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Water resource conservation is of utmost importance, especially for agriculture in developing countries.

Frequent occurrences of water shortage have driven more social efforts in researching on water

resources spatial distribution, as the land cover changes recently have shown positive influences. For

the purpose of efficient water resources management, hydrological processes under different types of

land covers and soil textures are supposed to be accurately analyzed and evaluated. Recently developed

distributed hydrological mode (DHM) has been a strong hydro-cycle simulation tool for inferring

variability and heterogeneity of water resources distribution. In this paper, a spatially distributed Water

and Energy Transfer between Soil, Plants and Atmosphere under quasi Steady State (WetSpass) model

was introduced in the distributed hydro-cycle simulation on upstream Han river basin. The simulation

time-step of WetSpass model was modified from originally one season to currently one month. In

addition, an experiential non-linear routing algorithm was integrated into WetSpass for discharge

confluence. The study area was delineated into 12 upstream to downstream routing related catchments

whose land covers and soil textures were investigated and illustrated. Model verification was

completed through the calibration of simulated hydrograph against observation using eleven years of

continuous precipitation and meteorological data. Moreover, four criteria were used to evaluate the

model performance and the calibrated results of routing parameters were discussed. Furthermore, the

distribution of surface runoff generation, evapotranspiration and groundwater recharge were illu-

strated and analyzed considering the spatial heterogeneity of land cover and soil texture. Results

showed that water resource spatial distribution and hydrological processes were closely related to land

cover and soil texture and the model had achieved a success in hydro-cycle modeling of upstream Han

river basin.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Continuous human activities have been accelerating the chan-
ging rate of water cycle and consequently reducing the amount of
water resources in natural basins. Hence, spatial variation study of
water resources that are influenced by land cover and soil texture
has become a significant and tremendous task. Conventional
methods for water resources assessment in current China are
generally based on lumped conceptual Rainfall-Runoff (RR) mod-
els (Li and Zhang, 2009; Ju and Yu, 2009) that are usually not able
to take the spatial heterogeneity of land cover and soil texture into
deep consideration. For various studies of hydrological processes,
lumped conceptual RR models are commonly adopted to simulate
the hydro-cycle at a basin or catchment level (Cheng and Zhao,
2006; Choi and Beven, 2007). The major advantage of a lumped
ll rights reserved.

ntain@163.com (X. Song).
conceptual RR model lies in the simplicity of model parameters
that can be easily recognized by calibration. Zhao developed
lumped conceptual Xinanjiang model (Zhao, 1992), which is
capable of simulating water cycle in humid or semi-humid areas
of China. Other lumped RR models such as NAM (Abbott and
Refsgaard, 1996) and Hymod Model (Moore, 1985) are also widely
accepted, studied and compared. Although lumped RR models
have been extensively explored both for RR simulation and water
resources assessment in China, it is still not an ideal approach to
describe the spatial variations of water resources, especially in a
raster scale (Jia et al., 2006.). However, studying water resources
distribution in raster scale proves to be a productive effort as
human beings appear to be more affective on land cover changes
and natural water cycle.

As a tool for water resources assessment, distributed hydro-
logical model (DHM) has got great development in the past
decades. With advances in recent blooming remote sensing (RS)
and GIS technology, spatial deriving data has contributed a lot to
distributed or semi-distributed hydrological models (Li et al.,
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2009; Geza and McCray, 2008; Chen et al., 2005). Spatial informa-
tion at finer resolution has become a strong support for DHM,
most of which is able to provide physically based hydrological
parameters. Improvements in computational efficiency as another
remarkable factor, enables DHM to be a favorable and efficient
approach for water cycle simulation. DHM not only provides
physical parameters with less uncertainty but also promises
stability in long-term simulation. SWAT model (SWAT, 2010)
considering the underlying variation in the form of HRU (hydro-
logical response units) is capable of describing the land cover
heterogeneity (Ullrich and Volk, 2009; Immerzeel et al., 2008).
However, the model building process of SWAT seems quite
complicated that sometimes it is a difficult task to collect
complete input materials for modeling.

Limitations of water resources assessment, especially in China,
can be concluded: (1) The underlying variation and changes
(heterogeneity) cannot be explicitly reflected in raster scale;
(2) Middle or long-term water cycle simulation using DHM with
hour or day time-step may cause extra computational burden;
(3) Daily or even hourly data are required in simulation but it is
really not necessary in monthly water resources assessment.

