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It is well known that there are huge land use and land cover changes (LUCC) all over the world in recent
decades, and plenty of ensuing effect appeared on the energy and water balance. This study aims to ana-
lyze the impacts of land use and land cover changes on the energy and water balance in the Heihe River
Basin of China during 2000–2010, and four key study sites with representative hydrological stations and
dramatic LUCC in the past decades were selected to illustrate the responses of the energy and water bal-
ance to LUCC. First, LUCC of the Heihe River Basin from 2000 to 2010 was analyzed based on the inter-
pretation of remote sensing images. Then a series of indicators of the energy and water balances were
simulated with the Weather Research and Forecasting (WRF) model and corresponding land use and land
cover data. Thereafter the impacts of LUCC on the surface energy and water balance were detected and
analyzed. The spatial–temporal variance of the impacts of LUCC on energy and water balance in a typical
arid inland river basin was specifically presented in following analysis. The results show that different
land use/cover conversions result in various energy balances. During this process, the most significant
impacts on surface energy balance occurred when grassland was converted to barren or sparsely vege-
tated land. As for water balance, the impact is measured with variations of precipitation, runoff and
evapotranspiration induced by LUCC, which were also remarkable, although seasonal trends of the effects
are similar among various land use/cover conversions during 2000–2010. At last, policy suggestions, e.g.,
shifting the water balance by LUCC to improve the water management, are given to conclude this study.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

There have been tremendous changes in global land use and
land cover in the past decades (Foley et al., 2005; Lambin and
Meyfroidt, 2011), especially in countries with rapid development,
such as China (Deng et al., 2006; Seto et al., 2011). Land use and
land cover changes (LUCC), which are expected to continue in
the future, have enormous influence on global and regional climate
and water balance (Anav et al., 2010; Kueppers and Snyder, 2012;
Deng et al., 2013). In this sense, the impacts of LUCC on global and
regional climate change have attracted great attention (Chen et al.,
2005; Seneviratne et al., 2006). For example, recent studies have
shown that anthropogenic LUCC have dramatically altered the
earth’s land surface (Ramankutty et al., 2008; Margono et al.,
2012) and played a vital role in reshaping the global patterns of
energy and/or water balances (Chen et al., 2005; Seneviratne
et al., 2006). Previous studies showed that the large-scale land
use/cover dynamics exerted huge impacts on the surface energy
and water balance through biochemical and biophysical processes
(Twine et al., 2004; Ardli and Wolff, 2009; Jiang et al., 2011; Liu
and Deng, 2011; Deng et al., 2012; Huang et al., 2013). Besides,
some research indicated that surface roughness, albedo and other
properties, which affect exchanges of water and energy between
the land surface and the atmosphere, will be altered by the conver-
sion of natural ecosystems to irrigated agriculture, leading to var-
ious changes of the surface energy and net radiation in different
seasons (Kueppers and Snyder, 2012). In addition, some studies
of the urban expansion showed that the conversion to built-up
area resulted in a rapid increase of impervious surface area, leading
to more water flows over impervious surfaces or through runoff
networks, which consequently increased the speed of flows to
the receiving water bodies and resulted in more significant urban
heat island effects (Oke, 1982; Gregory et al., 2006; Yadav et al.,
2012). In summary, most of the previous studies focused on the
impacts of a certain kind of land use conversion on the energy
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and water balance in a certain region. In this study, we not only
refine the land use categories but also focus on all kinds of land
use conversions.

