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Abstract Decadal climate change has evidently posed

serious threats and challenges to water resource management

across arid regions in China. Thus, vulnerability assessment

of water resources has been considered vital to adapt to or

cope with the adverse effects of climate change. This paper

investigated spatial patterns of decadal climate change and

water resources variability in the arid regions of Northwest

China based on a GIS analysis. The Budyko hypothesis was

used to investigate the climate sensitivity of basin stream-

flow. A framework was proposed to assess the vulnerability

of water resources as a function of exposure, sensitivity, and

adaptability. Results indicated that a significant increase in

precipitation and water resources (both surface water

resources and groundwater recharge) occurred primarily in

Xinjiang Province after the 1980s. Water utilization ratio in

arid regions was very high, and groundwater abstraction

substantially increased as it exceeded the exploitable volume

in the Hexi Corridor, the Tuha Basin, and the north of the

Tianshan Mountain. Exposure of water resources to drought

in arid regions decreased from the 1960s to the 2000s. The

sensitivity of water resource response to precipitation

changes varied between regions. Water resources were more

sensitive to precipitation variability in the river basins in the

Hexi Corridor and inner Mongolia. In most arid regions in

China, water resources were evaluated with low adaptability

and high or severe vulnerability in the 2000s. In the future,

the precipitation is projected to increase significantly under

the RCP2.6, RCP4.5, and RCP8.5 scenarios. Particularly,

water vulnerability will be significantly reduced as the pre-

cipitation increases in most river basins under the RCP8.5

scenario. Water resources in the rivers in the Qaidam Basin,

the Qinhai Lake Basin, the inner Mongolia, and the north of

Kunlun Mountain will have low or medium vulnerability in

the 2030s and 2050s. However, in the Tuha Basin and Hexi

Corridor, vulnerability will remain severe in the 2050s

despite the significant increase in precipitation and imple-

mentation of water-saving measures. Hence, measures that

will facilitate sustainable water resource management must

be identified and implemented.

Keywords Vulnerability of water resources � Decadal

climate variability � Arid regions of China

Introduction

Vulnerability is one of the most important topics for various

climate impact studies (Watson et al. 1998; Adger et al.

2007; Füssel 2007; Babel and Wahid 2009). According to

McNabb (2005), vulnerability assessments of water

resources can help evaluate the susceptibility of water sys-

tems to potential climate change threats and identify effec-

tive adaptation strategies to reduce or mitigate the risk of

serious consequences from adverse climate impacts.
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Numerous studies have proposed integrated indexes to

evaluate water resource vulnerability (Brown and Matlock

2011). The most commonly used index for evaluating water

resource vulnerability was proposed by Falkenmark (1989),

who expressed water stresses by using the water use per

capita. Likewise, Vörösmartyet al. (2000) developed an

index to assess water vulnerability at a global scale. This

index was defined as the ratio of water withdrawal to dis-

charge. Sullivan and Huntginford (2009) also introduced an

integrated index called climate vulnerability index (CVI) for

the assessment of local vulnerability to water-related risks.

Freshwater is a finite and vulnerable resource essential

to sustain agriculture, economic development, and the

environment (McCaffrey 1992). However, arid regions

cover large areas in Northwest China. Regional drought

and intensive human activities have caused severe water

shortage and ecological deterioration in this region (Xia

and Chen 2001; Zhang et al. 2013). More studies have

shown that climate variability has presented a decadal

change in the arid regions of Northwest China in the past

five decades. The surface wetness index (SWI) and Palmer

drought severity index (PDSI) showed a negative anomaly

over the arid regions during the 1960s and 1970s, but after

the 1980s, the increasing precipitation helped relieve the

drought. As a result, the SWI and PDSI showed a positive

anomaly (Ma and Fu 2006). Decadal climate variability

will accelerate or mitigate the vulnerabilities of water

systems. With climate change, the evaluation of decadal

climate change impacts and vulnerabilities of regional

water resources in the arid regions has become increasingly

important (Liu 2003).

In this paper, we proposed a framework to assess the

vulnerability of water resources to decadal climate change

in the arid regions of China. The framework highlights

vulnerability assessment based on the evaluation of climate

change exposure, sensitivity, and adaptability. Vulnerabil-

ity assessments were primarily used to understand climate

change phenomenon further, as well as to identify mech-

anisms that can aid water resources in effectively adapting

to climate change.