In water resources assessment, simulation using time-step of
one month is more acceptable. The motivation of this paper arose
from the fact that in recent years the spatial variation of land
cover and soil texture at a finer resolution are provided. And it is a
tendency to take the impacts from spatial variability of land
cover, soil texture and seasonal meteorological changes into
account. Considering the state-of-the-art of DHM, a raster scale
DHM named Water and Energy Transfer between Soil, Plants and
Atmosphere under quasi Steady State (WetSpass) for water
resources assessment (temporally in month time-step and spa-
tially in raster scale) was used, the capability of which was proved
through an application in water resources distribution analysis
and assessment on the catchments of upstream Han river basin.
WetSpass model is originally a hydrological simulation tool for
seasonal groundwater recharge evaluation and the model has
been explored in several successful applications. WetSpass was
used in scenario modeling in order to simulate the effects of land
cover changes on groundwater recharge and discharge for Grote-
Nete river basin (Asefa et al., 2000; Batelaan et al., 2000).
WetSpass was also adopted in the analysis of hydrological
characteristics of Kikbeek sub-basin (Rossum et al., 2001). Several
climate and land cover scenarios were analyzed in relation to
discharge coefficients. In this paper, the model was modified into
a monthly water resources assessment tool by absorbing the
effect of runoff routing lag effect at catchment outlet. Apart from
that, an additional vegetated land cover type, known as shrub,
was added to enhance the parameter look-up table.
2. Methods

2.1. WetSpass model

The WetSpass model was first developed for estimating
spatially distributed, long-term averaged groundwater recharge
under humid temporal conditions (Batelaan and Smedt, 2001).
The model has been successfully applied in long-term seasonal
simulation of surface runoff, actual evapotranspiration and
groundwater recharge (Batelaan and Smedt, 2007). WetSpass
model has proven to be suitable for studying both long-term
effects caused by land cover and soil texture variability, and
seasonal groundwater recharge changes on watershed. The core
of WetSpass model is built on a tabulated parameter look-up
table and is developed on the basis of the Water and Energy
Transfer between Soil, Plants and Atmosphere (WetSpa) model
(Batelaan and Smedt, 2001). A mentionable feature of WetSpass is
the flexibility of editable look-up table. Before modeling is
started, it is necessary to customize local characteristics of a
catchment by modifying the look-up table.

On a single raster, three major hydrological components are
included in WetSpass model that are the processes of surface
runoff generation, groundwater recharge and total evapotran-
spiration. Each raster in the model has areal percentage of
vegetated area, bare-soil, open-water and impervious area. As is
explained in the manual of WetSpass model (Batelaan and
Woldeamlak, 2007), the total water balance of a raster can be
written as the following equations:

ET ¼ avETvþasEsþaoEoþaiEi ð1Þ

S¼ avSvþasSsþaoSoþaiSi ð2Þ

R¼ avRvþasRsþaoRoþaiRi ð3Þ

where ET, S and R represent, respectively, the total evapotran-
spiration, surface runoff generation and groundwater recharge on
a raster. av, as, ao and ai are the areal components related to
different types of land covers that are vegetated area, bare-soil,
open-water and impervious area. The detailed calculations on
water balance of each land cover component are discussed in the
following paragraphs.

2.2. Interception

Interception occurs when there occupies certain type of
vegetation cover, the interception fraction may changes season-
ally as vegetations usually have higher leaf area indices in
summer and autumn than in spring and winter (Fig. 1(a) and
(b)). The interception amount I can be calculated as:

I¼ P � Ip � Vegf ð4Þ

where I represents the interception in a month. Ip is the inter-
ception percentage of the vegetation in current season. Vegf

represents the vegetated area fraction in the calculated raster,
which should be investigated and predefined in look-up table. A
sample fraction of vegetated area in China is illustrated in
Fig. 2(a) and (b). In look-up table, shrub as a new additional type
of land cover was added to represent the fractional vegetated area
where middle height vegetations may grow (originally not con-
sidered in WetSpass). It is indicated that the percentage of
vegetated area in a single raster is higher in summer and autumn
than in spring and winter. No interception would occur where the
land cover type is river, lake, reservoir or bare land.

2.3. Surface runoff

Runoff generation can be represented by the function corre-
sponding to slope, soil texture and land cover. Surface runoff
generated from vegetated area, bare-soil, open water and imper-
vious area can be obtained by the product of potential surface
runoff coefficient Spot and multiplying factor f(U). f(U) is the
function of seasonal precipitation intensity distribution (Pi), soil
infiltration capacity (Ic) and groundwater saturated area (D).
WetSpass model assumes that the potential surface runoff occurs
only on saturated groundwater zone. The seasonal precipitation
intensity distribution (Pi) is derived in relation to the soil
infiltration capacity (Ic) from Rubin, 1966. The groundwater
saturated area (D) is based on the characteristic values derived
from references. (USDA-NRCS, 1972; Smedema and Rycroft, 1988;
Chow et al., 1988; Pilgrim and Cordery, 1992). The formula of
surface runoff generation can be written as:

