The assessment of surface water resources (SWRs) in the semi-arid Yongding River Basin is vital as the basin has been in a

continuous state of serious water shortage over the last 20 years. In this study, the ﬁrst version of the geomorphology-based

hydrological model (GBHM) has been applied to the basin over a long period of time (1956–2000) as part of an SWR

assessment. This was done by simulating the natural hydrological processes in the basin. The model was ﬁrst evaluated at

18 stream gauges during the period from 1990 to 1992 to evaluate both the daily streamﬂows and the annual SWRs using

the land use data for 1990. The model was further validated in 2000 with the annual SWRs at seven major stream gauges.

Second, the veriﬁed model was used in a 45-year simulation to estimate the annual SWRs for the basin from 1956 to 2000

using the 1990 land use data. An empirical correlation between the annual precipitation and the annual SWRs was developed

for the basin. Spatial distribution of the long-term mean runoff coefﬁcients for all 177 sub-basins was also achieved. Third, an

additional 10-year (1991–2000) simulation was performed with the 2000 land use data to investigate the impact of land use

changes from 1990 to 2000 on the long-term annual SWRs. The results suggest that the 10-year land use changes have led

to a decrease of 8Ð3 ð 10

7

m3

(7Ð9% of total) for the 10-year mean annual SWRs in the simulation. To our knowledge, this

work is the ﬁrst attempt to assess the long-term SWRs and the impact of land use change in the semi-arid Yongding River

Basin using a semi-distributed hillslope hydrological model. Copyright © 2010 John Wiley & Sons, Ltd.
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INTRODUCTION

The Hai River Basin is a leading industrial and agricultural area in northern China. However, over the last several decades, progress has been impeded by a continuous

water shortage. The Yongding River Basin (Figure 1),

located northwest of Beijing, is a very important subbasin of the Hai River Basin because it is the major

source of water for the Guanting Reservoir, supplying

water to Beijing. The Guanting, with a design volume of

4Ð16 ð 10

9

m3

, was the ﬁrst large reservoir built in P R

China. This study is focused on the upper areas of the

Guanting Reservoir. The target river basin has an area

of about 41 700 km2

. It has a typical semi-arid continental climate in the temperate zone. The long-term annual

mean precipitation in the area is less than 400 mm, and

70–80% of the annual precipitation is concentrated in the

ﬂood season (from June to September). The precipitation

is on average limited to a total of only about 40–60 mm

(and sometimes none) during the 100 days of spring. In

this area, there is a tendency for dry springs and for ﬂooding to occur during the summer months.

* Correspondence to: Lei Wang, River Lab, Department of Civil Engineering, The University of Tokyo, 7-3-1 Hongo, Bunkyo-Ku, Tokyo

113-8656, Japan. E-mail: wang@hydra.t.u-tokyo.ac.jp

With the rapid social and economic development that

has occurred over the past several decades, water consumption has increased continuously and, consequently,

the inﬂows to the Guanting Reservoir have continuously decreased. The water scarcity in the study area has

become increasingly severe (Wang, 2004). The reduced

inﬂow coupled with an increase in organic pollutants has

been responsible for the degradation of the water quality.

It has become critically important to plan for efﬁcient

water resources along with the management of sustainable social and economic development in this basin.

The assessment of surface water resources (SWRs)

forms the basis for the planning and management of

water resources in the Yongding River Basin. Two major

approaches have been widely used in the assessment

of SWR practices in the world. One is the subentry

investigation method (e.g. BOH, 1986; Miloradov and

Marjanovic, 1998; Li et al., 2001) and the other is the

hydrological modelling approach (e.g. Doll ¨ et al., 2003;

Yang et al., 2004; Jia et al., 2006; Garc´ıa et al., 2008).