Study area and methods

Study area and data description

Study area

The arid regions in Northwest China are located in the

north of 35�N and west of 110�E. These regions include the

Xinjiang Autonomous Region, the Hexi Corridor of Gansu

Province, the area west of the Helan Mountains in inner

Mongolia, and the provinces of Ningxia and Qinghai

(Fig. 1). The names of the river basins are shown in

Table 1. Within the arid zones, six mountains and some

plains are alternately distributed (Feng et al. 2000). The

high mountains block the southeast monsoons coming from

the Pacific Ocean, thus preventing the southwest monsoon

of the Indian Ocean and the air current of the Arctic Ocean

from reaching the region (Deng et al. 2006). This condition

contributes to the extremely dry condition in the region.

The precipitation in the areas ranges 200–800 mm in the

mountain zones, 50–200 mm in the middle section, and

20–50 mm in the desert zone of the lower reaches. Given

these situations and conditions, water shortage in these

regions has become severe. This situation creates an

unfavorable scenario because water is considered indis-

pensable for economic and agricultural development, as

well as in maintaining ecological balance within the

regions (Bao and Fang 2007).

Fig. 1 Location and distribution of annual precipitation in the study

area

Table 1 Name of all river basins in the study area

Number River basins

1 Inland rivers in the Inner Mongolia

2 Hexi Corridor

3 Rivers in Qinghai Lake Basin

4 Rivers in Qaidam Basin

5 Rivers in Tuha Basin

6 Rivers in the south of Aertaishan Mountain

7 Rivers in the Central Asia

8 Gurbantunggut Desert

9 Rivers in the north of Tianshan Mountain

10 Headstreams of Tarim River

11 Rivers in the north of Kunlun Mountain

12 Mainstreams of Tarim River

13 Taklimakan Desert

Each number in Table 1 represents the same river basin as shown

Fig. 1
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Data description

Daily precipitation, temperature data, and other meteoro-

logical data in more than 160 stations were obtained from

the China Meteorological Administration. The amount of

water resources, water consumption, and ecological water

requirement data for each river basin were mainly derived

from the water resources investigation in Northwest China

(Dong et al. 2006). The surface water resource and the

groundwater recharge estimation processes were also

illustrated in the book of water resources investigation in

Northwest China (Dong et al. 2006).

Future climate was analyzed by the China Meteorolog-

ical Administration based on the CMIP5 multi-model

dataset (coupled model intercomparison project phase 5).

Representative concentration pathways RCP2.6, RCP4.5,

and RCP8.5 emission scenarios were included in the

CMIP5 for climate projection.

Methods

Framework of vulnerability assessment of water resources

in arid regions

Intergovernmental panel on climate change fourth

assessment report (2007) defined vulnerability as the

degree to which a system is susceptible to, and unable to

cope with, the adverse effects of climate change. These

adverse effects include climate variability and extreme

conditions. Vulnerability is a function of the character,

magnitude, and rate of climate change and variation to

which a system is exposed, its sensitivity, and its adaptive

capacity.

Most of the climate impact studies focus on vulnera-

bility and the related concepts of exposure, sensitivity, and

adaptability (Heltberg and Bonch-Osmolovskiy 2011;

Fellmann and Lankoski 2012). Factors influencing climate

vulnerability include (Cui et al. 2010):

1. Exposure The degree of climate stress, such as drought

upon water resources and people.

2. Sensitivity The degree to which a system will respond,

either positively or negatively, to a change in climate.

3. Adaptability The capacity of a system to adjust in

response to actual or expected climate stimuli, their

effects, or impacts.

Based on the framework in Fig. 2, the vulnerability of

water resources can be expressed as a function of all the

three components of exposure, sensitivity, and adaptability,

as shown in Eq. (1).

Vulnerability ¼ ðExposure� SensitivityÞ=Adaptability

ð1Þ

This equation indicates that as the sensitivity and exposure

to climate change increase, vulnerability increases under

the same condition, which implies that vulnerability is

decreased by adaptability (Cui et al. 2010).

