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ABSTRACT

Using the three-layer variable infiltration capacity (VIC-3L) hydrological model and the successive
interpolation approach (SIA) of climate factors, the authors studied the effect of different land cover types
on the surface hydrological cycle. Daily climate data from 1992 to 2001 and remotely-sensed leaf area
index (LAT) are used in the model. The model is applied to the Baohe River basin, a subbasin of the
Yangtze River basin, China, with an area of 2500 km2. The vegetation cover types in the Baohe River
basin consist mostly of the mixed forest type (~85%). Comparison of the modeled results with the observed
discharge data suggests that: (1) Daily discharges over the period of 1992-2001 simulated with inputs of
remotely-sensed land cover data and LAl data can generally produce observed discharge variations, and
the modeled annual total discharge agrees with observations with a mean difference of 1.4%. The use
of remote sensing images also makes the modeled spatial distributions of evapotranspiration physically
meaningful. (2) The relative computing error (RCE) of the annual average discharge is —24.8% when
the homogeneous broadleaf deciduous forestry cover is assumed for the watershed. The error is 21.8%
when a homogeneous cropland cover is assumed and —14.32% when an REDC (Resource and Environment
Database of China) land cover map is used. The error is reduced to 1.4% when a remotely-sensed land

cover at 1000-m resolution is used.
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1. Introduction

Vegetation obviously influences runoff, evapora-
tion, infiltration, and soil humidity. Different cover
types can have different effects on these hydrological
processes. Land cover maps are therefore critical in
realistic hydrological simulations, and, as such, errors
due to inaccuracies in land cover data are of concern.
Furthermore, many numerical models do not take into
account subgrid variations of vegetation covers. Pre-
cipitation, soil humidity, and topographic index are
often assumed to be the same in a grid cell, which ob-
viously cannot accurately, reasonably, and effectively
reflect the subgrid inhomogeneity of evapotranspira-
tion, surface runoff, or precipitation affected by vege-
tation (Gao et al., 2004; Xue et al., 2004). Therefore,

*E-mail: zhousuoquan@jsmail.com.cn

there are always significant errors in computed surface
hydrology.

In fact, different mechanisms controlling runoff, in-
filtration, and soil humidity may exist in a grid cell
(Liang and Xie, 2001), thus producing different runoff,
infiltration, and soil humidity in different parts of a
grid cell. Such a sub-grid inhomogeneity of vegetation
in GCM models plays an important role in calculating
surface runoff and directly impacts the state of soil
humidity, which in turn distinctively affects seasonal
rainfall (Zhou and Chen, 1995; Zhou et al., 1997; Zhou
et al, 1998; Zhou et al., 1999; Zhou et al., 2003a), thus
seasonal and annual climatic state (Shukla and Mintz,
1982). Since taking no account of the spatial variabil-
ity of surface land-covers/vegetation types may lead
to under-/over-estimation of these surface hydrologi-
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cal components and subsequent soil humidity, correct
land cover data are the basis for calculating surface
hydrological balance and for reasonably representing
interactions between the surface and the atmosphere.
(Zhou et al., 2003b; Zhou et al., 2003c).

Mahmood and Hubbard (2003) discovered that dif-
ferent land covers may be responsible for 36% of the
difference in the annual total evapotranspiration, and
these remarkably change the period of soil moisture
and the resultant hydrological balance. Costa-Cabral
and Burges (1994) analyzed a 50-year time series of
tropical streamflow and precipitation, and found that
under the same precipitation conditions, when tropical
forests were replaced by farmlands, the streamflow in-
creased by 25%, on average, and by 28% in high flow
seasons, and the seasonal streamflow peak occurred
one month earlier. Their further analysis suggested
that land cover types changed the regional surface hy-
drological response, indicating the large computational
errors from different land covers. Sridhar et al. (2003)
selected most homogeneous/inhomogeneous land sur-
faces in numerical experiments, and their results sug-
gested that relative to homogeneous land surfaces, the
latent heat flux of inhomogeneous land surfaces was
reduced by 12% and the sensible heat increased 22%.
Liu et al. (2003) used a variation coefficient of soil
moisture to represent the inhomogeneity of the spa-
tial distribution of soil moisture, and inferred that
this inhomogeneity may have produced an additional
mesoscale flux term. The influence of an inhomoge-
neous infiltration parameter on regional hydrological
and climatic simulations was found to be greater than
that of precipitation heterogeneity (Zeng et al., 2003).

