
Physics and Chemistry of the Earth 79–82 (2015) 20–28
Contents lists available at ScienceDirect

Physics and Chemistry of the Earth

journal homepage: www.elsevier .com/locate /pce
Assessing the regional spatio-temporal pattern of water stress: A case
study in Zhangye City of China
http://dx.doi.org/10.1016/j.pce.2014.10.007
1474-7065/� 2014 Elsevier Ltd. All rights reserved.

⇑ Corresponding author. Tel.: +86 10 6488 8979; fax: +86 10 6485 6533.
E-mail address: zhangq.ccap@igsnrr.ac.cn (Q. Zhang).
Qian Zhang a,⇑, Bing Liu b, Weige Zhang b, Gui Jin c, Zhaohua Li c

a Center for Chinese Agricultural Policy, Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences, 11A Datun Road, Chaoyang District,
Beijing 100101, China
b School of Geoinformatics, Shandong University of Science and Technology, 579 Qianwangang Road, Qingdao 266590, China
c Faculty of Resources and Environmental Science, Hubei University, 368 Youyi Road, Wuchang District, Wuhan 430062, China

a r t i c l e i n f o a b s t r a c t
Article history:
Received 21 October 2014
Accepted 27 October 2014
Available online 6 November 2014

Keywords:
Water stress
Water Poverty Index
Spatio-temporal pattern
Trajectory
Typology
Water resource management
Water scarcity and stress have attracted increasing attention as water has become increasingly regarded
as one of the most critical resources in the world’s sustainable development. The Water Poverty Index
(WPI), an interdisciplinary but straightforward measure that considers water availability from both the
bio-geophysical perspective and the socio-economic perspective of people’s capacity to access water,
has been successfully applied at national, regional, and local levels around the world. However, the gen-
eral assessment of water stress at a macro level over only a snapshot limits the understanding of the geo-
graphic differences in and dynamics of water stress; this will, in turn, mislead decision-makers and may
result in improper water strategies being implemented. In addition, to date, the typologies and trajecto-
ries of water stress have been underexplored. To fill this knowledge gap, we examine the spatio-temporal
patterns, trajectories, and typologies of water stress using an adapted WPI for six counties in Zhangye
City, which lies within an arid region of China, in order to provide policy priorities for each county.
The results of our assessment indicate that water stress has become more severe over time (2005–
2011) in most of the counties in Zhangye City. The results also show a distinct spatial variation in water
scarcity and stress. Specifically, the results for Shandan county reflect its progressive policies on water
access and management, and this county is regarded as engaging in good water governance. In contrast,
Ganzhou district has faced more severe water pressure and is regarded as practicing poor water gover-
nance. Typology results show that each county faces its own particular challenges and opportunities in
the context of water scarcity and stress. In addition, the trajectory map reveals that none of the counties
has shown substantial improvement in both water access and management, a finding that should draw
decision-makers’ close attention.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Water scarcity and stress have attracted more attention as a
result of water being increasingly regarded as one of the most crit-
ically limited resources in the world’s sustainable development
(Falkenmark and Whdstrand, 1992; Vörösmarty et al., 2000).
Water stress is an integrated concept, and should be measured
from the perspective of natural water availability and from the
socio-economic perspective of people’s ability to access water
(Feitelson and Chenoweth, 2002; Lawrence et al., 2003; Sullivan
and Meigh, 2007). The interdisciplinary approach suggested by this
concept, which addresses crosscutting issues in an integrated way,
allows spatio-temporal patterns and trajectories of water scarcity
and stress to be measured. The approach is of particular signifi-
cance for discovering more equitable solutions for water allocation,
especially for a water-deficient but rapidly developing city such as
Zhangye City within the arid region of northwestern China.