By using the subentry investigation method, SWRs are

deduced by recovering historic series of observed river

discharges based on water use data and water balance

equations (e.g. BOH, 1986; Miloradov and Marjanovic,

1998; Li et al., 2001). Reliable results can be obtained
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Figure 1. The Yongding River Basin

only if the following conditions are met: (1) there is a relatively small anthropogenic effect in the basin; (2) there

is a relatively good record of water consumptions and

(3) the recovered part takes only a small proportion of the

total SWRs. However, in semi-arid regions, the consumed

streamﬂows usually represent more than 50% of the total

ﬂow. Also, dramatic changes and corrections have had to

be made to the hydrological recovery because the consumed streamﬂow, which was originally used to recover

the natural ﬂow from the observed one, has become the

major component. During the 1950s, the natural stream-

ﬂow at the Yongding River Basin was 2Ð65 billion m3

,

where the observed component was 2Ð11 billion m3

(80%

of the total), with the remaining 20% representing the

recovered part. At that time, the natural SWRs could

be estimated to a reasonable degree of accuracy using

the subentry investigation method. However, during the

1990s, the observed inﬂow to the Guanting Reservoir was

0Ð31 billion m3

, accounting for only 12% of the natural

SWRs. In this situation, the errors incurred in the subentry

investigations could expand and result in large uncertainties in the hydrological recovery estimates (Wang et al.,

2003). On the other hand, the traditional method used for

hydrology recovery could not explain the changes in the

runoff generation due to land use changes (Wang et al.,

2003).

With the aid of remote-sensing data and geographic

information system techniques, the hydrological modelling approach has become popular in recent studies

on the assessment of water resources (e.g. Doll ¨ et al.,

2003; Yang et al., 2004; Jia et al., 2006; Garc´ıa et al.,

2008). This approach using physical equations to describe

the hydrological processes has shown a big potential

to improve the assessment of SWRs. Doll ¨ et al. (2003)

applied a global hydrological model to compute surface

runoff, groundwater recharge and river discharge at a spatial resolution of 0Ð5°

. The model showed an ability to

simulate not only the long-term average water resources

of a country or a basin but also water availability indicators. Besides global-scale studies, much attention (e.g.,

Yang et al., 2004; Jia et al., 2006; Garc´ıa et al., 2008)

has been paid to regional- and basin-scale assessments of

water resources. Garc´ıa et al. (2008) estimated the available SWRs in 12 scarcely gauged basins in the north of

Spain by means of a lumped hydrological model. Yang

et al. (2004) used a distributed hydrological model to

simulate the natural hydrological cycle in the Yellow

River Basin. On the basis of the hydrological simulation, they discussed the spatial–temporal hydrological

characteristics and the status of SWRs in the basin. Jia

et al. (2006) developed a distributed hydrological model

with coupled water and energy transfer processes, as

well as a water allocation and regulation model. This

model was applied to the Yellow River Basin for the

dynamic assessment of not only SWRs but also groundwater resources and the precipitation directly utilized by

the ecosystem.

In this study, a semi-distributed hydrological modelling approach is presented for the assessment of SWRs.

The observed precipitation and potential evapotranspiration (ET) are used to drive the geomorphology-based

hydrological model (GBHM) (Yang, 1998; Yang et al.,

2000, 2002) for the assessment of SWRs in the Yongding

River Basin from 1956 to 2000 through simulations of

the natural hydrological processes using physically based

governing equations. First, the GBHM was evaluated at

18 stream gauges in the basin from 1990 to 1992, and further validated with the annual SWRs of 2000. Second, the

long-term (1956–2000) SWRs for the Yongding River

Basin were estimated. Finally, the impact of land use
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changes from 1990 to 2000 on the 10-year (1991–2000)

SWRs was analysed.

MODEL

The GBHM was selected for this study due to its

reasonable representation of the spatial heterogeneity, its

physical description of the hydrological processes and its

low computational cost.