The representation of surface inhomogeneity in
the three-layer variable infiltration capacity(VIC-3L)
model helps the description of the effect of vegetation
on the surface hydrological process in climate mod-
els (Xue et al., 2005), thus meeting the demand of
climate models in simulating hydrological effects re-
sulting from spatially different land covers. There-
fore, the VIC-3L model provides a platform for the
application of remote sensing data. The use of re-
mote sensing techniques enables us to obtain spatial
and temporal information about the land surface, and
thereby address issues related to inhomogenous and
changing land surfaces (Engman, 1996; Ritchie and
Rango, 1996). In the past 10 years, the application
of remote sensing has allowed progress in hydrological
research and water resource management, and in par-
ticular, the evapotranspiration distribution calculated
with the satellite remote sensing spectrum data based
on energy balance is of practical importance (Basti-
aanssen et al., 1998). Ayenew (2003) calculated day-
time potential evapotranspiration using this method
and the satellite data. However, practical applications
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of remote sensing to hydrology are still few, and vege-
tation parameters, especially vegetation structure pa-
rameters, such as LAI, which plays an important role
in rainfall interception, evapotranspiration and catch-
ment water budget, have not fully been used in hydro-
logical process modeling except in a few cases (Wig-
mosta et al., 1994; Chen et al., 2005). The resolution
at 1 km of MODIS vegetation data can match that of
VIC-3L, and furthermore VIC-3L is able to take into
account the inhomogeneous distribution of vegetation
in a grid cell and to calculate the contributions of var-
ious vegetation types within a grid cell to the surface
water cycle.

However, the effect of varying vegetation types on
surface hydrological balance is unknown, i.e., it is un-
known how large an error can be caused by the vari-
ation in vegetation types (Wang et al., 2002a and b;
Liu, 1997; Zhang et al., 1996; Hansen et al., 1983). In
this paper, the Baohe River basin, a tributary of the
Yangtze River is first selected, and then the stream-
flow at a hydrological station under the conditions of
homogeneous and inhomogeneous vegetation distribu-
tions is simulated using VIC-3L with input of the time-
varying MODIS LAT (leaf area index) data. The sim-
ulated streamflow is compared with the observations
to determine the effect of inhomogeneous vegetation.

2. Brief description of the VIC-3L model

Distinctively different from general soil-vegetation-
atmosphere transfer schemes (Liang et al., 1994; Ni-
jssen et al., 1997), such as Biosphere-Atmosphere
Transfer Scheme (BATS) (Dickinson et al., 1993). SiB
(Sellers et al., 1986), and other distributed hydrolog-
ical models, VIC-3L is based on spatially variable in-
filtration capacity and is able to describe the sub-
grid inhomogeneity of surface soil moisture, evapo-
ration and runoff. Due to the controlling effect of
vegetation on the energy and moisture exchange be-
tween the land surface and atmosphere, VIC-3L is
designed to describe the variability of parameters of
different surface vegetation types, such as LAI, min-
imum stomata resistance, roughness length, displace-
ment height, etc. Evapotranspiration is the sum of
vegetation transpiration and evaporation from wet
canopies and bare soil evaporation, and in its esti-
mation formula, both aerodynamic and canopy resis-
tance are considered. Canopy interception is a func-
tion of LAI, and the intercepted rain evaporates at
the potential rate, which can be adjusted according to
canopy and aerodynamic resistances. The soil model
considers three soil layers. The top layer gains mois-
ture through rain infiltration and the moisture trans-
fer from the top layer to the layer below is realized
through the Brooks-Corey unsaturated hydraulic con-
ductivity gravitational drainage. The radiation algo-
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rithm is adapted from Thornton’s scheme (Thornton
and Running, 1999).

The surface evapotranspiration computation is im-
proved in this paper. The vegetation ratio C, , is used
to represent the inhomogeneity of the spatial distribu-
tion of vegetation in a grid cell, which is of particular
importance for GCM models at low resolutions, be-
cause a grid cell possibly contains several vegetation
types and their ratios may be different in different grid
cells. The VIC-3L model is able to compute evapotran-
spiration for the different respective vegetation types,
thus raising the accuracy of the evapotranspiration es-
timate. However, when the effect of one type of veg-
etation on surface moisture is computed, the effect of
the coverage or fraction of the vegetation is not taken
into account. Plants thrive in summer with higher
coverage and wilt in winter with a lower fraction. The
vegetation coverage § was calculated from the normal-
ized difference vegetation index (Ingy) based on Kenlo
et al. (2003):

