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Abstract This study quantified the hydrological respon-

ses to land-use change scenarios in the upper and middle

Heihe River basin (HRB), northwest China, under constant

and changed climatic conditions by combining a land-

use/cover change model (dynamic conversion of land use

and its effects, Dyna-CLUE) and a hydrological model

(soil and water assessment tool, SWAT). Five land-use

change scenarios, i.e., historical trend (HT), ecological

protection (EP), strict ecological protection (SEP), eco-

nomic development (ED), and rapid economic develop-

ment (RED) scenarios, were established. Under constant

climatic condition, hydrological variations are only

induced by land-use changes in different scenarios. The

changes in mean streamflow at the outlets of the upper and

the middle HRB are not pronounced, although the different

scenarios produce different outcomes. However, more

pronounced changes are observed on a subbasin level. The

frequency of extreme flood is projected to decrease under

the SEP scenario, while under the other scenarios, no

changes can be found. Two emission scenarios (A1B and

B1) of three general circulation models (HadCM3,

CGCM3, and CCSM3) were employed to generate future

possible climatic conditions. Under changed climatic con-

dition, hydrological variations are induced by the combi-

nation of land-use and climatic changes. The results

indicate that the impacts of land-use changes become

secondary when the changed climatic conditions have been

considered. The frequencies of extreme flood and drought

are projected to decrease and increase, respectively, under

all climate scenarios. Although some agreements can be

reached, pronounced difference of hydrological responses

can be observed for different climate scenarios of different

GCMs.
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Introduction

Since the 1990s, many international organizations, including

the World Climate Research Programme (WCRP), Interna-

tional Hydrological Programme (IHP), GlobalWater System

Project (GWSP), and International Geosphere andBiosphere

Programme (IGBP), have implemented a series of water-

related projects. Their objectives are to investigate the

impacts of environmental changes on hydrologic cycles and

related resources at the global, regional, and catchment

scales (Xia and Tan 2002; Li et al. 2013). The investigation

of the hydrologic responses to environmental changes has

become a hotspot topic, especially within the water science

community (Xia and Tan 2002).

Land-use changes, which represent a type of active envi-

ronmental factor, have significant impacts on hydrological

processes, such as evapotranspiration (ET), soil infiltration,

and precipitation interception (Hurkmans et al. 2009; Im et al.
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2009). Unlike physical catchment characteristics, such as

topography and soil properties, the land-use changes aremore

likely to result in short-term hydrologic variations (Elfert and

Bormann 2010). Thus, numerous recent studies have inves-

tigated hydrological responses to land-use changes. Wije-

sekara et al. (2012) explored the hydrological responses to

future Land Use and Land Cover Changes (LUCCs) in the

Elbow River watershed of Canada, while Baker and Miller

(2013) examined the hydrological responses to historical

LUCCs in the River Njoro watershed of Kenya. Nie et al.

(2011) and Zhou et al. (2013) found that surface runoff is very

sensitive to urbanization and that land-use changes have sig-

nificant effects on hydrological processes. The results of those

studies can be used to improve the predictability of hydro-

logical responses to land-use changes, which can be useful for

decision making. However, many of these studies have

assumed that the local climate remained constant in the sim-

ulation period. In fact, climate change is another active factor

that can even have larger effects on hydrological processes

than those induced by land-use change (Kim et al. 2013; Khoi

and Suetsugi 2014). Recently, many studies have assessed the

impacts of climate change on hydrological variations, e.g.,

Ficklin et al. (2013), Perazzoli et al. (2013), Xu et al. (2013b),

and Ashraf Vaghefi et al. (2014). These studies found that

climate change can impact the hydrologic cycle substantially.

For example, Ashraf Vaghefi et al. (2014) studied the effects

of climate change on water source in the Karkheh River basin

of Iran, in which the freshwater availability was projected to

change significantly due to climate change. Xu et al. (2013b)

reported that a decreased trend of runoffwould be found in the

upper reaches of theQiantangRiver basin as a result of climate

change. Similar results were found in theMono Lake (Ficklin

et al. 2013) andConcórdiaRiver basins (Perazzoli et al. 2013).

The effects of land use and climate change are theoretically

interlinked and cannot be completely separated (Mango et al.

2011; Tong et al. 2012). Land-use change in conjunction with

climate change will undoubtedly complicate the hydrological

responses solely caused by land-use change. Therefore, it is

necessary to investigate the hydrological responses to land-

use changes under changed climatic conditions.

Hydrological models, especially physically based spa-

tially distributed hydrological models, have been fre-

quently applied to quantify the hydrological responses to

land-use changes. Among them, the Soil and Water

Assessment Tool (SWAT) is notable because of user-

friendly interface, minimum input data, and its capacity to

provide continuous, long-term simulations. The SWAT

model has been widely used in different catchments across

the world and at different scales (e.g., Nejadhashemi et al.

(2011), Du et al. (2013), Shi et al. (2013), and Wang et al.

(2014). Those studies proved that the SWAT model can be

used as an effective tool to examine hydrological responses

to land-use changes.

Recently, a handful of studies have emphasized the

advantages of an integrated approach in accurately evaluat-

ing the effects of land-use changes on hydrological pro-

cesses. Chu et al. (2010) investigated the effects of dynamic

land-use changes on streamflow, groundwater, and soil

moisture in the Rhine basin by combining the distributed

hydrology-soil vegetation (DHSVM) model and the con-

version of land use and its effects (CLUE-s) model. Wije-

sekara et al. (2012) coupled the physically basedMIKESHE/

MIKE-11 hydrological model with the land-use cellular

automata (CA) model to investigate the effects of land-use

changes on hydrological processes in the Elbow River

watershed. Zhou et al. (2013) examined hydrological

responses to urbanization in the Yangtze River Delta region

by coupling the CLUE-s model with the SWATmodel. Such

combination of land-use change model and hydrological

model not only facilitates the investigation of land-use

change impact on hydrological processes, but also enables

the exploration of various hydrological variation trajecto-

ries; the latter could benefit authorities and stakeholders in

making science based policies and decisions.

As the second largest inland river basin in the arid region

of northwestern China, theHeihe River basin (HRB) sustains

millions of people. Recently, drastic LUCCs have occurred

in the upper and middle HRB (Fig. 1), especially in the

middle HRB, which is the most developed area in HRB.

These changes have been driven by increasing population,

urbanization, economic development, and industrialization.

As a result, this area has faced severe long-term problems

related to water resources, such as water shortages and

irrational utilization, which constrain the sustainable devel-

opment of local economy and society, and hinder the effec-

tive implementation of ecological protection (Li et al. 2009;

Nian et al. 2014). Understanding and modeling hydrological

responses to various land-use change scenarios are very

important for optimizing the planning, policy-making, and

management of land use andwater resources. However, very

limited studies have been conducted to explore the effects of

land-use changes on hydrological responses in the HRB.

