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Abstract. This paper presents a top-down approach for
identifying regions whose water resources have higher
sensitivity to global change than other regions. The aim of
this approach is to provide an overview of regions that
may justify special attention from the research and devel-
opment assistance community, under particular global
change scenarios. As a ‘top-down’ method it is best seen
as a type of sensitivity analysis that can complement
rather than replace other ‘bottom-up’ studies of the vul-
nerability of particular watersheds. An increase in ‘water
stress’ is used as a measure of increasing sensitivity of
watersheds to global change, and this stress is computed
with the global water model, WaterGAP. Stress increases
when either water withdrawals increase or water avail-
ability decreases. Since the criteria for determining criti-
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Introduction

Results of research and assessments have shown that wa-
ter resources world-wide are experiencing large-scale
changes in water withdrawals and availability (see, for
example, reviews in WWC, 2000 and IPCC, 2001). Using
current terminology, these can be termed as ‘global
changes’ owing to their universal nature and their link to
global processes. An important research question is,
which regions are likely to be most affected by global
changes and therefore deserve special attention for mon-
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cal regions is uncertain, they are calculated and compared
for four different sets of criteria. To examine the differ-
ence in critical regions under different socio-economic
and climate scenarios, they were also calculated for four
distinctive scenarios. Under the scenario showing the
largest increase in water stresses, the estimated area of
critical regions (in 2032) ranges from 7.4 to 13.0 percent
of total land area, depending on the criteria for identify-
ing critical regions. As expected, the estimate of critical
regions is very scenario-dependent, showing smaller ar-
eas under scenarios having smaller increases in water
stress. However, some regions always appear as critical
regions regardless of the scenario. These include parts of
central Mexico, the Middle East, large parts of the Indian
sub-continent, and stretches of the North African coast.

model; hot spot areas; water scarcity; water stress.

itoring and research? Likewise, many policymakers and
development assistance institutions are interested in mit-
igating the negative impacts of global changes, but may
have limited resources for this task. They also are inter-
ested in where development aid can be best concentrated.
For these reasons it would be useful to identify ‘critical
regions’ where water resources might be especially sensi-
tive. These regions could then be given priority for further
monitoring, research or mitigation efforts.

Previous studies, for example the ‘Comprehensive
Assessment of Freshwater Resources of the World’ sup-
ported by a Consortium of U.N. organizations, signaled
increasing water vulnerabilities for several countries
(Raskin et al., 1997). Also, a country-based scenario-
analysis by the International Water Management Institute


Verwendete Mac Distiller 5.0.x Joboptions
Dieser Report wurde automatisch mit Hilfe der Adobe Acrobat Distiller Erweiterung "Distiller Secrets v1.0.5" der IMPRESSED GmbH erstellt.
Sie koennen diese Startup-Datei für die Distiller Versionen 4.0.5 und 5.0.x kostenlos unter http://www.impressed.de herunterladen.

ALLGEMEIN ----------------------------------------
Dateioptionen:
     Kompatibilität: PDF 1.2
     Für schnelle Web-Anzeige optimieren: Ja
     Piktogramme einbetten: Ja
     Seiten automatisch drehen: Nein
     Seiten von: 1
     Seiten bis: Alle Seiten
     Bund: Links
     Auflösung: [ 1200 1200 ] dpi
     Papierformat: [ 595 785 ] Punkt

KOMPRIMIERUNG ----------------------------------------
Farbbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Graustufenbilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 150 dpi
     Downsampling für Bilder über: 225 dpi
     Komprimieren: Ja
     Automatische Bestimmung der Komprimierungsart: Ja
     JPEG-Qualität: Mittel
     Bitanzahl pro Pixel: Wie Original Bit
Schwarzweiß-Bilder:
     Downsampling: Ja
     Berechnungsmethode: Bikubische Neuberechnung
     Downsample-Auflösung: 600 dpi
     Downsampling für Bilder über: 900 dpi
     Komprimieren: Ja
     Komprimierungsart: CCITT
     CCITT-Gruppe: 4
     Graustufen glätten: Nein

     Text und Vektorgrafiken komprimieren: Ja

SCHRIFTEN ----------------------------------------
     Alle Schriften einbetten: Ja
     Untergruppen aller eingebetteten Schriften: Nein
     Wenn Einbetten fehlschlägt: Warnen und weiter
Einbetten:
     Immer einbetten: [ ]
     Nie einbetten: [ ]