In the arid regions, water resource systems have been

characterized by severe drought conditions, extremely high

degree of water exploitation, and continuous ecological

deterioration. In this study, the selection of vulnerability

indicators directly reflected the characteristics of the local

Fig. 2 Framework of

vulnerability assessment of

water resources in arid regions

in Northwest China
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water system, as presented in Table 2. The aridity anomaly

index was used to assess the exposure of water resources to

climate change. Three integrated indicators were chosen to

assess the adaptability of water resources, including

exploitation ratio of available water resources (r), available

water resources per capita (WP), and the ratio of ecological

water use to basic ecological water requirements (ER)

r ¼ Wuse

Wavailable

¼ Wuse

Wtotal �Weco

WP ¼ Wavailable

population
¼ Wtotal �Weco

population

ER ¼ Weco

Weco;min

:

ð2Þ

Equation (2) shows that greater values of WP and ER

indicate greater adaptability, whereas a greater value of r

indicates low adaptability. Thus, we propose that adapt-

ability is directly proportional to the ER and WP, but

inversely proportional to r, as presented in Eq. (3)

Adaptability ¼ Weco

Weco;min

�
Wavailable

population

1; 000

 !,
r ð3Þ

where r is the exploitation ratio of available water

resources, Wtotal is the total water resources in the region,

and Wavailble denotes the available water resources. We

suppose that 1,000 m3 of available water resources per

capita is the threshold of high water stress in Northwest

China. WP/1,000 values were limited within the range of

0–1, such that if WP/1,000 [ 1, then WP/1,000 = 1. Wuse

refers to the total agricultural, industrial, and domestic

water use; Weco is the ecological water use amount; and

Weco;min is the minimum ecological water requirements.

To standardize the vulnerability values, an exponential

function was proposed to normalize the values (Fig. 3).

Thus, values can be located within the range of 0–1. For

this research, the vulnerability was calculated by using the

following formula:

Vulnerability ¼ e
ð� k

Sensitivity � Exposure
Adapability

Þ
ð4Þ

where k is the parameter.

With the assumption that r = 0.4, WP = 1, ER = 1,

sensitivity = 1, and exposure = 0.1, the vulnerability

value is 0.4. Based on the vulnerability classification of

Vörösmarty et al. (2000), the value 0.4 is considered high.

Hence, a high degree of vulnerability exists. Meanwhile,

the computation for k was equal to 0.036. The classification

of vulnerability values is shown in Table 3.

Evaluation of water resource sensitivity to climate change

Hydrologic sensitivity can be defined as the percentage

change in mean annual streamflow occurring in response to

a change in mean annual precipitation (P) and potential

evapotranspiration (E0) (Ma et al. 2008; Donohue et al.

2011). The water balance for a catchment can be written as:

�R ¼ �P� �E þ DS ð5Þ

where P is precipitation, E is actual evapotranspiration,

Q is streamflow, and DS is the change in catchment water

storage. Over a long period of time, DS is assumed to be

zero.

Mean annual actual evapotranspiration can be estimated

based on precipitation and potential evapotranspiration.

Budyko and Miller (1974) developed a framework for

estimating actual evapotranspiration based on dryness

index. Based on this framework, Fu (1981)combined

dimensional analysis with mathematical reasoning and

developed analytical solutions for mean annual actual

evapotranspiration, as shown in Eq. (6).

Table 2 Indicators of exposure, sensitivity and adaptability

assessment

Indicators

Exposure Aridity anomaly index

Sensitivity Sensitivity of water resources change response to

precipitation change

Adaptability Exploitation ratio of available water resources (r)

Available water resources per capita (WP)

Ratio of ecological water use to basic ecological water

requirements (ER)

1.0

0.4

0.2

Vulnerability

, adaptability

Fig. 3 Exponential relationships between vulnerability and exposure,

sensitivity and adaptability

Table 3 Classification of vulnerability values

Vulnerability Classification

Low vulnerability 0 \ vulnerability B 0.2

Medium vulnerability 0.2 \ vulnerability B 0.4

Medium–high vulnerability 0.4 \ vulnerability B 0.6

High vulnerability 0.6 \ vulnerability B 0.8

Severe vulnerability 0.8 \ vulnerability B 1.0
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E

P
¼ 1þ E0

P
� 1þ E0

P

� �w� �1=w

; ð6Þ

where x is a model parameter related to vegetation type,

soil hydraulic property, and topography.

