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Abstract. Changes in land use and land cover (LULC) have
been occurring at an accelerated pace in northern parts of
China. These changes are significantly impacting the hy-
drology of these parts, such as Laohahe Catchment. The
hydrological effects of these changes occurring in this catch-
ment were investigated using a semi-distributed hydrological
model. The semi-distributed hydrological model was cou-
pled with a two-source potential evaportranspiration (PET)
model for simulating daily runoff. Model parameters were
calibrated using hydrometeorological and LULC data for the
same period. The LULC data were available for 1980, 1989,
1996 and 1999. Daily streamflow measurements were avail-
able from 1964 to 2005 and were divided into 4 periods:
1964–1979, 1980–1989, 1990–1999 and 2000–2005. These
periods represented four different LULC scenarios. Stream-
flow simulation was conducted for each period under these
four LULC scenarios. The results showed that the change in
LULC influenced evapotranspiration (ET) and runoff. The
LULC data showed that from 1980 to 1996 grass land and
water body had decreased and forest land and crop land had
increased. This change caused the evaporation from vege-
tation interception and vegetation transpiration to increase,
whereas the soil evaporation tended to decrease. Thus dur-
ing the period of 1964–1979 the green water or ET increased
by 0.95%, but the blue water or runoff decreased by 8.71%
in the Laohahe Catchment.

Correspondence to:L. Ren
(rll@hhu.edu.cn)

1 Introduction

Blue water is the visible liquid water moving above the
ground as surface runoff and below the ground as groundwa-
ter runoff (FAO, 1995b; Falkenmark and Rockstrom, 2004).
Blue water can thus be in the form of surface runoff in rills,
gullies or rivers, or water stored in reservoirs and lakes,
or water flowing underground, recharging water tables and
aquifers. Green water is defined as the invisible vapor mov-
ing to the atmosphere (FAO, 1995a; Falkenmark and Rock-
strom, 2004), including productive green water defined as
transpiration from plants and trees, and nonproductive green
water consisting of soil evaporation and vegetation inter-
ception evaporation. Green water thus equates the com-
monly used term ET, which combines productive and non-
productive vapor in one term. It is a new concept to partition
water into blue water and green water, which may effectively
be utilized to study the effect of LULC changes on the catch-
ment water balance.

Quantification of the effect of LULC changes on the parti-
tion of blue water and green water of a river basin has been of
interest to hydrologists in recent years. However, the conver-
sion of rainfall into runoff is complex and our understanding
of the quantitative relationship between the LULC properties
and runoff generation mechanism is far from complete.

The effect of LULC changes on the hydrological processes
is mainly contributed by the changes in vegetation intercep-
tion, soil evaporation, plant transpiration, infiltration and soil
water content, and the consequent changes in the partition
of rainfall into blue water and green water. In earlier stud-
ies, the assessment of the impact of LULC changes on runoff
was done mainly through field experiments. There are many
reviews of these experiments in the literature, notably those
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Fig. 1. The location of Laohahe Catchment.

of Hibbert (1967); Hollis (1975); Bosch and Hewlett (1982);
and Zhang et al. (1999). These studies, which generally in-
dicate that deforestation causes an increase in the mean an-
nual discharge, have concentrated on the impacts of forest
management on water yield (Siriwardena et al., 2006).While
field experiments can conclusively demonstrate the conse-
quences of LULC changes, modeling studies often provide
more insight into the flow mechanisms and processes. Based
on precise input data and accurate model structure, hydro-
logical models have the capability of addressing the impact
of LULC changes on various hydrological processes.

Nowadays, hydrological models are being used to address
the impact of LULC changes. Lorup et al. (1998) calibrated
lumped models for a reference period when there is a lit-
tle change in LULC and applied it to a subsequent period in
which changes in LULC have taken place. They carried out
a trend analysis of the bias between modeled and observed
runoffs to investigate the changes in catchment runoff that
might arise due to the LULC changes. Wilk et al. (2001)
calibrated a daily rainfall-runoff model for the pre-clearing
period and then used it to predict the catchment yield af-
ter clearing. They were unable to detect any hydrologi-
cal change that could be attributed to the reduction in for-
est cover. They attributed this to the fact that the LULC
changes were not uniform across the catchment and there
were a significant number of trees remaining on agricultural
land and secondary re-growth on agricultural plots. Chen et
al. (2004) applied a distributed hydrological model SWAT to
simulate the rainfall-runoff relationship of the Suomo basin
under different LULCs in order to evaluate the impact of
LULC changes on runoff, ET and peak stream flow. They
found that if LULC changed from a non-vegetation-cover to
a full-forest-cover scenario, the runoff depth (blue water) de-
creased and evaporation (green water) increased. With the
same recurrent flood flow, the peak stream flow value under
the full-forest-cover scenario was 31.2% less than that under
the non-vegetation-cover scenario.

The objective of this study was to investigate the effect of

LULC changes on the hydrological processes in the Laohahe
Catchment in northern China by using a semi-distributed hy-
drological model coupled with a two-source PET model. Us-
ing the direct evaporation from the intercepted water, poten-
tial canopy transpiration and potential soil evaporation as the
input to the semi-distributed hydrological model, the effect
of LULC changes on the ET process was quantified. Four
LULC scenarios derived from satellite images were used
to represent the vegetative cover over the catchment during
four periods: 1964–1979, 1980–1989, 1990–1999 and 2000–
2005, respectively. Model parameters were calibrated using
hydrometeorological and LULC data corresponding to the
same periods. The effect of LULC changes was then investi-
gated by applying the calibrated hydrological model to three
other LULC scenarios.