Previous studies have made substantial efforts to generate suit-
able expressions to represent water scarcity and stress (Alcamo
et al., 1997; Deng et al., 2014; Deng and Zhao, 2014; Smakhtin
et al., 2004; Sullivan, 2001a,b, 2002), such as the Water Poverty
Index (WPI). Condensed indices of water stress are very useful
for focusing and simplifying the problem, and are more effective
at drawing public attention and more influential in affecting pol-
icy-makers’ decisions than are long lists of multiple factors or mea-
sures. As a result, the indices, rather than precise measures, have
assumed considerable political appeal and have become an impor-
tant water management tool. The WPI considers water availability
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from both the bio-geophysical perspective and the socio-economic
perspective of people’s ability to access water. The WPI was origi-
nally developed as a holistic tool to measure water stress at the
household and community levels in the early 2000s (Sullivan,
2001a,b, 2002; Sullivan et al., 2003). Through combining a cluster
of data that are both directly and indirectly relevant to water scar-
city and stress into a single number, the WPI provides a basis for
ranking administrative units in terms of water availability and
the effectiveness of water management, and assists both national
and local decision-makers to better determine policy priorities
for making interventions in the water sector.

However, the spatial variation in water availability and in
access to water resources is distinct and particularly important,
even for adjacent locations within the same watershed. The gen-
eral assessment of water stress at a macro level over only a snap-
shot is likely to limit the understanding of geographic differences
in water scarcity and stress, which may in turn mislead decision-
makers to adopt improper strategies. Therefore, water stress
assessment and water resource governance at a variety of scales
become increasingly imperative (Perveen and James, 2009). Fur-
thermore, time series water stress analysis based on changes in
socio-economic and bio-geophysical factors can provide richer
information for making decisions on water usage and management
than can snapshot descriptions. To date, the trajectories and typol-
ogies of water stress have been underexplored, and to our knowl-
edge the present study is the first attempt to illustrate the
trajectories of water stress at the local level.

The objective of this study using the interdisciplinary approach
outlined above is to explore the spatio-temporal pattern, trajecto-
ries, and typologies of water stress for counties in Zhangye City,
which is located in an arid region of China, using an adapted
WPI. We follow the principal of generating the WPI and only adapt
the indicators (variables) to calculate the WPI according to the spe-
cific characteristics of this study area. In this paper, we examine
the trends and patterns of water stress, investigate the underlying
factors that affect water stress, and consequently provide policy
priorities for the specific counties within the study area. The rest
of the paper is structured as follows. First, we briefly describe the
study area (Section 2). Next, we present the main datasets and
methodology used in this study (Section 3). We then present and
discuss the results and identify future research directions in detail
(Section 4). We conclude by highlighting the major findings
(Section 5).
2. Study area

Zhangye City, a prefecture-level city of Gansu province in north-
western China, is located in the middle reaches of the Heihe River
and the hinterland of the Hexi Corridor (Fig. 1). Zhangye City is the
choke point of the new bridge connecting Asia and Europe, and has
thus become one of the preferential development areas of the
national western development strategic plan. Flat topography, fer-
tile soil, and sufficient sunshine hours (up to 3000 h per year),
together with primary irrigation by the Heihe River, have trans-
formed Zhangye City into one of China’s 12 key national commer-
cial grain bases. The annual precipitation in Zhangye City is only
198 mm as it is located within the arid continental climate zone.
The average annual temperature is around 6 �C, and the hottest
and coldest months are July and January, respectively.

Zhangye City covers an area of 40,874 km2 and has a total pop-
ulation of over 1.3 million (2013), 36% of whom are urban dwellers.
There are six counties or districts, namely, Ganzhou district, Linze
county, Shandan county, Minyue county, Gaotai county, and Sunan
minority autonomous county. The total GDP in Zhangye City
reached 336.86 billion Chinese Yuan (approximate 55.04 billion
US Dollars) in 2013 and increased by 11.8% compared with 2012.
Zhangye City has a balanced industrial structure, with a ratio of
primary:secondary:tertiary industry of 1:1.29:1.33 in 2013 (Deng
et al., 2014).