Changes in mean annual precipitation and potential

evapotranspiration can result in changes in annual runoff,

and the relationship can be approximated as:

DQ ¼ oQ

oP
DPþ oQ

oE
DE0; ð7Þ

where DP, DE0 are changes in precipitation and potential

evapotranspiration, respectively; and

oQ

oP
¼ Pðx�1ÞðEx

0 þ PxÞ
1
x�1 ð8Þ

as obtained from Eqs. (6) and (7).

Results

Decadal precipitation change and water resources

variability

The mean annual precipitation for arid regions was based

on the average of more than 160 meteorological stations in

the Northwest China. Results indicated that in 2000s, the

mean precipitation is about 189 mm in our study area. The

total natural surface water resources is about

1052 9 108 m3, and total ground water recharge is about

105 9 108 m3, while the water resources exploitation

reached more than 600 9 108 m3/a in our study area.

Precipitation and total water resources in the arid

regions of Northwest China decreased from 1956 to the

1970s. Interestingly, wet conditions started to increase after

the 1980s (Fig. 4). From the 1980s to 2000s, precipitation

increased by more than 10 %, and surface water resources

increased by more than 100 9 108 m3. Groundwater

recharge is also an important process for sustainable water

management. From the 1980s to 2000s, the average annual

groundwater recharge in the arid regions increased about

6 % in the study area.

The precipitation anomalies were derived for each

decade from the 1960s to the 2000s. Figure 5 shows the

spatial patterns of decadal precipitation anomalies from the

1960s to the 2000s. Results show that precipitation

anomalies varied in the regions along periods of time. In

the 1960s to 1970s, precipitation anomalies were negative

in most parts of the arid regions. As the 1980s unfolded,

Southern Xinjiang Province exhibited positive precipitation

anomalies, whereas the other regions remained negative.

Only in the 1990s to 2000s were positive anomalies

observed in most of the regions.

The amount of decadal surface water resources in dif-

ferent river basins were also altered by the changed pre-

cipitation patterns, as shown in Fig. 6. In Xinjiang

Province, surface water resources in most river basins were

low in the 1956 to 1970s. However, such resources were

observed to increase significantly in this area and in the

Qaidam Basin in the 1980s to 2000s. Surface water

resources in the rivers of the Hexi Corridor and the Inner

Mongolia slightly changed from the 1950s to the 2000s.

Population in the arid regions of Northwest China has

increased dramatically in the past. For instance, from 1950

Fig. 4 Decadal precipitation change and water resource variability in

the arid regions in Northwest China
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to 2010, population has a continued to rise from 444 9 104

people to 2,181 9 104 people in Xinjiang Province

(Mansur and Rahman 2007) (Fig. 7). The population has

increased by about 290 9 104 people per decade. Conse-

quently, the need for water resources has significantly

increased as a result of social and economic development,

coupled with the rapid population growth in the arid

regions of Northwest China since the 1950s. The water

consumption even exceeded the total amount of water

resources in the 2000s. Agriculture is the largest consumer

Fig. 5 Spatial patterns of decadal precipitation anomalies in the arid regions of Northwest China
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of freshwater resources at more than 80 %in the arid

regions. In many river basins, the water consumption has

been close to or even higher than the total water resources

(Table 4). This condition can be observed in the rivers in

Hexi Corridor, Tarim Basin, and in the north of the Tian-

shan Mountain (Wang and Cheng 2000).

With increasing demand, larger volumes of water were

abstracted from groundwater resources. As presented in

Fig. 8, groundwater exploitation has increased dramatically

in the arid regions of Northwest China since the 1980s. The

total groundwater use in the arid regions was only less than

40 9 108 m3, but has increased to more than

Fig. 6 Decadal surface water resources in different river basins in the arid regions of Northwest China
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100 9 108 m3 in the 2000s. In some rivers, the average

annual groundwater abstraction is more than average

annual groundwater recharge. In the 1950s, the ground-

water abstraction was less than 2 9 108 m3 in Shiyang

River Basin. However, the groundwater abstraction has

increased to more than 10 9 108 m3 in the 2000s, far

exceeding the exploitable volume. In 2008, the ground-

water abstraction in many river basins has exceeded or was

close to the exploitable volume in such river basins as those

in the Tuha Basin, the Hexi Corridor, and the north of the

Tianshan Mountain. Thus, the over-exploitation of

groundwater resources must be regulated to mitigate the

water stresses in the arid regions.