S¼ f ðPi,Ic ,DÞSpot ð5Þ
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Fig. 1. (a) Interception percentage (%) under different land cover types in spring and winter. (b) Interception percentage (%) under different land cover types in summer

and autumn.
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where f(U) is the multiplying factor derived from the soil texture
look-up table. Spot represents the potential surface runoff coeffi-
cient. For the simplicity of WetSpass, potential surface runoff
coefficient is derived by referring to the look-up table that is in
relation to topographical slope, soil texture and land cover. The
topographical slope is categorized into four levels with slope
rank index. Table 1 shows the vegetated potential runoff coeffi-
cients according to different soil texture against the slope. In
WetSpass model, sub-surface runoff (interflow) is regarded as a
component of surface runoff. As a result, the surface runoff
coefficient is influenced by both topography and soil texture. It
is indicated that steep topography yields higher value of runoff
coefficient while clay soil, by contrast to sand, reduces the value
of runoff coefficient due to its lower hydraulic conductivity for
sub-surface flow.
2.4. Evapotranspiration

In WetSpass, evapotranspiration of a single raster is defined as
the summation of the evapotranspiration amount on vegetated
area, bare soil and open water. The evapotranspiration is calcu-
lated through a set of equations (Eqs. (6)–(9)) listed as follows:

Tr ¼ cE ð6Þ

c¼ 1þ
g
D

� �
=1þ

g
D

1þ
rc

ra

� �
ð7Þ

Tv ¼ f ðyÞTr ð8Þ

f ðyÞ ¼ 1�a
P þ nðyf c�ypwp ÞRd

Tr ð9Þ
where Tr is the reference transpiration. E represents the potential
evaporation and c is a coefficient calculated by the Penman–
Monteith (PM) equation (Widmoser, 2009), as is given in Eq. (6).
The PM equation describes the proportionality evaporation factor
constant D. The aerodynamic resistance ra is a function of
seasonal wind speed and canopy resistance rc Tv means the actual
transpiration, which is the product of Tr and f(y). f(y) is related to
water content y in the root zone. P represents the accumulative
precipitation amount in the nth month. yfc means the water
content in root zone at wilting point and ypwp is the water content
at field capacity.

2.5. Flow routing

Originally, WetSpass model divides a year into two simulation
periods. One is the period from winter to spring. The other is from
summer to autumn. The main purpose of WetSpass is to obtain
the simulated groundwater recharge as inputs for further ground-
water level prediction by integrating a groundwater numerical
simulation tool called visual ModFlow (MacDonald and Harbaugh,
1988). In water resources assessment, without consideration of
flow routing maybe acceptable if the simulation time-step is long
enough. However, it is not suitable to adopt a seasonal model in
monthly water resources assessment without flow routing or
coupling a groundwater simulation model. Therefore, an experi-
ential non-linear algorithm was integrated into the monthly
WetSpass model so as to take the runoff lag effect into considera-
tion. In the routing algorithm of WetSpass model, sub-catchment
water storage is separated into surface water storage and ground-
water storage, which should be updated at the end of each
simulation time-step. The surface water storage of a sub-catch-
ment at time-step t (SWt) is the summation of surface water



Table 1
Vegetated area potential runoff coefficients for different soil texture and slope groups.

Slope (%) Sand Loamy sand Sandy loam Loam Silty loam Silt

o0.5 0.05 0.08 0.11 0.17 0.15 0.17

0.5–5 0.10 0.13 0.16 0.22 0.20 0.22

5–10 0.15 0.18 0.21 0.27 0.25 0.27

4 10 0.20 0.23 0.26 0.32 0.30 0.32

Slope (%) Sandy clay loam Clay loam Silty clay loam Sandy clay Silty clay Clay

o 0.5 0.13 0.15 0.18 0.20 0.23 0.25

0.5–5 0.18 0.20 0.23 0.25 0.28 0.30

5–10 0.23 0.25 0.28 0.30 0.33 0.35

410 0.28 0.30 0.33 0.35 0.38 0.40
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Fig. 2. (a) Areal percentage (%) of different land covers in spring and winter. (b) Areal percentage (%) of different land covers in summer and autumn.
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storage at time-step t�1(SWt�1) and the integration of surface
water generated on each raster to the centroid of the sub-
catchment at time-step t. Similarly, the groundwater storage at
time-step t (GWt) is the summation of groundwater storage at
time-step t�1(GWt�1) and the integration of groundwater
recharge amount on each grid to the centroid of the sub-catch-
ment. The increment of surface runoff and groundwater recharge
on a single raster are the S and R written in Eqs. (2) and (3). The
flow routing equations can be written as:

