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Assessing the impacts of climate variability and human
activities on annual runoff in the Luan River basin, China
Xiangyu Xu, Hanbo Yang, Dawen Yang and Huan Ma

ABSTRACT
Regional hydrological processes have been greatly inﬂuenced by human activities and climate
variability. The inﬂow of Panjiakou Reservoir, which is the largest reservoir located on the Luan River,
has shown a signiﬁcant decreasing trend over the past 50 years. A large-scale hydrological model,
namely the geomorphology-based hydrological model (GBHM), and a climate elasticity model were
applied to perform quantitative attributing analysis of runoff change in the study catchment. Annual
runoff decreased by 19.5 mm from 65.7 mm in the period 1956–1979 to 46.2 mm in the period
1980–2005. Annual direct water intake increased by 22.5 mm from 3.6 to 26.1 mm. Climate impact
was accountable for the runoff increase of 8.8 and 9.2 mm simulated by GBHM and the climate
elasticity model, respectively. Impacts of land use and vegetation change accounted for the runoff
decrease of 2.5 mm. Change of precipitation and vegetation cover contributed to annual runoff
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change for the upper catchment (grassland-dominated). Change of antecedent precipitation (a proxy
of soil moisture) also contributed to annual runoff change for the lower catchment (forestdominated) and the whole catchment (mixture vegetation).
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INTRODUCTION
The watershed hydrological processes have been greatly

) and the Shiyang River (Ma et al. ) have shown a

inﬂuenced by climate variability (NRC ; IPCC )

signiﬁcant decreasing trend in annual runoff in the last 50

and human activities (Scanlon et al. ; Barnett et al.

years.

). Changes in runoff have been observed worldwide.

In recent years, many studies have attempted to quantify

Runoff of most catchments in the United States has been

the effects of climate variability and human activities on the

increasing since at least 1940 (Lins & Slack ; McCabe

change in catchment runoff. Qian et al. () reported that

& Wolock ). However, most rivers in northern

annual runoff increased in the Mississippi River basin from

Canada have experienced decreasing runoff (Déry &

1948 to 2004, and according to Twine et al. (), this

Wood ; McClelland et al. ). Runoff in the

change could mainly be attributed to precipitation increase

Amazon River has shown a decreasing trend during the

and land cover change. Xu et al. () analyzed the spatial

last 20 years (Costa & Foley ). Most northern European

and temporal variations in runoff in the Yangtze River over

rivers also showed little change, whereas many circum-

the last 40 years using qualitative analysis, and the decreas-

Mediterranean rivers declined considerably (Milliman

ing trend can be attributed to climate variability and human

et al. ). Signiﬁcant increase in runoff was observed in

activities, including reservoir construction and water con-

the Blue Nile River during the period 1964–2003 (Tesemma

sumption. Piao et al. () found that land use change

et al. ). Most river basins in north China, such as the Hai

was the second most important driver in the decrease in

River (Ren ; Ma et al. ), the Yellow River (Yang

global runoff from 1901 to 1999 followed by climate varia-

et al. ; Li et al. ; Wang et al. ; Cong et al.

bility. Gerten et al. () used a global vegetation and
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hydrology model to quantify the contributions of different

to be a major water resource for Tianjin and Tangshan

drivers to worldwide trends of runoff in the 20th century,

cities located downstream. However, runoff in the upstream

and they found that changing precipitation was the most

of the Panjiakou Reservoir signiﬁcantly decreased after its

important factor, followed by land use change, rising atmos-

construction resulting in a severe water shortage in the

pheric CO2 content, global warming, and irrigation.

downstream region. Thus, knowing the reasons for the

Two main approaches are widely used for the quantitative

decrease in runoff and how much the impacts of climate

assessment of changes in runoff. One is the statistical

variability and human activities contribute to this change

regression analysis and the other is hydrological modeling.

are desirable to improve the water resources management

Statistical regression analysis is usually used for estimating

in the Luan River basin and predict future change in runoff.

the impacts of climate variability on annual runoff. Revelle

The current study primarily aims to estimate the impacts

& Waggoner () used multivariate statistical analysis to

of human activities and climate variability on the decrease

estimate the relationship between the changes in climate

in annual runoff in the Luan River basin. First, the trend

and runoff in the western United States. Vogel et al. ()

of annual runoff, annual precipitation, and annual air temp-

used a regional multivariate regression model and showed

erature from 1956 to 2005 were detected. Second, the cause

that a 10% increase in precipitation would lead to a 19%

of the annual runoff change was determined by the GBHM

increase in annual runoff in the entire upper Colorado

and the climate elasticity model.

River. Schaake () proposed a simple climate elasticity
model to evaluate the effects of climate variability on annual
runoff based on the observed precipitation and runoff data.