2 Study area and data preparation

2.1 Description of the study area

The Laohahe Catchment is located in the semi-arid region of
northern China and has a drainage area of 7.720 km2, with
the Taipingzhuang hydrological station (42◦12′N, 119◦15′E)
at the catchment outlet (Fig. 1). The river across the basin is
the upstream tributary of the Laohahe River. Elevation within
the catchment ranges from 444 m to 1836 m above mean sea
level, with elevation declining from southwest toward north-
east. There are 19 rain gauges, 4 meteorological stations and
1 hydrological station (Taipingzhuang) in this basin and the
recorded data are available from 1964 to 2005. Annual aver-
age maximum (minimum) temperature is 14◦C (2◦C) rang-
ing from −4◦C (−16◦C) in January to 29◦C (18◦C) in July.
The average annual precipitation is approximately 451 mm,
and the spatial and temporal distribution of precipitation is
uneven. About 88% of the annual precipitation occurs from
May through September.
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Agriculture and stock raising are the main productive ac-
tivities within the Laohahe Catchment, thus grassland and
cropland are the dominant types of land use. The main
driving forces of LULC changes were population growth in
the region and local/national development policy, in order to
meet the food requirement. For example, due to the under-
developed economy and lack of food in 1960’s, the govern-
ment of China encouraged the people to develop agriculture
and enlarge the area of cropland to solve the starvation prob-
lem. In the 1990’s, the people found the reclamation could
cause many environmental problems, such as soil erosion, in-
undation, and environmental pollution. Thus the government
revised its policies to protect the forest land and encouraged
the farmers to transfer the cropland into forestland or grass-
land. Since 1949, there have been four periods of large-scale
reclamations in the catchment. However the conversion of
cropland to forestland or grassland was also progressing at
the same time.

2.2 Data preparation

2.2.1 Topography

The digital elevation model (DEM) data (Fig. 2) within
40.9◦ ∼42.9◦ N and 117.2◦ ∼120◦ E at the spatial resolution
of 30 s by 30 s were obtained from the Global Land One-
kilometer Base Elevation database (Yuan, 2006). The digi-
tal elevation drainage network model (Martz and Garbrecht,
1992) was used to generate the river network and catchment
boundary automatically.

2.2.2 LULC data

Four scenarios of LULC maps (Fig. 3) at the spatial scale of
DEM were derived from satellite images and were available
to represent the vegetative cover over the catchment during
the period of 1964–2005. These LULC maps were inter-
preted from Landsat MSS, TM and ETM+ images with a
variety of reference data.

According to the reference data, reliable samples of each
class were selected cautiously, whose separability was com-
puted. All the Jeffries-Matusita and Transformed Divergence
data measuring the separability were above 1.98, which
means the samples had reliable separability (Richards, 1999).
Specific spectral characteristics of samples were analyzed,
respectively, especially at red, near-infrared and shortwave
infrared bands. Concretely, water body showed very low re-
flectivity at the shortwave infrared band, while urban and
built-up land showed high reflectivity at the shortwave in-
frared band. And vegetation showed high reflectivity at near
infrared but low reflectivity at the red band. Furthermore, dif-
ferent threshold values of near-infrared reflectivity and sim-
ple ratio (Person and Miller, 1972) were explored to classify
vegetation into 3 types: forest, grass and crop. The decision
tree classification method was used here based on the above

Fig. 2. Digital elevation map of the studied area.

Fig. 3. Four LULC maps in Laohahe Catchment.

analyzed spectral characteristics and the spatial patterns of
land cover classes. Post-classification refinements were ap-
plied to reduce classification errors caused by the similari-
ties in spectral responses of certain classes. All the user’s
and producer’s accuracies of the classification were respec-
tively above 87.7% and 86.9%, and the overall accuracies
were above 90.6%, and Kappa statistic were above 90.9%.

2.2.3 NDVI data

The NOAA-AVHRR NDVI dataset is available monthly for
the globe at a spatial resolution of 8 km, during the period
from July 1981 to September 2001, except for the data-
missing period from September to December of 1994. The
NDVI data within the studied area were clipped according to
the basin boundary and transferred into the resolution of 30 s.

2.2.4 Meteorological data

The required meteorological data include daily mean, max-
imum and minimum air temperatures, air vapor pressure,
wind velocity, daylight duration and precipitation. In this
study, daily precipitation data were measured at 19 rain-
gauged stations covering the whole studied area, and the
other meteorological data were observed at 4 meteorological
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stations around the catchment. All meteorological data were
interpolated over the whole study area using the inverse dis-
tance square method (Ashraf et al., 1997). Based on DEM,
such meteorological variables as air temperature, air vapor
pressure and wind velocity were topographically corrected
with the empirical relationships during interpolation:

Ta=−0.586Z100+Tobs (1)

ea=eobsexp(−0.0507Z100) (2)

ua=uobs{3.6−2.6 exp(−0.0569Z100)} (3)

WhereTa , ea , ua are the air temperature (◦C), air vapor pres-
sure (kPa) and wind speed (m s−1) in a grid cell, respectively;
Z100 is the altitude difference between the grid cell and me-
teorological station in 100 m; and the quantitiesTobs, eobs,
uobs are the air temperature (◦C), air vapor pressure (kPa)
and wind speed (m s−1) records at the meteorological station,
respectively.

3 Model description

3.1 Two-source PET model

ET is a process of water vapor transfer from the soil-
vegetation system to the atmosphere, including interception
evaporation, soil evaporation, and plant transpiration. PET is
generally considered to be the amount of water which would
be lost to the atmosphere from a land surface where water is
enough to satisfy the atmospheric evaporation demand.

