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Abstract: Understanding and predicting the future vulnerability of freshwater resources is a major

challenge with important societal implications. Many studies have identified Asia as a hotspot of severe
water stress in the coming decades, and also highlighted the large uncertainty associated with water
resource assessment based on limited multi-model projections. Here we provide a more comprehensive
risk-based assessment of water use and availability in response to future climate change, socioeconomic
growth, and their combination in Southern and Eastern Asia. We employ a large ensemble of scenarios that
capture the spectrum of regional climate response as well as a range of economic projections and climate
policies in a consistent, integrated modeling framework. We show that economic growth increases water
stress ubiquitously. The climate-only and combined climate-growth effects on water stress remain largely
negative in China and Indus Basin, but largely positive in India, Indochina, and Ganges Basin. However,
climate poses substantially large uncertainty in water stress changes than socioeconomic growth. By 2050,
socioeconomic growth alone can lead to an additional 650 million people living under at least “heavy” water
stress, with most of these located in India, Indus Basin, and China. The combined effects of socioeconomic
growth and climate change reduce people under water stress to an additional 200 million, attributed

mainly to the beneficial climate in India that moves its heavily-stressed condition into the slightly or
moderately-stressed conditions. These 200 million people primarily reside in Indus Basin and China under
at least overly exploited water conditions— where total water requirements will consistently exceed surface
water supply. Climate mitigation helps alleviating the risks of increasing water scarcity by midcentury, but
to a limited extent. Therefore, adaptive measures need to be taken to meet these surface water shortfalls, or a
combination of both approaches may be most effective.
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1. Introduction

Water, the most vital of all resources, is essential for so-
cio-economic development and maintaining healthy eco-
systems. Yet, water scarcity now affects more than two-
fifths of the people on Earth, and by 2025 two-thirds of the
global population is likely to be living under water-stressed
conditions (UN-Water, 2007). In addition, the majority of
the world’s people living in water-related despair will be in
Asia (Chellaney, 2012). Asia is home to 60% of the glob-
al population (Population Reference Bureau, 2015), yet is
the world’s driest continent with availability of freshwater
less than half the global annual average of 6,380 m® per
inhabitant (Chellaney, 2012). In the face of rapidly rising
populations, the fastest-growing economy, expanding
irrigation and water-intensive industries, and spiraling
household consumption, per capita water availability in
Asia is declining by 1.6% per year (Chellaney, 2012). Cli-
mate change will further exacerbate existing water scar-
city in Asia via altering the hydrological cycle, such as
changing rainfall patterns, increasing the variability and
frequency of extreme events (flooding and drought), and
reducing the availability of renewable resources (glaciers
and rivers, etc.) (Siegfried et al, 2011). For decades to
come, the spreading water stress in Asia will have direct
consequences for economic and human development as
well as environmental sustainability.

Understanding the vulnerability of freshwater resources
in Asia is therefore vital to ensuring sustainable water
management in the region. However, the future adequa-
cy of freshwater resources is difficult to assess, owing
to a complex and rapidly changing geography of water
supply and consumption as a result of multifaceted inter-
play among human society, terrestrial hydrological cycles
and climate change (Arnell, 2004; Alcamo et al., 2007;

Figure 1. Maps of major political regions and basins in this study.

Haddeland et al., 2014; Hagemann et al., 2013). Previ-
ous studies used single (Arnell, 2004; Alcamo et al., 2007;
Vorosmarty et al., 2000) or several (Haddeland et al.,
2014; Schewe et al., 2014; Hagemann et al., 2013) global
hydrological models forced with multiple climate model
projections to examine the vulnerability of global water
resources from climate change and/or direct human im-
pacts. These studies highlighted a large uncertainty asso-
ciated with projected changes in water resources with-
in such climate-hydrology modelling chains. However,
the limited ensembles employed in these studies only
allow for the quantification of such uncertainty with a
multi-model ensemble spread. Here we focus on a more
comprehensive risk-based assessment of water use and
availability as well as water resource adequacy in re-
sponse to future climate change, socioeconomic growth,
and their combination in large watersheds—or Assess-
ment Sub-Regions (ASRs)—in Southern and Eastern
Asia, which have been documented in previous studies
as hotspots of the severe water stress in the future (Ar-
nell, 2004; Alcamo et al., 2007; Haddeland et al., 2014;
Schlosser et al., 2014). In particular, we focus on major
political regions (China, India, and the Indo-Chinese
peninsula or Indochina) and several basins (Indus, Gan-
ges, and Brahmaputra) (Figure 1).

