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Abstract We assess the ability of global water systems, resolved at 282 assessment subregions (ASRs),
to the meet water requirements under integrated projections of socioeconomic growth and climate
change. We employ a water resource system (WRS) component embedded within the Massachusetts
Institute of Technology Integrated Global System Model (IGSM) framework in a suite of simulations that
consider a range of climate policies and regional hydroclimate changes out to 2050. For many developing
nations, water demand increases due to population growth and economic activity have a much stronger
effect on water stress than climate change. By 2050, economic growth and population change alone
can lead to an additional 1.8 billion people living under at least moderate water stress, with 80% of
these located in developing countries. Uncertain regional climate change can play a secondary role to
either exacerbate or dampen the increase in water stress. The strongest climate impacts on water stress
are observed in Africa, but strong impacts also occur over Europe, Southeast Asia, and North America.
The combined effects of socioeconomic growth and uncertain climate change lead to a 1.0–1.3 billion
increase of the world’s 2050 projected population living with overly exploited water conditions—where
total potential water requirements will consistently exceed surface water supply. This would imply that
adaptive measures would be taken to meet these surface water shortfalls and include: water-use effi-
ciency, reduced and/or redirected consumption, recurrent periods of water emergencies or curtailments,
groundwater depletion, additional interbasin transfers, and overdraw from flow intended to maintain
environmental requirements.

1. Introduction

Concern about projected global climate change and other pressures on the natural, managed, and built
environments have focused particular attention on the availability and reliability of water supplies in the
coming decades. As a result, there is a growing need for modeling and analysis tools that can provide
quantitative insights into these issues while representing the full integration of the climate system with its
socioeconomic drivers, hydrology and water supplies, water-use sectors, and management strategies. In
response to the inadequate understanding of critical interactions between natural processes and human
activities over a wide range of spatial and temporal scales, a subgroup of the International Group of Fund-
ing Agencies for Environmental Change Research includes as a key element of its “Belmont Challenge”
[(IGFAGCR), 2011] the need, “to deliver knowledge needed for action to avoid and adapt to detrimental
environmental change.” Additionally, they selected freshwater security as one of five priority foci, and the
need for integrated research. This need is influenced by natural hydrometeorological processes as well
as socioeconomic interdependencies, such as land use or water extraction (for agriculture, energy, and
industry), which in turn are governed by patterns of consumption, production, and/or population change.
While global water modeling tools have been developed [e.g., Hirabayashi et al., 2008; Döll and Zhang,
2010; Gosling et al., 2010; Fung et al., 2011; Okazaki et al., 2012; Tang and Lettenmaier, 2012; Arnell and
Gosling, 2013] most of the experimentation studies conducted with these models have been driven by
exogenous climate forcing that is disconnected from consistent socioeconomic pathways. Therefore, they
fall short of the Belmont Challenge call for understanding “critical interactions between natural processes
and human activities.”

In response to this challenge, we have expanded the Massachusetts Institute of Technology (MIT) Inte-
grated Global System Model (IGSM) framework to include a water resource system (WRS) component
[Strzepek et al., 2013]. Here, the IGSM-WRS is applied at global scale to assess future water stress, resolved

RESEARCH ARTICLE
10.1002/2014EF000238

Key Points:
• Integrated global water-resource

projections resulting from global
change

• Additional 1 billion people may live
within high stress stress regions by
2050

• Developing nations affected strongly
by socio economic growth

Corresponding author:
C. A. Schlosser, casch@mit.edu

Citation:
Schlosser, C. A., K. Strzepek, X. Gao,
C. Fant, É. Blanc, S. Paltsev, H. Jacoby,
J. Reilly, and A. Gueneau (2014), The
future of global water stress: An
integrated assessment, Earth’s Future, 2,
doi:10.1002/2014EF000238.

Received 4 FEB 2014
Accepted 23 MAY 2014
Accepted article online 28 MAY 2014

This is an open access article under
the terms of the Creative Commons
Attribution-NonCommercial-NoDerivs
License, which permits use and distri-
bution in any medium, provided the
original work is properly cited, the use
is non-commercial and no modifica-
tions or adaptations are made.

SCHLOSSER ET AL. © 2014 The Authors. 1



Earth’s Future 10.1002/2014EF000238

for 282 interlinked basins or Assessment Subregions (ASRs). Water resources and the ability to manage
them effectively will be shaped by both human requirements for withdrawal from natural sources and
changes in regional climate. This analysis is designed to isolate these two influences in simulations to
2050. To quantify the influence of economic growth alone, simulations compare water stress under eco-
nomic growth with a no-growth scenario, holding climate at its historical condition. To understand the
role of climate, a no-growth economy is assumed and water stress is assessed under different scenarios
of climate change reflecting both regional uncertainty and climate policy. Two policy cases are used: one
with unconstrained emissions and the other imposing a 560 ppm CO2-equivalent stabilization target. The
IGSM framework allows for a pattern-scaling approach [Schlosser et al., 2012] that can explore the impact
of uncertain regional climate change. Therefore, we consider two patterns of climate change, obtained
from the pool of climate models in the coupled model intercomparison project phase 3 [CMIP3, Meehl
et al., 2007]. We denote the first pattern as relatively “wet” and the other as relatively “dry” based on a
global land-only analysis of climate moisture index [CMI, Willmott and Feddema, 1992] trends in response
to increased greenhouse gases [Strzepek and Schlosser, 2010]. The CMI illustrates the relationship between
potential plant water demand and available precipitation and ranges from −1 to +1, with wet climates
showing positive CMI, and dry climates negative CMI. The land-only focus in the assessment of CMI trends
was performed to emphasize the range of precipitation and evapotranspiration outcomes that affect the
water balance of river basins. Finally, the total effect of these influences is evaluated in simulations impos-
ing both economic growth and climate change.

In Section 2 we summarize the model applied in the analysis and the experiments used to separate
out the various contributors to increasing stress on water systems. Section 3 presents the key results.
In Section 3.1, we establish a baseline for comparison of the various influences and present results for
runoff and water stress by ASR for a recent period. Section 3.2 presents results of the separate effects of
economic growth and climate change on water stress. Finally, in Section 3.3 we show the results for their
combined effects, via two concepts of water stress. Section 4 concludes with a discussion of applications
and then steps in this research and assessment activity.

