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Spatial and seasonal variations of hydrological responses
to climate and land-use changes in a highly urbanized
basin of Southeastern China
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and Mingming Song

ABSTRACT
Climate and land-use changes are two major factors that signiﬁcantly affect the watershed hydrology
cycle. It is essential for regional water resource management to quantitatively assess the respective
hydrological impact of these two factors. In this study, the Soil and Water Assessment Tool (SWAT)
was constructed to quantify the contributions of climate and land-use changes to runoff at the
annual and seasonal time scales in the Qinhuai River basin (QRB), where signiﬁcant urbanization
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occurred from 1986 to 2015. Moreover, based on the partial least squares regression, the speciﬁc
impact of individual land-use change on major hydrological components was evaluated at the subbasin scale. The results showed that: (1) the predominant patterns of land-use change in the QRB
included the transformations from paddy ﬁelds to urban areas and dry lands, forest to dry lands and
dry lands to urban areas; (2) the ﬂood seasonal precipitation series and all air temperature series had
signiﬁcant increasing trends over 1986–2015, and annual and seasonal runoff series had signiﬁcant
increasing trends and had an abrupt change point in 2001; (3) the average annual, ﬂood seasonal,
and non-ﬂood seasonal runoff increased 238.5, 130.2 and 108.3 mm, of which land-use change was
responsible for 77.6, 55.1, and 104.8% of the increases, respectively, while climate change was
responsible for 22.4, 44.9, and 4.8%, respectively and (4) the hydrological response to land-use
change showed an obvious decrease in actual evapotranspiration (ET) and signiﬁcant increases in
surface runoff and baseﬂow. The decrease of ET and increase of baseﬂow could be attributed to the
conversion patterns from paddy ﬁelds and forest to dry lands, while the conversions from paddy
ﬁelds and dry lands to urban areas caused a remarkable increase in surface runoff in the QRB. The
study demonstrated that these practicable approaches were beneﬁcial for the more unbiased views
of the hydrological responses to climate change and land-use changes in the highly urbanized basin,
which were also critical for the sustainable development of regional water resource and future landuse planning.
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HIGHLIGHTS

•
•

The contributions of climate change and land-use changes to runoff were quantitatively
separated in annual and seasonal time scales for a highly urbanized basin of Southeastern China.
The speciﬁc effects of each land-use change pattern on major hydrological components were
quantiﬁed at the sub-basin scale.

INTRODUCTION
Climate and land-use changes have been regarded as major

Ganga basin. They found that the inﬂuence of climate

factors driving variations in the hydrological cycle (Yang

change on streamﬂow was more profound than that of

et al. ; Zhang et al. ). Global observations have

land-use change. Luan et al. () evaluated the effects of

demonstrated that the average global surface temperature

land-use change on major hydrological processes by using



increased by 0.85 C from 1880 to 2012 (Chen et al. ;

the Soil and Water Assessment Tool (SWAT) model in the

Wu et al. ). Climate change has intensiﬁed the water-

Hetao Irrigation District and found that land-use change

shed water cycle in recent years chieﬂy through increasing

played an important role in the hydrological process and

temperature and altering the spatial and temporal patterns

led to changes in the actual evapotranspiration (ET) and dis-

of precipitation regimes (Arnell & Gosling ; Tan &

charge. Wu et al. () employed 10 commonly used

Gan ). Furthermore, the rapid urbanization processes

quantitative methods to separate out the effects of climate

have led to signiﬁcant changes in the land-use condition,

change and human activities on changes in runoff in the

giving considerable expansion to an impervious area and

Yanhe River basin. They compared the results of different

inﬂuences on the regional hydrological process. For

methods and found elasticity-based methods, and the hydro-

instance, expansion of impervious areas would decrease

logical model produced consistent conclusions that climate

canopy interception, inﬁltration, and evapotranspiration,

change played a dominant role in the decline of runoff.

and thus generate higher surface runoff (Sajikumar &

Some recent studies showed that land-use change had

Remya ; Yin et al. ; Zhang et al. ). With the

large impacts on the hydrological process in the highly urba-

increasing vulnerability of water resources, hydrological

nized basin (Hao et al. ; Kalantari et al. ; Wang et al.

responses to climate change and urbanization have pro-

b). These studies revealed that land-use change led

gressively become a focus for hydrological researchers.

to decreasing ET and increasing runoff, especially as

In order to provide quantitative evaluation of the effects

impervious areas consistently expanded. However, few

of climate and land-use changes on the hydrological process

studies evaluated the speciﬁc effects of changes in individual

of the entire basin, three approaches are commonly used to

land-use classes on the hydrological process for a highly

distinguish the contributions of climate and land-use

urbanized basin. There are still valid research questions as

changes to the changes in runoff, including analytical

to how mutual conversion between several land-use types

approaches (Fu et al. ; Liu et al. ; Li et al. ),

inﬂuences each hydrological component. Without such

hydrological models (Bao et al. ; Wang et al. ;

accurate assessment, the impacts of each land-use change

Marhaento et al. ; Zhai & Tao ), and integrated

pattern on hydrological components may be underesti-

methods combining analytical approaches with hydrological

mated, overestimated, or even misunderstood (Nie et al.

models (Wang et al. ; Zheng et al. ). For instance,

). In view of this deﬁciency, this study applied the hydro-

Chawla & Mujumdar () applied the Variable Inﬁltration

logical model to quantitatively assess the runoff response to

Capacity (VIC) model to investigate the inﬂuences of land-

climate and land-use changes, and further accurately investi-

use and climate changes on streamﬂow in the upper

gated the contribution of each transformation pattern of
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DATA SOURCES AND METHODOLOGY

bining the partial least squares regression (PLSR) analysis.
This accurate assessment will improve the predictability of

The Qinhuai River basin

hydrological consequences of land-use changes and is thus
crucial for future land-use and water resource planning

The Qinhuai River is a typical tributary of the lower Yangtze

and management for the highly urbanized basin.

River. It goes through Nanjing city and runs into the

The objectives of this study are to quantify hydrological

Yangtze River at the Wudingmeng sluice and the Inner Qin-

responses to climate and land-use changes in the QRB, a

huai sluice (Figure 1). The QRB is located between 118 390 E

highly urbanized basin, and further evaluate the speciﬁc

to 119 190 E, and 31 340 N to 32 100 N with a length of

effects of variations in individual land-use type on major

36.6 km and a drainage area of 2,631 km2. The QRB is

hydrological components. To achieve these objectives, tem-

located in a semi-humid area with a subtropical monsoon

poral change trends of the hydro-meteorological series from

climate. The average annual precipitation is 1,116 mm,

1986 to 2015 and a land-use change matrix were assessed.

which is concentrated in the ﬂood season from June to

Then, the hydrological process was simulated to quantitat-

September. The mean annual air temperature is 15.4  C.

ively isolate the individual contribution of climate and

The observed long-term (1986–2015) mean annual runoff

land-use changes on annual and seasonal runoff based on

depth is about 448.4 mm. Over the years, the Qinhuai

the calibrated SWAT model. Finally, the spatial hydrological

River, called ‘the mother river of Nanjing’, has played an

responses to each transformation pattern of land use were

important role in ecosystem services, including drought

assessed by the PLSR.

and ﬂood prevention and crop irrigation.

