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The allocation of water resources to meet both human wellbeing and environmental requirements is a critical
challenge in a semi-arid landscape. Hydrologicalmodels arewidely used to understand the influencemechanism
of hydrological elements, which is helpful for optimizingwater resourcesmanagement. However, the spatial het-
erogeneity of hydrological dynamics has been largely omitted in prior studies, partly because it's difficult to cor-
rectly simulate the spatial distributions of hydrological elements due to roughly representing the surface
biophysical parameters in the hydrological model. In this study, the Distributed Hydrological Soil Vegetation
Model (DHSVM)was incorporatedwith the high-resolution remotely sensed leaf area index (LAI) data in a semi-
arid basin, located in the upstream of the XarMoron River Basin, to explore the impacts ofmeteorological factors
(i.e., air temperature, wind speed, relative humidity, shortwave radiation, and precipitation) and LAI on hydro-
logical processes of forests, grasslands, and farmlands. Our results show that the spatial distribution of LAI slightly
improves the accuracy of streamflow simulations and significantly promotes the model performance of spatial
hydrological element simulations. For the area in study, precipitation, LAI, and relative humidity are the three
major influential factors in the forest hydrological dynamics. The hydrological elements of grasslands and farm-
lands are mainly affected by shortwave radiation, relative humidity, air temperature, and LAI. Compared with
grasslands and farmlands, LAI has greater negative influence on forest water availability. Tomitigate the negative
effects of drying and warming climate and promote ecosystems sustainability, the forest area should be con-
verted into grassland while the native grassland should be maintained for soil water conservation.

© 2019 Elsevier B.V. All rights reserved.
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Fig. 1.Description of the study area, including a) the location of the study area, the landuse types during 2011 to 2013, b) theDEM, and c) the soil depth and d) river network derived from
the DEM.
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1. Introduction

Water is not just an essential natural resource for human production
and life but also plays an important role in maintaining ecosystem func-
tions. Proper distribution of water resources is significant for socioeco-
nomic development and ecosystem sustainability. Runoff is closely
related towater yieldwhile soilwater plays an important role inwater re-
tention, soil conservation, vegetation growth and recovery (Ma et al.,
2006). Evapotranspiration is a key component of the hydrological cycle,
Fig. 2. Daily mean values of the six influential factors
which greatly impacts water resource distribution in the soil-plant-
atmosphere continuum. In the arid and semi-arid regions, water resource
loss is dominated by evapotranspiration (Huxman et al., 2005; Sun et al.,
2011). Prior studies indicate that hydrological elements canbehighly sen-
sitive to regional meteorological conditions (Schnorbus et al., 2014; Stagl
et al., 2014; Liu et al., 2015) and land use patterns (Vanshaar et al., 2002;
Fu et al., 2005; Thanapakpawin et al., 2007). Variations of themeteorolog-
ical factors, such as precipitation and temperature, can lead to direct or in-
direct changes in runoff (van Dam, 2003). Different land use patterns,
during the growing season from 2011 to 2013.

Image of Fig. 1
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Table 1
Soil parameters of the four main soil types used in the DHSVM.

Soil parameters Loam Sand Silt loam Sandy loam

Lateral saturated hydraulic
conductivity (m/s) d 9.5E-06 3.4E-05 9.0E-06 1.1E-05

Exponential decrease e 0.1 0.1 1 1
Depth threshold a 0.5 0.5 0.5 0.5
Maximum infiltration (m/s) b 5.0E-04 5.0E-04 5.0E-04 1.0E-03
Number of soil Layers a 3 3 3 3
Porosity (fraction) (fraction) d 0.444 0.46 0.461 0.437
Pore size distribution (fraction) c 0.252 0.694 0.234 0.378
Bubbling pressure (m) c 0.112 0.073 0.208 0.147
Field capacity (fraction) d 0.261 0.077 0.299 0.172
Wilting point (fraction) d 0.123 0.032 0.107 0.076
Bulk density (kg/m3) d 1471.4 1429.9 1426.2 1491.5
Vertical conductivity (m/s) b 9.5E-06 3.4E-05 9.0E-06 1.1E-05
Thermal conductivity (W/m K) b 7.1 7.1 7.1 7.1
Thermal capacity (J/m3 K) b 1.4E + 06 1.4E + 06 1.4E + 06 1.4E + 06

a Model defaults.
b Campbell and Norman (1979).
c Stieglitz et al. (1997).
d Saxton (1989).
e Lan et al. (2011b).

