 0.97

The AEZ16 will cover 15.96 million hectares in the period of
2011–2020 and expand to 20.10 million hectares in the period
of 2041–2050 (Table 2).These newly expanded areas of AEZ16
will mainly come fromAEZ15 (Table 3).The area of AEZ17 in
China will be almost doubled due to future climate change
though it will still cover an area of not more than 1 million
hectares (Table 2).

On the whole, the pattern of AEZs in China will change
significantly due to future climate change. The changed area
will reach 32.00 million hectares accounting for 3.36% of
the country’s total area (Table 3). Certainly, the changes of
AEZs in China are not monotonous. The direction inversion
of boundary movement of AEZ12 in southwest China from
the period of 2011–2040 to the period 2041–2050 is one
of the most prime examples of such changes (Figure 2).
But the overall change trend of AEZs in China including
northward expansion in south China, eastward expansion in
north China, and southward expansion in southwest China is
persistent.These results are obtained using data sets produced
from HadCM3 under greenhouse-gas emission scenario of
B2. It is sure that some new results will be found by applying
data set from other models and scenarios. And we will
address them in future studies.

4. Conclusions

The shifting patterns of AEZs in China driven by climatic
changes were assessed. The projected climate data and his-
torically observed climate data as well as moisture stored in
the soil and ET data are used in this study. By using the
agroecological zoning methodology proposed by IIASA and
FAO, we draw AEZs in China of each of the four periods:

2011–2020, 2021–2030, 2031–2040, and 2041–2050. The main
conclusions from this study could be summarized as follows.

(i) The overall pattern of AEZs in China will be stable
in the future. The AEZ4, AEZ5, and AEZ6 will
distribute mainly in the extreme south of China. The
AEZ12, AEZ11, AEZ10, AEZ9, AEZ8, and AEZ7 will
sequentially spread from north to south. The AEZ13
and AEZ14 will occupy most of the southwest of
China. And besides AEZ15 partly distributing in the
northeast of China, most of other AEZs (including
AEZ15, AEZ16, and AEZ17) will distribute mainly in
the southwest of China.

(ii) The future climate change will lead to significant local
changes of AEZs in China. The changes of AEZs will
be not monotonous over time, but the overall change
trend of AEZs is persistent. The future change of
AEZs in China is characterized by area expansion of
AEZ7, AEZ12, AEZ13, and AEZ16 and area reduction
of AEZ8, AEZ10 AEZ11, AEZ14, and AEZ15. The
shifting patterns of AEZs in China are characterized
by northward expansion of humid AEZs to subhumid
AEZs in south China, eastward expansion of arid
AEZs to dry andmoist semiaridAEZs in northChina,
and southward expansion of dry semiarid AEZs to
arid AEZs in southwest China.

(iii) The data processing scheme proposed in this study
is helpful in reducing systematic errors in projected
climate data which has high reference value for
similar studies. Its feasibility has been proved by
our empirical analysis. The application of observed
data from meteorological stations will improve the
assessment accuracy of impacts of future climate
changes on shifting patterns of the AEZs in principle.
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The grassland is an important land use type that plays an important role in the ecosystem services supply in China. It is of
great significance to the grassland management to determine the changing trend of grassland productivity and its response to
climate change. Firstly, the relationship between grassland productivity and climate change, geographical conditions, and human
activities was analyzed with the panel data of the whole China during 1980–2010 in this study. The result indicated that the
temperature and precipitation were very important to grassland productivity at the national scale. Secondly, the grassland in China
was divided into 7 grassland ecological-economic zones according to the ecosystem service function and climate characteristics.
The relationship between grassland productivity and climate change was further analyzed at the regional scale.The result indicated
that the temperature is more beneficial to the increase of the grassland productivity in the Qinghai-Tibet Plateau and the Southwest
Karst shrubland region. Thirdly, the increase of the temperature and precipitation can increase the grassland productivity and
consequently relieve the pressure according to the climate factors of simulation with the community climate system model v4.0
(CCSM).However, the simulation result indicates that the humanpressure on grasslands is still severe under the fourRCPs scenarios
and the grassland area would reduce sharply due to the conversion from the grassland to the cultivated land. What is more, there
is still a great challenge to the increase of total grassland productivity in China.

1. Introduction

The grassland is one of the most important land use types
in China due to its essential functions in the development of
the animal husbandry and the supply of ecosystem services.
Grassland is a multifunctional ecosystem, which can provide
important ecological benefits as well as economic benefits.
Traditionally, grasslands provide a broad range of agronomic
services, including the provision of forage, milk, meat, wool
and pelts. The grassland ecosystem of China plays an impor-
tant role in promoting the regional economic development,
protecting the ecological environment and conserving the
biodiversity [1]. The grassland of China is about 400 million
hectares, accounting for about 41.7% of the national total land
area [2]. The grassland area of China is only second to that of

Australia in the world. However, the grassland productivity
level of China is much lower than that in other parts of the
world [3]. Besides, the extreme climate shifts and the increas-
ing demand for meat due to the rapid population growth
have put tremendous pressure on the grassland productivity.
Some recent studies show that the grassland productivity
is sensitive to the climate change, especially in the Inner-
Mongolian Plateau, Qinghai-Tibet Plateau, and Northwest
of China [4–6]. The change of precipitation regimes has
profound impacts on the grassland productivity, especially in
the arid and semiarid regions characterized by the limited
water [7, 8]. In the temperate grasslands, the interannual
variability of the total precipitation is the primary climatic
factor that causes fluctuations in the grassland productivity
[9–12]. The combined effects of the land use and climate
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Table 1: Summary of the variables used in this study.

Variable County number Max Mean Min Description
NPP 1669 1386 439 1.07 gc/m2, net primary productivity
Ta 1669 25.55 12.60 −4.81 ∘C, temperature
Rain 1669 2846 926.90 19.46 Mm, precipitation
Sun 1669 975.97 762.64 475.66 Hour, sunshine duration
Soil n 1669 0.96 0.25 0.05 Percentage of soil n
Soil p 1669 0.25 0.13 0.02 Percentage of soil p
Dem 1669 2832 732 128 Meter, elevation
Splain 1669 0.42 0.28 0.01 Percentage of plain area
pop 1669 179 43 2 Ten thousand people, Population
Gdp1 1669 1.53 0.18 0.05 Percentage of GDP of the primary industry
Meat 1669 14670 3850 650 Ton, beef, and mutton

change further complicate the underlying change of the
grassland productivity [13–16]. It is necessary to explore the
coupling effects of the land use management and climate
change on the grassland productivity so as to carry out the
adaptive management to mitigate the climate change [17–19].

The grassland productivity, integrating both the fodder
quality and yield level, is an important index to represent the
ability of the grasslands tomeet the needs of the livestock sec-
tor and the pastoral societies. It is critical to the management
and planning of the grassland resources to better understand
the relationship between the grassland productivity and the
possible climate change scenarios, especially with regard to
the livestock development [20, 21].Thegrassland productivity
can directly reflect the production capacity of the grassland in
the natural environment. Besides, the grassland productivity
is influenced by various factors, including the internal factors
of the grassland ecosystem such as the soil, grassland area
and livestock, and the external factors such as the labor input
and climate change.The Intergovernmental Panel on Climate
Change (IPCC) for the fifth assessment report updated the
scenario development from the SRES to a new set of inte-
grated scenarios, the representative concentration pathways
(RCPs), analyzed the advantages of the new approaches of
scenarios development, and depicted the characteristics of
the identified four representative concentration pathways
(RCP8.5, RCP6, RCP4.5, and RCP3-PD). These schedules
of radiative forcing, greenhouse gas emission, concentration
and land use in every roadmap were proposed based on
the four models including MESSAGE, AIM, MiniCAM,
and IMAGE. It is of great significance to understand the
changes of grassland productivity along the representative
concentration pathways during 2010–2050 in China.

The grassland is widely distributed and shows great
regional difference in China. The grasslands in China can
be divided into 7 grassland ecological-economic regions
according to the ecological conditions, moisture and temper-
ature, grassland types, grassland production, and consistence
between the grassland systems and economic systems [22,
23]. It is necessary to manage the grassland by ecological-
economic region under the condition of land use change
and climate change. The main changing trend of climate
change in each grassland ecological-economic region can

provide a basis for taking management measures to relieve
the pressure from the climate change. But almost all the
previous literatures were focusing on how and how much
climate change had affected grassland. For example, Yu
et al. [24] analyzed grassland activity by evaluating remotely
sensed Normalized Difference Vegetation Index (NDVI)
data collected at 15-day intervals between 1982 and 2006
and found that vegetation on the Tibetan Plateau is unable
to exploit additional thermal resources availed by climate
change. Ni [25] found that the numbers of C

3
species, C

4

species, grasses, and forbs had positive relationship with
precipitation and aridity. On a regional basis, the combined
effect of precipitation and temperature, the aridity, is more
significantly correlated with the distribution of C

3
species

and forbs, which are more dominant than with C
4
species,

grasses and succulents in the study area. Su et al. [26] analyzed
the changes of temperature, precipitation and climatic pro-
ductivity of grasslands in Ningxia farming-pasturing ecotone
based on the meteorological data from 1954 to 2004 and
found that grassland productivity will increase by 10% to 20%
if the annual temperature increases by 1∘C to 2∘C and the
annual precipitation increase by 10% to 20% in the future. It
is of great reference value to the reasonable development of
grassland resources and the research of terrestrial ecosystem
carbon cycle to accurately estimate the grassland productivity
in China.

2. Data and Materials

This study analyzed the changes of the climate and grassland
productivity from 1980 to 2010 with the correlation analysis.
A series of data were collected, including the grid data of
NPP, soil nitrogen andphosphorus,DEM, the percent of plain
area at the county level involving 1669 counties, which is the
level of the census data such as the population, GDP, and
meat (Table 1). Then a panel dataset was constructed with
the data of six periods, including 1985, 1990, 1995, 2000, 2005,
and 2010. This study analyzed the contribution of the climate
change to the change of the grassland productivity on the
basis of the dataset at the national and regional ecological-
economic scales. The final part discusses the impacts of the
future climate change on the grassland productivity from



Advances in Meteorology 3

2010 to 2050 on the basis of the GCM simulation output.
These analyzed data involved grassland area, grassland pro-
ductivity, and future climate data.

2.1. Grassland Data. The grassland data were extracted from
the land use database developed by the Chinese Academy of
Sciences (CAS). The data were originally derived from 512
remotely sensed images with a spatial resolution of 30m ×
30m,whichwere provided by theUSLandsat TM/ETMsatel-
lite.The data of five periods were used in this study, that is, the
data of year 1988, 1995, 2000, 2005, and 2010. A hierarchical
classification system including 25 land use types was applied
to the data. Besides, the data team also spent considerable
time validating the interpretation of TM images and land use
classifications against the extensive field validation. The field
validation indicated that the average interpretation accuracy
reached 95% [27, 28]. The grassland was divided into three
kinds, that is, the dense grass, moderate grass and sparse
grass. The grassland of china is mainly distributed along the
Great Wall in Inner Mongolia, and in the region of Gansu
and Xinjiang, the Tibetan Plateau and the Loess Plateau
(Figure 1). The grassland area from the land use dataset is
about 346 million hectares, which is smaller than that from
the comprehensive and systematic grassland surveys due to
the difference of the grassland classification system.

2.2. Grassland Productivity. The grassland productivity data
were derived from the regional census statistics and remotely
sensed images. The regional census statistics provide the
aggregated data that are collected by county. However, the
statistic data also havemany disadvantages. For example, they
are limited by the relatively coarse spatial resolution within
the administrative units, gaps in time series and difference of
the data collection methods among counties. By contrast, the
data derived from the remotely sensed images have a higher
temporal continuity and higher spatial resolution. NPP is
used as the indicator of the grassland productivity since it
plays a key role in the vegetation growth and is closely related
to the yield of the grassland. NPP was estimated with the
efficiency model on the basis of the ground observation data
of meteorological stations, soil quality data, and land use
data [29–31]. Besides, the vegetation greenness observation
data from the AVHRR and the light use efficiency model
of the MODIS were used in the estimation of NPP. A
simple light use efficiency model (MOD17) is at the core
of the algorithm of NPP, and it requires daily inputs of
incoming photosynthetic active radiation (PAR), minimum
temperature over the period of 24 hours, and average vapor
pressure deficit in the daytime. The NPP data during 1985–
1999 came from the remote sensing data of NOAA/AVHRR,
and that during 2000–2010 came from the NPP product of
MODIS in the study.

2.3. Meteorological Data and Future Climate Change Scenario.
The projected climate data from 2006 to 2050, includ-
ing the average daily temperature, precipitation, absolute
minimum temperature and daily maximum and minimum
temperatures, come from the datasets of CCSM simulation.
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Figure 1: The Grassland distribution over grassland ecological-
economic regions of China in year 2005.

The Cancún agreements state that the future global tem-
perature rise should be limited to below 2.0∘C (3.6 F) in
comparison to the preindustrial level in 2100 [32]. The low
concentration pathway of RCP3-PD has attracted the atten-
tion of international research community among RCP8.5,
RCP6, RCP4.5 and RCP3-PD since the temperature rise is
approaching the 2.0∘C goal under this scenario [33]. These
scenarios describe a world in which great emphasis is put
on local solutions to economic, social, and environmental
sustainability. The data of the future climate change from
2011 to 2050 were obtained by the simulation with the CCSM
model. The future climate data from 2011 to 2050 can be
corrected through overlying the future climate change data
and historical meteorological data from 2006 to 2010.

The historical meteorological data, including the annual
temperature and annual precipitation from 1980 to 2010,
were acquired from China Meteorological Bureau, and were
interpolated into the 1 km × 1 km grid data with the Kriging
algorithm and modified with the DEM data. The data of the
future climate come from the scenario data of the representa-
tive concentration pathways (RCPs), which were adopted by
the fifth assessment report of IPCC, including four scenarios,
the radiative forcing of which ranges from 2.6W/m2 to
8.5W/m2. The data of the four RCPs scenarios are the
product of an innovative collaboration among the assessment
modelers, climate modelers, terrestrial ecosystem modelers,
and emission inventory experts. These four RCPs scenarios
provide the global dataset of land use and greenhouse gas
emission for the period extending to 2100, with the spatial
resolution of 0.5 degree × 0.5 degree.
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Figure 2: The spatial distribution of grassland productivity over
china in the year of 2010.

3. Method

The characteristics of the spatial distribution and seasonal
change of the grassland NPP are as follows. The annual
total and average grassland NPP in China in year 2010
were 6.8 × 109 gC/year and 490 gC/m2/year, respectively.
There was significant regional heterogeneity of the grassland
productivity. The grassland NPP in the east part was higher
than that in the west part, and it was higher in the south
part than in the north part. On the whole, it increases from
Northwest China toward Southeast China except Tibetan
Plateau (Figure 2). On thewhole, the grasslandNPP increases
with the longitude and decreases with the latitude although
there are some fluctuations. The characteristic of longitude
zonation of grassland NPP is highly correlated with the lon-
gitudinal variability of the climate.The climate becomesmore
favorable for the vegetation growth as the latitude decreases.
The grassland productivity of Southwest karst shrub land
region is the highest among these regions, reaching about
1000 gC/m2 in year 2010.

In this study, we unified these data of different spatial
scales and converted the data at the grid scale into the county
scale so as to identify the reasons for the regional hetero-
geneity of the grassland productivity and analyze the impacts
of geographical factors, climate and human activities on the
grassland productivity. It is scarcely possible to establish
model in property of mechanism due to the complex rela-
tionships between grassland productivity and climate change
as well as social and economic activities and geographical
factors. In this condition, the econometric model becomes an
alternative choice. This kind of model is increasingly applied

Table 2: Analysis of impacts of influencing factors onNPP based on
the econometric model.