The GBHM was developed by Yang (1998) and Yang

et al. (2000, 2002). A ﬂow-interval hillslope discretization scheme was used in the catchment hydrological modelling (Figure 2). Using this scheme, a two-dimensional

catchment was simpliﬁed into a one-dimensional cascade

of ﬂow intervals linked by the main stream. Each ﬂow

interval comprised a set of parallel hillslopes. The hillslope, having a combination of land use type and soil

type, was the basic computational unit in the hydrological

model providing lateral inﬂows to the main stream. Overland ﬂow was described by Manning’s equation, while

lateral subsurface ﬂow and groundwater discharge were

simulated using Darcy’s law. The soil hydraulic function

was van Genuchten parameterization, and the exponential vertical soil heterogeneity was described. To simulate

ﬂow routing in a river network, the Pfafstetter scheme

(Pfafstetter, 1989; Verdin and Verdin, 1999) was applied

for sub-dividing the basin and for numbering the ﬂow

sequence among the sub-basins. A virtual channel was

allocated for each ﬂow interval. Therefore, the river network of a sub-basin was simpliﬁed such that only the

main river was considered. The lateral inﬂow (qlateral

)

into the main river from each ﬂow interval is the total

runoff generated from all of the hillslopes in the same

ﬂow interval. The ﬂow sequences among these simpliﬁed

main rivers are deﬁned by the codes of the divided subbasins. The ﬂow routing of the entire river network in the

basin was modelled using the kinematic wave approach.

Details about the formulations of hillslope runoff (surface and subsurface) and the river routing can be found

in Yang et al. (2000, 2002).
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Figure 2. The hillslope element used in GBHM (reproduced from Yang

et al. (2000))

The catchment runoff is the total of the hillslope

responses through the river routing. The runoff due to

the inﬁltration- and saturation-excess is together formulated in the model. Therefore, it can simulate the

mixed inﬁltration- and saturation-excess runoff in semiarid river basins. Furthermore, the model is capable of

providing a distributed representation of the spatial variation, a physical description of the hydrologic processes

and is applicable to large-scale river basins. Fast simulations in large-scale river basins can be achieved using

the GBHM because of its lumping and simpliﬁcation of

the basin representations. Because the model describes

the spatial heterogeneity of the land use in a basin, it

can interpret the effect of land use change on runoff generation by referred vegetation parameters. Details of the

model can be found in Yang et al. (2000, 2002).

DATASETS

The datasets of the Yongding River Basin, as used in the

GBHM, are described below.

The digital elevation model (DEM) (Figure 1) was

obtained from the Haihe river Water Conservancy Commission (HWCC). In order to represent the topography

accurately and also to reduce the computation cost, a

150-m grid-based DEM, which was generated from a

30-m DEM together with observed river network information, was used to calculate the topographical parameters (hillslope length and angle). On the basis of the

DEM, the Yongding River Basin was sub-divided into

a number of sub-basins. Here, the Pfafstetter scheme

(Pfafstetter, 1989; Verdin and Verdin, 1999) is applied

for sub-dividing the basin and for numbering the ﬂow

sequence among the sub-basins. The numbering system

is self-replicating, making it possible to provide identi-

ﬁcation numbers for the smallest sub-basins extractable

from the DEM. The whole basin is subdivided into 177

sub-basins. The area of all the sub-basins is less than

1000 km2

, and the mean is 236 km2

.

The related soil static parameters were obtained from

the Food and Agriculture Organization (FAO) soil map

(FAO, 2003) with a spatial resolution of 5 arc minutes,

including soil type (Figure 3a), saturated soil moisture

content 
S, residual soil moisture content 
r

, saturated

hydrologic conductivity for the soil surface KS and the

van Genuchten parameters (˛ and n). Land use data were

initially extracted from the 1 : 250 000 (30 m) Chinese

National Land Use Digital Map. The extracted land use

data comprises maps for years 1990 and 2000 (Figure 3b

and c), which are used for the impact study of the land

use change. The vegetation parameters used in the study

are given in Table I.