Table 2
Vegetation parameters of the three main land use types used in the DHSVM.

Vegetation parameters Woodland Grassland Cropland

Overstory Understory

Fractional coverage (fraction) b 0.85 – – –
Trunk space (fraction) b 0.45 – – –
Aerodynamic attenuation f 1 – – –
Radiation attenuation g 0.2 – – –
Max snow int capacity (fraction) c 0.06 – – –
Snow interception eff (fraction) a 0.8 – – –
Mass release drip ratio (fraction) a 0.2 – – –
Height (m) h 12 0.4 0.5 0.6
Maximum resistance (s/m) c 3000 1500 1500 1500
Minimum resistance (s/m) h 110 60 60 60
Moisture threshold (fraction) d 0.2 0.1 0.1 0.1
Vapor pressure deficit (Pa) h 4000 4000 4000 4000
Rpc e 0.2 0.1 0.1 0.1
Number of root zones a 3 3 3 3
Root zone depths
(for each zone, m) d 0.2 0.2 0.2

0.4 0.4 0.4
0.4 0.4 0.4

Root fraction (for each zone,
fraction) d 0.2 0.6 0.6 0.6

0.2 0.4 0.4 0.4
0.6 0 0 0

a Model defaults.
b Field observation.
c Breuer et al. (2003).
d Meyer et al. (1997).
e Sellers et al. (1994).
f Goudriaan (1977).
g Nijssen and Lettenmaier (1999).
h Lan et al. (2011b).

Fig. 3. Observed and simulated daily streamflow (m3/

Table 3
Comparison on four metrics (i.e., NSE, R2, RMSE, and PBIAS) for both calibration and veri-
fication periods.

L_Class L_Pixel

NSE R2 RMSE PBIAS (%) NSE R2 RMSE PBIAS (%)

Calibration 0.51 0.54 11.27 10.4 0.52 0.56 10.65 −0.54
Verification 0.46 0.52 7.12 26.02 0.47 0.54 6.83 9.56
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which have specific land surface biophysical features, can result in varia-
tion of water and energy allocation processes such as radiation transmis-
sion and canopy interception (Eagleson, 2005; Jiao et al., 2017). Therefore,
exploring how themeteorological factors and land use pattern impact hy-
drological elements can enhance our understanding of the hydrological
cycle and promote a sustainable management of water resources.

To investigate the impacts of differentmeteorological factors and land
use pattern on complex hydrological processes, hydrologicalmodels have
beenwidely used in variouswatersheds. For example, Zhang et al. (2016)
simulated hydrological processes in the Heihe River Basin, northwest
China, using the Soil Water Assessment Tool (SWAT; Arnold and Fohrer,
2005)model and found that the expansion of grassland and the decrease
of farmland reduced runoff and groundwater discharge while a wetting
and warming climate increased them. Alvarenga et al. (2016) simulated
hydrological processes under different land use scenarios using the Dis-
tributed Hydrology Soil Vegetation Model (DHSVM; Wigmosta et al.,
1994) and found that deforestation in the Atlantic Forest, Brazil increased
soil moisture and runoff and reduced evapotranspiration and water table
depth. Hydrological responses of the Tibetan Plateau under different cli-
mate change scenarios were generated based on the simulation results
of the Variable Infiltration Capacity (VIC; Haddeland et al., 2006) model
and showed that the increasing precipitation can increase mean and ex-
treme streamflow while rising air temperature can decrease snowfall
and snowwater equivalent (Zhong et al., 2018). These researches mainly
focused on the overall hydrological respond to changes in meteorological
factors and land use pattern. In contrast, few studies have payed attention
to the spatial heterogeneity of hydrological dynamics caused by local spe-
cific topography (Fujimoto et al., 2008; Ma et al., 2016) and land surface
features (Zhang and Wegehenkel, 2006). It's partly because of the diffi-
culty to correctly simulate the spatial distributions of hydrological factors
due to the insufficient representation of surface biophysical parameters
(e.g., vegetation fraction, leaf area index, and albedo).