Dependent variable: log (NPP)
Model-I Model-II Model-III Model-IV

log (ta) 0.035∗∗∗ 0.026∗∗∗ −0.022∗∗∗ −0.035∗∗∗
(−11.54) (−8.12) (−8.03) (−9.72)

log (rain) 0.967∗∗∗ 0.856∗∗∗ 0.928∗∗∗ 0.963∗∗∗
(−197.32) (−67.74) (−83.42) (−58.75)

log (sun) −0.829∗∗∗ −0.016 0.169
(−9.48) (−0.19) −1.72

log (dem) −1.745∗∗∗ −1.803∗∗∗
(−67.42) (−54.68)

Soil n −0.119∗∗∗ 0.036
(−4.09) (−1.03)

Soil p 7.817∗∗∗ 6.550∗∗∗
(−19.8) (−14.05)

Splain 0.026∗∗∗ 0.025∗∗∗
(−4.79) (−3.54)

pop
𝑡−1

0.031∗∗∗
(−3.59)

meat
𝑡−1

0.156∗∗∗
(−12.73)

gdp1
𝑡−1

−0.049∗∗∗
(−8.14)

Intercept −2.127∗∗∗ 4.247∗∗∗ 12.42∗∗∗ 9.750∗∗∗
(−54.03) (−6.31) (−20.04) (−13.06)

Adjusted 𝑅2 0.732 0.733 0.818 0.838
𝑡 statistics in parentheses: ∗𝑃 < 0.05, ∗∗𝑃 < 0.01, and ∗∗∗𝑃 < 0.001.

to explore the relationships between productivity and its
driving factors. In this study, we established an econometric
model and analyzed the effects of variables at different levels
on the grassland productivity.

Since the panel data are repeated observations of the
same samples that are nested into the individual objects, we
treated the repeated observations as the first level and the
individual objects as the second level. Besides, the random
factors over time were also introduced into the first level.
A series of fixed effect models were established and then
compared so as to choose a robust one as the basis model to
more accurately analyze impacts of the climate change on the
grassland productivity:

log (npp)
𝑖𝑡
= 𝛽
0
+

𝑃

∑

𝑝=1

𝛼
𝑝
𝑋
𝑝𝑖𝑡
+

𝑄

∑

𝑞=1

𝜆
𝑞
𝐸
𝑞𝑖𝑡

+

𝑅

∑

𝑟=1

𝛾
𝑟
𝑍
𝑟𝑖𝑡
+ 𝜇
𝑖
+ 𝜀
𝑖𝑡
,

(1)

where 𝑋
𝑝𝑖𝑡

refers to the annual average temperature, pre-
cipitation, and sunshine duration; 𝐸

𝑞𝑖𝑡
refers to available

phosphorus in the soil, available nitrogen in the soil and
terrain elevation factor; 𝑍

𝑟𝑖𝑡
refers to the population, GDP,

beef and mutton; 𝛼
𝑝
, 𝜆
𝑞
, and 𝛾

𝑟
act as the parameters; 𝜇

𝑖

represents the individual factor; 𝜀
𝑖𝑡
∼𝑁(0, 𝜎

2

𝑖
) is the composed

error. The pool regression model has been chosen here since
the fitting accuracy of thismodel is better than others (includ-
ing first-difference approach and deviation from means).
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Figure 3: Correlation analysis between the climate index and grassland productivity during 1985–2010 at the grassland ecological-economic
zones level.

We analyzed the effects of variables at different level on the
grassland productivity by introducing the variables step by
step (Table 2).

4. Results

4.1. The Relationship between NPP and the Climate Change.
As can be seen from the estimation results, the influence of

the precipitation and temperature is more significant than
that of the sunshine duration. Besides, the elevation has a sig-
nificant negative impact on NPP, which reflects the character
of vertical zones. In addition, the soil phosphorus also has
significant positive effects on NPP. What is more, as for the
socioeconomic factors, both the population and the demand
for meat have significant positive effects on NPP, and more
labor will be invested into the management and production
of grassland with increase of population and demand for
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meat. The percentage of the primary industry in the total
GDP has negative effects on NPP, which demonstrates that
the production of primary industry would put more stress on
the grassland. The estimation results of the model indicated
that the impacts of the geographical factors.

The climatic factors included the temperature, precipita-
tion, and sunshine duration in this study.The result indicated
that the precipitation and temperature were closely correlated
withNPP at the significant level of 0.1%,with the coefficient of
0.96 and −0.04, respectively. According to the analysis of the
changing trends of temperature and precipitation under the
RCPs-PD scenarios, it would be concluded that most of the
grassland regions will turn “warm,” which will promote the
accumulation of dry matter and consequently increase NPP.

As for the physical geographic factors, the increase of
the altitude was negatively related with NPP. By contrast,
the percent of plain area was positively correlated with NPP.
The result showed that the temperature and the precipitation
would decrease as the altitude increases, indicating the verti-
cal zonality of vegetation. In addition, the result indicated that
the higher levels of the soil nitrogen and phosphorus were
more beneficial to the increase of NPP.

Among the regional socioeconomic factors, the popu-
lation showed a significant correlation with NPP. On the
basis of the constantly added variables, the coefficient of the
population eventually stabilized at 0.03 (at the significant
level of 0.1%), suggesting that when population increases
by 0.1%, the NPP would drop by 0.03%, which means that
population growthwill increase labor input and consequently
lead to the increase of NPP of the grassland. In fact, the
population growth will inevitably increase the input to
grassland production and management. What is more, the
increasing demand for food and meat may also put more
attention on the existing grassland and promote the grassland
productivity.

In this study, the regional economic indices, including the
percentage of the primary industry in the total GDP, popula-
tion and the demand formeat, were used to analyze the effects
of the regional economic development on the grassland NPP.
The result suggests that the coefficient of GDP is −0.05, which
shows that whenGDP increases by 0.1%, the pressure onNPP
will increase by 0.05%, indicating that the rapid growth of the
primary industry can reduce the grassland productivity to a
certain extent. In the regions where there is a very low level of
social development, the production and living of the people
mainly rely on the animal husbandry, and the socioeconomic
development greatly depends on the grassland resource. The
increase of the economic output will putmore pressure on the
grassland resource and may consequently lead to the decline
of the grassland NPP.

There is an obvious difference in the characteristics of
the different grassland ecological-economic regions in China,
which greatly influences the grassland productivity. So the
ecological-economic region is a suitable unit to analyze the
relationship between the grassland productivity and climate.
In this study, we analyzed the relationship between temper-
ature, precipitation and NPP at the regional scale with the
scatter plots, fitted lines and coefficient of determination R2
(Figure 3). The fitted lines were calculated by OLS in this
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Figure 4: Changing trends of the projected grassland area under the
RCPs scenarios.

study. The result indicated that NPP has good correlation
with the precipitation in the Inner Mongolia-Ningxia arid
grassland region. The precipitation plays a dominant role in
affecting the grass quality in this region, indicating that the
drought may greatly restrict the vegetation growth. Besides,
in the Qinghai-Tibet Plateau region, there is a better corre-
lation between temperature and NPP, while the correlation
between rainfall and NPP is not very significant. The local
climate is the plateau climate in this region, and the low
average temperature is the basic factor that restricts the grass
growth. In addition, the correlation between temperature,
rainfall, and grassland NPP is comparatively better in the
northwest desert-shrub region. However, there is less sig-
nificant correlation between temperature, precipitation and
NPP in other four grassland ecological-economic regions
(Figure 3), whichmay be due to the greater impacts of human
activities on NPP in these regions.

In summary, according to the annual, monthly and sea-
sonal variations of grassland NPP, the suitable combination
of water and thermal factors plays a key role in influencing
the grassland productivity. The finding has significant impli-
cations for the vegetation succession in the grassland ecosys-
tems with predicted changes in spatial-temporal patterns of
precipitation under the influence of global climate change.

4.2. The Analysis of the Future Scenario. This study simulated
the future land use under the four scenarios in China
(Figure 4). The forecasted future temperature rise in the
whole world is controlled within 2∘C at present, so the result
simulated with the MESSAGE model was selected as the
first choice for this study. The simulation result using the
MESSAGE model indicated that the fluctuation range of the
grassland area is very limited, reaching no more than 3.9
million square kilometers. The simulation results show that
there would be a downward trend of the grassland area and
rising of temperature at 3.2–3.8∘C in the future, but the area
would be around 360 million hectares after year 2025.

With the improvement of the income level rise and more
attention paid to the dietary nutrition balance, China’s beef
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Figure 5: The change of the temperature and precipitation using CMIP5 GCM from 2010 to 2050.

import and export trade and consumption will increase grad-
ually. According to the trends of China’s beef consumption,
it can be deduced that with the improvement of income
level, the consumption of beef will continue to grow and
people’s living standards are bound to rise to a new level. The
forecast results indicated that the demand for beef will reach
9.8 million tons in 2020 and increase to 15.38 million tons
in 2050. The increase of beef consumption would put more
pressure on the grassland productivity. The result indicates
that the annual average temperature of Qinghai-Tibet Plateau
and northwest part of China will increase by 1.3∘C in the
future 40 years. Besides, the annual precipitation will show
a slight increasing trend, with an increment of 100mm in the
future 40 years (Figure 5). In addition, the simulation result
indicates that the grassland ecological-economic regions in
China will become warmer and wetter in the future, which is
favorable to the increase of grassland productivity. According
to the simulation with the CCSM model, the change of
the temperature and precipitation will make the grassland
productivity in China increase by 8.3%–16.7% under the
RCPs-PD scenarios. However, the grassland productivity
would reduce greatly due to the decrease of moisture and the
increase of the temperature and evaporation in the arid and
semiarid regions of China during 2010–2050 under the RCPs
scenarios.

5. Conclusions

This study analyzed the correlation between the grassland
productivity and the climate change on the basis of the panel
data at the national levels and assessed the contribution of
climate to the change of grassland productivity at the regional
level. The research also employs the climate change scenarios

to analyze the pressure on the grassland productivity in the
future. Despite some limitations due to the quality and spatial
resolution of the data, the data are still helpful in assessing the
impacts of the climate change on the grassland productivity.
The data indicate that grassland is an important land use
type in China, accounting for approximately 40% of the total
land area of China. There is significant spatial variability of
the grassland productivity in different grassland ecological-
economic regions.The result of the correlation analysis shows
that the precipitation is the key limiting factor of the grassland
productivity in the Inner Mongolia-Ningxia arid grassland
region and northwest desert-shrub land region. At the same
time, we found the temperature is beneficial to the increase
of grassland productivity in Qinghai-Tibet Plateau. The sim-
ulation result with the CCSMmodel indicates that the change
of the temperature and precipitation will make the grassland
productivity in China increase by 8.3%–16.7% during 2010–
2050 under the RCPs-PD scenarios. The experiments in this
study have been done using the GCM production and more
effects should bemade in the future research to further reveal
the relationship between the dynamical downscaled climate
data and grassland productivity.

The sustainability of the grassland ecosystems is influ-
enced by various factors such as the increasing demand of
human for meat, increased cropland area and increasing
land use intensity of the agricultural system. The spatial
heterogeneity of the grassland productivity is well consistent
with that of the stockbreeding productivity, indicating the
importance of the grassland to stockbreeding in the pastoral
area of China. The grassland productivity in the pastoral
area is considerably lower than that in the farming-pastoral
ecotone and agricultural area where there is high-intensity
management and input. As the pastoral grasslands are usually
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located in the environmentally fragile regions where it is
unsuited for intensive exploitation, the farmers, pastoralists,
ecologists, policy makers, and economists all should look
for a way to combine the grassland production and the
grassland protection under the condition of land use change
and climate change.
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The land use and land cover change (LUCC) is one of the prime driving forces of climate change.Most attention has been paid to the
influence of accuracy of the land cover data in numerous climate simulation projects. The accuracy of the temporal land use data
from Chinese Academy of Sciences (CAS) is higher than 90%, but the high-precision land cover data is absent. We overlaid land
cover maps from different sources, and the grids with consistent classification were selected as the sample grids. By comparing the
results obtained with different decision tree classifiers with theWEKA toolkit for data mining, it was found that the C4.5 algorithm
was more suitable for converting land use data of CAS classification to land cover data of IGBP classification. We reset the decision
rules with Net Primary Productivity (NPP) and Normalized Difference Vegetation Index (NDVI) as the indicators. The accuracy
of the reclassified land cover data was proven to reach 83.14% through comparing with the Terrestrial Ecosystem Monitoring Sites
and high resolution images. Therefore, it is feasible to produce the temporal land cover data with this method, which can be used
as the parameters of dynamical downscaling in the regional climate simulation.

1. Introduction

The land cover change, which plays an important role in
the climate system at the global, regional, and local scales,
contributes to the climatic change and variability [1]. With
the progress of the research on the climatic modeling over
the past decade, it has been widely recognized that there is a
more urgent need to accurately characterize the land surface
as the boundary conditions in the climate modeling [2–6].
The precise contribution of the land cover change to the
global climate change remains a controversial but growing
concerned issue. Many land cover data of China have been
produced in recent years with the remote sensing data. The
previous study showed that the result of the precipitation
study would be greatly influenced if the accuracy of land
cover data is under 80%, and the result may be worse as the
accuracy continues to decrease [7]. Unfortunately, neither the
overall nor class-specific accuracy of most datasets can meet
the common requirements of the regional climate modeling.

Therefore, it is necessary to produce the land cover dataset
with high accuracy for the climate simulation based on the
existing land use dataset, land cover datasets, and some
ancillary datasets. These available data with a high level of
uncertainty may be improved by combining the different
data sources so as to meet the requirement of the climate
simulation.

The researches on the climatemodeling vary substantially
in the spatial and temporal scales. So the temporal land cover
datasets are essential to the development of the cohesive
climate model. The Chinese Academy of Sciences (CAS)
has constructed a land use dataset that includes the data
of 1988, 1995, 2000, and 2005 [8–10]. However, there are
still no comparisons of land cover datasets at the regional
scale, especially in China where the land use is changing
drastically due to the rapid economic development and
the anthropogenic disturbance. Many studies have indi-
cated that the disagreement among the land cover datasets
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primarily resulted from the differences in the sensors, spatial
resolutions, algorithms, and classification schemes [11, 12];
among them, the difference in the classification schemes was
considered to be the key reason for the disagreement of the
land cover datasets and the main obstacle to comparing the
data from different land cover datasets [13, 14]. Therefore,
great contribution may be made to climate change research
if we can take full advantage of the long-term land use
datasets from the CAS and use an appropriate method
to convert them to the International Geosphere Biosphere
Programme (IGBP) land cover classification scheme which
consists of seventeen categories (Table 1) and is widely
accepted and used in the simulation of climate changes
[15, 16].

Thedecision tree is one of themost powerful classification
algorithms to classify land cover type of remote sensing
image [17, 18]. The decision tree technique is more suitable
for the analysis of the categorical outcomes. Besides, it is
easy to interpret, computationally inexpensive, and capable of
dealing with the noisy data. Moreover, its predictionmodel is
more understandable to the users. In addition, it can find the
significant high-order interactions quicklywith the automatic
interaction detection, and it can produce more informative
outputs [19–21]. The decision tree classifiers include the
C4.5/C5.0/J48, NBTree, SimpleCart, REPTree, and BFTree,
among which the C4.5/C5.0/J48 classifier is the most popular
and powerful one [22, 23]. The C4.5 classifier was selected in
this study according to the accuracy assessment to identify
the vegetation disaggregation classification in the farming-
pastoral ecotone of North China.