Wang et al. (2005) and Zhou et al. (2013) studied the middle

HRB, analyzing the effects of land-use changes on the

groundwater. Wang et al. (2007) investigated the effects of

land-use changes on runoff processes in HRB. However,

neither of these studies investigated the effects of land-use

changes on a model basis or the effects of various land-use

change scenarios. The existing studies which have explored

the hydrological responses to climate change in HRB are

based on long-term historical data using statistical methods

(Zhang et al. 2007;Wang and Zhang 2010). No hydrological

model such as SWAT was employed to assess climatic

impacts. Moreover, few studies have investigated the com-

bined impacts of land use and climate change on hydrologic

circle.

Environmental Management (2016) 57:412–431 413

123



Taking the upper and middle HRB as the study area, the

overall objective of this study is to investigate the hydro-

logical responses to land-use change scenarios under both

constant and changed climatic conditions. Specifically, we

seek to (1) simulate land-use patterns from 2010 to 2039

under five different scenarios, i.e., historical trend (HT),

ecological protection (EP), strict ecological protection

(SET), economic development (ED) and rapid economic

development (RED) scenarios; (2) identify hydrological

contributions of each single land-use class; and (3) quantify

hydrological responses to different land-use change sce-

narios under constant climatic conditions; and (4) examine

hydrological responses to land-use changes under changed

climatic conditions, represented by two climate scenarios

(A1B and B1) of three general circulation models

(HadCM3, CGCM3, and CCSM3). The results of this study

will provide quantitative information for authorities and

stakeholders in planning and managing land and water

resources in HRB and also can be used as a reference for

similar inland river basins in arid regions worldwide suf-

fered common water stress problems.

Study Area

The Heihe River basin (HRB), bounded by longitudes 98�
and 101�300E and latitudes 38� and 42�N, covers an area of

approximately 128,000 sq. km. The river flows from south

Fig. 1 Location of the study area and the distribution of hydro-meteorological stations (Color figure online)
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to north across three provinces in China, i.e., Qinghai,

Gansu and Inner Mongolia. The basin comprises three

parts, namely the upper, middle and lower HRB, with

gages at Yingluo Gorge and Zhengyi Gorge stations. The

upper and middle HRB, extending from Qilian Mountains,

the source of the Heihe River, to the Zhengyi Gorge, the

outlet of the middle reach, are selected as the study area

(Fig. 1).

As a primary contributing area of runoff, the upper HRB

with an outlet at the Yingluo Gorge, covers an area of

approximately 9760 sq. km, and has typical mountainously

geographic, climatic and ecological features. The eleva-

tions range 2000–5500 m; the main vegetation types

include alpine forest and grassland; the mean annual pre-

cipitation is 250–500 mm (Li et al. 2001); and the mean

annual evaporation is approximately 700 mm (Wang and

Zhang 2010). The middle HRB refers to the area of

approximately 25,684 sq. km between the Yingluo Gorge

and Zhengyi Gorge. As a primary area of water con-

sumption, this region has been well developed, with mil-

lions of people living in oases (Zhang et al. 2015). The

elevations range 1000–2000 m; the main vegetation type is

artificially planted vegetation; the mean annual precipita-

tion decreases from 250 to 50 mm from south to north

(Zang and Liu 2013); and the annual potential evaporation

changes northward from 2000 to 4000 mm (Wang and

Zhang 2010). With a large area of irrigated land, the oases

in the middle HRB are becoming a highly developed

agricultural district with a long agriculture history dating

back nearly 2000 years (Wang et al. 2014). This area is

well known as an important grain-producing region in

northwestern China. To effectively utilize and manage

available, yet limited, water resources, an intensive and

advanced artificial canal system for irrigation has been

constructed. Six primary land-use types, i.e., cultivated

land, forest, grassland, water body, developed land, and

unused land, exist in the study area. They were mapped on

basis of visual interpretation and expertise from Landsat

MSS, TM, and ETM ? satellite images (Wang et al.

2011). Grassland and unused land occupy 72.44 % of the

total land area (Table 1), followed by forest, which

accounts for 13.18 %. Cultivated land, water body, and

developed land constitute the remaining 14.38 %.

Materials and Methods

Overview

The implementation of the selected land-use change model,

dynamic conversion of land use and its effects (Dyna-

CLUE), is presented, followed by a detailed description of

the scenarios settings. The physically based spatial

distributed hydrological model, SWAT, is then described

with respect to its configuration, inputs, and the method-

ology of calibration and validation. The method to project

future climatic conditions in the study area is then pre-

sented. This section ends with the hydrological assessment

of each single land-use class and the coupling of LUCC

and hydrological models in order to quantify hydrological

responses to land-use changes under both constant and

changed climatic conditions.

Modeling Land-Use Changes under Different

Scenarios

LUCC Model

The LUCC model, Dynamic Conversion of Land Use and

its Effects (Verburg et al. 2002; Verburg and Overmars

2009), was selected to simulate dynamic land-use changes

under different scenarios. Specifically, trend extrapolation

was used to calculate the demands of each land-use type for

each year during the simulation period (Verburg et al.

2006). Then, the Dyna-CLUE model was used to transform

the demands into each location of the study area according

to the conversion rules and the total probability of each

land-use type.

The conversion rules include spatial restrictions and a

conversion matrix. The spatial restrictions define areas that

are not permitted to be converted, whereas the conversion

matrix describes the convertibility between land-use types.

In this study, we defined forest and grassland areas with

slopes exceeding 25 % as restricted areas in compliance

with the China’s laws. In addition, we restricted the con-

vertibility from developed land to any other land-use types

and from any other type to water body.

The total probability of each land-use type is a sum of the

spatial suitability, neighborhood suitability, conversion

elasticity, and competitiveness. In this study, the spatial

suitability for a specific land-use type was estimated using a

stepwise logistic regression (Eq. 1) based on the relationship

between the land-use pattern in 1986 and a set of driving

factors (Serneels and Lambin 2001; Gobin et al. 2002).

Log
Pi

1� Pi

� �
¼ b0 þ b1X1;i þ b2X2;i þ � � � þ bnXn;i ð1Þ

where Pi is the location suitability of a grid cell (i) for the

occurrence of the considered land-use type, X is the driving

factors, and b is the regression coefficient of each driving

factor. The selected driving factors include elevation,

slope, aspect, soil type, distance to the nearest road, dis-

tance to the nearest railway, distance to the nearest river,

distance to the nearest reservoir, distance to the nearest

residential area, GDP per land area, GDP per capita, and

population density.
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Similar to the spatial suitability, the neighborhood

suitability for a specific land-use type was also estimated

via a stepwise logistic regression based on the land-use

data and the selected enrichment factors (Verburg et al.

2004). The conversion elasticity is typically used to

describe the stability of a land-use type, i.e., it measures the

level of difficulty for converting one land-use type to

another. The conversion elasticity values were set to 0.8,

0.6, 0.6, 0.9, 1, and 0.4 for cultivated land, forest, grass-

land, water, developed land, and unused land, respectively,

by referring to the relevant literatures (Verburg et al. 2002;

Xu et al. 2013a) and the actual land-use changes observed

from 1986 to 2000 in the study area. The competitiveness

is an iteration variable that represents the competitive

advantage. In an iterative procedure, it would be assigned a

lower value if the allocated area is greater than area

demanded, and vice versa.