Figure 1

|

The location, topography, and river network of the QRB, and the distribution of rainfall gauging stations, meteorological stations, and hydrological stations.
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meteorological variables such as runoff, precipitation, air
temperature, and PET (Chebana et al. ). The statistic S

The data of this study mainly consisted of meteorological

and standardized test value Z of the M–K test are calculated

and hydrological data, and topography, soil, and land-use

following Zuo et al. (). If the value of Z is greater than or

data. The meteorological data were acquired from two stan-

equal to 2.56, the trend is signiﬁcant at the signiﬁcance of

dard meteorological stations between 1986 and 2015 at the

0.01; if the value of Z is greater than or equal to 1.96, the

daily scale, and daily rainfall data were collected from the

trend is signiﬁcant at the signiﬁcance of 0.05. In addition,

other ﬁve rain-gauge stations across the QRB (Figure 1).

the trend slope β is generally jointed with the M–K test to

The series data of potential evapotranspiration (PET) were

explain the change in long-term time series. A positive

calculated using the FAO Penman–Monteith method

value of β indicates an upward trend, whereas a negative

(Allen et al. ) for each meteorological station. Thiessen’s

value represents a downward trend.

polygon method was used to estimate the average basin

The abrupt change is one of the important external

value of precipitation, PET, and air temperature based on

manifestations of climate change and hydrological process

the data from the meteorological and rain-gauge stations.

variability, and mainly reﬂects the occurrence of extreme

The 1986–2015 daily discharge was acquired from the

events or severe anthropogenic activities (Nayak & Villarini

Wudingmen station and the Inner Qinhuai station main-

). Hence, detecting the abrupt change point is con-

tained by the local hydrological department. These runoff

sidered as the key step to be tackled in hydrological time-

gauging stations are located at the outlets of the QRB,

series analysis (Xie et al. ). The non-parametric Pettitt

which controls the outﬂows from the Qinhuai River and

test was applied to determine the change point in this

back ﬂows from the Yangtze River.

study, which can quantify the statistically signiﬁcant level

The area’s topography was based on a digital elevation

of change points for varying meteorological and hydrologi-

model (DEM), which was derived from 1:50,000 topographic

cal series. This method uses the Mann–Whitney statistic
and considers the samples x1, …, xt and

contour data. Soil spatial data were acquired from the Jiangsu

function Ut,

Soil Handbook. In addition, Landsat TM and ETMþ images

xtþ1, …, xN to be independently and identically distributed.

with a 30 m pixel resolution were selected as the data source,

N represents the sample size. Ut,

N

N

is calculated as follows:

and methods of rotation forest and manual interpretation
were used to extract land-use data for 1994 and 2009. According to the results in Song et al. (), the overall precision of

Ut,N ¼ Ut1,N þ

N
X

sgn(xt  xi )(t ¼ 2, . . . , N)

(1)

i¼1

land-use extraction reached 88.6%, which provided an acceptable precision meeting the research requirements.

If time t is satisﬁed by K(t) ¼ max(Ut,N), then t represents
an abrupt change point and the formula for the signiﬁcant

Methodology

level of P of the change point is as follows:

In this study, three approaches were combined to quantitat-

6K(t)2
P ¼ 2 exp
N3 þ N2

ively assess the hydrological response to climate and landuse changes in the study basin. The approaches included
the trend and abrupt change test, the SWAT hydrological
model, and the PLSR method.

!
(2)

If P  0.05, then detected abrupt change point is considered to be statistically signiﬁcant.

The trend and abrupt change test
The SWAT model
The Mann–Kendall trend (M–K) test is a non-parametric
method and has been recommended by the World Meteoro-

The SWAT is a physically based, semi-distributed and con-

logical Organization to detect monotonic trends of hydro-

tinuous daily time-step hydrological model that has been
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Table 1
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Land
Climate

use

Simulation

S1

Land-use and
meteorological data from
the baseline period

1986–2001

1994

QS1

S2

Climate change while landuse constant

2002–2015

1994

QS2

S3

Land-use change while
climate constant

1986–2001

2009

QS3

S4

Both climate change and
land-use change

2002–2015

2009

QS4

a basin into several sub-basins based on the DEM and the

which consists of a unique combination of land use, soil
type, and terrain slop. Hydrological components are simulated in each HRU, and then aggregated to each sub-basin,
ﬁnally routed to the basin outlet throughout the channel net-

2021

Scenarios

ArcSWAT extension for ArcGIS 10.2 was used to carry

number of hydrologic response units (HRUs), each of

|

Simulated hydrological process by the SWAT under different scenarios consid-

(Sun et al. ; Tamm et al. ). In this study, the

river system and then further subdivides sub-basins into a

52.2

ering both climate and land use

change and land-use management in complex watersheds

out the SWAT model pre-processing and set-up. It divides

|

work. In this study, the QRB was partitioned into 39 subbasins with 829 HRUs. The surface runoff was estimated
using a modiﬁcation of the Soil Conservation Service

on hydrological components. For example, to assess the
runoff response to climate change, the ﬁrst simulation (QS1 )

curve number (SCS-CN) method with daily rainfall

was simulated under the 1986–2001 climate and 1994 land-

amounts. The Penman–Monteith method was chosen to cal-

use condition. The second simulation (QS2 ) was based on

culate the PET, and the ﬂow routing was calculated using
the Muskingum schemes.

the 2002–2015 climate and 1994 land-use condition. Thus,
the difference between QS1 and QS2 was the effect of the cli-

In addition, the procedures of parameter calibration, ver-

mate change on runoff. Similarly, the difference between the

iﬁcation, and sensitivity analysis in the SWAT model can be

third simulation (QS3 ) and fourth simulation (QS4 ) could also

conducted by SWAT Calibration and Uncertainty Programs

be considered as the effect of the climate change on runoff.

(SWAT-CUP). The sensitivity analysis of the parameters is

Therefore, the impacts of climate change on runoff were cal-

determined by the t-statistics and the p-value. A larger absol-

culated by the following formula:

ute value of the t-statistic represents greater sensitivity of the
parameters, and the p-value, closer to zero, is more sensitive.
Furthermore, the performances of the SWAT model are

ΔQC ¼

(QS2  QS1 ) þ (QS4  QS3 )
2

(3)

2

evaluated by the coefﬁcient of determination (R ), the
Nash–Sutcliffe coefﬁcient, and percent bias (PBIAS).