FARBE(N) ----------------------------------------
Farbmanagement:
     Farbumrechnungsmethode: Alle Farben zu sRGB konvertieren
     Methode: Standard
Arbeitsbereiche:
     Graustufen ICC-Profil: 
     RGB ICC-Profil: sRGB IEC61966-2.1
     CMYK ICC-Profil: U.S. Web Coated (SWOP) v2
Geräteabhängige Daten:
     Einstellungen für Überdrucken beibehalten: Ja
     Unterfarbreduktion und Schwarzaufbau beibehalten: Ja
     Transferfunktionen: Anwenden
     Rastereinstellungen beibehalten: Ja

ERWEITERT ----------------------------------------
Optionen:
     Prolog/Epilog verwenden: Nein
     PostScript-Datei darf Einstellungen überschreiben: Ja
     Level 2 copypage-Semantik beibehalten: Ja
     Portable Job Ticket in PDF-Datei speichern: Nein
     Illustrator-Überdruckmodus: Ja
     Farbverläufe zu weichen Nuancen konvertieren: Nein
     ASCII-Format: Nein
Document Structuring Conventions (DSC):
     DSC-Kommentare verarbeiten: Nein

ANDERE ----------------------------------------
     Distiller-Kern Version: 5000
     ZIP-Komprimierung verwenden: Ja
     Optimierungen deaktivieren: Nein
     Bildspeicher: 524288 Byte
     Farbbilder glätten: Nein
     Graustufenbilder glätten: Nein
     Bilder (< 257 Farben) in indizierten Farbraum konvertieren: Ja
     sRGB ICC-Profil: sRGB IEC61966-2.1

ENDE DES REPORTS ----------------------------------------

IMPRESSED GmbH
Bahrenfelder Chaussee 49
22761 Hamburg, Germany
Tel. +49 40 897189-0
Fax +49 40 897189-71
Email: info@impressed.de
Web: www.impressed.de

Adobe Acrobat Distiller 5.0.x Joboption Datei
<<
     /ColorSettingsFile ()
     /LockDistillerParams false
     /DetectBlends false
     /DoThumbnails true
     /AntiAliasMonoImages false
     /MonoImageDownsampleType /Bicubic
     /GrayImageDownsampleType /Bicubic
     /MaxSubsetPct 100
     /MonoImageFilter /CCITTFaxEncode
     /ColorImageDownsampleThreshold 1.5
     /GrayImageFilter /DCTEncode
     /ColorConversionStrategy /sRGB
     /CalGrayProfile ()
     /ColorImageResolution 150
     /UsePrologue false
     /MonoImageResolution 600
     /ColorImageDepth -1
     /sRGBProfile (sRGB IEC61966-2.1)
     /PreserveOverprintSettings true
     /CompatibilityLevel 1.2
     /UCRandBGInfo /Preserve
     /EmitDSCWarnings false
     /CreateJobTicket false
     /DownsampleMonoImages true
     /DownsampleColorImages true
     /MonoImageDict << /K -1 >>
     /ColorImageDownsampleType /Bicubic
     /GrayImageDict << /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.9 >>
     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)
     /ParseDSCComments false
     /PreserveEPSInfo false
     /MonoImageDepth -1
     /AutoFilterGrayImages true
     /SubsetFonts false
     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /HSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.76 /ColorTransform 1 >>
     /ColorImageFilter /DCTEncode
     /AutoRotatePages /None
     /PreserveCopyPage true
     /EncodeMonoImages true
     /ASCII85EncodePages false
     /PreserveOPIComments false
     /NeverEmbed [ ]
     /ColorImageDict << /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.9 >>
     /AntiAliasGrayImages false
     /GrayImageDepth -1
     /CannotEmbedFontPolicy /Warning
     /EndPage -1
     /TransferFunctionInfo /Apply
     /CalRGBProfile (sRGB IEC61966-2.1)
     /EncodeColorImages true
     /EncodeGrayImages true
     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /HSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.76 /ColorTransform 1 >>
     /Optimize true
     /ParseDSCCommentsForDocInfo false
     /GrayImageDownsampleThreshold 1.5
     /MonoImageDownsampleThreshold 1.5
     /AutoPositionEPSFiles false
     /GrayImageResolution 150
     /AutoFilterColorImages true
     /AlwaysEmbed [ ]
     /ImageMemory 524288
     /OPM 1
     /DefaultRenderingIntent /Default
     /EmbedAllFonts true
     /StartPage 1
     /DownsampleGrayImages true
     /AntiAliasColorImages false
     /ConvertImagesToIndexed true
     /PreserveHalftoneInfo true
     /CompressPages true
     /Binding /Left
>> setdistillerparams
<<
     /PageSize [ 595.276 841.890 ]
     /HWResolution [ 1200 1200 ]
>> setpagedevice