STUDY AREA AND DATA

Sankarasubramanian et al. () analytically derived runoff
elasticity to precipitation change using the Turc-Pike equation

The Luan River ﬂows from the northwest to the southeast and

based on the Budyko hypothesis. The latter includes a concep-

discharges directly into the Bohai Sea, which is part of the Hai

tual water balance model (Budyko ; Fu ; Roderick &

River basin. The upper reach of the Luan River basin is

Farquhar ; Yang & Yang ) and the distributed hydrolo-

located in Inner Mongolia, with grasslands as its major veg-

gical model, which were successfully employed to attribute

etation type. The middle and lower reaches of the Luan

the runoff change to the impacts of climate variability and

River basin are mainly located in Hebei province with

land use/cover change. Onstad & Jamieson () ﬁrst used

major vegetation of forests. The whole Luan River basin has

a hydrological model to predict the runoff change caused by

an average annual precipitation of 455 mm, with approxi-

land use change. Simulations showed that replacing forest,

mately 75–85% of the annual total concentrates during the

woodland, and savanna with grassland over the Amazon

ﬂood season (from June to September). The Panjiakou Reser-

River basin (Costa & Foley ) and deforestation in the

voir has a total storage capacity of 2.9 billion m3, and is the

Columbia River basin, either through species replacement or

largest reservoir located on the Luan River. The upstream

logging (Matheussen et al. ) would increase runoff.

watershed of the Panjiakou Dam was selected as the study

Runoff trends have been quantitatively analyzed to evaluate

area, as shown in Figure 1. The drainage area is about

the impacts of climate variability and human activities in the

33,700 km2, occupying nearly 75% of the Luan River basin.

Yellow River using a large-scale hydrological model, namely,

The catchment is located in the region delimited by geographi-

the geomorphology-based hydrological model (GBHM)

cal coordinates 40.4 to 42.6 N and 115.5 to 118.9 E with

(Cong et al. ). Ma et al. () also used the GBHM to

the elevation ranging from 144 to 2,228 m (see Figure 1).

W

W

W

W

quantify the contributions of climate variability in the

The topography of the catchment was represented using

decrease in inﬂow into the Miyun Reservoir, which is the

the digital elevation model (DEM) with 90 m resolution from

major surface water resource of Beijing.

the global topography database (http://telascience.sdsc.edu/

The Luan River basin is a sub-basin of the Hai River in

tela_data/SRTM/version2/SRTM3/). Digital land-use maps

northern China. The Panjiakou Reservoir, constructed in

with 100 m resolution in the 1980s and 1990s were obtained

1982 on the middle reach of the Luan River, was planned

from the Data Center for Resources and Environmental
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Location of the study area in China and locations of discharge gauges, meteorological gauges and precipitation gauges (discharge gauges 1–6 are the Sandaohezi, Hanjiaying,
Chengde, Xiabancheng, Liying, and Kuancheng, respectively).

Sciences in the Chinese Academy of Sciences. In the

China Meteorological Administration. Additional daily pre-

GBHM, the primary land-use types were resampled into

cipitation data were obtained from the Hydrological Year

nine types including water body, urban area, forest, irrigated

Book. There are 10 meteorological stations and 41 rainfall

cropland, non-irrigated cropland, grassland, shrub, bare soil,

gauges in/nearby the study catchment and all stations

and wetland. The soil type used in this study was based on

have continuous records from 1956 to 2005. Daily inﬂow

the Food and Agriculture Organization (FAO)-UNESCO

into the Panjiakou Reservoir and the daily runoff at eight

classiﬁcation and the Soil Map of the World at a spatial

upstream hydrological stations were obtained from the

scale of 1:5 million was obtained from the FAO. Six different

Hydrological Year Book published by the Hydrological

soil types existed in the study catchment. The top-soil depth

Bureau of the Ministry of Water Resources. The monthly

with a 1:1 million-scale resolution was obtained from the soil

statistical data of direct water intake from 1956 to 2000

database of China. The seasonal changes in vegetation were

were collected during the Second National Water Resources

expressed using the monthly leave area index (LAI), which

Assessment Project (Ren ). The direct water intake

was estimated from the monthly normalized difference veg-

included water consumption in the agriculture sector, indus-

etation index (NDVI) from the Data and Information

try, and domestic use in the upstream of the Panjiakou Dam.

Services Center (DAAC) website of GSFC/NASA (http://
daac.gsfc.nasa.gov/DAAC_DOCS/) with an 8 km resolution
from 1981 to 2006.

METHODOLOGY

Meteorological data, including precipitation, maximum,
minimum, and mean air temperature, wind speed, relative

Changes in runoff could be attributed to the impact of cli-

humidity, and sunshine hours, were obtained from the

mate variability and human activities, such as land-use
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change and direct water intake. In addition, climate variabil-

5% and 10%. The slope of the trend was estimated as follows

ity and human activities could affect vegetation cover.