There have been several models to quantify the impacts of LUCC
on surface energy and water balances (Rwasoka et al., 2011), which
can be generally divided into two categories. One is based on the
hydrological models or regional climate models, such as Interna-
tional Center for Theoretical Physics (ICTP), Regional Climate (Reg-
CM3) model (Kueppers and Snyder, 2012), Davis Regional Climate
(DRCM) model (Kanamaru and Kanamitsu, 2008), and Soil and
Water Assessment Tool (SWAT) model (Schilling et al., 2008). It
is quite popular and mature to separately analyze the water bal-
ance with hydrological models and analyze the energy balance
with regional climate models (Jothityangkoon et al., 2001;
Shindell et al., 2001; Döll et al., 2003; Gerten et al., 2004;
Fettweis, 2007). However, not all of these studies quantified the
impacts of LUCC on energy and water balance from a comprehen-
sive view (Sakai et al., 2004; Twine et al., 2004; Schilling et al.,
2008). The other is based on the combination of land use simula-
tion model with hydrological models or regional climate models,
such as the combination of Integrated Biosphere Simulator (IBIS)
model and Hydrologic routing model (HYDRA) (Lenters et al.,
2000), and the combination of Simple Biosphere Model (SiB2).
The basic thought of the latter category is to firstly simulate the
LUCC with the land use simulation model and then simulate the
energy balance and water balance based on the simulated LUCC
(Bormann et al., 2007; Fohrer et al., 2005). However, there is a
major technical challenge in the latter category, i.e., the transfor-
mation of parameters (Romanowicz et al., 2005; Li et al., 2007).

It is more persuasive to analyze the impacts of LUCC with the
real historical land use/cover data since it is feasible to verify the
simulated results with the observed records. In this study, the
impacts of LUCC on the energy and water balance have analyzed
Fig. 1. Location and land use and land cover in 2010 of the
with the historical land use/cover data used as the input parame-
ters of the WRF model as follows. First, we analyzed the land
use/cover dynamics in the Heihe River Basin (HRB) from 2000 to
2010, and four key study sites within HRB were selected, which
have experienced dramatic LUCC and possess representative
hydrological stations. Then two sets of simulation schemes were
designed to analyze the changes of energy and water balances with
the WRF model. Thereafter, the results simulated with the WRF
model were compared with the observation records from hydro-
logical stations to verify the simulation capability of WRF model.
The simulation results can provide a better understanding of the
influencing factors of water and energy balances in the HRB and
assist local managers in formulating proper land use planning to
offset the LUCC-induced negative impacts on the surface energy
and water balance.
2. Study area and data

2.1. Study area

HRB is the second largest inland river basin of China, covering
an area of 143,000 km2. It is located in the northwest region of
China (90�E–102�E, 37�500N–42�400N) and expands across Qinghai
Province, Gansu Province and Inner Mongolia Autonomous Region
(Fig. 1). The Qilian Mountains lie in the southwest part of this
basin, and Badain Jaran Desert lies in the east part, with the eleva-
tion ranging from 980 m to approximately 4000 m. The HRB
belongs to the semi-arid and sub-humid temperate continental
monsoon climate zone, with significant temperature variation
among seasons. Besides, the precipitation and evaporation show
significant spatiotemporal heterogeneity under the influence of
geographic factors and atmospheric circulation. Therefore, we
HRB. Note: Land use/cover codes are listed in Table 1.



Table 1
Land use/cover types of USGS land classification system.

Code Land use/cover Description

100 UBL Urban and built-up land
211 DCP Dryland Cropland and pasture
212 ICP Irrigated Cropland and pasture
213 MCP Mixed dryland/Irrigated Cropland and pasture
280 CGM Cropland/grassland mosaic
290 CWM Cropland/woodland mosaic
311 GL Grassland
321 SL Shrubland
330 MSG Mixed shrubland/grassland
332 SA Savanna
411 DBF Deciduous broadleaf forest
412 DNF Deciduous needleleaf forest
421 EBF Evergreen broadleaf forest
422 ENF Evergreen needleleaf forest
430 MF Mixed forest
500 WB Water bodies
620 HW Herbaceous wetland
610 WW Wooded wetland
770 BSV Barren or sparsely vegetated
820 HT Herbaceous tundra
810 WT Wooded tundra
850 MT Mixed tundra
830 BGT Bare ground tundra
900 SI Snow or ice

Table 2
The main land use/cover changes in the HRB, 2000–2010.