Expanding agriculture and rapid economic development result
in the excessive use of water resources. In 2007, both the annual
available water resources and the actual annual water utilizations
for Zhangye City were 2.36 billion cubic meters, of which 1.96 bil-
lion cubic meters were from surface water and the reminder was
from groundwater (Wu et al., 2014). The majority (99%) of water
usage is for socio-economic purposes, and of this amount, 95% is
used for agriculture. Ecological and environmental water demands
have not been able to be accommodated in this socio-economic-
dominant system. As a result, the city faces an environmental–eco-
nomic dilemma through increasing dependency on the scarce
water resources and increasing environment degradation (Cheng
et al., 2014). Consequently, there is an imperative to alleviate water
stress and promote water-use efficiency in this case study area.
3. Data and methodology

3.1. General procedure used in this study

Since it was formulated in the early twenty-first century, the
WPI has been successfully applied to make both international com-
parisons (Lawrence et al., 2003) and numerous case studies at the
local level (Sullivan et al., 2003; Zhang et al., 2012). Here, we use
the conventional composite index approach and matrix (quadrant)
approach (Sullivan, 2002) to generate the spatio-temporal pattern,
typologies, and trajectories of water stress in the study area
(Fig. 2). The primary step is to select suitable variables to represent
each component (Section 3.2), following which we calculate the
WPI and use different graphical devices to illustrate the spatio-
temporal patterns, typologies, and trajectories of water stress for
the study area.
3.2. Water stress indicators

Following the conceptual framework of the WPI (Sullivan,
2002), measures of water availability, access to water, the capacity
for sustaining access, water use, the environmental factors that
impact on water quality, and the ecology that water sustains all
need to be considered to provide a multi-dimensional picture of
the water stress situation (Fig. 2). Water stress needs to be quanti-
fied in a universally accepted way yet at the same time highlight
local characteristics. Therefore, it is possible to adapt the WPI
according to individual case study areas to ensure that it is respon-
sive to specific socio-economic and physical situations. Therefore,
in this study we adapt the Water Poverty Index as representing a
location-specific WPI for the case study area of Zhangye City.

Moreover, it is desirable to reduce as much as possible the cor-
relation among components and separate sub-indices in order to
add more information to this index. It is also necessary to take data
availability into consideration. Consequently, the indicators we
used to represent the components of Resources, Access, Capacity,
Use, and Environment in this case study are listed in Table 1 and
the statistics of these variables for Zhangye City for 2005–2011
are presented in Table 2.

‘‘Resources’’ refers to the total available water and here we use
as a proxy the total amount of domestic, agricultural, and indus-
trial water usage plus precipitation. ‘‘Access’’ means not only
acquiring safe water for daily needs, but also water for irrigating
crops and for industrial use. In Zhangye City, most water consump-
tion is by agricultural usage; therefore, we choose the agricultural
gross ratio and the percentage of the population with access to safe



Fig. 1. Location of the study area: Zhangye City in the middle reaches of the Heihe River Basin.
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water as the indicators for characterizing access. ‘‘Capacity’’ repre-
sents the power to purchase water and the ability to manage water
supply. GDP per capita and tertiary industrial ratio are used to rep-
resent the level of economic development and are selected as the
indicators of capacity. ‘‘Use’’ comprises domestic, agricultural,
and non-agricultural water usage, and therefore indicates the total
amount of domestic, agricultural, and industrial water usage in a
county. ‘‘Environment’’ is represented by a summary of the annual
average normalized differential vegetation index (NDVI), bare land
area percentage, and the annual ammonia nitrogen discharge,
which are indicators that measure water quality and the ecology
that water sustains.
3.3. Calculation procedure

Each indicator is standardized to a range of 0–100 (Equation 1),
and each component is the average of its indicators with equal
weights (Equation 2, see Fig. 3). The WPI for a particular location
is calculated as the average of five components, namely Resources
(R), Access (A), Capacity (C), Use (U), and Environment (E), with
equal weights (Equation 3). The values of the components and of
the resulting WPI thus lie between 0 and 100. The lowest value
(WPI = 0) represents a situation of the most severe water stress,
and the highest value (WPI = 100) represents the best situation
where there is the lowest risk of facing water scarcity and stress.