(Rnir - Rred)
Inagv=775"7577"7, 1
d (Rnir + Rred) ( )
(Indv - Indv min)
5, — ’ , 2
(Indv, max Indv, min) ( )

where gy, max and Indy, min are the Inq, values at full
coverage d,=1 and no vegetation coverage 6,=0, re-
spectively, for the nth plant combining remote sensing
vegetation types. The evapotranspiration, F, (runoff,
Q) from an inhomogeneous vegetated land surface in
a grid cell can be expressed as the sum of the canopy
evaporation, E; p, transpiration, Ey p, (surface runoff
Qa4,n), and soil evaporation, Fs, (under baseflow
Qb ) for the various plant types of the land surface:
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N
E= Z Cvm(sn(Ec,n + Etm) + C’v,N+1Esoil(1 - 5n)

n=1
(3)

N+1
Q=Y Cen(Qan+Qbn), (4)

n=1

N+1
where > Cyp=1,n=1,2,...,N+1, and C n41

n=1
denotes the area ratio of bare soil.

3. The study area and basic data

The Baohe River basin (Fig. 1), ranging from
33°40'N to 34°20'N and 106°40'E to 107°30’E, is lo-
cated in the upper reaches of the Hanjiang River—the
largest branch of the Yangtze River. The catchment,
about 2500 km?, covers the east of Fengxian County,
the west of Taibai County, and the north of Liuba
County in Shaanxi Province, and has its outlet at the
Jiangkou hydrological station. The annual precipita-
tion ranges from 500 m to 700 mm, and the terrain
elevation varies from 1000 m to 1200 m.

The reasons for selecting the Baohe River basin as
the study area are as follows. First, the basin is less
influenced by anthropogenic activities, and is well cov-
ered with vegetation with fractions of 93%, 90%, and
50% in Taibai, Fengxian, and Liuba Counties, respec-
tively. The basin is close to natural protection regions
for wildlife, such as the giant salamander, giant panda,
ibis, and Ziboshan natural protection regions. Second,
the basin is relatively obturated, and the four branches
of the Baohe River converge at the same hydrological
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Fig. 1. (a) Location of the Baohe River basin in China, and (b) locations of the meteorological and hydrological

stations in the Baohe River basin (DEM, Uints: m).
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Fig. 2. (a) Vegetation types (Table 1) for the Baohe River basin based on the MODIS retrieved data in
2000 at 1-km resolution, (b) the REDC data source (see Table 1), (c) the soil types based on the REDC data
source, and (d) LAIT spatial distribution in June 2000 based on MODIS data resampled to 4-km resolution.

station, therefore it is relatively easy to test the water
conservation of the model and to assess the effect of
different vegetation distributions on hydrology. Third,
the basin is the water resource area for the South-
North Water Diversion (SNWD) Project in China, and
the study of its surface water cycle will help the assess-
ment of the water resources for the SNWD project,
such as assessing the effect of vegetation coverage on
water resources and the impact of climatic change on
the SNWD, etc.

3.1 Basic surface data

The MODIS remote sensing products were ob-
tained from Boston University* and the land cover

was classified by a supervised International Geosphere-
Biosphere Program (IGBP) classification technique.
The images used were from the National Aeronautics
and Space Administration (NASA) TERRA/MODIS
HDF-EOS MOD12Q1. The IGBP Classification
Scheme identifies 17 classes at 1-km resolution, and
in combination with the land cover types of the VIC-
3L model, 8 types of land covers were identified in the
Baohe River basin (Fig. 2a), and correspondingly, their
vegetation parameters are listed in Table 1. The ex-
isting land cover and soil type datasets for the basin,
shown in Fig. 2b, were determined according to the Re-
source and Environment Database of China (REDC;

*ftp://crsa.bu.edu/pub/rmyneni/ myneniproducts/MODIS/MOD15_BU/C4/LAI/data/1km/2000/
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Table 1. Vegetation types and their attributes.
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Class Vegetation type Overstory SR (s m~1) MSR (s m™1) June albedo JR (m) DH (m)
3 DNF 1 60.0 125.0 0.18 1.230 6.70
4 DBF 1 60.0 125.0 0.18 1.230 6.70
5 Mixed forest 1 60.0 125.0 0.18 1.230 6.70
6 Woody forest 1 60.0 125.0 0.18 1.230 6.70
8 Closed shrub 0 50.0 135.0 0.19 0.495 1.00
9 Open shrub 0 50.0 135.0 0.19 0.495 1.00
10 Grassland 0 25.0 120.0 0.20 0.074 0.40
11 Cropland 0 25.0 120.0 0.20 0.012 0.33

Note: DNF, deciduous needleleaf forest; DBF, deciduous broadleaf forest; SR, architecture resistance; MSR, minimum
stoma resistance; JR, June roughness; DH, displacement height.