Land
use/
cover
in
2000

Land
use/
cover
in
2010

Area
in
2000
(km2)

Conversion
area (km2)

Conversion as
percentage of
area in 2000
(%)

Conversion as
percentage of
total conversion
area (%)

GL BSV 22,083 1529 6.9 20.0
GL SL 22,083 1029 4.7 13.5
BSV DCP 91,798 853 0.9 11.2
MSG SL 1536 631 41.1 8.3
CGM DCP 711 529 74.4 6.9
BSV SL 91,798 525 0.6 6.9
MCP BSV 2892 500 17.3 6.5

Note: Land use/cover codes are listed in Table 1.
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chose this specific study site to explore the impact of LUCC in
energy and water balance. In addition, the whole basin is divided
into the upper, middle and lower reaches, which are featured by
different natural conditions and social economic development sta-
tus. The upper reach is the water source area, where the mean run-
off coefficient is up to 0.85 and the cumulative proportion of runoff
reach to 68%. The middle reach is the water consumption zone,
where most of the land has been reclaimed for oasis agriculture,
and it accounts for 95% of the cultivated land, 91% of the popula-
tion and more than 80% of the GDP of the whole HRB. The lower
reach is the tail-end zone, with a huge evaporation capacity and
very fragile ecological environment.

2.2. Data source and handling

Three kinds of data are used in this study, including land use/
cover data, climate forcing data, surface energy and hydrological
data. The 1 km resolution land use/cover data, which are obtained
from the interpretation of remote sensing images, are provided by
Data Center for Resources and Environmental Sciences, Chinese
academy of sciences (CAS) (Liu et al., 2009; Wu et al., 2013). The
land use/cover of the U.S. Geological Survey (USGS) classification
system has been used in this study (Table 1) since it has been
widely used in the simulation with modern land surface and dis-
tributed hydrological/ecological models (Chen and Dudhia, 2001;
Wu et al., 2013). Besides, the geographically segmented (GEOG) cli-
mate forcing data used in this study, which are updated every 6 h,
were downloaded from NCEP FNL (Final) Operational Global Anal-
ysis (http://rda.ucar.edu/datasets/ds083.0/). This dataset with the
spatial resolution of 1� � 1� and the vertical height of 27 layers,
has been constructed and updated since July 1999 with the data
assimilation of observation data (e.g., the remote sensing data
and ground-based observation data). The time period of the cli-
mate forcing data was truncated from January 2000 to December
2010 in this study. Both the climate forcing data and land use/
cover data were used as the input data of the WRF model. In addi-
tion, the climate data, energy flux data and hydrologic records
were obtained from the hydrological stations and meteorological
stations. The 20 km � 20 km resolution temperature data were
obtained by interpolating the monthly average temperature data
derived from the 57 meteorological stations in the HRB with the
Kriging interpolation method. The historical meteorological data
in 2000 were put into in the WRF model. To validate the simulation
accuracy, we collect the observed records on climatic data, energy
flux and hydrological data in 2010 from the certain hydrological
and meteorological stations and compared them with the results
simulated with the WRF model.

There are 17 types of land use/cover in HRB according to the
USGS classification, indicating complex land surface characteris-
tics. In particular, the barren or sparsely vegetated land cover
accounts for more than 70% of the total area, approximately 20%
of the land is covered by grassland, with the rest being other types.
Previous study shows that cultivated land, saline and alkaline land,
and built-up area increased before 2000, while the forestry area,
grassland, river and glacier decreased (Deng et al., 2010). Besides,
the land use/cover has changed dramatically after 2000. The LUCC
during 2000–2010 was analyzed by calculating the transition
matrix in this study, and Table 2 shows the major land use/cover
changes during 2000–2010 in the HRB.