The sub-components are categorized into positive and negative
indicators. For positive indicators, the higher the original value of a
factor then the less severe is the water stress and there is a better
water management situation. For negative indicators, the lower
the original value of a factor then the higher level of water poverty.
In this study, the agricultural gross ratio in the Capacity compo-
nent, the domestic, industrial, and agricultural water use in the
Use component, and the bare land area percentage and ammonia
nitrogen discharge in the Environment component are regarded
as negative factors. All the other indicators are treated as positive.
Following Heidecke’s approach (Heidecke, 2006), 5% is added to
the maximum values and deducted from the lowest values during
standardization to avoid the values of 0 and 100.
4. Results and discussion

In this section, we analyze and interpret the five components of
the WPI, together with the spatio-temporal patterns, typologies,
and trajectories of the WPI at the county level. The results for
the WPI as presented here suggest directions for current and future
policy making, and also allow us to discuss the measurement and
adaptation of the WPI.
4.1. Spatio-temporal pattern of water stress

The longer the bars in Fig. 4, the higher are the values of the
WPI, and also the less severe the water stress situation for a partic-
ular county. The highest value of the WPI is double the lowest
value. The patterns shown in Fig. 4 demonstrate the distinct spatial
variation in water scarcity and stress, even for small regions (such
as parts of the water basin) at the local level, here with respect to
counties.

The average WPI for the six counties/districts showed no real
change for the period 2005–2011 (dashed line, Fig. 5f). The WPI
for each county (except Shandan county) decreased from 2010 to
2011. Over the entire study period, the WPI for three counties
(Shandan, Gaotai, and Linze counties) increased, whereas it
decreased for Ganzhou, Minyue, and Sunan counties, indicating
that water scarcity and stress have become more severe over time
in these three latter counties of Zhangye City. It is clear from Fig. 5f
that the data for a relatively long time series (here, 2005–2011) are
more reliable for identifying and explaining the dynamics of water
scarcity and stress than are short-term (snapshot) data.

There are significant variations in the values calculated for the
components of Resources, Access, Capacity, and Use for the case
study counties/districts. Nevertheless, no matter which county is
considered, the Environment component is relatively static over



Fig. 2. General workflow of this study.

Table 1
List of indicators used in the calculation of the WPI.

Component/Indicator Description

Resources
Total water usage per capita Total annual amount of domestic, agricultural, and industrial water usage (m3/person � year)
Precipitation Annual precipitation in a county (mm)

Access
Percentage of the population with access to safe water number of households with access to safe water ðin a countyÞ

total number of households ðin a countyÞ (%)

Agricultural gross ratio Agricultural gross population as a percentage of total population in a county (%)

Capacity
GDP per capita Per capita GDP of a county (Chinese Yuan)
Tertiary industrial ratio Tertiary industrial output value as a percentage of total GDP in a county (%)

Use
Domestic water usage Total amount of domestic water usage in a county (m3)
Industrial water usage Total amount of industrial water usage in a county (m3)
Agricultural water usage Total amount of agricultural water usage in a county (m3)

Environment
NDVI Summary of the annual average normalized differential vegetation index in a county
Bare land area percentage Bare land area as a percentage of the total land area in a county (%)
Ammonia nitrogen discharge Annual discharge amount of ammonia nitrogen in a county (ton)
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the time frame used (Fig. 5e). Because we treat the Use component
as a negative one, the declines in the values of Use represent an
increase in the total amount of water used. In 2011, four out of
the six counties dramatically exploited water resources (Fig. 5d).
During 2005–2010, the three indicators of Use remained stable,
which indicates that the ranks of the total amount of domestic,



Table 2
Statistics of indicators used in calculating the water stress index (WPI).

Indicators Mean Min Max SD

Resources 37.67 2.14 93.65 29.15
Total water usage per capita (m3/person � year) 1981.17 819.52 3225.64 607.78
Precipitation (mm) 253.46 79.30 702.00 133.87
Access 46.91 9.86 81.44 23.57
Percentage of the population with access to safe water (%) 77.24 38.15 99.45 20.11
Agricultural gross ratio (%) 38.18 24.40 48.07 7.74
Capacity 35.52 13.52 80.28 20.62
GDP per capita (103 Chinese Yuan) 15.78 5.21 57.38 9.62
Tertiary industrial ratio (%) 30.08 17.60 41.50 6.94
Use 64.26 4.96 99.79 31.48
Domestic water use (106 m3) 9.76 0.83 27.44 7.28
Industrial water use (106 m3) 10.45 0.81 38.23 7.48
Agricultural water use (106 m3) 3.42 0.47 10.09 2.53
Environment 51.25 29.32 63.51 10.40
NDVI 15.79 8.89 22.89 4.31
Bare land area percentage (%) 30.07 5.20 72.39 22.20
Ammonia nitrogen discharge (ton) 179.18 19.87 645.76 123.20

Data sources: Statistical Bureau of Zhangye city in China (2005–2011).