(Burn & Elnur ):

Changes in runoff might be related to change in vegetation
cover because of the interactions between hydrological processes and vegetation dynamics. Figure 2 shows the


β ¼ median

xj  xi
( j  i)


(1)

framework of correlations between climate, runoff, and vegetation. The solid arrows depict the relative strong and

for all i < j, where β is the trend magnitude. A positive value

direct effects that have been estimated and the dashed

of β indicates an increasing trend, and a negative value of β

arrows depict indirect effects that have not been considered

indicates a decreasing trend.

in this study. In this study, climate variability primarily refers
to the variations in precipitation and air temperature. The

Climate elasticity model

impact of climate variability was estimated using both the
GBHM and the climate elasticity model, and both models
offered an inter-comparison for the assessment. The impacts
of human activities on runoff include direct water intake
and indirect impact of land use and vegetation changes.
Direct water intake was calculated from monthly statistical
data (Ren ), and the indirect impact of changes in
land use and vegetation cover were simulated using the
GBHM. The trend analysis was applied to the time series

The climate elasticity model (Schaake ; Sankarasubramanian et al. ; Ma et al. ) is usually used for
assessing the climate variability impact on runoff change.
Most previous studies did not consider the inﬂuence of
soil moisture change. Xu et al. () used the antecedent
precipitation as a proxy of soil moisture and the soil moisture storage is taken as a function of the antecedent
precipitation, which could be expressed as:

of annual runoff, annual precipitation, and annual air temperature prior to quantitative assessments.

S ¼ f ðP1 , P2 , P3 ,   Þ

Trend analysis

where P1, P2, P3 are the annual precipitation in previous

(2)

years.
The Mann–Kendall (MK) nonparametric test (Kendall &
Gibbons ) has been recommended as an effective tool

The revised climate elasticity model can be expressed as
follows:

for trend detection (Maidment ). In the current study,
the MK test was used to determine the signiﬁcance of the
trends in annual meteorological and hydrological time
series. The signiﬁcance levels of the trend test were set at

ΔRi
ΔPi
ΔP1
ΔPn
¼ εPR
þ εPR1
þ    þ εPRn
þ εTR ΔTi
R
P
P
P

(3)

where ΔRi =R ¼ (Ri  R)=R and ΔPi =P ¼ (Pi  P)=P represent the annual percentage departures from mean annual
values for runoff and precipitation, respectively, ΔTi represents
the change in annual mean temperature compared to the
long-term mean temperature (ΔTi ¼ Ti  T), εPR1 , . . . , εPRn ,
represents the runoff elasticity to soil moisture change, meaning the percent change of runoff coming from the change of
precipitation in previous years, and εTR is the runoff elasticity
to temperature change, meaning the percent change in
W

runoff coming from the change of temperature by 1 C.
Figure 2

|

Impacts of climate variability and human activities on runoff change. (Note:
The solid arrows indicate the relative strong and direct effects that have been
estimated in this study, whereas the dashed arrows indicate indirect effects
that have not been considered in this study.)
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its p value, and an estimate of the error variance are calcu-

simulated from all the hillslopes. The soil moisture content

lated to determine how many terms should be considered

state variable is taken as the area-averaged soil moisture of

in Equation (3). The annual runoff departure from mean

all the hillslopes.

annual runoff could then be estimated by Equation (3).

parameters, land surface parameters, soil–water properties,

The annual runoff could be calculated by:
Ri ¼ ΔRi þ R

The parameters used in the model included vegetation
river parameters, a snow-melting parameter, and a ground-

(4)

water parameter. Since most of the parameters have
physical meanings, they can be estimated through ﬁeld

The mean annual runoff could be averaged by the

tests. However, measuring all parameters for such a large

annual runoff in the prediction period. The difference of

basin is impossible. Therefore, this study speciﬁed the

mean annual runoff between two periods could be con-

model parameters by referring to existing databases and

sidered as the impacts of climate variability on runoff.

handbooks. The snowmelt factor in the temperature-based
snowmelt equation was one of the calibrated parameters

Large-scale distributed hydrological model

in this model. The hydraulic conductivity of the groundwater, which was calibrated by checking the baseﬂow

The GBHM, which is a large-scale hydrological model, was

using a baseﬂow separation technique in different sub-

used to simulate the hydrological processes in the study

basins, was another calibrated parameter.

area. The GBHM was developed by Yang et al. (, )

The impact of climate variability on annual runoff

and has been successfully applied in the Yellow River

change was assessed using the GBHM using the same scen-

(Cong et al. ), the Yangtze River (Xu et al. ), and

ario of land use/cover condition for period 1 (1956–1979)

the Panjiakou Reservoir catchment (Xu & Yang ).