Before applying the Dyna-CLUE model to the study

area, the actual land-use maps for the entire HRB in 2000

and the Zhangye administrative area (Fig. 1), located in the

middle HRB, in 2000 and 2005 were used for model val-

idation. As the Zhangye area’s boundaries do not exactly

match the study area, only overlapped areas are compared.

The overall accuracy, Kappa coefficient and producer’s

accuracy were adopted for evaluation. Higher overall

accuracy and Kappa coefficient indicate higher similarity

between the actual map and the simulated map. Likewise,

larger producer’s accuracy indicates greater similarity

between the pair of classes tested. All of the land-use data

and driving factors discussed above were collected from

the Scientific Data Center in Cold and Arid Regions (http://

westdc.westgis.ac.cn/).

Scenario Settings

In this study, five different scenarios that represent a range

of tradeoffs between ecological protection and economic

development, were developed by referring to the relevant

literature and government planning (The Ministry of Water

Resources of the People’s Public of China 2000; Fang and

Bao 2004; Shanghai Urban Planning & Design Institute

and Zhangye Urban Construction Commission 2004; The

People’s Government of Zhangye 2012; Dai and Zhang

2013). The regional planning, namely Recent Management

Planning of HRB (The Ministry of Water Resources of the

People’s Public of China 2000), Urban Planning Outline of

Zhangye City for 2004 to 2020 (Shanghai Urban Planning

& Design Institute and Zhangye Urban Construction

Commission 2004) and Development Planning Outline of

Zhangye City toward a Well-being and Tourist City for

2012 to 2020 (The People’s Government of Zhangye

2012), provide reference bases for scenario setting. The

major characteristics of land-use demands in each scenario

are listed as follows:

(1) Historical Trend (HT) Scenario Future land-use

demands are assumed to follow the actual linear

trend from 1986 to 2000. The demands for cultivated

land, developed land, and unused land will increase,

and those for forest and grassland will decrease. This

scenario represents the conditions without interven-

tional policy being made for land-use changes in the

near future.

(2) Ecological Protection (EP) Scenario The annual

growth rate of the demands for cultivated land,

developed land, forest, and grassland areas are

assumed to be half of those under the HT scenario.

To some extent, this scenario is in line with the

supportive development patterns presently put forth

by the national and local government programs.

(3) Strict Ecological Protection (SEP) Scenario The

annual growth rate of the demands for cultivated

land, forest, and grassland areas are set to 0.12, 1.46

and 0.27 %, respectively, following the simulation

results of the coupled water–ecology–economy-

coordinated development model in the HRB by

Fang and Bao (2004). The demand for developed

land is assumed to be similar to that of the EP

scenario. This scenario is an extreme scenario that is

very beneficial for the ecological environment.

(4) Economic Development (ED) Scenario The demands

for grassland and forest areas are assumed to be

Table 1 Summary of land use in the study area in 2000

Land use type Description Area (ha) Percentage

Cultivated land Dry land and paddies 394,200 11.12

Forest Timber, shelter, and economic forest; sparse woodland and shrub 467,001 13.18

Grassland High ([50 %), medium (20–50 %) and low (5–20 %) grassland coverage 1,281,195 36.15

Water body River, lake, reservoir, permanent glacier, and snow 81,504 2.30

Developed land Land for residence, enterprise, mining, and transportation 33,984 0.96

Unused land Sandy land, desert, saline land, bare land, the Gobi, and other lands 1,286,406 36.29

416 Environmental Management (2016) 57:412–431
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weak, whereas those for both cultivated and devel-

oped lands are assumed to be strong. Specifically,

the growth rates are assumed to be double those

which are under the HT scenario. To some extent,

this scenario reflects a current development pattern

in local area, which pursued maximum economic

profits and ignored ecological protection.

(5) Rapid Economic Development (RED) Scenario The

demand for developed land is assumed to be drastic.

Specifically, developed land is assumed to grow at

an annual rate of 7 %, which is in accordance with

the study conducted by Dai and Zhang (2013).

Meanwhile, the demands for cultivated land, grass-

land, and forest areas are assumed to be the same as

those under the ED scenario. This scenario is an

extreme scenario that is very beneficial for economic

development.

The demand for water body areas is assumed to be

constant after 2000, while that for unused land is assumed

to be equal to the remaining area under all scenarios. The

land-use patterns under different scenarios from 2000 to

2039 were then simulated using the Dyna-CLUE model.

Hydrological Model

The soil and water assessment tool has been developed to

predict the effects of land management practices on water,

sediment, and agricultural chemical yields in large com-

plex watersheds with varying soils, land use and manage-

ment conditions over long periods of time (Neitsch et al.

2011). As a deterministic model, each run of SWAT will

produce exactly same outputs with same inputs. This fea-

ture makes the model preferred for isolating the contribu-

tions of a variable, such as climate change or land-use

change, to hydrological responses (Baker and Miller 2013).

A digital elevation model (DEM), land-use and land-

cover information, soil type map and soil properties, and

observed meteorological data are required by the SWAT

model to simulate the hydrological processes. All input

data used in this study, except the observed meteorological

data, were provided by the Scientific Data Center in Cold

and Arid Regions. The meteorological data (1970-2009),

including daily precipitation, maximum temperature, min-

imum temperature, wind speed, relative humidity, and solar

radiation at nine weather stations (i.e., Dingxin, Jiuquan,

Gaotai, Zhangye, Shandan, Tuole, Yeniugou, Qilian, and

Yongchang), were provided by the China Meteorological

Data Sharing Service System (http://data.cma.cn/).

Only a few precipitation stations are available in this

large study area, and it is unable to accurately capture the

real distribution of precipitation, especially in the moun-

tainous upper HRB. Thus, we chose ten locations (see

Fig. 1) with varying elevations and interpolated their pre-

cipitation time series using the tool known as meteoro-

logical distribution system for high-resolution terrestrial

modeling (MicroMet), in the hope of improving the sim-

ulation accuracy of SWAT (Liston and Elder 2006). To

consider the effects of the artificial canal system across the

middle HRB, several implementations were made in the

SWAT model by referencing to the work of Lai et al.

(2013). First, due to the fact of the canal system being the

main source of water consumption in the middle HRB, the

irrigation parameters in the model were adjusted to match

the actual use of canal system from statistic books recorded

by local water bureau. Second, being aware of the exis-

tence of frequent interaction between surface water and

ground water due to irrigation, which will consequently

lead to lower streamflow simulation at the outlet of the

middle HRB during the period that irrigation is stopped and

ground water recharges the river, such as winter, the

infiltration equations were therefore modified to increase

the ground water recharge in order to balance water.

The irrigation will heavily impact the water balance in

the soil layer. The soil moisture content is calculated using

Eq. 2.