Fig. 3. Procedure for calculating the Water Poverty Index.
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industrial, and agricultural water usage for each county were
essentially constant. Represented by water usage in each sector,
the indicators of Use also show that industrial structures for these
counties had no obvious changes, and thus had no contribution to
the WPI over the period 2005–2011. During the study period, most
of the counties improved their capacities, with the exception of
Ganzhou district, although the net value of Capacity for Ganzhou
district is still the highest of the case study counties (Fig. 5c).
Although the total GDP per capita of Ganzhou district continued
to rise during 2005–2011, the standardized GDP per capita
declined because the differential in the GDP per capita between
Ganzhou district and the other counties became lower over time.
In other words, economic development in other counties quick-
ened pace to catch up with that of Ganzhou district. Access to
water was either enhanced or slightly weakened over time for
the six counties (Fig. 5b).

Shandan county shows relatively high scores on multiple com-
ponents, and has the highest WPI (Fig. 5f), reflecting its progressive
policies on water access and management. Minyue county, largely
as a result of having the highest water availability (Fig. 5a), has the
second-highest WPI value for Zhangye City. Sunan county is the
third and final county that shows a higher WPI than the average
value. The severity of water stress in Sunan and Minyue counties,
and in Linze and Gaotai counties, is similar because the change
in WPI and the dynamic patterns in these two pairs of counties
over time are similar. Ganzhou district, which contains the single
largest percentage of the total population of Zhangye City, has been
facing increasing pressure on water scarcity and stress, as shown
by the steady decline in its WPI (Fig. 5f).

4.2. Typologies and trajectories of water stress

Radar maps have been widely used in previous assessments of
water poverty and stress (Sullivan and Meigh, 2007; Sullivan
et al., 2003; Zhang et al., 2012; Zheng et al., 2012). Beyond inter-
preting the radar maps as a way of describing the components of
the WPI, we can distinguish the diverse types of water stress from
the radar map pentagrams that represent water situations in these
case study counties (Fig. 6a and b). The shape of the pentagram for
Shandan county is similar to (but with higher values than) the
average. The greater the enclosed pentagram area for a county,
the better the situation for that county regarding water access
and management. Three of the six counties are better (Fig. 6a)
and three worse (Fig. 6b) compared with the average level. More-
over, the pentagram shapes show considerable variation, which
indicates that all these counties faced their own challenges and
opportunities in the context of water scarcity and stress. Similar
to the concept of urbanization typology, the counties sharing



Fig. 4. Water stress index and its components for the six studied counties of Zhangye City.
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similar typologies might face similar problems and the undergoing
processes or strategies in one county might provide useful referen-
tial information and guidance for decision-making in other coun-
ties with similar typologies (Zhang and Seto, 2013). Nevertheless,
in some cases the different typologies might be attributed to differ-
ent underlying causes and processes of water access and manage-
ment. Water stress typologies based on the components
(Resources, Use, Access, Capacity, and Environment) provide a
comprehensive understanding of water scarcity and stress.

Another important contribution of the radar maps is that they
can distinctly illustrate where progress needs to be prioritized
for alleviating water scarcity and stress in the particular local situ-
ation (Fig. 6a and b). For example, for Minyue country, improving
accessibility to water and increasing the capacity are more impor-
tant than taking other actions to alleviate water stress. In contrast,
given the more limited amount of available water, achievement of
a balanced water use structure makes more sense for Ganzhou
district.

Following Sullivan (2001a,b), we omitted the environment
component and integrated the other four components into a
two-dimensional matrix. The relative positions in this two-dimen-
sional space represent the counties with different levels of water
Availability (Resources) and Access (x-axis), and of Capacity and
Use (y-axis). Previous water stress assessments presented the sta-
tic locations of the study units in four quadrants (Sullivan, 2002).
However, importantly, time series of WPIs are more powerful than
a snapshot of the index for a single year. Using time series of WPIs
and treating them as continuous curves allows the trajectories of
water stress changes to be tracked, which we demonstrate below
for the counties of the study area.