The ecotones are recognized as one of themost important
objects of the ecological research, since they are unstable and
very sensitive to the surrounding environment [24]. Besides,
the ecotones are more suitable for the study of the land cover
mapping for the climate simulation. The farming-pastoral
ecotone has received a lot of attention from the academic
community due to its largest area, longest span, and typical
characteristics [25]. It involves 9 provinces and 106 counties,
with a total area of 654, 564 km2 [26]. The total population
in this area is 3.14 × 107, with the average population
density of 47.9 persons per square kilometer.The land use has
changed drastically throughout the farming-pastoral ecotone
of North China after the widespread and profound economic
reform that was initiated in the early 1980s [27, 28], and
the current ratio of the cropland, forest land, and grassland
is 1.0 : 1.17 : 3.67 (Figure 1). The temperature rise has been
more and more obvious in the past 50 years, with an average
increase rate of 0.4∘C/10a [29].Therefore,more attention shall
be paid to the interaction between the land cover change and
climate change during the control of the eco-environment
degradation in the ecozone.

This article is organized as follows. Section 1 discussed the
significance of the land cover to the climate simulation and
introduced the objectives of this study. Section 2 introduced
the input and reference data, and Section 3 presented the
spatial data mining approach. Section 4 analyzed the results,
along with an evaluation of the accuracy and uncertainty of
the obtained map in comparison with other land cover maps.
Section 5 discussed the findings and concluded.

2. Data Preparation

This paper presents an inference rule of spatial data
mining to distinguish forest types based on the consistent
grids in the data of the International Geosphere-Biosphere
ProgrammeData and Information System (IGBPDIS: https://
lpdaac.usgs.gov/products/modis products table/mcd12q1
[30], Global Land Cover2000 (GLC2000: http://bioval.jrc.ec
.europa.eu/products/glc2000/glc2000.php [31], Multisource
Integrated Chinese Land Cover (WESTDC: http://westdc
.westgis.ac.cn/) [32], and UMD (http://www.landcover.org/)
land cover data in 2000. The classification rule was first
rectified so as to improve the accuracy in 2000. Then the
land use data of 1988, 1995 and 2005 were converted to the
land cover data according to this inference rule.

In this paper, we also used the land use database devel-
oped by the Chinese Academy of Sciences (CAS). The data
are available during four periods, that is, year 1988, year
1995, year 2000, and year 2005. A hierarchical classification
system of 25 land cover classes was applied to the data.
The data team also spent considerable time validating the
precision of the interpretation of TM images and land cover
classification by extensive field surveys (ground validation).
The validation result indicated that the average precision of
the interpretation reached 95% [33]. The 1 km land use map
of China was derived from the 1 : 100,000 land use database.
It includes two kinds of data; one was geocoded with the
greatest-area method (i.e., if a cell has more than one possible
code or it contains two or more polygons, the code of the
polygon with the greatest area in the cell is used). The other
was geocoded with area percentage grid method, in which
each cell can be divided into 25 layers to record the area of
each type [10]. Besides, the vegetation map can provide the
reference information of vegetation since the change of forest
categories is slight in the short term. The vegetation map
of China reflects detailed information on the distribution of
vegetation and includes the horizontal and vertical zones of 11
vegetation groups, 54 vegetation types, 135 biome units, and
796 subbiome units [34].

The mapping of land cover data in 2000 based on the
data mining is a benchmark of the long-term land cover
dataset. It is necessary to collect the ancillary data due to
the absence of other data series. Data of physical geography
include information on terrain slope and information on
vegetation property variability. Information on the terrain
slope and the plain area proportion were derived from DEM
data covering the entire China at the scale of 1 : 250,000.These
data were provided by the Data Center for Resources and
Environmental Sciences Chinese Academy of Sciences. The
meteorological data, including the annual temperature and
annual precipitation, were acquired from China Meteorolog-
ical Bureau. The NDVI dataset came from the Pathfinder
dataset of Earth Resources Observation System (EROS); it
was extracted from the NOAA/AVHRR-NDVI images. The
spatial resolution of the images is 1 km × 1 km, and their
temporal resolution is 15 days. In order to guarantee the
data quality, all the data have all been preprocessed with the
internationally accepted reliable approach [35]. Besides, in
order to eliminate the noise caused by the cloud pollution



Advances in Meteorology 3

Table 1: Types and descriptions of IGBP land cover classification scheme.

Code Type Descriptions

1 Evergreen needle leaved
forest

Lands dominated by trees with a per cent canopy cover >60% and height exceeding
2m. Almost all trees remain green all year. Canopy is never without green foliage.

2 Evergreen broad leaved
forest

Lands dominated by trees with a per cent canopy cover >60% and height exceeding
5m. Almost all trees remain green all year. Canopy is never without green foliage.

3 Deciduous needle leaved
forest

Lands dominated by trees with a per cent canopy cover >60% and height exceeding
2m. Consists of seasonal needle leaved tree communities with an annual cycle of
leaf-on and leaf-off periods.

4 Deciduous broad leaved
forest

Lands dominated by trees with a per cent canopy cover >60% and height exceeding
2m. Consists of seasonal broad leaved tree communities with an annual cycle of
leaf-on and leaf-off periods.

5 Mixed forests
Lands dominated by trees with a per cent canopy cover >60% and height exceeding
2m. Consists of tree communities with interspersed mixtures or mosaics of the
other four forest cover types. None of the forest types exceeds 60% of the landscape.

6 Closed shrublands Lands with woody vegetation less than 2m tall and with shrub-canopy cover >60%.
The shrub foliage can be either evergreen or deciduous.

7 Open Shrublands Lands with woody vegetation less than 2m tall and with shrub canopy cover
between 10–60%. The shrub foliage can be either evergreen or deciduous.

8 Woody savannas Lands with herbaceous and other understorey systems and with forest canopy
between 30–60%. The forest cover height exceeds 2m.

9 Savannas Lands with herbaceous and other understorey systems and with forest canopy
between 10–30%. The forest cover height exceeds 2m.

10 Grasslands Lands with herbaceous types of cover. Tree and shrub cover is less than 10%.

11 Permanent wetlands
Lands with a permanent mixture of water and herbaceous or woody vegetation that
cover extensive areas. The vegetation can be present in either salt, brackish, or fresh
water.

12 Croplands
Lands covered with temporary crops followed by harvest and a bare soil period
(e.g., single and multiple cropping systems). Note that perennial woody crops will
be classified as the appropriate forest or shrubs land cover type.

13 Urban and built up
Land covered by buildings and other man-made structures. Note that this class will
not be mapped from the AVHRR imagery but will be developed from the populated
places layer that is part of the digital chart of the world.

14 Cropland/natural
vegetation mosaic

Lands with a mosaic of croplands, forest, shrublands, and grasslands in which no
one component comprises more than 60% of the landscape.

15 Snow and ice Lands under snow and/or ice cover throughout the year.

16 Barren or sparsely
vegetated

Lands of exposed soil, sand, rocks, or snow and never have more than 10%
vegetated cover during any time of the year.

17 Water bodies Oceans, seas, lakes, reservoirs, and rivers. Can be either fresh or salt water.

and the atmospheric influence, we have also smoothed the
time-series NDVI data with the Savitzky-Golay smoothing
filtering method [36]. The NPP data during 1985–1999 came
from the remote sensing data of NOAA/AVHRR and that
during 2000–2010 came from the NPP product of MODIS.

3. Methodology

Theworking procedure of the classification is as follows. First,
based on the definition of mosaics type, we produced the
cropland/natural vegetation mosaics data using the grid area
percentage dataset in CAS land use system. Then other types
of land use except for forest and woods were achieved by
utilizing grid maximum area mapping with two subclassi-
fication definition between the CAS and IGBP. Thereafter,
we checked out and determined the grids whose types were
consistent with the forest and woods among the WESTDC,

UMD, GLC, and IGBPDIS land cover data; at the same
time we identified the boundary of the forest and woods,
which were consistent with CAS land use, that generated
them into the sample data. Finally, we realized the conversion
of forest types of IGBP scheme with the C4.5 classifier
(Figure 2).

3.1. Mapping the Land Use Types to Determinate the Land
Cover Classification. The land use types were first trans-
formed into the land cover types. It is easy to transform some
land use types, for example, 3 classes of developed andmosaic
lands, 2 classes of artificial lands, and 1 class of water among
the IGBP land cover classification.

It only needs to transform frommany to one or one to one
(Table 2). For example, the paddy land and dry land in the
land use map of CAS are explicit and correspond to the crop-
land class definition in the IGBP, so it only needs to aggregate
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Figure 1: The location and 2000 years’ land use map of farming-pastoral ecotone in North China.

them into cropland with the binary grid. It is more feasible to
judge the land cover classification of cropland/natural vegeta-
tionmosaic with the area percentage grid data of Paddy lands,
dry lands, forest, shrublands, among which no single type
comprises more than 60% of the landscape.The land cover of
cropland/natural vegetation mosaic is mainly located in the
Inner Mongolia, Liaoning, Hebei, Shaanxi, Shanxi provinces,
with a total area of about 730,00 km2 in 2000 (Figure 3). The
8 classes of land cover types including the IGBP10-IGBP17
were transformed, which account for nearly half of the total
land area. In addition, there is a little savanna in China, which
is convenient to judge based on the temperature and land
use type. However, the 8 classes of vegetation (forest, shrubs,

and herbaceous vegetation), the leaf attributes (evergreen and
deciduous), and the leaf types (broadleaved and coniferous)
are difficult to determine because we lack the information of
vegetation.

3.2. Selecting the Spatial Agreement Samples of Vegetation for
Data Mining. The closed forest and other forest classes are
arbor forest classes in land use classifications of CAS.They do
not concretely specify the forest type information. However,
this provides an accurate boundary for the forest; therefore,
we need an inference rule to transform between forest in
the land use classification system and IGBP forest cate-
gories: evergreen needle-leaf forest, evergreen broadleaved
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Figure 2: The work flow of mapping based on multisource spatial data mining approach.

Table 2: Comparison between the CAS land use classification scheme and IGBP land cover classification scheme.

(a)

Paddy land Dryland Stream and
rivers Lakes Reservoirs

and ponds
Permanent
ice and snow

Beach and
shores Bottomland Dense grass Moderate

grass
IGBP12 f f

IGBP15 f

IGBP17 f f f f f

IGBP10 f f

Note: f stands for match.
(b)

Urban built up Rural settlement Other built up Sandy land Gobi Salina Swamp land Bare soil Bare rock other
IGBP11 f

IGBP13 f f f

IGBP16 f f f f f f

Note: f stands for match.

forest, deciduous needle-leaf forest, deciduous broadleaved
forest, and mixed forest based on the ancillary data in
2000.

The degree of overlap between any two land cover classes
based on the feature definitions of the classification schemes
was used to select the sample grids among the IGBPDIS,
WESTDC, UMD, and GLC data [37]. The degree of agree-
ment for each grid was determined by the overlap metric,
which indicates the feature-based similarity among different
land cover products. If the classes of the two products are
identical or mostly overlapped for a given grid, then the grid
will be assigned a value of 1, which indicates that the two
classes of the different classification schemes completely agree
with each other. Otherwise, the grid will be assigned a value
of 0. Finally, the agreement and disagreement maps will be
created over the entire region, which highlight the areas that
have a high confidence of classification (Figure 4). In other

words, the sample grids could be selected from the agreement
degree maps.

In this study, the method improves the classification
results by further applying the data mining technique and
using the ancillary information. The detailed DEM data,
NDVI, NPP, and meteorological data were utilized as the
ancillary information to separate the vegetation classes,
which have very different ecological characteristics. The veg-
etation types are closely related to the physiographic factors
and meteorological conditions. The topography at every grid
could be described by landform classes (e.g., hill, slope,
depression etc.) by processing the raw elevation data, and the
meteorological data of observation could be interpolated to
1 km grid cell. Therefore, these datasets could be expressed
with the 1 km grid data. The additional information sources
were used to refine the result of the C4.5 classifier. We
overlapped land cover maps and these ancillary data and
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Figure 3: The distribution of cropland/natural vegetation mosaics in 1 km grid all over North China.

sampled the dataset for ASCII text format with the ArcInfo
WorkStation toolkit. Thereafter the dataset for the training
and testing the classifier of data mining in the WEKA toolkit
was constructed.

3.3. Constructing the Classification Method to Identify Vegeta-
tion Types. Many classification methods have been proposed
by researchers in the fields of machine learning, pattern
recognition, and statistics. In this study, we focused on the
classification methods to convert the forest and grassland
classification to the IGBP land cover scheme. In this case,
the hidden and valuable knowledge discovered in the related
ancillary databases was summarized in the decision tree
structure. This classification with the decision tree technique
can be performedwithout complicated computation, and this
method can be used for both the continuous and categorical
variables. We found that the C4.5 classifier achieved the
highest accuracy among these methods for the land cover
identification. The classifier was developed on the basis of
the decision tree learning, which is a heuristic, one-step
lookahead (hill climbing), nonbacktracking search through
the space of all possible decision trees.The specific principles
of this classifier are as follows. First, the initial sample data
were recursively partitioned into subgroups. Then the gain

values of all the attributes of the sample data were calculated,
according to the numerical value of which the attributes used
in the classification were selected. Next, the attribute with
the largest gain value was used in the logical test, and each
test forms a branch, and the subsets of samples (training
data) satisfying the outcomes at the child nodes were moved
to the corresponding child nodes. Thereafter, this process
runs recursively on each child node until the needed leaf
nodes were obtained. Finally, the decision tree was modified
according to the relevant empirical knowledge. The C4.5
classifier is one of the decision tree families that can produce
both decision tree and rule sets; the C4.5 classifier uses
two heuristic criteria to rank the possible tests, that is, the
information gain that uses the attribute selection measure,
which minimizes the total entropy of the subset 𝑆

𝑖
and the

default gain ratio that divides the information gain by the
information provided by the test outcomes. The algorithm of
gain ration is described as the function Gain (𝐴), which was
shown as follows.

(1) The attribute with the highest information gain is
selected.

(2) 𝑆 contains 𝑆
𝑖
tuples of the class 𝐶

𝑖
(𝑖 = 1, . . . , 𝑚). 𝑚

means the number of classification.



Advances in Meteorology 7

50
∘ N

40
∘ N

40
∘ N

110
∘ E 120

∘ E

110
∘ E 120

∘ E

130
∘ E

Figure 4: The agreement grids of classification among GLC, UMD, IGBPDIS, and WESTDC.

(3) The information measure or expected information is
required to classify any arbitrary tuple:

𝐼 (𝑆
1
, . . . , 𝑆

𝑚
) = −

𝑚

∑

𝑖=1

𝑆
𝑖

𝑆

log
2

𝑆
𝑖

𝑆

. (1)

(4) Entropy of attribute 𝐴 with values {𝑎
1
, 𝑎
2
, . . . , 𝑎V} was

calculated.

𝐸 (𝐴) =

V

∑

𝑗=1

𝑆
1𝑗
+ ⋅ ⋅ ⋅ + 𝑆

𝑚𝑗

𝑆

𝐼 (𝑆
1𝑗
, . . . , 𝑆

𝑚𝑗
) . (2)

(5) The information gainmeans howmuch can be gained
by branching on the attribute 𝐴:

Gain (𝐴) = 𝐼 (𝑆
1
, 𝑆
2
, . . . , 𝑆

𝑚
) − 𝐸 (𝐴) . (3)

The attribute 𝐴 contains the DEM, longitude, latitude,
annual temperature, annual precipitation, NPP, NDVI, and
other ancillary spatial data. We calculated the gain ratio to
select the attributes that can be used to generate the ancillary
information of classification (Table 3). There are about 35396
sample cells of the closed forest and other forest. The gain
ratio for the training dataset was calculated, the biggest
value of which is 0.27, indicating that NDVI-12 is the most
suitable to be the attribute for the forest categories.The forest

was further divided into two subcategories according to the
NDVI-12 and NDVI-3; that is, the forest with the NDVI-
12 reaching 0.53 and NDVI-3 reaching 0.39 was categorized
into the evergreen forest, while the forest with the NDVI-
12 below 0.53 and NDVI-3 below 0.39 was categorized into
the deciduous forest. Although the gain ratio of DEM and
temperature is higher than that of the NPP, it is difficult to
distinguish the forest type according to them. Therefore, we
distinguished the broadleaved, the needleleaved, and mixed
forest according to the NPP. The NPP of the broadleaved
forest was more than 445, and that of the needle-leaved forest
was less than 297, and the forests with the middle NPP value
was categorized into the mixed forest.