Mo et al. (2004) developed a two-source ET model based
on the Penman-Monteith equation for actual evapotranspira-
tion (AET):

Ec=
1Rnc+

ρCpD0
rac

λ[1+γ (1+
rc
rac

)]
(1−Wf r) (4)

Es=
1(Rns−G)+

ρCpD0
ras

λ[1+γ (1+
rs
ras

)]
(5)

Ei=
1Rnc+

ρCpD0
rac

λ(1+γ )
Wf r (6)

where Ec, Es and Ei are the canopy transpiration, soil
evaporation, and evaporation from the intercepted water, re-
spectively;Rnc and Rns are the net radiation absorbed by
canopy and soil (W m−2), respectively;G is the soil heat flux
(W m−2); λ is the latent heat of vaporization (MJ kg−1); ρ is
the air density (kg m−3); Cp is the air specific heat at con-
stant pressure (KJ kg−1◦C−1); γ is the psychrometric con-
stant (kPa◦C−1); 1 is the first-order derivative of saturation
vapor pressure with temperature (kPa◦C−1); Wf r is the wet-
ted fraction of the canopy;rc, rs , rac and ras are the bulk
stomatal resistance of canopy, soil surface resistance, bulk

Fig. 4. Basic concept of HYB

boundary-layer resistance of the canopy, and aerodynamic
resistance between the soil surface and canopy air space, re-
spectively (s m−1); andD0 is water vapor deficit at the source
height (kPa).

For calculating the PET consisting of potential canopy
transpiration, potential soil evaporation and direct evapora-
tion from the intercepted water, Yuan (2006) improved the
two-source ET model:

Epc=
1Rnc+

ρCpD0
rac

λ[1+γ (1+
rcp
rac

)]
(1−Wf r) (7)

Eps=
1(Rns−G)+

ρCpD0
ras

λ[1+γ (1+
rsp
ras

)]
(8)

whereEpc is the potential canopy transpiration,Eps is the
potential soil evaporation,rcp is the bulk stomatal resistance
of canopy while the soil moisture at field capacity (s m−1),
andrsp is the soil surface resistance while the soil moisture
at field capacity(s m−1). In this study,rsp=300 s m−1.

The method of calculating evaporation from the inter-
cepted water is the same as Eq. (6). The detailed parame-
terization schemes of radiation balance, land surface resis-
tance and interception in the two-source PET model can be
referred to the paper by Yuan et al. (2008).

The evaporation from water surface estimated by substitut-
ing the aerodynamic resistance of Penman wind speed func-
tion andrs=0 into P-M equation (Shuttleworth, 1993) was
also considered in this study:

ET=
1

1+γ
0.408(Rn−G)+

γ

1+γ
2.624(1+0.536u2)(es−ea) (9)

wherees andea are the saturation and actual vapor pressures
(kPa), respectively; andu2 is the wind speed (m s−1) at 2 m
height.
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Fig. 5. Two examples explaining the concept of HYB.

3.2 Hydrological model

3.2.1 Basic concept of hybrid runoff model

PET was used to drive a semi-distributed hydrological model
based on a grid of 30 s. The ET component was represented
by a model of three soil layers (Zhao, 1992). Runoff gener-
ation was based on a hybrid runoff model (Hu, 1993; Hu, et
al., 2005), denoted by HYB, and runoff routing was carried
out using the Muskingum-Cunge method.

Numerous field studies show that runoff within a basin
is mainly generated by two mechanisms: infiltration excess
(Horton) runoff and saturation excess (Dunne) runoff. The
hybrid runoff model combines the two runoff mechanisms
by means of the combination of spatial distribution curve of
soil tension water storage capacity and that of infiltration ca-
pacity. This is the way by which daily runoff simulation was
conducted in the Laohahe Catchment.

The basic concept of the hybrid runoff model can be ex-
pressed as shown in Fig. 4. The blue curve represents the
distribution curve of soil tension water storage capacity re-
garding the alpha axis as the abscissa. For a catchment, the
distribution curve of soil tension water storage capacity is
unique. The pink curve represents the distribution curve of
soil infiltration capacity regarding the beta axis as the ab-
scissa. The distribution curve of soil infiltration capacity is
not unique, which is related to the soil moisture content. So
the two curves meet in different fields or do not meet for dif-
ferent values of soil moisture content and precipitation.

The basin is spatially divided by the distribution curve
of soil tension water storage capacity into two parts,α and
(1−α). The rainfall over the sub-area,α, all becomes runoff,
including surface runoff and groundwater runoff. Over the
other sub-area, (1−α), runoff cannot be produced until the
soil tension water storage equals field capacity. In the pro-
cess of soil moisture content up to its field capacity, surface
runoff may be possibly generated when rainfall intensity ex-
ceeds infiltration rate over a partial area where soil moisture

does not reach its field capacity. That partial area is shown
as the shaded area in Fig. 5a. The distribution curve of the
tension water storage capacity can be written as follows:

α=1−(1−
W ′

W ′
m

)B (10)

where abscissa variableα denotes the proportional fraction
of the pervious area in the whole basin, in which tension wa-
ter storage capacity is equal to or less than the ordinate value,
W ′. W ′

m is the maximum value of tension water capacity
(mm) at a point within the studied basin. ParameterB is the
exponential of the parabolic curve. Following Zhao (1980),
the areal mean tension water capacityWm can be expressed
as:

Wm=
W ′

m

1+B
(11)

The basin is spatially segmented by the distribution curve
of soil infiltration capacity into two parts,β and (1−β). Sur-
face runoff is produced over the partial area,β, when rainfall
intensity exceeds infiltration rate; runoff cannot be generated
over the other area, (1−β), for the rainfall intensity is less
than the infiltration rate. However, in spite of weak rain in-
tensity, runoff would probably be generated over the partial
area of (1−β), where soil moisture content has reached its
field capacity. That partial area is represented as the shaded
area in Fig. 5b. The Horton infiltration curve was adopted
for the computation of infiltration rate at any point within the
basin, which can be expressed as:

ft=fc+(f0−fc)e
−kt (12)

whereft is the point value of infiltration rate (mm/h) at time
t ; f0 is the maximum infiltration rate (mm/h); andfc the
static infiltration constant (mm/h) at a surface point; andk

is decay coefficient with time. The spatial distribution curve
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of infiltration quantity during the time step of1t can be ex-
pressed as:

β=1−(1−
F ′

1t

F ′
m1t

)BX (13)

where variableβ is the fraction of an area for which infiltra-
tion quantity is equal to or less thanF ′

1t ; F ′
1t andF ′

m1t are
the point values of infiltration quantity (mm) and the maxi-
mum infiltration quantity (mm) in the duration of1t , respec-
tively; andBX is the shape parameter. The average spatial
infiltration quantity,Fm1t , similar to the case of tension wa-
ter capacity, can be computed as:

Fm1t=
F ′

m1t

1+BX
(14)

3.2.2 Runoff generation calculation of HYB

It is supposed thatP is precipitation (subtracting evaporation
at the same time) during the time interval of1t ; W0 is the
initial soil tension water storage in millimeter. Then runoff
can be computed according to the relationship amongstP ,
W ′

m, W ′
0+F ′

m1t , and the intersection point of the two dis-
tribution curves introduced above. The flow chart of runoff
computation in HYB is shown in Fig. 6.

1. There is a point of intersection between the two distri-
bution curves ifW ′

0+F ′
m1t≤W′

m. It is assumed that
x represents the ordinate of that point of intersection.
Runoff computation could be made in the following
three cases.

a) When (P+W ′

0) ≤ x,

Rs=P−Fm1t [1−(1−
P

F ′
m1t

)BX+1
] (15a)

Rg=Fm1t [1−(1−
P

F ′
m1t

)BX+1
]−(Wm−W0)

+Wm(1−
W ′

0+P

W ′
m

)B+1 (16a)

b) Whenx<P+W0
′
≤W0

′+F ′
m1t ,

Rs=P−Fm1t [1−(1−
P

F ′
m1t

)BX+1
] (15b)

Rg=Fm1t [1−(1−
x−W ′

0

F ′
m1t

)BX+1
]−(Wm−W0)

+Wm(1−
x

W ′
m

)B+1 (16b)

c) WhenP+W0
′>W0

′+F ′
m1t ,

Rs=P−Fm1t (15c)

Rg=Fm1t [1−(1−
x−W ′

0

F ′
m1t

)BX+1
]−(Wm−W0)

+Wm(1−
x

W ′
m

)B+1 (16c)

2. There is no intersection point between the two dis-
tribution curves whenW ′

0+F′
m1t>W′

m. Runoff
computation may be made in the following three other
cases.

d) WhenP+W ′

0 ≤ W ′
m,

Rs=P−Fm1t [1−(1−
P

F ′
m1t

)BX+1
] (15d)

Rg=Fm1t [1−(1−
P

F ′
m1t

)BX+1
]−(Wm−W0)

+Wm(1−
W ′

0+P

W ′
m

)B+1 (16d)

e) WhenW ′
m<P+W ′

0≤W ′

0+F ′
m1t ,

Rs=P−Fm1t [1−(1−
P

F ′
m1t

)BX+1
] (15e)

Rg=Fm1t [1−(1−
P

F ′
m1t

)BX+1
]−(Wm−W0) (16e)

f) WhenP+W0
′>W ′

0+F ′
m1t ,

Rs=P−Fm1t (15f)

Rg=Fm1t−(Wm−W0) (16f)

WhereRs is the surface runoff,Rg is the ground water runoff.
The benefits of using this semi-distributed hydrological

model can be summarized as follows: 1) The input data
are easily prepared. The needed hydrometeorological data
are obtained from rain gauging stations, hydrological sta-
tions and meteorological stations within and around the stud-
ied catchment, and the required remote sensing data, NDVI,
DEM can be freely downloaded from the internet. 2) The
PET calculated by the two-source PET model replaced the
pan evaporation data as the input data, which can reveal the
influence of vegetation types on PET. 3) Both infiltration ex-
cess runoff mechanism and saturation excess runoff mecha-
nism are taken into account through the hybrid runoff model,
which is useful to describe the runoff generation more rea-
sonably in the semi-arid region. In the former study, the hy-
brid runoff model has been successfully applied in this stud-
ied catchment, which had better performance of runoff sim-
ulation. Thus this semi-distributed hydrological model can
be used to address the effect of LULC changes on the com-
ponets of hydrological cycle.
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Fig. 6. Flow chart of runoff computation in HYB.