QSt ¼ 0:925ðSWtÞ
2=SCS ð10Þ

QGt ¼ 0:925ðGWtÞ
2=SCG ð11Þ

where QSt and QGt are the out-flow discharge rate contributed
from surface runoff routing and groundwater recession. SWt and
GWt are, respectively, the surface water storage and groundwater
storage at the time-step t. SCS, SCG are the parameters reflecting
the ability of water storage detention on sub-catchment. Usually,
a lower value of the parameter SCS or SCG means less time lag
effect of routing.
3. Case study

3.1. Background

Located in the middle area of China (latitude from N303100 to
N343200, longitude from E1063150 to E1143200), The Han river is
one of the largest tributary of Yangtze River. Passing through the
provinces of Shanxi, Sichuan, Henan and Hubei, the Han river
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merges into the Yangtze River at Wuhan city. The length of Han
river exceeds 1570 km and the upstream Han river basin covers a
sub-watershed over 100,000 km2. Along the river, Danjiangkou
reservoir is located at the outlet of upstream Han river basin.
Served as the most important water resource supplement place
for Middle Route of South-to-North Water Diversion Project, the
runoff gathering region of Danjiangkou reservoir embraces
the entire upstream area of Han river basin. As is illustrated in
Fig. 3, the upstream Han river basin can be delineated into 12
catchments according to the topography (DEM) and there stand
12 hydrological stations. Topographical resolution of the
study area is 1�1 km2. The statistical information of the 12
catchments is listed in Table 2. It is indicated that the catchment
area in upstream Han river basin ranges from the minimum value
of 1476 km2 (catchment Xiping) to the maximum value of
Fig. 3. Location of the upstream Han river basin and the catchment delineation.

Table 2
Area, mean elevation and mean slope of the 12 catchments in upstream Han

river basin.

Catchment No. Area (km2) Mean elevation (m) Mean slope (%)

Wuhouzhen 1 3023 1268 10.1

Shenxiancun 2 2174 1538 13.1

Shiquan 3 18,226 1161 10.0

Ankang 4 14,636 1106 12.2

Xiangjiaping 5 6217 1207 12.2

Baihe 6 13,562 901 9.8

Huanglongtan 7 12,141 1009 10.6

Danfeng 8 3185 1059 6.8

Zijingguan 9 4035 838 7.1

Xiping 10 1476 771 7.2

Xixia 11 3931 755 7.9

Danjiangkou 12 10,372 470 5.2

1
Wuhouzhen

2
Shenxian

3
Shiquan

4
Ankang

6
Baihe

5
Xiangjiap

7
Huanglongtan

9
Zijingu

12
Danjiangkou

Fig. 4. Catchment topological relationships for up
18226 km2 (catchment Shiquan). Mean elevation of the catch-
ments varies along the reach of upstream Han river basin.
Generally, mean slope of the study area ranges from 5.2% to
13.1%. In mountainous catchments such as Senxiancun and
Xiangjiaping, the terrain is rugged. However, in Danjiangkou
catchment, it is comparatively flat as up to 12.0% of the catchment
area is made up of open water (Danjiangkou reservoir).

The upstream and downstream topological relationship among
catchments was established, as the routing relationship is quite
important in RR simulation. The most upstream catchments
shown in Fig. 4 were the Wuhouzhen and Shenxiancun, the
catchment IDs of which were labeled as Catchments 1 and 2.
Along the Han river, Ankang, Baihe, Huanglongtan and Danjiang-
kou were the major catchments in upstream Han river basin.

3.2. Land cover

When carrying out distributed water resources assessment,
underlying spatial data needs to be collected including land cover
and soil texture. It is worth mention that the land cover of
different periods will result in differences among runoff para-
meters, especially for long term simulation. Therefore, in this
study, two periods of land cover raster data sets were adopted
and compared that were the land cover in the 1980s and 1990s.
Fig. 5(a) and (b) showed the land cover spatial distribution. The
land cover was classified into 19 categories. And the study area
was mainly dominated by middle density grass, high density
grass, open forest land, forest land and rural area. As was
illustrated that there showed no real differences between the
two periods of land cover and therefore, in this paper, the
underlying conditions (parameters) were considered stationary
throughout the entire simulation period. Considering the compu-
tational efficiency and simplicity of WetSpass model, the land
cover was reclassified into 7 categories as was predefined in
WetSpass look-up table. Table 3 showed the statistical results of
the reclassified land cover type. It was inferred that most of the 12
catchments are basically dominated by grass land.

3.3. Soil texture

The soil texture distribution of upstream Han river basin was
shown in Fig. 6 and the main soil texture is loam (35.8%), followed
by silt (31.6%), silty loam (13.7%), silty clay (9.0%) and clay (7.8%).
In upstream catchments, the soil texture is characterized as loam
and silt, while downstream catchments have more complex soil
texture distributions dominated by silty loam (Table 4).
cun

ing
8

Danfeng

an
10

Xiping
11

Xixia

stream Han river basin used for flow routing.



