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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
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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
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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
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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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