SOL SWt ¼
Xn
i¼1

SOL SWðiÞ � ð1� aÞ ð2Þ

where SOL_SWt is the moisture content contained in the

entire soil profile, t is the current timeslot, SOL_SW(i) is

the moisture content of the layer i and a is the empirical

coefficient of infiltration which was set as a constant at

0.007 in our case.

The percolation of the bottom soil layer is then calcu-

lated using Eq. 3.

Wperc;bm ¼ SW EXbm � 1� exp
�Dt � Ksat;bm

SATbm � FCbm

� �� �

þ a�
Xn
i¼1

SOL SWðiÞ ð3Þ

where Wperc,bm is the percolation amount of the bottom soil

layer, Dt is the time step, Ksat,bm is the saturated hydraulic

conductivity of the bottom layer, SATbm is the saturated

field capacity of the bottom layer, FCbm is the field capacity

of the bottom soil layer, and SW_EXbm is the soil moisture

exceeding its field capacity.

In this study, the SWAT model was calibrated using a

‘‘trial and error’’ procedure (Im et al. 2009) based on the

land-use map of the year of 2000 and the observed monthly

streamflow at two gage stations: Yingluo Gorge (1990–

1999) and Zhengyi Gorge (2000–2004). The multigage

calibration can enhance the calibration results from the

perspective of spatial variations in the hydrological

responses (Park et al. 2011). After model calibration,
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additional 10 years (2000–2009) of records from Yingluo

Gorge station and 5 years of records from Zhengyi Gorge

station were used for model validation. The results were

assessed by two indices, namely the Nash–Sutcliffe effi-

ciency (NSE) (Nash and Sutcliffe 1970) and the coefficient

of determination (R2). NSE ranges between negative

infinity and 1 (inclusive) and R2 ranges from 0 to 1. Higher

NSE and R2 mean better model performance. The NSE and

R2 are expressed in Eqs. 4 and 5.

NSE ¼ 1�
Pn

i¼1ðQobs
i � Qsimu

i Þ2Pn
i¼1ðQobs

i � Qmean
obs Þ2

ð4Þ

R2 ¼
Pn

i¼1ðQobs
i �Qmean

obs ÞðQsimu
i �Qmean

sim ÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1 ðQobs

i �Qmean
obs Þ2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1 ðQsimu

i �Qmean
sim Þ2

q
0
B@

1
CA

2

ð5Þ

where n is the number of time steps; Qobs
i and Qsim

i are,

respectively, the observed and simulated streamflows at

time step i; and Qmean
obs and Qmean

sim are, respectively, the mean

observed and simulated streamflows over the evaluation

period.

Future Climatic Conditions

Climatic projections of three general circulation models

(GCMs) for two emission scenarios of the Special Report

on Emission Scenarios (SERS) published by the Inter-

governmental Panel on Climate Change (IPCC), as listed in

Table 2, were used to represent the future climate condi-

tions of the study area. The A1B scenario (medium emis-

sion), which emphasizes economic development, describes

a future world of rapid economic growth and technological

innovation, global population that peaks in the midcentury

and declines thereafter, convergent development among

regions, and balanced energy policies. The B1 scenario

(low emission), which emphasizes environmental protec-

tion, describes a balanced world with the same population

growth as in the A1B scenario, but with rapid changes in

economic structures toward a service and information

economy, with reductions in material intensity, the

introduction of clean and resource-efficient technology,

and emphasis on social justice and environmental

protection.

It is well known that the resolution of GCMs is quite

coarse, often between 250 and 600 km. Thus, it is essential

to downscale the GCM output to force the hydrological

model at a regional or watershed scale. Three downscaling

methods, namely dynamic downscaling, statistical down-

scaling, and the Delta method, are often used (Guo et al.

2012). The Delta method was used to construct the climatic

conditions from 2010 to 2039 in the upper and middle HRB

under the A1B and B1 scenarios in this study. The principle

of the Delta method is to apply the relative or absolute

changes in meteorological elements in each grid box pro-

jected by the chosen GCM between two periods to estimate

future climatic conditions at a regional or watershed scale

(Wilby et al. 1999; Hay et al. 2000; Diaz-Nieto and Wilby

2005). We downscaled two meteorological variables,

namely temperature and precipitation, as the changes of

them are the primary controlling factors for the watershed-

scale hydrological processes (Tanzeeba and Gan 2012).

The data of mean monthly precipitation and temperature

for the 20th century simulation (20CM3) from 1970 to

1999 and for the emission scenario (A1B and B1) from

2010 to 2039 were collected from Data Distribution Centre

of IPCC (http://www.ipcc-data.org/). The change fields of

mean monthly precipitation (relative change) and mean

monthly temperature (absolute change) centered on two

30-year periods (1970–1999, 2010–2039) of different

GCMs were then calculated. These GCM changes were

employed to adjust the observed data (1970–1999) of the

meteorological stations within and around the upper and

middle HRB to get the 2010-2039 climate scenarios for

each GCM.

Hydrological Responses to Land-use and Climate

Changes

Hydrological Contributions of Single Land-Use Class

To understand the hydrological responses to land-use

change scenarios, it is essential to identify the hydrological

contributions of each single land-use class. Assumed that

Table 2 GCMs and SERES scenarios for future climatic projection

Center Model Emission scenarios Spatial Resolution

Longitude Latitude

UK Meteorological Office, UK HadCM3 A1B, B1 3.750� 2.500�
Canadian Center for Climate Modeling and Analysis, Canada CGCM3 (T47) A1B, B1 3.750� 3.711�
National Centre for Atmospheric Research, USA CCSM3 A1B, B1 1.406� 1.401�
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only a single land-use class was present in the upper HRB,

the hydrological responses to that land-use class were

simulated from 1980 to 2009 using the validated SWAT

model. The model configuration is identical for each run to

ensure the differences between hydrological responses are

only induced by the differences of land use. The class of

water body was excluded from this testing. The simulated

average hydrological components, including surface run-

off, lateral flow, groundwater, ET, and water yield, were

compared to examine the hydrological contributions of

each single land-use class.

Scenario-Based Simulation

Hydrological responses to land-use changes under both

constant and changed climatic conditions were investi-

gated. A baseline scenario was introduced to serve as a

reference scenario that assumes the climate regime will be

kept at the historical level (i.e., 1980–2009) and land use

will preserve the pattern observed in 2000. Under constant

climatic condition, the climatic condition was assumed to

be same with the baseline scenario. The Dyna-CLUE and

SWAT models were one-way coupled, i.e., the projected

land-use patterns in 2015, 2025, and 2035 for different

scenarios were incorporated into the SWAT model while

keeping the other model configurations the same. The

results were then compared herein with the baseline sce-

nario. As a result, hydrological variations, i.e., changes in

streamflow and hydrological extremes, were solely induced

by the land-use changes under different scenarios. Under

changed climatic condition, on the other hand, the climatic

condition was assumed to be changed following the GCM

projections. The meteorological data (2010–2039) of two

emission scenarios (A1B and B1) projected by three

GCMs, namely HadCM3, CGCM3, and CCSM3, were

used to drive the SWAT model while fixing other config-

urations as those under constant climatic condition. In this

setting, hydrological variations relative to baseline scenario

are caused by both land-use and climate changes.