The observed precipitation from 1956 to 2000 was

obtained from the Hydrological Year Book of the Hai

River Basin maintained by HWCC, which contained the

daily precipitation for 26 rain gauges (Figure 1) in the

Yongding River Basin. The records of several rain gauges

were incomplete; these were later ﬁlled by the correlation
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Figure 3. Spatial distribution of soil (a), land use for 1990 (b) and 2000 in the Yongding River Basin (c)

Table I. Vegetation parameters used in the Yongding River Basin

Land use type Coverage Maximum

leaf area

index

(LAImax)

Root

depth

(m)

Anisotropic

ratio

Paddy ﬁeld 0Ð95 4Ð0 0Ð5 1Ð0

Dry cropland 0Ð90 1Ð0

Forest

Common forest 0Ð30 7Ð0 1Ð0 2Ð0

Shrubs 0Ð50 3Ð0

Sparse forest 0Ð20 1Ð5

Other forest 0Ð70 1Ð0

Grassland

High density 0Ð60 4Ð0 0Ð2 1Ð0

Medium density 0Ð40 1Ð5

Low density 0Ð20 2Ð0

Water surface

Urban area 0Ð20 5Ð0 0Ð5 1Ð0

Barren area 0Ð20 3Ð0 0Ð3 1Ð0

analysis between the gauge and its adjacent reference

gauge. Most of the coefﬁcients in ﬁlling the precipitation

data were close to or greater than 0Ð8.

Thiessen polygons were used for estimating the distribution of precipitation from point measurements. Hourly

precipitation data are needed for hydrological simulation,

but only a part of the high temporal resolution observations during the ﬂood season (from June to September) was available for the Yongding River Basin. Therefore, hourly data were simulated by dividing by the

precipitation duration using the daily precipitation. On

the basis of the correlation analysis between precipitation amounts and durations of 12 989 precipitation

events during the ﬂood season, the most likely (close to

50% occurrence probability) precipitation durations were

deﬁned as a function of the daily precipitation amount

(Table II).

Long-term (1956–2000) pan evaporation datasets for

the 14 stations (Figure 1) with the monthly temporal

scale were obtained from the China Meteorological

Administration (CMA). From this, the potential ET was
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Table II. The correlation analysis between precipitation amounts

and their durations in the Yongding River Basin

Precipitation amount (mm) Precipitation duration (h)

<10 2

10 ¾ 30 6

30 ¾ 70 12

>70 13

estimated and then downscaled into hourly resolution for

the model simulation.

The discharge and water use data for the 18 gauges for

the model evaluation period (1990–1992) were provided

by HWCC. Figure 1 illustrates the distribution of the

stream gauges. The water use data were obtained in

the water resources planning process of the Hai River

Basin by the HWCC in 1999. The planning chose 1998

as the base year and estimated the natural SWRs from

1985 to 1998 for all the regions in the Hai River Basin.

Recently, the discharge and water use data for seven

major gauges in 2000 were also obtained from HWCC

for model evaluation.

In the uppermost area, there is a spring region called

Shentou (Figure 1). Spring water gushes from the spring

region and ﬂows continuously in a stable manner. The

annual mean outﬂow from the special spring region was

obtained for the study from the HWCC. The spring ﬂow

was not described in the GBHM. Therefore, in order to

accurately model the contribution of spring ﬂow to the

streamﬂow in the lower reaches, the annual mean spring

ﬂows were appended to the river routing process at the

uppermost river channel.

RESULTS AND DISCUSSIONS

Model evaluation with the data from 1990 to 1992

The GBHM was initialized by running the model

with the meteorological data from 1956 to 1989. Then,

a simulation was performed using the GBHM from 1

January 1990 to 31 December 1992, in hourly time

steps, to test its applicability to the semi-arid basin in

reproducing the daily streamﬂows, the annual SWRs in

particular. In the simulation, the 1990 land use map

was adopted. It should be mentioned that the mean

precipitation from 1990 to 1992 was 433 mm/year, which

is slightly higher than the long-term mean precipitation

(396 mm/year) from 1956 to 2000.

All of the available stream gauges can be divided

into two groups according to their different locations

within the river network. The gauges located in the upper

reaches, which are usually located in mountainous areas

and therefore have little human activity and water use,

belong to Group 1. The observed discharges of Group

1 are assumed to be approximately natural and therefore

comparable to the simulated results. Group 2 consists

of the gauges lying in the middle or lower reaches,

where a lot of artiﬁcial water use occurs (column ‘Water

Use’ in Table III) in the upper regions, and the natural

hydrological cycles have been changed to a certain extent.