Since there is great difference in the energy conditions and
water conditions among the upper, middle and lower reaches of
the HRB, four case study areas (Fig. 2h) were selected for a further
analysis, where there are representative hydrological stations. The
selected representative hydrological stations include Qilian Station
(S1) in the upper reaches, Liqiao Reservoir (S2) and Jiayuguan Sta-
tion (S3) in the middle reaches, and the Langxin Mountain Station
(S4) in the lower reaches (Fig. 2). Besides, the selected case study
areas are characterized by different types of LUCC. In the case study
area in the upper reaches, a lot of grasslands have changed into
shrubland due to the implementation of soil and water conserva-
tion policies. While there are mainly two types of LUCC in the mid-
dle reaches. For example, in the case study area with S2, plenty of
cropland/grassland mosaic land changed into dry cropland, while
in the case study area with S3, the water area increased signifi-
cantly due to conversion from the barren or sparsely vegetated
land. By comparison, the case study area with S4 in the lower
reaches is mainly characterized by the conversion from grasslands
to barren or sparsely vegetated land (Table 3).

3. Method

Observational analysis and model-based simulation are both
adopted in this study. Firstly, we conducted data analysis of the
HRB, where Geographic Information System technologies are fre-
quently used to process and analyze data. This step is the basis
of the simulation process that followed. Then under certain design-
ing of simulation and the prepared input parameters, model-based
simulation could be done accordingly, the output variables could
be obtained to identify the influence of the two kinds of balances
caused by land use/cover changes. The main method used in this

http://rda.ucar.edu/datasets/ds083.0/


Fig. 2. Major LUCC in the HRB (2000–2010) and the hydrological stations.

Table 3
LUCC matrix of the for key study sites in the HRB during 2000–2010.

Station Name LULC in 2000 LULC in 2010

S1 Qilian Station Grassland Shrubland
S2 Liqiao Reservoir Cropland/grassland mosaic land Dryland Cropland and pasture
S3 Jiayuguan Station Barren or sparsely vegetated land Water area
S4 Langxin Mountain Grassland Barren or sparsely vegetated land
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step is the WRF model. The two steps mentioned above are both
designed to serve the subsequent analysis phase, which is also
the most important part of the study. Next by analyzing the output
variables of the simulation according to certain balance equations,
general and empirical interpretation could be done in regard to the
impact of the two kinds of balance caused by LUCC.

3.1. WRF model and simulation schemes

The analysis of the energy balance and water balance in the HRB
was based on the simulation with the WRF model, a regional cli-
mate model that has been widely used in the global climatic stud-
ies (Seneviratne et al., 2006; Ramankutty et al., 2008; Anav et al.,
2010; Jiang et al., 2011; Margono et al., 2012). The WRF model is
a meso-scale numerical weather prediction system designed to
meet the needs of both atmospheric research and operational fore-
casting. Besides, there are two dynamical core versions of WRF,
including the Advanced Research WRF (ARW) and the WRF-NMM
(NMM), and the former one was adopted in this study. The ARW
module includes the Preprocessing System (WPS), main program
and postprocessor, and Post processing System, it provides many
physical parameterization schemes and has strong robustness for
predicting the climate change with various parameters such as
the temperature, precipitation, radiation and heat flux.

Two sets of tests were designed and performed in this study,
namely the control test and the sensitivity test. The two tests differ
in the land cover types of the underlying surface, the land cover
data of the year 2000 served as a reference in the control test, while
that of the year 2010 were included in the sensitivity test. The
input parameters and parameterization scheme of the physical
processes except the land cover data were the same in the two
tests in order to analyze the impacts of LUCC on the energy and
water balances. The two tests were implemented with the same
climate forcing data between October 2008 and December 2010.
The simulation period of the control test ranged from January
2000 to December 2010, and the land cover data of the year
2000 were used as underlying surface data. While the simulation
period in the sensitivity test ranged from January 2010 to Decem-
ber 2010, with the land cover data of the year 2010 used as the
underlying surface data. The experiment was designed in this
way to eliminate the influence of the climate forcing data and
simultaneously focus on the impacts of LUCC on the surface energy
balance and the water balance.
3.2. Energy balance and water balance

The WRF model was used to simulate the change of the param-
eters to represent the energy balance and water balance, and then
the energy balance equation and the water balance equation were
used to analyze the impacts of LUCC on the energy and water bal-
ance. The following simplified equations were used to examine the
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energy balance (Seto et al., 2011). It should be noted that the
energy balance generally only refers to the surface energy balance.