The hydrological extremes, i.e., extreme flood and

drought, were assessed by means of frequency analysis

(Lehner et al. 2006; Fotakis et al. 2014). The annual peak

and minimum streamflow at the Yingluo Gorge station

were retrieved from modeled daily outputs in the baseline

(1980–2009) or future (2010–2039) periods. Then, the

Pearson Type III (PT III) distribution, a widely applied

distribution function in both flood and drought assess-

ments, was fitted using the selected 30-year peak or min-

imum streamflow. The PT III peak-flow distribution was

employed for extreme flood assessment, while the PT III

minimum-flow distribution was used for extreme drought

assessment. The changes in extreme hydrological events

can be assessed by comparing the distributions of PT III

peak-flow or minimum-flow simulated with different land-

use scenarios and climatic conditions.

Results

Land-Use Changes under Different Scenarios

The validation results of the Dyna-CLUE model in the

upper and middle HRB and the Zhangye area in the middle

HRB are shown in Table 3. Overall accuracy and Kappa

coefficient are 0.92 and 0.89, respectively, for the whole

study area in 2000. Both of these metrics exceed 0.85,

indicating a good agreement between the actual and sim-

ulated land-use maps. This agreement is once more con-

firmed when we compared the actual and simulated land-

use maps for the Zhangye area in 2000 and 2005. Overall

accuracy and Kappa coefficient are 0.92 and 0.89,

respectively, in 2000; and 0.90 and 0.86, respectively, in

2005. All land-use types except for developed land have

high producer’s accuracy for the three maps within the

study area. The relative low accuracy of developed land is

mainly because its changes are subject to the effects of

many social–economic factors, which were not fully taken

into account in the model. The validation results indicate

that the Dyna-CLUE model performs well in the study area

and can be reliably used for projecting land-use changes.

Land-use changes under different scenarios, namely the

HT, EP, SEP, ED, RED scenarios, in comparison with the

visually interpreted land-use map of 2000, are shown in

Fig. 2. The simulated land-use patterns under the two

extreme scenarios, i.e., SEP and RED, exhibit pronounced

differences compared to the other simulated maps. For the

Table 3 Validation results for the Dyna-CLUE model

Region and year Overall

accuracy

Kappa

Coefficient

Producer’s accuracy

Cultivated

land

Forest Grassland Water

body

Developed

land

Unused

land

The upper and middle HRB in 2000 0.92 0.89 0.89 0.90 0.92 0.83 0.75 0.94

Zhangye area in the middle HRB in 2000 0.92 0.89 0.89 0.90 0.91 0.82 0.75 0.95

Zhangye area in the middle HRB in 2005 0.90 0.86 0.83 0.88 0.89 0.72 0.71 0.95
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SEP scenario, the distribution of forest and grassland in

2039 is much broader than in the other scenarios. However,

for the RED scenario, more developed land appears,

especially in the upper HRB, compared with the other

scenarios. The simulated land-use patterns in 2039 under

the HT, EP and ED scenarios only show slight difference

from the pattern in 2000.

The absolute and relative changes in each land-use type

in the upper and middle HRB between 2000 and 2039

under different scenarios are listed in Table 4. Under the

HT scenario which represents the current condition, culti-

vated land exhibits a pronounced increasing trend, whereas

both grassland and forest exhibit a decreasing trend. The

changes of water body and developed land are not sub-

stantial. The results indicate that the increase in cultivated

land area comes primarily at the expense of grassland and

forest areas, which would lead to the degeneration of the

ecological environment. Furthermore, unused land, which

primarily includes sandy land, desert, saline land, bare

land, the Gobi, and other lands, presents an increasing

trend, indicating that the ecological environment would

further deteriorate if no control is enforced. Land-use

changes under HT highlight the fact that if no measures are

taken to control the growth of cultivated land area, which

otherwise is at the cost of compromising the economic

development, the fragile HRB ecosystem will face a seri-

ous threat. Under the EP scenario (Table 4), the increase in

cultivated land area and the decrease in forest and grass-

land areas are controlled to some extent by limiting their

demands under this scenario. Although this result expresses

an encouraging sign, it is not so much optimistic and near-

future land-use changes remain uncertain if local govern-

ment does not fully implement the policies. Under the SEP

scenario, which is designed as an extreme scenario very

beneficial to the ecological environment, the areas of

grassland and forest show a substantial increase trend,

whereas unused land area exhibits a pronounced decrease

trend. The results suggest that theoretically an effective

way to protect ecological lands is to recover unused land by

replanting trees and grasses if with sufficient water supply.

Fig. 2 Actual land-use map in 2000 and the simulated maps in 2039 for different scenarios (Color figure online)

Table 4 Relative (%) and absolute (hectare) changes of each land-use type in the upper and middle HRB under different scenarios from 2000 to

2039

Land-use type HT EP SEP ED RED

Cultivated land 15.50 % (61,083) 7.76 % (30,591) -4.61 % (18,189) 30.90 % (121,806) 30.64 % (120,789)

Forest -3.79 % (-17,703) -1.77 % (-8262) 57.00 % (266,193) -7.54 % (-35,217) -7.07 % (-33,039)

Grassland -4.35 % (-55,674) -2.17 % (-27,792) 10.55 % (135,153) -8.72 % (-111,708) -8.69 % (-111,285)

Water body -0.42 % (-342) -0.32 % (-261) -0.08 % (-63) -0.56 % (-459) -1.87 % (-1521)

Developed land 8.18 % (2781) 2.57 % (873) 2.22 % (756) 18.22 % (6192) 262.13 % (89,082)

Unused land 0.77 % (9855) 0.38 % (4851) -29.84 % (-383,850) 1.51 % (19,386) -4.98 % (-64,026)

420 Environmental Management (2016) 57:412–431

123



For the ED scenario, which represents to some degree an

ongoing economic development pattern in the study area,

the expansion of cultivated land and the decrease in

grassland and forest areas are more substantial than in the

HT and EP scenarios. The results highlight the fact that if

the current development pattern is continuing, future eco-

logical environment will be pessimistic. The RED scenario,

in contrast to the SEP scenario, is also an extreme scenario

very beneficial for economic development, under which

developed land area increases without control. Although

this scenario is unlikely to happen, it cautions us about the

necessity of managing land resources.

Calibration and Validation of SWAT

Table 5 shows the calibration and validation results of the

monthly streamflow at the Yingluo Gorge and Zhengyi

Gorge stations. NSE and R2 at the Yingluo Gorge station

are 0.90 and 0.92, respectively, for the calibration period,

and 0.88 and 0.89 for the validation period. Figure 3

compares the simulated and observed monthly streamflows

at the Yingluo Gorge station, the outlet of the upper HRB.