As a result, the observed discharges of Group 2 are

expected to be less than the simulated discharges.

Figure 4 gives the daily hydrographs of Group 1

gauges (510, 512, 517, 518, and 522) with the relative

difference (Dif ) and Nash–Sutcliffe model efﬁciency

coefﬁcient (Nash and Sutcliffe, 1970) (Nash). The daily

discharges were not well reproduced with small values

Table III. Surface water resources (SWRs) for the upper regions of the 18 stream gauges from 1990 to 1992

Location Stream

gauge

Mean reported annual

SWRs (1990–1992)

BIAS (%)

Observation

(10

4

m3

)

Water use

(10

4

m3

)

1990 1991 1992 Mean bias

error

Upper region 510 2507 0 
31 56 
7 1

512 1577 918 7 5

a


3

517 4428 170 6 
45 93 20

518 4985 0 14 23 
26 6

522 1706 148 31 37 
37 0

Middle or lower regions 501 5451 8603 33 2 32 19

502 7508 17 161 
17 
23 3 
15

503 14 161 26 960 
8 4 4 0

504 9226 28 733 
6 15 23 10

505 20 629 36 748 
16 20 1 2

507 1992 1722 
19 66

a

22

509 2900 1251 
26 32 13 5

514 2878 301 
31 113

a

22

515 8313 4454 
23 32 
34 
8

516 18 649 14 473 18 
14 
14 
3

519 3894 866 98 
8 
20 17

520 7271 1433 32 
24 31 5

521 6183 656 22 
33 
51 
25

The whole basin 108 557 
19 
5 
15 
13

a

No observation.

Copyright © 2010 John Wiley & Sons, Ltd. Hydrol. Process. (2010)

DOI: 10.1002/hypL. WANG ET AL.

0

15

30

45

60

75

90

Jan-90 Jul-90 Jan-91 Jul-91 Jan-92 Jul-92

Discharge (m3

/s)

Qobs

Qsim

D510

Dif = 1%  

0

5

10

15

20

25

Jan-90 Jul-90 Jan-91 Jul-91 Jan-92 Jul-92

Discharge (m3

/s)

D512 Dif = 68% Nash = -0.3

0

10

20

30

40

50

60

70

80

Jan-90 Jul-90 Jan-91 Jul-91 Jan-92 Jul-92

Discharge (m3

/s)

D517

Dif = 24% Nash = -12.3

(Nash = 0.4 for 1990-1991)

0

30

60

90

120

150

180

Jan-90 Jul-90 Jan-91 Jul-91 Jan-92 Jul-92

Discharge (m3

/s)

D518

Dif = 6% Nash = -2.9

0

15

30

45

60

Jan-90 Jul-90 Jan-91 Jul-91 Jan-92 Jul-92

Discharge (m3

/s)

D522

Dif = 9% Nash = 0.2

Nash = -0.7

Figure 4. Simulated and observed daily discharges for the upstream gauges (510, 512, 517, 518, and 522) from 1990 to 1992 with the 1990 land use

of Nash. This is not surprising as only the spare density

of rain gauges was used in this study and only longterm data were available at these stations. In particular,

the sparse precipitation data can cause large uncertainty

for the results of the Group 1 stream gauges, as they

have very few rain observation sites in their control area.

The over-estimations of peak ﬂows in some gauges can

be attributed to the errors induced from the temporal

downscaling of the precipitation data. However, the major

concern of this study was to accurately estimate the

natural annual SWRs for all the sub-basins, which could

provide useful information for the long-term planning

of water resources for this region. By comparing the

simulated and observed discharges, the total amount of

discharges was well modelled by the GBHM with the Dif

less than 25% for all the Group 1 gauges except for 512,

which had a relatively large water use in its control area

(Table III).

