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Assessing impacts of future climate change

on hydrological processes in an urbanizing watershed

with a multimodel approach

Jian Sha, Yue Zhao, Xue Li and Zhong-liang Wang
ABSTRACT
The sensitivity of hydrological processes to the changed environment is of great concern.

The integrated impacts of climate change and urbanization in the future have been assessed in a

watershed in Northwest China through a multimodel approach based on the combined application of

Generalized Watershed Loading Functions, the Long Ashton Research Station Weather Generator,

and the Land Change Modeler. The results showed that both climate change and urbanization would

lead to more watershed streamflow, and their combination would have synergistic effects on

additional increases. In addition, there would be different seasonal distributions of streamflow with a

greater proportion of runoff. These study results are helpful in supporting projects and/or decision-

making processes for managers by providing more insights into the regional hydrological changes

affected by climate change and urbanization. The proposed methodology of the combined

multimodel approach may be applicable in other areas with similar conditions.
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HIGHLIGHTS

• A multimodel linkage approach was proposed for future hydrological estimations.

• The individual and combined effects of climate change and urbanization were investigated.

• Both individual effects would increase streamflow and change its seasonal distribution.

• The combined effect had a synergistic mechanism for the additive increase of streamflow.

• There would be higher streamflow with more runoff and an earlier peak of snowmelt in future

spring.
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INTRODUCTION
Water is critical for human communities (Milly et al. ;

Vorosmarty et al. ). The responses of watershed

hydrological processes to the changing environment are of

vital importance for regional security and sustainable

development which are of great concern (Tan & Gan ;

Wada et al. ). Regional climate change is one of the
most significant natural influences on local hydrological

properties (Oki & Kanae ; Kristvik et al. ). As the

source and driving force of streamflow, precipitation is the

key factor in hydrological processes. In addition, the air tem-

perature determines the water state when it is transferred in

the watershed. Given the expected changes in the climate

in the future, the estimation of its impact on watershed

streamflow and water balance behavior is of great interest

around the world (Huyen et al. ; Nasseri et al. ;

Ojeda-Bustamante et al. ). On the other hand,
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urbanization is an important man-made factor that may dis-

turb the watershed water cycle (Altdorff et al. ; Thakur

et al. ). The influence on the underlying surface in an urba-

nizing watershed is acute. The increasing proportion of land-

use areas with impermeable cover for new settlements will

alter the original runoff and infiltration mechanisms that are

critical for watershed hydrological processes. There is a great

demand for quantitative descriptions of the hydrological pro-

cess and its responses to both climate change and land-use

conversion in an urbanizing watershed (Chawla & Mujumdar

; Nadal-Romero et al. ; Talib & Randhir ).

Scenario analysis is a valid approach to analyze possible

responses of the watershed hydrological process to alterna-

tive possible regional conditions in the future (Bellin et al.

; Joorabian Shooshtari et al. ). Different integrated

model applications have been designed and used to

represent various possible climate changes and land-use con-

versions in the future and to estimate potential impacts from

these individual and/or combined changes on watershed

hydrological processes in quantity, stability, and uncertainty

(Lin et al. ; Shi et al. ; Tan et al. ; Fernandes

et al. ; Rouholahnejad Freund et al. ; Joseph et al.

). Previous studies have found various responses for

regional water resources in the changes of climate and land

use in different areas. The increase in precipitation would

lead to more potential streamflow, but the higher temperature

would lead to less streamflow resulting from the increase of

evapotranspiration. The more impervious surface from urba-

nized land-use cover would lead to more water transfers from

a runoff route that forms streamflow more easily but is con-

sumed by evapotranspiration. In addition, the combined

effects of climate and land-use change on hydrological pro-

cesses were intricate and of great concern in recent studies

(Marhaento et al. ; Wang & Kalin ). Generally, the

response of the hydrological process would be different in dif-

ferent areas, and it is important to obtain estimations for

various watersheds. The main objective of the study is to

address the changes of watershed hydrological variables

under various individual and combined scenarios of climate

change and urbanization with proper model approaches in

a watershed in northwest China.

As a source tributary of the Yellow River, the Jing River

was used as a study case in this paper. Given that it is critical

for regional water resource management, it is important to
om http://iwa.silverchair.com/jwcc/article-pdf/12/4/1023/896380/jwc0121023.pdf

4

estimate its hydrological response to future changed envir-

onments with proper model applications. However, the

available data for the study area were limited, and establish-

ing a valid modeling scheme is of great significance. In this

study, we proposed an integrated multimodel approach to

estimate the responses of hydrological processes to

modeled future climate change and land-use conversion sce-

narios for the Jing River watershed. The hydrological model

of Generalized Watershed Loading Function (GWLF) was

employed as the modeling tool for the watershed hydrologi-

cal estimation here, because its modest data requirement

was able to be satisfied with the existing data from the

study watershed. The Land Change Modeler (LCM) for

ArcGIS was operated with its multilayer perceptron neural

network function for future land-use predictions. Consider-

ing the spatial accuracy of the GWLF model, future

climate changes were estimated in overall watershed scale.