The results indicate that the SWAT model can simulate the

streamflow very well. However, the agreement between the

observed and simulated streamflows from March to May in

most years is relatively poor. One explanation is that

snowmelt and permafrost during these months have large

effects on the streamflow; those processes that are not well

represented in the SWAT model. Furthermore, model

assumptions such as no water entering deep aquifer and

some techniques such as the Thiessen Polygon, used for

meteorological data interpolation, jointly contribute to the

simulation uncertainty. Figure 4 shows the performance of

the SWAT model at the Zhengyi Gorge station, where NSE

and R2 are 0.67 and 0.75, respectively, for the calibration

period, and 0.59 and 0.72 for the validation period. The

simulation accuracy is lower than Yingluo Gorge. This

result is caused by the complex irrigation canal system in

the middle HRB, which heavily impacts on runoff gener-

ation. Although we accordingly enhanced the model and

adjusted the irrigation parameters, the adverse effects

cannot be eliminated completely. Nevertheless, according

to the criteria proposed by Moriasi et al. (2007), the SWAT

model can be applied to examine the hydrological

responses to land-use changes in view of satisfactory

simulations it makes.

Hydrological Contributions of Single Land-Use

Class

The averaged simulated hydrological components for each

land-use type hypothetically uniform in the upper HRB

from 1980 to 2009 are shown in Fig. 5. Developed land has

the strongest runoff yield capacity because of its extensive

impervious area with low interception and infiltration

capacity (Dixon and Earls 2012). Unused land is strong in

runoff and water yield capacities due to low ET and

interception caused by its low vegetation coverage (Fohrer

et al. 2001; Wan and Yang 2005). On contrast, forest areas

exhibit strong interception, infiltration, and ET capacities

(Sriwongsitanon and Taesombat 2011). Furthermore, forest

litter increases the surface roughness, which enhances

water retention (Wen et al. 2013). Thus, the runoff and

water yield capacities in forest areas are the lowest among

those land-use types. Cultivated land and grassland areas

have high ET capacity as well. Consequently, they present

Table 5 Calibration and validation statistics at two hydrological

stations in the upper and middle HRB

Station Simulation period NSE R2

Yingluo Gorge Calibration for 1990–1999 0.90 0.92

Validation for 2000–2009 0.88 0.89

Zhengyi Gorge Calibration for 2000–2004 0.67 0.75

Validation for 2005–2009 0.59 0.72

Fig. 3 Observed and simulated

monthly streamflows during the

calibration and validation

periods at the Yingluo Gorge

station (outlet of the upper

HRB) (Color figure online)
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lower runoff and water yield capacities than developed

land, but higher than those of the forest.

Hydrological Responses to Land-Use Changes

Figure 6a depicts the changes in monthly mean streamflow

relative to the baseline scenario at the outlet of the upper

HRB, i.e., the Yingluo Gorge station, induced solely by

various land-use change scenarios. The results reveal that

the mean streamflow decreases from May to September

while barely changes from October to next April under all

scenarios except for the SEP scenario. In the upper HRB,

cultivated land and grassland which have a low water yield

capacity appear to increase, while unused land with a high

water yield capacity decreases under the HT, SP, and ED

scenarios. These changes jointly result in decreased

streamflow. Under the SEP scenario, a large area of unused

land is converted to forest and grassland areas in the upper

HRB, leading to a large increase in ET and a decrease in

streamflow. The developed land area exhibits a large

Fig. 4 Observed and simulated

monthly streamflows during the

calibration and validation

periods at the Zhengyi Gorge

station (outlet of the middle

HRB) (Color figure online)

Fig. 5 Averaged simulated

hydrological components for

different land-use types from

1980 to 2009 (Color

figure online)

Fig. 6 Changes in mean monthly streamflows relative to the baseline scenario at the outlets of the upper HRB (a) and of the middle HRB

(b) under constant climate condition (Color figure online)
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expansion under the RED scenario. However, the mean

streamflow under this scenario shows a relatively obvious

decrease trend from May to September. One explanation is

that the increase of forest and grassland areas under this

scenario will lead to rising ET and dropped streamflow. At

the same time, the converted developed land is fragmen-

tally distributed and leads to indistinct hydrological effects

because the surface flow formed on impervious areas

cannot be connected and later will infiltrate through the

permeable zone. In addition, at some places even the

expanded developed land links together, microclimate such

as urban heat islands may increase the ET and decrease the

streamflow (Fletcher et al. 2013).

As shown in Fig. 6a, the changes in mean streamflow

relative to the baseline scenario are pronounced from June

to September under all scenarios. The reason can be con-

nected to the changes of ET and precipitation. The mean

monthly ET is found to increase from June to September

for all land-use scenarios. The largest increase occurs under

the SEP scenario, followed by the RED, ED, EP and HT

scenarios. Almost no changes can be discerned in other

months under all scenarios. As a result, an obvious

decrease of streamflow can be observed from June to

September. As shown in Fig. 7, the precipitation is pri-

marily concentrated in the same period, from June through

September, in the upper HRB. Apart from the contribution

of the changed ET, the pronounced change of streamflow in

months with concentrated precipitation is possibly related

to the high rainfall intensity but low soil moisture storage

capacity following land-use changes (Li et al. 2013). In the

months with scarce precipitation, small changes in ET,

surface flow, and infiltration are detected, resulting in

minor streamflow changes. The finding confirms the effects

of land-use changes on streamflow vary with months

(Fohrer et al. 2001).

Figure 6b presents the monthly streamflow changes at

the outlet of the middle HRB, i.e., the Zhengyi Gorge

station. The mean streamflow increases from December to

next April and decreases from Jun to August under all

scenarios. The mean annual streamflow only decreases

under the SEP scenario due to the increased forest area in

the middle HRB and the reduced stream discharge from the

upper HRB. The effects of land-use changes on streamflow

are found to be strong in months with small precipitation,

apparently different from that observed in the upper HRB.

This finding can be explained by the intensive irrigation

canal system which can enhance the impacts of land-use

changes by increasing the return flows as a result of pre-

vious rotation irrigation.

The Pearson Type III peak-flow distributions for the

Yingluo Gorge station under different scenarios are shown

in Fig. 8a. Almost no change can be perceived in the peak-

flow frequency distributions when comparing the HT, EP,

ED, and RED scenarios with the baseline scenario. The

results suggest that land-use changes under these scenarios

almost have no impact on the frequency of extreme flood.

However, the peak-flow frequency curve under the SEP

scenario is present below the baseline scenario, implying a

decreased frequency of the occurrence of extreme flood.

For instance, a 100-year flood under the baseline scenario,

namely a flood with a return period of 100 years (ex-

ceedance probability = 1 %), would occur less frequently

if under the SEP scenario, which will be with a return

period of about 154 years (exceedance probabil-

ity = 0.65 %). Figure 8b depicts the minimum-flow fre-

quency distributions. The frequency curves in different

scenarios barely show any differences compared to the

baseline scenario, meaning land-use change scenarios have

very small impacts on the frequency of the occurrence of

extreme drought.