2. Models and Methods

2.1. The IGSM-WRS Model
The focus of this numerical experimentation and analysis is to evaluate the effect of socioeconomic
growth and climate changes on the future availability of water for management purposes at large water-
sheds, or ASRs, across the globe. Strzepek et al. [2013] provides a complete description of the natural
and managed components of the IGSM-WRS (Figure 1), whereas the current study briefly describes the
key elements. The Emissions Prediction and Policy Analysis (EPPA) component of the IGSM provides
the WRS with economic drivers (population, GDP) for the estimation of municipal and industrial water
demand. As described in the study by Strzepek et al. [2013], these algorithms that use GDP and popu-
lation to estimate water demand are strongly nonlinear in order to depict rapid growth in demand for
developing economies as well as increases in water-use efficiency as nations become more developed.
The EPPA also provides greenhouse gas, aerosol, as well as other pollutant emissions to the MIT Earth
System Model (MESM). From the MESM, runoff is determined from the Community Land Model Version
3.5 [Oleson et al., 2004] employed within the IGSM’s Global Land System [Schlosser et al., 2007]. The
simulated runoff from CLM is then calibrated [as shown by Strzepek et al., 2013] such that each ASR
contains as realistic natural flow conditions as possible. The CliCrop Model [Fant et al., 2012] calculates
irrigation demands explicitly for a variety of crops. All of these demands and surface water supply
are fed into the water system management (WSM) in order to optimize the routing of water supply
across all of the ASRs. The resultant routing is then analyzed via a water stress indicator (described in
Section 2.3).

The impact of the plausible range in regional climate change resulting from each of these emis-
sion scenarios is considered using the IGSM outputs and a method [Schlosser et al., 2012] that uses
observationally based downscaling patterns (to represent the current climate) combined with scaled
patterns of human-forced climate change derived from the CMIP [Meehl et al., 2007]. For the simu-
lations described below, the IGSM is employed using its median values of both climate parameters
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Figure 1. Schematic of IGSM-WRS. Shown are the connections between the socioeconomic and earth system model components of
the Integrated Global System Model (IGSM) framework and the water resource system (WRS) component. The water system
management module optimizes the ability of routed water supply (i.e., runoff and inflow) to meet the demands across all ASRs. See
text for further details.

(climate sensitivity, ocean uptake, and aerosol effects) and economic parameters [Webster et al.,
2012].

For this study, the WRS is configured to represent 282 ASRs over the globe (Figure 2). The ASRs are defined
by major river basins or parts of river basins contained within a country. For example, the Nile river basin is
divided into six ASRs as the Blue Nile begins in Ethiopia (at Lake Tana), the White Nile starts in Uganda (at
Lake Victoria), and they converge in Sudan to form the Nile River, which then discharges into the Mediter-
ranean Sea while crossing Egypt. A comprehensive ASR listing is provided in Strzepek et al. [2013] as well
as the basin-level processes of the natural and managed water system that are represented by the model.
Briefly, for each ASR, available reservoirs are aggregated into a single storage unit that is fed by runoff
and input from upstream ASRs and that serves human water sector requirements and a required envi-
ronmental flow. Nonirrigation requirements—for municipal, industrial, and livestock uses—are driven by
socioeconomic factors on the assumption that they are not significantly influenced by climate. In addition,
irrigated lands do not feedback to the atmosphere, but we note that the total surface area of irrigated
land represents a small fraction (less than 2%) of the globe [e.g., United Nations World Water Assessment
Programme (WWAP), 2014]. Furthermore, based on recent evidence over the past decade, growth in global
irrigated land area has slowed considerably [e.g., Siebert et al., 2005, 2013; Thenkabail et al., 2008] even
though global food production has steadily increased [e.g., FAO, 2013]. This indicates that rising global
food demand is being met by increased rainfed agriculture and intensification of existing irrigated land.
Furthermore, given the complexity of interactive socioeconomic drivers, environmental pressures, as well
as global and national governance that will affect future decisions regarding irrigation expansion [i.e.,
new dams and reservoirs, e.g., World Commission on Dams (WCOD), 2000] the irrigated area is held con-
stant in these experimental simulations (equal to current estimates from FAO and IFPRI—see Rosegrant
et al., 2008], and we focus on whether there is adequate water to meet changing needs under changes in
ASR scale socioeconomic activity and climate.

2.2. Model Experiments
A suite of simulations is used to explore the key drivers of water stress within each of the 282 basins of the
global WRS configuration used herein. Table 1 provides a summary of cases that spans both growth
assumptions (no-growth and two future growth scenarios) and different scenarios of the influence of
climate (alternative greenhouse gas control policies as well as a range of climate change patterns as
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Figure 2. Schematic of IGSM-WRS. Black contours delineate the assessment subregions (ASRs) defined for the water resource system (WRS) within the IGSM-WRS framework. The
color shading indicates the economic regions that are resolved from the Emissions Prediction and Policy Analysis (EPPA) model.

Table 1. Climate Change Pattern and Socioeconomic Scenariosa

No-Growth (NG)

Unconstrained

Emissions Growth (UCE)

Level 1 Stabilization

Growth (L1S)

Historic climate (HC) Baseline UCE-HC L1S-HC

UCE with DRY pattern NG-UCE-DRY UCE-DRY

UCE with WET pattern NG-UCE-WET UCE-WET

L1S with DRY pattern NG-L1S-DRY L1S-DRY

L1S with WET pattern NG-L1S-WET L1S-WET

aThe table provides a guide to the cases used in the analysis. The columns depict the branches of simulations
performed to assess the impact of three economic pathways: no-growth (NG), unconstrained emissions (UCE),
and a Level 1 stabilization (L1S) scenario that stabilizes CO2-equivalent concentrations at 560 ppm by 2100. Two
climate model patterns are used from the IPCC CMIP3 archive in the pattern scaling of IGSM projections, and were
selected according to their relatively wet (WET) and dry (DRY) trending climate moisture indices averaged globally
over land only.

determined by CMIP3 climate models. They thus form four groups, which guide the layout of results in
the discussion below.

1. Baseline. To provide a basis for comparing the effects of socio-economic growth and climate change
over time, a baseline scenario involves historic climate (HC), which is based on the simulated twentieth
century climate from the IGSM [e.g., Sokolov et al., 2005] downscaled to a 2∘ × 2∘ gridded resolution
using observations [Schlosser et al., 2012], but with no growth (NG). This condition is explored in Section
3.1.

