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Abstract: It is important to understand how land use change impacts groundwater recharge, especially for regions that
are undergoing rapid urbanization and there is limited surface water. In this study, the hydrological processes and recharge ability of various land use types in Guishui River Basin, China (in Beijing Municipality) were analyzed. The
impact of land use change was investigated based on water balance modeling, WetSpass and GIS. The results indicate
that groundwater recharge accounts for only 21.16% of the precipitation, while 72.54% is lost in the form of
evapotranspiration. The annual-lumped groundwater recharge rate decreases in the order of cropland, grassland, urban
land, and forest. Land use change has resulted in a decrease of 4 × 106 m3 of yearly groundwater recharge in the study
area, with a spatially averaged rate of 100.48 mm/yr and 98.41 mm/yr in 1980 and 2005, respectively. This variation
has primarily come from an increase of urban area and rural settlements, as well as a decrease of cropland.
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Introduction

Estimation of groundwater recharge is of great importance in water resources management, especially for
areas in which groundwater is vital for the local water
supply. Exact estimation of regional groundwater recharge requires a good understanding of the hydrological processes in the area, which could be greatly altered
by global change and human activities (Nolan et al.,
2007). Thus, the effects of land use change on groundwater recharge should be thoroughly investigated, especially in the regions subject to rapid urbanization and
limited surface water.
Groundwater recharge can usually be estimated using
experimental methods such as isotope tracers (Wang et

al., 2008), statistical approaches such as water-table
fluctuation (WTF) analysis (Moon et al., 2004), and
numerical methods like water balance simulation (Batelaan et al., 2003; Anuraga et al., 2006; Carrera-Hernández and Gaskin, 2008). Among these methods, distributed water balance simulation is usually used to assess
the impact of land use change on groundwater recharge
at the regional scale. In this method, the model domain
is divided into grid cells, and each cell is classified with a
land use category. Carrera-Hernández and Gaskin (2008)
developed a simple daily soil-water balance (SWB) and
found that urban growth had diminished recharge in the
alluvial plain of the Basin of Mexico. Jat et al. (2009)
also concluded that the increase in impervious area reduced groundwater recharge in Ajmer, India.
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Because land use data are usually derived from remotely sensed images, the mixed pixel issue may increase uncertainty and inaccuracy if the grid cell is
treated as a singleland use category. The WetSpass
model calculates the water balance of a grid cell while
considering the fractions of vegetation, bare soil, open
water and impervious area; therefore, it provides a good
choice for estimation of long-term average spatial patterns of groundwater recharge (Batelaan and De Smedt,
2001; 2007). Applications of the WetSpass model in
groundwater recharge estimation can be found in Tilahun and Merkel (2009), Woldeamlak et al. (2007), and
Dams et al. (2008). It has also been applied in China for
land use impact analysis (Moiwo, 2006) and groundwater simulation (Moiwo et al., 2010) with good results.
Since groundwater is essential for both humans and
the ecosystem, understanding groundwater recharge is
critical for sustainable management of water resources
under changing environmental conditions. This study
investigated the impact of land use change on groundwater recharge in Guishui River Basin in Beijing. Although the land use/cover change in the study area was
not dramatically observed in the last 20 years, its impact
on groundwater recharge should be well understood due
to the importance of groundwater in this area. The
WetSpass model was applied with a focus on how hydrological processes respond to land use change, and
what effect various land uses have on groundwater recharge. The GIS spatial analysis was jointly used with
simulation results from WetSpass for a regional impact
assessment.

Fig. 1
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Materials and Methods

2.1 Study area
The Guishui River Basin is located in Northwest Beijing,
with an area of 2500 km2 (Fig. 1). The mean annual precipitation observed at Yanqing weather station is 456
mm and the pan evaporation is 1663 mm. The main
source of recharge to this aquifer is precipitation, while
groundwater abstraction is the major source of discharge
in the Yanqing region. The aquifer system provides
nearly 70% of the total water supply for the Yanqing
region and sustains the habitat for wetland species during dry seasons. Land-use map of the study area in 1980
and 2005 are shown in Fig. 2.
2.2 Data source and processing
WetSpass requires a set of input data pertaining to the
meteorology, topography, land use, groundwater depth,
and soil texture of the investigated area. The meteorological variables include precipitation, potential open
water evaporation, wind speed, and air temperature. The
simulation time is divided into two periods in this study,
a dry season (from October to March next following)
and a wet season (from April to September), corresponding to the winter and summer defined by WetSpass.
All climatic variables, as well as the land use and
groundwater depth, must be classified for the two-season input. Precipitation and potential open water evaporation are given in accumulated values, while others are
prepared in the monthly averaged data.
The SRTM (Shuttle Radar Topography Mission) DEM