As a cultivated and woodland-dominated watershed with a

small proportion of the urban area, there would be an

assumption of stationarity for watershed climate status,

and the weather generator model of the Long Ashton

Research Station Weather Generator (LARS-WG) was eligi-

ble for the statistical downscaling analysis (Salvi et al. ).

In addition, the spatial non-uniform and local instability

caused by urban heat island effect from an increased

urban area were ignored (Shastri et al. ), and various

synthetic sequences of daily weather variables generated

by the LARS-WG based on different GCM outputs were

used in GWLF for the hydrological response assessment.

All three models have been widely applied in their own

domains, and benefit from their coherences in scope, the

potential of multimodel linkages is concerned and tested

for a reliable assessment, to the status of future watershed

hydrological processes considering the synergistic effects

of climate change and urbanization.
METHODS

Study area and data source

This study was conducted in the Jing River watershed,

located in northwestern China. The Jing River extends

from the eastern side of Liupan Mountain and drains into
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the Wei River, which is the largest tributary of the Yellow

River. The portion of the Jing River watershed located

above the Jing-Chuan Hydrologic Gauge Station was used

as the study area. The area of the study watershed is approxi-

mately 3,145 km2, with a mean daily temperature of 9.03 �C

and a mean annual precipitation of 503.31 mm. It is a multi-

ple land-use watershed with upland forest and grass in

upstream areas and considerable cultivated land in down-

stream areas along the river. Ping-Liang City is located in

the study watershed. It is surrounded by a number of small

villages and experiences critical pressure from water

resource shortages. The area of Ping-Liang City increased
Figure 1 | Geographic location and watershed spatial attributes of the study area.

Table 1 | Summary of the original input data source used in this subject

Name Source

Digital elevation
model

Geospatial Data Cloud site, Computer Network In
Chinese Academy of Sciences (http://www.gsclo

Land-use cover
maps

The dataset is provided by Data Center for Resourc
Sciences, Chinese Academy of Sciences (RESDC

Weather data Climatic Data Center, National Meteorological Info
Meteorological Administration (http://data.cma.c

Hydrological
records

National Earth System Science Data Sharing Infras
Science & Technology Infrastructure of China (h
and ‘Annual Hydrological Report PR China’

://iwa.silverchair.com/jwcc/article-pdf/12/4/1023/896380/jwc0121023.pdf
by over 150%, with significant population growth in the

past few decades, indicating a significant demand for

response estimations and predictions of future water

resources to support local management. The main geogra-

phical and environmental attributes of the study watershed

are shown in Figure 1, and the sources of the original data

used in this study are summarized in Table 1.

Application of GWLF

The GWLF model was employed to model watershed hydro-

logical processes (Haith & Shoemaker ). It was used
Resolution Remark

formation Center,
ud.cn)

30 m * 30 m
raster

ASTER GDEM V2

es and Environmental
) (http://www.resdc.cn)

30 m * 30 m
raster

Periods of 2000, 2010
and 2015

rmation Center, China
n)

Daily From 1955 to 2014

tructure, National
ttp://www.geodata.cn)

Monthly
streamflow

1956–1963, 1971–
1990, and 2006–
2014

http://www.gscloud.cn
http://www.gscloud.cn
http://www.resdc.cn
http://www.resdc.cn
http://data.cma.cn
http://data.cma.cn
http://www.geodata.cn
http://www.geodata.cn
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here due to its moderate data requirement, which can be satis-

fied based on a basic public dataset in China for the study area.

The GWLF is considered to be a combined distributed and

lumped parameter watershed model with broad applications

(Jennings et al. ; Hong et al. ; Qi et al. ). For sur-

face runoff estimations, the GWLF is distributed in the sense

that it divides multiple homogenous land-use areas based on

the Soil Conservation Service Curve Number (SCS-CN)

method. For subsurface groundflow estimations, the model

acts as a lumped parameter model with a linear groundwater

reservoir to describe the shallow saturated subsurface zone

and calculate flow yields. A daily water balance approach is

operated to hold the daily hydrological process estimation,

and reliable monthly model results can be achieved by ignor-

ing the spatial routing of streamflow, with the assumption

that the travel times are significantly less than 1 month. A

new segment function approach for the saturated zone and

leakage transport approach for the unsaturated zone based

on a previous study were added to obtain better estimations

during low-flow periods (Sha et al. a).

The Regional Nutrient Management (ReNuMa) software

that uses the same hydrological model components as the

GWLF was used in this study due to its flexible operation

and powerful embedded calibration procedure – the General-

ized Likelihood Uncertainty Estimation (GLUE), which was

adopted for model calibration and uncertainty estimations

for the study area (Sha et al. , b; Hu et al. ). The

observed monthly streamflow records from 1971 to 1990

were used in the calibration process, while the records of

1956–1963 and 2006–2014 were reserved for verification.