Table III shows that the GBHM has generally performed well in simulations of the annual SWRs for the

Yongding River Basin from 1990 to 1992. The simulated

results of the annual natural SWRs for the Group 1 and

2 gauges are both in good agreement with the statistical water resource estimates (observation plus water use,

hereafter ‘the reported SWRs’) with most of the mean

bias errors being less than 15% from 1990 to 1992. The

simulated SWRs for the whole Yongding River Basin also

show an acceptable accuracy (Table III). Signiﬁcant discrepancies exist for some gauges (e.g. 510, 517, 507, 514

and 519) for single-year SWRs comparisons. These can

possibly be attributed to the poor precipitation inputs, as

there were none or only very few rain gauges in the upper
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area of these stream stations. Further model validation

was carried out in 2000 (Table IV). Results show that,

for the upper area of the available seven major stream

gauges, the simulated and reported annual SWRs in 2000

are also in good agreement with all the BIAS values less

than 20%.

Figure 5a plots the reported and simulated annual

natural SWRs for all discharge gauges from 1990 to 1992

on a linear scale. To clearly illustrate the comparison

of small values, the logarithmic-scale plots are also

given (Figure 5b). Results show that the simulated annual

natural SWRs generally show good agreement with the

reported values for both single-year and three-year mean

comparisons.

Table IV. Surface water resources for the upper area of seven

major stream gauges in 2000

Station Observation

(10

4

m3

)

Water use

(10

4

m3

)

Simulation

(10

4

m3

)

BIAS (%)

502 1702 16 723 19 819 8

503 5085 26 422 32 216 2

504 3063 27 536 32 808 7

505 7422 31 755 42 715 9

512 0 390 470 20

515 3550 2319 6792 16

516 3999 10 948 13 135 
12
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Figure 5. Reported and simulated annual SWRs (unit: 10

4

m3

) for all 18

discharge gauges in the Yongding River Basin from 1990 to 1992 with

the 1990 land use in linear-scale (a) and logarithmic-scale (b)

Assessment of SWRs from 1956 to 2000

After the model evaluation with the data from 1990

to 1992 and the data of 2000, a 45-year (1956–2000)

simulation was performed with the 1990 land use data

to estimate the long-term annual SWRs in the Yongding

River Basin.

Figure 6a illustrates the area-average annual precipitation at the Yongding River Basin from 1956 to 2000.

The annual precipitation has shown a decrease from the

periods before 1980 to the periods after 1980. The mean

annual precipitation from 1956 to 1980 was 410 mm,

while it was 378 mm for the periods from 1981 to

2000. Figure 6d gives the frequency analysis of the longterm annual precipitation. The annual precipitation ranges

from 241 to 580 mm, and the annual precipitation with

50% frequency is 388 mm. An annual precipitation accumulation of greater than 350 mm has been occurring at

a frequency of 75%; while one with an accumulation of

greater than 438 mm only occurs at a frequency of 25%

in the semi-arid river basin.

Figure 6b displays the annual potential ET averaged at

the Yongding River Basin from 1956 to 2000. The annual

potential ET also shows a slight decrease from the periods

before 1980 to the periods after 1980. The mean annual

potential ET from 1956 to 1980 was 844 mm, while it

was 819 mm for the periods from 1981 to 2000.

Figure 6c shows the simulated annual SWRs with

GBHM for the Yongding River Basin from 1956 to 2000

assuming the 1990 land use estimates. Corresponding to

the decrease in the annual precipitation, the simulated

annual SWRs also demonstrate a decrease from the periods before 1980 to the periods after 1980. The mean

annual SWR from 1956 to 1980 was 11Ð2 ð 10

8

m3

,

while it was 8Ð6 ð 10

8

m3

for the period from 1981

to 2000. In particular, the period from 1981 to 1990

gives the least annual precipitation and SWRs (368 mm

and 6Ð8 ð 10

8

m3

, respectively). Figure 6e displays the

frequency analysis of the long-term annual SWRs. The

annual SWRs range from 3Ð4 ð 10

8

m3

to 39Ð3 ð 10

8

m3

,

and the annual SWRs with a 50% frequency is 7Ð96 ð

10

8

m3

. Annual SWRs of greater than 6Ð0 ð 10

8

m3

occur at a frequency of 75%, while those greater than

11Ð5 ð 10

8

m3

only occur at a frequency of 25% in

the semi-arid river basin. Figure 6f illustrates the correlation between the annual precipitation and SWRs. A