Location of study area in Beijing and elevation map of Guishui River Basin
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Fig. 2

Land use map of study area in 1980 (a) and 2005 (b)

was used as the topography data, resampled to 100 m
for computational efficiency. The land use data was obtained from the China DSIESS (Data Sharing Infrastructure of Earth System Science) database with a
resolution of 100 m. The soil texture data with USDA
(United States Department of Agriculture) classification
was obtained from the Harmonized World Soil Database
at a resolution of around 1 km.
Monthly precipitation and air temperature data were
obtained from the WorldClim database. The seasonal
precipitation and air temperature shown in Fig. 3 are
acquired from this database. Wind speed was estimated
from the DEM elevation data and observed data at Yanqing station (1981–2000) using the method provided by
SWAT model (Neitsch et al., 2005). Potential open water evaporation was simulated using the monthly air
temperate grid data and observation data at Yanqing station by the FAO Penman-Monteith model. Because
Guishui River Basin is an alluvial basin containing an
unconfined aquifer with relatively simple hydogeological characteristics, the distributed groundwater depth for
Guishui River Basin is estimated from the linear relationship between the observed groundwater depth and
the elevation of the 26 boreholes located within the
Yanqing region. All of the grid data are resampled and
clipped to give the same boundary as the DEM (Fig. 3).

2.3
Estimation of groundwater recharge with
WetSpass
The WetSpass model was selected for distributed estimation of groundwater recharge (rainfall infiltration
recharge) in the study area because it accounts for land
use types of mixed-pixels derived from remote sensing
images and it has fewer input requirements on the
long-term observation of meteorological variables at a
large scale (Batelaan and Smedt, 2007). The model
treats a basin as a regular pattern of raster cells. Every
raster cell is further sub-divided into vegetation, bare
soil, open water, or impervious surface fractions. The
quasi steady-state water balance is then calculated for
each cell while considering the land cover fraction, including interception, surface runoff, evapotranspiration,
and groundwater recharge.
The seasonal water balance for a cell can be expressed as:
P = I + S + ET + R

(1)

where P is precipitation, I is interception, S is surface
runoff, ET is evapotranspiration, and R is groundwater
recharge (units for all parameters are mm). R is calculated as a residual term of the water balance, thus it is
actually net recharge and might be negative. I, S, and ET
are estimated for each cell while considering the fraction
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Fig. 3

Input data for WetSpass simulation, summer precipitation (a), summer air temperature (b), summer potential
evapotranspiration (c), and soil texture with USDA classification (d)

of different land cover, i.e. vegetation, bare soil, open
water, and impervious surface. For example, ET can be
calculated as:
ETraster = avETv + asEs + aoEo + aiEi

(2)

where ETraster, ETv, Es, Eo, and Ei are evapotranspiration
of vegetation fraction, and evaporation from bare soil,
open water, and impervious surfaces, respectively
within a grid cell. av, as, ao, and ai are the fraction of
each land cover. The detailed description of Equation (1)
and Equation (2) can be referred to Batelaan and Smedt
(2007). The precipitation is usually used with net precipitation in China, and recharge is usually calculated
with infiltration coefficient.