Vulnerability assessment of water resources in the arid

regions of Northwest China

Exposure of water resources

The exposure of water resources in the arid regions is

mainly determined by the varying degree of the drought. In

this study, the exposure of water resources was evaluated

using the anomaly of aridity because the anomaly of aridity

from a normal value can signify the water shortage from a

long-term climatic value. The aridity anomaly index (AI) is

calculated using the formula:

AI ¼ ET

P
� ET0

P0

� ��
ET0

P0

: ð9Þ

To limit the exposure value to a range between 0 and 1,

the exposure is defined as:

Exposure ¼ 0:05 AI \ 0:05

Exposure ¼ AI AI [ 0:05

�
; ð10Þ

where ET0 is the mean annual reference evapotranspiration

for the 1960s to 2010s, P0 is the mean annual precipitation

for the 1960s to 2010s, ET is the mean annual reference

evapotranspiration for each decade, and P is the mean

annual precipitation for each decade.

The corresponding departures of the aridity values from

the normal value were obtained for each decade from the

1960s to 2000s (Fig. 9).

From the 1960s to 1980s, major parts of the arid

region in Northwest China were under severe drought

conditions because of deficient precipitation. The most

severe exposure to drought was primarily located in

Xinjiang Province. Rivers in the region of the Hexi

Fig. 7 Population growth in Xijiang Province of Northwest China

from 1950–2010

Table 4 Water use ratio in some rivers of Northwest China in 2008

River basins Domestic water

use (108 m3)

Industrial water

use (108 m3)

Agricultural water

use (108 m3)

Ecological water

use (108 m3)

Total water use

(108 m3)

Total water

resources (108 m3)

Hexi Corridor 2.67 4.04 71.82 7.41 85.94 71.36

North of the

Tianshan Mt.

0.65 1.04 22.27 0.74 24.7 25.07

Tarim Basin 4.14 4.7 86.38 2.65 97.87 115.28

Fig. 8 Groundwater abstraction increase in some rivers in the arid

regions of Northwest China
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Corridor and the Inner Mongolia showed a positive

anomaly of aridity.

During the 1990s and 2000s, the increase in precipita-

tion has evidently improved the drought condition. Thus,

the potential for drought-related exposure was reduced.

Most parts of Xinjiang Province and the Hexi Corridor

were observed to have a negative aridity anomaly, whereas

Inner Mongolia showed an increasing trend of aridity.

Fig. 9 Aridity anomaly for each decade from the 1960s to 2000s in the arid regions of Northwest China
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Sensitivity of water resources to climate change

Climate change will affect many aspects of the hydrolog-

ical cycle in the arid regions of Northwest China (Arnell

1999). The changes in precipitation patterns will signifi-

cantly affect the changes in the available amount of water

resources. As a result, these conditions will significantly

affect the vulnerability of water resources. Thus, evaluating

the sensitivity of water resource response to precipitation

change was deemed important to assess vulnerability to the

effects of climate change.

We examine the sensitivity of water resource response

to precipitation variability in the arid regions of Northwest

China based on Fu’s formulation of the Budyko frame-

work. The parameters in Eq. (8) are calculated and shown

in Table 4.

Sensitivity of water resource response to precipitation

changes was evaluated as presented in Fig. 10. Results

indicated that every 10 % change in precipitation can result

in approximately 10–20 % change in water resources.

Water resource is more sensitive to precipitation variability

in the river basins in Hexi Corridor and Inner Mongolia. A

10 % change in precipitation will result in a 15–20 %

change in water resources in the two river basins, whereas

changes in water resources only ranged 10–15 % in other

inland river basins in response to 10 % of precipitation

change.

Adaptability and vulnerability assessment of water

resources under climate change

Considerable attention has been devoted to the character-

istics of systems that influence the propensity or capability

of water resources to adapt (Smit and Pilifosova 2003).

Adaptability assessment and enhancement of adaptive

capacity of water resources is essential for reducing

regional vulnerabilities. Moreover, adaptability assessment

is also crucial to identify effective adaptive measures for

integrated management of water resources (Smit and

Wandel 2006).

In the arid regions of Northwest China, the adaptability

of water resources was evaluated by using Eq. (3). Vul-

nerability of water resources was assessed based on

exposure, sensitivity, and adaptability using Eq. (4).