and period 2 (1980–2005). The 1980s land-use map (LU1)

The pre-preparation procedures contain catchment sub-

was used to represent the original condition with relatively

division and sub-grid parameterization. The Panjiakou

few human activities. The difference of mean annual

Reservoir catchment was divided into 97 sub-catchments

runoff between period 1 and period 2 under LU1 was con-

by the Pfafstetter scheme (Yang & Musiake ) to effec-

sidered as the impact of climate variability on runoff. The

tively represent the topography, and the GBHM was

indirect impact of human activities (land use/cover

employed in each sub-catchment. A simpliﬁed stream net-

change) on annual runoff change was also assessed using

work is composed of the main streams of all sub-

the GBHM. The GBHM was conducted using the same

catchments. All hillslopes are assumed to contribute to the

scenario of climate conditions as observed from 1980 to

same main stream. Therefore, the two-dimensional catch-

2005 and the changing conditions in land use/cover. The

ment is simpliﬁed into a one-dimensional cascade of ﬂow

1990s land-use map (LU2) was used to represent the scen-

intervals linked by the main stream, and each ﬂow interval

ario of land use change. The difference of the mean

comprises a set of parallel hillslopes. The hillslope is the fun-

annual runoff in period 2 between LU2 and LU1 was con-

damental unit of computation in the hydrological model,

sidered as the indirect impact of human activity on runoff.

which provides the lateral inﬂow to the main stream. The
catchment runoff is the integration of hillslope responses
through the river routing.

RESULTS

The geomorphologic property of stream–hillslope formation was used to represent catchment topography and a

Observed changes in climate variables and runoff

large grid was assumed to be composed of a set of hillslopes
located along the streams. The runoff generated from one

The trends and its signiﬁcances of the annual runoff, precipi-

grid is the sum of the hillslope responses including both sur-

tation, and air temperature were ﬁrst detected using the MK

face and subsurface runoffs. The vertical ﬂux, which is the

test. Inﬂow into the Panjiakou Reservoir from 1956 to 2005

actual evapotranspiration, is the total evapotranspiration

depicted a decreasing trend of 0.31 × 108 m3/a (0.91 mm/a)
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W

2.8 C and mean annual precipitation of 401.4 mm), whereas

annual air temperature increased by 0.023 C/a at the 5%

the lower catchment was forest dominated with relatively

signiﬁcance level, as shown in Figure 3(b). The annual pre-

warm and wet climates (mean daily temperature of 4.8 C

cipitation of the study catchment showed a non-signiﬁcant

and mean annual precipitation of 519.3 mm). The annual

(p ¼ 0.42) increasing trend of 0.54 mm/a, as shown in

runoff in the upper catchment from 1956 to 2005 depicted

Figure 3(c). The ﬂood season precipitation (precipitation

a decreasing trend of 1.62 mm/a at the 10% signiﬁcance

from

level, but the annual runoff in the lower catchment showed

June

to

September)

showed

a

non-signiﬁcant

(p ¼ 0.15) increasing trend of 1.14 mm/a, as shown in

W

a non-signiﬁcant (p ¼ 0.63) decreasing trend.

Figure 3(d). From Figures 3(c) and 3(d), we can see that

Figure 4 shows the observed annual inﬂow into the Pan-

the increase in annual precipitation comes from an increase

jiakou Reservoir and the annual statistical value of the direct

in summer precipitation, which has a more signiﬁcant trend.

water intake from the upper region of the dam. It is clear

Therefore, winter precipitation, which may fall as snow,

that the direct water intake had signiﬁcantly increased

decreased from 1956 to 2005.

since 1980. The inﬂow into the Panjiakou Reservoir was

The upstream catchment of the Sandaohezi gauge (dis-

much larger from 1956 to 1979 than from 1980 to 2005,

charge gauge 1 in Figure 1), which is termed the ‘upper

with especially a steep decrease occurring in 1980, which

catchment’, the catchment between the Sandaohezi gauge

also could be seen from the series of runoff coefﬁcient

and Panjiakou Dam, called the ‘lower catchment’, and the

shown in Figure 3(a). For simpliﬁcation, the study period

whole Panjiakou catchment were investigated to distinguish

was split into two sub-periods (period 1: 1956–1979 and

differences in runoff changes and their dominant drivers.