Furthermore, the effects of land-use change on runoff
can be determined by applying the difference between the

SWAT model application

ﬁrst and third simulations, or between the second and
fourth simulations, as in the following formula:

The impacts of climate and land-use changes on hydrology
were quantitatively separated by scenario analysis based
on the SWAT output of four scenarios (Table 1). The study

ΔQL ¼

(QS3  QS1 ) þ (QS4  QS2 )
2

(4)

period was divided into two time slices: 1986–2001 was considered as the ‘baseline period’ and 2002–2015 was
considered to be the ‘change period’.
When the meteorological data and the land-use map

The combined effects of climate and land-use changes
on runoff were equal to the sum of the individual impacts.
The total changes were recorded:

were within the same period, the simulation results represented the ‘real value’ affected by the combination of

ΔQ ¼ ΔQC þ ΔQL

(5)

land-use and climate changes. Alternatively, when one driving factor varied and another remained constant, the

Hence, the percentage contributions of climate and

simulation results showed the effects of the variable factors

land-use changes in the variations in runoff were calculated
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a small value of RCs but a large VIP, this land-use change pat-

as follows:

tern is important and contributes signiﬁcantly to the prediction.
PC ¼

ΔQC
× 100%
jΔQj

and PL ¼

ΔQL
× 100%
jΔQj

(6)

RESULTS
Land-use change from 1994 to 2009

Partial least squares regression
During 1986–2015, land use changed dramatically in the
PLSR is a robust multivariate regression method that can be

QRB. The land-use compositions of 1994 and 2009 are

used when the predictors exhibit numerous independent

shown in Figure 2. Owing to rapid urban expansion, the pro-

variables and multicollinearity (Yan et al. ; Woldesenbet

portion of urban areas consistently increased from 4.3%

et al. ). The PLSR combines the features of principal

(111.3 km2) to 13.6% (349.9 km2), and the proportion of

component analysis and multiple linear regression, and it

dry lands increased from 26.6% (682.8 km2) to 35.7%

is used to determine the relationship between a response

(916 km2). In contrast, there was an obvious decrease in

variable and a set of predictor variables. The basic PLSR

paddy

algorithm is not described in this paper, but detailed infor-

ﬁelds
2

(863.8 km )

from

and

2

a

(1,219.1 km2)

47.5%
decrease

in

forest

to

33.7%

from

16.8%

2

mation on PLSR can be obtained from Ma et al. (). In

(431.7 km ) to 9.8% (250.6 km ). The proportions of bare

this study, the PLSR is used to evaluate the contribution of

lands and water bodies were small and exhibited only

each land-use change pattern to hydrological components

slight changes.

at the sub-basin scale. The predictor variables are four

The matrix of land-use transformation was calculated to

kinds of land-use change pattern, i.e. paddy ﬁeld to urban

reﬂect the direction of change in the various land-use types,

area, paddy ﬁeld to dry land, forest to dry land, and dry

as shown in Table 2. The predominating patterns of land-

land to urban area. On the other hand, the dependent vari-

use change in the QRB were that the paddy ﬁelds trans-

ables are the changes in the major hydrological components,

formed into urban areas and dry lands, forest transformed

i.e. evapotranspiration, surface ﬂow, and baseﬂow. Two

into dry lands, and dry lands transformed into urban areas.

main indices, goodness of ﬁt (R 2) and goodness of predic-

Speciﬁcally, the net changed areas of conversions from

tion

(R 2cross),

are calculated to assess the validity and

paddy ﬁelds to urban areas and dry lands were 139.2 and

strength of the PLSR model. If the R value is greater than

204.2 km2, respectively, and those from forest to dry lands

0.8 and the R 2cross value is greater than 0.5, the PLSR

and from dry lands to urban areas were 99.5 and 56.4 km2,

model has a good predictive ability.

respectively. On the whole, the land-use changes in the

2

In the PLSR model, the variable importance of the projection (VIP) and regression coefﬁcients (RCs) were used to

QRB were characterized by decreases in paddy ﬁelds and
forest and expansions of urban areas and dry lands.

explain the relative importance of each independent variable.
It is thus possible to determine which land-use change pattern

Variation trends and abrupt changes for annual and

most strongly interacts with the hydrological components. The

seasonal hydro-meteorological series

predictors having large VIP values are the most relevant for
explaining the dependent variable. In general, an independent

The change trends of time series for precipitation, air temp-

variable with a VIP value greater than 0.8 is very relevant and

erature, PET, and runoff for annual, ﬂood seasonal (June to

signiﬁcant in explaining the dependent variable, whereas a

September) and non-ﬂood seasonal (January to May and

value less than 0.5 indicates that the variable does not signiﬁ-

October to December) time periods are shown in Figure 3.

cantly explain the dependent variable. The RCs of the PLSR

According to the results of the M–K test (Figure 3), the

models indicate the direction and strength of the relationship

annual precipitation series had an insigniﬁcant increasing

between the changes in each land-use change pattern and

trend and the non-ﬂood seasonal precipitation series had

hydrological components. If the land-use change pattern has

an insigniﬁcant decreasing trend, while the ﬂood seasonal
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Land-use classiﬁed maps for 1994 and 2009 in the QRB.

Matrix of land-use transformation in the QRB for 1994–2009 (km2)

2009
Transformation matrix
1994

Urban areas

Dry lands

Paddy ﬁelds

Forest

Urban areas

57.7

20.9

25.7

2.2

2.9

1.9

111.3

Dry lands

77.3

322.5

218.2

28.4

21.4

15.0

682.8

Paddy ﬁelds

164.9

422.4

491.0

53.9

33.2

53.7

1219.1

Forest

33.1

127.9

93.2

161.9

7.8

7.8

431.7

Bare lands

9.4

5.2

4.0

0.4

1.2

0.4

20.6

Water

7.5

17.1

31.7

3.8

1.2

38.1

99.4

Bare lands

Water

Total

Total

349.9

916

863.8

250.6

67.7

116.9

2564.9

Area change from 1994 to 2009 (%)

þ9.3

þ9.1

13.9

7

þ1.8

þ0.7

–

precipitation series had a signiﬁcant increasing trend at the

remarkable increases in precipitation series (ﬂood season),

5% signiﬁcance level. The annual, ﬂood seasonal and non-

air temperature series, and runoff series.