4 Model calibration and validation

The results of model calibration during the 4 periods using
the corresponding hydrometeorological data and LULC data
are shown in Table 1. Since the hybrid runoff model is a
conceptual hydrological model, 11 parameters used in the
model had to be optimized through model calibration against
observed hydrological responses in the catchment. WUM,
WLM and WDM are tension water capacities of upper, lower
and deeper layer, respectively. The sum of WUM, WLM
and WDM is the areal mean tension water storage capacity,
affected by climate and depth of the soil.b, the exponen-
tial value of the tension water storage capacity curve, repre-
sents the heterogeneity of the spatial distribution of soil ten-
sion water storage capacity. The larger value ofb means the
more remarkable heterogeneity of the spatial distribution of
soil tension water storage capacity.f0, fc andk are the pa-
rameters of Horton infiltration equationft=fc+(f0−fc) exp
(−kt). Wheref0 is the maximum infiltration rate,fc is the
static infiltration rate, and k is decay coefficient with time.
f0 is affected by the soil texture and LULC, which is a sen-
sitive parameter.BX, the exponential of infiltration capacity
curve, represents the heterogeneity of the spatial distribution
of soil infiltration capacity. The largerBX means the more
heterogeneous the spatial distribution of soil infiltration ca-
pacity is. kg is the recession constant of groundwater stor-
age, which is affected by geological condition in the catch-
ment. Ke andXe are parameters of the Muskingum-Cunge
method. Ke is the ratio of storage to discharge within the
stream segment with the time dimension of 24 h under the
daily simulation. Xe is the proportional coefficient of dis-
charge at upstream/downstream, ranging from 0 to 0.5. The
performance of the model is measured on a daily time step
using the Nash-Sutcliffe efficiency (DC, Eq.17) and relative
error (Bias, Eq.18).

Table 1. Calibrated parameter values for the daily runoff
simulation.

1964–1979 1980–1989 1990–1999 2000–2005

WUM (mm) 20 20 20 20
WLM (mm) 80 80 80 80
WDM (mm) 40 40 40 40
B 0.22 0.17 0.25 0.16
BX 0.25 0.32 0.2 0.15
f0(mm/h) 21 20 23 30
fc(mm/h) 3 3 3 3
k 0.2 0.39 0.18 0.1
kg 0.88 0.94 0.94 0.92
Ke (hr) 25 26 27 27
Xe 0.26 0.33 0.15 0.16

DC=1−

N∑
i=1

(Qobsi −Qsimi )
2

N∑
i=1

(Qobsi−Qobs)2

(17)

Bias=

N∑
i=1

Qsimi
−

N∑
i=1

Qobsi

N∑
i=1

Qobsi

×100% (18)

whereQobsi is the observed streamflow (m3/s) at time step
i, Qsimi is the simulated streamflow (m3/s) at time stepi,
Qobs is the mean of the observed values (m3/s), andN is the
number of data points.

In Table 2, the best performance appears for the period of
1964–1979, while during the period of 2000–2003, the sim-
ulated discharge is much larger than the observed one. In the
Laohahe Catchment, the effect of human activities on stream-
flow has intensified since 1980’s. Ren et al. (2002) found that

www.hydrol-earth-syst-sci.net/13/735/2009/ Hydrol. Earth Syst. Sci., 13, 735–747, 2009



742 X. Liu et al.: Effect of land use and land cover changes

Table 2. Model performance during different periods

1964–1979 1980–1989 1990–1999 2000–2005

Period 1964 to 1973 1974 to 1979 1980 to 1985 1986 to 1989 1990 to 1995 1996 to 1999 2000 to 2003 2004 to 2005
(calibration) (validation) (calibration) ( validation) (calibration) (validation) ( calibration) (validation)

Qobs(mm) 408.11 311.26 86.03 105.72 314.84 131.38 26.51 32.19
Qsim (mm) 399.69 321.98 73.95 117.06 340.09 121.27 55.53 31.98
Bias (%) −2.06 3.45 −14.04 10.73 8.02 −7.69 109.5 −0.64
DC 0.685 0.739 0.587 0.639 0.29 0.637 −0.592 0.867

* Qobs is the observed discharge;Qsim is the simulated discharge.

the amount of streamflow in northern China has a decreas-
ing tendency in terms of natural basins and administrative re-
gions. The annual precipitation series has yearly fluctuation
but no remarkable decreasing tendency during the period of
1964–2005 in the Laohahe Catchment, thus the water use by
increasing abstraction from river channels and groundwater
aquifers for rice cultivation may be the primary reason for
the decrease of streamflow. Figure 7 shows the comparison
of the observed and simulated streamflow in 1979.

The AET was also calculated using water balance equation
and compared with that simulated by using the hybrid runoff
model. Table 3 and Fig. 8 compare the AET calculated di-
rectly from precipitation minus runoff and the evaporation
with the model simulation. It can be seen that the results of
AET simulation are realistic and acceptable.

5 Results and discussion

5.1 LULC changes since 1980

For the application of the semi-distributed hydrological
model, the original LULC data were upscaled to the reso-
lution of 30 s and reclassified. These processes reduced the
precision of LULC data at a certain extent.

The percentages of the main vegetation types from
4 LULC scenarios are shown in Table 4 which displays im-
portant changes in LULC during the period of interest. The
main LULC types are forest land, grass land and crop land,
which account for more than 95% of the total area. The vari-
ation of LULC in Laohahe Catchment is complex from 1980
to 1999, and it is difficult to discern a consistent trend of
change. However, the forest land increased from 25.9% of
the area in 1980 to 31.6% in 1996, up to the maximum per-
centage since 1980; the grass land decreased from 29.1% of
the area in 1980 to 16.1% in 1996, down to the minimum
percentage since 1980; Similarly, the crop land increased
from 42.7% of the area in 1980 to 48% in 1996, up to the
maximum percentage since 1980. Thus the effect of LULC
changes on the green water and blue water can be more obvi-
ously detected by comparing the 1996 LULC scenario with
other scenarios.