logarithmic relationship has been revealed with a high

correlation coefﬁcient of 0Ð86 from plots of the 45-year

basin-averaged annual precipitation and the SWRs

y D 105Ð53 ð ln
x
 C 55Ð169 
1


where y is the basin-averaged annual precipitation (mm)

and x is the annual SWRs (mm). The annual SWRs could

be estimated from the basin-averaged annual precipitation

as follows:

x D exp




y 
 55Ð169

105Ð53





2


Equations (1) and (2) show the statistical relationship

between the basin-averaged annual precipitation and the
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Figure 6. Basin-averaged annual precipitation (a), potential ET (b) and the simulated annual SWRs for the Yongding River Basin with the 1990 land

use (c), along with the frequency analyses of annual precipitation (d), SWRs (e) and the correlation between annual precipitation and SWRs (f)

simulated annual SWRs for the Yongding River Basin. It

should be mentioned that the simulated long-term annual

SWRs for the Yongding River Basin have not been evaluated in detail due to lack of datasets. The simulated

annual SWRs in 1995 were signiﬁcantly larger than those

in other years (Figure 6c). This suggests that the results

should be analysed further. The largest annual precipitation (580 mm) in the long-term series from 1956 to 2000

was in 1995. And, 87Ð4% (507 mm) of this was concentrated in the ﬂood season (from June to September)

having several storm events with high intensities. Therefore, the highly concentrated precipitation together with

the largest amount contributed to the largest simulated

annual SWRs in 1995.

Figure 7 displays the spatial distribution of the longterm (1956–2000) mean annual runoff coefﬁcients for

all the 177 sub-basins with the 1990 land use. And the

annual runoff coefﬁcient (
) for a sub-basin is deﬁned as


 D

R

P


3


Figure 7. Spatial distributions of the long-term (1956–2000) mean annual

runoff coefﬁcients for all 177 sub-basins with the 1990 land use. Here,

the spring ﬂows were excluded in runoff coefﬁcients calculations
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Figure 8. The land use change from 1990 to 2000 (a) and the simulated decreases of SWRs corresponding to the change (b) in the Yongding River

Basin

Table V. Qualitative analyses of the inﬂuence of land use changes on the runoff generation in the semi-arid Yongding River Basin

Land use type Paddy

ﬁeld

Dry

cropland

Forest Grassland Water

surface

Urban

area

Barren

area

Inﬂuence on runoff generation C 
 
 
 C C C

For a short-term period, the increase in forest decreases runoff generation due to more canopy interception and transpiration, while for a long-term

period the effect of forest change on runoff generation needs further investigations.

where R is the annual runoff generated in the subbasin (mm) and P is the annual precipitation averaged

at the sub-basin (mm). Here, the spring ﬂows were

excluded from the annual runoff coefﬁcient calculations.

Results show that the annual runoff coefﬁcients generally decrease from upper mountainous areas to lower

plains, which is mainly attributed to the coactions of precipitation distribution (spatial and temporal), topography

and surface conditions (soil and land use). The simulated long-term mean annual runoff coefﬁcients for all

the sub-basins range from 0Ð0 to 0Ð142.

The impact of land use change on the SWRs

Finally, an additional 10-year (1991–2000) simulation

was performed with the 2000 land use data to investigate

the impact of land use changes from 1990 to 2000 on the

long-term annual SWRs.