ﬂood seasonal air temperature series had signiﬁcant increas-

Additionally, the Pettitt test was applied to identify the

ing trends at the 5% signiﬁcance level, while all PET series

abrupt change point in annual and seasonal runoff series. As

showed insigniﬁcant change trends. In addition, the

shown in Figure 4, the signiﬁcant abrupt change points for

annual, ﬂood seasonal and non-ﬂood seasonal runoff

annual and ﬂood seasonal runoff series were both detected

series had signiﬁcant increasing trends at the 5% signiﬁ-

in 2001. The non-ﬂood seasonal runoff series had a signiﬁcant

cance level. These results indicated that climate conditions

change point in 1997. According to previous studies (Du et al.

and hydrological processes in the QRB had changed mark-

; Bian et al. ), the annual runoff coefﬁcient of the QRB

edly over the last three decades, as characterized by the

abruptly changed around the 2000s, which was mainly
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Change trends in annual, ﬂood seasonal (June to September) and non-ﬂood seasonal (January to May and October to December) series of precipitation (P), temperature (T),
runoff (R), and potential evapotranspiration (PET) during 1986–2015, and the results of the M–K test.

treated as calibration and validation periods, respectively.
In addition, the land-use map of 1994 was used for the calibration of the SWAT model, and the land-use map of 2009
was used for the validation of the model. We chose 20 parameters that might be sensitive in the QRB according to the
relevant literature and then the top 10 most sensitive parameters were chosen to calibrate the SWAT model, as
listed in Table 3.
The performance of the SWAT model in the QRB is
shown in Table 4 and Figure 5. There was good agreeFigure 4

|

Results of the Pettitt test for annual, ﬂood seasonal (June to September) and

ment between the observed and simulated runoff at the

non-ﬂood seasonal (January to May and October to December) runoff series.

monthly level for both the calibration and validation

attributed to land-use change predominated by urbanization.

nation (R 2) and the Nash-Sutcliffe coefﬁcient (ENS)

Therefore, 2001 was selected as the abrupt change point,

coefﬁcient were higher than 0.85 in the calibration and

and the study period could be divided into two periods (base-

validation periods, and the PBIAS values were all in

line period: 1986–2001 and change period: 2002–2015).

the range of ±10%. The performance of the SWAT

periods. As shown in Table 4, the coefﬁcient of determi-

model in the QRB could be considered very good in
Calibration and validation of the SWAT model

terms of the model evaluation criteria described by
Moriasi et al. (). Therefore, the SWAT model was

This study used SWAT-CUP to calibrate and validate the

able to effectively simulate the hydrological process in

SWAT model. The years 1986–2001 and 2002–2015 were

the QRB.
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List of parameters and ranking for 10 highest relative sensitivity values in SWAT calibration

Parameters

Rank

Description

Default

t-Statistics

p-Value

Fitted value

V_ESCO.hru

1

Soil evaporation compensation factor

0–1

33.65

0.00

0.85

V_GW_REVAP.gw

2

Groundwater ‘revap’ coefﬁcient

0.02–0.2

21.18

0.00

0.18

R_SOL_AWC.sol

10

Available water capacity of the soil layer

0.2 to 0.2

4.51

0.00

0.13

V_CANMX.hru

5

Maximum canopy storage

0–95

3.50

0.00

70.85

V_GW_DELAY.gw

6

Groundwater delay

0–500

1.38

0.16

4.35

V_ALPHA_BF.gw

1

Baseﬂow alpha factor

0–1

0.78

0.38

0.42

V_EPCO.bsn

8

Plant uptake compensation factor

0–1

0.56

0.42

0.57

R_CN2.mgt

7

SCS runoff curve number

0.05 to 0.05

0.32

0.49

0.01

V_CH_N2.rte

3

Manning’s ‘n’ value for the main channel

0.01–0.3

0.19

0.54

0.02

V_CH_K2.rte

2

Effective hydraulic conductivity in the main channel

5–99

0.03

0.67

25.21

Table 4

|

caused an increase in annual runoff by 238.5 mm from the

Evaluation of the SWAT model performance at monthly time step

baseline period 1986–2001 to the change period 2002–
Period

R2

ENS

PBIAS (%)

2015. Comparing the simulations of different scenarios,

Calibration (1986–2001)

0.92

0.92

0.7

the land-use change led to an increase in annual runoff of

Validation (2002–2015)

0.89

0.88

1.5

185.2 mm, with the relative contribution of 77.6%, and climate change increased the annual runoff by 53.3 mm, with

The attributions of climate and land-use changes on

the relative contribution of 22.4%. These results indicated

annual and seasonal runoff

that land-use change played a dominant role in the increase
in annual runoff in the QRB. On a seasonal basis, the joint

To quantitively evaluate the effects of climate and land-use

impacts of climate and land-use changes caused the increase

changes on annual and seasonal runoff, the hydrological

of ﬂood seasonal and non-ﬂood seasonal runoff by 130.2

processes

and 108.3 mm, respectively. Speciﬁcally, climate and land-

were

simulated

under

various

scenarios

(Table 1) based on the calibrated SWAT model. As shown

use changes led to an increase in ﬂood seasonal runoff by

in Table 5, the joint impacts of climate and land-use changes

58.5 and 71.7 mm, with the relative contribution of 44.9

Figure 5

|

Comparison between observed and simulated monthly runoff values for the calibration period (1986–2001) and the validation period (2002–2015).
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Simulated average values of annual and seasonal runoff under four scenarios by the SWAT model and the relative contributions of climate and land-use changes to runoff

Annual

QS1 (mm)

QS2 (mm)

QS3 (mm)

QS4 (mm)

ΔQC (mm)

ΔQL (mm)

PC (%)

PL (%)

334

378.2

510.1

572.5

53.3

185.2

22.4

77.6

Flood season

202.6

256.3

269.6

332.8

58.5

71.7

44.9

55.1

Non-ﬂood season

131.9

121.8

240.5

240.2

5.2

113.5

4.8

104.8

and 55.1%, respectively. Climate change decreased the non-

107.2 mm, respectively. At the same time, the average

ﬂood seasonal runoff by 5.2 mm with the contribution of

value of ﬂood and non-ﬂood seasonal surface runoff

4.8%, and the land-use change increased it by 113.5 mm

increased 41.2 and 59.6 mm, respectively, and the average

with the contribution of 104.8%. Overall, land-use change

value of their baseﬂow increased 33.8 and 58.2 mm, respect-

was considered as the predominant factor causing the

ively. It was apparent that the change characteristics of

increases in annual and seasonal runoff in the study basin,

annual and seasonal hydrological responses to land-use

while the impacts of climate change were important,

change were a dramatic decrease in ET and a remarkable
increase in surface runoff and baseﬂow for annual, ﬂood

especially for the ﬂood season.

seasonal, and non-ﬂood seasonal periods.
The effects of land-use change on hydrological
The spatial variations of hydrological responses to each

components at the basin scale

pattern of land-use change
The land-use change was identiﬁed as the predominant
factor that signiﬁcantly affected the hydrological process in