The accuracy of different classifiers was compared with
the WEKA toolkit. We reset the decision tree rule using the
NPP and NDVI according to the aforementioned informa-
tion. The WEKA toolkit is a collection of machine learning
algorithms for data mining tasks. It contains tools for data
preprocessing, classification, regression, clustering, associ-
ation rules, and visualization. It is also very suitable for
developing new machine learning schemes.

4. Result and Discussion

4.1. Evaluating the Accuracy of the Land Cover Classification.
Using the method mentioned previously, a Serving Climate
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Figure 5: The transformed land cover map over farming-pastoral ecotone in 2000.

Simulation Land Cover (SCSLC) map was generated with
a decision rule based on multisource spatial data mining
in the farming-pastoral ecotone of North China (Figure 5).
To analyze the characteristics of this map, we compared the
area of each land cover class in this map with other three
popular land cover maps, that is, the WESTDC map, UMD
map, and GLC map. The overall areas of each land cover
class in the four maps were shown according to the same
classification (Table 4). It is notable that the SCSLCmapusing
the C4.5 classifier is similar to the WESTDC map, but there
is remarkable increase in the cropland/natural vegetation
mosaics and the corresponding decrease in grassland.We also
found that the accuracy of the GLC map and UMD map is
lower than that of the SCSLC and WESTDC. The GLC map
ignores the urban and built-up land, and the UMD ignores
the water bodies in the farming-pastoral ecotone of North
China, but the two kinds of land cover types are vital to the
climate simulation.

Throughout the classification process, the accuracy of the
classification maps was assessed by a set of 35396 sample

points selected with the stratified random sampling method;
these sampling points were randomly selected for each of
the classes in the first generated classification map in this
research. For each map, a confusion matrix was created, and
the accuracy was measured. The use of measurements such
as the overall accuracy, Kappa statistics, producer’s accuracy
and user’s accuracy have been quite common and have been
explained in detail in numerous publications. The confusion
matrix is constructed with the land cover data using the
decision rule and the large scale land cover mapping with the
integration of multisource information, which is recognized
as the real data. The result indicated that an overall accuracy
of 88.62% was achieved, which suggested that it gained about
a 17.62% increase in accuracy in comparison to theWESTDC
map (Table 5).

In addition, we drew the Receiver Operating Character-
istic (ROC) curve of each forest classification decision rule
using theWEKA.The true positive rate (sensitivity) is plotted
in the false positive rate (1-Specificity) function for different
cut-off points in the ROC curve. Each point in the ROC
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Figure 6: The ROC curve value of different vegetation class rule.

Table 3:The attribute gain ratio value for constructing decision tree.

Name Gain ratio Rank Description

X 0.03 8 Rectangular coordination of
longitude

Y 0.22 2 Rectangular coordination of
latitude

PA 0.12 6 0.1mm annual precipitation

TA 0.20 3 0.1∘C annual accumulated
temperature

DEM 0.15 4 Elevation
LFM 0.11 7 Landform type

NDVI-3 0.22 2 Normalized differential
vegetation index in March

NDVI-12 0.27 1 Normalized differential
vegetation index in December

NPP 0.14 5 (g C/m2/year) net primary
productivity

curve represents a sensitivity/specificity pair corresponding
to a particular decision threshold. A test with the perfect
discrimination (no overlap in the two distributions) was
carried out on the ROC curve that passes through the upper
left corner (100% sensitivity, 100% specificity). The closer to
the upper left corner the ROC curve is, the higher the overall
accuracy of the test is. The area under ROC curve (AUC) for
evergreen needleleaved forest, deciduous needleleaved forest,
deciduous broadleaved forest, mixed forest, open shrub land,
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Figure 7: The NDVI characteristics of different vegetation types.

and closed shrub land were 0.82, 0.91, 0.93, 0.91, 0.85, and
0.85, respectively (Figure 6). The biggest value of AUC was
assigned to the evergreen broadleaved forest, indicating that
the result gained by the evergreen broadleaved forest should
be better than the other four models.

4.2. Validation with the Ground Reference Data. It is difficult
to carry out the validation of the large-scale map for all land
cover types in all regions due to the lack of reference data
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Table 4: Comparison of different classification among the IGBPDIS, SCSLC, WESTDC, and UMD products (unit km2).

Class name WESTDC SCSLC GLC UMD
Evergreen needle leaved forest 13174 11532 19250 9075
Deciduous needle leaved forest 312 4309 25702 10819
Deciduous broad leaved forest 36330 32120 33971 67687
Mixed forests 6680 3434 123 3529
Closed shrublands 7219 4878 16212 24049
Open shrublands 4198 4945 184674
Grasslands 267639 234562 325539 265344
Permanent wetlands 18731 18284 10055
Croplands 195069 161682 163214 7038
Urban and built up 10274 9059 5182
Cropland/natural vegetation mosaic 7419 84276
Barren or sparsely vegetated 47482 46324 29255 48860
Water bodies 11739 10861 2945 9

Table 5: The confusion matrix for the vegetation classification from land use type to land covers scheme.

Class EN DN DB MF CS OS Classified total Number correct Accuracy
Producer’s User’s

EN 87920 452 121 389 9754 8792 90.14 90.86
DN 990 5346 327 213 5985 5346 89.32 84.62
DB 720 72 4783 412 5339 4783 89.59 87.70
MF 7130 448 223 4956 6340 4956 78.17 83.02
CS 3268 123 3391 3268 96.37 89.95
OS 365 4222 4587 4222 92.04 97.17
Ref. total 96760 6318 5454 5970 3633 4345 35396 31367

Overall classification accuracy = 88.62% Overall Kappa statistics = 0.86
EN: evergreen needle leaved forest; DN: deciduous needle leaved forest; DB: deciduous broad leaved forest; MF: mixed forests; CS: closed shrublands; OS: open
shrublands).

that can represent the “true” land cover. Gong performed the
validation of a global land cover map using the ground-truth
sample land cover data from the global flux site [38]. In this
study, the accuracy of the input land use data was high and
had been validated in 2000. So we only needed to validate the
accuracy of the forest type and grassland type. The ground
reference data, which came frommultiple sources such as the
field investigations, Terrestrial Ecosystem Monitoring Sites
(TEMS), and 2 samples from the high-resolution images
obtained via Google Earth, were used to validate the land
cover products (Table 6). The results showed that the overall
accuracy of the SCSLC map was 83.14%, which was much
higher than that of the GLC land cover map (68%) and the
UMD land cover map (52%).

In addition, the temporal characteristics are also very
important to the validation of the information of the vege-
tation type. We compared the temporal NDVI value of the
transformed land cover data to analyze the characteristics
of different forest types. We evaluated the dataset according
to phenological traits of vegetation which are closely related
to the temperature as well as the elevation. The vegetation
dynamics represents some important short-term and long-
term ecological processes. The continuous temporal obser-
vations of the land surface parameters with the satellite can

reveal their seasonal and annual development. In this study,
we used vegetation indices of classified forests to characterize
the state and dynamics of vegetation. In most cases, different
types of vegetation have different phenological patterns. The
NDVI value of the deciduous broadleaved forest is the highest
in the four types of vegetation, and that of open shrublands
is the lowest. The statistical curve from the classified land
cover maps showed that the evergreen land cover had no
remarkable change during the study period. However, the
deciduous forest had a single peak in the sliding curve of
NDVI in a year (Figure 7).Thismay be because the deciduous
broadleaved forests were mainly located in the temperate
zone, while the needleleaved forests were mainly in a cold-
temperate zone or on mountains in a temperate zone.

5. Conclusions and Discussions

The information of the land cover is of great importance to
the research of the global change science. The impacts of
human activities such as the land cover change on regional
and the global climate can be studied with climate modeling
techniques. The land cover datasets, which are often derived
from the remote sensing images, have been widely used to
describe the physical surface conditions in the land surface
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Table 6: The ground sample sites for validation over the farming-pastoral ecotone of North China.

Longitude Latitude Station Land cover types
123.01∘E 51.78∘N Huzhong Temperate coniferous forests
121.56∘E 50.83∘N DaXinAnLing Cold coniferous forests
127.53∘E 45.38∘N MaoErShan Temperate deciduous forest
127.09∘E 42.40∘N ChangBaiShan Temperate mixed forest
119.94∘E 49.33∘N HuLunBeiEr Temperate meadow steppe
116.32∘E 44.13∘N XiLinGeLe Temperate grassland
117.45∘E 43.50∘N XiLinHaoTe Leymus chinensis steppe
115.99∘E 41.27∘N Google earth Evergreen needle leaved forest
115.61∘E 40.60∘N Google earth Temperate mixed forest
111.72∘E 40.61∘N ShaErQin Grassland
124.91∘E 41.82∘N QinYuan Deciduous broad leaved forest

schemes of climate models. But the accuracy of these datasets
is still not high enough tomeet the requirement of the climate
simulation.

This paper has described the significance of the research
on the use of data mining classification techniques for the
land cover classification. The study significantly improved
the vegetation classification accuracy of the land cover in
North China by employing the data mining technique to the
different satellite-derived land cover data of China, higher-
precision land use data, and other ancillary spatial data. By
computing the gain value of attributes for the vegetation
classification, the results showed that the special monthly
NDVI information is the most important, and temperature
was more sensitive to the local land cover changes than
precipitation. The method is used to classify the vegetation
classes such as the closed forest, shrubland, and grassland
with the exclusive spectral feature parameters.

The accuracy of the land cover classification is assessed
by comparing the classification result with some reference
data that is believed to have accurately reflected the true
land cover. In this study, we found that the accuracy of
the C4.5 classifier was 88.96%, which was higher than
others, including NBTree, SimpleCart, REPTree, and BFTree.
Besides, we calculated the confusion matrix and ROC value
of the vegetation classification. The Kappa factor was 0.87,
and the ROC value almost reached 0.90 on the whole, but
the ROC value of the deciduous broadleaved forest was only
0.74. The validation all over China showed that the overall
accuracy of the land cover map was 83.14%, which was higher
than that of other land covermaps andmet the requirement of
the climate simulation for the accuracy over 80%. Therefore,
the results have the potential to improve modeling accuracy
for the land surface processes over China and can be used
as the parameters of dynamical downscaling in the regional
climate simulation.

In summary, the classifier developed in this study can
be used to rapidly convert the high resolution CAS land use
types into the land cover types for the climate simulationwith
the regional climate model. Besides, the time-series NDVI
and NPP data retrieved from the remote sensing data can be
used to rapidly produce the high resolution time-series veg-
etation data and realize the dynamic input of the parameters

of the regional climate model, which can greatly improve the
accuracy of the regional climate simulation. In addition, the
results may provide support to other researches of the land
surface science.
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There have been tremendous changes in the global land use pattern in the past 50 years, which has directly or indirectly exerted
significant influence on the global climate change. Quantitative analysis for the impacts of land use and land cover changes
(LUCC) on surface climate is one of the core scientific issues to quantitatively analyze the impacts of LUCC on the climate so
as to scientifically understand the influence of human activities on the climate change. This paper comprehensively analyzed the
primary scientific issues about the impacts of LUCC on the regional climate and reviewed the progress in relevant researches.
Firstly, it introduced the influence mechanism of LUCC on the regional climate and reviewed the progress in the researches on
the biogeophysical process and biogeochemical process. Then the model simulation of effects of LUCC on the regional climate was
introduced, and the development from the global climate model to the regional climate model and the integration of the improved
land surface model and the regional climate model were reviewed in detail. Finally, this paper discussed the application of the
regional climate models in the development and management of agricultural land and urban land.

1. Introduction

The land use and cover changes (LUCC), in which the
human activities play a dominant role, interact with the
environment and have significant effects on the ecosystems
at the local, regional, and global scales and consequently
directly or indirectly exert great influence on the global
climate changes [1–4]. People have come to realize that the
global change always consists of a series of regional changes
with various processes and patterns according to the more
and more observations [5]. On the one hand, the initial
regional change will gradually extend to the interregional
and even larger scales and consequently influence the change
of the global environment. So it is necessary to first take
into account the local and regional climatic effects in the
research on the effects of the LUCC on the climate. On the
other hand, since there is a great difference in the physical,
chemical, and biological characteristics of the land surface

in different regions on the Earth, the impacts of the land
use and land cover changes on the regional climate systems
also vary greatly. For example, the deforestation may lead
to the temperature increase in the tropic zone, while it may
lead to the regional temperature decrease in the frigid zone
[6]. Therefore, in order to completely reflect the relationship
between LUCC and the climatic factors, it is necessary to
carry out and make comparisons among a lot of case studies
in different regions and at various spatiotemporal scales
and analyze the spatiotemporal processes and land surface
parameters of the LUCC and the response of the climate.
However, there have been very few relevant researches.

It has long been known that the land use changes caused
by human activities such as deforestation and agriculture
practice have some effects on the climate [1, 7]. The land
use changes can influence climate by changing the properties
of the land surface which is not only the direct heat source
of the troposphere, but also one of the main sources of
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the atmospheric vapor water [8]. Therefore, the change in
the characteristics of the land surface will directly influence
the land surface-atmosphere interaction and consequently
alter the thermodynamic and dynamic characteristics of the
atmosphere and finally lead to different climate processes and
patterns [9].The land use activities have significantly changed
the regional land cover, thus leading to climate changes. For
example, the deforestation [10], afforestation [11], agriculture
practice [7], and urbanization [12, 13] all influence the
energy budget and Bowen ratio of the land surface, the
distribution of the precipitation among the soil water, runoff,
and evapotranspiration. The land use activities also have
important influence on the characteristics of regional climate
system, for example, the temperature, evapotranspiration,
precipitation,windfield, atmospheric pressure, and especially
the temperature and precipitation [14–16]. In addition, the
recent researches suggest that the LUCC may affect the
extremes in temperature [2, 17] and precipitation [18].

The LUCC affects the local, regional, and global climate
systems through various biogeochemical and biogeophysical
processes [15, 19, 20]. For example, the biogeochemical
process can indirectly affect the climate by altering the rate of
the biogeochemical cycle and thereby changing the chemical
composition of the atmosphere [21]. Besides, it may also
affect the climate through the absorption or emission of
greenhouse gases [21]. By contrast, the biogeophysical process
directly affects the physical parameters that determine the
absorption and disposition of energy at the land surface
[15]. For example, it influences albedo or reflective properties
of the land surface [22], alters the absorption rate of solar
radiation, and hence influences the energy availability at the
land surface [23]. In addition, the surface hydrology and
vegetation transpiration characteristics also affect how the
energy received by the surface is distributed into the latent
and sensible heat fluxes [4]. The vegetation structure can
affect the surface roughness and thereby alter themomentum
and heat transport.

Owing to the limitation of knowledge and lack of interdis-
ciplinary cooperation, there is still lack of full understanding
of the mechanism of the procedures of the climate process
and how the land use changes influence the regional climate
and consequently influence the global climate [4]. There are
separate studies of the biogeochemical and biogeophysical
effects of the land use changes on the climate in their
respective fields, and there are few researches on their joint
effects on the climate. However, there are still a lot of
uncertainties in the current knowledge, and it is still very
difficult to objectively assess the contribution of the land
use changes to the climate change [15]. For example, Hansen
et al. [24] proposed that the radiative forcing due to the
change in albedo caused by the global land use changes may
decrease the temperature. By contrast, Intergovernmental
Panel on Climate Change (IPCC) believed that the increase
of CO

2
in the atmosphere will reinforce the radiative forcing,

1/3 of which was contributed by the land use changes,
and consequently increase the temperature [2]. So it is of
great importance to objectively analyze the biogeochemical
and biogeophysical effects of the land use changes on the
climate [1]. It is necessary to carry out further researches on

the development of more accurate monitoring and modeling
methods, which are essential to the understanding of these
interactions and feedbacks [25]. However, the major chal-
lenge is how to integrate the researches on the biogeophysical
and biogeochemical processes.