Fig. 5. (a) Land cover distribution of upstream Han river basin in the 1980s. (b) Land cover distribution of upstream Han river basin in the 1990s.

Table 3
Reclassified land cover distribution (%) used in WetSpass model.

Catchment

no.

Crop Grass Shrub Forest Open

water

Bare soil Imperious

1 0.05 84.07 1.33 4.03 0.31 6.23 3.98

2 0.04 71.87 5.98 14.54 0.79 4.74 2.04

3 0.14 79.58 2.62 6.57 1.92 6.02 3.15

4 0.05 78.59 5.50 4.17 1.70 8.39 1.60

5 0.00 75.23 9.70 6.15 0.14 8.07 0.71

6 0.00 80.17 2.84 4.62 1.49 9.71 1.17

7 0.01 29.18 25.25 40.33 2.39 2.15 0.69

8 0.03 78.90 1.80 4.70 0.93 10.32 3.32

9 0.03 82.15 1.29 5.84 0.51 8.57 1.61

10 0.05 24.64 18.67 50.10 1.85 3.73 0.96

11 0.28 27.73 17.26 46.59 2.11 3.15 2.88

12 0.23 44.43 9.90 27.05 12.15 3.89 2.35
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3.4. Meteorology

There stand totally 210 rainfall stations and 14 meteorological
stations scattering around, as were illustrated in Fig. 7(a) and (b).
It is known that the rainfall and meteorological observations are
point representative and the data should be interpolated onto the
catchments. In this study, the precipitation and meteorological
information was spatially interpolated using Thiessen polygon
method (Croley and Hartmann, 1985).

The rainy season of the study area ranges from May to
September and the spatial averaged precipitation amount is
approximately 900 mm/year, as was indicated in Table 5. Gener-
ally, the averaged monthly precipitation from May to September is
almost 4.2 times larger than the rest of a year. It showed that
catchment 4 has the largest annual rainfall depth at 1059 mm by



Table 4
Soil texture percentages for the catchments (%).

Catchment

no.

Clay

loam

Silty clay

loam

Sandy

loam

Loam Silty

loam

Silt Silty

clay

Clay

1 0.00 12.07 0.00 29.61 0.13 43.40 0.00 14.79

2 0.00 5.89 0.00 42.36 0.14 43.15 0.00 8.46

3 0.66 14.86 0.00 28.43 2.64 48.36 0.00 5.04

4 0.00 7.94 0.00 25.42 10.93 50.67 0.05 4.93

5 0.00 4.49 0.00 53.10 4.39 26.09 0.00 11.77

6 0.52 3.04 0.00 54.07 11.31 21.21 0.29 9.47

7 7.28 2.56 0.00 48.99 19.76 20.85 0.00 0.56

8 0.00 2.32 0.04 35.38 11.90 49.14 0.00 0.00

9 4.29 2.45 0.03 44.96 8.57 36.75 0.00 1.59

10 0.20 17.21 0.00 29.07 40.85 4.47 0.00 8.20

11 0.00 37.09 0.00 17.09 16.69 9.95 0.00 19.18

12 6.26 7.65 0.00 19.74 42.91 3.56 0.00 19.89

Note: Areal percentages of sand, loamy sand, sandy clayloam and sandy clay are

equal to zero.

Fig. 7. (a) Rainfall stations and Thiessen polygon interpolation of upstream Han

river basin. (b) Meteorological stations and Thiessen polygon interpolation of

upstream Han river basin.

Fig. 6. Soil texture distribution of upstream Han river basin.
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contrast to catchment 8 at 806 mm. The potential evaporation
amount is much higher in summer than in other seasons and the
averaged yearly potential evaporation ranges from 587 to
643 mm/year. Yearly mean air temperature keeps stable at 13.71,
but differences of monthly air temperature is quite remarkable. It
is recorded that the minimum air temperature below 0 1C occurs
in winter and the maximum air temperature can reach 37 1C in
summer. The averaged yearly wind speed remains constantly at
2.3 m/s while in April and May, the wind speed is about 1 m/s
faster than other months.

3.5. Evaluation criteria

Four evaluation criteria were used in this study for their
importance to verify whether the model produces good fittings
against the observations. The following equations are, respectively,
used to describe the goodness of water balance, time evolution of
stream flows, time evolution of low stream flows, and time evolu-
tion of high stream flows, which can be written as below:
�
 Model bias (MB):

CR1 ¼
XN

i ¼ 1

ðQsimi
�Qobsi

Þ=
XN

i ¼ 1

Qobsi
ð12Þ
�
 Nash–Sutcliffe efficiency (NS):

CR2 ¼ 1�
XN

i

ðQsimi
�Qobsi

Þ
2=
XN

i

ðQobsi
�Qobs Þ

2
ð13Þ
�
 Logarithmic Nash–Sutcliffe efficiency (LNS):