Fig. 7. Comparison of the observed and simulated daily streamflow
at the Taipingzhuang station.

Fig. 8. Scatter plots and correlation coefficient of annual AET cal-
culated directly from precipitation minus runoff and that simulated
by using the hydrological model.

5.2 Quantitative effect of LULC changes on green water

Daily direct evaporation from the intercepted water (Ei), po-
tential canopy transpiration (Epc) and potential soil evapora-
tion (Eps) for 4 periods were computed using the two-source
PET model under 4 LULC scenarios. Table 5 presents the
calculated mean annual values. In Table 5, the shaded por-
tions show the results that were calculated from the corre-
sponding LULC data and hydrometeorological data. PET is
equal to the sum of direct evaporation from the intercepted
water, potential canopy transpiration and potential soil evap-
oration. Incoming rainfall is partitioned into green water and
blue water in the hydrological cycle. LULC characteristics
can influence the rainfall partition.
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Table 3. Validation of simulated AET using the long-term water balance equation.

Period 1964–1979 1980–1989 1990–1999 2000–2005

Mean annual precipitation (mm) 459.7 408.3 497.5 423.2
Mean annual observed runoff (mm) 44.96 19.17 44.61 9.78
Mean annual precipitation minus runoff (mm) 414.74 389.13 452.89 413.42
Mean annual Ea by model simulation (mm) 423.2 392.9 449.4 399.6
Relative error (%) 2.04 0.97 −0.77 −3.34

Comparing the shaded results for the period of 1964–
1979 and period 1990–1999, the mean annual PET for the
latter period is larger than that for the former period by
12.2 mm. Comparing the results for the period of 1964–1979
and period of 1990–1999 both under the 1980 LULC sce-
nario, the latter period mean annual PET is larger than the
former one only by 0.9 mm, which would be due to the vari-
ation of meteorological condition. Comparing the results for
the period of 1990–1999 under the 1980 and 1996 LULC
scenarios respectively, the latter mean annual PET is larger
than the former one by 11.3 mm. This difference is caused
by LULC changes. According to above analysis, LULC
changes may be the dominant factor of the PET change be-
tween the periods of 1964–1979 and 1990–1999. Comparing
the results during the period of 1964–1979 under the 1980
and 1996 LULC scenarios, the latter mean annual intercep-
tion evaporation is larger than the former one by 18.3 mm,
and the latter mean annual potential canopy transpiration is
larger than the former one by 69.3 mm, the latter mean an-
nual potential soil evaporation is smaller than the former one
by 73.7 mm and the latter mean annual AET is larger than the
former one by 4 mm. From 1980 to 1996, the forest land in-
creased from 25.9% to 31.6%, the grass land decreased from
29.1% to 16.1%, and the crop land increased from 42.7% to
48% (Table 4). Thus the change of grass land into forest land
and crop land in the Laohahe Catchment caused the incre-
ment in mean annual interception evaporation and potential
canopy transpiration, the reduction in mean annual potential
soil evaporation, and the increment in mean annual PET and
AET. Similar results were obtained for changing the present
land use into the scenario for natural conditions with com-
plete tree cover by Ott and Uhlenbrook, (2004). Similarly
comparing the results over the period of 1990–1999 under
the 1996 and 1999 LULC scenarios, one can conclude that
the change of forest land and crop land into grass land in
the Laohahe Catchment caused the reduction in mean annual
interception evaporation and potential canopy transpiration,
the increment in mean annual potential soil evaporation, but
the reduction in mean annual PET and AET.

More than 90% of precipitation in the Laohahe Catchment
was consumed by evaporation. It is well known that the dom-
inating factors of AET are PET and available water (precip-
itation in a catchment). In the Laohahe Catchment precip-
itation is much smaller than the PET in yearly time scale.

Fig. 9. Spatial distribution of mean annual PET over the period of
1980–1989 under 4 LULC scenarios

That is to say that the AET is mainly limited by the precipi-
tation, and the degree of change of AET attributed to LULC
changes is slighter than that of PET in the Laohahe Catch-
ment. On the contrary changes in interception evaporation,
and soil evaporation and plant transpiration also reduced the
change of the simulated AET under different LULC scenar-
ios. For example, as LULC changed from 1980 to 1996, as
a result of the grass land changing into forest land and crop
land in the catchment, the interception evaporation during pe-
riod of 1964–1979 increased by 18.3 mm , but the soil evap-
oration and plant transpiration decreased by 14.3 mm. Thus
the AET during the period of 1964–1979 only increased by
4 mm, as LULC changed from 1980 to 1996.

Comparing Fig. 9 with Fig. 3, the distribution of mean an-
nual PET is greatly influenced by the LULC data. The area
with forest land can have a larger mean annual PET, and the
area with the grass land can have a smaller mean annual PET
over the Laohahe Catchment. Taking the 1989 LULC sce-
nario as an example, the mean annual PET of forest land,
grass land and crop land over the period of 1980–1989 was
813.0 mm, 723.0 mm and 751.5 mm, respectively. Compar-
ing Fig. 10 with Fig. 11, the spatial distribution of mean an-
nual AET was strongly controlled by the precipitation data.
The differences among the 4 plots in Fig. 10 are caused by
LULC changes. The effect of LULC changes on AET did
occur in some parts.
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Fig. 10.Spatial distribution of mean annual AET over the period of
1980–1989 under different LULC scenarios.