2. Models and Methods

Aggregated mean annual surface runoff within each ASR
and inflow of upstream ASRs constitute the water sup-
ply to which local human society has access. We consid-
er the irrigated agriculture as well as the domestic and
industrial sectors for water demands on a mean annual
basis. Each component determines the degree to which
humans interact with sustainable water supply and pro-
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vides a local water stress index (WSI), defined as the ra-
tio of water withdrawal to supply. This metric measures
the pressure that human water uses exert on renewable
surface water. Values on the order of 0.3 to 0.6 and 0.6 to
1.0 indicate medium to high stress, whereas those greater
than 1.0 and 2.0 reflect conditions of severe and extreme
water limitation, respectively (Smakhtin et al., 2005). We
consider vulnerability with respect to sustainable water
resources only, under different levels of global warming,
allowing for impact of climate change mitigation to be
assessed. We do not explicitly model the policy response
or long-term investment adaptation to climate change or
development pressure.

We employ a water resource system (WRS) component
embedded within the Massachusetts Institute of Tech-
nology Integrated Global System Model (IGSM) frame-
work in a large ensemble of 50-year (2001-2050) sim-
ulations at 2x2.5°—consistent across a range of climate
policies, regional hydroclimate changes, climate param-
eters, and emissions of all greenhouse gases, aerosol, and
pollutants. Most previous model-based studies, however,
have been driven with exogenous climate forcing that is
disconnected from consistent socioeconomic pathways,
thus lacking the interactions between natural process-
es and human activities. We consider two greenhouse
gas control policies: one with unconstrained emissions
(UE) and the other imposing a 660 ppm CO,-equivalent
stabilization target (L2S). For each policy scenario, we
employ a 400-member ensemble of IGSM projections
with different values of climate and economic parame-
ters (Webster et al., 2012), complemented with the pat-
tern-scaling (Schlosser et al., 2012) based on 17 climate
models in the Coupled Model Intercomparison Project
Phases 3 (CMIP3) (Meehl et al., 2007) (Figure 2), to de-
velop a 6,800-member ensemble of climate change pro-
jections. Gaussian Quadrature procedure (Arndt et al.,
2015) is then employed to produce a subset and respec-
tive weights that represent the full ensemble (539 and 630
members for UE and L2§, respectively). Contemporary
climate is based on a 3-hourly, 1° global near-surface me-
teorology dataset (Sheffield et al., 2006), but is detrended
and adjusted to the year-2000 mean. Future atmospheric
forcing is obtained with a delta method (Ramirez-Ville-
gas and Jarvis, 2010) that incorporates the downscaled
changes in climate from IGSM (anomalies with respect to
1981-2000 climatology) but maintains contemporary in-
ter-annual climate variability. The runoff is simulated by
the Community Land Model (CLM) (Oleson et al., 2004)
within the IGSM and bias corrected with a modification
of the Maintenance of Variance Extension (MOVE) pro-
cedure (Strzepek et al., 2013) such that each ASR con-
tains as realistic natural flow conditions as possible.

Domestic and industrial demands are determined by
projections of population and Gross Domestic Product
(GDP) from the Economic Projection and Policy Analy-
sis (EPPA) model (Paltsev, et al. 2004) within the IGSM.
Future population at the ASR level is obtained by apply-
ing the constant growth rate to the contemporary popu-
lation (Rosegrant et al., 2008). Irrigation demand mainly
responds to the climate (precipitation and temperature)
and is calculated for a variety of crops with a crop water
deficit module (CliCrop) (Fant et al., 2012) of the WRS.
The irrigated area is assumed constant at current esti-
mates from IFPRI and irrigation efficiency is also fixed.
The Water System Management (WSM) of the WRS op-
timizes the routing of water supply across all of the ASRs,
which sets priority for domestic and industrial uses fol-
lowed by the agriculture sector.