While the SWAT model results showed the changes in the

the QRB. In order to evalutae the speciﬁc inﬂuences of

hydrological components under the different land-use scen-

land-use change on the hydrological process, the major

arios, the quantitative hydrological impacts of individual

hydrological components were simulated by the calibrated

patterns of land-use change could be further determined at

SWAT under 1994 and 2009 land-use conditions and con-

the sub-basin scale. Therefore, PLSR models were applied

stant climate scenarios 1986–2015. The changes in annual

in this study to evaluate the contribution of individual pat-

and seasonal hydrological components were calculated as

tern of land-use change to the changes in hydrological

shown in Table 6. Compared with the land-use condition

components and land-use change. According to the matrix

in 1994, the average annual value of ET decreased

of land-use transformation (Table 2), the predominant pat-

203.6 mm under the land-use condition of 2009. The average

terns of land-use change in the QRB included the

annual surface runoff increased from 343.1 to 443.9 mm. In

transformations from paddy ﬁelds to urban areas and dry

addition, the average annual value of baseﬂow increased

lands, forest lands to dry lands, and dry lands to urban

from 31.9 to 123.9 mm. Similarly, the average value of

areas. The spatial distribution of each pattern of land-use

ﬂood and non-ﬂood seasonal ET decreased 96.4 and

change for the years 1994 and 2009 was summarized for

Table 6

|

Average annual values of hydrological components under 1994 and 2009 land-use scenarios during the period of 1986–2015 in the QRB

Annual

Flood season

Non-ﬂood season

Surface

Baseﬂow

Surface

Baseﬂow

ET (mm)

runoff (mm)

(mm)

ET (mm)

runoff (mm)

(mm)

1994 land use

742.4

343.1

31.9

357.2

233.6

7.8

2009 land use

538.8

443.9

123.9

260.8

274.8

41.6

Changes

203.6

100.8

92.0

96.4

41.2

33.8

107.2
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Baseﬂow

runoff (mm)

(mm)

385.2

109.5

24.1

278.0

169.1

82.3

59.6

58.2

ET (mm)
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sub-basins of the QRB, as shown in Figure 6. In addition, the

more than 0.9 were considered to be of great importance

corresponding changes of primary hydrological components

for predictions. For the annual ET model, a higher VIP

for each sub-basin under the ﬁxed 1986–2015 climate con-

value was observed for the pattern of transformation from

dition were calculated based on the SWAT model, as

forest to dry lands (VIP ¼ 1.45), followed by transformation

shown in Figure 7.
A summary of the PLSR is provided in Tables 7 and 8.

from paddy ﬁelds to dry lands (VIP ¼ 1.02). Speciﬁcally, the
RC of forest to dry lands was 0.46, and the RC of paddy

The PLSR models were developed for annual and seasonal

ﬁelds to dry lands was 0.32. The seasonal ET model had

different response variables: actual evapotranspiration as

the same results as the annual ET model, which indicated

ET, surface runoff as SQ, and baseﬂow as BF. These PLSR

that the decreases of ET could be attributed to the transform-

models could be considered to have a good predictive

ations of paddy ﬁelds and forest to dry lands during the past

power due to the R 2 value being greater than 0.8 and the

30 years in the QRB. For annual, ﬂood seasonal and non-

R 2cross

value being greater than 0.5 (Table 7). Each PLSR

ﬂood seasonal SQ models, the more important predictors

model included two signiﬁcant components based on the

were paddy ﬁelds to urban areas (VIP ¼ 1.28, 1.31, and

cross-validation for response variables (Table 7). In addition,

1.29, respectively) and dry lands to urban areas (VIP ¼

the VIP values of the PLSR models indicated the compre-

0.92, 1.29, and 1.30, respectively). The patterns of paddy

hensive importance of each pattern of land-use change for

ﬁelds to urban areas and dry lands to urban areas had posi-

hydrological components. The predictors with VIP values

tive RCs (Table 7). As expected, transformation from paddy

Figure 6

|

Spatial variations of each land-use change pattern between 1994 and 2009 in the QRB. (a) Paddy ﬁeld to urban area, (b) paddy ﬁeld to dry land, (c) forest to dry land, and (d) dry
land to urban area.
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Spatial distribution of changes in annual and seasonal actual evapotranspiration (ET), surface runoff (SQ), and baseﬂow (BF) for land-use maps between 1994 and 2009 in the
QRB. (a) Annual, (b) ﬂood season, and (c) non-ﬂood season.

ﬁelds and dry lands to urban areas encouraged greater sur-

change played a dominant role in the increases in annual

face runoff. For all BF models, the more important

and seasonal runoff. However, the impacts of climate and

predictors were forest to dry lands (VIP ¼ 1.50, 1.60, and

land-use changes on seasonal runoff were different. Speciﬁ-

1.60, respectively) and paddy ﬁelds to dry lands (VIP ¼

cally, the effect of climate change increased ﬂood seasonal

0.97, 1.05, and 1.05, respectively). The transformations of

runoff by 58.5 mm, with a positive contribution of 44.9%,

paddy ﬁelds and forest to dry lands also had positive RCs

while it decreased non-ﬂood seasonal runoff by 5.2 mm,

and signiﬁcantly increased baseﬂow in the QRB.

with a negative contribution of 4.8%. These different
effects of climate change are mainly attributed to the
change trends of precipitation in the two seasons. It

DISCUSSION

should be noted that the ﬂood seasonal precipitation had a

The Qinhuai River basin (QRB) is a region where land use

(1986–2001) to 675.2 mm of the change period (2002–

has changed dramatically during the rapid urbanization pro-

2015), while the non-ﬂood seasonal precipitation had a

cess over the past three decades. We found that land-use

small decrease of 25 mm from the baseline period to the

signiﬁcant increase from 579.1 mm of the baseline period
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Summary of the PLSR models of the annual and seasonal hydrological components for the Qinhuai River basin

Annual

Table 8

|

Response variable Y

R2

R 2cross

Component

% of explained variability in Y

R 2cum

ET

0.84

0.69

SQ

0.98

0.97

BF

0.80

0.61

1
2
1
2
1
2

73
84
95
98
67.2
80

0.61
0.69
0.92
0.97
0.50
0.61

ET

0.88

0.76

SQ

0.98

0.97

BF

0.81

0.63

1
2
1
2
1
2

77
88
95
98
69
81

0.67
0.76
0.91
0.97
0.52
0.63

ET

0.81

0.62

SQ

0.99

0.97

BF

0.80

0.59

1
2
1
2
1
2

69
81
95
99
66
80

0.55
0.62
0.92
0.97
0.48
0.59

List of VIP and RCs for the hydrological components of the PLSR models in the QRB

