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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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