Hydrological Responses to Land-Use and Climate

Changes

Figure 9a presents the changes in mean monthly stream-

flow relative to the baseline scenario at the outlet of the

Fig. 7 Mean monthly

precipitations from 1980 to

2009 in the upper HRB (Color

figure online)
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upper HRB by jointly considering land-use changes and

climate changes. The mean streamflow under all land-use

scenarios. i.e., HT, EP, SEP, ED, and RED are projected to

increase in June and September and decrease in other

months for the A1B scenario of HadCM3 (Fig. 9a). The

largest increase and decline occur in September and

August, respectively. For the A1B scenarios of CGCM3

and CCSM3, the mean streamflow decreases almost in all

months under all land-use scenarios. The drops can be up to

33.58 m3/s in August for the CGCM3 A1B scenario and

29.39 m3/s in July for the CCSM3 A1B scenario. Figure 9b

shows the results under the B1 scenario of HadCM3,

CGCM3, and CCSM3, where the mean streamflow are

projected to decrease in most months. An increased trend

can be found only in June and July for the CGCM3 B1

scenario and in August for the CCSM3 B1 scenario. As

seen in Fig. 9, the changes look like to be grouped by

climate scenarios; only within each group, impacts of land-

use scenarios can be perceived. The finding supports that

the impacts of land-use changes on streamflow become

secondary when the changed climatic conditions are

considered.

The comparison of mean monthly precipitation between

the baseline and the climate scenario in the upper HRB are

shown in Fig. 10a. Large changes can be observed from

May to October. The largest increase (26.49 mm) and

decrease (-12.64 mm) are projected by CGCM3 B1

scenario. Overall, the precipitation is projected to increase

for the HadCM3 A1B, CGCM3 B1 and CCSM3 B1 sce-

narios, while for other scenarios, opposite trends can be

found. By examining Figs. 10 and 9a, the large increase in

precipitation can be reflected in the streamflow rises during

the same months, whereas opposite trends are observed for

the months with small precipitation increase. This is

because the changes in streamflow are mainly induced by

the changes in both precipitation and ET. Figure 11a shows

the changes in mean monthly ET relative to the baseline in

the same area. A large increasing trend of ET can be found

from April to October, especially from June to September,

under almost all the A1B and B1 scenarios of the GCMs.

Generally, the ET is projected to increase. Such trend of

increase, primarily driven by the increase in temperature

projected by the GCMs, can offset the small increase of

precipitation, bringing the streamflow down. Similar to the

streamflow, the mean ET under the land-use scenarios (HT,

ED, EP, and RED) is consistently changed with almost

same magnitude for each climatic condition. The exception

is the SEP scenario, in which the increase of ET in July and

August is obviously larger than other land-use scenarios

due to the existence of a larger area of forest.

The changes in mean monthly streamflow relative to the

baseline scenario at the outlet of the middle HRB are

present in Fig. 12a. The mean streamflow is projected to

increase in most months for the HadCM3 A1B scenario.

Fig. 8 Pearson Type III peak-flow (a) and minimum-flow (b) statistical distributions for the Yingluo Gorge station for different land-use

scenarios under constant climate conditions (Color figure online)
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For the other A1B scenarios, however, streamflow declines

during most months. Figure 12b depicts the results under

the B1 scenarios of HadCM3, CGCM3, and CCSM3.

Similarly, an increase trend projected by the HadCM3 and

a decrease trend projected by the CGCM3 and CCSM3 can

be found in most months. The largest increase is projected

by HadCM3 with an increment of 16.89 m3/s while the

largest decrease is projected by the CCSM3 with a decre-

ment of 27.39 m3/s. Under the same climatic condition, the

changes in mean streamflow are quite similar for all land-

use scenarios. The results reconfirm that the streamflow is

more sensitive to climate change than to land-use change.

The comparison of mean monthly precipitation between

the baseline and the climate scenario are shown in

Fig. 10b. Large changes can be found from May to October

as well. The largest increase and decrease under the A1B

scenario are projected by the HadCM3 and CCSM3,

respectively. The precipitation changes in the middle HRB

is inconsistent with those in the upper HRB because of

different geographical and climatic characteristics as well

as uncertainties involved in the precipitation projections.

As shown in Fig. 10b and 12, the precipitation changes can

hardly be reflected in the streamflow changes. It can be

explained by the increase of ET in the middle HRB and the

changes of stream discharge from the upper HRB. Mean-

while, the irrigation canal system in the middle HRB can

also have large effects on streamflow generation at the

outlet.

Figure 13a shows the Pearson Type III peak-flow distri-

butions for the HT land-use scenario under different climatic

conditions. The peak-flow frequency curves for the A1B and

B1 scenarios of all GCMs are distributed below the baseline

scenario when the exceedance probability is lower than 5 %.

The results indicate a decreased frequency of extreme flood.

The lowest frequency of extreme flood is projected by the

CCSM3 under the A1B scenario. The minimum-flow fre-

quency distributions for different climate scenarios are

shown in Fig. 13b. All the frequency curves are appeared

blow the baseline scenario, indicating a more frequent

occurrence of extreme drought. For example, a 50-year

drought with an assurance rate of 98 % (exceedance prob-

ability = 98 %) under baseline scenario would be return

only in about 37 years (exceedance probability = 97.27 %)

under the HadCM3 A1B scenario. The largest frequency of

extreme drought is projected by the CGCM3 under the A1B

scenario. The Pearson Type III peak-flow and minimum-

flow distributions for other land-use scenarios, such as the

EP, ED, and RED scenarios, almost overlap the HT sce-

nario, in all the GCMs’ climate scenarios. However, the

frequency curve of the SEP scenario is present blow the HT

scenario, suggesting a lower frequency of extreme flood and

a higher frequency of extreme drought.

Fig. 9 Changes in mean monthly streamflows for combining land-use and climate change scenarios, A1B (a) and B1 (b), at the outlet of the

upper HRB (Color figure online)
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Fig. 10 Mean monthly precipitations for the baseline, and the A1B and B1 scenarios of three GCMs (HadCM3, CGCM3, and CCSM3) in the

upper HRB (a), and the middle HRB (b) (Color figure online)

Fig. 11 Changes in mean monthly ETs for combining land-use change and climate change scenarios: A1B (a) and B1 (b), in the upper HRB

(Color figure online)
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Discussion

As present in ‘‘Hydrological Responses to Land-Use

Changes’’ section, in the case of land-use changes under

constant climatic condition, no substantial streamflow

changes were simulated at the Yingluo Gorge station,

ranging only from 2.35 to 0.56 %. It seems that land-use

changes are not closely related to the changes in stream-

flow. The insensitivity of hydrological response can be

explained by the following reasons. First, the absolute

land-use changes are relatively small compared with the

entire upper HRB under all land-use scenarios, so the

affected areas are in fact relatively small. Second, the

positive and negative impacts induced by the changes of

land-use classes can offset each other, resulting in indis-

tinct changes in streamflow at the outlet. We tested in a

subbasin scale and recorded the changes at each outlets of

subbasin. With a small area, the changes of mean monthly

streamflow will fall into a larger range, from -14.03 to

5.83 %. That means more pronounced changes are per-

ceived on a subbasin level, in alignment with what those

presented in other studies (Hurkmans et al. 2009; Wagner

et al. 2013).