CR3 ¼ 1�

PN
1 ½lnðQsimi

Þ�lnðQobsi
Þ�2PN

1 ½lnðQobsi
Þ�lnðQobs Þ�

2
ð14Þ
�
 Adapted Nash–Sutcliffe efficiency (ANS):

CR4 ¼ 1�

PN
1 ðQobsi

þQobs ÞðQsimi
þQobsi

Þ
2

PN
1 ðQobsi

þQobs ÞðQobsi
þQobs Þ

2
ð15Þ

where Qsim is the simulated time series of discharge rate at
catchment outlet, Qobs means the observed discharge rate, Qobs

is the mean value of the observed discharge rate, Qsim represents
the mean value of the simulated discharge and N is the number of
simulation steps. Model bias is often used in practice and a lower
value of MB means a better fitting. Nash-Sutcliffe efficiency (Nash
and Sutcliffe, 1970) is a most commonly adopted criterion in
hydrological modeling. NS value of 1.0 indicates the perfect
fitting. The Logarithmic and adapted Nash–Sutcliffe efficiency
(LNS and ANS) found in studies (Smakhtin et al., 1998; Wang
et al., 2010) are two derivative criteria of NS representing the
fitting quality of low and high flow discharge processes. Similarly,
the value of 1.0 yields perfect fittings.
4. Results and discussion

4.1. Calibration and verification

The simulation was carried out with continuous input materi-
als of 11 years’ precipitation and meteorological data (from year
1980 to 1990). The calibration results of simulated hydrograph
against the observations at each hydrological station were pre-
sented in Fig. 8 from year 1980 to 1985 while the validation
results from year 1986 to 1990 were drawn following the
simulated time series in the same figure. Parameters of DHM are
physical based. Hence, they theoretically do not require any
calibration. However, some parameters are unable to be obtained
directly from remote sensing or investigation results, especially at
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a finer raster resolution (for heterogeneity). Some physical para-
meters are conferred according to land cover or soil texture using
values in looking-up table from references. Therefore, we reason-
ably introduced global multiplying factors for parameter adjust-
ment in calibration. And the calibration was completed through
‘‘try and error’’ when the criteria are met. Results showed that the
simulated discharges were strongly affected by the monthly pre-
cipitation amount, as was depicted in Fig. 8. Take catchment 2 for
instance, the extreme rainfall (420.0 mm) in the 18th month
resulted in a high simulated discharge rate much higher than the
observation. Occurrences of such unreasonable simulation could be
caused by the error of rainfall interpolation as in the upstream Han
river basin, rainfall stations are not evenly scattered within the
boundary. The monthly simulated time series of evapotranspiration
was also drawn in Fig. 8. Overall, the evapotranspiration amount
changed from the minimum value of 15.0 mm in January and
February to the maximum value of 120.0 mm in July and August.
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Fig. 8. (1–12) Monthly time series of observed rainfall, simulated evapotranspiration

Table 5
Calibrated routing parameters of SCS and SCG (103).

Catchment no. 1 2 3 4 5

SCS 0.90 0.90 1.10 1.20 1.00

SCG 1.10 1.10 1.20 1.35 1.20
The calibration of routing parameters could also affect the
fitting precision. As the statistics listed in Table 5, the value of
surface routing parameters were generally smaller than the
groundwater routing parameters meaning that the routing time
lag effect of surface runoff was smaller than the groundwater
recession. Apart from that, it implied that the area of catchments
was closely related to SCS and SCG.

Model evaluation results were summarized in Table 6, which
listed the four criteria values, respectively, for the whole simula-
tion period, calibration period and validation period. For the
simulation period, the value of MB was negative except catch-
ment 2, 5, 9, 10 and 11. Changing from �22.7% to 17.9%, the mean
absolute MB value of the 12 catchments reached 13.1%, indicating
that the model generally performed, and had the ability of well
water balance simulation. Best fitting result occurred in catch-
ment 1 with the MB value of �3.0%. Except catchment 7, 8 and
10, NS values were all above 80.0%. The mean value of NS reached
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and simulated discharges against observations at the outlet of each catchment.

6 7 8 9 10 11 12

1.20 1.20 0.90 0.90 0.90 0.90 1.15

1.32 1.30 0.95 0.95 0.96 0.95 1.10
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77.0% inferring that the model yielded desirable hydrographical
fittings considering both high and low discharge process. How-
ever, there seemed a considerable gap between the value of LNS
and ANS. The mean value of LNS representing fitting quality of
low discharge process reached 58.1%, which was about 23.9%
lower than ANS (the criterion focused on high discharge process).
It inferred that the simulation quality of low discharge rate
processes should be further improved. The mean ANS value of
the 12 catchments was 82.0% and the fitting accuracy of high
discharge rate was much more ideal. Among the 12 catchments,
catchment 11 showed the best simulation result with highest NS
value of 86.1% and ANS value of 92.9%; Catchment 9 got the best
simulation of low discharge process with LNS value of 84.4%.
Generally, the results of calibration were better than validation.
Mean absolute MB value of validation reached 18.9%, which was
6.6% larger than that of calibration.