Although various hydrological models have incorporated surface
biophysical parameters in different land use types, the importance of
the spatiotemporal distribution of these parameters is largely omitted
(Gao et al., 2018). Recent work has increasingly recognized this limita-
tion (Donohue et al., 2007; Xu et al., 2014; Yang et al., 2016). Especially,
leaf area index (LAI), which is widely used to describe the photosyn-
thetic and transpirational surface of plant canopies (Chen et al., 1997),
has been utilized with higher accuracy in some researches. The
MODIS-derived dynamic LAI is incorporated into the VIC model to en-
able an interannually varying seasonal cycle of vegetation, which im-
proves the accuracy of the temporal variabilities of river discharge
s) during the growing season from 2011 to 2013.

Image of Fig. 3


Fig. 4. Simulated daily mean evapotranspiration in a) L_Class and b) L_Pixel, and c) their
relative difference (L_Pixel minus L_Class divided by L_Class) as well as d) daily mean
MODIS evapotranspiration during the growing season.
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(Parr et al., 2015) and soil moisture (Ford and Quiring, 2013). The
Weather Research and Forecasting (WRF; Skamarock and Klemp,
2008)model is used to simulate evapotranspirationwith different com-
binations of two land surface models and two LAI datasets (default
USGS LAI and high-resolution MODIS LAI), and these four simulations
show that the increase in LAI accuracy generally improves the estima-
tion of actual evapotranspiration (Xu et al., 2017). These simulations
also indicate that the high complexity surface processes model should
be coupled with high accuracy in representations of both LAI and land
use types (Cao et al., 2015). In addition, taking both climate- and
human-induced LAI (i.e., real value of LAI) change into account can im-
prove the accuracy of hydrological simulation (Jiao et al., 2017). From
the above, the spatiotemporal dynamic of LAI should be considered in
order to accurately assess hydrological effects of different meteorologi-
cal factors and land use pattern.

In this study, the DHSVM, a high-complexity hydrological model,
was incorporated with the high-resolution remotely sensed LAI to sim-
ulate the hydrological processes in a semi-arid basin. The objectives of
this paper are to evaluate the potential of remotely sensed LAI data to
improve the accuracy of hydrological simulations and to quantify the
impacts of meteorological factors (i.e., air temperature, wind speed, rel-
ative humidity, shortwave radiation, and precipitation) and LAI on spa-
tial hydrological elements (i.e., evapotranspiration, soil moisture) and
Fig. 5. Relative difference (L_Pixel minus L_Class divided by L_Class) of sim
water availability (Precipitation minus evapotranspiration) in different
land use types during the growing season (from May to September;
Zhang et al., 2011) at the pixel scale. This study is expected to accelerate
the understanding of influence mechanisms in water resource distribu-
tion, and explore an appropriate landscape management scheme for
promoting optional water resource utilization in a semi-arid basin.

In the following, the model, experimental design, and datasets are
first described in Section 2. The results and discussions are presented
in Section 3, including the model evaluation, hydrological dynamics
and their influential factors analysis. Furthermore, conclusions are pro-
vided in Section 4.
2. Materials and methods

2.1. Study area

TheWest Liaohe River Basin (WLRB) is located in eastern China, and
the Xar Moron River (XMR) is one of the main tributaries of the WLRB
(Fig. 1a). In the past 30 years, streamflowof theXMR showed awavelike
decreasing trend, with an annual average runoff of 658 million m3 (Wu
et al., 2014). Our study area is in the upper reaches of the Xar Moron
River Basin (XMRB) and has a drainage area of 11, 207 km2. The Balin
Bridge hydrological station (118°37′ E, 43°15′ N) is at the watershed
outlet. Natural stream flow in the downstream of XMRB has been
greatly disturbed by storage projects and lift irrigation. While this dis-
turbance is relatively small in our study area, especially during the pe-
riod of 2011—2013 (Hydrological Bureau et al., 2014). The maximum
streamflow of the Balin Bridge hydrological station during this period
is 192 m3/s, while in the winter the streamflow is almost zero. The
study area ranges in elevation from 602 m to 2031 m (Fig. 1b). Grass-
land, forest (mainly deciduous broadleaf forest), and farmland are the
three major land use types, accounting for 61.6%, 19.8%, and 12.3% of
the study area, respectively (Fig. 1a).