Figure 8a shows the land use changes for the Yongding

River Basin from 1990 to 2000. Owing to the development of agriculture in the basin, during the 10 years from

1990 to 2000, the forest area decreased by 1454 km2

,

while the grassland and dry cropland areas increased by

934 and 1005 km2

respectively. The barren area also

decreased by 413 km2

with an increase in urban area

of 103 km2

due to increased human activities. Cropland,

grassland and forest are the major land use types in the

basin. In 1990, cropland and grassland made up 44 and

29% of the total respectively, while the forest made up

21%. With 10 years of social and economic development,

the croplands and grasslands increased to 47 and 31% of

the total respectively, while the forest decreased to only

17%.

Figure 8b displays the decrease in the annual SWRs

from 1991 to 2000 when changing the 1990 land use

to the 2000 land use in the basin. The decrease in the

annual SWRs in 1995 is still the highest (2Ð27 ð 10

8

m3

)

because 507 mm of the precipitation accumulation was

concentrated in the ﬂood season. The results reveal that

the inﬂuence of land use on runoff generation is also

highly dependent on the temporal distribution of the

precipitation during a year. The 10-year (1991–2000)

mean annual SWRs show a decrease of 8300 ð 10

4

m3

,

taking up 7Ð9% of the total. The possible reasons related

to the land use changes are qualitatively analysed as

follows.

With the vegetation parameters used in this study

(Table I), the qualitative analyses of the inﬂuence of land

use changes on the runoff generation in the semi-arid

Yongding River Basin have been made (Table V) as

follows:
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(1) For a short-term period, the increase in forest weakens

runoff generation due to more canopy interception

and more ET, while for a long-term period the effect

of forest changes on runoff generation needs further

investigations due to the associated changes in soil

properties.

(2) The increase in the dry croplands and grasslands

strengthens the ﬂood detention along with ET, and

thus weakens runoff generation.

(3) The increase in urban area and barren area generally

weakens surface soil inﬁltration, and thus strengthens

runoff generation.

(4) The increase in paddy ﬁeld and water surface

strengthens runoff generation, as no ﬂood detention

is considered for them.

During the 10 years from 1990 to 2000, the total

amount of forest obviously decreased (by 1454 km2

), but

more increase was observed in dry cropland and grassland

(1939 km2

). Furthermore, the summation of the paddy

ﬁeld and water surface has a net decrease (
190 km2

),

and the summation of urban area and barren area also

has a net decrease (
310 km2

). Therefore, according the

above qualitative analyses (Table V), the 10-year land

use changes in the basin have a negative effect on the

natural SWRs of the basin. It should be mentioned that

only preliminary qualitative analyses of land use changes

on runoff generation were carried out in the study. There

are still many other factors related to the land use changes

(e.g. crop type, planting schedule, topography, and so on)

that need to be considered in the future studies.

CONCLUDING REMARKS

In this study, the ﬁrst version of the GBHM has been

applied to the semi-arid Yongding River Basin for

long-term (1956–2000) assessment of SWRs through

simulations of the natural hydrological processes. First,

the model has been evaluated at 18 stream gauges from

1990 to 1992 in terms of both the daily streamﬂows and

the annual SWRs, with the 1990 land use. The model

has been further validated with the annual SWRs of

2000 in seven major stream gauges. Second, the veriﬁed

model has then been used in a 45-year simulation to

estimate the annual SWRs of the basin from 1956 to

2000 with the 1990 land use data. Frequency analyses

have been performed for both the annual precipitation

and SWRs. An empirical correlation between the annual

precipitation and the annual SWRs has been developed

for the Yongding River Basin. The spatial distribution of

the long-term mean runoff coefﬁcients for all 177 subbasins has also been obtained. Third, an additional 10-

year (1991–2000) simulation has been performed with

the 2000 land data used to investigate the impact of

land use changes from 1990 to 2000 on the long-term

annual SWRs. The results suggest that the 10-year land

use changes have led to a decrease of 8300 ð 10

4

m3

(7Ð9% of total) for the long-term mean annual SWRs in

the simulation. To our knowledge, this work is the ﬁrst of

its kind to assess long-term SWRs and the impact of land

use changes on SWRs in the semi-arid Yongding River

Basin using a semi-distributed hydrological model.
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