Predictors

Annual

Paddy ﬁelds to

Paddy ﬁelds to dry

Woodlands to dry

Dry lands to urban

urban areas

lands

lands

areas

Response variables

VIP

RCs

VIP

RCs

VIP

RCs

VIP

RCs

ET

0.52

0.16

1.02

0.32

1.45

0.46

0.77

0.24

SURQ

1.28

0.50

0.67

0.01

0.53

0.14

0.92

0.50

BF

0.65

0.15

0.97

0.37

1.50

0.73

0.64

0.05

ET

0.58

0.19

1.06

0.34

1.38

0.44

0.79

0.26

Flood season

SURQ
BF
ET

1.31
0.23
0.46

0.43
0.08
0.15

0.59
1.05
0.97

0.20
0.34
0.31

0.52
1.60
1.51

0.17
0.53
0.47

1.29
0.54
0.74

0.43
0.18
0.23

Non-ﬂood season

SURQ
BF

1.29
0.23

0.43
0.07

0.58
1.05

0.19
0.34

0.55
1.60

0.18
0.52

1.30
0.54

0.43
0.17

VIP values > 0.8, which are shown in bold, indicate that the independent variable are signiﬁcant in explaining the corresponding variables.

change period. Moreover, we found that the relative contri-

will decrease in the ﬂood season. Some previous studies

bution of land-use change to non-ﬂood seasonal runoff was

also found that the contributions of climate change and

larger than that to ﬂood seasonal runoff, indicating that

human activities to runoff change were not consistent over

runoff in the non-ﬂood season was more sensitive to land-

different time scales (Wei & Zhang ; Zhang et al.

use change than during the ﬂood season. This is mainly

). For example, Zeng et al. () quantitatively evalu-

related to the fact that the high intensity and large volume

ated the impacts of climate change and human activities

of rainfall in the ﬂood season caused the natural surface to

on runoff changes at annual, seasonal, and monthly time

saturate quickly and behave like an impervious surface.

scales in the Zhang River basin, suggesting that climate

Therefore, the relative inﬂuence of the land-use change

change had a stronger effect than human activities on
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annual and wet seasonal runoff changes, while in the dry

(Zhang & Schilling ; Boggs & Sun ; Zomlot et al.

season human activities was the dominant factor for

). Thus, conversion of paddy ﬁelds and forest to dry

runoff change. Hence, it should be emphasized that different

lands not only decreases the ET, but also allows inﬁltration

times testiﬁed different degrees of effects of climate and

and groundwater exchange. In this way, it is credible that

land-use changes on runoff change. A quantitive differen-

replacing paddy ﬁelds and forest with dry lands plays a

tiation

land-use-induced

key role in the increase of baseﬂow during urbanization in

variation in runoff at different time scales has been investi-

the QRB. Future studies should examine the mechanism of

gated to enhance our understanding of runoff change under

baseﬂow change during the urbanization to conﬁrm the

the inﬂuence of climate and land-use changes. Such quanti-

inﬂuence of the dry land expansion on baseﬂow and ground-

tative evaluation will be important for regional water

water change, which will be explored to enhance our

resource management and the mitigation of inﬂuence of cli-

understanding of hydrological response to land-use change

mate and land-use changes on water resource.

in a highly urbanized basin.

of

the

climate-induced

and

Furthermore, we also quantitatively analyzed the effects
of land-use change on major hydrological components. The
results indicated that the ET signiﬁcantly decreased and surface runoff and baseﬂow increased at annual and seasonal

CONCLUSIONS

scales over the study period, which were likely attributed
to the dramatic land-use changes by urbanization in the

This study quantiﬁed the effects of climate and land-use

QRB. Our ﬁndings were consistent with an earlier study of

changes on annual and seasonal runoff in the QRB, a highly

the same basin by Hao et al. (), who found that the

urbanized region in the Yangtze River Delta. The good per-

reduction in ET and increase in streamﬂow could be largely

formance of the SWAT model indicated that the SWAT

attributed to the expansion of urban areas and shrinkage of

model could be used to evaluate the contributions of climate

paddy ﬁelds. There were some evidence suggesting that ET

and land-use changes to runoff change at annual and seasonal

of paddy ﬁelds was close to the PET under less water

time scales by simulating hydrological processes of the study

stress, while urban areas were generally characterized by

basin. Moreover, the PLSR method was adopted to evaluate

impervious surfaces with low ET and high runoff. Thus,

the inﬂuence of the individual pattern of land-use change on

transformation of paddy ﬁelds to relatively ‘dry’ urban

major hydrological components. From the results of this

areas was expected to dramatically reduce ET and increase

study, the main conclusions are as follows:

surface runoff, which were coincident with some previous

(1) The predominant directions of land-use change were

studies (Zhou et al. ; Maina et al. ). Moreover, we

converting paddy ﬁelds and forest to urban areas and

further analyzed the inﬂuence of each land-use transform-

dry lands. The diminishing portion of paddy ﬁelds

ation pattern on hydrological components, and found that

(decrease of 13.9%) and forest (decrease of 7%) contrib-

baseﬂow had a signiﬁcant increase in the study basin,

uted to the expansion of urban areas (increase of 9.3%)

which somewhat contradicted the general view that urbaniz-

and dry lands (increase of 9.1%) over the study period.

ation with an increase in the impervious surface likely

(2) The results of the M–K test indicated that the ﬂood sea-

reduces inﬁltration and baseﬂow (Price et al. ; Kalantari

sonal precipitation series, all temperature series, and

et al. ; Wang & Stephenson a). We argued that the

runoff series had signiﬁcant rising trends. The abrupt

increase of baseﬂow in the QRB was due to the large

change point in the year 2001 was detected for annual

reduction in ET attributed to the transformation from

and seasonal runoff series by the Pettitt test.

paddy ﬁeld and forest to dry land. Some previous studies

(3) The climate and land-use changes increased runoff of

indicated that baseﬂow variation was strongly controlled

the QRB with different degrees of effects during different

by vegetation cover and the reduction of perennial veg-

time scales. The contributions of climate and land-use

etation, especially forest, which could decrease ET,

changes to annual runoff changes are 22.4 and 77.6%,

increase groundwater recharge, and thus increase baseﬂow

respectively. In addition, the contributions of land-use

Downloaded from http://iwaponline.com/hr/article-pdf/52/2/506/872762/nh0520506.pdf
by guest

520

G. Bian et al.

|

Hydrological responses to climate and land-use change in an urbanized basin

change to runoff changes in the ﬂood and non-ﬂood sea-

Hydrology Research

|

52.2

|

2021

REFERENCES

sons were 55.1 and 104.8%, respectively, while the
contributions of climate change were 44.9 and 4.8%,
respectively. It was apparent that the land-use change
was the main driving factor of the increase in runoff
for annual and seasonal periods in the QRB.
(4) Due to the dramatic variations of land use in the QRB,
the ET decreased 203.6, 96.4, and 107.2 mm for
annual, ﬂood seasonal, and non-ﬂood seasonal periods;
the surface runoff increased 100.8, 41.2, and 59.6 mm,
respectively, and the baseﬂow increased 92, 33.8, and
58.2 mm, respectively. According to the results of the
PLSR models, the decreases of ET and the increase of
baseﬂow were mainly attributed to the transformations
from paddy ﬁelds and forest to dry lands, while the
increases of surface runoff were mainly attributed to
the transformations from paddy ﬁelds and dry lands to
urban areas.