3

737

Results

3.1 Groundwater recharge under different land uses
The simulated annual groundwater recharge under the
land use condition in the 1980s varied from –117 mm/yr

to 270 mm/yr, with a mean of 100 mm/yr (Fig. 4). The
higher recharge rate primarily occurred along the bottomland of Guanting Reservoir in Yanqing region and
the southwest portion of the Guishui River Basin. The
negative recharge, i.e. discharge, was observed in scattered localities in the Yanqing region near Guanting
Reservoir, where the groundwater level was below the
root zone and the soil texture was loam or clay. Because
groundwater recharge is calculated as a residual term of
the water balance, it represents a similar spatial pattern
as evapotranspiration and runoff (Fig. 4). The spatial
variations of land use and soil texture are the main factors leading to this pattern.
To quantify the impacts of land use change on groundwater recharge in the Guishui River Basin, ArcGIS was
used to estimate the quantity of recharge, runoff, and
evapotranspiration of different land use areas (Fig. 5).
The results revealed that evapotranspiration is the major
source of water loss, varying from 230 mm/yr on the
bottomland to 462 mm/yr on deciduous coniferous for-
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a: recharge; b: evapotranspiration; c: surface runoff; d: interception; e: transpiration; f: soil evaporation

Fig. 4

Simulated water balance components under land use conditions in 1980s

est, while the open water evaporation is 641 mm/yr. For
the vegetated area, there is more recharge generated beneath the grassland than forestland, due to less evapotranspiration.
Evaporative components, including transpiration, interception, and soil evaporation, were also spatially
averaged for different land use areas (Fig. 6). The results
show that transpiration and interception accounted for

most of the evapotranspiration, while soil evaporation
was higher in areas that had higher levels of bare-soil.
Generally, forests transpire and intercept more water
than grass.
In general, the detailed land use types mentioned
above were classified into four groups for comparison.
The major water balance components (groundwater recharge, evapotranspiration, and surface runoff), were
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Fig. 5
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Recharge (a), runoff (b), evapotranspiration (c), and annual precipitation (d) under different land use types

spatially averaged for the four groups as shown in Fig. 7.
All the four groups represent a positive impact on
groundwater recharge. Cropland had the highest recharge rate of 122.74 mm/yr, while forest had the lowest
rate of 76.14 mm/yr.
3.2 Impact of land use change on groundwater recharge
Annual groundwater recharge under the land use conditions in 2005 was also simulated to quantify differences
due to changes in land use from 1980 to 2005. Simulation results show in 2005, all of the input parameters

were kept the same as in 1980, except for land use;
therefore, the results reflect the impact of land use
change on groundwater recharge in the Guishui River
Basin from 1980 to 2005. The basin-wide and spatially
averaged water balance components of the study area
are shown in Table 1. The basin-wide mean groundwater
recharge rate was 100.48 mm/yr and 98.41 mm/yr for
1980 and 2005, respectively. Most water from precipitation was evaporated, while recharge accounted for
21.16% of the precipitation. As shown in Table 1, the
sum of the evapotranspiration, surface runoff and recharge slightly exceeded that of precipitation. This was
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Fig. 6

Fig. 7

Transpiration (a), interception (b), and soil evaporation (c) under different land use types

Groundwater recharge, evapotranspiration, and surface runoff under forest, grassland, cropland and urban land in 1980s

caused by the high evaporation rate of open water, in
which the water balance was no longer in steady state.
Spatially-aggregated groundwater recharge for vari-

ous land use types is shown in Table 2 to quantify the
change in recharge due to changes in land use from 1980
to 2005, as shown in Fig. 8. Cropland was found to have
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Table 1

Evapotranspiration, surface runoff and recharge
in 1980 and 2005

Evapotranspiration**
Surface runoff
Recharge

Ratio of
precipitation
(%)*

1980 (mm)

2005 (mm)

340.50

337.45

72.54

31.24

33.50

7.20

100.48

98.41

21.16

Notes: *: The results of the year of 2005; **: Evapotranspiration includes transpiration, interception, soil evaporation, and open water
evaporation; The ratio sum (100.90%) is larger than 100%, because
the evaporation on open water is larger than precipitation in this area

Fig. 8

Groundwater recharge for different land use types
in 1980 and 2005

Land use
Forest

1980
(×108 m3/yr )

2005
(×108 m3/yr )

Change
(×108 m3/yr )

0.63

0.65

0.02

Grassland

0.38

0.36

–0.02

Cropland

1.32

1.24

–0.08

Urban land*

0.09

0.13

0.04

Total

2.42

2.38

–0.04

Note: * Urban land includes urban areas and rural settlements in
the land use classification stated above