Table 2. Soil types and their attributes.
Bulk Field Wilting Saturated Slope of
USD Soil Sand Clay density Capacity point Porosity HC retention
class type (%) (%) (g ecm™3) (em3® cm—3) (cm3 cm~—3) fraction (em h—1) curve, b
3 Sl 69.28 12.48 1.57 0.21 0.09 0.46 5.24 4.84
7 Scl 60.97 26.33 1.60 0.27 0.17 0.39 2.40 8.66
9 Cl 30.08 33.46 1.43 0.34 0.21 0.40 1.77 8.02

Note: HC, hydraulic conductivity; S1, Sandy loam; Scl, Sandy clay loam; Cl, Clay loam.

Botanic Institute of the Chinese Academy of Sciences,
1979) and the China Land Use Map (Geographic In-
stitute of the Chinese Academy of Sciences, 1991).
The VIC-3L model identifies 12 types of soil accord-
ing to the sand content. In the Baohe River basin,
the soil types from the REDC source (Nanjing Soil In-
stitute of the Chinese Academy of Sciences, 1978) in-
clude sandy loam, sandy clay loam, and clay loam (Fig.
2¢), and their corresponding parameters are listed in
Table 2. The LAI information is available from the
MOD15A2 products, and by using the Knyazikhin al-
gorithm (Knyazikhin et al., 1998a, b), the monthly
mean LAI at 1-km resolution was aggregated into a
spatial resolution of 4 km to be consistent with the
spatial resolution of the other variables used in the
VIC-3L model simulations. Figure 2d shows the spa-
tial distribution of LAT in June 2000 at 4-km resolu-
tion for the Baohe River basin. The variation of LAI
in one year is distinct and is associated with the crop
harvest, suggesting that without these remote sensing
data, it is difficult to prescribe LAI values to represent
the actual circumstances.

3.2 Model main parameters

The VIC-3L model requires hydrological and at-
mospheric parameters (Table 3). The hydrological
parameters include the infiltration shape parameter

bi; the distributive index of soil porosity Bp; residual
moisture content O,; saturated hydraulic conductiv-
ity Kgat; and the three base-flow-related parameters
Dy, Dy, Wy, representing, respectively, the maximum
subsurface flow, the fraction of D,,, and the fraction
of maximum soil moisture. Expr is a parameter of
the variability of Ki,:, Phis a soil moisture diffusion
parameter, Bypple the pressure of soil bubbles, Dp the
soil thermal decay depth, and W, and W, are the crit-
ical point of soil humidity and wilting point, respec-
tively. Table 3 provides the main parameters of each
grid cell used in the routing model. Figure 3a shows
the flow directions computed with ArcGIS, which are
in agreement with the DEM and river networks. Fig-
ure 3b exhibits flow velocities of grid cells calculated
from the terrain index (Vivek, 1999), which show a
good correlation with the topographic gradient.

3.3 Successive interpolation approach (SIA) for
climatic variables

Figure 4 shows spatial distributions of the 10-year
averaged daily temperature and annual precipitation
from 1992 to 2001, interpolated using the SIA (Zhou
et al., 2005), which takes into account the physical
process affecting the spatial variations of the meteo-
rological variables and corrects the interpolation error
step by step. Figure 4a depicts the spatial pattern of
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Fig. 3. The routing model parameters distribution: (a) flow directions, (b) flow velocity (units: ms™').
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Fig. 4. Spatial distributions of the 10-year averaged climate variables (a) temperature, in °C; (b) precipitation

in mm from 1992-2001, interpolated by SIA.

Table 3. VIC-3L model parameters.