The sensitive transport parameters determined by an

advanced sensitivity analysis were calibrated by a GLUE

Bayesian analysis. The prior distributions for each parameter

were set as the default ranges from the GWLF manual, and

100,000 groups of parameter sets were sampled followed by

the same number of model iterations to build a reliable likeli-

hood function distribution based on the contrast of modeled

and observed data for the calibration period. The Nash–Sut-

cliff coefficient (R2
NS ) was used to measure model accuracy,

and a value of 0.80 for R2
NS was set as the cutoff threshold

for posterior sampling to determine the parameters’ distribu-

tions as well as the uncertainty of the results. The calibrated

GWLF could then be used to estimate the responses of hydro-

logical processes to various changes in environmental factors.
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Application of the LCM

The LCM is a software extension for ArcGIS developed by

Clark Labs (Eastman et al. ). Being a powerful tool,

the LCM has been widely used for the assessment and pre-

diction of land cover change and its implications (Fuller

et al. ; Sangermano et al. ). The LCM first analyzes

the historical change between two land cover maps of

different time periods defined by the user. For each signif-

icant change from one land-use type to the other, several

dynamic or static environmental variable maps that poten-

tially drive or explain such change are incorporated to

create a transition potential map that expresses the likeli-

hood of land cover conversion in the future by using one

of three alternative methodologies: Logistic Regression,

a MultiLayer Perceptron (MLP) neural network, and the

similarity Weighted Instance-based Learning algorithm.

With the group of potential maps and the transition

probability matrix from an automatic internal Markov

Chain analysis or a user-defined external model file, the

prediction map of future land cover can be output based

on a multiobjective land competition model with a

single realization, together with an optional “soft” predic-

tion output that provides a comprehensive assessment of

the change potential for a habitat and biodiversity

assessment.

In this study, there were 13 land-use types that existed

in the study area, and the land-use maps in 2000 and 2010

were used as the earlier and later land cover images,

respectively. The change analysis was operated by the

LCM, and five significant transitions that were greater

than 1 km2 were of concern, including cultivated land to

shrubbery lands, middle coverage grassland, cities and

towns, and rural residential land, as well as other forest-

land to cities and towns. Six potential driving or

explanatory variable maps were employed, including eleva-

tion, slope, distance to road, distance to city, and distance

to village. These maps were evaluated for each transition

between two land-use types by using the MLP neural net-

work to select the best combination and create related

submodels and transition potential maps, based on which

future land cover maps could be predicted. The land-use

map of 2015 was used for validation, and the land-use

maps of 2050 and 2080 were modeled with a Markov
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Chain process to represent land cover conversion linked

to the GWLF model to estimate future hydrological

processes.

Application of the LARS-WG

The LARS-WG stochastic weather generator was used for

the downscaling analysis to obtain a future synthetic

weather time series (Semenov & Barrow ). It uses a

series of semi-empirical distributions to describe weather

factors, the parameters of which are calibrated and validated

with long-term observational weather data records. The

LARS-WG has a significant capability to reproduce the sta-

tionarity weather condition with the implicit assumption

that history would repeat itself and the statistical character-

istics based on historical weather records would be still

valid for the future. In addition, by updating the model para-

meters based on a logical hypothesis and/or model

prediction, the LARS-WG can generate a suite of synthetic

daily weather variables that represent future climate condi-

tions (Chen et al. ; Hassan et al. ).

In this study, 60 years of observed daily weather data

from 1955 to 2014 from the Kong-Tong weather station

were used for model calibration to determine the model

parameters, based on which 60 years of synthetic daily

weather data were generated for model validation, together

with the random seed number of 541 defined in the LARS-

WG model. The two groups of daily weather data were com-

pared to test the model validity. The Kolmogorov–Smirnov

(K–S) test was used to assess the consistency of seasonal

wet/dry series distributions, daily precipitation distributions,

daily minimum temperature distributions, and daily maxi-

mum temperature distributions. The t-test was used to

judge the consistency of the monthly mean of precipitation,

the monthly mean of the daily minimum temperature, and

the monthly mean of the daily maximum temperature. The

consistency of the monthly variances of precipitation was

tested by the F-test.

The three main projected emission scenarios of A1B,

A2, and B1, proposed by the Intergovernmental Panel on

Climate Change (IPCC)’s Special Report on Emissions Sce-

narios (SRES) storylines in the Fourth Assessment Report

(AR4), were considered with regard to two future periods

of 2046–2065 (2050s) and 2080–2099 (2080s). The A1B
://iwa.silverchair.com/jwcc/article-pdf/12/4/1023/896380/jwc0121023.pdf
scenario described a future world of very rapid economic

growth, where the global population peaks at mid-century

and declines thereafter, with the rapid introduction of new

and more efficient technologies that are balanced across

energy sources. The A2 scenario describes a very heteroge-

neous world of self-reliance and preservation of local

identities with a continuously increasing population, region-

ally oriented fragmented economic development, and a slow

technological change. The B1 scenario describes a conver-

gent world with the same global population as A1B but

with rapid changes in economic structures moving toward

a service and information economy based on clean and

resource-efficient technologies. New scenarios of Represen-

tative Concentration Pathways based on radiative forcing

levels had been released in IPCC AR5, but we still employed

the socio-economic SRES scenarios of A1B, A2, and B1 in

AR4 for this study area; SRES scenarios integrated the influ-

ence of population, land use, and technology on climate on

a large regional and/or global scale, and the influence of

changed climate status on the local hydrological process

could be further magnified for small watersheds with acute

land cover conversions. The AR4 scenarios had the capabil-

ity to represent the climate change influences on the

hydrological process from multiple human activities and

were widely applied for a response estimation in urbanizing

areas (Benini et al. ; Rouhani & Jafarzadeh ; Wang

& Kalin ).