2. Socio-economic growth effects. To isolate the effect of socio-economic growth (hereafter, referred to as
“growth” for brevity) on water conditions, a set of scenarios (top line in Table 1) impose HC and explore
the change with different growth conditions. They include no-growth (Baseline) and growth with
unconstrained emissions (UCE) analyzed by Sokolov et al. [2005]. The growth rates, by EPPA region,
assumed in this case are provided in Table 2, and these rates are assumed to hold for the ASRs within

SCHLOSSER ET AL. © 2014 The Authors. 4
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Table 2. Economic Growth Assumptionsa

GDP (trillions US$)

Average Annual GDP

Growth Rate (%)

Major Regions Region 2000 L1S 2050 UCE 2050 L1S UCE

Developed ANZ 0.57 2.51 2.58 3.0 3.1
CAN 0.71 2.81 2.95 2.8 2.9
ROE 0.34 1.49 1.48 3.0 3.0
EUR 10.26 37.57 37.96 2.6 2.7
JPN 6.07 23.77 24.06 2.8 2.8
USA 9.52 38.54 38.38 2.8 2.8

Other G20 CHN 1.05 8.04 7.61 4.2 4.0
RUS 0.51 2.72 2.97 3.4 3.6
BRA 1.08 5.13 5.09 3.2 3.1
IND 0.49 2.06 2.02 2.9 2.8
MEX 0.40 1.32 1.44 2.5 2.6

Developing AFR 1.01 3.15 4.42 2.3 3.0
ASI 0.23 1.12 1.11 3.2 3.2

LAM 1.75 7.89 9.19 3.0 3.4
MES 0.61 1.86 2.52 2.2 2.9
REA 1.20 4.32 4.62 2.6 2.7

aGross domestic product (GDP) in 2050 for the geographical regions resolved by the Emissions Prediction and Pol-
icy Analysis (EPPA) model (see Figure 1). Absolute values of GDP (in constant 2000 US$) are shown for 2000 as well
as the values attained for the two socioeconomic scenarios considered (unconstrained emissions, UCE, and Level
1 Stabilization, L1S, see Table 1 and text for details). These changes are calculated and shown as average annual
growth rates, accordingly.

the region. This case is designated UCE-HC. An additional case, designated L1S-HC, is formulated
applying the growth that is projected under a global policy to restrain global emissions to the Level 1
scenario (L1S) developed for the U.S. Climate Change Science Program [Clarke et al., 2007]. The L1S
scenario imposes a target of 560 ppm CO2-equivalent concentrations by 2100. Meeting these targets
lowers economic growth, especially in some parts of the developing world: primarily in Africa, the
Middle East, and Central and South America, also shown in Table 2 [Webster et al., 2012]. The effects on
water requirements of these different growth assumptions are discussed in Section 3.2.1. The UCE and
L1S scenarios use the same global population projection, the United Nations’ medium-variant
projection, [United Nations, 2013]. To be consistent with the IGSM uncertainty formulation,
socioeconomic projections are provided by EPPA regions (Figure 2). To provide these population
projections at the ASR scale, the EPPA regions’ rate of population changes are mapped to the ASR
regions that fall within each EPPA region. The ASR-based population projections use the growth rates
from EPPA with the current populations provided at the ASR-level developed by IPFRI [Rosegrant et al.,
2008] (Figure 3).

3. Climate change effects. The left column of the table shows cases designed to address the effect of
uncertainty in regional climate change. All are studied on the assumption of NG effects on water
demands (the emission scenarios driving these climate effects reflect economic growth). Through a
pattern-scaling method developed by Schlosser et al. [2012] and employed in other studies within the
IGSM framework [e.g., Gao et al., 2013; Strzepek et al., 2013], the IGSM-WRS was configured with two
pattern-scaling kernels of regional climate outcomes under each of the socioeconomic/emission
scenarios (UCE and L1S). These pattern change kernels were derived from the CMIP3 climate models. As
previously mentioned, two patterns were chosen to reflect the “driest” (DRY) and the “wettest” (WET)
changes over land as determined by their CMI trends through the 21st century [Strzepek and Schlosser,
2010]. It is worthwhile to note that this selection is based on the moisture index over all land, and thus
these are not necessarily the wettest or driest pattern for every ASR. The resulting 2∘ × 2∘ set of cases, all

SCHLOSSER ET AL. © 2014 The Authors. 5
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Figure 3. Global population in 2010. Global distribution of population (in millions) projected onto the assessment subRegions (ASRs) of the WRS water management network of
river basins. As described in the text, the global population projections for the IGSM UCE and L1S scenarios (to 2050) are supplied at the EPPA region, and are then downscaled
proportionally to the ASRs according to the 2010 population distribution shown here.

with no-growth (NG-UCE-WET, NG-UCE-DRY, NG-L1S-WET, and NG-L1S-DRY) are discussed in
Section 3.2.2.

4. Combined growth and climate change effects. The combined effect of growth and climate is explored
using the four cases in the lower-right quadrant of the table. The behaviors of the two climate change
patterns (WET and DRY) are formulated under both unconstrained growth (UCE-WET and UCE-DRY) as
well as for the Level 1 climate policy growth (L1S-WET and L1S-DRY). The results for these combined
effects are presented in Section 3.3

The IGSM-WRS is integrated to 2050 for all cases. The analyses presented below will focus on the ability
of the ASRs to meet the water demands [Strzepek et al., 2013] and the relative stress that these demands
place on renewable surface water as well as water that is available within the managed system.

2.3. Measure of Water Stress
Many indices have been developed to quantify water “stress” over a region or basin of interest [e.g., Brown
and Matlock, 2011], and for this study we have chosen a metric that requires variables that can be directly
extracted from the WRS, and the metric has also been evaluated and employed in previous studies with
the IGSM-WRS [Blanc et al., 2013; Strzepek et al., 2013]. We define a water stress index (WSI) similar to that
developed by Smakhtin et al. [2005]. It is based on the input water flows, from surface runoff and upstream
ASRs, and desired withdrawals and thus is a measure of the pressure that human water uses exert on
renewable surface fresh water. It is calculated, for every ASR, as the ratio of its mean annual total water
requirements (TWR) to the mean annual runoff (RUN) generated within the ASR plus inflow (INF) from any
upstream ASR that flows directly into it,

WSI = TWR
RUN + INF

(1)

as described by Strzepek et al. [2013], for all water sectors except irrigation (i.e., municipal and industrial),
water requirements included in TWR are represented by consumptive use. On the basis of the assumption
that any return flow (withdrawal in excess of consumption) is likely returned to the ASR storage within the
month. This assumption is not appropriate for irrigation because return flow, which may be substantial,
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Figure 4. Annual runoff. Global distribution of annual runoff (mm/year) as simulated by CLM from a historical climate run of the IGSM and projected onto the assessment
subregions (ASRs) of the WRS water management network of river basins. The simulated ASR values are an average for the years 1981–2000.

may not be returned to the ASR storage immediately. The inflow into any given ASR is a consequence of
flow regulated from upstream ASRs, and therefore WSI is an evaluation metric of the managed water sys-
tem as simulated by WRS. Irrigation receives its total withdrawal, with its return flow that may be substan-
tial, credited to the downstream ASR [see Strzepek et al., 2013 for details]. We also characterize the severity
of water stress according to Smakhtin et al. [2005], which classifies an ASR’s water use as slightly exploited
when WSI< 0.3; moderately exploited when 0.3≤WSI≤ 0.6; heavily exploited when 0.6≤WSI≤ 1; overly
exploited when 1≤WSI< 2; and extremely exploited when WSI≥ 2. Similar WSIs are computed in other
studies and generally consider a threshold of 0.4 to indicate severe water limitation [e.g., Vörösmarty et al.,
2000; Wada et al., 2011].