Parameter Value Parameter Value
b; 0.03 Dp (m) 4.0
Ds 0.01 Bubble (m) 0.20
Dm 3.0 We 0.7
Wi 0.65 Wp 0.3
Expr 10.5 Prcp 623.0
Kiat 100.0 [SH 0.02
Pi_s (mm mm™1) 1.0 By 20.0
W5 (m) 0.20

daily mean surface air temperature. It can be seen
from Fig. 4a that the temperature obviously varies

with topography. It reaches 11.4°C in the south-
ern valley region, gradually falls northwards along the
river valley, and attenuates to the minimum value of
0.3°C at peaks of the northern Taibai Mountain. The
result is in good agreement with the actual observed
temperatures, with the absolute errors within about
0.5-1.0°C and the relative errors less than 5%. Figure
4b illustrates the spatial pattern of the 1992-2001 av-
eraged annual precipitation, which shows the spatial
features of more (less) precipitation in the southern
(northern) parts and more (less) precipitation in the
mountain valley (top). However, the relationship be-
tween precipitation and terrain is not very clear. After
analyzing daily precipitation distributions, we also
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Fig. 5. Digital river networks for the Baohe River basin at two resolutions: (a) 1 km and (b) 4 km.

found that, only under certain weather conditions,
does precipitation have a good relation with topogra-
phy, thus statistically showing the feature that pre-
cipitation decreases with elevation. The interpola-
tion error of the STA for daily precipitation is 8 mm,
and the relative error is less than 10%. The inter-
polation accuracy of the STA is better than that of
Marquinez’s (Marqufnez et al., 2003) multiple linear
regression method.

4. The DEM and digital river network

The purpose of applying a DEM to hydrology is
generally to obtain surface and subsurface flow routes,
integrated river networks, and boundaries of basins
(Moore et al., 1991). It is generally assumed that the
flow direction in a grid cell is to one of 8 adjacent
grid cells (Fairfield and Leymaire, 1991), i.e., the so-
called “D8 model”. Jenson’s algorithm (Jenson and
Domingue, 1988) assigns a flow direction for each grid
cell based on the steepest slope direction (Quinn et al.,
1991; Tarboton, 1994). However, the steepest slope
algorithm is not correct for DEMs with a 30” (about
1 km at the equator) or even lower resolution, and
larger errors will occur in the areas with less sampling
points in the DEM (O’Donnel et al., 1999). Therefore,
high resolution DEM information is required (Fekete
et al., 2001; Olivera et al., 2002), and the flow direc-
tion is determined manually by using a simple steepest
slope and lowest adjacent grid cell algorithm. There-
fore this algorithm is not fully objective. Scann (2003)
presented an algorithm that is able to flexibly control
the flow direction on the diagonal of a grid cell and
to select the generated flow direction for a coarse grid

cell based on finer grid cells. Scann’s algorithm was
used in this paper to generate the 1-km resolution river
net work and river valley boundaries (Fig. 5a), which
rather accurately describe the actual water system of
the Baohe River.

The study of Sridhar et al. (2003) showed that at
the resolution of about 2 km it was possible to charac-
terize the inhomogeneity of soil and vegetation. Using
information at this resolution also reduces the amount
of computation work. In terms of the characteristics
of the large basin of the Yangtze River, the 1-km DEM
was resampled to a 4-km DEM in this study, and the
Baohe River network generated from the 4-km DEM is
shown in Fig. 5b. Although there are much fewer de-
tails at the 4-km resolution than at the 1-km one, the
major rivers and their orientations are well preserved.

5. Simulation results

5.1 Simulation of the components of surface
water balance

Figure 6 shows the spatial distributions of the
1992-2001 climatological mean annual amounts of the
surface water balance components calculated using the
remotely-sensed land cover types, LAI, and soil types
shown in Fig. 2. Figure 6a displays the spatial pattern
of simulated evapotranspiration, where the maximum
annual evapotranspiration of 606 mm occurs in the
southern region, corresponding well to the maximum
rainfall area. In contrast to the topography, it is also
easy to find that the evapotranspiration is large in the
river valley and less on the mountain top. The climate
is wet (dry), and the annual rainfall large (small), in
the southern (northern) part of the Baohe River basin,
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Fig. 6. Spatial distributions of the components of surface hydrological balance simulated by the VIC-3L model:

(a) evapotranspiration, (b) total runoff, (c) soil moisture, and (d) snow sublimation (units: mm).

which is the major factor affecting the spatial distri-
bution of evapotranspiration. The minimum annual
evapotranspiration of 487 mm appears in the northern
mountainous region, where the climate is relatively dry
and cold and belongs to the semi-arid warm temper-
ate climate. Figure 6b exhibits the spatial pattern
of the simulated 10-year averaged annual runoff and
substrate runoff. The runoff is large in the southern
region (Fig. 6b) with low elevation where precipita-
tion is plentiful. The area of larger runoff in the north
mountainous region corresponds to one where the sur-
face evapotranspiration is smaller, and the land cover
is mainly cropland. And large runoff occurs on Taibai
Mountain due to snow melting in summer. The max-
imum runoff of 120 mm occurs in the northeast crop
area during the crop seeding and harvesting periods.