To quantify the changes of climatic factors under

various AR4 scenarios, six general circulation models

(GCMs) were employed, including HADCM3, GFCM21,

INCM3, IPCM4, MPEH5, and NCCCSM. The outputs of

each GCM had already been embedded into the LARS-

WG in advance. An ensemble approach is adopted by

using mean values of multi-GCMs to avoid uncertainty

from using one single GCM, based on which the calibrated

LARS-WG parameters were updated to generate future

synthetic weather data series. Sixty years of synthetic

daily weather data were generated for each scenario in

one future period to represent the predicted climate condi-

tions in the study area, which could be further used as

input weather data for the GWLF to estimate the hydrolo-

gical response.

A flow chart was provided in Figure 2 to illustrate the

process of this study.



Figure 2 | The flow chart of the study.
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RESULTS AND DISCUSSION

Model outputs

Hydrological model

The time series of the observed and modeled monthly

streamflow during the research period are illustrated in

Figure 3. In the calibration period, both the R2
NS and the

coefficient of determination were 0.83. In the validation

period, the value of R2
NS was 0.76, and the coefficient of

determination was 0.77. The main calibrated model para-

meters are summarized in Table 2, and the posterior mean
Figure 3 | Time series of observed and modeled monthly streamflow during the research per
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values were used for further response estimations. The

model results showed excellent goodness of fit for outputs,

indicating that the calibrated GWLF model could provide

reliable model estimates of streamflow.
Land-use change model

The results of the MLP neural network in the LCM for each

land-use cover transition are listed in Table 3. All accuracy

rates were higher than 85%, and all the skill measures

were higher than 0.75, indicating that the selected variable

maps could drive and/or explain the land cover changes,
iod.



Table 2 | Calibrated results of GWLF hydrological transport parameters

Parameter items Subcategories

Bayesian posterior
distributions

Mean
Standard
deviation

Runoff curve
number

Cultivated land 48.69 8.74
Wood land 24.20 4.65

Shrubbery lands 28.26 5.61

Sparsely forested
woodland

27.82 5.24

Other forest land
including garden

36.78 6.99

High coverage
grassland

47.54 9.12

Middle coverage
grassland

54.91 9.90

Low coverage grassland 66.05 12.75

Reservoir and pond 100.00 1.84

Bottomland 99.16 1.82

Cities and towns 99.23 1.10

Rural residential land 91.49 13.91

Other developed land 99.79 19.78

Evapotranspiration
cover factor

Jan 0.51 0.09
Feb 0.50 0.10

Mar 0.49 0.09

Apr 0.62 0.11

May 0.59 0.11

June 0.54 0.09

July 0.52 0.08

Aug 0.58 0.10

Sep 0.63 0.11

Oct 0.50 0.10

Nov 0.50 0.10

Dec 0.50 0.10

Groundwater flow Recession coefficient 0.0122 0.0019
Seepage coefficient 0.0305 0.0049

Slow recession
coefficient

0.0130 0.0022

Slow seepage
coefficient

0.0004 0.0001

Groundwater limit for
recession

0.6730 0.1284

Groundwater limit for
seepage

0.7053 0.1208

Unsaturated zone
leakage coefficient

0.2503 0.0329

Table 3 | Results of the MLP neural network in the land change modeler

Land-use transitions Variables*

Hidden
layer
neurons

Accuracy
rate (%)

Skill
measure

Cultivated land to cities
and towns

1, 4, 6 2 98.65 0.9730

Cultivated land to rural
residential land

2, 3, 4 3 90.89 0.8178

Cultivated land to
shrubbery lands

2, 3, 6 4 91.32 0.8263

Cultivated land to middle
coverage grassland

1, 2, 3, 4, 5, 6 5 86.26 0.7251

Other forest land
including garden to
cities and towns

2, 4, 6 2 88.03 0.7606

*This item indicated the variables selected and used for driving or explaining the land-use

transition, which were numbered for short in the table:

1: Digital elevation model map.

2: Slope map.

3: Distance to rural residential land, which is dynamic to be updated during calculation.

4: Distance to cities and towns, which is dynamic to be updated during calculation.

5: Distance to river, which is dynamic to be updated during calculation.

6: Distance to road.
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and the transition potential maps were qualified for future

land-use cover predictions.