In the graphical device used for presenting the trajectories of
water stress (Fig. 7), the origin and terminations of the x- and
y-axes represent the minimum and maximum values of the mean
values of Resources and Access and of Capacity and Use, respec-
tively. The arrows show the temporal trajectory of each county
through the dimensions from 2005 to 2011 (Fig. 7). A trajectory
of points from the lower-left (low–low or LL) quadrant to the
upper-right (high–high or HH) quadrant would indicate a substan-
tial improvement in both water Availability–Access and Capacity–
Use, and can be defined as progression. In this case study, only the
curve for Shandan county is located in the HH quadrant, and the
trend heads slightly upwards and to the right, indicating an
improving water situation. The curves for Gaotai, Linze, and Sunan
counties all trend downwards and to the right, which means an
increase in Availability and Access but a decrease in Capacity and
Use. Minyue’s curve trends downwards and slightly left in the HL
quadrant, even though the original value of Availability and Access
for this county is high. Ganzhou’s curve trends downwards and left
in the LL quadrant, showing regression over time in both
dimensions.
4.3. Discussion of methodology and future research

We are able to make several points regarding the methodology
used and avenues for further research. First, the values of the WPI,
together with its components and subcomponents, are ‘‘indica-
tors’’, and not precise measures. The WPI produces values that
allow comparisons and rankings to be made in the provision,
access, and management of water resources at specific levels (such
as international, national, and local levels); thus the index provides
a means to make relative judgments for the level or area under
consideration, but the absolute values themselves are not mean-
ingful. The purpose of generating the WPI is to make comparisons



Fig. 5. Dynamics of the WPI and its components for the six studied counties of Zhangye City.
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between regions and to inform decision-makers, rather than pro-
vide a complex statistical assessment.

Second, the WPI is location specific and question oriented in
nature, and we can adapt this index by including more available
data, such as the amount of investment in water infrastructure,
or by assigning different weights to the five components and
various sub-components. In this study, we weighted the five
components equally given the absence of information suggesting
otherwise. Some researchers have argued that less weight should
be given to Resources and more to Use, Access, and Environment
to highlight the importance of management rather than natural
water distribution (Wada, 2010; Wu and Li, 2013). However,
how such differential weightings should be determined and
how to maximize the information that each component and



Fig. 6. Water stress typology for the six studied counties of Zhangye City.

Fig. 7. Trajectories of water stress for the six studied counties of Zhangye City.
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sub-component can provide are challenging problems and need to
be addressed in future studies. In our case study, we followed the
successful experience of the Human Development Index (HDI) by
assigning equal weights to the components and using unweighted
averages of subcomponents (Klugman, 2010).

Third, it has been argued that the WPI essentially provides a
measure of water availability and access that is adjusted by
socio-economic and environmental factors and therefore that it
attempts to combine ‘‘apples’’ with ‘‘pears’’ (Lawrence et al.,
2003). It is a tough challenge to integrate both socio-economic fac-
tors and bio-geophysical elements into one single index because of
their variant spatial and temporal scales (Srinivasan et al., 2013).
Bio-geophysical data from monitoring are usually based on hydro-
logical stations and can be captured at fine spatial and temporal
resolutions. In contrast, socio-economic data are derived mainly
from censuses at county, prefecture, provincial, or national levels
at annual intervals, or from investigations at the household level.
Therefore, data upscaling or downscaling is necessary to match
data from multiple sources. By geo-referencing and linking the var-
ious WPI indicators, water stress can be assessed at different
scales, which has been shown to be imperative because patterns
of water stress and scarcity vary greatly across these various scales
(Perveen and James, 2009, 2011). In the present study, we calcu-
lated the WPI at the county scale because these administrative
units are powerful in formulating land and water use policies in
China (Zhang et al., 2014). Analysis of the spatio-temporal patterns,
typologies, and trajectories of water stress for counties as per-
formed here will help water managers at both local and national
government levels to identify policy priorities and implications.
Moreover, climate change has a significant impact on water stress
dynamics (Griffin et al., 2013), and water availability in both dry
and wet seasons is another distinct problem (Sullivan and Meigh,
2007; Sullivan et al., 2003; Wada, 2010). Consequently, we should
take climate change and seasonal variation into consideration and
facilitate the multi-scale integration of climate change, hydrologic,
water resource, and socio-economic data. Multi-scale assessments
will help provide a better understanding of water scarcity and
stress, which in turn will improve water use policy in China.