3. Results

3.1. Baseline Scenario
The baseline is simulated with twentieth century climate and current (i.e., recent year) economic con-
ditions. Figure 4 maps the WRS annual runoff estimate within each ASR, averaged over the period
1980–2000. The Amazon Basin, Southeast Asia, and parts of Equatorial Africa and Indonesia stand out as
showing the highest annual rates of runoff. In addition, the stark east–west contrast of runoff over the
United States can be observed. Among the lowest rates of runoff are those over most of Northern Africa,
the Middle East, central Australia, and Mongolia.

WSI for the same historical period is shown in Figure 5. Areas of highest water stress are aligned across
many of the regions of low runoff and arid conditions. Additionally, substantial stress can be observed
in the southwestern portions of the United States, southeastern Australia (the Murray–Darling Basin),
and interior portions of South Africa and Namibia. By this measure, most of the ASRs across the globe
fall within the slightly stressed characterization. However, of particular concern are the regions shaded
within the heavily to extremely stressed conditions. Many of these ASRs correspond to regions of very

SCHLOSSER ET AL. © 2014 The Authors. 7
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Figure 5. Water stress. Shown is the global distribution of water stress index (WSI) by assessment subregions (ASRs) as simulated by WRS from a historical climate run of the
IGSM-WRS (i.e., the baseline in Table 1). The simulated values are an average for the years 1981–2000 of the historical baseline simulation (see Table 1 and corresponding text).
The shading levels also denote the Smakhtin et al. (2005) stress categories: WSI< 0.3 is slightly exploited, 0.3≤WSI< 0.6 is moderately exploited, 0.6≤WSI< 1 is heavily
exploited, 1≤WSI< 2 is overly exploited, and WSI≥ 2 is extremely exploited.

low runoff (Figure 4). Exceptions to this characterization are observed for ASRs located in India, showing
significant runoff but extreme overexploitation of water resources. This is a result of the combined effects
of India’s large population and developing economy—which both contribute toward high water demand.
This high value of WSI is also a consistent reflection of India’s extensive groundwater extraction. A similar
global baseline WSI result for the IGSM-WRS was previously evaluated in the study by Strzepek et al. [2013,
Figures 8 and 9] against the FAO AQUASTAT WSI result and found to have a regression of slope 1.09 and R2

of 0.96. Conducting the same regression evaluation with the baseline result shown in Figure 5, we obtain
a slope of 1.16 and R2 of 0.82.

3.2. Autonomous Effects of Economic Growth and Climate Change

3.2.1. Economic Growth
One set of simulations supports an assessment of the effect of economic growth from an unconstrained
emission pathway (UCE) in contrast to a Level 1 climate policy (L1S) if the historical climate (HC) conditions
are assumed to remain steady to 2050. A comparison of the UCE-HC case is presented with the baseline in
Figures 6a and 6b. Figure 6a shows the level of water stress under the baseline scenario, aggregated to the
global level. In this global aggregation, the ASRs are weighted by total water requirement. The effects of
climate variability are observed in both cases and typically result in global WSI swings of ±1%. However,
the effect of unconstrained socioeconomic growth is salient (Figure 6b) with respect to associated climate
variation and implies that an increase in global WSI of 6% can result from economic growth alone.

Figure 7 shows, for the UCE-HC case, the change in nonagricultural water consumption by ASR over
the period 2001–2010 to 2041–2050. These changes in demand contribute to the global WSI increase
observed in Figure 6b. The largest, widespread relative changes occur over much of Africa and highlight
the effects of extensive growth anticipated for these developing nations. Furthermore, the Middle East
and many ASRs over Asia show increases in water requirements that exceed 100%. In contrast, benign

SCHLOSSER ET AL. © 2014 The Authors. 8
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Figure 6. Global water stress. Shown are time series of globally averaged water stress index, WSI (unitless), simulated by the
IGSM-WRS framework. Global values are obtained by weighting each ASR according to its total annual withdrawal. The plot shows
successive 5 year averages. In panel a), the bars represent simulated water stress as a result of the historical climate conditions
(Baseline case in Table 1) simulated by the IGSM. Panel b) presents the relative change in water stress, given as a percentage from the
corresponding baseline value, that results from a sensitivity run where the trends in global, human water demands are based on the
UCE IGSM scenario (first 50 years of the 21st century) are added onto the historical time series WRS inputs (case UCE-HC in Table 1).
In both simulation results shown, the (historical) climate forcing is identical, and thus the difference plot (right panel) represents the
impact of additional, unconstrained human water demand on water stress over the 50 year simulation.

Figure 7. Change in nonirrigation water consumption by ASR. Percentage change in ASR nonirrigation water demand from 2001–2010 to 2041–2050, between the baseline and
UCE-HC scenarios shown at the ASR levels. The UCE-HC scenario only considers changes in water demand as a result of economic growth factors—and climate conditions are
held fixed to the historic conditions. Positive values indicate that the UCE-HC conditions are increasing nonirrigation water requirements.

changes or even reductions in nonirrigation consumption occur over much of Europe, North America, and
Australia.

This difference in consumption changes between more and less developed regions is also evident when
results are aggregated to the developed G20 countries and the remaining developing nations (Figure 8a).
Water requirements of the developed world are relatively insensitive to socioeconomic growth in either
the UCE or the L1S scenarios. Among these nations, the United States shows the largest change in water
demand with an increase of approximately 17% for either the UCE or L1S scenario. Among the devel-
oping G20 nations, the Former Soviet Union (FSU) and India experience the largest relative increases of

SCHLOSSER ET AL. © 2014 The Authors. 9
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Figure 8. Nonirrigation water requirements. Shown are the totals for nonirrigation annual water demand (billion m3/yr) from 2001 to
2010 for the baseline and 2041–2050 for the UCE, and L1S scenarios. The ASR-level data are aggregated from the EPPA regions (see
Figure 1 and Table 2) to the developed, other G20 nations, and developing nations.

about 50%. In absolute terms, China’s increases in demand are comparable (26 billion m3/year), but in
relative terms its increase is 40% from its baseline value. Generally speaking, developing nations roughly
double their nonagricultural water demands. The one notable exception is Africa, which experiences a
nearly fourfold increase in water demand. The effect of slower growth under the L1S scenario provides a
marginal buffering of this increase, with total water requirements about 5% less compared with the UCE
scenario.