Concerning the model validation results, all the rela-

tive errors between the modeled and real changes from

2010 to 2015 for each land-use type were lower than

20%, and with such transition features in the 2000s, there

would be significant increases of cities and towns as well

as rural residential land in 2050 and 2080 (Table 4). In
Table 4 | Results of the land change modeler

Land-use type

Relative error
in validation
(%)*

Area in
2010 (km2)

Area in
2050 (km2)

Area in
2080 (km2)

Cultivated land 1.83 1,233.01 982.42 793.84

Shrubbery lands 3.76 163.89 181.14 193.19

Other forest land
including garden

15.98 11.10 6.31 4.55

Middle coverage
grassland

1.25 942.36 1,077.97 1,172.18

Cities and towns 6.53 15.20 73.84 128.35

Rural residential
land

1.62 107.28 151.16 180.74

*The relative error indicated the changes of area for each land-use type from 2010 to 2015

between modeled and real maps.
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comparison to the baseline level of 2010, the area of cities

and towns would increase by 3.9 times in 2050, and almost

73% was converted from cultivated land. The area of cities

and towns would increase by 7.4 times in 2080, more than

83% from cultivated land. The rates of increase in rural

residential land were 41 and 68%, respectively, in 2050

and 2050, which were also mainly changed from cultivated

land. The area of cultivated land would keep decreasing,

while the scrubland and grassland would increase in accor-

dance with the “returning farmland to forest or grassland”

policy of the Chinese government. The results of the

LCM showed that the whole studied watershed had an

obvious urbanizing trend in the future (Figure 4). Other

detailed model results can be found in the Supplementary

Material.
Figure 4 | Contrasts of the spatial distribution of land cover in 2000, 2010, 2050, and 2080.
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Climate change model

The simulated and observed mean monthly precipitation

and standard deviation, as well as the monthly mean of

the daily maximum and minimum temperature, are shown

in Figure 5. The results showed that the errors in precipita-

tion simulations mainly occurred in the summer months

with high precipitation, and the simulations of temperature

matched well in all months. In another view, the results of

the statistical tests between the observed and modeled

daily weather data showed that there were only small

ratios of significantly different results at the 5% significance

level out of the total number of tests. Only monthly var-

iances of precipitation and the monthly mean of the daily

minimum temperature had several significantly different



Figure 5 | Comparisons of the observed precipitation and temperatures to the simulated values from LARS-WG.
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results with low percentages, in accordance with the graphic

comparisons. The model performance can be classified as

excellent compared with other similar model applications

(Abubakari et al. ; Khorshidi et al. ), indicating

that the assumption of stationarity for watershed weather

is true and the calibrated and validated LARS-WG model

has credible ability to generate synthetic future weather

data under various climate scenarios.

The impacts of an increased urban area on watershed cli-

mate changes were ignored in this study. Urban growth can

result in local instability with more extreme weather status

due to the urban heat island effect and lead to non-uniform

climate changes in the watershed. However, the urban area

accounts for only a small part of the watershed area, just

0.6% for current and 5.2% for the most extreme urbanization

scenario based on the LCM model results (Table 4). In addi-

tion, the nonstationary changes in the urban region may also

affect the surrounding watershed area, and these nonunifor-

mities in space could be ignored when we focus on the

overall watershed level for hydrological response estimations.

Thus, only global climate change scenarios were used to esti-

mate watershed temperature and precipitation changes

considering various storylines for human society including
://iwa.silverchair.com/jwcc/article-pdf/12/4/1023/896380/jwc0121023.pdf
large-scale land-use changes, which is suitable to estimate

watershed climate changes for GWLF application. The

mean values of six GCM outputs that represented the

future change intensity of the main climatic factors on a

monthly scale were calculated and used to update the para-

meter set of the LARS-WG model (Table 5). For each

scenario and future period, 60 years of synthetic daily

weather data were generated, which were further used as

input weather data of the GWLF for the estimation of

future hydrological processes, the results of which are dis-

cussed in the section “Conclusion”. More detailed

descriptions about the application and model parameters of

the LARS-WG are provided in the Supplementary Material.

Hydrological responses

Hydrological process in future climate changes

The changes in watershed hydrological processes under

future climate conditions were estimated. Seven synthetic

series of 60 years of daily weather data that indicated the

current and future status were input into the GWLF, while

the land-use cover from 2010 was constantly used for all



Table 5 | Changes of climatic factors in different future periods under different socio-economic scenarios based on the ensemble of six GCMs’ outputs