Area percentage of different land use types in 1980 and 2005

the highest recharge amount, because it comprised the
greatest area. The area of forestland increased from
1980 to 2005, but the amount of recharge decreased by
2 × 106 m3/yr. Higher evaporative loss from forestland
may be responsible for this change. Grassland showed
the simillar situation as forestland. The major changes
were observed in cropland and urban land, where the
recharge decreased by 8 × 106 m3/yr and increased by
4 × 106 m3/yr, respectively. The decreased area may explain the decreased amount of recharge beneath the
cropland.
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Discussion

As most of the water from precipitation is lost in the

form of evaporation, vegetation cover becomes an important parameter regulating recharge rate. This situation was also found in some other studies (Lin et al.,
2010). Since the irrigated water was not considered in
the hydrological processes in this study, there was more
recharge on non-irrigation cropland than on irrigated
cropland because more evapotranspiration was generated due to better growth conditions. A similar conclusion was reported by Scanlon et al. (2005), who found
that dry agricultural land could increase groundwater
recharge in the southwestern US.
Urban land, which has increased in response to urbanization and expansion of rural settlements, results in
an increased recharge. It varies from several other researches that have considered urban land to be im-
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pervious areas that promote surface runoff and prohibit
infiltration (Jat et al., 2009). In this study, urban areas
and rural settlements were not recognized as wholly
impervious land, but rather as having a fraction of
vegetation cover of 20% and 30%, respectively. Thus,
the expansion of urban area will lead to increased recharge due to the portion of bare soil and vegetation.
However, even when the WetSpass simulation was conducted, there was little or no recharge if the vegetation
fraction for urban land was very low (Tilahun and
Merkel, 2009). However, the transpiration term is calculated using a vegetation coefficient obtained from
empirical relationships between climatic variables
(Batelaan and Smedt, 2007). Thus, transpiration is primarily affected by air temperature in the model and the
effect of vegetation type was not well reflected.

Batelaan O, De Smedt F, 2001. ′WetSpass: A flexible, GIS based,
distributed recharge methodology for regional groundwater
modeling′, in Impact of Human Activity on Groundwater Dynamics. IAHS Publication, 269: 11–17.
Batelaan O, De Smedt F, Triest L, 2003. Regional groundwater
discharge: Phreatophyte mapping, groundwater modelling and
impact analysis ofland use change. Journal of Hydrology,
275(1–2): 86–108. doi: 10.1016/S0022-1694(03)00018-0
Batelaan O, Smedt F De, 2007. GIS-based recharge estimation by
coupling surface-subsurface water balance. Journal of Hydrology, 337(3–4): 337–377. doi: 10.1016/j.jhydrol.2007.02.001
Carrera-Hernández J J, Gaskin S J, 2008. Spatio-temporal analysis of potential aquifer recharge: Application to the Basin of
Mexico. Journal of Hydrology, 353(3–4): 228–246. doi:
10.1016/j.jhydrol.2008.02.012
Dams J, Woldeamlak S T, Batelaan O, 2008. Predictingland use
change and its impact on the groundwater system of the Kleine
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Conclusions

Nete catchment, Belgium. Hydrology and Earth System Sciences, 12(6): 1369–1385.

In this study, the seasonal steady-state water balance
model, WetSpass, was implemented for the estimation
of groundwater recharge in the Guishui River Basin, and
GIS spatial analysis was employed to reveal the impact
of land use change on groundwater recharge at the watershed scale. The major conclusions include:
(1) The groundwater recharge rate decreases in the
order of grassland, cropland, urban land, and forest. All
four land use types have a positive effect on recharge,
with the highest one of 122.74 mm/yr being observed
beneath cropland and the lowest one of 76.14 mm/yr
beneath forest.
(2) The annual groundwater recharge rate in the study
area is 100.48 mm/yr and 98.41 mm/yr based on the
land use condition in 1980 and 2005, respectively. Precipitation is mainly lost in the form of evapotranspiration (72.54%), while recharge accounts for 21.16%.
(3) With the land use changing from 1980 to 2005,
the annual groundwater recharge in the study area decreased by 4 × 106 m3. The decrease of cropland and
grassland together with the increase of urban area and
rural settlements are the major reasons.
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