period 2: 1980–2005). As shown in Table 2, the observed

The long-term average and trend of annual precipitation, air

runoff of the study catchment was 65.7 mm in period 1

temperature, runoff, and direct water intake are summarized

and 46.2 mm in period 2. The annual precipitation and

in Table 1. The upper and lower catchments had a similar

mean daily temperature in the study catchment were

drainage area, but the upper catchment was grassland domi-

430.2 mm and 3.5 C in period 1, and were 458.7 mm and

nated by colder and drier climates (mean daily temperature of

Figure 3

|

W

W

4.0 C in period 2, respectively.

Trend analyses of annual runoff, temperature, and precipitation of the Panjiakou Reservoir catchment. (a) Observed annual inﬂow (109 m3) into the Panjiakou Reservoir (solid
W

line) and annual runoff coefﬁcient (dashed line); (b) annual air temperature ( C); (c) annual precipitation (mm); (d) precipitation (mm) from June to September.
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Statistics of the climate variables, runoff, direct water intake, and vegetation in the upper, lower, and whole catchments from 1956 to 2005

Region
2

Area (km )
Precipitation

Whole catchment

171,00

166,00

337,00

401.4

519.3

454.6

Trend (mm/a)

1.62

0.68

0.54

10% (0.07)

>10% (0.63)

>10% (0.42)

2.83

4.79

3.80

W

Mean ( C)
W

Runoff

Lower catchment

Mean (mm)
α a ( p value)

Temperature

Upper catchment

Trend ( C/a)

0.025

0.023

0.023

α ( p value)

5% (0.003)

5% (0.004)

5% (0.0006)

Mean (mm)

35.9

95.1

61.0

Trend (mm/a)

0.52

0.91

0.80

α ( p value)
Direct water intake (mm)
Major vegetation type

5% (0.004)

>10% (0.27)

5% (0.006)

2.5

25.7

14.1

Grassland dominated

Forest dominated

Mixture vegetation

Frost and shrub

LU1 (%)
LU2 (%)

29.0
30.8

48.8
56.7

37.6
43.5

Grassland

LU1 (%)
LU2 (%)

41.2
39.2

26.6
20.8

34.0
30.2

a

α is the signiﬁcance level.

Model performance
Table 3 shows the statistical results of stepwise regression
analysis of the climate elasticity model described in
Equation (3). The F statistic in the climate elasticity model
considering four consecutive years of precipitation and
temperature is 11.756 and its p value is less than 0.001.
From Table 3, we can see that annual precipitation (P), air
temperature (T ), and last year’s precipitation (P1, meaning
carry-over of soil moisture storage, which includes the
Figure 4

|

Comparison of the observed annual runoff with the annual direct water intake

snowmelt from the previous winter) are the three main

in the upstream catchment of the Panjiakou Reservoir from 1956 to 2005.

factors signiﬁcantly (p < 0.1) affecting annual runoff.
Therefore, the climate elasticity model described by

The changes in observed runoff and climate variables

ΔRi =R ¼ εPR (ΔPi =P) þ εPR1 (ΔP1 =P) þ þεTR ΔTi was used to

in the upper and lower catchments during the two

estimate the parameters based on the annual runoff, precipi-

periods are also shown in Table 2. Both the upper and

tation, and air temperature of the study catchment in

lower catchments had a common decrease in annual

period 1. The F statistic of the model is 18.212 and its p

runoff. Annual runoff in the upper catchment decreased

value is less than 0.001. In the whole study area, the

by 8.3 mm (23.1%), which is much less than that in the

values of εPR , εPR1 and εTR were obtained as 2.6, 0.5, and

lower catchment which decreased by 34.5 mm (31.4%).

0.07, respectively, indicating that a 1% increase in P, and

The annual precipitation decreased by 9.7% in the

P1 could cause a 2.6% and 0.5% increase in R, respectively,

upper catchment but increased by 1.8% in the lower

and a change of þ1 C could cause a 0.07% decrease

catchment.

in
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Changes in observed inﬂow, climate variables, and direct water intake in the upper, lower, and whole catchments

1956–1979

1980–2005

Change between two periods

Upper catchment
40.2

27.8

8.3

23.1%

423.1
2.6

381.7
3.1

41.4
0.5

9.7%
19.2%

1.7

3.7

2.0

117.6%

109.8

75.3

34.5

31.4%

507.8
6.6

517.0
7.4

9.3
0.8

1.8%
12.1%

8.8

49.5

40.7

462.5%

65.7

46.2

19.5

29.7%

430.2
3.6

458.7
4.1

28.5
0.5

6.6%
13.9%

3.6

26.1

22.5

625.0%

Observed river runoff (mm)
Climate variability

Precipitation (mm)
Temperature ( C)
W

Direct water intake (mm)
Lower catchment
Observed river runoff (mm)
Climate variability

Precipitation (mm)
Temperature ( C)
W

Direct water intake (mm)
Whole catchment
Observed inﬂow (mm)
Climate variability

Precipitation (mm)
Temperature ( C)
W

Direct water intake (mm)