Periods
Items

Relative changes in monthly mean
rainfall

Absolute changes in monthly
mean minimum temperature

Absolute changes in monthly
mean maximum temperature

Scenarios A1B A2 B1 A1B A2 B1 A1B A2 B1

2050s Jan 1.19 1.18 1.93 2.75 2.57 1.70 2.56 2.40 0.97

Feb 1.18 1.18 1.73 2.69 2.46 1.51 2.43 2.26 0.98

Mar 1.15 1.17 1.70 2.58 2.36 1.49 2.28 2.10 0.98

Apr 1.13 1.13 1.72 2.60 2.36 1.50 2.30 2.10 0.98

May 1.09 1.05 1.64 2.62 2.34 1.52 2.46 2.23 1.00

June 1.04 0.98 1.72 2.63 2.31 1.74 2.61 2.36 1.03

July 1.00 0.95 1.89 2.63 2.35 2.03 2.74 2.51 1.05

Aug 1.00 0.98 1.86 2.55 2.34 2.10 2.80 2.56 1.03

Sep 1.07 1.08 1.77 2.46 2.24 1.97 2.70 2.36 0.99

Oct 1.09 1.09 1.84 2.49 2.28 1.88 2.56 2.24 0.97

Nov 1.10 1.10 1.89 2.61 2.46 1.80 2.56 2.35 0.97

Dec 1.17 1.15 1.94 2.69 2.59 1.79 2.59 2.45 0.97

2080s Jan 1.31 1.30 2.71 4.09 4.72 2.64 3.94 4.36 0.97

Feb 1.30 1.24 2.70 3.90 4.70 2.57 3.66 4.30 0.98

Mar 1.25 1.23 2.70 3.73 4.55 2.48 3.39 4.16 0.99

Apr 1.19 1.19 2.58 3.74 4.43 2.31 3.43 4.10 1.00

May 1.13 1.13 2.39 3.64 4.30 2.25 3.53 4.16 1.00

June 1.07 1.09 2.36 3.59 4.20 2.40 3.69 4.29 1.02

July 1.01 1.04 2.56 3.65 4.33 2.69 3.85 4.56 1.04

Aug 1.04 1.02 2.66 3.68 4.47 2.87 3.93 4.75 1.04

Sep 1.11 1.09 2.52 3.69 4.30 2.74 3.90 4.54 1.01

Oct 1.10 1.15 2.44 3.69 4.15 2.56 3.74 4.29 0.99

Nov 1.13 1.24 2.52 3.76 4.29 2.52 3.68 4.29 0.98

Dec 1.24 1.34 2.64 3.95 4.55 2.60 3.85 4.35 0.97
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scenarios as the base level. The main model outputs con-

cerning the hydrological factors of streamflow, runoff,

groundwater flow, and evapotranspiration, together with

precipitation and air temperature, are compared in Figure 6.

The results showed that there will be a general increas-

ing trend for annual streamflow in the future. For the A2

scenarios, a continual slight increase occurred, and for the

A1B scenario, there would be a rapid increase in the

2050s but a significant decrease in the 2080s that approach

the baseline level. The change for the B1 scenario was gen-

erally steady in the 2050s and significantly increased in the

2080s, with the expected mean value of annual streamflow

approximately 10.7% higher than the baseline level. The

change in the behavior of groundwater flow was similar to
om http://iwa.silverchair.com/jwcc/article-pdf/12/4/1023/896380/jwc0121023.pdf

4

that of streamflow, but the behavior of the runoff repre-

sented a continual increase for all three climate scenarios.

Because of the increase in air temperature in the future, eva-

potranspiration also showed a large increase, the intensities

of which corresponded to the changes in temperature for dif-

ferent climate scenarios in different periods. There would

also be more precipitation in the future that could offset

the additional loss of water from evapotranspiration and

finally result in an increasing water flux for the study

watershed.

In addition, the streamflow values in extreme high flow

years were concerned with the mean values of the top 5%

highest annual streamflow for each scenario and the base-

line level. The change in the behavior of high annual



Figure 6 | The responses of hydrological processes to future climate changes on an annual scale. The upper and lower borders of the box represent the 25th and 75th percentiles,

respectively; the line and cross in the box interior represented the median and mean values, and the “whiskers” were the minimum and maximum values.
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streamflow was similar to that of the mean value but had a

greater increase in intensity. The mean rate of increase of

the extreme annual streamflow for B1 scenarios in the

2080s would be 12.1%, higher than the 10.7% from mean

value-based statistics. In addition, the increase of extreme

annual streamflow for A1B scenarios in the 2050s would

be more than 15%. These results implied a greater flood

risk under future climate conditions, which should be of

great concern for local water resource management. The
://iwa.silverchair.com/jwcc/article-pdf/12/4/1023/896380/jwc0121023.pdf
increasing trends of streamflow were different with other

cases (Benini et al. ; Farjad et al. ; Rouholahnejad

Freund et al. ), particularly for the significant increase

in A1B scenarios in the 2050s, implying a significant interac-

tion between global economic and population growth and

urbanizing watershed streamflow.