H þ E ¼ Rn� G ð1Þ

H ¼ qcpKhDt=Dz ð2Þ

L ¼ ð1�!ÞqcpKwDe=Dz ð3Þ

b ¼ H
E
¼ !Dt=De ð4Þ

where Rn is the net energy flux at the interface, representing the
total energy absorbed by the ecosystem (W/m2), which is redistrib-
uted into H, E and G; H refers to the sensible heat, E is the latent heat
(W/m2), G refers to the soil heat flux (W/m2), ! is wet and dry bulb
constant, Kh and Kw are the diffusion coefficients of the sensible
heat and the latent heat, respectively, and it is generally assumed
that Kh ¼ Kw since the two exchange processes rate are similar;
Dt, De, Dz are the temperature difference, pressure of water vapor
difference and altitude intercept of two heights, respectively; q is
the density, qcp means the heat a subject needs when its tempera-
ture rises by one degree per volume; b is the ratio of H to E, which is
called the Bowen ratio. The change of Bowen ratio indicates the var-
iation of evaporation and reflection ability, which are directly asso-
ciated with LUCC.

It is necessary to specify some terms with regard to the water
balance at first. Altogether, there are three types of water balance,
i.e., the natural water cycle balance which is characterized by pre-
cipitation–runoff balance, social water cycle balance and the bal-
ance between the supply and demand of water resources. In this
-0.6 

-0.4 

-0.2 

0.0 

0.2 

0.4 

Spring Summer Automn Winter

Δ 
he

at
 fl

ux
es

 (w
/m

2)

S1: Qilian Station

-0.2 

-0.1 

0.0 

0.1 

0.2 

0.3 

Spring Summer Automn Winter

Δ 
he

at
 fl

ux
es

 (w
/m

2)

S3: Jiayuguan Station

Fig. 3. Seasonal differences in the changes of latent heat flux (E), sensible heat flux (H), an
Seasons are divided as follows: Spring (March, April and May), Summer (June, July and Au
and February).

Table 4
Seasonal differences in the changes of Bowen ratio caused by LUCC in the four case study

S1 S2

Control test Sensitivity Test Control Test Sensitivity te

Spring 5.83 5.56 6.23 6.18
Summer 18.43 17.66 24.33 24.48
Autumn 7.7 7.99 13.89 13.53
Winter 4.48 4.32 7 6.83
Mean 9.11 8.88 12.86 12.76
study, we focused on the natural water cycle balance, which is also
the foundation for analyzing the social water cycle as well as the
supply and demand of water resources at the watershed scale. In
some sense, the analysis of the natural water cycle balance is sort
of analysis of the water yield cycle balance, which is the relation-
ship among precipitation, evaporation capacity and runoff in a
watershed. The water balance in a closed watershed is expressed
as follows if the change in water storage and inter-basin water
transfer were neglected (Halihan et al., 1998; Sahu et al., 2013).

P � ET � R ¼ dW
dt
� U ð5Þ

where P is the precipitation of the watershed in the period (mm/
day), ET is the total evapotranspiration of the watershed in a period,
including water surface evapotranspiration, soil evapotranspiration,
vegetation transpiration and phreatic water evaporation (mm); R is
the total runoff of the watershed export section in a period, which
includes surface runoff and subsurface runoff (mm); W is the total
surface water volume, including soil moisture, snow and groundwa-
ter (mm), and U is the climatological soil moisture nudging term
used in the NCEP/NCAR reanalysis, and dW

dt refers to the variable
quantity of water storage of the watershed in the period (mm). Note
that U is a source term (positive denoting addition of water to the
soil) and that U = 0 in the simulations. Also, although changes in
the groundwater level from the lowest layer into runoff are
included in dW

dt (in the observations), we did not pay much attention
to the groundwater. In addition, the water withdrawal process of
the socioeconomic system has been taken into account in this
analysis.
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d their sum (4(E + H) caused by LUCC in the four study areas listed in Table 4. Note:
gust), Autumn (September, October and November) and Winter (December, January

areas listed in Table 3.