Table 3

|

evaluation indexes of the simulated hydrographs. The values

The statistical results of stepwise regression analysis

of NSE were 0.89 and 0.85 and the values of RE were 1.7%
ΔP =P

t statistic
p value

6.665
<0.001

ΔP 1 =P 1

ΔP 2 =P 2

ΔP 3 =P 3

ΔT =T

1.808

0.71

1.699

2.160

ively. In addition, six other gauges (see Figure 1) were used

0.08

0.94

0.10

0.04

for model validation. All the results showed that the model

and 2.2% for the calibration and validation periods, respect-

had sufﬁcient accuracy for long-term simulation of river disΔRi =R ¼ 2:58(ΔPi =P) þ 0:47(ΔP1 =P)  0:07ΔTi was used to
simulate the changes in annual runoff into the reservoir
during period 2.
The direct water intake and ﬂow regulation were not considered in hydrological processes simulated by GBHM. The
earlier period (1960–1979) was selected to calibrate and vali-

charge. Figure 5 shows the simulated and observed discharge
into the Panjiakou Reservoir during the calibration and validation periods, respectively. The determinant coefﬁcient of
annual runoff estimation by the GBHM for period 1 was
nearly 1.00, which is comparative to the value of 0.94 estimated by the climate elasticity model.

date the hydrological model because of the relatively small
amounts of direct water intake (see Figure 4). The model was
calibrated using the historical data from 1960 to 1969 and validated against the observed data during the period 1970–1979.
A preliminary numerical experiment was conducted using the
observed data from 1960 to 1969 to establish a relatively stable
groundwater level and reasonable soil moisture content. Then,
the groundwater level and soil moisture content at the end of
the test run were adopted and speciﬁed as the initial conditions
for the long-term simulation run for the period 1956–2005. The
Nash–Sutcliffe efﬁciency (NSE) coefﬁcient (Nash & Sutcliffe
) and the relative error (RE) between the monthly simulated and observed runoff were selected as the quantitative
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Figure 5

|

Observed and simulated monthly inﬂow into the Panjiakou Reservoir in the
calibration and validation periods (calibration period: 1960–1969; validation
period: 1970–1979).
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the two periods, which was 8.8 mm, from 62.5 to 71.3 mm
(Table 4), could be considered as the impact of climate varia-

Simulated annual inﬂow into the Panjiakou Reservoir was

bility. The difference of 8.8 mm is comparatively close to the

68.1 mm during period 1 and 77.3 mm during period 2

estimated value of 9.2 mm estimated from the regression

using the climate elasticity model, with an increase of

method. The impacts of climate variability on runoff were

9.2 mm from period 1 to period 2. Simulated annual runoff

a decrease of 8.4 mm and an increase of 9.7 mm for the

in the upper catchment was 38.9 mm during period 1 and

upper and lower catchments, respectively.

30.4 mm during period 2 with a decrease of 8.5 mm. Simulated annual runoff in the lower catchment was 105.6 mm

Impacts of human activity change on annual runoff

during period 1 and 116.0 mm during period 2, with an
increase of 10.4 mm (see Table 4). Therefore, the impacts of

Table 2 shows that the annual direct water intake was

climate variability on runoff were an increase of 9.2 mm, a

3.5 mm in period 1 and 26.1 mm in period 2. Therefore,

decrease of 8.5 mm, and an increase of 10.4 mm for the

the direct impact of human activities for the whole catch-

whole, upper, and lower catchments, respectively.

ment was 22.6 mm. The dramatic increase in direct water

The mean annual runoff of periods 1 and 2 was also cal-

intake from period 1 to period 2 is due to the increasing

culated based on the GBHM simulation. The difference in

demand for water for living, industry, and agriculture with

the mean annual runoff of the whole study area between

the increase in population, development of economic

Table 4

|

Impacts of climate variability and human activities on annual runoff change in the study catchment

Impact of climate variability

Impact of human activity

Observed

Simulated by elasticity

Simulated by GBHM

Simulated by GBHM

Estimated from the water

inﬂow

model

model

model

intake

Upper catchment
1956–1979 (mm)

40.2

38.9

39.2

1980–2005 (mm)

27.8

30.4

30.8

1.7
30.8 (LU1)

3.7

29.5 (LU2)
Change between two
periods (mm)

12.4

Contribution to the decrease of river runoff

8.5

8.4

1.3

þ2.0

69.3%

67.7%

10.4%

16.1%

Lower catchment
1956–1979 (mm)

109.8

105.6

106.1

1980–2005 (mm)

75.3

116.0

115.8

8.8
115.8 (LU1)

49.5

112.7 (LU2)
Change between two
periods (mm)

34.5

Contribution to the decrease of river runoff

þ10.4

þ9.7

30.1%

28.1%

3.1
9.0%

þ40.7
118.0%

Whole catchment
1956–1979 (mm)