Therefore, the total runoff is small in areas where the
vegetation coverage is large as a result of large evap-
otranspiration. In the crop area, the runoff is large,
and the evapotranspiration is small. Therefore the
balance of the surface water over cropland is mainly
determined by runoff, which suggests that cropland is
susceptible to soil erosion.

Figure 6¢ shows the spatial distribution of the sim-
ulated climatological mean annual soil moisture in the
first layer, where it can be seen that the mean mois-
ture is spatially relatively homogeneous in the same
type soil, such as being 28 mm in the southern clay
loam, 23 mm in the central sand clay loam, and 22
mm in the northern sandy loam. Therefore, soil mois-
ture is mainly affected by soil type and the spatial
distribution of precipitation. However, there are still
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Comparison of the VIC simulated discharges
m? sfl) at Jiangkou hydrologicalstation of the
Baohe River basin and the observed ones for the 5 years

in 1992-2001.

spatial differences in soil moisture even in the same
soil, and these differences are related to vegetation
types and slopes. Computational results show that
the effect accounts for 5% of the soil moisture vari-
ance with other conditions unchanged. Figure 6¢ also
shows that soil moisture is lowest in sandy loam with
the mean annual being about 22 mm, but highest in
clay loam with the annual mean being 28 mm. The
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porosity of sandy loam is largest in the north of the
Baohe River with the semi-arid climatic zone. The soil
is susceptible to the loss of moisture. Figure 6d shows
the spatial distribution of simulated 10-year averaged
snow sublimation. It is about 2 mm in the southern
region and elevation on Taibai Mountain in the north-
east region and in the northern mountainous region,
exhibiting a general trend of increasing sublimation
with elevation.

Based on Statistics of Hydrological Characteris-
tics for Major Rivers in China, China Annual Runoff
Depth Maps, and China Hydrological Maps, Lu and
Gao (1984) calculated and plotted China Hydrocli-
mate Maps, therein the precipitation of the Baohe
River basin is about 600-700 mm, the annual evapora-
tion about 500-600 mm, and the annual runoff about
100-150 mm. Therefore the spatial distributions of
the components of surface water balance simulated us-
ing the VIC-3L model are reasonable, and the mod-
eled evapotranspiration and surface runoff are in close
agreement with those in Lu and Gao (1984).

5.2 Discharges simulation

After simulating the components of surface water
balance using the VIC-3L model, the 10-year river dis-
charges at the Jiangkuo hydrological station were sim-
ulated (dots in Fig. 7) using a routing model (Lohmann
and Nolte-Holube, 1996) that takes into account fac-
tors such as aspect, slope, flow direction, and river
network, etc. The modeled discharges were then com-
pared with the observations (solid line in Fig. 7). The
small discharges from January to April and November
to December 1992 are well simulated. As the discharge
increased gradually after April, small peaks occurred
around June, followed by several large discharge events
in July through September. All these events are closely
captured by the model.

The 1993 discharge simulation better agrees with
the observations than the 1992 case: three large dis-
charges in early May, late June, and mid July are well
simulated; the decreasing trends after the peaks are
also well simulated; and the modeled small discharges
in the winter months are consistent with observations.
These results suggest that the VIC-3L model is suit-
able for the simulation of the surface water cycle of
the Baohe River basin, although the model did not
perform well in simulating two small peaks in early
June and late September. The simulations in the first
half of 1995 do not follow the observations closely. Dis-
charges in late April are overestimated, and two small
false fluctuations occur around June. However, after
July, the model performs well in tracking the observed
patterns, such as the decreasing trend from July to Au-
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gust, the peak in September, and the waves of about
20 m® s~! in October.

The simulated discharges in 1999 are also in good
agreement with observations. Peak values of dis-
charges in May, June, July and October are well simu-
lated, and the simulation errors are small. Meanwhile,
the simulated small discharges in autumn, winter and
spring are in accord with observations. The model is
able to mimic all waves from April to October, es-
pecially the large ones. However, the model did not
coincide with several small peaks. This is a problem
consistently occurring in most of the years. The simu-
lations for the summer and autumn in 2001, especially
the simulated peak in late September, are also very
satisfactory. However, several small waves in spring,
early summer, and August are again not missed partly
by the model.