ACKNOWLEDGEMENTS
This study has been ﬁnancially supported by the National
Natural

Science

Foundation

of

China

(Grant

Nos

41830863 and 51879162), the National Key Research and
Development

Programs

2016YFA0601501),

and

of

China

(Grant

State

Key

Laboratory

No.
of

Hydrology-Water Resources and Hydraulic Engineering
(Grant No. 2019nkzd02). We thank Prof. Jinkang Du for
his contributions to this paper. We also thank the
anonymous reviewers and editors.

CONFLICTS OF INTEREST
The authors declare that they have no conﬂict of interest
with the work presented here

DATA AVAILABILITY STATEMENT
All relevant data are included in the paper or its Supplementary Information.

Downloaded from http://iwaponline.com/hr/article-pdf/52/2/506/872762/nh0520506.pdf
by guest

Allen, R. G., Pereira, L., Raes, D. & Smith, M.  Crop
Evapotranspiration: Guidelines for Computing Crop Water
Requirements. FAO Irrigation and Drainage Paper 56. Food
and Agriculture Organization, Rome, Italy.
Arnell, N. W. & Gosling, S. N.  The impacts of climate change
on river ﬂow regimes at the global scale. Journal of Hydrology
486, 351–364.
Bao, Z. X., Zhang, J. Y., Wang, G. Q., Fu, G. B., He, R. M., Yan, X.
L., Jin, J. L., Liu, Y. L. & Zhang, A. J.  Attribution for
decreasing streamﬂow of the Haihe River basin, Northern
China: climate variability or human activities? Journal of
Hydrology 460–461, 117–129.
Bian, G. D., Du, J. K., Song, M. M., Xu, Y. P., Xie, S. P., Zheng, W. L.
& Xu, C.-Y.  A procedure for quantifying runoff response to
spatial and temporal changes of impervious surface in Qinhuai
River basin of Southeastern China. Catena 157, 268–278.
Boggs, J. L. & Sun, G.  Urbanization alters watershed
hydrology in the Piedmont of North Carolina. Ecohydrology
4, 256–264.
Chawla, I. & Mujumdar, P. P.  Isolating the impacts of land
use and climate change on streamﬂow. Hydrology and Earth
System Sciences 19, 3633–3651.
Chebana, F., Ouarda, T. B. M. J. & Duong, T. C.  Testing for
multivariate trends in hydrologic frequency analysis. Journal
of Hydrology 486 (8), 519–530.
Chen, J., Brissette, F. P. & Lucas-Picher, P.  Transferability of
optimally-selected climate models in the quantiﬁcation of
climate change impacts on hydrology. Climate Dynamics 47,
3359–3372.
Du, J. K., Li, Q., Rui, H. Y., Zuo, T. H., Zheng, D. P., Xu, Y. P. &
Xu, C.-Y.  Assessing the effects of urbanization on annual
runoff and ﬂood events using an integrated hydrological
modeling system for Qinhuai River basin, China. Journal of
Hydrology 464–465, 127–139.
Fu, G. B., Charles, S. P. & Chiew, F. H. S.  A two-parameter
climate elasticity of streamﬂow index to assess climate
change effects on annual streamﬂow. Water Resource
Research 43 (11), 2578–2584.
Hao, L., Sun, G., Liu, Y., Wan, J., Qin, M., Qian, H., Liu, C., John,
R., Fan, P. & Chen, J.  Urbanization dramatically altered
the water balances of a paddy ﬁeld-dominated basin in
southern China. Hydrology and Earth System Science 19,
3319–3331.
Kalantari, Z., Ferreira, C. S. S., Walsh, R. P. D., Ferreira, A. J. D. &
Destouni, G.  Urbanization development under climate
change: hydrological responses in a Peri-Urban
Mediterranean catchment. Land Degradation and
Development 28, 2207–2221.
Li, C., Wang, L., Wang, W., Qi, J., Yang, L., Zhang, Y., Wu, L., Cui,
X. & Wang, P.  An analytical approach to separate
climate and human contributions to basin streamﬂow
variability. Journal of Hydrology 559, 30–42.

521

G. Bian et al.

|

Hydrological responses to climate and land-use change in an urbanized basin

Liu, J., Zhang, Q., Singh, V. P. & Shi, P.  Contribution of
multiple climatic variables and human activities to
streamﬂow changes across China. Journal of Hydrology 545,
145–162.
Luan, X. B., Wu, P. T., Sun, S. K., Li, X. L. & Wang, Y. B. 
Impact of land use change on hydrologic processes in a large
plain irrigation district. Water Resource Management 32 (9),
3203–3217.
Ma, R., Cai, C., Wang, J., Wang, T., Li, Z., Xiao, T. & Peng, G. 
Partial least squares regression for linking aggregate pore
characteristics to the detachment of undisturbed soil by
simulating concentrated ﬂow in Ultisols (subtropical China).
Journal of Hydrology 524, 44–52.
Maina, M. M., Amin, M. S. M., Rowshon, M. K., Aimrun, W. &
Yazid, M. A.  Effects of crop evapotranspiration
estimation techniques and weather parameters on rice crop
water requirement. Australian Journal of Crop Science 8 (4),
495–501.
Marhaento, H., Booij, M. J., Rientjes, T. H. M. & Hoekstra, A. Y.
 Attribution of changes in the water balance of a tropical
catchment to land use change using the SWAT model.
Hydrological Processes 31 (11), 2029–2040.
Moriasi, D. N., Arnold, J. G., Van Liew, M. W., Bingner, R. L.,
Harmel, R. D. & Veith, T. L.  Model evaluation
guidelines for systematic quantiﬁcation of accuracy in
watershed simulations. Trans. ASABE 50 (3), 885–900.
Nayak, M. A. & Villarini, G.  Evaluation of the capability of
the Lombard test in detecting abrupt changes in variance.
Journal of Hydrology 534, 451–465.
Nie, W., Yuan, Y., Kepner, W., Nash, M., Jackson, M. & Erickson,
C.  Assessing impacts of land use and land cover changes
on hydrology for the upper San Pedro watershed. Journal of
Hydrology 407 (1–4), 105–114.
Price, K., Jackson, C. R., Parker, A. J., Reitan, T., Dowd, J. &
Cyterski, M.  Effects of watershed land use and
geomorphology on stream low ﬂows during severe drought
conditions in the southern Blue Ridge Mountains, Georgia
and North Carolina, United States. Water Resource Research
47, W02516.
Sajikumar, N. & Remya, R.  Impact of land cover and land use
change on run-off characteristics. Journal of Environmental
Management 161, 460–468.
Song, M. M., Zheng, W. L., Bian, G. D. & Du, J. K.  Land
use classiﬁcation of typical ground objects in Qinhuai River
basin on multi temporal landsat8 OLI data. Science
Technology and Engineering 16 (18), 1671–1815. (in Chinese).
Sun, Z., Lotz, T. & Chang, N. B.  Assessing the long-term
effects of land use changes on runoff patterns and food
production in a large lake watershed with policy
implications. Journal of Environmental Management 204,
92–101.
Tamm, O., Maasikamäe, S., Padari, A. & Tamm, T.  Modelling
the effects of land use and climate change on the water
resources in the eastern Baltic Sea region using the SWAT
model. Catena 167, 78–89.