The study area is located in a typical temperate semi-arid continental
monsoon climate zone. During the growing season (fromMay to Septem-
ber) from 2011 to 2013, daily mean air temperature increases from the
southwest to the northeast, and daily mean air temperatures of forest,
grassland, and farmland are 18.5 °C, 19.7 °C and 20.3 °C, respectively
(Fig. 2a). Daily mean precipitation of the forest (i.e., 1.51 mm) is slightly
larger than that of grassland and farmland (i.e. 1.46 mm) (Fig. 2e),
while daily mean LAI of the forest (i.e., 1.61) is significantly larger than
that of the other two land use types (i.e., 1.03) (Fig. 2f). Wind speed, rel-
ative humidity, and shortwave radiation of different land use types have
little difference in both variation trend and magnitude (Fig. S1). During
the growing season, basin-averaged wind speed, relative humidity, and
shortwave radiation are 2.68 m/s, 56.2%, and 242.87 W/m2, respectively
(Fig. 2 b, c, d). Due to windy and arid climate conditions and extensive
human activities, this basin suffered serious vegetation degradation and
soil erosion in the past decades.
ulated daily mean soil moisture of three layers in L_Class and L_Pixel.

Image of Fig. 4
Image of Fig. 5


Fig. 6.Daily area-averaged a) evapotranspiration and b) soil moisture of the three layers during 2011 to 2013. S means the surface layer, Mmeans themiddle layer, B means the bottom layer.
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2.2. Model description and modification

The DHSVM is a physically based, spatially explicit model that is de-
signed to simulate hydrological processes in complex terrains. This
model solves water and energy balances for each grid cell at a sub-daily
time scale. The evapotranspiration is calculated by the Penman-
Monteith equation. A two-layermass energy balancemodel is used to cal-
culate snow hydrological processes and changes in the snowpack heat
content. Unsaturated moisture movement through the three-layer root-
zone soil above thewater table is derivedusingDarcy's law. Surface runoff
and saturated subsurface flow to streams aremodeled cell-by-cell using a
kinematic or diffusion approximation and finally routed downstream
using the linear reservoir method. A detailed description of the model
can be found in Wigmosta et al. (1994) and Wigmosta et al. (2002).

To incorporate the remotely sensed LAI data, the DHSVMmodel was
modified as follows. First, we altered the time frequency of the reading
vegetation parameters of each land use type, including LAI and two in-
termediate variables (i.e., maximum interception storage and transmis-
sion of diffuse radiation), from 1 month to 8 days, corresponding to
temporal resolution of the remotely sensed product. Second, the file
path of remotely sensed LAI data was added into the configuration
file, and a new function was then built to read the LAI data and write
it into a structure array which can temporarily store the vegetation in-
formation for each grid cell with a time interval of 8 days.
2.3. Experimental design

Two numerical experiments (i.e., L_Class and L_Pixel) are designed
to evaluate the impacts of the spatial distribution of LAI on hydrological
simulations. L_Class uses 8-day remotely sensed LAI averaged for each
Fig. 7. Regression coefficients between the evapotranspiration and the influential factors duri
between the evapotranspiration and the influential factors were not significant. (For interpr
version of this article.)
vegetation type, while L_Pixel uses the 8-day remotely sensed LAI data
for each grid cell. Both L_Class and L_Pixel updates LAI per 8 days, keep-
ing other parameters constant.

Basedon the hydrological simulation results fromL_Pixel, themultiple
linear stepwise regression analysis is further used to detect the impacts of
meteorological factors and LAI on hydrological elements during the
growing season at the pixel scale. Meteorological factors include air tem-
perature, wind speed, relative humidity, shortwave radiation, and precip-
itation, while hydrological elements include evapotranspiration and soil
moisture of the three layers (corresponding to the three-layer root-zone
soil). In addition, water availability (precipitation minus evapotranspira-
tion) is added as a new dependent variable for regression analysis to pro-
vide valuable information for water resource optimization management.
Precipitation minus evapotranspiration determines the sum of surface
and subsurface water, which has been widely used in the water cycle re-
searches (Swenson andWahr, 2006; Byrne and O'Gorman, 2015). All the
above variables are averaged per 8 days during the growing season before
regression analysis.