It can be seen from Fig. 7 that VIC-3L is able to
reconstruct the hydrological station discharge observa-
tions after using remotely-sensed vegetation types and
LAI, because the remotely-sensed LAI captures well
its actual seasonal variations, and the remotely-sensed
land cover map contains useful information of the ac-
tual distribution of surface vegetation. Although the
VIC-3L model adopts prescribed LAI with seasonal
variations, we expect that the prescribed LAI may dif-
fer considerably from the reality as the tree ages may
be different in the same vegetation type, and their LAT
values would vary with age. The remotely-sensed LAI
would capture this difference spatially, and therefore,
help improve the discharge simulation.

6. Simulated results with homogeneous and
inhomogeneous

6.1 Sitmulation of Fvapotranspiration

Figure 8 shows the spatial distribution of the VIC-
3L simulated surface evapotranspiration (ET) from
four types of land covers. When the watershed is
covered with homogeneous broadleaf deciduous forests
(Fig. 8a), the simulated ET exhibits small spatial dif-
ferences and is gradually reduced from south to north
and from east to west with the maximum value of 596
mm in the southern part of the basin and the mini-
mum value of 539 mm in the northwest, which is basi-
cally in agreement with the distribution of the annual
mean rainfall and not correlated to topography. If
the watershed is covered by cropland, the simulated
surface evapotranspiration (Fig. 7b) fully reveals the
topographic influence on evapotranspiration. It is rel-
atively large in the river valley area and small in the
mountain ridge area, suggesting that evapotranspira-
tion on one hand is affected by the spatial distribution
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of precipitation, exhibiting a south-north decreasing
trend. On the other hand, it is also affected by temper-
ature, showing a valley-to-mountain decreasing trend.
The maximum evapotranspiration is 598 mm in the
southern valley region, and the minimum value is 461
mm on Taibai Mountain which is over 3000 m in eleva-
tion. It is seen from the comparison of Figs. 8a and 8b
that evapotranspiration for broadleaf deciduous forests
is generally greater than that for croplands.

When the heterogeneous REDC landcover was
used in the simulation, the spatial distribution (Fig.
8c) of the simulated evapotranspiration has a good re-
lationship with the surface vegetation types. The max-
imum value of 588 mm lies in the southern broadleaf
deciduous forest area, not in the river valley area;
the minimum value of 485 mm occurs in the northern
grassland, not on the highest mountain top. Therefore,
the impact of vegetation distribution on the computed
surface evapotranspiration is considerable, and the
spatial distribution of the evapotranspiration shows no
evident relation with topography due to surface veg-
etation cover. The computed surface evapotranspi-
ration using the heterogeneous remotely-sensed land
cover map differs from the above three cases in spa-
tial pattern (Fig. 8d), and sometimes there may exist
an obvious difference between two adjacent grid cells.
The maximum evapotranspiration reaches 606 mm in
the southern region due to the influence of precipita-
tion. The minimum value of 487 mm occurs in the
northern cropland area, which is in agreement with
the case shown in Fig. 8c. It is large in the thriving
vegetation cover region and small in the bare soil re-
gion.

6.2 Simulation of long-term mean hydrological
station river discharge

It can be seen from the above analyses that the
surface evapotranspiration is closely related to veg-
etation type. The computational results also reveal
that the inhomogeneity of land cover affects the surface
runoff. Many previous studies have investigated the ef-
fect of the inhomogeneity and have obtained meaning-
ful results (Lohmann and Nolte-Holube, 1996; Cai and
Chen, 2003; Ma et al., 2004). However, the discharge
change resulting from the inhomogeneity of land cover
has not been quantitatively calculated so far, there-
fore, the maximum possible computational error re-
sulting from land cover differences, which is very im-
portant for the study of the land surface process, can-
not be determined. In order to assess the error caused
by inhomogeneous land covers, the river discharges un-
der different land cover types were simulated in this
study, and the 10-year averaged river discharges are
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compared with the observed means at the Jiangkuo
hydrological station.