65.7

68.1

62.5

1980–2005 (mm)

46.2

77.3

71.3

71.3 (LU1)

3.6

19.5

þ9.2

þ8.8

2.5

þ22.5

47.2%

45.1%

12.8%

115.4%

26.1

68.8 (LU2)
Change between two
periods (mm)

Contribution to the decrease of inﬂow to
the reservoir
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construction, and improvement in people’s living conditions. As can be seen in Table 2, the direct water intake
dramatically increased and precipitation slightly increased
from period 1 to period 2, and thus, the direct impact of
human activities could be considered as the main contributor to the decrease in inﬂow into the Panjiakou Reservoir.
Direct impacts of human activities (direct water intakes) in
the upper and lower catchments were 2.0 and 40.7 mm,
respectively.
The indirect impact of human activities (land use/cover
change) on annual runoff change was also assessed using
the GBHM. Comparing LU2 to LU1, the area of forest
was found to increase and the grassland decreased in the
study area (see Table 1). The average NDVI values of LU1
and LU2 were 0.39 and 0.41, respectively, which mainly

Figure 6

|

The climate elasticity of annual runoff for the study catchment. (Note: P represents precipitation, P1 represents antecedent precipitation, and T
represents air temperature.)

came from forest planting. Simulated mean annual inﬂow
into the Panjiakou Reservoir during period 2 was 71.3 and

River basin, using both a multiple regression method and a

68.8 mm under the conditions of LU1 and LU2, respect-

Budyko-based method. The precipitation elasticity of

ively. Based on the simulation, the indirect impact of

annual runoff (εPR ¼ 2.8) for the lower catchment was

human activities on annual runoff change could be esti-

larger than that (1.5) for the upper catchment, which

mated to be about 2.5 mm, accounting for approximately

could be related to climate and soil conditions as reported

12.8% of the decrease in inﬂow into the Panjiakou Reservoir

by Dooge et al. (). The climate condition refers to

(see Table 4). The indirect impact of human activities on

humidity index, precipitation, stochastic nature of climate,

annual runoff change was a decrease of 1.3 and 3.1 mm

and the soil condition refers to the ﬁeld capacity of soils,

for the upper and lower catchments, respectively.

soil moisture levels, length of soil water depletion, and saturated hydraulic conductivity. The antecedent precipitation
elasticity of annual runoff (εPR1 ¼ 0.8) for the lower catch-

DISCUSSION

ment was larger than that (0.3) for the upper catchment,

Impacts of climate variability and human activities on

that inﬂuenced the long-term baseﬂow in the river. The

runoff

area ratio of forest and shrub in the lower catchment

possibly because the forest had strong rainfall inﬁltration

increased to 56.7% (see Table 1), whereas the grassland
Figure 6 shows the climate elasticity of runoff for the upper

with relative shallow roots had difﬁculties in holding water

catchment (grassland dominated), the lower catchment

in the upper catchment. The temperature elasticity of

(forest dominated), and the whole catchment (mixed veg-

runoff (εTR ) was positive in the upper catchment but was

etation). The values of εPR were obtained as 1.5, 2.8, and

negative in the lower catchment. The positive elasticity

2.6 for the upper, lower, and whole catchments, respect-

might be due to the snowmelt runoff in the upper catchment

ively, indicating that a 1% increase in P could cause a

to a certain extent since it had higher elevation and colder

1.5%, 2.8% and 2.6% increase in R, respectively. Some pre-

climate, and the negative elasticity might have stronger eva-

vious studies showed similar results, for example, Ma et al.

potranspiration in the lower catchment due to the increase

() estimated

εPR

¼ 2.4 in the Miyun catchment, belonging

to the Hai River basin, using a two-parameter regression

Climate variability in this study primarily refers to the

¼ 2.6 (range

variation in precipitation and air temperature. Speciﬁcally,

from 1.6 to 3.9) in the 89 catchments including the Hai

28.5 mm of precipitation and 0.5 C of air temperature

method. Yang & Yang () calculated
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increased from period 1 to period 2. Similar results are

sources of uncertainty in the simulation from the GBHM

found in many reports; a declining trend in precipitation

may arise from the input data and model parameters. Precipi-

in most of the Hai River basin, but a rising trend in precipi-

tation data used as inputs to the models were obtained from 41

tation in the Luan River basin was detected during 1951 to

rainfall gauges and 10 meteorological gauges in and around

2000 (IPCC ; Xu et al. ).