Figure 11 shows that water resources in most arid

regions of Northwest China were characterized by low

adaptability in the 2000s. The rivers in Tarim Basin, Tuha

Basin, Hexi Corridor, and north of Tianshan Mountain had

the lowest adaptability. As the arable land expanded and

population rapidly increased within these areas, water

consumption increased significantly and exceeded the

amount of available water resources. Thus, the water

exploitation ratio has gone beyond 100 %. However, water

consumption for sustaining the ecological balance in this

region was minimal in the 2000s, accounting for less than

10 % of the basic ecological water requirements. This

condition means that the ecology and environment con-

sistently deteriorated in the middle and the lower reaches of

the river basins. Owing to the low adaptability of water

resources, the evaluated vulnerability values were more

than 0.9, indicating severe vulnerability.

Medium adaptability was observed in the rivers in

Central Asia, Inner Mongolia, and Qaidam Basin in the

2000s. Water exploitation ratio in these regions ranged

40–60 %. Coupled with the exposure and sensitivity, vul-

nerability assessment indicated that water resources in

these river basins had high vulnerability. Water resources

in identified river basins were also insufficient to meet the

agricultural, industrial, and ecological water requirements.

Thus, the protection of water resources against climate

change requires considerable attention.

Fig. 10 Sensitivity of water resources response to precipitation

changes in the arid regions of Northwest China

Fig. 11 Vulnerability of water resources in the 2000s in the arid

regions of Northwest China
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Prediction of water resource vulnerability

under different future scenarios

The CMIP5 models simulate the future climate conditions

in Northwest China. In this paper, precipitation is projected

to have a significant increase under the RCP2.6, RCP4.5,

and the RCP8.5 scenarios. The highest precipitation is

projected under the RCP8.5 scenario compared with the

other two scenarios, specifically in the 2050s. According to

the simulation, the average precipitation in the arid regions

of Northwest China will increase by 13.8 % (RCP2.6),

17.5 % (RCP4.5), and 18.3 % (RCP8.5) in the 2030s

compared with the 2000s. In the 2050s, the value is pro-

jected to increase by 17.4 % (RCP2.6), 21.2 % (RCP4.5),

and 26.5 % (RCP8.5) as presented in Fig. 12. The most

significant increase in precipitation is distributed within the

rivers in Qaidam Basin and in the north of the Kunlun

Mountain (Fig. 13). In particular, precipitation in these two

river basins will increase by more than 20 % in the 2030s

and by 50 % in the 2050s. However, the precipitation in the

river basins in Central Asia and the north of the Tianshan

Mountain will only increase by approximately 1 % in the

2030s and by 4 % in the 2050s. In this work, the RCP8.5

scenario was chosen to analyze whether the projected

precipitation increase can mitigate the vulnerability of

water resources in Northwest China.

To consider both climate change and changes in the

social condition, two scenarios in the 2030s and 2050s

were used to assess the water vulnerability in the arid

regions of Northwest China.

0%

5%

10%

15%

20%

25%

30%

2010s 2020s 2030s 2040s 2050s

RCP2.6

0%

5%

10%

15%

20%

25%

30%

2010s 2020s 2030s 2040s 2050s

RCP4.5

0%

5%

10%

15%

20%

25%

30%

2010s 2020s 2030s 2040s 2050s

RCP8.5

Fig. 12 Decadal precipitation

increases ratio in future than in

the 2000s under the RCP2.6,

RCP4.5, and RCP8.5 scenarios

Fig. 13 Spatial patterns of future precipitation increase under the RCP8.5 scenario compared with the decade 2000s
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Scenario 1 In the RCP8.5 scenario, the precipitation will

increase by 18.3 % in the 2030s and by 26.5 % in the

2050s. According to the Water Demand Prediction in

Northwest China (Xiao et al. 2011), the population will

increase by 13 % in the 2030s and by 20 % in the 2050s. If

we have less water-saving appliances or practice, the

estimated water consumption will increase by 15 % in the

2030s and by 22 % in the 2050s.

Scenario 2 Decadal precipitation will continue to

increase, similar to Scenario 1. The adaptation will con-

sider the implementation of the use of irrigation water

conservation mechanisms. Water-saving mechanism will

potentially save water utilization in the arid regions of

Northwest China. The water consumption will only

increase by 5 and 8 % in the 2030s and 2050s, respectively.