Figure 9 shows the simulated annual mean dis-
charges for the homogeneous and heterogeneous cases
and the corresponding observations at the Jiangkuo
station. The computational error is smallest in win-
ter and largest in summer. The discharge gradually
increases from winter to summer, but is rapidly re-
duced from summer to winter. The trends of several
simulated long-term mean seasonal discharge curves
are basically in accord with that of the observations,
which oscillates between the simulated curves. The
computed annual discharge for the case of broadleaf
deciduous forest is smallest, and its annual mean error
reaches —24.82%. The computed total discharge for
heterogeneous REDC landcover is the next smallest,
and its annual mean error is —14.32%. In these two
cases, the vegetation evaporative demands are high,
causing relatively small runoff, and therefore the sim-
ulated discharges are smaller than the observed. The
simulated discharge for the case of homogeneous crop-
land is largest, and its annual mean error is +21.82%.
Since crops generally have a smaller LAT than forests,
the evapotranspiration from crops is smaller than the
forest case, resulting in larger runoff. In comparison
with the observations, the error is smallest (1.43%) in
the computed discharge based on the heterogeneous
remotely-sensed landcover.

7. Conclusions

The spatial distributions of surface water balance
components in the Baohe River basin have been sim-
ulated in this study using MODIS land cover and LAI
maps so as to take into account subgrid variations of
vegetation cover in one grid cell. The simulated dis-
charges at the Jiangkou hydrological station are com-
pared with observations. In order to investigate the
impacts of land covers on the water cycle, the surface
evapotranspiration for four different land covers are
simulated using the VIC-3L model. These simulated
annual mean discharges are compared with each other
and with observations to draw the following conclu-
sions:

(1) The spatial distributions of simulated surface
evapotranspiration, runoff, soil moisture, and under-
ground runoff from 1992 to 2001 show that the surface
evapotranspiration is mainly affected by the spatial
distribution of precipitation, but in the meantime, the
impacts of topography and vegetation type are also
obvious. The surface evapotranspiration is relatively
large in the river valley and thriving vegetation areas,
and small on the mountain tops and in sparse vegeta-
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tion areas. The surface runoff is influenced not only
by the spatial distribution of precipitation but also by
vegetation. The surface runoff is larger in sparser veg-
etation regions and on the perpetually snow-covered
mountain tops. The soil moisture is mainly affected
by the spatial pattern of precipitation, and the influ-
ence of soil type on soil moisture is about 5%. The
10-year mean value of snow sublimation indicates that
the simulated value reaches its maximum on the top
of the perpetually snow-covered Taibai Mountain top.

(2) Multiple-year simulated hydrological discharges
are basically consistent with station observations, sug-
gesting that the remotely-sensed land cover and LAI
used provided useful information on the heterogeneous
land surface for the hydrological simulations. The
remotely-sensed LAI captured the seasonal variations
in vegetation, and the remotely-sensed vegetation type
distribution provided updated information to quantify
the subgrid heterogeneity. The VIC-3L made an effec-
tive use of these remotely-sensed surface parameters to
simulate the effects of multiple vegetation in one grid
cell on surface evapotranspiration, runoff, etc. When
remote sensing information is used, the computed spa-
tial distributions of the surface water balance com-
ponents such as evapotraspiration, evaporation, and
runoff become physically meaningful.

(3) The distribution of the calculated evapotran-
spiration for homogeneous broadleaf deciduous forest
is mainly determined by the annual mean precipita-
tion, and not related with topography. However, in the
case where the watershed is assumed to be covered by
crops, the spatial patterns of evapotranspiration are
not only affected by precipitation but also by topog-
raphy. Overall, the evapotranspiration for broadleaf
deciduous forests is greater than that for crops. The
spatial distribution of the computed evapotranspira-
tion for heterogeneous land covers is closely related to
vegetation type. The vegetation transpiration is larger
in vegetation with high LAI values than in sparse veg-
etation with low LAI values. The surface evapotran-
spiration is relatively large in vegetation covers with
large LAI, and small in bare soil regions.

(4) The annual mean error of the computed total
discharge, when compared with observations, is largest
at —24.82% when the watershed is assumed to be uni-
formly covered with broadleaf deciduous forests. If
the REDC landcover is used instead, the error is de-
creased to —14%. In these two cases, forests dominate
the landscape, and the evaporative demands are high,
causing high ET and low runoff. If the watershed is
assumed to be covered by crops, the error in the dis-
charge simulation became +21.82%. This is due to the
fact that crops are generally sparse (low LAI), caus-
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ing low ET and high runoff. This simulation error is
reduced to 1.4% when a remotely-sensed land cover
map is used, suggesting the importance of a realis-
tic representation of the land surface conditions in the
simulations of surface hydrology and land-atmosphere
interaction.
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