Downloaded from http://iwaponline.com/hr/article-pdf/52/2/506/872762/nh0520506.pdf
by guest

Hydrology Research

|

52.2

|

2021

Tan, X. & Gan, T. Y.  Contribution of human and climate
change impacts to changes in streamﬂow of Canada. Science
Report 5, 17767.
Wang, S., Zhang, Z., Mcvicar, T. R., Guo, J., Tang, Y. & Yao, A. 
Isolating the impacts of climate change and land use change
on decadal streamﬂow variation: assessing three
complementary approaches. Journal of Hydrology 507, 63–74.
Wang, G. Q., Zhang, J. Y. & Yang, Q. L.  Attribution of runoff
change for the Xinshui River catchment on the Loess plateau
of China in a changing environment. Water 8 (6), 267.
Wang, H. & Stephenson, S. R. a Quantifying the impacts of
climate change and land use/cover change on runoff in the
lower Connecticut River Basin. Hydrological Process 32 (9),
1301–1312.
Wang, Q., Xu, Y., Xu, Y., Wu, L., Wang, Y. F. & Han, L. b
Spatial hydrological responses to land use and land cover
changes in a typical catchment of the Yangtze River Delta
region. Catena 170, 305–315.
Wei, X. H. & Zhang, M. F.  Quantifying streamﬂow change
caused by forest disturbance at a large spatial scale: a single
watershed study. Water Resource Research 46 (12), W12525.
Woldesenbet, T. A., Elagib, N. A., Ribbe, L. & Heinrich, J. 
Hydrological responses to land use/cover changes in the
source region of the Upper Blue Nile Basin, Ethiopia. Science
of Total Environment 575, 724–741.
Wu, J., Miao, C., Zhang, X., Yang, T. & Duan, Q.  Detecting
the quantitative hydrological response to changes in climate
and human activities. Science of Total Environment 586,
328–337.
Xie, P., Wu, Z., Sang, Y. F., Gu, H., Zhao, Y. & Singh, V. P. 
Evaluation of the signiﬁcance of abrupt changes in
precipitation and runoff process in China. Journal of
Hydrology 560, 451–460.
Yan, B., Fang, N. F., Zhang, P. C. & Shi, Z. H.  Impacts of
land use change on watershed streamﬂow and sediment
yield: an assessment using hydrologic modelling and
partial least squares regression. Journal of Hydrology 484 (6),
26–37.
Yang, L., Feng, Q., Yin, Z., Wen, X., Si, J., Li, C. & Deo, R. C. 
Identifying separate impacts of climate and land use/cover
change on hydrological processes in upper stream of Heihe
River, Northwest China. Hydrological Processes 31 (5),
1100–1112.
Yin, J., He, F., Xiong, Y. J. & Qiu, G. Y.  Effects of land use/
land cover and climate changes on surface runoff in a semihumid and semi-arid transition zone in northwest China.
Hydrology and Earth System Science 21 (1), 183–196.
Zeng, S., Xia, J. & Du, H.  Separating the effects of climate
change and human activities on runoff over different time
scales in the Zhang River basin. Stochastic Environmental
Research and Risk Assessment 28 (2), 401–413.
Zhai, R. & Tao, F.  Contributions of climate change and
human activities to runoff change in seven typical
catchments across China. Science of Total Environment 605–
606, 219–229.

522

G. Bian et al.

|

Hydrological responses to climate and land-use change in an urbanized basin

Zhang, Q., Liu, J., Singh, V. P., Gu, X. & Chen, X.  Evaluation
of impacts of climate change and human activities on
streamﬂow in the Poyang lake basin, China. Hydrological
Processes 30, 2562–2576.
Zhang, L., Karthikeyan, R., Bai, Z. & Srinivasan, R.  Analysis
of streamﬂow responses to climate variability and land use
change in the loess plateau region of China. Catena 154,
1–11.
Zhang, Y. K. & Schilling, K. E.  Increasing streamﬂow
and baseﬂow in Mississippi River since the 1940s: effect
of land use change. Journal of Hydrology 324 (1),
412–422.
Zhang, Y., Xia, J., Yu, J., Randall, M., Zhang, Y., Zhao, T., Pan, X.,
Zhai, X. & Shao, Q.  Simulation and assessment of
urbanization impacts on runoff metrics: insights from land
use changes. Journal of Hydrology 560, 247–258.

Hydrology Research

52.2

|

2021

Zheng, J., Ge, S., Li, W. & Yu, X.  Impacts of land use change
and climate variations on annual inﬂow into the Miyun
Reservoir, Beijing, China. Hydrology and Earth System
Science 20 (4), 1561–1572.
Zhou, F., Xu, Y. P., Chen, Y., Xu, C.-Y., Gao, Y. Q. & Du, J. K. 
Hydrological response to urbanization at different spatiotemporal scales simulated by coupling of CLUE-S and the
SWAT model in the Yangtze River Delta region. Journal of
Hydrology 485, 113–125.
Zomlot, Z., Verbeiren, B., Huysmans, M. & Batelaan, O.  Spatial
distribution of groundwater recharge and base ﬂow: assessment
of controlling factors. Journal of Hydrology 4, 349–368.
Zuo, D., Xu, Z., Wu, W., Zhao, J. & Zhao, F.  Identiﬁcation of
streamﬂow response to climate change and human activities
in the Wei River Basin, China. Water Resources Management
28 (3), 833–851.

First received 18 June 2020; accepted in revised form 10 December 2020. Available online 5 January 2021

Downloaded from http://iwaponline.com/hr/article-pdf/52/2/506/872762/nh0520506.pdf
by guest

|