The impacts of land use changes on the climate are the
synthetic effects of the biogeophysical process and biogeo-
chemical process. But which of the two kinds of processes
makes a greater contribution to the climate change at the
regional scale, or which one plays a dominant role? The
climate model is an effective tool in the study of climate, but
how should it be applied to the research on the regional effects
of LUCC? What effects will the improvement of the regional
climate model have on the LUCC simulation? This paper
reviewed the history and methods of the relevant researches,
and summarized the influence of LUCC on the regional
climate system and the simulation strategies according to the
researches in the recent decades. Finally, the application of the
regional climatemodels in the development andmanagement
of agricultural land and urban land was discussed.

2. Mechanism Research on the Influence of
LUCC on the Regional Climate

The research on the influence of the land use changes on the
regional temperature and precipitation can be dated back to
the 1970s. The land use changes can alter various physical
characteristics of the land surface, including the land surface
parameters such as albedo [22], upward long-wave radiation,
and roughness and the vegetation parameters such as the
vegetation coverage and leaf area index (LAI) [26]. All the
changes in these parameters can influence the energy budget
and water budget through the land-surface process, have
an effect on the atmospheric boundary layer, and further
impact the free air [27]. So it can be said that the changes
in the parameters of the land surface and vegetation are the
fundamental reason for the effects of the land use changes on
the atmosphere [28]. By the 1980s, the researchers realized
that the land use influences the climate not only through
the change in physical characteristics of the land surface, but
also through the greenhouse emission.Thereafter, there were
more and more researches on the effects of land use on the
carbon cycle. The influence of the land use changes on the
climate involves not only the biogeophysical process, but also
the biogeochemical process [20].

2.1. Studies on Influence of Physical Characteristics on the
Climate. Charney et al. [29] first explored the relationship
between the change of albedo and the drought in the Sahara
region. Thereafter, there were a lot of researches on the
influence on the regional climate (e.g., temperature and
precipitation), which is exerted by the single parameter of
physical characteristics of the land surface (e.g., albedo,
roughness, leaf area index, and soil moisture) [30, 31]. The
change in the underlying landscape alters the energy and
moisture budgets of the land surface at the regional scale,
which in turn leads to the changes in the fluxes of heat, water,
and dynamics of the near-surface atmosphere and influences



Advances in Meteorology 3

the key thermodynamic and dynamic properties of the air,
which is of great importance to the air convection [32].
The evidence to support this statement comes from the
sensitivity studies that explore the impacts of the change on
the characteristics of land surface [33, 34].

There is considerable evidence of the significance of land
surface processes generated through regional-scale pertur-
bation experiments and researches on the deforestation [6,
35, 36], desertification [37, 38], and land use changes [4, 39].
These researches all indicated the LUCC contributed to the
large and statistically significant change in the temperature,
rainfall, and other variables at the continental or regional
scales.

First and foremost, some important researches on the
sensitivity of climate to the change of land surface evapotran-
spiration were performed by Claussen et al. [40] and Davin
and de Noblet-Ducoudre [41], which provided significant
evidence that the change of the land surface evapotranspi-
ration can lead to great changes in the temperature and
precipitation. For example, the deforestation will lead to
the decrease of evapotranspiration [39], while the decrease
of latent heat will increase the near-surface temperature
and lead to higher sensible heat flux [41]. There is a high
transpiration rate in the tropic rainforest, where the decrease
of the transpiration rate due to the disappearance of the tropic
rainforest may lead to regional warming and drought in the
future [4, 42]. In addition, the change in evapotranspiration
also influences the water content in the atmosphere and
reduces the greenhouse effect and consequently reduces the
temperature [34], while the decrease of the cloud covers
will increase the solar radiation and consequently strengthen
the temperature [43]. Therefore, due to the large number of
parameters, it is difficult to quantitatively compare the two
feedbacks and there is great uncertainty [2].

The land surface albedo is the fraction of solar energy
(shortwave radiation) reflected from the land surface into
space. It represents the reflecting power of the land surface
and plays a key role in influencing the radiation balance
and energy balance of the land surface [44]. The change in
the land surface albedo directly alters the solar radiation
absorbed by the land surface, subsequently leads to the
change in the long-wave radiation of the land surface into
space and the sensible heat and latent heat, and finally
influences the temperature [45]. Some of the key works
demonstrating the sensitivity of climate to land surface
albedo were performed by Charney et al. [29]. Without
regard to the influence of the advection process, the increase
will lead to the decrease of the solar radiation absorbed by
the land surface, increase of the land surface temperature,
subsequently increase of the long-wave radiation into the
space and decrease the sensible heat and latent heat, and
lead to the potential to decrease the temperature, and vice
versa [45]. The lower land surface albedo indicates the
lower reflectivity and higher shortwave absorption of the
land surface. Taking the forest coverage as an example, its
albedo is generally lower than that of the nudation and
other vegetation types [46].Thehistorical deforestation in the
middle-latitude zone led to the increase of the land surface
albedo, which is especially remarkable after snowfall in

the winter and might have made the northern hemisphere
colder [4].

The leaf area index is an important indicator that rep-
resents the canopy structure and productivity of the plant
community. It directly influences the ability of the plant to
acquire and utilize the solar energy and indirectly influences
the canopy impedance ratio. Besides, being an important
parameter of the land surface albedo, it also directly influ-
ences the interaction between the land surface and the
atmosphere [47].More recent studies have focused on the role
of the leaf area index in influencing the climate. The relevant
researches indicate that the leaf area index is closely related to
the precipitation, temperature, specific humidity, and so forth
[48].

The significance of roughness has also been well realized
[49].The land surface roughness has impacts on the turbulent
flow between the land surface and the atmosphere and sub-
sequently influences the local diffusion flux. If the diffusion
flux is higher, it will reduce the near-surface air temperature
under the condition of no other feedback mechanisms [25].
The deforestation will decrease the land surface roughness
and reduce the turbulent flow and will consequently increase
the temperature in theory. However, the less turbulent flow
will lead to the decrease of the heat and moisture transfer,
which will increase the temperature and moisture gradients
between the land surface and the atmosphere and in turn
alleviate the warming effect [49]. Davin and de Noblet-
Ducoudre [41] analyzed the sensitivity to the roughness
during the conversion of the forest to the grassland. Their
result indicates that the change in the roughness will make
the global temperature increase by 0.29∘C, and the increase
will be even more obvious in the tropic zone.

2.2. Impacts on the Biogeochemical Process. The influence of
the land use change on the biogeochemical process, especially
the discharge or absorption of the greenhouse gases such
as CO

2
in the atmosphere due to the land use change,

can alter the concentration of the greenhouse gases in the
atmosphere and consequently influence the climate [13]. The
historical accumulative carbon loss due to the landuse change
was estimated to be 180–200 PgC [50], and the land use
change contributed to 10%–30% of the carbon discharge
due to human activities. The deforestation, afforestation,
forest restoration, and agricultural activities are the major
approaches through which the land use influences the carbon
cycle. There are many researches on the influence of the land
use change on the carbon cycle, most of which focused on
the deforestation, especially the deforestation in the tropic
rainforest. Since the 1850s, the global forest area decreased
by 20%, and the carbon emission due to the deforestation
accounted for 90% of the carbon emission caused by the land
use change [51] and 33% of the man-made carbon emission
(including the discharge from the fossil fuel burning and land
use change) [4].

The influence of the afforestation and forest restoration
on the carbon cycle has also gradually become the hot issue
in the relevant researches. Although the reforestation has
not significantly influenced the terrestrial carbon sink on
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the global scale, it has played an important role in the carbon
sink on the regional scale. For example, theman-made forests
in China have stored over 0.45Gt carbon since the 1970s [52].
Some researches indicated the forest restoration played a key
role in the carbon sink resulting from the land use [53, 54].

The productivity of the forest and decomposition of
organic matters in the soil both influence the change of CO

2

in the atmosphere and the climate pattern and consequently
influence the terrestrial carbon sink. When the photosyn-
thesis rate is higher than the respiration rate, discharge rate
of the biogenic volatile organic compounds (BVOC), and
the decomposition rate of organic carbon, the forest plays a
role as the carbon sink [55]. Besides, the deforestation will
reduce the potential carbon sequestration [50]. In addition,
the higher temperature and higher CO

2
concentration will

increase the NPP, which will lead to the negative feedback
and make more CO

2
in the atmosphere sequestrated. The

radiative forcing due to the carbon emission resulting and
the accelerated respiration due to the higher temperature will
lead to the positive feedback, in which the organic matters
will decompose more rapidly [56]. For example, there is
an extreme example in the climate-carbon cycle; that is,
the tropic rainforest in Amazon will gradually succeed into
another vegetation if the temperature continuously increases
and the precipitation continuously decreases.

The agricultural activities also have significant impacts on
the carbon cycle. For example, the conversion of the natural
vegetation to the cultivated land, loss of plant biomass, and
increased decomposition of organic matters in the soil all
make the agricultural activities become one of the major
sources of CO

2
emission. By contrast, the utilization of

the high yield variety and fertilizers, irrigation, and no-till
agriculture all contribute to the reduction of carbon loss
and increase the absorption of carbon in the agricultural
regions [56]. For example, the no-till agriculture in the USA
has increased the organic content in the soil, reaching 1.4Gt
carbon in the past 30 years. However, the increase of the
organic matters in the soil can only last for 50–100 years, after
which a new equilibrium of carbon cycle will be reached [57].

A lot of BVOCs are generated by the plants and then
released into the atmosphere. These compounds have signif-
icant influence on the physical and chemical characteristics
of the atmosphere due to their great amount [58]. Although
the BVOCs have no direct influence on the radiation balance
of the atmosphere, they affect the longevity of the methane in
the atmosphere and play an important role in the formulation
of the ozone and secondary organic aerosols (SOAs). The
SOAs can directly influence the climate since they can scatter
or absorb the solar radiation and consequently decrease
or increase the temperature [59]. The overall influence of
the SOAs on the climate system has not been accurately
quantified so far; they may mainly play a role in decreasing
the temperature [45]. The SOAs also have significant indirect
impacts on the climate; that is, they may act as the cloud
condensation nuclei (CCN) in the formation of the clouds. In
fact, the BVOCs released by the boreal forest have made the
local CCN increase by 100% [59], which in turn influences the
number of water drops in the cloud and makes the albedo of
the atmosphere increase by 3%–8%.

There will be an albedo difference ranging from
−1.8W/m2 to −6.7W/m2 in the regions between 60∘ and
90∘N since the albedo increases due to the indirect influence
of BVOC. This means that, owing to the feedback among
BVOCs released by the trees, SOA, CNN, and land surface
albedo, the boreal forest will make the local climate colder.
The influence of BVOC on CCN is considered to be the
most important in the boreal forest since the regional air
pollution is slight [59]. In addition, the net emission of
carbon released due to the deforestation depends on the land
use type converted from the forest or the temporal scale of
the regeneration of the forest and the feedback mechanism
mentioned previously. According to the simulation which
only takes into account the biogeochemical influence, the
complete deforestation will make the global temperature
increase by 0. 09∘C or 0.19∘C if the forests between 50–60∘N
and 0–10∘ S were completely felled [45]. This is because of
the great amount of biomass in the tropic zone and depends
on the total biomass of different forest types.

The impacts of the LUCC on the regional temperature
and precipitation are the synthetic effects of the processes
mentioned previously. There has been great progress in the
research on the single process and the synthetic effects.
Besides, the impacts of the land cover change happen
at certain temporal and spatial scales. For example, the
mesoscale land cover change influences the regional temper-
ature through the land surface albedo in short and medium
terms, while the geochemical process influences the change
in temperature at larger temporal and spatial scales.

3. Simulation of the Effects of LUCC on
the Regional Climate Model

3.1. Development from the Global Climate Models to the
Regional Climate Models. The climate model consists of the
set of equations that can be used to determine the character-
istics and evolution of the components of the climate system
according to the fundamental physical laws such as the law of
conservation of energy and law of conservation ofmass.Then
the climate model is constructed by routinizing the set of
equations with the computer. The climate model can be used
to not only simulate the current climate, but also to simulate
the climate change caused by the change in the boundary
conditions [60]. Therefore, the climate model will serve as
the most important test tool if the people wish to study the
climate and its change with the experimental method.

The earliest researches on the regional climate effects
generally used the general circulation models (GCMs),
and carried out the sensitivity test with the force-response
method [61, 62], that is, represent the land use changes with
the changes of the land surface parameters (e.g., albedo,
roughness, and evapotranspiration). Generally, the control
experiment is first carried out with the GCMs, and then
the land surface parameters are changed to carry out the
simulation and thereafter compare with the reference test
so as to analyze the response of the climate to the land use
changes [48]. Charney et al. [29] first applied this method
in the study of the positive feedback mechanism between
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the land surface albedo and aridification in the SaharaDesert.
Thereafter, the method was applied to many researches on
the response of climate to the change of the land surface
parameters such as the evapotranspiration [63], roughness
[49], stomatal conductance [64], and leaf area index [65].

The GCMs have been widely used in the study of climate
change, and a lot of effective work has been done in the sim-
ulation of influence of the LUCC on the global temperature
and precipitation at large scale and the research on the climate
effects of trace gases in the atmosphere and so forth [13, 66,
67]. However, it is difficult to simulate the regional climate at
small scales precisely with the GCMs due to the limitation of
the resolution. Besides, the resolution is very low in theGCMs
(above 100–200 km), so they cannot be used to describe the
complex terrain and land surface characteristics. Therefore,
there are some bias and uncertainties in the simulation of
the regional climate change with the GCMs [68], which
influences the credibility of the simulation result.

The regional climate model was proposed during the
late 1980s and the early 1990s [69] and has become an
important tool in the regional climate researches [70]. The
regional climate model has higher resolution and can more
reasonably simulate the regional forcing such as the terrain,
rivers/lakes, and urban buildings and describe the detailed
characteristics of the land surface. Besides, it can reflect
the climate characteristics caused by the strong regional
forcing [71], thus consequently having been widely used in
the regional climate researches.

More attention has been paid to the response of regional
and local climate to the land use change rather than that of
the global climate. However, the resolution of the current
climate models, for example, the global ocean-atmosphere-
land system with high complexity and the Earth system
model of the moderate complexity, is generally too low when
the model is used at the local and regional scales. In the
recent decades, the high resolution regional climate models,
for example, RegCM2, RegCM3, RAMS, RIEMS, RegCM-
NCC, and IPCR-RegCM, have been widely used in the
research on the regional land use change. For example, these
models have been applied to the desertification experiment
[72], deforestation experiment in the tropic rainforest [73],
vegetation restoration experiment [32], and so forth. Besides,
some researchers analyze the impacts of land use change on
the regional temperature and precipitation and so forth [7]
and the influence of land use changes on the fundamental
regional climate characteristics at the national scale [48, 74,
75] by comparing the current land use data and the data of
potential natural vegetation.

3.2. Research on the Integration of the Improved Land Surface
Model and Regional Climate Model. Although some regional
climate models have higher resolution (below 100 km), there
are still a lot of great challenges in the simulation of the
land surface processes. For example, it is still necessary to
represent the land surface process which is very important to
the climate at the small scales, although there is little evidence
that the simulation with climate models can provide reliable
information at small scales [76, 77]. Since the atmosphere and

the land surface integrate into an inseparable whole system
through the exchange of energy, dynamics and, moisture, it is
the key to the successful simulation with the regional model
to construct a land surface model that can accurately and
precisely simulate the interaction between the atmosphere
and the land surface.