Aquat. Sci.  Vol. 64, 2002

highlighted countries with either high levels of water
stress today or high increases in water demand or both
(IWMLI, 1998). But while country-scale assessments pro-
vide an useful first overview, it is widely agreed that
analyses of water resources would ideally be conducted at
the watershed-level. Recent global assessments of the
stress on water resources at the watershed-level have
shown that around 2 billion people live in watersheds
with high water stress today, and that this number likely
to increase considerably (for example, Alcamo et al.,
1997; Alcamo et al., 2000; Cosgrove and Rijsberman,
2000; Vordsmarty et al., 2000; World Resources Institute,
2000). These studies identified regions that see particular
high stress on water resources either today or under vari-
ous future scenarios, yet they do not take the rates of
changes or the increase of pressure on water resources
into account explicitly. With this study we aim to take the
analysis one step further, by assessing which regions have
critical sensitivity to the dynamics of global changes.

The objective of this paper is to present and apply a
model-based, top-down approach for identifying ‘critical
regions’. We stress at the outset that such a top-down ap-
proach can complement but not replace detailed bottom-
up vulnerability studies of particular watersheds. For in-
stance, the top-down approach can be viewed as a kind of
screening analysis to determine where bottom-up assess-
ments of vulnerabilities should be carried out. Further-
more, the top-down approach can address questions that
are difficult (or currently impossible) for bottom-up case
studies to address. For example:

1. Which regions of the world might be most affected by
global change under different criteria for ‘critical re-
gion’?

2. Which regions are critical under a range of different
global change scenarios?

3. What will be the impacts of global change on regions
where watershed-level studies up to now are limited
or absent?

4. Do critical regions for water resources coincide with
critical regions for other types of global change im-
pacts, for example areas where impacts on natural
vegetation or crop production are particularly impor-
tant?

Defining critical regions

The general definition of ‘critical region’ used in this pa-
per is: ‘A region whose water resources have higher sen-
sitivity to global change than other regions.” ‘Region’ is
used to mean a broad geographical area, while ‘global
change’ refers to alterations in natural (e.g., physical or
biological) systems whose impacts are not localized
(Stern et al., 1992). These changes can be systemic (e. g.,
ozone depletion, climate change) or cumulative (e.g., de-
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forestation, shifting settlements, water scarcity). With re-
gards to water resources, global changes fall into both the
systemic (as in changes in the global climate system
which lead to changes in precipitation patterns and
runoff) and cumulative categories (e.g., water consump-
tion increasing simultaneously in many watersheds lead-
ing to more frequent water shortages at many different lo-
cations around the world). Here we consider the follow-
ing water resource processes as global changes: (i) The
change in water withdrawals owing to changes in popula-
tion, economic growth, and technological change, (ii)
Changes in water availability (equivalent to the natural
discharge in each watershed) due to long term, average
changes in precipitation and temperature due to climate
change.!

‘Sensitivity’ in the above definition is used in the con-
ventional sense as the degree of change of a dependent
variable relative to change of an independent variable. In
this analysis, sensitivity is the change in water resources
per unit ‘global change’. The question arises, what kind
of changes to water resources should be taken into ac-
count? The answer depends on the viewpoint towards wa-
ter resources — Different kinds of changes will be impor-
tant to aquatic ecosystems, to local municipal or indus-
trial users, to ships navigating a river, and so on. In this
paper we do not attempt to address a particular perspec-
tive, but instead use a general measure of sensitivity
which we believe is relevant to a number of different in-
terests in water resources, namely, the change in water
stress. ‘Water stress’, as used here, is a measure of the de-
gree of pressure put on water resources (including its
quantity and ecosystems) by the users of these resources,
including municipalities, industries, power plants and
agricultural users. For the purpose of this analysis, it is
assumed that the greater the increase in water stress,
the greater the sensitivity of water resources to global
change. ?

To estimate water stress we use the common indicator
‘annual withdrawals-to-availability ratio’ (see, e.g.,
Raskin et al., 1997; Cosgrove and Rijsberman, 2000).3
Figure 1 depicts the current situation of water stress in the
world’s watersheds. Water stress will increase when either
water withdrawals grow (related to changes in population

! As a first approach, we only take into account average annual
changes, but in future analyses we intend to include changes in the
frequency and intensity of extreme climate events.

2 We are concerned with an increase rather than decrease of stress
because the aim of this paper is to identify regions experiencing
negative impacts of global change.