4.2. Surface runoff

As was depicted in Fig. 9, the left hand diagram represented
the stacked yearly mean areal simulated surface runoff genera-
tion. Surface runoff consists of impervious area runoff, open water
runoff, bare soil runoff and vegetated area runoff. Yearly mean
areal simulated surface runoff of the 12 catchments during the 11
years reached 52.9 mm ranging from 30.0 mm to 80.0 mm. Yearly
mean impervious runoff of upstream Han river was 5.4 mm,
surprisingly occupying 10.2% of the total surface runoff. Max-
imum yearly mean impervious runoff reached up to 10.5 mm in
catchment 8 whose impervious area occupied 3.3% compared
with the minimum value of 1.7 mm in catchment 7. Yearly mean
open water runoff was 4.3 mm (8.0% of the total surface runoff). It
was also remarkable that open water runoff of catchment 12 was
the highest among catchments, as was depicted. Without con-
sidering infiltration and interception, the open water runoff could
reach the maximum value of 20.0 mm in catchment 12 followed
by catchment 3 and 4. Up to more than 12.2% area of catchment
12 is composed of open water. By contrast to catchment 5, the
open water runoff was only 0.3 mm. It was obvious that bare soil
runoff also composed a comparatively small part of total surface
runoff and yearly mean bare soil runoff of upstream Han river was
5.0 mm (9.4% of the surface runoff). Catchment 11 yielded the
highest bare soil runoff at 8.0 mm while catchment 7 only
reached 0.9 mm. More than half the amount of the surface runoff
(72.1% of the total surface runoff) was generated from vegetated
area, as most part of the study area is covered by grass, shrub and
forest. Vegetated runoff ranged from the minimum at 16.9 mm in
catchment 8 to the maximum at 60.2 mm in catchment 11.

The right hand map of Fig. 9 showed the spatial heterogeneity
of yearly mean simulated surface runoff at 1�1 km2 raster
resolution. It was also drawn from the surface runoff distribution



Table 6
Simulation results of the 12 catchments for criteria (%): MB, NS, LNS, ANS.

Catchment no. 1 2 3 4 5 6 7 8 9 10 11 12 Max. Min. 9Mean9
Criterion Year 1980–1990 (Whole simulation)

MB �3.0 17.9 �12.1 �13.9 13.0 �14.3 �3.2 �22.7 7.9 11.1 9.4 �13.9 17.9 �22.7 13.1

NS 80.9 81.6 84.4 82.8 82.6 80.4 71.8 36.6 85.9 70.3 86.1 80.8 86.1 36.6 77.0

LNS 55.9 51.2 76.3 70.2 59.8 68.2 25.8 33.9 84.4 58.7 50.6 61.8 84.4 25.8 58.1

ANS 91.2 83.1 87.6 85.0 92.0 83.4 76.0 40.1 91.3 75.9 92.9 85.0 92.9 40.1 82.0

Criterion Year 1980–1985 (Calibration)

MB 9.2 18.2 �6.6 �11.8 18.3 �10.2 1.0 �21.3 7.7 15.3 1.2 �11.3 30.8 �21.3 12.3

NS 84.8 81.7 86.0 84.1 86.1 83.6 73.2 44.4 87.3 84.8 86.2 83.6 87.3 44.4 80.5

LNS 59.8 53.6 77.1 67.5 61.9 68.5 9.3 22.1 87.9 62.3 74.7 57.5 87.9 9.3 58.5

ANS 92.9 82.0 88.5 85.3 93.8 85.2 75.8 49.4 91.7 93.7 92.1 86.5 93.8 49.4 84.7

Criterion Year 1986–1990 (Validation)

MB �16.1 17.1 �21.2 �17.7 4.9 �21.4 �9.8 �24.5 8.3 �11.5 34.4 �18.6 34.4 �24.5 18.9

NS 61.3 79.5 77.0 74.2 69.0 64.6 62.0 23.2 72.5 54.8 77.0 65.2 79.5 23.2 65.0

LNS 49.0 45.9 74.1 72.7 55.9 66.6 48.1 50.5 73.9 54.7 19.8 65.0 74.1 19.8 56.3

ANS 67.7 84.9 77.9 74.8 78.6 64.1 67.9 21.6 77.8 57.1 91.4 65.1 91.4 21.6 69.1
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that higher runoff occurred in catchments that are dominated by
open water, impervious area and bare soil. In raster scale,
simulated yearly surface runoff ranged from 4.6 mm to 552.6 mm.
4.3. Evapotranspiration