By contrast with the regional climate model, the land
surface model focuses more on the interaction between
the atmosphere and the land surface and can calculate the
exchange of energy, dynamics, and moisture between the
land surface and the atmosphere.The scholars have gradually
realized the importance of the land surface process in the cli-
matology, geobiochemistry, weather forecasting, and so forth,
since the 1970s. Since the middle 1980s, many researchers
have studied the issue of deforestation in the tropical rainfor-
est in the Amazon watershed and carried out a lot of sensitiv-
ity analyses [77–79]. Xue and Shukla [80] andNicholson et al.
[38, 81] also studied the desertification in the Sahara desert.
All the sensitivity analyses fromdifferent perspectives suggest
that the change of the boundary conditions of the land surface
can lead to significant changes of the climate pattern. With
the development of the land surface process model, more
biophysical processes of vegetation were introduced. The
researches constructed complex parameterization schemes of
the exchange of radiation, moisture, energy, and dynamics
above the vegetation, which can more realistically reflect the
role of vegetation in the land surface process, especially the
role of vegetation in the water budget and energy budget of
the land surface.

Since the 1990s, the researches gradually considered the
water-vapour absorption of vegetation and introduced the
biochemical process that the vegetation absorbs CO

2
for

photosynthesis into the land surface model according to
the relationship between the photosynthesis and plant water.
There have been many improved land surface models, for
example, the land surface model (LSM), improved simple
biosphere model (SiB2) [82], community land model (CLM)
[83].These improved land surfacemodels have a better ability
to simulate the carbon flux and daily and seasonal cycle of
CO
2
concentration and can be used to simulate the enhanced

greenhouse effect due to the increase of CO
2
concentration in

the atmosphere.The latest land surfacemodels focusmore on
the biogeochemical process. For example, Niyogi et al. [84]
represented the transpiration of vegetation with the Jarvis-
type stomatal resistance and coupled the photosynthesis with
a mesoscale numerical forecast model; the improved model
could effectively reflect the different characteristics of land
surface, for example, the soil moisture and leaf area index.

With the continuous development of the regional climate
model, a great number of researchers have applied the
coupled regional land surface model to the study of various
physical processes and their impacts on the regional climate,
energy budget, and interactions between the land surface
and the atmosphere [85, 86]. The relevant researches mainly
focused on the schemes of the soil-vegetation-atmosphere
interaction. For example, Bonan et al. [83] integrated the
CLM and community climate model (CCM), studied the
phenological characteristics of land surface and analyzed the
biomass flux. Besides, Dai et al. [87] developed the common
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land model (CoLM) by taking the advantage of the land
surface, models such as LSM, which took into account the
heterogeneity of the land surface characteristics within the
grids, ecological difference of various vegetation types, and
variation in the hydraulic characteristics and thermodynamic
characteristics of different soil types, and consequently had
a good ability to simulate the interaction between the land
surface and the atmosphere.

4. Application of the Regional Climate Model

4.1. Agricultural Land Development and Management. As a
result of this enormous growth in population and technology,
the total global area of cropland almost doubled every century
after AD 1600 from 3.0 million km2 in AD 1700 to 4.2
million km2 in AD 1800, 8.5 million km2 in AD 1900, and
15.3 million km2 in AD 2000 [88]. More attention has been
paid to the influence of the management of the farmland on
the climate, for example, the irrigation, no-till agriculture,
and crop rotation, among which the influence of irrigation
received the most attention. The change in irrigation has
been expected to influence the local climate since it directly
influences the soil moisture, which will further affect the
land surface albedo, evaporation and variation in the regional
temperature and precipitation [89]. The irrigation area has
increased very rapidly during the past centuries. For example,
the global irrigation area was 8.0 million hectares (Mha)
in 1800, and it increased to 40Mha in 1900 and further
increased 2.7Mha in 2000 [90]. The global irrigation water
accounts for 70% of the water used by human beings [91].
The irrigation districts mainly include China, India, Pak-
istan, Thailand, North America, and the Aral Sea watershed
[90].

There have been very few quantitative studies of how
the climate responds to irrigation. The simulation studies in
many regions indicated that the increased soil moisture due
to irrigation will generally lead to significant decrease of the
local average and maximum temperature (𝑇max), while the
change of the minimum temperatures (𝑇min) varies among
regions [92]. The irrigation will make the regional moisture
in the atmosphere increase significantly, and consequently
may make the regional precipitation increase under the
appropriate weather conditions [91]. Besides, the irrigation
play a role in reducing the regional temperature [75, 92–95]
and the daily temperature difference [95].

The irrigationmainly influences the regional temperature
by the following approach. The irrigation mainly influences
the climate through the redistribution of the latent heat and
sensible heat. When the irrigation area increases, the latent
heat will increase while the sensible heat will decrease. The
increase of latent heat will further lead to the increase of cloud
coverage and decrease of the net radiation of land surface.
The researches have indicated that there are obvious seasonal
variations of the temperature decrease due to the irrigation.
The temperature will reduce significantly in the dry season
and insignificantly in the rainy season [94, 95]. Besides,
there is an obvious regional heterogeneity of the temperature
decrease due to the irrigation [95].The simulation researches

indicated that the difference in the irrigation area will lead
to the difference in soil moisture. The difference in the
response of the cloud to the irrigation is the main reason for
the difference in the regional climate. The cooling effect of
irrigation in some regions (e.g., North America, northwest
part of India, northeast part of China) is comparable to the
warming effect in the magnitude and consequently plays
a role in alleviating the climate warming [90]. However,
according to the prediction of the land use changes, the
irrigation area in these regionswill show a decreasing trend in
the future decades, whichwill aggravate the climate warming.

4.2. Urbanization and Its Regional Climate Effect. Urbaniza-
tion is an extreme way in which the human activities alter
the underlying surface properties and influence the local
climate. The urban heat island effect due to urbanization
is an extreme example of the influence of LUCC on the
regional climate [96]. The urbanization has contributed to
50% of the increase of land surface temperature in the USA
since 1950 [97]. The city differs greatly from the natural land
cover. The widespread impervious surface and the roof and
wall of buildings and so forth, in the cities all influence the
energy flux, and circulation of water and other materials
[98]. They can reduce the evaporation from land surface,
make it difficult to eliminate the land surface heat, and
consequently lead to the increase of land surface temperature
[99, 100]. Besides, the man-made heat emission and decrease
of vegetation coverage also contribute to the increase of land
surface temperature. In some cities, the local people have
grown a lot of plants or painted the roofs white so as to reduce
the reflectivity of the urban land surface and alleviate the
urban heat island effect [17, 101].

Considerable progress has beenmade in the development
of urban climate models which are able to predict/simulate
meteorological conditions from regional to building scales.
Oleson et al. [102] designed a preliminary parameterization
schemeof the city by integrating theCLMand applied it in the
off-line simulation, the result of which indicated that the heat
storage capacity and sensible heat flux are very sensitive to the
uncertainties of the parameters of the atmosphere and land
surface. The results of current qualitative researches indicate
that the lowest daily air temperature increases more than the
highest daily air temperature, which leads to the decrease
of the daily temperature difference [103, 104]. Besides, the
Bowen ratio and canopy temperature of cities will increase
with the proportion of impervious surface [105]. In addition,
previous researches have mainly focused on the urban heat
island effect of the big cities. For example, the research of
Ezber et al. [106] indicated that the velocity of the prevailing
northeasterly wind and the water vapormixing ratio in Istan-
bul both reduced, and the heating effect due to urbanization
penetrated into about 600–800m height over the city in the
atmosphere. Besides, Trusilova et al. [107] investigated the
effects of urban land on the climate in Europe in January
and July of 6 years (2000–2005) based on the MM5 model.
Bohnenstengel et al. [108] present simulations of London’s
meteorology using the Met Office Unified Model and point
out that urban land use fraction is the dominant control on
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the spatial structure in the sensible heat flux and the resulting
urban increment.

The researches on the urban heat island effect with
different models may get very different and even opposite
results becouse the urbanization process is very compli-
cated and many factors may influence it. Several sensitivity
studies of the urban effects (urban albedo and roughness,
anthropogenic heat flux, heat island, and urban aerosols) on
meteorology and air pollution at different scales had been
done. For example, Zhang et al. [109] conducted a numerical
simulation for two heavy summer rainfall events in Beijing
under different urban land use scenarios with a mesoscale
MM5 model. The results of their simulation showed that
the urban expansion leads to higher surface temperature,
less evaporation and more mixture of water vapor in the
boundary layer, and consequently therewill be less convective
available potential energy and the precipitation will decrease
in most part of Beijing, especially in the Miyun reservoir
area. Besides, Miao et al. [110] conducted a simulation to test
a case study of heavy rainfall to different urban processes
with the Weather Research and Forecasting (WRF) model.
However, the results of their simulation showed that when
the urbanization level increases, the urban heat island effect
will become stronger, which may enhance the convection
and consequently increase the maximum and accumulated
amount of precipitation. Future studies that utilize a wide
range of scenarios for climate, land use, and realistic urban
parameters to quantify the effects of different factors on
regional climate are needed.

5. Concluding Remarks

This paper reviewed the advances in the researches on the
influence of the LUCC on the regional climate, including
how the LUCC influences the regional climate, the relevant
simulations and their improvement, and the application
in case studies; the main findings can be summarized as
follows. A large number of researches have documented the
important effects of the LUCCon the regional climate system.
Besides, the biogeophysical and biogeochemical effects of
large-scale LUCC have also been studied. But the relevant
researches on their mechanism have generally studied the
biogeophysical and biogeochemical effects separately. It is the
main means of the research on the effects of land use changes
on the climate to carry out numerical simulation with a series
of climate models of different complexities. The regional
climate models have higher resolution and can reflect the
climatic characteristics caused by the local forcing and have
been widely used in the research on some representative
land use changes, for example, the deforestation in the tropic
zone, desertification, irrigation of the cultivated land, and
urbanization.

Although there have been many consentaneous conclu-
sions in many aspects of the current researches, there is still
great uncertainty in the simulation of effects of the LUCC on
the regional climate. First, the climate system contains mul-
tiscale dynamics and interactions between multiple weather
systems. Second, there is great variation in the influence

of the land use changes in different regions on the climate
system. Therefore, in order to reduce the uncertainty in
these relevant researches, on the one hand, it is necessary to
precisely examine and depict the parameters of LUCC and
other parameters of the land surface, which depends on the
development of the remote sensing techniques. On the other
hand, it is still necessary to strengthen the research on the
land surface process. It not only requires the mathematical-
physical models that can effectively simulate the interaction
between the land surface and the atmosphere, but also needs
to improve the observation techniques so as to understand
the essence of the land surface process and provide the
reasonable initial value parameters for the mathematical-
physical models.

The urbanization has significant influence on the local
climate, for example, the urban heat island effect due to the
urbanization and the effects of the urban aerosol on the
precipitation. However, since the area of the city is generally
very small, it is difficult to parameterize the urban land
surface due to its great complexity, and there have been no
researches on the simulation of the process of urbanization
in the regional climate models either. In fact, with the devel-
opment of the society and economy, the urban population
will continually increase and the urban area will further
expand, and consequently the effects of urbanization on the
climatewill bemore andmore important.The assessment and
prediction of the influence of urbanization will be one of the
major directions in the relevant researches in the future.

As for the intersection between the researches on the land
use changes and the climate change, the researches on the
climate effects of the future land use changes mainly focus on
two important issues. First, great efforts have been made to
understand the climate effects of the past and current LUCC;
however, there have been very few researches on that of the
future LUCC. Second, how to predict the land use changes in
the future and predict and assess its influence on the future
climatemay become a hot issue in the relevant research fields.
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It is challenging to assimilate the evapotranspiration product (EP) retrieved from satellite data into land surface models (LSMs).
In this paper, a perturbed ensemble Kalman filter (PEKF) and à trous wavelet transform (AWT) integrated method are proposed
to implement the evapotranspiration assimilation. In this method, the AWT is used to decompose the EPs into multiple channels
since it is very powerful in fusing high frequency spatial information of multisource data, and then the Kalman filter is performed
in the AWT domain. The proposed method combines the advantages of the PEKF that is capable of accommodating model error
and observation error, and the AWT can effectively perform multiresolution fusion. Assimilation experiment conducted with the
Noah model and the EP retrieved from the MODIS data shows that the proposed method performs better than the traditional
ensemble Kalman filter (EnKF) and PEKF methods. The analysis results fit well with the evapotranspiration observation at two
field sites with different land surface conditions. These indicate that the proposed method is promising for assimilating regional
scale satellite retrieved EP into LSMs.

1. Introduction

Evapotranspiration (ET) is an important component of the
water and energy exchanges between the atmosphere and
land surface. It is crucial to accurately estimate ET for
studying global or regional water and energy balances.Hence,
good quality of spatial and temporal ET production (EP) can
help to improve comprehension of water and energy cycle.
However, this kind of EP is generally difficult to obtain in both
dimensions of space and time because ET is influenced by
many factors, such as air and skin temperatures, soilmoisture,
vegetation fraction, and horizontal advection. Up to now,
there are two approaches to estimate the ET. One is site
observations or remote sensing retrievals. Site observations
have high spatial resolutions, but can only provide the EP
for limited spatial locations [1]. Remote sensing retrievals
have high spatial resolutions and can cover large range, but
can only retrieve the instantaneous EP. The other is land

surface models (LSMs). LSMs are probably the most efficient
approach for continuously estimating ET on a large range [1].
Because of the imperfection of the physics of LSMs and the
uncertainties of input and driving data, the EP of the LSMs
may contain significant errors. Hence, data assimilation (DA)
has been applied to integrate observational ET into LSMs [2].

DA provides a framework for improving the LSMs
by updating the state variables of the LSMs (SVLs) with
observations and can combine the high spatial resolution
of the observation with the high temporal resolution of the
LSM. DA can be realized by two kinds of schemes: continu-
ous assimilation and sequential assimilation. In continuous
assimilation, the SVLs are modulated to be close to the
observations. Continuous assimilation methods may cause
the abrupt change of the SVLs before and after the DA,
which will make the subsequent simulation of the LSMs
to easily produce obvious errors. In sequential assimilation,
the SVLs are updated according to some forecast principle.
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The update is usually completed by adding the product of
the gain that is estimated frommodel errors and observation
errors and the difference between the observations and the
outputs of the LSM to the SVLs. Sequential assimilation
methods can produce a statistically optimal and dynamically
consistent state estimate of the land surface by considering
observation errors and model errors. Among sequential
assimilation methods, Kalman filter- (KF-) derived methods
yield accurate and consecutive ET estimate and have been
applied widely in recent years [3].

Up to now, many KF-derived DA methods have been
proposed. The KF method explicitly computes the error
covariances through an additional matrix equation that
propagates error information from one update time to the
next, subject to possibly uncertain model dynamics [4, 5].
When the LSMs are linear, the KF method not only can
get the optimal estimate of the SVLs, but also can estimate
the error of the optimal estimate. However, the LSMs are
usually highly nonlinear, and in order to apply the KF to the
nonlinear LSMs, the KF method is extended to extended KF
(EKF) method by using the first derivative of Taylor formula
to linearize the LSMs. For the complicated, discontinuous,
and nonlinear LSMs, the performance of these methods
derived from the EKF is not very steady [6]. In order to
overcome the limits of the KF- and EKF-based methods,
Evensen [7, 8] proposed ensemble KF (EnKF) according to
random dynamic forecast theory proposed by Epstein [9].
Burgers et al. [10] improved the EnKF to perturbed EnKF
(PEKF) by randomly perturbing the SVLs, the observations,
and the forcings using respective uncertainties. Because the
DAmethods derived from the EnKF andPEKF avoid the high
dimensional nonlinearmatrix operation, it is easy to integrate
the DAmethods into the LSMs. Hence, this branch of the DA
methods has become an active research front in recent years.