3 Based on this indicator, water stress can be divided into ‘low’,
‘medium’ and ‘severe’ classes using conventional thresholds. When
the long-term average annual withdrawals to availability ratio is ...
— ... greater than 0.4, then water stress is ‘severe’;

— ... between 0.2 and 0.4, then water stress is ‘medium’;

— ... less than 0.2, then water stress is ‘low’.
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Figure 1. Current water stress: Water stress is depicted by the current average annual withdrawals-to-availability ratio as computed by the
WaterGAP model (Alcamo et al., 2002). Water withdrawals are representative for the situation in 1995, computations of water availability

are based on the climate normal period 1961-1990.

and economic growth), and/or water availability de-
creases (related to climate change). Water stress will re-
main at the same level if the proportional increase/de-
crease in withdrawals is the same as the proportional in-
crease/decrease in water availability.

To sum up to this point, a general definition for criti-
cal regions has been proposed, and it is interpreted specif-
ically here to mean regions experiencing an increase in
water stress on the watershed-level because of either in-
creasing water withdrawals or decreasing water availabil-
ity related to global change processes. One more question
must be addressed before we can compute critical regions
— How much must water stress increase before regions
become critical regions? Since there is no single best an-
swer to this question, we compare the critical regions
computed under four different sets of criteria (Table 1).

Criteria Set #1 is relatively easy to interpret since it
specifies that critical regions are those areas already un-
der severe water stress and experiencing any increase in
stress. This avoids the difficult task of assuming a thresh-
old for the rate of increase of water stress. At the same
time it has the disadvantage of implying that every and
any increase in water stress is significant, no matter how
small.

In Criteria Set #2, the conditions for critical regions
are made more stringent by requiring that water stress
must increase by at least one percent per year. The as-
sumption here is that society and ecosystems can adapt to

Table 1. Criteria for critical regions.

Criteria Set #1.

1. Watersheds must currently be under ‘severe water stress’ # ; and

2. The increase in water stress because of global change must be
greater than zero.

Criteria Set #2.

1. Watersheds must currently be under ‘severe water stress’ (same
as Definition 1); and

2. Water stress must increase by at least one percent per year be-
cause of global change.

Criteria Set #3.

1. Watersheds must currently be under ‘medium water stress’® ;
and

2. Water stress must increase by at least one percent per year be-
cause of global change (as in Definition 2).

Criteria Set #4.

1. Watersheds must currently be under ‘medium water stress’
(same as Definition 3); and

2. Water stress must increase by at least one percent because of
global change (same as Definitions 2 and 3); and

3. Watersheds must be located in countries in the ‘higher suscepti-
bility’ category (as defined in text).

2 See footnote 3 for definition of severe water stress..
b See footnote 3 for definition of medium water stress.

a rate of increase of water stress of up to one percent per
year without disruption. An example of a measure to
adapt to water stress would be, for example, to increase
the level of wastewater treatment in a watershed in order
to increase the overall quality of freshwater for human
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use and aquatic ecosystems. Other measures would be to
increase the storage of water, or to transfer water by tech-
nical means or economic incentives from remote water-
rich parts of a watershed. If the past is any guide, then it
seems adaptation rates in excess of one percent are feasi-
ble. For example, during the 1970s and 80s, the number
of people serviced by wastewater treatment in OECD
countries increased by 3.5 or more percent per year.* On
the other hand, even a one percent annual increase in wa-
ter stress might be difficult to cope with in poorer coun-
tries. Hence, the disadvantage of this set of criteria is the
uncertainty of the one percent estimate.

Another drawback to both Criteria Sets #1 and #2 is
that they assume that critical regions must currently be in
the ‘severe water stress’ category. In reality, the boundary
between ‘medium’ and ‘severe’ water stress is poorly
known. Hence, in Criteria Set #3, we relax the starting
conditions for critical regions from ‘severe water stress’
to ‘medium water stress’.

With Criteria Set #2 we took into account adaptation
by assuming a maximum allowable rate of increase of wa-
ter stress. Another way to account for adaptation is to es-
timate the overall susceptibility of the local human (and
ecosystem) population. But this susceptibility depends on
a complex web of technical, social, economic, cultural,
and other factors which are difficult to represent globally.
Nevertheless we believe that omitting susceptibility alto-
gether from the analysis would represent an even greater
error. Therefore in Criteria Set #4 we use the Human-De-
velopment Index (HDI) of the United Nations Develop-
ment Programme (UNDP, 1997) as a proxy variable for
relative susceptibility of human populations — The aim of
the HDI is to give a broader indication of the state of hu-
man well-being than the traditional measure of gross na-
tional product (GNP). GNP is nevertheless included as
one of HDI’s three components, the other two being liter-
acy rate and the rate of infant mortality. For this analysis
we divide the world into two categories — (i) Nations with
‘lower susceptibility’ (having an HDI in 1995 greater or
equal to 0.80) which include Argentina, Australia,
Canada, the United States, and Western Europe; and (ii)
Nations with ‘higher susceptibility’, made up of the rest
of the world. For Criteria Set #4 we use the same require-
ments as Criteria Set #3 plus the criterion that critical re-
gions must be in a ‘higher susceptibility’ country (see
Table 1, Criteria Set #4).