2.4. Model required inputs

2.4.1. Meteorological inputs
Daily meteorological data required in themodel, such as air temper-

ature (°C), wind speed (m/s), relative humidity (%), and sunshine dura-
tion (h), were obtained from the 6 meteorological stations, provided by
China Meteorological Administration (CMA; http://data.cma.cn/). Daily
precipitation data was recorded by 25 rain gauges, 6 of which were in-
cluded in meteorological stations, while others were gathered from
the Hydrological Yearbook (Hydrological Bureau et al., 2014). The pre-
cipitation data were then spatially interpolated to 250-m grid spacing
via the Kriging interpolation method (Oliver and Webster, 1990).
ng the growing season. The yellow color with zero value indicates that the relationships
etation of the references to color in this figure legend, the reader is referred to the web

http://data.cma.cn/
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Moreover, the incoming shortwave radiation (W/m2) was calculated
using the Angstrom–Prescott (AP) equation (Angstrom, 1924;
Prescott, 1940) and it was further used to calculate the incoming
longwave radiation (W/m2) (Bohn et al., 2013).

2.4.2. Spatial inputs
In our study, the model is run with 250-m grid spacing. This 250-m

resolution is reasonable because of the relatively homogenous topo-
graphical conditions within a grid cell. Elevation data was obtained
from the 3 arc-seconds SRTM (Shuttle Radar Topography Mission)
DEM (Farr et al., 2007), provided by International Scientific & Technical
Data Mirror Site, constructed by Chinese Academy of Sciences (http://
www.gscloud.cn/). The DEMwas further utilized to calculate thewater-
shed boundary and create the slope. Soil depth (Fig. 1c) and river net-
work (Fig. 1d) were generated from the DEM using an ARC Macro
Language (AML) program provided by DHSVM website (https://
dhsvm.pnnl.gov/). Soil type data was obtained from the Harmonized
World Soil Database v1.1 (Fischer et al., 2008), provided by Cold and
Arid Regions Sciences Data Center (http://westdc.westgis.ac.cn/).
Loam (29.6%), silt loam (24.1%), sand (22.5%), and sandy loam (11.6%)
are the four major soil types in the study area. Land use data for 2010
with a 30-m resolution was obtained from the National Earth System
Science Data Sharing Infrastructure (http://www.geodata.cn/) to repre-
sent a static land use distribution during 2011–2013 (Fig. 1a). All
gridded inputs were projected into unified projection coordinate sys-
tem and resampled at a spatial resolution of 250 m.

2.4.3. Model parameterization
Several vegetation parameters (e.g., minimum stomatal resistance,

LAI, albedo, vegetation height, and vapor pressure deficit) and soil pa-
rameters (e.g., lateral saturated hydraulic conductivity, exponential de-
crease rate of conductivity, porosity, field capacity, and wilting point)
have been demonstrated to be highly sensitive to streamflow in the
DHSVMmodel (Lan et al., 2011b; Du et al., 2014). Formodel parameter-
ization, LAI was obtained from the global land surface satellite product
(GLASS; http://www.geodata.cn/), with a spatial resolution of 1 km for
the 46 retrieval periods per year (i.e., 1, 9,…, 361). Meanwhile, the for-
est LAI was divided into overstory (70% of total LAI) and understory LAI
(30% of total LAI) (Chianucci et al., 2016; Liu et al., 2017). The 8-day
area-average albedos for each land use type as a vegetation parameter
inputswere derived froma 30-arc, 8-day global gap-filled, snow-free al-
bedo data archive (ftp://rsftp. eeos.umb.edu/). A temporal interpolation
technique (Gao et al., 2008) was applied to the spatially complete al-
bedo data set to fill the MODIS albedo product for which there were
no observations, were of low quality, or were snow covered with geo-
physical realistic values (Sun et al., 2017). Porosity, field capacity,
wilting point and lateral saturated hydraulic conductivity were calcu-
lated using the Soil Plant Atmosphere Water (SPAW) model (Saxton,
1989). Exponential decrease rate of conductivity, vapor pressure deficit,
vegetation height, and minimum stomatal resistance were adjusted as
described by Lan et al. (2011b). All soil and vegetation parameters and
their sources are presented in Tables 1 and 2.

2.5. Model calibration and validation

Daily observed streamflow of the Balin Bridge hydrological station
from 2011 to 2013 were gathered from the Hydrological Yearbook for
model calibration and validation. The model was calibrated from Janu-
ary 1, 2011 to December 31, 2011 and validated from January 1, 2012
to December 31, 2013. We employed four statistical criteria to evaluate
streamflow prediction, including Nash-Sutcliffe Efficiency (NSE; Nash
Fig. 8. Regression coefficients between the soil moisture of the surface layer and the influenti
relationships between the soil moisture of the surface layer and the influential factors were
reader is referred to the web version of this article.)
and Sutcliffe, 1970), coefficient of determination (R2), root mean
squared error (RMSE), and percent bias (PBIAS; Moriasi et al., 2007).