Qin et al. [11] developed a variational data assimilation
scheme based on the weak constraint concept. Actually,
it assimilated surface skin temperature into a simple land
surface model for estimation of ET. It is inconvenient to use
the automatic differentiation technique which derived the
adjoint codes to evaluate the gradient of the cost function
when one had the ET retrievals. Pipunic et al. [12] confirmed
that assimilating remotely sensed latent and sensible heat flux
could potentially produce better heat flux predictions than
assimilating soil moisture, or skin temperature observations
from which they are derived. However, this experiment is
only tested using synthetic data, and it needs further study
about how the assimilation of ET using the actual remotely
sensed ET is completed. Jang et al. [13] used MODIS data to
calculate ET during clear sky conditions, while the MODIS-
MM5 four-dimensional data assimilation system provided
input variables for the calculation of ET under cloudy sky
conditions, which means that the two types of ET are not
merged in fact from the meaning of DA. Xu et al. [14]
estimated turbulent fluxes through assimilation of geosta-
tionary operational environmental satellites data using the
EnKF method. Though the use of geostationary operational
environmental satellites data tackles the problem of remotely
sensing data sparseness, the potential application of the
experiment is constrained by its execution at site scale rather

than domain scale. French et al. [15] forecasted spatially
distributed cotton ET by assimilating remotely sensed and
ground-based observations. However, this method could not
be feasible to provide continuous ET estimates that are better
than can be achieved with either data alone if temporally
continuous point observations are not available. However,
more research is required to determine if and how well
assimilation of ET can improve heat flux, soil moisture, and
soil temperature predictions from the LSMs.

The main purpose of the DA is to combine the com-
plementary information from measurements and models
of the LSMs into an optimal estimate of the geophysical
fields of interest [4]. The idea is similar to data fusion. By
taking the fusion of low spatial and high spectral resolution
multispectral data (LRMD) and high spatial and low spectral
resolution panchromatic data (HRPD) as an example, the
purpose of data fusion is to inject the details of the HRPD
into the LRMD with the spectral properties of the LRMD
reliably preserved. From the data fusion viewpoint, the KF,
EnKF, and PEKF methods indirectly inject the high spatial
information of the observations into the LSMs, and the
indirect injection loses many details of the observations that
cannot be extracted by the three methods. In data fusion,
many studies have showed that à trous wavelet transform
(AWT) is very powerful in injecting the details of the HRPD
into the LRMD with the minimum influence to the latter.

The AWT was introduced by Holdschneider et al. in
2002 using an à trous (holes) algorithm and can preserve the
translation invariance; that is, a translation of the original
signal necessarily implies a translation of the corresponding
wavelet coefficients [16]. The AWT is a computationally
easy, dyadic, redundant, undecimated, nonorthogonal, and
symmetric decomposition and provides good localization in
both frequency and space domains by decomposing the data
into multiple channels with the same size and decreasing
resolutions [17]. These advantages make the AWT suitable
for fusing multisource data. Therefore, it yields a better
integration of the spatial and spectral quality than other
methods. Recently, many fusion procedures based on the
AWT have been proposed [18, 19].

The aim of using the AWT to ET assimilation is to
improve ET prediction and hence to indirectly correct the
heat flux predictions, meanwhile achieving physically correct
soil moisture and temperature estimates through DA. Hence,
this study tests the application of the AWT to assimilate
remote sensed EP for producing better heat fluxes. Seldom
papers could be found about the use of the AWT in DA
[20–22] which shows promising results. However, more
research is required to unearth the potential of the AWT to
improve heat flux predications along with soil moisture and
temperature predictions from the LSMs.

In Section 2, these advantages of the AWT are introduced
into the DA. A novel assimilation method is proposed for
improving the EP of the LSMs by means of the MODIS data-
retrieved EP (MDRE), based on the joint use of the AWT and
the PEKF. We use the AWT to decompose the MDRE and
the EP of the LSMs into multiple channels and then perform
the traditional PEKF in the AWT domain. The proposed
AWT-PEKF method combines the advantages of the AWT
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and the PEKF and can fully inject the details of the MDRE
into the EP of the LSMs.

Experimental results conducted in Section 3 illustrate
that there is consistency between the improvement analysis
and the quality report of the assimilated EP.The performance
of the AWT-PEKF method is quantified in improving the
LSMs to predict the time varying EP. Intercomparisons
are also made to show the advantage of the AWT-PEKF
method over the conventional approaches based on the EnKF
and PEKF. Estimation results indicate that the AWT-PEKF
method can effectively retrieve the EP with a satisfactory
accuracy. Section 4 concludes the paper.

2. Combined AWT-PEKF Data
Assimilation Method

The PEKF can be understood as a purely statistical Monte
Carlo method, where the ensemble of the SVLs evolves in
state space with considering the mean of the ensemble as
the best estimate and the spreading of the ensemble as the
error variance [9].ThePEKFhas gained popularity because of
its simple conceptual formulation and relative ease of imple-
mentation; for example, it requires no derivation of a tangent
linear or adjoint models and no integrations backward in
time. Further, the computational requirements are affordable
and comparable with other popular assimilationmethods [9].
Hence, in this paper, the PEKF is adopted to assimilate the EP.
The following briefly describes the PEKF.

Given the 𝐼 SVLs of the LSMs at time 𝑛 − 1, denoted
by 𝑋

𝑛−1
= (𝑥

𝑛−1

1
, . . . , 𝑥

𝑛−1

𝑖
, . . . , 𝑥

𝑛−1

𝐼
)
𝑇 where the super-

script T denotes transpose, randomly perturb X𝑛−1 K times
using Gaussian noise to produce the ensemble 𝑋𝑛−1

(1,...,𝐾)
=

(𝑋
𝑛−1

1
, . . . , 𝑋

𝑛−1

𝑘
, . . . , 𝑋

𝑛−1

𝐾
). The PEKF consists of a forecast

step:

𝑋
𝑛

𝑏𝑘
= 𝑀(𝑋

𝑛−1

𝑘
) , 1 ≤ 𝑘 ≤ 𝐾. (1)

In (1), M denotes the nonlinear LSM, the subscript 𝑏
denotes the background, and n denotes the simulation time.

The forecast error can be analyzed as

𝐵
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𝐻
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= ⟨(𝑋

𝑛

𝑏
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𝑏𝐾
)) ,

(7)

where H denotes the observation operator. Then the gain
matrix 𝐺 is obtained as

𝐺 = 𝐵
𝑛
𝐻
𝑇
(𝐻𝐵
𝑛
𝐻
𝑇
+ 𝑂
𝑛
)

−1

. (8)

In (8), O denotes the observation error matrix.
Finally, the assimilation is performed as

𝑋
𝑛

𝑎
= 𝑋
𝑛

𝑏
+ 𝐺 (𝑌

𝑛

𝑜
− 𝐻 (𝑋

𝑛

𝑏
)) . (9)

In (9), 𝑌𝑛
𝑜
denotes the observation at time n.

The PEKF method uses the ensemble to describe the
covariance matrix of the SVLs and avoids the explicit cal-
culation of covariance matrix needed in the EKF. A modest
misspecification of the initial ensemble normally does not
influence the results very much over time. The PEKF allows
for a wide range of noise models and one is not restricted to
using Gaussian distributed noise.

It can be found from (9) that the assimilation is completed
based on single grid and does not consider the interrelation
between grids. The interrelation between grids is mainly
reflected by the detail and textural information. The reason
that the spatial resolution of the observation is higher than the
simulation of the LSM is that the observation has more detail
and textural information than the simulation of the LSM.
The assimilation scheme based on single grid cannot fully
inject the detail and textural information of the observation
into the simulation of the LSM.The main purpose of the DA
is to integrate the high accuracy of the observation and the
temporal evolution of the LSMs together.

From the perspective of data fusion, the assimilation
process can be considered as constructing one coefficient
with both the same temporal response as the simulation of
the LSM and the same spatial response as the observation at
a particular grid location.With the development of the AWT,
we expect much room for improvement over the traditional
single-grid-based assimilation scheme to merge the observa-
tion and the simulation of the LSM in the AWT domain since
the wavelet filter can consider the interrelation between the
grids during the detail extraction of the observation.

The AWT can provide good localization in both fre-
quency and space domains in terms of decomposing the data
with finite energy into multiple channels, each one of them
with a different degree of resolution [23]. Because of its shift
invariance property, the AWT has been successfully used
for fusing the data with different resolutions [24]. The AWT
representation of the data can be obtained by using à trous
algorithm [17].

This algorithm consists basically in the application of
consecutive convolutions between the data under analysis
and a scaling function at distinct degradation levels [25]. One
of the most widely used scaling functions for the execution of
the à trous algorithm is the b

3
-spline [23] as follows:

1

256

(

1 4 6 4 1

4 16 24 16 4

6 24 36 24 6

4 16 24 16 4

1 4 6 4 1

). (10)
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If the original data is represented by D, the wavelet
coefficients, 𝐶

𝑗
, for the level 𝑗 are obtained by the difference

between two consecutive degraded data, 𝐷
𝑗+1

and 𝐷
𝑗
, as

shown in the following equation:
𝐶
𝑗
= 𝐷
𝑗
− 𝐷
𝑗+1
. (11)

To carry out the data synthesis from a degradation level
J, an additive criterion should be applied in which all the
coefficients obtained are added to the last degradation level
of the original data, as shown in the following equation:

𝐷 = 𝐷
𝐽
+

𝐽

∑

𝑗=1

𝐶
𝑗
. (12)

By manipulating independently the approximation com-
ponents and the wavelet planes of the data, the AWT shows
excellent performance in integrating the spectral information
of the multispectral data and the spatial information of the
panchromatic data. For theDA, the purpose is to integrate the
high spatial resolution information of the observation into
the simulation of the LSMs. Hence, the purposes of the data
fusion and the DA have similarity.

It can be seen from (9) that the update is completed by
adding the product of the gain and the difference to the
SVLs. The high spatial information of the observation used
to improve the SVLs is contained in the difference and is
modulated into the SVLs by the gain. From the perspective of
the AWT-based fusion, the additive DA cannot consider the
difference between the wavelet planes. For different wavelet
planes, the gainmay be different and is variedwith thewavelet
plane. It will be beneficial to complete the DA in the AWT
domain. What is more, the additive DA cannot consider the
interrelation between the grids, which leads to the under
injection of the detail information of the observation. With
the AWT, much room for improvement over the traditional
DA can be expected.

After the forecast of the LSM using the ensemble, see (1).
Apply the AWT to the forecast ensemble and the observation
as

𝑋
𝑛

𝑏𝑘
=

𝐽
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denotes the approximation component of
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𝑜
.

Apply the AWT to𝐻 as
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In (15), 𝐻(𝑋𝑛
𝑏𝑘
)
0
denotes the approximation component
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Then, (2)–(4) and (6) can be, respectively, rewritten as:

𝐵
𝑛

𝑗
𝐻
𝑇

𝑗
= ⟨(𝑋

𝑛

𝑏𝑗
− 𝑋
𝑛

𝑏𝑗
) (𝐻(𝑋

𝑛

𝑏
)
𝑗
− 𝐻(𝑋

𝑛

𝑏
)
𝑗
)

𝑇

⟩ , (16)

𝐻
𝑗
𝐵
𝑛

𝑗
𝐻
𝑇

𝑗
= ⟨(𝐻(𝑋

𝑛

𝑏
)
𝑗
− 𝐻(𝑋

𝑛

𝑏
)
𝑗
) (𝐻(𝑋

𝑛

𝑏
)
𝑗
− 𝐻(𝑋

𝑛

𝑏
)
𝑗
)

𝑇

⟩ ,

(17)

𝑋
𝑛

𝑏𝑗
=

1

𝐾

𝐾

∑

𝑘=1

𝑋
𝑛

𝑏𝑘𝑗
, (18)

𝐻(𝑋
𝑛

𝑏
)
𝑗
=

1

𝐾

𝐾

∑

𝑘=1

𝐻(𝑋
𝑛

𝑏𝑘
)
𝑗
. (19)

Then the gain matrix 𝐺
𝑗
at decomposition level 𝑗 is

obtained as

𝐺
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𝐵
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In (20), 𝑂𝑛
𝑗
denotes the observation error covariance

matrix at decomposition level 𝑗 at time n.𝑂𝑛
𝑗
can be obtained

using the perturbed observations [10].
Finally, the assimilation is performed as

𝑋
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𝑎
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+

𝐽
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𝐺
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𝑛

𝑏
)
𝑗
) . (21)

Compared with (9), equation (21) has two obvious
advantages. First, in (9), the execution of the assimilation is
completed grid by grid, and the relationship between grids
is not considered; in (21), the interrelation between the local
grids is considered and is quantified by filtering the grids
equivalent to the length of the filter during the decomposition
process. Second, in (9), the same gain is used to extract the
new information absent in the SVLs from the observation; in
(21), the gain is calculated in theAWTdomain and is obtained
according to the wavelet planes. It is more effective to update
the SVLs using wavelet plane varying gains according to the
observation.

For assimilating the MDRE into the EP of the LSM, the
DA procedure based on the AWT-PEKF method comprises
the following steps (Figure 1):

(1) run the LSM in open time loop;
(2) given the Gaussian probability density function,

produce the ensemble of the SVLs according to
their probability characteristic. Run the LSM during
ensemble loop;

(3) integrate the LSM to get the simulation result over the
simulation range, namely, complete range loop;

(4) end ensemble loop. Obtain the mean EP by averaging
the simulated EPs as

EP𝑛
0
=

𝐾

∑

𝑘=1

EP𝑛
𝑘
. (22)

In (22), K denotes the size of the ensemble of the
SVLs. EP𝑛

0
denotes the mean EP at the current

simulation time n;
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Figure 1: The schematic flowchart of the AWT-PEKF method.

(5) perturb theMDRE𝐾 times and produce the ensemble
of the MDRE, denoted by {MDRE𝑛

𝑘
}
𝐾

𝑘=0
[9]. MDRE𝑛

0

denotes the original MDRE;
(6) apply the AWT on the MDRE and EP. Respectively,

obtain the decomposition results as

EP𝑛
𝑘
=

𝐽

∑

𝑗=0

EP𝑛
𝑘𝑗
, 0 ≤ 𝑘 ≤ 𝐾, (23)

MDRE𝑛
𝑘
=

𝐽

∑
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MDRE𝑛
𝑘𝑗
, 0 ≤ 𝑘 ≤ 𝐾. (24)

In (23) and (24), J is the number of the AWT
decomposition levels;

(7) calculate the gain at decomposition level j, 𝐺
𝑗
, using

the decomposition results as (25):
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0𝑗
)

𝑇

⟩ . (27)

In (25)–(27), the observation operator,H, is 1 because
it does not need transformation between the assimi-
lated variable and the observation;
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(8) innovate the EP of the LSM as

EP𝑛 = EP𝑛
0
+

𝐽

∑

𝑗=0

𝐺
𝑗
(MDRE𝑛

𝑗
− EP𝑛
𝑗
) ; (28)

(9) integrate the LSM until ending open time loop.

3. Experimental Section

In this section, the AWT-PEKF method is tested through
assimilating the EP of the Noah model with the MDRE
retrieved using one operational two-layer method (OTLM)
[26], and the assimilated result is validated with the site
observations from two field stations in Chinese Ecosystem
Research Network (Cern), each of which has a different
underlying land cover condition. The Noah model is devel-
oped by the environmental modeling center of national
center for environmental prediction [27]. In addition, we also
compare the assimilated results with those of the EnKF and
PEKF methods.

3.1. Site Observations. Cern was established in 1988 for
studying the problems related with Chinese ecology. The
network provides continuous observations of ecosystem level
exchanges of biogeochemical, water, energy, and momentum
at diurnal, monthly, seasonal, and annual time scales. Cern
currently comprises forty-six sites, which distribute over the
whole of China. The data of the site observations used in
this study are obtained from the Yucheng and Lawn sites.
At the two sites, ET has been continuously measured by
eddy correlation system which is composed of a 3D sonic
anemometer and an open pathCO

2
/H
2
Oanalyzer since 2001.