In ‘‘Hydrological Responses to Land-Use and Climate

Changes’’ section, where we have examined the hydro-

logical responses to land-use changes in combination with

changed climatic conditions, one of our findings is that the

streamflow and extremes respond more sensitively to cli-

mate change than to land-use change. The impacts of land-

use changes on hydrological variations become secondary

when changed climatic conditions have been taken into

consideration. In our case, the future climatic condition of

two emission (A1B and B1) scenarios was established by

downscaling precipitation and temperature projected by

three GCMs (HadCM3, CGCM3, and CCSM3). It is

noticed that the projected precipitation varies with GCMs

and emission scenarios. The uncertainty in projected pre-

cipitation is large. Figure 10 shows the changes in mean

precipitation in the middle HRB, which appear smoother

than in the upper HRB. The difference possibly lies on

their different geographical and climatic characteristics. It

implies large uncertainties of projected precipitation exist

in GCMs when downscaling is performed in mountainous

area. The stronger spatial heterogeneity in the upper HRB

may lead to a larger uncertainty in projected precipitation

(Chen 2002). Unlike the large variations in projected pre-

cipitation, however, a general increase trend of temperature

is projected for all the climate change scenarios in the

entire study area. Those uncertainties may also be

responsible for the inconsistent changes in streamflow and

hydrological extremes for different GCMs and emission

scenarios. Although we cannot conclude a simple

Fig. 12 Changes in mean monthly streamflow for combining land-use change and climate change scenarios, A1B (a) and B1 (b), at the outlet of
the middle HRB (Color figure online)
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conclusion regarding the impact of climate change on

streamflow and hydrological extremes due to difficulty in

evaluating uncertainties in those GCMs, some interesting

points still can be reached. It necessitates the need of

multiple scenarios and GCMs in assessing the impacts of

climate change on hydrological variations. For example,

the HadCM3 A1B scenario will conclude an obvious

increase of streamflow in response to climate changes as

shown in Fig. 12, while other climate change scenarios

may conclude opposite results. In addition, processing

method and assumptions also bring uncertainty to the

results. Uncertainties sourced from different downscaling

methods, hydrological model, and baseline periods need to

be evaluated further. In this study, the calibration of

hydrological model was conducted only for a special time

period and land-use configuration. Thus, one implicit

assumption in this study is that the calibrated parameters

are still valid and applicable for future land-use and cli-

matic conditions. However, this assumption may not hold

good. For example, the large increase in grassland and

forest areas may make the calibrated parameters related to

ET, such as the soil evaporation compensation factor

(ESCO), to be no longer applicable. Similarly, the

parameters may potentially change when the climatic

condition has been changed (Merz et al. 2011).

In the upper HRB, few human activities have occurred

in the mountainous area so far. Climate change plays the

most important role in changing the streamflow at the

outlet (Zhang et al. 2015). In our case, except for the

HadCM3 A1B scenario, all other climate scenarios project

a decreasing trend of stream discharge from the upper

HRB. This result may bring much attention to the local

water source managers. As we mentioned in ‘‘Study Area’’

section, the middle HRB, supports millions of people, is the

major water consumer, accounting for approximately 90 %

of the total water use from the Heihe River. However, very

few streamflow can be generated in this region due to low

precipitation and high evapotranspiration. As a result, the

stream discharge from the upper HRB becomes the most

important water resource for the middle HRB. If the pro-

jected result of our study actually occurs, then water stress

in the middle HRB, which has been enhanced by intensive

human activities, will become more severe. As a typical

inland river basin in the arid region, the HRB owns com-

mon geographic and climatic characteristics of inland basin

in arid region. The water stresses are also commonly found

in other arid region. Thus, the impact assessments of land-

use and climate changes on hydrology may be of common

interest to similar basins across the world.

The five land-use scenarios that represent a range of

tradeoffs between ecological protection and economic

development were carefully established based on the local

governmental planning and relevant research results. The

results of this study therefore will be meaningful for land

Fig. 13 Pearson Type III peak-flow (a) and minimum-flow (b) statistical distributions for the HT scenario under the A1B (a) and B1 (b) climate

scenarios projected by HadCM3, CGCM3, and CCSM3 (Color figure online)
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and water resource management in HRB. Nevertheless,

there are some spaces for improvement regarding the sce-

nario settings. The results would be more instructive and

valuable for decision making, if the land-use demands

could be estimated according to survey data of each

administrative area instead of coarse overall estimates of

the entire region. The spatial restrictions and modeling

could be improved if more incentives are included.

Although two emission scenarios from three GCMs were

employed to estimate possible climatic conditions in the

future, it is still challenging to advice which results are

most likely to happen so that the stakeholders can prepare

to take adaptive measures to mitigate possible risks.

Conclusions

The hydrological responses to land-use change scenarios

under constant and changed climatic conditions were

examined by combining the Dyna-CLUE and SWAT

models in the upper and middle HRB, which is a typical

inland river basin in the arid northwest China sharing many

water problems like in other arid regions worldwide. The

following conclusions can be drawn from this study.

(1) Both the LUCC model, Dyna-CLUE, and the

hydrological model, SWAT, are validated to be

applicable in the study area in assessing the hydro-

logical responses to land-use and climate changes.

Modeled with Dyna-CLUE, distinct land-use

changes will be present in 2039 under the two

extreme scenarios, i.e., strict ecological protection

(SEP) and rapid economic development (RED)

scenarios. Other scenarios, such as historic trend

(HT), ecological protection (EP), and economic

development (ED) scenarios, however, only show

slight changes.

(2) In cases where hydrological responses are solely

induced by land-use changes while keeping climatic

condition constant, the mean streamflow at the outlet

of the upper HRB decreases in most months under

each and every land-use scenarios. The streamflow

changes at the outlets of both the upper and the

middle HRB are not pronounced. However, more

pronounced streamflow changes can be perceived on

a subbasin level. Moreover, the effects of land-use

changes on streamflow are observed to vary over

differrent months. In this constant climate case, the

frequency of extreme flood is projected to decrease

under the SEP scenario, while under other land-use

scenarios, almost no change can be found.

(3) In a more realistic case, hydrological responses are

induced by the combined effects of land-use and

climate changes, in which climate changes play a

dominant role in impacting streamflow and hydro-

logical extremes, while the land-use changes take the

second place. Although some agreements can be

reached, pronounced difference of hydrological

responses can be observed for different climate

scenarios of different GCMs, as a result of uncer-

tainty in projected precipitation and temperature.

The frequencies of occurrence of extreme flood and

drought are projected to decrease and increase,

respectively, for all the climate scenarios.

Understanding the impacts of land-use and climate

changes is crucial for sustainable water resource manage-

ment. The findings of this study will provide useful infor-

mation for planners and policy makers in planning and

managing the land and water resources in HRB and have

valuable implications for similar inland river basins in arid

regions which experience common water problems.
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