The left hand diagram of Fig. 10 illustrated the stacked yearly
mean evapotranspiration (ET) that was composed of evaporation
from impervious area, open water, bare soil, together with
transpiration and interception from vegetated area. The yearly
mean ET of the 12 catchments ranged from 393.1 mm (in
catchment 1) to 534.7 mm (in catchment 7). It was indicated that
the yearly mean transpiration occupied almost 70.5% of the total
ET amount reaching 314.1 mm. Catchment 12, 11 and 7 had the
largest areal percentage of open water and the mean areal open
water evaporation got, respectively, the number of 99.3 mm,
19.1 mm and 16.8 mm. The sum of yearly mean impervious
evaporation, bare soil evaporation and interception was
18.5 mm, which showed a comparatively lower value than
transpiration. Maximum yearly mean interception reached up to
195.0 mm in catchment 10 where the land cover is mainly
dominated by grass, shrub and forest. Meanwhile, an apparent
contrast of interception amount was made in catchment 8 where
only 52.2 mm was calculated.
The right hand map of Fig. 10 showed the ET distribution of
upstream Han river basin. Ranging from 177.4 mm to 958.4 mm
in rater scale, the yearly mean ET was generally quite higher in
downstream catchments than those of upstream, as was depicted.
Higher ET amount was detected where the land cover is open
water and vegetated area. It seemed that the distribution of ET in
Fig. 10 was polygon like. However, it was acceptable that the areal
rainfall distribution was obtained based on Thiessen polygon
interpolation method. For the rainfall differences among stations,
there existed gaps between the edges of Thiessen polygons.

4.4. Groundwater recharge

In this paper, spatial distribution of groundwater recharge was
another key topic to be discussed. The left diagram of Fig. 11
described the yearly mean groundwater recharge of the 12
catchments in upstream Han river basin. The yearly mean
groundwater recharge of upstream Han river basin was
203.1 mm. Minimum yearly mean recharge amount occurred in
catchment 11 at 116.1 mm while the maximum occurred in
catchment 4 at 322.4 mm. As was shown in the right hand map
of Fig. 11, an obvious comparison between groundwater recharge
and ET could be made. Higher values of groundwater recharge
was simulated in upstream area such as catchment 2, 3 and
4 than those of downstream catchments. Groundwater recharge
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amount ranged from the minimum value of 0.0 mm to the
maximum value of 705.0 mm. Most part of soil texture in the
upstream area was found as silt, but in downstream catchments,
the soil texture was mainly the mixture of clay, clay loam, loam or
silty loam. Apparently, the hydraulic conductivity of upstream
areas was much higher than downstream areas. In WetSpass
model, there assumes no downward leakage from water bodies.
In this case, groundwater recharge was considered to be equal to
zero where the land cover is water body such as Danjiangkou
reservoir in catchment 12.
5. Conclusions

This paper presented a detailed study case on distributed
water resources assessment using modified WetSpass model.
The conclusions were drawn as the following:
1.
 Modifications of the original WetSpass model were made.
Firstly, the seasonal simulation model was changed into a
monthly one. Then, the model was integrated with an experi-
ential flow routing algorithm. Thirdly, a land cover type of
shrub was added in parameter look-up table.
2.
 The study area was divided into 12 routing related catchments
along the upstream reach of Han river basin. Soil texture and
two periods of land covers were adopted and the statistical
analysis was given. The rainfall and meteorological data was
spatially interpolated onto each catchment using Thiessen
polygon method.
3.
 The model was calibrated by the comparison of simulated and
observed hydrograph at each catchment outlet and results
yielded good fittings. The routing parameters were calibrated
and results showed that catchments with larger area had more
obvious routing time lag effect. By evaluating the model with
4 criteria, it was pointed out that the fittings of high discharge
processes were much better than the low discharge processes.
That implied the need of further improvements on low
discharge processes.
4.
 Yearly averaged spatial distributions of surface runoff, evapo-
transpiration and groundwater recharge were illustrated and
discussed. The largest part of surface runoff amount was
generated from vegetated area. Except the open water eva-
poration, the transpiration had taken the most part. The spatial
distribution of evapotranspiration also indicated that the
upstream catchments of Han river basin had much lower
evapotranspiration than the downstream ones. Moreover, the
upstream area had higher groundwater recharge amount.
Results showed that the groundwater recharge in this study
was related to the soil texture distribution.

To sum up, as a tool for water resources assessment, the
modified WetSpass model was a success in the application of water
cycle simulation, water resources distribution analysis and assess-
ment. It also can help to fill gaps between observations, provide
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managers with intuitional concept of water resources spatial
distribution, and understand the changing trend of water resources.
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