Results indicate that the vulnerability of water resources

in arid regions will be significantly reduced in both Sce-

nario 1 and Scenario 2 (Fig. 14). The increase in precipi-

tation will reduce the drought conditions and increase the

amount of available water. In Scenario 2, water-saving

mechanisms will reduce water consumption for agricultural

use compared with Scenario 1. These situations will reduce

the exposure of water resources to drought, as well as

increase the amount of available water. This condition has

positive implications on the adaptability of water resources.

Hence, a large amount of water will be available to meet

the increasing demand by the environment and ecology.

Likewise, the vulnerability of water resources will conse-

quently show a substantial decrease within these regions.

For example, in the Tarim River Basin, severe vulner-

ability will be significantly reduced in both scenarios,

especially in the 2050s. The vulnerability value in the

2000s is evaluated to be more than 0.90 in Tarim River

Basin. With the increase in precipitation, the value will be

reduced to 0.87 (Scenario 1) and 0.84 (Scenario 2) in the

2030s. The ratio of ecological water consumption to basic

ecological water requirements will increase to 60–70 % in

the 2030s. However, this value will remain insufficient to

meet the ecological water needs. Vulnerability will remain

severe in the Tarim River Basin. In the 2050s, vulnerability

values will be reduced to 0.79 in Scenario 1 and 0.71 in

Scenario 2. Water resources in the rivers in the Qaidam

Fig. 14 Future vulnerability of water resources in the arid regions in Scenario 1 and Scenario 2
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Basin, the Qinhai Lake Basin, the Inner Mongolia, and the

north of Kunlun Mountain will have low or medium vul-

nerability in the 2030s and 2050s.

Despite the increase in precipitation and reduced water

consumption, rivers in the Tuha Basin and the north of the

Tianshan Mountain will still present severe vulnerability

for both scenarios, because of the extremely low adapt-

ability of water resources in the two basins. Water

exploitation ratio will also remain greater than 100 % in

these areas. Thus, adaptive measures should be imple-

mented immediately in these river basins to reduce

vulnerability.

Conclusion

This paper is focused on two major issues: (1) the decadal

climate change and water resources variability and (2) the

vulnerability of water resources in the arid regions of

Northwest China. Vulnerability of water resources was

evaluated as a function of exposure, sensitivity, and

adaptive capacity.

Results showed that the precipitation and water resour-

ces (both surface water resources and ground water

recharge) exhibited significantly increasing trends after the

1980s in most parts of the arid regions of Northwest China,

specifically in Xinjiang Province. However, in the rivers of

Hexi Corridor and the Inner Mongolia, precipitation and

water resources slightly changed over the past five decades.

Water consumption and groundwater abstraction exhibited

a substantial increase after the 1980s in the rivers of Hexi

Corridor, the Tuha Basin, and the north of the Tianshan

Mountain. In the 2000s, the water consumption has been

close to or even higher than the total water resources, and

the groundwater resource abstraction has exceeded the

exploitable volumes within these river basins.

The exposure of water resources to drought in the arid

regions decreased from the 1960s to 2000s. The sensitivity

of water resource response to precipitation changes varied

among regions. Water resources were the most sensitive to

precipitation variability in the river basins of Hexi Corridor

and Inner Mongolia. A 10 % change in precipitation will

result in a 15–20 % change in water resources within the

two river basins.

In most parts of the arid regions of Northwest China,

water resources were evaluated with low adaptability and

high or severe vulnerability in the 2000s. Water resources

in Tarim Basin, Tuha Basin, Hexi Corridor, and the north

of Tianshan Mountain showed severe vulnerability. Based

on the CMIP5 model simulation, the precipitation will

increase significantly under the RCP2.6, RCP4.5, and

RCP8.5 scenarios in the future, specifically under the

RCP8.5 scenario. Water vulnerability will be reduced

significantly as the precipitation increases. Based on Sce-

nario 2, the average precipitation will increase by 26.5 %

under the RCP8.5 scenario, and water-saving mechanisms

will be enhanced in the 2050s. Vulnerability of water

resources in Tarim River Basin will be substantially

reduced, and water resources in the inner Mongolia, the

Qaidam Basin, and the Hexi Corridor will be reduced to

medium or low vulnerability. However, water resources in

the Tuha Basin and the north of the Tianshan Mountain

will remain severely vulnerable. Therefore, adaptive mea-

sures that can help reduce vulnerabilities of the water

resources and better facilitate sustainable water resources

management must be implemented within these areas.
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