In addition, daily mean remotely sensed evapotranspiration during
the growing season with 500-m resolution, derived from the MOD16
global evapotranspiration product (http://modis.gsfc.nasa.gov/), was
used as spatial reference to verify the simulation results. MOD16 prod-
uct has been assessed in variouswatersheds of China and shows rational
simulation accuracy in the Liaohe River basin (He and Shao, 2014; Du
and Song, 2018). First, we resampled daily mean simulated evapotrans-
piration during the growing season to 500-m resolution. Then, Z-score
standardization was performed for the remotely sensed and simulated
evapotranspiration. Finally, we calculated the Kendall's tau correlation
coefficients between the remotely sensed and simulated evapotranspi-
ration to compare their spatial congruence.While remotely sensed out-
put for soil moisture was not used to compare with our simulations due
to its coarse resolution and the uncertainty of the retrieval algorithm
(Goward et al., 2002; Wan et al., 2005; Yan, 2007).
3. Results and discussions

3.1. Model evaluation

The observed and simulated daily streamflow during the growing
season from 2011 to 2013 are presented in Fig. 3. It's found that the spa-
tial distribution of LAI doesn't result in a significant change in variability
of streamflow, but themagnitude of streamflow in L_Pixel has a 20.35%
increase than that in L_Class during the growing season. Meanwhile,
compared to the average streamflow of L_Class (i.e., 10.01 m3/s), that
of L_Pixel (i.e., 12.04 m3/s) is closer to the observed values
(i.e., 12.35 m3/s). The change in runoff is driven mainly by the change
in precipitation (Zheng et al., 2018). Landscape pattern changes mainly
affect themagnitude of streamflow instead of its variation trend, which
is consistent with the scenario analysis results of Chu et al. (2010) and
Lan et al. (2011a). In addition, four evaluation indicators in Table 3 indi-
cate that streamflow of L_Pixel is more accurate than that of L_Class. Al-
though this improvement is slight, it's meaningful for streamflow
simulation in basins where the range of LAI is much larger.

Simulation results of evapotranspiration are significantly different in
L_Pixel and L_Class. Kendall's tau correlation coefficients between the
L_Class (Fig. 4a) and L_Pixel (Fig. 4b) andMODIS-based evapotranspira-
tion (Fig. 4d) are 0.192 (p b 0.01) and 0.437 (p b 0.01), respectively, in-
dicate that accurately representing the spatial heterogeneity of LAI can
improve the spatial distribution simulation of evapotranspiration. Both
the interception and transpiration, as the two of the most important
components of the evapotranspiration, are primarily determined by
LAI (van der Ent et al., 2014), which explains the similarity between
the spatial distribution of evapotranspiration relative difference
(Fig. 4c) and LAI (Fig. 2f).

Soil water is not only affected bymeteorological factors and land use
pattern, but also by soil depth and topographical factor, such as eleva-
tion, slope, and aspect (He et al., 2003). In our study, the spatial distribu-
tion of simulated three-layer root-zone soil moisture (Fig. S2) is similar
to that of soil depth (Fig. 1c). Thicker soil depth corresponds to higher
soil moisture. Thus, LAI has less influence on the spatial distribution of
soil moisture than soil depth. In addition, the relative difference
(L_Pixel minus L_Class divided by L_Class) of simulated soil moistures
during the growing season decreases with the deepening of soil layer
(Fig. 5), which means that surface soil water is more sensitive to the
spatial heterogeneity of LAI. Although there is no site data of soil mois-
ture in our study area to identify themodel performance, it'smeaningful
to incorporate more physically realistic LAI into the model, which can
al factors during the growing season. The yellow color with zero value indicates that the
not significant. (For interpretation of the references to color in this figure legend, the

http://www.gscloud.cn/
http://www.gscloud.cn/
https://dhsvm.pnnl.gov/
https://dhsvm.pnnl.gov/
http://westdc.westgis.ac.cn/
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http://modis.gsfc.nasa.gov/
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promote the performance of soil moisture simulations to land use man-
agement, especially in the semi-arid regions.