Nevertheless, these comparative increases in water demand between developed and developing nations
are in striking contrast to the projected changes in GDP. As shown in Table 2, while growth rates are similar
or lower, the largest absolute changes in GDP are found in developed nations (such as the United States,
Japan, and Europe), with much smaller absolute changes found in Africa, India, and China. These absolute
differences reflect slower rates of growth in developed nations but from a much higher base level of GDP
at present. This dichotomous relationship among nations between changes in water demands and GDP
growth results from the statistically estimated relationships in the WRS between various water demands
(industrial and municipal) and GDP that show plateauing demand at higher levels of economic activity
[see Strzepek et al., 2013].

3.2.2. Global and Regional Climate Change
Next, we consider the simulations that single out the effects of trends in climate (i.e., precipitation, tem-
perature, and runoff ) on the modeled water stress, and the interplay of climate policy and uncertainties in
regional patterns of change. For a global aggregate, we find that uncertain regional climate change has a
much greater influence on water stress than the effect of the emission scenario on climate change. These
results are shown in Figure 9, which tracks global water stress (shown as successive 5 year mean values)
out to 2050. Figure 9a shows the global result if the ASRs are weighted by their total water use. In this pic-
ture, water stress is lowered through 2050 under the relatively WET climate pattern trend. However, the
DRY climate pattern trend produces a monotonic increase in water stress over the period.

Additional insights are gained if the water-use weighting is removed from the global averaging
(Figure 9b). For the unweighted case, both the wet and dry patterns both show increasing trends in
water stress. In addition, their trends are larger than for the weighted case. This difference between the
weighted and unweighted averaged results indicates that: (1) the majority of the ASRs that contain largest
increases in WSI through the period have relatively low total withdrawals through 2050; and (2) for the
WET scenarios, ASRs with higher withdrawal rates experience decreases in water stress through 2050
(illustrated in results below). In all these cases, the choice of the climate policy scenario (UCE or L1S) has
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Figure 9. Trends in global water stress from climate factors. The change in water stress index, WSI (unitless), is shown as the
difference in successive 5 year running means from the 2005–2009 average value. The global values are derived from ASR values that
are: (a) weighted or (b) unweighted by its total annual withdrawal. The simulations assume no-growth (NG) in human water demands
and thus highlight the effect of climate change as a result of unconstrained emissions (UCE) and a stabilization policy (L1S) as well as
the effect of different regional climate change patterns (DRY and WET). Refer to Table 1 and corresponding text for further details
regarding the suite of simulations performed.

a relatively small effect on the global WSI trends compared with the choice of the climate pattern trends
or the choice of weighted averaging. It is important to note that, because of the influence of emissions
before 2000 and climate inertia, the relative importance of the policy choice is expected to be greater if
the simulation were extended to decades beyond 2050.

These characterizations are further reflected in the regional changes in the water stress among the ASRs
(Figure 10). The larger regional difference in WSI trends among the scenarios is between the WET and
DRY cases (comparing top and bottom maps in the figure), with smaller impacts observed in the choice
between the UCE or L1S emission scenarios (left and right maps in the figure). The strongest increases in
water stress are found in Africa, and the magnitude of these trends is reduced considerably when going
from the DRY to WET climate pattern. As noted above, decreases in water stress are found for a number of
ASRs with high withdrawal rates (e.g., the United States and China), in particular for the DRY cases. These
features confirm the effects of weighted average observed in the global WSI trends (seen in Figure 9)

Among the main drivers of water stress, the regional features of runoff resonate strongly with the WSI
trends. In particular, the majority of the largest relative decreases in runoff (Figure 11) are in African ASRs,
and these correspond strongly with increases in WSI (i.e., greater water stress). Additionally, the increases
and decreases in runoff observed in many ASRs over Europe and the United States show a consistent WSI
response. Overall, the geographic texture in these runoff changes is affected notably by the choice of the
WET or DRY pattern scenario, and again less than by the choice of emission scenario.

Another driver in the climate-driven trend on water stress is irrigation demand, which is responsive to
the trends in precipitation and temperature within the ASR (both of which are modified through the cli-
mate change pattern-scaling approach employed). While changes in the irrigation consumption show
notable differences in their regional features between the WET and DRY pattern scenario (Figure 12), these
impacts are less prominent over Africa and more notable over Eurasia, Southeast Asia, as well as western
parts of North America. The small effect of irrigation requirements on the most stressed areas, such as
Africa, occurs because the area of irrigated land there is now small (and it is held constant over the simula-
tion period). For most African ASRs, changes in runoff, not irrigation demand, are the main contributor to
changes in water stress.

3.3. Integrated Projections Including Economic Growth and Climate Change
We consider the combined effect of economic growth and regional climate change (considered separately
in the previous sections) on water stress. Figure 13a shows the global WSI trends with the ASRs weighted
by their total water use, and Figure 13b shows the unweighted results. A comparison with Figure 9, which
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Figure 10. Changes in ASR water stress from climate factors. Maps show percentage changes in decadal averaged ASR water stress index, WSI, from 2001–2010 to 2041–2050.
The simulations highlight the effect of climate change only (i.e., the “no-growth” scenarios denoted by NG in Table 1) as a result of unconstrained emissions (UCE) and a
stabilization policy (L1S), as well as the effect of different regional pattern change scenarios (WET and DRY). With no-growth in the economic factors, these presented water
stress changes are the result of only imposed changes in the climate forcing. Refer to Table 1 and corresponding text for further details regarding the suite of simulations
performed.

shows climate effects only, demonstrates that at global scale economic growth is at least as strong a
driver of changes in water stress through 2050 as climate. In all combinations of the emission and pat-
tern change scenarios considered (UCE, L1S, WET, and DRY), the magnitude of the global water stress
trend shows at least a doubling compared with the climate-only results (Figure 9) by 2050, and for the
case of ASR-weighted WET cases (Figure 13a versus Figure 9a) the trend is reversed in sign (from negative
to positive). In all cases, economic growth increases water stress globally.