S3 S4

st Control test Sensitivity test Control test Sensitivity test

11.45 11.72 17.78 17.74
31.11 30.48 43.78 43.74
20.69 20.83 32.07 32.94
25.03 24.79 71.49 72.05
22.07 21.96 41.28 41.62
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4. The impact of LUCC on surface energy

The simulation results indicate that the LUCC exerted signifi-
cant impacts on the energy balance in the study area. For example,
in S4 (Fig. 3), the significant increase of albedo, which was gener-
ally associated with the conversion of grassland to barren or spar-
sely vegetated land, increased the net energy in regions with high
vegetation coverage. Besides, the change in the net energy flux
affected not only the magnitude of all fluxes, but also the partition-
ing of energy into different surface fluxes in different seasons. For
example, the simulation results in S4 showed that the sensible heat
fluxes decreased in winter and increased in other seasons, while
the latent heat flux only experienced a slight increase in spring
and decreased in summer and autumn (Fig. 3, S4). Land cover of
S1 in 2000 was similar to that of S4, but the vegetation coverage
of S1 increased slightly during the simulation period, resulting in
slight decline of sensible heat flux and increase of latent heat flux
in summer and autumn. Nevertheless, there was minor change of
the vegetation coverage in S1 in spring and winter, which are not
the growing seasons of vegetation, and as a result there was minor
change in both the sensible and latent heat fluxes in these two sea-
sons (Fig. 3, S1). A lot of cropland/grassland mosaic land changed
into dryland Cropland and pasture in S2, which is a drying reser-
voir, and as a result the sensible heat flux increased, but there
was not significant change in the latent heat flux (Fig. 3, S2). The
dominant LUCC of S3 was similar to that of S1, i.e., the conversion
from Barren or sparsely vegetated land into water area, and the
change of the energy balance in S3 was also similar to that of S1,
with only slight change all the year round (Fig. 3, S3).

The annual mean Bowen ratios in S1, S2 and S3 in the sensitivity
test (8.88, 12.76, and 21.96) are slightly lower than that in the con-
trol test (9.11, 12.86, and 22.07), while the situation in S4 in on the
contrary, where the annual mean Bowen ratio in the sensitivity
test is 0.34 higher than that in the control test (Table 4). The Bowen
ratio is the ratio of H to E, and its change indicates the variation of
evaporation and reflection ability, which are directly associated
with LUCC (Table 3). As S1, S2 and S3 were all characterized by
the conversion from land types with low evaporation and high
reflection to land types with high evaporation and low reflection,
these areas demonstrated the same changing pattern in the Bowen
ratio. By comparison, the LUCC of S4 was from high evaporation
and low reflection to low evaporation and high reflection, which
led to the different change in the Bowen ratio.

As for the seasonal variation, there were similar changing
trends of the Bowen ratio in the S1, S2 and S3 in both the sensitiv-
ity test and the control test, which was higher in summer and
lower in winter and moderate in spring and autumn. By compari-
son, the highest Bowen ratios appeared in winter and the lowest
ones appeared in spring in S4 in both the sensitivity test and the
control test. Besides, in all of the four areas, the evaporation and
reflection ability were generally higher in summer and lower in
winter. However, in the first three areas, the net decrease of evap-
oration in winter was more significant than the net decrease of
reflection in summer, while S4 demonstrated the opposite trend.
Consequently, there were certain effects of LUCC on the Bowen
ratio, but the seasonal variation trends of the Bowen ratio nearly
remained unchanged.
Fig. 4. Simulated P (a), ET (b), R (c), P–ET (d) and P–ET–R = (dW/dt � U) (e) in the
control test and the sensitivity test of the four study areas. Note: Simulation results
without LUCC refers to the simulation based on the LUCC data of the year 2000,
whiles those with LUCC means the simulation are based on the LUCC data of the
year 2010.
5. The impact of LUCC on water balance