In addition, the changes in climate conditions would

also convert the initial monthly apportionment of critical

hydrological factors (Figure 7). As a result of the rise in air



Figure 7 | The changes in the monthly hydrological factors in future climate conditions.
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temperature, the evapotranspiration increased in all months,

among which the winter months had a higher rate of

increase, but most evapotranspiration still occurred in the

hot months, consistent with the temperature. Most months

in the future will have more precipitation. The future

monthly runoff would generally increase, except in February

and October, and the monthly groundwater flow would

increase in the winter but probably decrease in the

summer and autumn, particularly for the A2 scenario. The

streamflow was commonly determined by precipitation, eva-

potranspiration, runoff, and groundwater flow processes,
om http://iwa.silverchair.com/jwcc/article-pdf/12/4/1023/896380/jwc0121023.pdf

4

and the increases in future streamflow would be mainly

focused in the spring and summer months, with several

decreases in the autumn months for the A2 scenario. The

change of monthly streamflow in the study area was differ-

ent from that of another urbanizing watershed, where

there were greater streamflow values in the fall and winter

months but no clear change in the summer (Wang &

Kalin ). This implied that the increase of precipitation

in the study area in the summer would be considerable

and could counteract the decrease of evapotranspiration

from future hotter weather. In addition, the higher
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temperature would significantly impact the forms of precipi-

tation in the winter and shorten the freeze period, which

could disturb the original snow storage and thaw behaviors

and lead to obvious changes in hydrological processes, par-

ticularly for higher intensity evapotranspiration in the

winter in future climate conditions.

Hydrological process in future land-use conversions

The changes of watershed hydrological processes under

future land-use cover conditions were estimated. Predicted

areas for each land-use type in the 2050s and 2080s were

imported into the GWLF to model future hydrological pro-

cesses. The observed land-use cover of 2010 and 60 years

of synthetic daily weather data indicating the current cli-

mate status were used to represent the base level. Four

main hydrological factors, including streamflow, runoff,

groundwater flow, and evapotranspiration, were compared

on both annual and monthly scales, the results of which

are shown in Figure 8.

The results showed that for future changed land-use

situations, there will be an increasing trend for streamflow

and runoff but a decreasing trend for groundwater flow,

which is generally consistent with other study results in

the urbanizing watershed (Sunde et al. ; Suttles et al.

; Wang & Kalin ). The mean annual streamflow

will increase by 12.7 and 24.3% in the 2050 and 2080s,

respectively, and the increased streamflow was mainly

focused in the hot months. The changes in the monthly

streamflow in the winter would be slight and even show con-

tinual decreasing trends in November and December. Most

new urbanized land-use cover was transformed from culti-

vated land, which would lead to a more impervious

surface in the study area. The positive impacts from pre-

dicted land-use conversions to watershed runoff were

significant. All the monthly runoff amounts would increase

in the future, and the mean annual runoff would increase

by 91.4 and 137.9% in the 2050 and 2080s, respectively,

compared with the current level. For more insight into the

source apportionment, a significant proportion of runoff

came from urban land-use areas, such as cities and towns,

rural residential land, and other developed land, which

had obvious increasing trends for an urbanizing watershed.

With impermeable surfaces, most precipitation becomes
://iwa.silverchair.com/jwcc/article-pdf/12/4/1023/896380/jwc0121023.pdf
runoff transported through the municipal drain network

and/or surface flow into the river. The percentage of

runoff from the urban land-use area was 46.3% in the base-

line period and then increased to 71.9 and 80.4% in the 2050

and 2080s, respectively, indicating a significant increasing

trend of runoff with watershed urbanization. However, the

response of the yield in the watershed groundwater flow to

urbanized land-use conversion was negative. All monthly

groundwater flows will decrease in the future with greater

intensity in the autumn, and the mean annual groundwater

flow will decrease by 4.5 and 8.4% in the 2050 and 2080s,

respectively. These situations might result from the decrease

of infiltration due to the increasing runoff with more

impermeable surfaces in the future urbanized watershed.

The changes in evapotranspiration with future land-use

were slight, with several decreases in hot months due to

the reduction of potential evapotranspiration, since the

water had been transported through runoff with a quicker

pathway on impermeable surfaces. To sum up, the changes

of land-use cover in an urbanizing watershed would signifi-

cantly disturb the original hydrological processes through

more impermeable surfaces that caused the increase in

runoff as well as streamflow, indicating that initiative inte-

grated projects were greatly needed for urban development

with more water conservation capacity, such as a sponge

city (Mei et al. ).

Integrated hydrological change assessments

The integrated responses of watershed hydrological pro-

cesses in future climate and urbanized land-use conditions

were estimated. Groups of synthetic daily weather series

and predicted areas of each land-use type in the future

were used as the model input for the GWLF for the scenario

analyses. The changes in streamflow, runoff, groundwater

flow, and evapotranspiration were estimated and discussed

for the combined effects of climate change and land-use con-

versions on the hydrological process (Figure 9). The results

showed that there would be more streamflow in the future.

The annual streamflow yield would keep increasing, and

the streamflow in most months had positive changes com-

pared with the baseline values. The increases in runoff

under changed future conditions were significant on both

annual and monthly scales, but the changes in the annual



Figure 8 | The responses of main hydrological factors under future land-use cover conversions.
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Figure 9 | The responses of the main hydrological factors under the combined effects of climate change and urbanization.
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groundwater flow were opposite, in which the increase

mainly existed in the spring and the decrease occurred in

summer and autumn. The evapotranspiration would
://iwa.silverchair.com/jwcc/article-pdf/12/4/1023/896380/jwc0121023.pdf
increase, with a high percentage in January due to the

small amount of evapotranspiration in the current status.