However, consistent with the results considering the climate pattern scenarios alone, the WET pattern
case is able to buffer the increase in water stress imposed by increasing water demands from economic
growth. This effect shows up most dramatically in the case with ASR weighting by water use (Figure 13a),
where the increase in water stress to 2050 in the DRY scenario is more than double that under the WET
scenario. The same effect, though much reduced in scale, is observed when the weighting is removed
(Figure 13b). As seen previously in the climate change-only results (Figure 9), the choice of the UCE or L1S
policy scenario has a much smaller effect in a simulation limited to 2050. The overall implication of these
results is that regional climate change uncertainty is a more influential factor in water stress trends than
the global scale differences in the two climate policy scenarios.
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Figure 11. Changes in ASR runoff. Maps show percent changes in decadal averaged ASR runoff from 2001–2010 to 2041–2050. The simulations show the effect of climate
change only (i.e., the “no-growth” scenarios denoted by NG in Table 1) as a result of unconstrained emissions (UCE) and a stabilization policy (L1S) as well as the effect of
different regional pattern change scenarios (WET and DRY). Refer to Table 1 and corresponding text for further details regarding the suite of simulations performed.

Given these global trends in WSI, it is not surprising that many ASRs experience increases in water stress
for both of the policy scenarios as well as the regional climate outcomes (Figure 14). The strongest (rel-
ative) increases in water stress are observed predominantly in Africa. However, strong relative increases
(30% to over 100%) are also found in developed regions over North America and Europe. Due to the
strong influence of nonagricultural water demand via socioeconomic growth (Figure 7) on the water stress
trends, differences in the water stress change (by 2050) as a result of the different climate pattern change
scenarios is not as clearly discernable as that observed in the NG case (Figure 10). Nevertheless, the WET
pattern provides a buffering effect to the water stress increases in the Eastern United States, Australia, and
throughout Africa and the Middle East. In Eastern and Southeast Asia, the WET pattern also enhances the
reduction in water stress through 2050.

Among the more compelling regions is Southeast Asia. In this region, the most prominent features are
reduced stress along the Yellow and Xi Jang Rivers in China, and along the Ganges and Bhramaputra
basins in India—particularly in the WET case scenarios. These increases in water availability over China
and India are encouraging given their high water stress conditions in the contemporary climate and built
environment (Figure 5). Conversely, we also find increased water stress in a number of ASRs across India,
the Indus River, Vietnam, and eastern China—particularly for the UCE-DRY case. These decreases can be
buffered or reversed in the WET pattern scenario.
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Figure 12. Changes in irrigation requirement from climate factors. Maps show percentage changes in decadal averaged irrigation consumption by ASR from 2001–2010 to
2041–2050 for the ASRs within the IGSM-WRS. With changes in irrigated area, the simulations highlight the effect of climate change as a result of unconstrained emissions (UCE)
and a stabilization policy (L1S) as well as the effect of different regional pattern change scenarios (WET and DRY). Refer to Table 1 and corresponding text for further details
regarding the suite of simulations performed.

Looking closer at the WSI changes in 2050 for various regions across the globe (Figure 14), we find that at
the ASR levels, there is not a homogeneous regional impact with respect to the global scale hydroclimate
characterizations (i.e., WET and DRY cases). In a number of instances, the change in WSI does not con-
sistently follow the WET and DRY characterizations—as determined by the global land-only CMI trends.
We find that WSI can increase under the global WET scenario. For example, under both the UCE and L1S
scenarios, the Tibetan Plateau as well as basins across most of South America and central Eurasia shows
increased water stress in the WET cases (Figures 14c and 14d). Conversely, the Chang Jiang and Yangtze
rivers as well as across the western United States show decreased water stress under the DRY scenar-
ios (Figures 14a and 14b). These results underscore the caveat that metrics designed to characterize the
range of global scale hydroclimate conditions will not consistently capture all regional variations accord-
ingly. Therefore, any risk-based assessment that aims to span the full range of hydroclimate outcomes
must carefully consider the domain and metrics chosen.

3.4. Global Population at Risk to Water Stress
An analysis was performed to assess the population that is prone to water-stress exposure under current
conditions and future scenarios (Table 1). Each ASR was assigned by its WSI to one of the water stress clas-
sifications as described in Section 2 (and shown in Figure 4). All ASRs whose values of WSI classified them
in the moderately to extremely exploited (i.e., WSI> 0.3) category were deemed as exposed to “water
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Figure 13. Trends in global water stress index (WSI). Shown is the change in global water stress index, WSI (unitless), obtained as the difference in successive 5 year running
means from the 2005–2009 average value. The abscissa labels refer to the starting point of the 5 year running mean result. The global values shown are derived from ASR values
that are: (a) weighted or (b) unweighted by total annual withdrawal. The WSI changes consider growth in human water demands over the period (e.g., Figures 6 and 7) as well as
climate change effects (e.g., Figures 8–11) as a result of unconstrained emissions (UCE) and a stabilization policy (L1S) as well as the effect of different regional climate pattern
scenarios (WET and DRY). Refer to Table 1 and corresponding text for further details regarding the suite of simulations performed. Note also the difference in vertical scale
between the two panels.

stress” and tabulated according to their population. These tabulations were performed for the baseline
conditions (i.e., Figure 4) and for each of the 11 future scenarios (as depicted in Figures 9 and 13). The pop-
ulations in the “water-stressed” ASRs were aggregated globally as well by developing and OECD nations,
and the results are summarized in Table 3 and Figure 15.

Overall, the impact of socioeconomic growth far exceeds that of climate change in terms of increasing
risks to water stress. In absolute terms, the increases in population exposed to “water-stressed” conditions
as a result of socioeconomic growth (the two HC scenario results in Table 3) are at least an order of mag-
nitude higher than any change in the climate change-only scenarios (the NG scenario results of Table 3).
They also show that overwhelmingly for any scenario, at least 80% of the water-stressed population shifts
occur within the contemporary developing countries. We find that uncertain climate change, particularly
for the UCE case, has a much stronger impact on these population-under-water-stress figures as com-
pared with the range of socioeconomic growth under between the two emission scenarios (UCE and L1S).
A difference of 350 million people, globally, between the WET and DRY cases under the UCE scenario is
observed as compared with only 7 million between the UCE-HC and L1S-HC scenarios.