Fourth, the idea behind generating the WPI follows the main-
stream approach in the last two decades for evaluating the status
of nature and society using composite indexes, such as the Human
Development Index (HDI) at the country scale (Klugman, 2010),
the City Development Index (CDI) at the city level (UN-Habitat,
2007), and the water resource vulnerability indicator (Hamouda
et al., 2009). The condensed indices are very useful for focusing
attention on and simplifying the problem, and they are also better
able to draw public attention and to influence policy makers’ deci-
sions than are long lists of many factors. As a result, the indices
have considerable political appeal despite their poorer statistical
value compared with precise measures.

Last but not least, although the WPI has attracted some criti-
cism (Lawrence et al., 2003), one prominent advantage of the
WPI we wish to highlight is that the conceptual framework and
pilot projects of the WPI were developed as a consensus of opinion
from a wide range of physical and social scientists, water practitio-
ners, researchers, water users, agency personnel, and other stake-
holders to ensure that all the relevant issues were included in
the index. The process of ‘‘co-design’’ and ‘‘co-development’’ has
also been proposed and recommended by Future Earth (http://
www.icsu.org/future-earth/), which is a ‘‘new 10-year interna-
tional research initiative that will develop the knowledge for
responding effectively to the risks and opportunities of global envi-
ronmental change and for supporting transformation towards glo-
bal sustainability in the coming decades’’.

5. Conclusion

Water scarcity and stress have attracted increasing attention as
water has become to be regarded as one of the most critical
resources in the sustainable development of the world. The Water
Poverty Index (WPI), an interdisciplinary but straightforward mea-
sure that considers water availability from bio-geophysical aspects
and from people’s capacity to access water from a socio-economic
perspective, has been successfully applied in various case studies
at national, regional, and local levels around the world. However,
the general assessment of water stress at a macro level over only
a short time period or snapshot will limit the understanding of
the geographic variations in and dynamics of water stress, which
in turn will mislead decision-makers and may result in the
implementation of improper strategies. To date, the typologies

http://www.icsu.org/future-earth/
http://www.icsu.org/future-earth/
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and trajectories of water stress have been underexplored. Here, to
fill this gap in knowledge, and using an adapted WPI, we examined
the temporal trends and spatial patterns of water stress, investi-
gated the underlying components and indicators that affect water
stress, and explored the trajectories and typologies of water stress,
on which basis we have been able to provide policy priorities for
six specific counties of Zhangye City.

The results of our study indicate that water scarcity and stress
have become more severe for most of the counties in Zhangye City
over the period 2005–2011. There is clear spatial variation in water
scarcity and stress between the different counties. Specifically,
Shandan county scored relatively highly in the WPI and across
multiple components, reflecting its progressive policies on access
and management and its good water governance. In contrast,
Ganzhou district, which contains the largest single percentage of
the total population of Zhangye City, has faced increasing water
scarcity and stress, and is regarded as having poor water gover-
nance. An analysis of water stress typologies using radar maps
shows that each county had a distinct radar map pentagram shape,
which indicates that each county faced its own particular chal-
lenges and opportunities in the context of water scarcity and
stress. In addition, the trajectories map reveals that none of the
counties has substantially improved both water access and man-
agement, a finding that should attract the attention of decision-
makers. In short, the WPI, serving as a simple, transparent, and
holistic tool, provides a better understanding of the complexities
of water scarcity and stress by integrating physical, socio-eco-
nomic, and environmental factors. This is particularly the case
when changes in the index can be assessed over a reasonable per-
iod of time and when the trajectories of the index and its compo-
nents can be tracked and its typologies identified. The WPI appeals
to decision-makers and should also serve to empower the public to
participate in practicing effective and efficient water management
through determining and justifying policy priorities.
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