Table 4. LULC changes in the Laohahe Catchment for
the period of 1964–2005.

Percentage (%)

Classification 1980 1989 1996 1999

Forest land 25.9 16.9 31.6 10.5
Grass land 29.1 66.8 16.1 46.5
Crop land 42.7 16.1 48 42.9
Urban 0.6 0.2 1.9 0.1
Others 1.7 0 2.4 0

5.3 Quantitative effect of LULC changes on blue water

Due to the difference in the speed of flow movement, runoff
components are divided into surface runoff (fast flow) and
groundwater runoff (slow flow) in this semi-distributed hy-
drological model. Blue water defined as above is surface or
groundwater runoff moving above and below the ground, re-
spectively. Daily runoff for the period of 1964–2005 was
simulated by the semi-distributed hydrological model under
the 4 LULC scenarios. Table 6 presents the simulated mean
annual surface runoff, groundwater runoff and total runoff
during each period under those 4 LULC scenarios. The ob-
served annual precipitation and runoff during the 4 periods
are shown in Table 7.

The shaded portions in Table 6 are the results that were
simulated through the corresponding LULC data and hy-
drometeorological data. The simulated surface runoff is only
about 13% of the total runoff during the period of 1964–
2005. The effect of LULC changes on the blue water (runoff)
is contrary to the green water (ET), because the sum of green
water and blue water should be equal to the incoming rainfall
in the hydrological cycle from an average viewpoint.

As LULC changed from 1980 to 1996, with the grass land
changing into forest land and crop land in the catchment, not

Table 5. Mean annual PET under 4 LULC scenarios during differ-
ent periods (Unit : mm)

LULC scenario

Period 1980 1989 1996 1999

Ei 40.1 36.8 58.4 39.1
Epc 135.5 118.2 204.8 138.2

1964-1979 Eps 563.8 581.5 490.1 557.1
PET 739.4 736.5 753.3 734.4
AET 423.2 423.8 427.2 422.5

Ei 38.0 34.5 55.4 37.0
Epc 133.9 117.9 202.0 135.7

1980–1989 Eps 571.9 590.6 498.3 566.8
PET 743.7 742.9 755.8 739.4
AET 392.3 392.9 394.6 392.3

Ei 39.5 35.9 57.9 38.0
Epc 136.8 118.6 205.9 139.2

1990–1999 Eps 564.1 584.3 487.9 558.7
PET 740.3 738.9 751.6 735.9
AET 445.9 446.5 449.4 445.0

Ei 35.0 31.8 51.5 33.9
Epc 130.0 114.5 195.1 131.1

2000-2005 Eps 583.9 604.9 507.9 580.2
PET 748.9 751.2 754.8 745.2
AET 399.6 400.0 401.1 399.6

only surface runoff but also groundwater runoff decreased
during the period of 1964–1979 (Fig. 12) . The quantitative
changes in LULC from 1980 to 1996 are that the grass land
decreased by 1004 km2, the forest land increased by 440 km2

and the crop land increased by 409 km2. The runoff ratio de-
creased from 0.0981 to 0.0896. When LULC changed from
1980 to 1999, with the forest land changing into the grass
land in the catchment, surface runoff and groundwater runoff
increased for the period of 1964–1979. The quantitative
changes in LULC from 1980 to 1999 are that grass land in-
creased by 1343 km2, forest land decreased by 1189 km2, and
crop land increased by 15 km2. The runoff ratio increased
from 0.0981 to 0.0995, increased only by 1.4%. From above
analysis, one can detect that the effect of LULC changes on
runoff is non-linear.

Figure 13 shows the spatial distribution of mean annual
runoff depth over the period of 1980–1989 under 4 LULC
scenarios. The differences among the 4 plots in the Fig. 13
are caused by the LULC change. Runoff generation is a very
complex process, which can be affected by many factors,
such as climate, topography, land use, and so on. Although it
can be seen that the precipitation was major influencing fac-
tor for the spatial distribution of mean annual runoff depth,
the effect of LULC changes on runoff did occur in some
parts.

Table 7 shows that the change in runoff ratio in the
study area is significant during 1964–2005. The observed
hydrological data indicates that there is an decreasing ten-
dency in the observed annual runoff series, while there is no

Hydrol. Earth Syst. Sci., 13, 735–747, 2009 www.hydrol-earth-syst-sci.net/13/735/2009/



X. Liu et al.: Effect of land use and land cover changes 745

Table 6. Simulated mean annual runoff during each period under the 4 LULC scenarios.

Period Item LULC scenario

1980 1989 1996 1999

1964–1979 Surface runoff (mm) 7.23 7.22 6.91 7.30
Groundwater runoff (mm) 37.86 37.22 34.25 38.41
Total runoff (mm) 45.10 44.45 41.17 45.73
Runoff ratio 0.0981 0.0967 0.0896 0.0995

1980–1989 Surface runoff (mm) 3.98 3.95 3.69 4.05
Groundwater runoff (mm) 15.66 15.14 13.72 15.54
Total runoff (mm) 19.64 19.10 17.41 19.60
Runoff ratio 0.0473 0.0460 0.0419 0.0472

1990–1999 Surface runoff (mm) 2.95 2.95 2.82 2.99
Groundwater runoff (mm) 46.78 46.18 43.30 47.60
Total runoff (mm) 49.75 49.14 46.14 50.61
Runoff ratio 0.1000 0.0987 0.0927 0.1017

2000–2005 Surface runoff (mm) 0.78 0.78 0.76 0.79
Groundwater runoff (mm) 13.70 13.34 12.69 13.80
Total runoff (mm) 14.49 14.13 13.45 14.59
Runoff ratio 0.0342 0.0334 0.0318 0.0345

Table 7. Annual mean precipitation and runoff during those 4 peri-
ods.