3.2. Hydrological dynamic characteristics in different land use types

Based on the simulation results of L_Pixel, dynamic changes of
evapotranspiration and soil moisture of the three land use types during
2011–2013 are presented in Fig. 6. Evapotranspiration of the forest,
grassland, and farmland are mainly distributed in the growing season
(Fig. 6a). Evapotranspiration and soil moisture have obvious seasonal
variations. In the arid and semi-arid regions, evapotranspiration is pos-
itively affected by soil moisture (Zuo et al., 2011; Wang et al., 2016).
There are significant differences in soil moisture among different land
use types. The order of soil moisture is farmland N grassland N forest
(Fig. 6b), which is consistent with the field measurement of Gong
et al. (2004) in semi-arid areas. This is because that forests have greater
LAI and richer roots that consumes more water through interception
and transpiration. It's worth noting that the surface soil moisture is larg-
est among the three soil layers of the forest, but it is at a minimum
among those of the grassland and farmland (Fig. 6b). This finding is ob-
served because the root system of the forest is mainly distributed in the
bottom two layers, while that of the grassland and farmland is opposite.

3.3. Influential factors of the hydrological elements during the growing season

3.3.1. Influential factors of evapotranspiration
Regression coefficients between the evapotranspiration and the six

influential factors during the growing season for the three land use
types are presented in Fig. 7. LAI is the most important factor positively
affecting forest evapotranspiration (Fig. 7f1). LAI can promote vegeta-
tion interception and transpiration (Monteith, 1965) and affects evapo-
transpiration of grasslands and farmlands in the sameway (Fig. 7 f2, f3).
In the grassland and farmland, shortwave radiation is the most impor-
tant factor (Fig. 7 d2, d3) that enhances evapotranspiration by directly
increasing land surface net radiation.

In addition, the increase in air temperature not only positively affects
potential evaporation rate, but also reduce canopy resistance within a
certain temperature range (Dickinson et al., 1993), thus leading to the
increase of both evaporation and transpiration in grasslands and farm-
lands (Fig. 7a2, a3). Aerodynamic resistance is inversely associated
with wind speed (Storck, 2000) and has a negative influence on poten-
tial evaporation rate (Wigmosta et al., 1994). So, wind speed has a pos-
itive effect on grassland evapotranspiration (Fig. 7b2). Precipitation
promotes forest evapotranspiration by increasing interception and soil
moisture (Fig. 7e1).

Relative humidity is the ratio of the actual water vapor pressure to
the saturation vapor pressure, which has different effects on evapo-
transpiration in different land use types (Fig. 7c1, c2, c3). At a certain
air temperature, the increase in relative humidity decreases vapor pres-
sure deficit (saturation vapor pressure minus actual water vapor pres-
sure). The decrease of vapor pressure deficit can directly decrease
potential evaporation rate and further decrease transpiration rate
(Wigmosta et al., 1994). However, it can also promote transpiration
rate by reducing canopy resistance (Dickinson et al., 1993). As evapo-
transpiration of grasslands and farmlands is negatively affected by rela-
tive humidity (Fig. 7c2, c3), it's rational that evaporation dynamic
dominates the evapotranspiration change. In the forest, limited soil
water restricts its transpiration and evaporation. While relative humid-
ity is positively related to surface soil moisture in the semi-arid regions
(Ravi et al., 2004), which results in the increase of forest evapotranspi-
ration (Fig. 7c1).
Fig. 9. Regression coefficients between the water availability and the influential factors durin
between the water availability and the influential factors were not significant. (For interpre
version of this article.)
3.3.2. Influential factors of soil moisture
Regression coefficients between the soil moisture of the surface

layer and the influential factors during the growing season for the
three land use types are presented in Fig. 8. Relative humidity is the
most important factors in the forest, grassland, and farmland (Fig. 8c1,
c2, c3), which promotes surface soil moisture by decreasing vegetation
transpiration and surface soil evaporation. In addition, the increase in
precipitation directly increases forest soil water (Fig. 8e1).While the in-
crease in air temperature promotes potential evaporation rate and thus
grassland transpiration, leading to the decrease of surface soil moisture
in the grassland (Fig. 8a2). Wind speed negatively affects soil moisture
in the grassland and farmland by increasing evapotranspiration
(Fig. 8b2, b3).Moreover, the increase of LAI decreases the shortwave ra-
diation transmitted from the canopy (Monteith, 1965), further increas-
ing the net radiation absorbed by the canopy. Thus, the undergrowth
vegetation obtained less energy, leading to the decrease in the evapora-
tion of the surface soil water and the increase in surface soil moisture of
forests (Fig. 8f1). Similarly, the increase in the grassland LAI increased
the surface soil moisture (Fig. 8f2). The effects of these factors on soil
moisture significantly decreases with the deepening of soil layer
(Figs. S3 and S4).