Globally, the combined effects of socioeconomic growth and climate change indicate that, by 2050, the
population at risk of exposure to at least a moderate level of water stress could reach at least 5 billion
people (Figure 15) under all four scenarios (UCE-WET, UCE-DRY, L1S-WET, and L1S-DRY). Furthermore, of
this 5 billion people, up to 3 billion could be exposed to overly exploited conditions, which indicate that
at the scale of the basins considered in the WRS global framework, the projections indicate that water
requirements will consistently exceed the managed surface water supply. The population at 2050 under
this overly exploited water stress are nearly double the current estimate (∼1.7 billion people), and among
the future scenarios it represents a range of increase between 1.0 and 1.3 billion people—with the range
largely attributed to the choice between the WET and DRY cases (Figure 15). As noted above, the impact
of climate policy does very little to buffer these increases (by comparing, e.g., the UCE-HC to the L1S-HC
results). Although the effect is small, all WET cases show the reduction in the total population under water
stress, most notably for the UCE-WET scenario—which can reduce the global population under overly
exploited water stress by approximately 250 million as compared with the UCE-DRY case.

In considering these population-under-stress projections, we find that some of the largest increases in
population (Table 4) occur in areas that are already under water stress, in particular, India, the Middle East
(or MES region of EPPA), and Northern Africa (Figures 3 and 5). The total projected population increases
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Figure 14. Changes in ASR water stress index (WSI). Maps show changes in decadal averaged ASR water stress from 2001–2010 to 2041–2050. The simulations highlight the
effect of climate change as a result of unconstrained emissions (UCE) and a stabilization policy (L1S) as well as the effect of different regional patterns of climate change (WET
and DRY). Refer to Table 1 and corresponding text for further details regarding the suite of simulations performed.

within these water-stressed regions, approximately 1.8 billion, could account for a substantial portion
(up to 90%) of the nearly 2 billion people increase in water-stressed populations shown in Figure 15.
A closer inspection indicates that given the increasing trends in WSI over the Middle East across all sce-
narios (Figure 14) and that none of the decreases in WSI observed over India are enough to diminish its
water-stressed condition—all of the additional 660 million people projected to live in these regions (by
2050) will be exposed to water stress.

The situation for Africa is not as straightforward. The contemporary water stress estimate (Figure 5) shows
that much of equatorial and subtropical Africa is experiencing only slight water-stressed conditions.
However, the large population increase contributes to the substantial growth in nonagricultural water
demands (Figure 7), and combined with the modest GDP growth (Table 2) and increases in irrigation
consumption, particularly under the DRY scenarios, all of these regions in Africa experience increases in
water stress that are large enough, in most cases, to be moved into the water-stressed categories shown
in Figure 15. As a result, almost all of the additional 1.2 billion people (Table 4) are introduced into a
water-stressed environment. In a similar fashion, China also presents an environment that is poised for
expansive increase in water stress, given the large portion (over 50%) of its population in ASRs currently
experiencing only slightly-to-moderately water-stressed conditions (Figures 3 and 5). These regions
include the Xi Jang and Yangtze basins across southern China. However, in the scenarios considered, not
only is China’s population increase small compared with most EPPA regions (Table 4), but also these basins
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Table 3. Changes in Population Exposed to Water Stressa

Globe (3348) Developing (2924) OECD (424)

NG-UCE-WET −137 (−4.1%) −139 (−4.8%) 2 (0.4%)

NG-UCE-DRY 93 (2.8%) 33 (1.1%) 60 (14.1%)

NG-L1S-WET −49 (−1.5%) −92 (−3.2%) 43 (10.2%)

NG-L1S-DRY 60 (1.8%) 15 (0.5%) 45 (10.6%)

UCE-HC 1778 (53.1%) 1443 (49.4%) 335 (79.0%)

L1S-HC 1771 (53.0%) 1443 (49.4%) 328 (77.4%)

UCE-WET 1648 (49.2%) 1317 (45.0%) 331 (78.2%)

UCE-DRY 1993 (59.5%) 1633 (55.9%) 360 (85.0%)

L1S-WET 1654 (49.4%) 1337 (45.7%) 317 (74.8%)

L1S-DRY 1921 (57.4%) 1565 (53.5%) 356 (84.1%)

aChanges in total population (in millions) as well as percentage changes (in parentheses) across ASRs with a WSI
greater than 0.3 (denoting moderately through extremely exploited water-stressed conditions). Changes were
calculated as the difference between the 2001–2010 baseline conditions (given in parenthesis at each column
heading) and the 2041–2050 periods. Results are shown for the simulations to highlight the effects of climate
change-only (the NG scenario results) and economic growth separately (the HC scenario results). Refer to Table 1
for the nomenclature regarding the scenarios.

experience decreases in WSI and thus the population-under-stress increases are somewhat limited (less
than 200 million)—relative to India, Africa, and the Middle East. Nevertheless, the aforementioned caveat
concerning the representativeness of the WET and DRY cases, determined by a global moisture index,
as representing the full range of hydroclimate outcomes for this region must be taken into account in a
more comprehensive fashion. There may exist a number of drier outcomes for this region (not captured
by the global CMI assessment) that would present a risk of these basins being pushed into a stressed
environment. Additionally, the population and GDP growth scenarios considered are limited (due to
computational demands) compared with the more comprehensive treatment of uncertainty provided by
the IGSM [e.g., Webster et al., 2012]. In light of these issues, ongoing work with the IGSM-WRS is addressing

Figure 15. Global population exposed to water stress. The stacked bar chart displays the global population (in billions) exposed to
water stress for the IGSM-WRS scenarios considered. Water stress is quantified by the water stress indicator (WSI) for each ASR, and
each ASR’s population is binned according to the WSI categories as depicted in Figure 4. The baseline result is based on 2001–2010
conditions, whereas all other scenarios show results for the period 2041–2050. The simulations highlight the effect of climate change
and economic growth as a result of unconstrained emissions (UCE) and a stabilization policy (L1S) as well as the effect of different
regional patterns of climate change (WET and DRY). Refer to Table 1 and corresponding text for further details regarding the suite of
scenario simulations.
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Table 4. Global Populationa

Population (millions)

Major Regions Region 2010 2050 2050–2010 Change 2050–2010 Change

Developed ANZ 38.58 59.82 21.24 55.0
CAN 35.35 47.86 12.51 35.39

ROE 236.92 270.8 33.88 14.3
EUR 538.37 582.13 43.76 8.1
JPN 134.53 124.45 −10.08 −7.5
USA 309.35 399.8 90.45 29.2

Other G20 CHN 1366.85 1404.45 37.6 2.75

RUS 147.1 133.7 −13.4 −9.1
BRA 197.83 237.89 40.06 20.2
IND 1232.77 1736.23 503.46 40.8
MEX 114.94 152.14 37.2 32.3

Developing AFR 1026.54 2213.97 1187.43 115.7
ASI 488.41 646.15 157.74 32.3
LAM 284.61 400.96 116.35 40.9
MES 217.05 379.29 162.24 74.5
REA 619.09 883.99 264.9 42.8

Global total 6988.29 9673.63 2685.34 33.0

aShown are the 2010 population, projections at 2050 (in millions), as well as absolute and percent changes
(between 2010 and 2050) for the EPPA regions (denoted in Figure 2). Although only the 2010 and 2050 figures
are shown, population projections were applied in the L1S and UCE scenarios (denoted in Table 1) for every year of
the WRS runs to determine trends in nonagricultural water demands. For the no-growth (NG) runs, population was
held fixed at the 2010 values.

these challenges (focused over Southeast Asia) to provide a more comprehensive risk-based assessment
of future water stress for any region on interest.