4 As an example, the number of people served by wastewater treat-
ment increased at an annual rate between 1970 and 1989 of 3.5, 4.1,
and 8.8 percent, respectively for North America, OECD Europe,
and Japan. (OECD, 1991). There is evidence, however, that these
rates have slowed over the last decade.
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Calculating critical regions

Method for calculating water stress

Now that we have specified the criteria for critical re-
gions, we can proceed with their calculation. As de-
scribed above, calculating water stress requires the com-
putation of annual withdrawals and availability on the
watershed-level. For these calculations we use the
WaterGAP global water model (Alcamo et al., 2002; Doll
and Siebert, 2002). WaterGAP computes water with-
drawals in the domestic and industrial sectors by relating
changes in national income to changes in the amount of
water used per person and per unit electricity generated.
These calculations also take into account the saturation
of water demands at high incomes, and continuing im-
provements in water use efficiency due to technological
change. Water requirements for irrigated crops are
computed by taking into account the location of irrigated
areas, local climate, and variables relating to crop and
cropping characteristics. Water availability (equivalent
to the natural stream discharge plus groundwater
recharge in each watershed) is computed from daily
water balances of the vegetation canopy and soil. These
water balance computations are driven by precipitation,
temperature, and other climate data. A water balance is
also performed for open waters, and river flow is routed
through a global flow routing scheme. WaterGAP calcu-
lations of withdrawals and availability have been either
calibrated or independently tested against existing data
sets.

Scenarios analyzed

The magnitude and distribution of future water with-
drawals and water availability depend on assumptions
about their future driving forces, which include demo-
graphic, economic and technological changes, and future
patterns of precipitation and temperature. Estimates of
these driving forces were taken from four global scenar-
ios recently developed for the Third Global Environmen-
tal Outlook report of the United Nations Environment
Programme (GEO-3; UNEP, 2002). The GEO-3 scenar-
ios contain grid-scale and regional quantifications of key
socio-economic driving forces and of resulting patterns
of climate change as provided by a set of different mod-
els, including PoleStar (Raskin et al., 1999) and IMAGE
(Integrated Model to Assess the Global Environment,
version 2.2; Alcamo et al., 1998; RIVM, 2001). An
overview of these scenarios is given in Table 2. As part of
our analysis here we compare results from 2032 with
‘current conditions’ (as represented by conditions in
1995).
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Table 2. Overview of scenarios.

“The ‘Markets First’ scenario envisages a world in which market-driven developments converge on the values and expectations that
prevail in industrialized countries” (UNEP, 2002). Under the assumptions made for this paper world population increases from the
current 6 billion to 8.2 billion in 2032, global electricity production is more than 2.5 times higher than today, income annually grows
by 2.3 percent on the average (ranging from less than 2 percent in today’s industrialized countries to more than 4% in Eastern Europe or
Southern Asia). At the same time, carbon dioxide emission increase significantly over the next thirty years, and result in an atmospheric
concentration of carbon dioxide of 450 ppm; this leads to an on-going increase in global temperature change from 0.2 °C per decade
today to 0.3°C per decade in the 2030 s. The area of irrigated land expands globally by more than 20% (especially in Southern and
Eastern Asia; following the Technology-Economy-Private Sector scenario of the World Water Vision (Cosgrove and Rijsberman, 2002,
Alcamo et al., 2000). Technological change continues to improve the efficiency of water use at rates somewhat lower than historical rates.
Computed with the WaterGAP model, these assumptions lead to an increase in water withdrawals world-wide from 3.500 km? in 1995 to
4900 km’ by 2032.