1964–1979 1980–1989 1990–1999 2000–2005

Precipitation (mm) 459.7 408.3 497.5 423.2
Observed Runoff (mm) 44.96 19.17 44.61 9.78
Runoff ratio 0.0978 0.0470 0.0897 0.0231

decreasing trend in the series of annual precipitation in the
catchment during the period of 1964–2005. These two phe-
nomena resulted in a decrease in the runoff ratio in the stud-
ied area during 1964–2005. Based on the long-term water
balance equationR=P−E, the increased evaporation is the
direct cause of runoff decrease. Water resources are mainly
subjected to climatic circumstances and land surface charac-
teristics. With the socioeconomic development, the amount
of runoff is to some extent influenced by human activities,
such as agricultural production, industrial development, and
municipal construction, etc. Since 1949, the population,
livestock, food production and GDP have increased tremen-
dously in the Chifeng City which is the main city in the Lao-
hahe Catchment (Fig. 14). The steep rise in food production
and GDP occurred since 1978, because of the implementa-
tion of the policy of China’s reform and opening to the world.
All of these changes can cause the increase of surface water
use and groundwater exploitation, especially, water is drawn
from river channel for cropland irrigation, industrial produc-
tion and municipal utilization within or out of the studied
catchment. Besides these, the LULC changes could cause
the change of the PET in the catchment, consequently affect
the evaporation from the land surface to the atmosphere.

Fig. 11. Spatial distribution of mean annual precipitation over the
period of 1980–1989

6 Conclusions and suggestions

The purpose of this study was to assess the quantitative ef-
fect of LULC changes on green water and blue water in the
Laohahe Catchment using a semi-distributed hydrological
model coupled with a two-source PET model. The observed
daily hydrometeorological data from 1964 to 2005 was di-
vided into 4 periods: 1964–1979, 1980–1989, 1990–1999,
and 2000–2005. The LULC scenarios for those four periods
were developed using the LULC data in 1980, 1989, 1996,
and 1999, respectively. The variation of LULC in the Lao-
hahe Catchment is complex from 1980 to 1999. The forest
land decreased from 25.9% of the area in 1980 to 10.5% in
1999, however the forest land increase to 31.6% of the area
in 1996.

Model calibration for those 4 periods using the
corresponding hydrometeorological data and LULC data was
initially carried out. The proportions of surface runoff and
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Fig. 12. (a)LULC changed from 1980 to 1996;(b) Simulated mean
annual runoff during the period of 1964–1979 under the 1980 and
1996 LULC scenarios.

Fig. 13. Spatial distribution of mean annual runoff depth over the
period of 1980–1989 under different LULC scenarios

groundwater runoff simulated indicated that the saturation
runoff generation was dominant in the Laohahe Catchment.
It is suggested that runoff generation mechanisms would be
investigated in depth according to soil hydraulic parameters,
if soils data within the catchment are available.

The annual interception evaporation, potential canopy
transpiration, potential soil evaporation and AET during
4 periods under each LULC scenario show that the LULC

Fig. 14. Changes of population, livestock, GDP and food produc-
tion in the Chifeng City during the period of 1949–2000.

change is the dominant factor for the change of PET between
the periods of 1964–1979 and 1990–1999, and the change
of grass land into forest land and crop land in the Laohahe
Catchment caused the increment in annual interception evap-
oration and potential canopy transpiration, the reduction in
annual potential soil evaporation, and the increment in mean
annual PET and AET. When LULC changed from 1980 to
1996, the green water (ET) during the period of 1964–1979
was increased by 0.95%. The distribution map of mean an-
nual PET over the Laohahe Catchment showed that the area
with forest land can have a larger mean annual PET, and
the area with the grass land can have a smaller mean an-
nual PET. The spatial distributions of mean annual AET and
runoff depth were mainly influenced by precipitation, how-
ever, the effect of LULC changes on AET and runoff does
exist in some parts of the study catchment. The effect of
LULC changes on the blue water (runoff) is contrary to that
on the green water (ET). When LULC changed from 1980
to 1996, the blue water during the period of 1964–1979 was
decreased by 8.71%.

In general, the change of LULC condition is not continu-
ous, and is small in consecutive years. However, the change
is quite large on a decadal basis. In this study, according to
the availability of LULC data, four scenarios of LULC were
selected for representing the vegetation cover over the stud-
ied area during four different periods. This presentation has
error, to some extent. The analyses remarked above imply
that four scenarios can represent the situation of LULC in
the corresponding periods, respectively. Excluding the in-
put data error, the model parameters equifinality problem,
simplifications inherent in the model structure and mathe-
matical descriptions of various processes could lead to the
uncertainty of model results (Ott and Uhlenbrook, 2004). In
order to obtain more accurate, reliable model results, more
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spatially and temporally distributed data (LULC data, meteo-
rological data) should be obtained through remote sensing or
field investigation, and the hydrological physical processes
(ET, infiltration, runoff generation and runoff concentration)
should be understand further, especially in the semi-arid area.
Although the semi-distributed hydrological model used in
this study is not ideal enough and need to be improved, it has
capability to quantify the effects of LULC changes on green
and blue waters. This study investigated the effect of LULC
changes on ET and runoff. The conclusions form an impor-
tant basis for the study of land use management, integrated
water resources management, drought, and so on.
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