4. Discussion and Closing Remarks

This study has employed the IGSM-WRS framework aimed at assessing the fate of managed water sys-
tems, depicted by 282 large basins across the globe. A suite of experiments was performed to assess the
individual effects of socioeconomic growth and (uncertain) regional climate change over the coming
decades. Additional experiments were also performed combining these drivers as well as considering two
possible emission scenarios: one conveying an unconstrained emission pathway and the other a pathway
to achieve stabilization of greenhouse gas concentrations by the end of the 21st century. Through these
numerical experiments, we have quantified the trends over the coming decades (through 2050) in water
stress, defined as a ratio of total water requirements over the available surface flow (from within-basin
and upstream sources) across the network of managed, large water basins. Overall, the results highlight
the substantial influence of socioeconomic growth on the global patterns of water stress, particularly
in developing nations. Additionally, the factors that determine the sign and magnitude of water-stress
response vary between major economic and developing regions. From the scenarios considered, we
find that water stress changes within developed nations are more sensitive to climate drivers, whereas
developing countries are far more responsive to socioeconomic growth. In addition, the results imply that
the greatest risks to regions facing future water stress may not be captured by extreme outcomes from
global assessments of climate scenarios, but rather by regional extremes occurring within a subset of
climate model projections

Geographically, a number of salient results were found. By 2050, economic growth and population change
alone may lead to an additional 1.8 billion people globally (a 53% increase) living in regions with high
water stress. Of this additional 1.8 billion people, 80% are found in nations that are currently developing
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countries. In comparison, impacts of climate change on the current population under a globally drier sce-
nario may lead to an increase of 93 million people (a 2.8%) living in regions with high water stress, with
the majority (60 million) of these located in developed nations. Under a globally wet scenario, climate
change can lead to appreciable decreases (compared with the increases in the dry case) in water stress
with an estimated 139 million fewer people under stress; however, these decreases are observed primarily
in developed nations. Combined, the suite of these projections estimates that by 2050, as many as 5.0 of
the 9.7 billion people (or 52% of the global population) in the world may be living under at least moder-
ately stressed water resource conditions. Moreover, within this 5.0 billion is a 1.0–1.3 billion increase of
the world’s 2050 projected population living in regions with overly exploited water conditions—where
total potential water requirements will consistently exceed surface water supply. Under the context of the
WRS model framework, this would imply that adaptive measures would be taken to meet these surface
water shortfalls and would include: water-use efficiency, reduced and/or redirected consumption, recur-
rent periods of water emergencies or curtailments, groundwater depletion, additional interbasin transfers,
and overdraw from flow intended to maintain environmental requirements.

These populations-under-stress projections provide additional insights and also underscore some of
the aforementioned findings. First and foremost, the strongest driver in these projections is the fact
that a large portion of the population trends implemented in this study place people in basins that
are already under water stress, most notably India, Northern Africa, and the Middle East. Furthermore,
the range of socioeconomic trends that result from the emission policies considered has little effect
on the additional populations exposed to water stress. However, on a global scale, the range and
extent of possible climate pattern changes can play a secondary role to the effects of socioeconomic
growth. As previously noted, we found that water stress changes were more sensitive, in developed
nations, to the range of regional climate change. However, due to the higher populations (as well
as their changes) in developing nations as compared with developed, we find that their sensitivity
for these population-based water stress metrics are now quite comparable. There may very well be
regional-to-local hotspots that amplify (or reverse) these comparative assessments. However, the scale
of the basins (282 for the globe) employed for this particular study precludes an assessment as to the
extent of these instances. Next, we discuss development and future work aimed to address this and other
issues.

Several features in the design of this study must be noted that not only place the scope of the interpre-
tations made, but also serve as guidance to further numerical experimentation and policy assessment.
First, these numerical experiments consider how water stress would change under the contemporary built
and managed environment. This is an important step prior to undertaking feasibility studies—to first
identify where these risks may emerge under the current landscape and the underlying causes of these
increased stresses. As such, we have yet to consider changes in infrastructure (e.g., energy systems), uncer-
tain or alternative population projections, installed water storage capacity, cultivated land use, or irrigated
area. Such adaptive measures will play an important role in preparing and/or avoiding future risks. Addi-
tionally, we have noted the fact that the characterization of (global) WET and DRY pattern cases may not
necessarily align with the regional water stress impact response (i.e., it could be opposite in sign). Any
global analysis of the risk of environmental change to water resources must be carried out as a collection
of regional risk assessments that are then collated to a global coverage. In the global analysis, tradable
commodities, such as food and agricultural products or energy (hydro and biofuels), that consume water
must also be tracked to capture the simultaneous regional difference in impacts that may be lessened or
exasperated by global trade.

Given these considerations, this model can next be used to focus on specific areas of the globe—e.g., East
Asia, Southern Africa, and the western United States—to conduct more detailed simulations of future
conditions and to undertake more rigorous assessments of future risks to water systems. For example,
regional detail, such as water-use law and other restrictions on existing or planned interbasin transfers,
can be introduced into the WSM component of the IGSM-WRS model. Adjustments in irrigated acreage, or
in cropping patterns, can also be explored, and as previously noted, efforts to develop the model frame-
work to provide self-consistent projections of irrigated land area that considers socioeconomic drivers,
environmental pressures, and global-to-national governance—as well as their interactions—are ongo-
ing. The impact of flexible design in future water systems can also be assessed. Future analyses will also
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benefit from increased spatial scales of ASRs and further disaggregation of the nonagricultural water
demand—especially in energy. To assess risks, large ensembles can also be performed, leveraging off the
IGSM framework, that capture the spectrum of regional climate response, the range of climate policies, as
well as the possible integrated changes in cultivated and irrigated lands. Combining all these elements in
a consistent, integrated modeling framework presents a substantial computational undertaking but will
ultimately result in persuasive and actionable insights for strategic planning and risk management in the
face of unavoidable and preventable global change.
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