“In a ‘Policy First’scenario, strong actions are undertaken by governments in an attempt to reach specific environmental and social goals”
(UNEP, 2002). World population grows to 8.2 billion and income growth is higher than under ‘Markets First’. The income gap between
industrialized and developing countries is closed somewhat. Despite reductions in carbon dioxide emissions through carbon taxes and in-
vestments into non-fossil-fuel energy sources, atmospheric concentrations of carbon dioxide still rise to over 400 ppm; and thus global tem-
perature change remains at around 0.2°C to 0.25°C per decade. Meanwhile policy adjustments lead to significant structural changes in
water use and to greater water saving compared to historical trends. The global extent of irrigated area adjusts better to actual water avail-
ability in different regions by shifting to less arid regions (in total leading to a global increase in the extent of irrigated areas by about 5%
following the Values and Lifestyles scenario of the World Water Vision). Computed with the WaterGAP model, these assumptions lead to
a reduction in water withdrawals world-wide to 2800 km® by 2032.

“The ‘Security First’scenario assumes a world of great disparities, where inequality and conflict prevail, brought about by socio-economic
and environmental stresses” (UNEP, 2002). This scenario has the highest increase in world population (9 billion people in 2032). Global
average annual income growth (1.5 %) is somewhat lower than the other scenarios. The effects of lower economic growth pushes down per
capita energy consumption and slower emissions growth; still global temperature still rises at 0.2°C per decade. Irrigated areas remain at
their current extent (following more or less the Business as Usual scenario of the World Water Vision). Computed with the WaterGAP
model, these assumptions lead to an increase in water withdrawals world-wide to 4200 km? by 2032.

“‘Sustainability First’ pictures a world in which a new development paradigm emerges in response to the challenge of sustainability,
supported by new, more equitable values and institutions” (UNEP, 2002). While assumptions on world population are the same as under
‘Markets First’, income growth is markedly higher in developing countries. Dramatic behavioral shifts in conjunction with significantly
improved conversion efficiencies result in a very rapid leveling off of emissions; due to the time lags in the climate system global temper-
ature still rises at 0.2°C to 0.25°C per decade in the next thirty years. The extent of irrigated area is altered as under ‘Policy First’, leading
to a shift to less arid dry regions (again following the Values and Lifestyles scenario of the World Water Vision). Also policy
adjustments lead to a marked structural changes in water use, and at the same time technological change continues to improve water use
efficiency at historical rates. Computed with the WaterGAP model, these assumptions lead to an reduction in water withdrawals world-
wide to 2700 km? by 2032.

Results

Using the above described four sets of criteria and four
scenarios we carried out two distinct analyses of critical
regions. First, we use one scenario to examine the sensi-
tivity of critical regions to the four different sets of crite-
ria. In the second analysis we hold the criteria constant,
and investigate the sensitivity of critical regions to the
four different scenarios.

For the first analysis we use the Markets First scenario
because it has the largest changes in water withdrawals
and availability. Figure 2 presents the estimation of criti-
cal regions according to this scenario and the four sets of
criteria. Table 3 summarizes the area of each continent in
the critical region category. According to Criteria Set #1,
(Fig. 2a), critical regions include the following areas: in
North America — the northern region of Mexico and a
small part of the southern United States; in Latin Amer-
ica — a small part of its west coast; in Europe — the lower
Seine and Rhine, and the lower Don and Volga; in Africa
— a large section of South Africa, a part of the Northwest

of the continent, and the Nile basin; in Asia — much of the
Middle East, northern China, and most of India and Pa-
kistan; in Australia — the Murray-Darling Basin. In total
17.2 million km?, or 13.0 % of the world’s watershed area
(outside of Greenland and Antarctica) falls into the criti-
cal region category; some 3 billion people are estimated
to live in critical regions. This is the largest extent of area
or population for any of the sets of criteria (Table 3).
Some of areas are critical because of increasing water
withdrawals (e.g., the lower Nile, Rio Grande, northern
China — a total of 6.7 million km?), some because of
changes in precipitation and temperature that lead to de-
creasing water availability (e.g., parts of Spain, parts of
Argentina, parts of North-West Africa — a total of 1.9 mil-
lion km?), and some because of a combination of both
(e.g., South Africa, many areas in the Mediterranean, the
Near East, most of India, the Don basin, the Murray-Dar-
ling basin — a total of 8.7 million km?).

The criteria for critical regions is somewhat more
strict under Criteria Set #2 (water stress must increase
by one percent or more per year, or by a total of 45%
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Fig. 2a: Criteria Set #1

Fig. 2b: Criteria Set #2
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Figure 2. Sensitivity of critical regions to different criteria: Critical regions under ‘Markets First’ scenario and according to four different

criteria for changes in water stress and/or level of susceptibility.

between 1995 and 2032). In this case almost all regions
are reduced in size, or drop out altogether (Fig. 2b). In
Africa and North America the total area of critical regions
is smaller than any of the other sets of criteria (Table 3).
In Europe, there are almost no critical regions, whereas
under the other sets of criteria the area of critical regions
ranges from 6.8 to 9.5 % (Table 3). In Asia, the critical re-
gion of North China drops out, but other critical regions
remain, although smaller in size. Worldwide, a total 0f 9.8
million km? (i.e., 7.4 %) are in the critical region category
with slightly more than 2 billion people living in these re-

gions. These are the lowest estimates of the four sets of
criteria.