3.3.3. Influential factors of water availability
Regression coefficients between thewater availability and the influ-

ential factors during the growing season for the three land use types are
presented in Fig. 9. Obviously, precipitation is themost important influ-
ential factor positively correlated with water availability in forests,
grasslands, and farmlands (Fig. 9 e1, e2, e3). Apart from precipitation,
LAI is the key factor negatively affecting water availability of the forest
(Fig. 9f1), while shortwave radiation is the key factor negatively affect-
ing that of the grassland and farmland (Fig. 9 d2, d3). What's more, rel-
ative humidity has slight but different effects on water availability in a
slight part of forests and grasslands (Fig. 9 c1, c2), which is opposite to
its effect on evapotranspiration (Fig. 7 c1, c2). Air temperature is nega-
tively affecting water availability of grassland and farmland (Fig. 9 a2,
a3) by promoting evapotranspiration.

3.4. Implications for water resource optimization management

Our study provides valuable information for water resource optimi-
zationmanagement in terms of promoting adaptation to climate change
and humanwater requirement via land use patternmanagement. In the
past 65 years, themean air temperature showed awavelike rising trend
in the Xar Moron River basin, and at the same time, precipitation
showed a decreasing trend, especially during the summer (Yao et al.,
2016). Compared with grasslands and farmlands, precipitation signifi-
cantly promotes evapotranspiration in forests, whichmeans that forests
trend to consume more water for growth in this basin. Afforestation is
the better option for the semi-arid regions only in areas where the an-
nual precipitation is N500mm, and at this time, afforestationwill not in-
duce the soil desiccation (Ren et al., 2018). Otherwise, afforestation
promotes both evapotranspiration and soil moisture, greatly decreasing
water availability and streamflow in this semi-arid basin.

Hydrological elements of grasslands are more sensitivity to air tem-
perature than these of forests. The increase in grassland air temperature
enhances the evapotranspiration and reduces water availability. Forest
seems to be more resilient to the warming activity, but in fact forest
keeps least soil water which limits its evapotranspiration.

Therefore, to mitigate the negative effects of drying and warming cli-
mate on watershed water availability, the landscape managers can de-
crease forest area to decrease the total evapotranspiration and to further
g the growing season. The yellow color with zero value indicates that the relationships
tation of the references to color in this figure legend, the reader is referred to the web
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increase water availability in this semi-arid basin. Moreover, vegetation
management measures (e.g., tree surgery and return forest to grassland)
can be used to increasewater availability by decreasing the forest LAI and
increase the grassland LAI.

4. Conclusions

Our study analyzed the hydrological elements and associated influ-
ential factors for different land use types in a semi-arid basin during
the growing season from 2011 to 2013 by incorporating high-
resolution remotely sensed LAI into a modified distributed hydrological
model. The results confirm that integrating the spatial heterogeneity of
the LAI has slight improvement on streamflow simulations and signifi-
cantly promotes themodel performance of spatial hydrological element
simulations. Hydrological elements vary in the different land use types.
Especially, the soil moisture of forests is significantly lower than that of
grasslands and farmlands. In the study area, hydrological elements are
driven by various influential factors, among which precipitation, LAI,
and relative humidity are the three most critical influential factors in
the forest, while hydrological elements in the grassland and farmland
are mainly affected by shortwave radiation, relative humidity, air tem-
perature, and LAI. LAI has positive effects on evapotranspiration and
soil moisture and further reduced the water availability and runoff.
Compared with grasslands and farmlands, LAI has greater negative in-
fluence on forest water availability. At the same time, the increase in
precipitation has greater positive effects on evapotranspiration and
soil moisture of forests than these of grasslands and farmlands. There-
fore, to mitigate the negative effects of drying and warming climate, in-
crease water availability, and satisfy increasing human water demand,
the forest area should be converted into grassland while the native
grassland should be maintained for soil water conservation. Landscape
planning and management are helpful in promoting the regional sus-
tainable utilization of water resources.
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