the study catchment, which might be insufﬁcient to cover a

The annual direct water intake of the whole catchment

mountainous catchment area of 33,700 km2. Although most

increased 22.5 mm from period 1 to period 2, a more dra-

model parameters were estimated based on the ﬁeld data or

matic increase than in the lower catchment. There is a

land surface information, their uncertainties can also inﬂu-

greater population in the lower catchment than in the

ence the simulation results. Validation of the GBHM shows

upper catchment. Therefore, with the increase in popu-

that the RE of annual runoff was within 2.2%, which is

lation,

and

much smaller than the magnitude of impacts of climate varia-

improvement in people’s living conditions, the water

bility and human activities. However, simulation uncertainties

demand for living, industry, and agriculture increased.

should be further investigated in future studies.

development

of

economic

construction,

Runoff could be strongly regulated by the soil with large

The sum of all the contributions to the decrease in

water storage capacity due to the deep roots of trees in the

inﬂow into the Panjiakou Reservoir could be less than

forests. Comparing LU2 to LU1, the area of forest and

100% because the contributors have cross impacts with

shrub was found to increase and the grassland decreased

one other. The climate variability could cause the changes

in the study catchment (see Table 1). From Table 1, we

in land-use features. Changes and variability in land use

can see that the area ratio of forest and shrub increased

and land cover are major, but they are poorly recognized dri-

from 37.6 to 43.5% after the water–soil conservation project

vers of long-term global climate patterns (Pielke ). The

in the area in the 1980s, whereas the value of grassland

changes in land use and land cover could also affect the cli-

decreased from 34.0 to 30.2%.

mate. Pielke () mentioned that the effects of spatially
heterogeneous land use might at least be as important in

Uncertainty in the simulations

altering the weather as changes in climate patterns associ-

The current study used two different models, namely, the

that half of the observed decrease in diurnal temperature

distributed hydrological model and climate elasticity

range is due to urban and other land-use changes.

ated with greenhouse gases. Kalnay & Cai () found

model. The climate elasticity model is based on a regression

Land covers in the study catchment included the water

method for estimating the impacts of climate variations on

body, urban area, forest, irrigated cropland, non-irrigated

runoff. The GBHM, on the other hand, uses a physically

cropland, grassland, shrub, bare soil, and wetland. Finding

based approach to simulate the impacts of climate variations

a catchment with only one land cover type was difﬁcult.

on runoff. The two models were executed independently and

The grassland- or forest-dominated catchments were simply

were based on different time scales and their simulated

used to distinguish the impacts of different vegetation types

results were compared with each other. The difference

on runoff. Lack of NDVI data before 1980 might lead to an

from runoff between the two periods simulated by the two

insufﬁcient understanding of vegetation impact on runoff.

models could then be used for comparison. Both the climate
elasticity model and the GBHM obtained very similar
results for the impact of climate variability on runoff (9.2

CONCLUSION

and 8.8 mm for the whole catchment simulated using the climate elasticity model and the GBHM, respectively) (see

This study has analyzed the effects of climate variability and

Table 4), which rendered great conﬁdence on the impact

impacts of human activities on the decrease in runoff of the

assessment of this study.

Panjiakou Reservoir catchment. A signiﬁcant decrease of

The GBHM was used to evaluate the impacts of climate

0.91 mm/a was observed for annual runoff over the past

variability and human activities on runoff change. Major

50 years, from 1956 to 2005. The annual precipitation
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attributed to the signiﬁcant amount of direct water intake
and indirect impact of human activities due to land use/
cover change. The mean annual runoff of the whole catchment decreased by 19.5 mm from the sub-period 1956–
1979 (65.7 mm) to the sub-period 1980–2005 (46.2 mm).
Contributions to the decrease in runoff were quantiﬁed as
follows:
1. The climate impact accounted for an increase in annual
runoff by an estimated 9.2 and 8.8 mm for the Panjiakou
Reservoir catchment using the GBHM and the climate
elasticity model, respectively.
2. The annual direct water intake in the whole catchment
increased by 22.5 mm, which was considered as the
direct impact of human activities, accounting for 79.5%
of the estimated decrease in annual runoff of the whole
catchment.
3. The indirect impact of human activities through land use/
cover change caused a decrease in annual runoff by an
estimated 2.5 mm using the GBHM, accounting for
about 8.8% of the decrease in annual runoff of the
whole catchment.
Sub-catchments with different dominant vegetation
types were also analyzed to distinguish differences in the
runoff changes and their dominant drivers. The change in
annual runoff contributed to the changes in the precipitation
in the upper catchment (grassland dominated), lower catchment (forest dominated), and the whole catchment. The
change in antecedent precipitation (a proxy of soil moisture)
also contributed to the change in runoff in the lower catchment (forest dominated), implying stronger inﬁltration in the
forest-dominated catchment. The temperature elasticity
values were positive and negative for the upper and lower
catchments, respectively, implying that the upper catchment
had snowmelt runoff and the lower catchment had stronger
evapotranspiration.
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