Under Criteria Set #3, the criteria is widened to in-
clude watersheds under medium water stress as well as
those under severe water stress. For North America and
Latin America the picture of critical regions does not
change very much (Fig. 2¢). In Europe, however, two new
regions appear — the Elbe-Oder and Dnieper-Dniester wa-
tersheds. There are no large changes as compared to Cri-
teria Set #2 in Africa, Asia or Australia except for the ad-
dition of the Chad inland sea basin in Africa. A world-
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Fig. 2c: Criteria Set #3
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Figure 2 (continued)

wide total of 13.2 million km? (i.e., 10.0 %) are in the
critical region category and nearly 2.6 billion people are
estimated to live in critical regions.

Criteria Set #4 includes the regions that are critical
under Criteria Set #3 and that are in the ‘higher sus-
ceptibility’ category as defined above (Fig. 2d). The
critical regions are the same as for Criteria Set #3,
except that regions in Argentina, Australia, Germany,
and Poland drop out because they are in the ‘lower
susceptibility’ category. Under this set of criteria,
Australia and Latin America have the smallest extent

World water resources sensitive to global changes

of critical regions (Table 3). A worldwide total of 11.7
million km? (i.e., 8.8 %) are in the critical region cate-
gory, with more than 2.4 billion people living in these
regions.

While the estimation of critical regions is indeed de-
pendent on the selected set of criteria, the estimation did
not vary very drastically. For the Markets First scenario in
2032, the total computed area of critical regions ranged
from 7.4 to 13.0 % of the land area of the world (outside
of Greenland and Antarctica), depending on the selected
criteria for critical regions. Estimates for Africa and Asia
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Fig. 3a: Critical Regions (Markets First Scenario)
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Fig. 3b: Critical Regions (Security First Scenario)

Figure 3. Sensitivity of critical regions to scenarios: Critical regions according to Criteria Set #3, and under four different scenarios.

were also within a factor of two (Table 3). In addition, the
core regions remained about the same for all sets of crite-
ria, and included parts of the arid and/or populated west-
ern coastline of Latin America, parts of northern and cen-
tral Mexico, the Middle East, much of India and Pakistan,
the Algerian coast, the lower Nile basin, and parts of East-
ern and Southern Africa (including the Shebelle and
Limpopo basins).

In the second analysis, we hold the set of criteria con-
stant, and compute the dependence of critical regions on
the four scenarios in Table 2. For this analysis we use Cri-

teria Set #3 because these criteria gave intermediate
global results (Table 3). As expected, the estimation of
critical regions is very sensitive to scenario assumptions.
The Policy First scenario (Fig. 3 ¢) had the smallest over-
all increase in water stress and a much smaller area of
critical regions (3.8 %; 1.4 billion people) than the Mar-
kets First scenario (10.0 %, 2.6 billion people) which had
the largest increase in stress (Fig. 3a). This implies that
policies that lead to lower withdrawals and increased
availability can lead to a smaller extent of critical regions,
at least according to the concepts introduced in this paper.
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Fig. 3c: Critical Regions (Policy First Scenario)
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Fig. 3d: Critical Regions (Sustainability First Scenario)

Figure 3 (continued)

The other scenarios had intermediate areas of critical re-
gions — 4.9 % (Sustainability First) and 8.2 % (Security
First). The Sustainability First scenario even resulted in a
lower population living in critical regions (1.2 billion)
than the Policy First scenario, while under the Security
First scenario the population in critical regions is of a
similar order of magnitude (2.3 billion) as calculated for
the Markets First scenario.

Interestingly, some areas appear critical regardless of
the scenario. These are a subset of the above mentioned
core regions, including small parts of central Mexico, the
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Middle East, the Ganges-Indus region, the Algerian
coast, plus the Chad region (Fig. 3). According to the
concept of critical region used in this paper, these areas
might have a higher probability of being sensitive to
global changes than other regions.

Discussion and conclusions

A few points are especially important to keep in mind
when interpreting the results presented in this paper. First
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Table 3. Percentage of continental areas that fall into critical cate-
gory according to different sets of criteria under the ‘Markets First’
scenario.