The changes of evapotranspiration were similar to the



Figure 10 | Comparisons of changes in the mean annual streamflow in the two individual scenarios and the combined scenario of climate change and urbanized land-use conversions.
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changes caused only by climate change due to the slight

effects on the evapotranspiration from land-use conversions.

The changes in the main hydrological factors of the

watershed in the combined scenario situation were further

compared with the results from the two individual scenarios

of climate change and urbanized land-use conversions

(Figure 10). There were pronounced synergistic effects on

streamflow from combined land-use and climate changes

in many other studies (Molina-Navarro et al. ; Mar-

haento et al. ), and such a trend could also be found
om http://iwa.silverchair.com/jwcc/article-pdf/12/4/1023/896380/jwc0121023.pdf

4

in this urbanized watershed. An ensemble approach was

adopted with mean values of the three results based on

the projected emission scenarios of A1B, A2, and B1 in

one future period for a clearer expression. In the 2050s,

the mean annual streamflow would increase by 4.8%

under the ensemble climate change scenario and by 12.7%

under the urbanized land-use change scenario, while the

increase would be 19.2% under the combined scenario. In

the 2080s, the combined scenario would lead to an increase

in the streamflow of 34.1%, which would be 5.0 and 24.3%
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for the two individual scenarios of climate change and urba-

nization, respectively. Urbanization represents a greater

share of the influence on the increase in streamflow, and cli-

mate change would play a more important role in

groundwater. Similarly, urbanization played a leading role

in the increase of runoff, and there would be more runoff

yield with the combined changes in climate and land-use

cover. The urbanization would lead to decreases in ground-

water, but climate change would increase the groundwater

yield. The combined effect of the two individual scenarios

would cause a decrease in the groundwater. For evapotran-

spiration estimations, the changes in climate played a

dominant role that would significantly increase the annual

evapotranspiration as the result of a hotter and wetter sce-

nario in the future. The urbanization would slightly

decrease the evapotranspiration yield, but this reduction

would be advanced under the combined scenario together

with climate change. To sum up, there was an interaction

between climate change and urbanized land-use conversion

that could lead to synergistic effects on the increase in

streamflow from the combined scenario that was greater

than the sum of the two individual scenarios. These findings

would be useful for local managers as supporting informa-

tion to mitigate future water resource pressure associated

with land-use and climate changes in the study area.
CONCLUSIONS

This work modeled the changes of hydrological processes

under projected future climate scenarios in an urbanizing

watershed. Both the combined and individual effects of cli-

mate change and urbanized land-use conversions on the

main hydrological factors were quantitatively estimated

through an integrated multimodel linkage approach. The

results showed that changes in weather and landscape con-

ditions would significantly disturb the original water cycle of

the watershed, and the proposed approach of the combined

application of three models represented reliable accuracy

and robust capability for hydrological response estimations.

For individual estimations of the impact of climate

change, there would be more streamflow for all the pro-

jected emission scenarios of A1B, A2, and B1 in the

future. With more precipitation and higher temperatures,
://iwa.silverchair.com/jwcc/article-pdf/12/4/1023/896380/jwc0121023.pdf
the evapotranspiration would greatly increase, and both

the groundwater flow and runoff would generally represent

increasing trends. The increases in future streamflow

would mainly be focused in the spring and summer

months. Most monthly runoff amounts would increase,

while the groundwater flow would increase in the spring

months but probably decrease in the summer and autumn

as the result of heavy evapotranspiration from hot weather

conditions that could not be offset by the limited increase

in precipitation. In addition, with a shorter freeze period

from the temperature increase, there would be a smaller

but earlier snowmelt, resulting in an increase in streamflow

in January and February.

In another view, the individual impacts from future

urbanized land-use conversions would clearly yield more

streamflow, mainly focused on hot months. The runoff

yield would be greatly increased as the result of more

impermeable surfaces from new urban land-use areas that

benefit the runoff form and transfer. The groundwater flow

yield would be decreased due to less infiltration. Briefly,

an urbanized watershed with more impermeable surfaces

would lead to an increase of streamflow through the

runoff process.

There would be a synergistic mechanism from the com-

bined impacts of climate change and urbanization to

increase the watershed streamflow yield. An additive effect

exists such that the changes in the watershed streamflow

from the combined effects would be greater than the sum

of each individual effect. Under the integrated future scenar-

ios, most monthly streamflows would increase. The

increases in runoff were significant on both annual and

monthly scales, but the increase in groundwater flow was

mainly focused in the spring months, with several decreases

in hot months. The changes in watershed hydrological pro-

cesses would be critical for local management, such as

flood risk control, water resource allocation and agriculture,

and relevant sustainable policies, such as greenhouse gas

emission reductions and Sponge City constructions, should

be encouraged. The quantitative estimations of hydrological

processes to various possible scenarios would be valuable

for future watershed projects, and the multimodel linkage

approach proposed in this paper could be used as a tool to

realize interested scenario analysis for decision-making sup-

port in similar watersheds with modest data requirements.
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