The simulated water budget components include the monthly
changes of precipitation (P), evapotranspiration (ET), runoff (R),
the difference between precipitation and evapotranspiration (P–
ET) and the surface water storage terms (P–ET–R = dW/dt – U).
The simulation results indicate that P, ET and R in all of the four
case study areas showed obvious seasonal variation (Fig. 4a–c),
with a general similar variation trend of P in two tests, but their



8 X. Deng et al. / Physics and Chemistry of the Earth 79–82 (2015) 2–10
values were different between the two tests, which showed the
impacts of LUCC on precipitation, evapotranspiration and runoff.
Meanwhile, the simulated P–E curves in four case study areas
showed a distinct seasonal cycle, with precipitation exceeding
evapotranspiration (Fig. 4d). The surface water storage terms (P–
ET–R) are depicted with the P–ET–R curve (Fig. 4e), which also
showed significant seasonal variation in both the sensitivity and
control tests. The P–ET–R values in the sensitivity test are higher
than that in the control test in the four key study sites, which indi-
cated corresponding higher surface water storage in different
degree is caused by LUCC in these areas.

Fig. 4 illustrates the simulation results of water budget compo-
nents in the four case study areas in the sensitivity test and the
control test, the differences between which are considered as the
impacts of LUCC on the water balance. In S1 in the river source area
in Qilian Mountain, there is obvious seasonal variation of P in both
tests, with the peak appearing in April when the snow starts to
melt. The runoff will increase in S1 due to the increased vegetation
coverage rate, which leads to more rainfall and decline of evapo-
transpiration. The P–ET curve and the P–ET–R curve are quite sim-
ilar, with the values greater than annual mean water storage
during April and from June to August. Meanwhile, the monthly
average water storage in the sensitivity test is higher than that in
the control test. In S2, both the precipitation and evapotranspira-
tion decline due to the LUCC, however, the overall runoff increases.
The P–E curve also shows notable seasonal variation, with the
highest value occurring during June and August in both tests. The
P–ET–R curve is very similar to the P–E curve, with higher than
annual mean storage from June to August in both of the two tests,
but the water storage value is higher in the sensitivity test than
that in the control test. In S3, the precipitation decreases slightly
due to LUCC, which further leads to the decline of evapotranspira-
tion. Meanwhile, the runoff value is higher in the sensitivity test
than that in the control test, which exactly reveals the increasing
effects LUCC on the surface runoff in this area. Then it is self-evi-
dent that the P–E value in the sensitivity test is higher than it is
in the control test. The P–ET–R curves in both tests show that insuf-
ficient water is stored between October and May, and excessive
water is stored between June and September. However, the
monthly water storage in the sensitivity test is more than that in
Fig. 5. Comparison between the daily observed and simulated ET in the four stations of ye
observed records and simulated values of ET, the lines include the upper adjacent value
the control test, which indicates that the total water storage
increases due to LUCC in this area. In S4, the simulation results
indicate that the precipitation and evapotranspiration both decline
due to the decreased vegetation coverage, so as to the runoff
increases since there is less water that is absorbed by soil or gets
into the underground water. Consequently, the monthly average
water storage increase slightly due to LUCC in this study area.
Besides, the most significant changes occur during June and Sep-
tember. Meanwhile, the variation trends of P, ET, R, P–ET and P–
ET–R are quite similar in S4 in the two tests.