Continent Criteria Set #
1 2 3 4

World 13.0 7.4 10.0 8.8
Africa 17.0 11.0 15.0 14.0
Asia 18.0 11.0 13.0 13.0
Australia 7.5 5.2 53 0
Europe 9.2 0.8 9.5 6.8
North America 6.5 2.6 3.8 3.6
Latin America 5.6 2.8 3.6 1.4

of all, the concept of ‘critical regions’ is relational in that
it compares the condition of one region to another, rather
than describes the condition of a particular region inde-
pendent of others. Indeed, this concept is best viewed as a
type of sensitivity analysis for identifying particularly
sensitive regions. Thus the approach described in this pa-
per can serve as first screening analysis to identify criti-
cal regions that need further vulnerability assessments,
and not as a substitute for detailed assessment of global
change impacts in a particular region. Conversely, the re-
sults of this kind of screening analyses should not be
taken to be exclusive: Also regions that this screening
analysis does not identify as being critical may still in fact
experience significant impacts of global changes.

Another factor to keep in mind is that critical regions
are estimated with respect to global change, rather than
with respect to other factors. Of course, many regions al-
ready have water resources that could be considered to be
in ‘critical condition’ because they have sustained
decades of intensive water use and have slowly degraded
or finally reached a breaking point. But the goal here is
not to identify regions with currently critical conditions,
but rather the subset of these regions whose condition
may worsen because of global change. Therefore, some
regions where water problems are recognized to be severe
today (highlighted in Fig. 1) do not appear as critical re-
gions here (in Figs. 2 or 3).

Also, we remind the reader that the analysis presented
here relies on world-wide data-sets and results from
global models. These have seen considerable advance-
ments recently, but still entail substantial uncertainties.
For example, precipitation projections by climate models
still have high uncertainties connected to them, and these
are propagated through the hydrology model. While this
remains a major source of uncertainty for long-term wa-
ter availability projections, the developments described in
this paper are dominated by the expected changes in wa-
ter withdrawals for most critical regions. But estimates of
water withdrawals also have large uncertainties. In par-
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ticular, adequate time series data for calibrating the water
use model are lacking.

Nevertheless, and taking into account the previous
qualifications, an interesting finding of this paper is that
estimates of the total area of critical regions in the world
vary by less than a factor of two despite the fact that very
different sets of criteria were used for the calculations.
Some regions appear critical for all criteria sets and sce-
narios investigated in this paper, hinting that these re-
gions may have a higher likelihood of being critical than
other regions. As noted above, these regions include parts
of central Mexico, the Middle East, large parts of Indian
sub-continent, and stretches of the North African coast.
Still, future studies must test the robustness of these
calculations against an even larger number of different
criteria.

In this paper a set of four different criteria to define
‘critical regions’ has been proposed and applied, yet we
realize that an even wider range of criteria sets are equally
conceivable. Moreover, applying different criteria sets
may well render different regions to be critical. An im-
portant example is that the criteria used here are based on
long-term annual averages of water withdrawals and wa-
ter availability, and do not specifically address seasonal-
ity, inter-annual variability or frequencies of extreme
events. Another point is that although the criteria sets in-
troduced here include a first attempt to take into account
means of adaptation to global changes (via the Human-
Development Index), the representation of economic,
social, political, institutional, and cultural factors can
clearly be improved.

Indeed it would be informative to extend the screen-
ing analysis in this paper by applying both a wider range
of criteria and a larger variety of scenarios, and then
compiling the frequency with which regions appear as
critical. Results could then be expressed in probabilistic
form such as ‘Region X appeared as a critical region in
75 % of the cases’ which better expresses the uncertainty
of this approach than the deterministic statements in this
paper.’

Another important finding is that some watersheds
are classified as critical regions under one scenario, and
drop out of this category under another (for example
many of the African watersheds, including the lower Nile
and Southern Africa, are critical regions in a Markets
First scenario, but not under a Policy Reform scenario).
By this the scenarios highlight possible pathways of fu-
ture development that may prevent further intensification
of water stress or may even lead to considerable improve-
ments of the water resources situation. And thus, besides

5 But care must be taken in interpreting the results of such an analy-
sis as “probabilities”. For example, such an interpretation must take
into account that not all scenarios have equal likelihood.
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identifying critical regions, this kind of analysis can help
in developing strategies of how to adapt to pressing
global changes in potentially critical regions.

In closing, although the top-down approach presented
herein has unavoidable uncertainty, it nevertheless pro-
vides insight into the key question — which regions have
water resources especially sensitive to global change?
Helping to address this question can provide input to dif-
ficult decisions about how to best allocate limited re-
sources for research, monitoring, and development assis-
tance.
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