The ET data that were obtained by averaging the original
data of 10Hz over 30min are used in the experiment as the
validating data.

The Yucheng site was installed on Huabei plain of China.
The field site is located near the Yucheng county, Shandong
province, China, and the geographical coordinate is approx-
imate 36.96∘N, 116.63∘E, and the altitude is 20m above sea
level. The climate of the area is warm and semi-humid with
annualmean temperature 13.1∘C,mean precipitation 600mm
per year, and the average monthly relative humidity 66.44%.
The soil is mainly classified as sandy-clay loam and sandy
loam. The characteristic of this site is typical of agricultural
plot. The farm has been continuously alternated between
wheat and corn. Lawn site was temporally installed about
54 kilometers from the Yucheng site in 2005. The latitude
and longitude are 36.46∘N and 116.13∘E. The underlying
vegetation of this site is grass. The leaf area index is about
2.0. The average canopy height is about 20–40 cm. The area
is 10 km2. Figure 2 shows the schematic positions of the two
sites, and the research range is mentioned in the following
section.

The two sites represent the main land covers of the
studied area. The underlying surfaces of the two sites are
relatively homogeneous. Therefore, the observation data of
the ET from the two sites can represent the ET statuses of the
two homogeneous areas around the two sites. The two areas

correspond at least to nine grids of the MDRE and the EP of
the Noah model at the spatial resolution of 1 km. Hence, it is
sufficient to use these observations as the validating data.

3.2. The MDRE. In order to retrieve the MDRE, the OTLM
proposed by Zhang et al. [26] is used. In the OTLM, pixel
component arranging and comparing algorithm (PCACA)
and layered energy-separating algorithm (LESA) are two key
procedures. The two procedures are used to partition mixed
surface temperature and mixed surface albedo according to
vegetation fraction to obtain those of bare soil and vegetation.
Then, net radiation of bare soil and vegetation is calculated
using the partitioned results. Finally, the MDRE is retrieved
with a spatial resolution of 1 km.

The OTLM has several advantages. First, the PCACA
is based on vegetation fraction and ground temperature
trapezoid relation theory and initiates a new method of
decomposing mixed pixels. Second, it is very convenient
because only single angle remote sensing data are required
which can be obtained from most of the satellite sensors.
Third, the core of the LESA is Bowen-ratio energy balance
method, which reduces the uncertainties in surface energy
partition based on the Beer law. Fourth, key nonremote
sensing parameters that influence regional ET can also be
obtained by using the OTLM. The OTLM has been success-
fully applied to Huabei area, China, [28]. Hence, the OTLM
is used to retrieve theMDRE. Detailed descriptions about the
OTLM can be found in [26, 28].

3.3. The Temporal Extension of the MDRE. Because the
MODIS is easily influenced by the clouds, the data are not
good enough to retrieve the MDRE every day. Figure 3
shows the available MDREs retrieved from the Aqua data at
14:30 local solar time in May, 2005. The unit for Figure 3,
the following mentioned figures, and the site observation is
W/m2.

On the contrary, the better the assimilated results are,
the more there are the MDREs. Hence, it first requires to
temporally extend theMDREby the availableMDREs and the
EPs of the Noah model. The series of the extended MDRE is
then used as the synthetic observations. In order to extend the
MDRE, an intensitymodulationmethod is employed because
this method is very simple and can be easily implemented
into the Noah model to perform high speed real-time
MDRE extension for a long temporal span. This method
can interpolate the absent MDRE with the fidelity to the
evolvement trend of the Noah EP. This unavailable MDRE

𝑛

at the simulation time 𝑛 is obtained as

MDRE
𝑛
=

𝑆

∑

𝑠=1

(

|𝑠 − 𝑛|

∑
𝑆

𝑡=1
|𝑡 − 𝑛|

EP
𝑛

EP
𝑠

MDRE
𝑠
) . (29)

In (29), s, n, and 𝑡 denote the time. {MDRE
𝑠
}
1≤𝑠≤𝑆

is the
set of the available good MDREs, and 𝑆 is the size of the
set. EP

𝑠
is the Noah EP corresponding to the MDRE

𝑠
, and

EP
𝑛
is the Noah EP at the simulation time n. 𝑠 − 𝑛 describes

the departure of the EP
𝑠
from the EP

𝑛
and characterizes the

temporal difference of the EP
𝑠
from the EP

𝑛
, while 𝑡 − 𝑛

describes the departure of the MDRE
𝑡
from the MDRE

𝑛
, and
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Figure 3: The available MDREs retrieved from the Aqua data at 14:30 local solar time in May, 2005. (a) The MDRE on May 2, 2005; (b) the
MDRE on May 7, 2005; (c) the MDRE on May 14, 2005; (d) the MDRE on May 19, 2005; (e) the MDRE on May 25, 2005; (f) the MDRE on
May 31, 2005.

quantifies the contribution of the MDRE
𝑡
to the MDRE

𝑛
. By

using a ratio between EP
𝑛
and EP

𝑠
, spatial details of MDRE

𝑠

are modulated to the predicted MDRE
𝑛
without altering its

spatial properties and contrast.

3.4. The Noah Model. The Noah model is originated
from a physically based land surface-vegetation-atmosphere-
transfer scheme. During the past ten years, it underwent

substantial upgrades, including modifications to the for-
mulations of canopy conductance, bare soil evaporation,
vegetation phenology, ground heat flux, and so forth. These
model enhancements significantly improve its performance,
and are physicallymore faithful to nature and thusmost likely
the route for more improvements in the future [29, 30].

The Noah model was chosen for assimilation test for
several reasons. It can simulate many states of the land
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Figure 4: The EPs of the Noah model at 15:00 solar time closest to the available MDREs in Figure 3. (a) The EP on May 2, 2005; (b) the EP
on May 7, 2005; (c) the EP on May 14, 2005; (d) the EP on May 19, 2005; (e) the EP on May 25, 2005; (f) the EP on May 31, 2005.

surface, including soil temperature, skin temperature, and the
energy and water fluxes of the land surface energy and water
balances. In various coupled and uncoupled assessments, it
has been proven to have the ability to reproduce the observed
land surface energy, and water budgets effectively [29, 30].
Because of its comprehensive nature, the model yields more
output variables. The model is updated periodically on the
NCEP website (ftp://ftp.emc.ncep.noaa.gov/mmb/gcp/ldas/
noahlsm/, accessed on April 8, 2013) and version 2.7.1 is used
in this experiment (release date: February 9, 2005).

The Noah model contains four vertical soil layers: a thin
10 cm top layer, a second root zone layer of 30 cm, a deep
root zone of 60 cm, and a subroot zone of 100 cm. It can
be run for 13 vegetation covers (2 of which use the same
parameter values) and nine different soil types (two of which
also use the same parameters). It has 33 parameters: 10 related
to vegetation and 23 that describe soil properties. It also has 16
initial states (when run with four root layers).Themodel uses
a local greenness fraction from the normalized difference
vegetation index (NDVI) to establish seasonality in themodel
for each of the 13 vegetation types.

In this assimilation experiment, the Noah model was
configured to have dimensions of 250 × 250 at 1 km × 1 km
spanning a domain bounded by 35.77∘N to 38.26∘N, 114.81∘E
to 117.3∘E. Time step is 10800 seconds. Assimilation time span
is between 1 January, 2005 and 31 May, 2005 after the Noah
model is run from 1 June, 2004 because the MODIS data
in this span are less affected by clouds, and it is beneficial

for retrieving the MDRE. On this grid, the elevation was
derived from the 1 km digital elevation of the GTOPO30
database [31]. The vegetation classification was derived from
the global, 1 km, AdvancedVeryHigh Resolution Radiometer
(AVHRR) based, 13 class vegetation database [32].The 9-class
soil texture data were derived from the top layer of the 1 km,
11-layer soil dataset, state soil geographic database [33]. The
monthly vegetation cover fraction data are taken from the
satellite-based AVHRR 5-year global monthly climatology of
green vegetation fraction [34]. Six EPs of the Noah model at
15:00 solar time corresponding to the nearest time of the six
MDREs are shown in Figure 4.

3.5. Results. The data from the two sites are first used to
evaluate the ET values of the available MDREs and the
Noah model at the corresponding locations before DA. For
validation, we utilize root-mean-square error (RMSE) as the
estimation index. RMSE is defined as

RMSE = √ 1

𝑀

𝑀

∑

𝑚=1

(𝑜 − 𝑑)
2
. (30)

In (30), o and 𝑑, respectively, denote the observation and
validated data. M denotes the number of the data. The unit
for the RMSE is W/m2 in this paper. The estimation results
are, respectively, shown in Table 1.

It can be found from Table 1 that the Noah EP has large
RMSE values than the MDREs compared with the two site
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Figure 5: The assimilated EPs from the EnKF method at 15:00 solar time. (a) The assimilated EP on May 2, 2005; (b) the assimilated EP on
May 7, 2005; (c) the assimilated EP on May 14, 2005; (d) the assimilated EP on May 19, 2005; (e) the assimilated EP on May 25, 2005; (f) the
assimilated EP on May 31, 2005.

observations. The main reason is that the spatial resolution
of the MDRE is higher than that of the Noah EP, and more
details can be found from the MDRE by comparing Figures
3 and 4. The configuration of the Noah model to the spatial
resolution of the MDRE did not produce new information in
the EP because of the coarse resolution of the driving data.
It can be seen from Table 1 that the EP can be improved
significantly with the MDREs through DA.

When performing the AWT-PEKF method, the SVLs
including skin temperature, soil temperature and volumetric
liquid soil moisture for the first soil layer, canopy water
content, and the MDRE are perturbed fifty times according
to their error Gaussian distributions, respectively. The four
SVLs are perturbed because they are the key variables in the
calculation of the ET in the Noah model. For comparisons,
the EnKF, and PEKF methods are also performed. The
assimilated EPs from the EnKF, PEKF, and proposedmethods
are, respectively, shown in Figures 5, 6, and 7.

In order to evaluate the three methods, the two site
observations are employed to validate the DA results by the
RMSE. Table 2 and Figure 8 show the results.

The RMSE reveals the accurate degree of the EPs pro-
duced by each method. The lower the RMSE is, the better
the assimilation effect is, and vice versa. It can be seen
from Table 2 and Figure 8 that all methods improve sig-
nificantly the accuracy of the EPs compared with the EPs
without assimilation: the RMSE values are reduced from 51.58

Table 1:The RMSE results of the MDRE and the Noah EP using the
two site observations.

Yucheng site Lawn site
MDRE EP MDRE EP

RMSE 18.74 51.58 23.47 68.69

Table 2: The RMSE results of the three methods using the two site
observations.

EnKF PEKF AWT-PEKF
Yucheng site 28.75 22.54 16.81
Lawn site 25.18 21.97 18.16

and 68.69 in Table 1 to 28.75, 22.54, and 16.81 and 25.18, 21.97,
and 18.16, respectively, for the Yucheng and Lawn sites. The
three methods allow an obvious accuracy improvement of
the EPs when increasing the spatial details of the EPs. Table 2
and Figure 8 show that the RMSE values of the AWT-PEKF
method are the lowest among the three methods. Therefore,
we can draw a conclusion that the EPs of the AWT-PEKF
method have the least error. The EPs of the PEKF method
have slight error. The EPs of the EnKF method have the
largest error. This is expected because the ET equation used
in the Noah model is a highly nonlinear equation and the
perturbation only for the SVLs used in the EnKF can only
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Figure 6: The assimilated EPs from the PEKF method at 15:00 solar time. (a) The assimilated EP on May 2, 2005; (b) the assimilated EP on
May 7, 2005; (c) the assimilated EP on May 14, 2005; (d) the assimilated EP on May 19, 2005; (e) the assimilated EP on May 25, 2005; (f) the
assimilated EP on May 31, 2005.

propagate analytically with finite precision, which introduces
large errors in the EP estimation and leads to suboptimal
performance.

As seen from Tables 1 and 2, the AWT-PEKF method
produces the best assimilation effect.This is probably because
the AWT-based assimilation scheme does good to improve
the EP simulation of the Noah model. The AWT-PEKF
method gets the advantage of the EnKF and PEKF methods,
because the novel assimilation scheme injects the spatial
details of the MDRE into the Noah EP by taking into
account both the interrelationship between grids, as is the
case of theAWTdecomposition process, and ensemble-based
innovation, as is the case of the PEKF forecast. The two
procedures allow the AWT-PEKFmethod to produce the EPs
closer to the ET observation. One can therefore conclude that
the Noah model can predict the EP relatively accurate using
the AWT-PEKF method.

By combining the quantitative estimation results and the
intercomparison, it can be seen that the AWT-PEKF method
gives the EPs closer to the measured EPs than the EnKF and
PEKF methods when the assimilated EPs are compared with
the observations from the Yucheng and Lawn sites.

3.6. Discussion. Though the AWT-PEKF method outper-
forms the EnKF and PEKF methods in the experiment,
three points are needed to be studied further. The first is

that the validating data are sparse. In validation, there are
only two available field sites. Because it is difficult to get
the ET observation, it needs to confirm whether or not the
assimilated EPs obtained by the AWT-PEKF method are also
close to the ET observation at other locations. The second is
that it needs to test whether or not the AWT-PEKFmethod is
also effective in assimilating other variables. Other variables,
such as skin temperature and soil moisture, are forecasted
differently from the ET and are also influenced by many
factors. Hence, the extension of the AWT-PEKF method to
other variables is a big job. The third is that the assimilation
of the ET cannot influence the consecutive simulation of the
Noah model.

As for the first point, the potential solution is to perform
the AWT-PEKF method in the area where the field sites
are available, meanwhile the MDREs can be retrieved from
cloud-free MODIS data. As for the second point, the AWT-
PEKF method can be easily extended to assimilate skin
temperature and soil moisture products only if the two
products retrieved from the MODIS data are prepared in
advance. As for the third point, in the following study, we
will introduce another novel assimilation method, in which
the SVLs relative with the ET are simultaneously updated in
order to transfer the assimilation effect into the consecutive
simulation of the LSM.Theassimilation ideawill be presented
in another research paper.
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Figure 7: The assimilated EPs from the AWT-PEKF method at 15:00 solar time. (a) The assimilated EP on May 2, 2005; (b) the assimilated
EP on May 7, 2005; (c) the assimilated EP on May 14, 2005; (d) the assimilated EP on May 19, 2005; (e) the assimilated EP on May 25, 2005;
(f) the assimilated EP on May 31, 2005.
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Figure 8:The RMSE histograms of the three methods using the two
site observations.

4. Conclusions

In this paper, we study the hybrid use of the AWT and
PEKF methods for assimilating the MDRE into the EP of the
Noah model in order to improve the consecutive simulation
of the Noah model. The AWT is used to decompose the
MDRE for injecting its detail information represented by
wavelet planes, while the PEKF is used to complete the
assimilation by the model and observation uncertainties.

The AWT-PEKF method retains the respective advantages of
the AWT and PEKF. Firstly, it is based on multigrid, and the
interrelation between grids is considered using the wavelet
filter during the filtering procedure. Secondly, according
to the gain derived using the PEKF from the model and
observation uncertainties, the details and textures of the
MDRE are modulated into the EPs of the Noah model using
the AWT from image fusion viewpoint.

The performance of the proposed method is compared
with those of the EnKF and PEKF methods using one assim-
ilation experiment. Intercomparison results of the RMSE
confirm the effectiveness of the AWT-PEKF method in
improving the spatial accuracy of the EPs. Overall evaluation
shows that theAWT-PEKFmethod is promising and superior
to the traditional EnKF and PEKFmethods. Several issues are
unresolved, such as the validation of the assimilated results,
the effects of ensemble size, initial perturbation fields on
assimilated results, and the actual performance of this new
method in real other variable assimilations. These aspects
require further investigation.
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