The results of this study are kept consistent with some previous
research in the same study area (Gao et al., 2008), i.e., there are
obvious seasonal changing trends of the surface energy balance
and water balance. Besides, the general conclusions about the
impacts of LUCC on energy and water balance in this study are sim-
ilar to that of previous similar research that has taken LUCC into
account (Boulain et al., 2009; Ramier et al., 2009; van der
Meijden et al., 2010). However, the results of this study differ from
previous research due to the difference in the study areas and the
classification system of land use and land cover. For example, one
empirical study in USA concludes that the runoff and ET decreased
when the grassland changed into crop land (Sun et al., 2010),
which is consistent with the results of this study; however, their
study indicates the heat flux increased all year round due to land
use change, which is different from the results of this study. Simu-
lation results suggested that it will take a long time to restore the
ecological environment and improve the water and soil conserva-
tion in the HRB. Therefore, this study supports the notion that it
is much easier to destroy an ecosystem than to restore it, which
raises the alarm for local land managers.

Fig. 5 shows the average daily observation value and simulated
value of evapotranspiration. The simulated values of ET are larger
than the observation values in the Langxin Mountain station (S4)
covered by high quality grassland, where the largest ET occurs
(Fig. 5). While in the Qilian Station (S1) where ET is the lowest
among these four stations, the simulated value of ET is a little
higher than the observation values, even though there is some
grassland and it belongs to alpine meadow. Besides, Fig. 5 shows
that ET will fluctuate more drastically in Liqiao Reservoir (S2),
especially during April and August when it is the growing season
ar 2010. Note: Boxes represent the 25th percentile to the 75th percentile of both the
to the lower adjacent value, and the cross means the outside values.
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of vegetation. Overall, the simulated ET responds well to the obser-
vation records, indicating that the simulation method is reliable.
However, it is still necessary to take more factors into consider-
ation when simulating and analyzing the impacts of LUCC on the
surface energy and water balance since the energy balance and
water balance are complex processes that are related to the atmo-
sphere and the soil system. For example, the groundwater circula-
tion is an important component in the water balance, and it should
be considered in the simulation scheme in the future.
6. Conclusions

This study explored the impacts of LUCC on the surface energy
and water balance in the HRB during 2000–2010 based on the sim-
ulation with the WRF model. LUCC during 2000–2010 was first
analyzed, and the dominant LUCC types were identified, according
to which four typical case study areas were selected. Then the cli-
mate change was simulated with the WRF model on the basis of
the land use/cover data in 2000 and 2010. Simulation results indi-
cated that LUCC in the HRB exerted remarkable impacts on the
regional surface energy and water balance, which was character-
ized by significant spatiotemporal variance, and the latent heat
flux was higher than sensible heat flux in summer, while it was
on the contrary in winter. Besides, the simulation results showed
that the conversion from grassland to barren or sparsely vegetated
land led to the most significant changes in the latent, sensible and
total heat flux in all seasons in comparison to other types of land
use/cover dynamics. This indicated that grassland degradation
which was one of the most severe ecological and environmental
problems in the HRB, exerted the most significant impacts on the
surface energy balance. By contrast, the conversion from barren
or sparsely vegetated land to water area led to the slowest and
the minimum variation of heat flux in the whole year.

The simulation results in this study also indicated that the con-
version from grassland to barren or sparsely vegetated land
decreased the available energy for evapotranspiration, which cor-
respondingly elevated the runoff. In other words, the evapotranspi-
ration in the HRB was mostly controlled by the energy availability.
Besides, the simulation results showed that effects of grassland
degradation on the water balance are more prominent in summer
and winter than in the other seasons. In addition, severe droughts
can have significant influence on the surface soil moisture and
plant growth and consequently greatly affect the latent heat flux.
Therefore, it is necessary to consider the soil water conditions in
the analysis of the effects of LUCC on albedo, energy and water bal-
ances at large scales. In addition, the simulation results in the four
selected case study areas in the HRB showed that there were pro-
found impacts of LUCC on the water balance, and the energy bal-
ance and the water balance interacted with each other. Therefore
we put forward a suggestion of shifting the water balance by LUCC
to improve the water management, which can shed light on the
land use planning to offset the LUCC-induced negative impacts
on the surface energy and water balances.
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