For each policy scenario, we formulate three impact sce-
narios to quantify the separate and combined contribu-
tions of climate change and socioeconomic growth to the
degree of water stress out to 2050. The Growth scenario
(“G”), where the socioeconomic growth alone influences
water conditions with the domestic and industrial de-
mands as key drivers, applies projected GDP and popu-
lation with climate held at the contemporary condition.
The same population projection is employed for both UE
and L2S scenarios. The Climate scenario (“C”), where ir-
rigation demand and runoff serve as the main drivers of
water stress, varies climate but fixes the population and
GDP at year 2000 levels. The Climate and Growth scenar-
io (“CG”) imposes both climate change and socio-eco-
nomic growth to assess the combined effects on water
stress. We gauge the changes in water supply, demands,
and water stress from these scenarios against a baseline
scenario which represents a 50-year (2001-2050) simu-
lation forced with contemporary climate and initial con-
ditions at 2001 from the CLM run of 1948 to 2000 driv-
en by near-surface meteorology dataset (Sheflield et al.,
2006). The baseline scenario produces 50-year runoff and
irrigation demand with the domestic and industrial de-
mands held constant at the values of year-2000. We fur-
ther assess the uncertainty of baseline water stress from
internal climate variability with a 500-member ensemble
by performing a multivariate k-nearest neighbor boot-
strap (Lall and Sharma, 1996). We focus our analyses of
these metrics on their distributions of relative decadal
mean changes (2041-2050) from the baseline of the same
period, so the interannual or seasonal variations have not
been specifically studied here.

3. Results

3.1 Water Stress Index

Figure 3 presents the relative changes in WSI over the
major political regions and basins, weighted by the
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Figure 2. Top panel: Shifts in pattern-scaling transformation coefficients with respect to global temperature change dC,/dTgioba (K')
for June precipitation based on the CMIP3 climate models. Bottom panel: Changes in decadal averaged June precipitation (with
decadal average changes from the baseline run removed) between 2041-2050 and 2001-2010 (mm/day). The spatial patterns of
the CMIP3 climate models (top panel) are well preserved in the corresponding precipitation changes (Bottom panel).
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Figure 3. The relative changes in population-weighted water stress index, WSI (unitless) in the major regions and basins under the
climate scenario (“C”), growth scenario (“G”), as well as climate and growth scenario (“CG”) as a result of unconstrained emissions
(whisker bar) and a stabilization policy (blue lines). The solid, dash, and dotted blue lines represent median, Q1 and Q3, minimum
and maximum values, respectively. The baseline WSI values are shown at the top for each region and basin. Horizontal gray bars
represent =1 standard deviation-equivalent relative change of population-weighted baseline WSI from 500 bootstrap samples.

population of each ASR for three impact scenarios and
two policy scenarios. Also shown is +1 standard devia-
tion-equivalent relative change of population-weighted
baseline WSI calculated from 500 bootstrap samples
(gray bar). This spread across the bootstrap ensemble
can be viewed as “noise” in WSI resulting from the nat-
ural climate variability so that only changes beyond can
be perceived as the actual impacts from any exterior fac-
tor. The principal cause of decreasing water stress is the
greater water availability due to increased runoff related
to climate change, while that of increased water stress is
growing water withdrawals from varying sectors (agri-
culture, domestic and industry). Immediately evident is
that the socioeconomic growth (“G” scenario) generally
increases water stress across all the examined regions and
basins under both policy scenarios. The decreased water
stress exhibited by a small number of ensemble members
in Indochina and the Ganges Basin is mainly attributed
to the projected decreased population or slower popu-
lation growth over certain ASR(s) of higher WSI values
relative to other ASRs within the same region/basin. The
largest median relative increase in WSI occurs in China
(27%), while the smallest increase occurs in the Gan-
ges Basin (3%). The projections are subject to a spread
across the ensemble, particularly in China with increase

of 10% to 75%, Indochina, and Brahmaputra. Overall,
mitigation effect is rather weak with a marginal effect on
slightly lowering water stress in India and Brahmaputra.
These features resonate strongly with what is observed
for the changes in the domestic and industrial water
withdrawals (Figure 4). All the examined regions and
basins experience at least 40% at the 10™ percentile to
two- or three- fold increases in water demands at the 90"
percentile, highlighting the effects of extensive growth
anticipated for these developing regions and basins. The
Ganges Basin shows the least relative increase in water
demands, while Brahmaputra experiences the largest
increase. The majority of the ASRs in India and the ag-
gregated ASRs exhibit larger relative increases than those
in China, mostly attributed to its projected higher pop-
ulation growth rate. This is in contrast to their projected
growth-induced WSI changes, which is likely associated
with the complex interplay between water demands and
supply within the individual ASR and the population
weighting applied when aggregating WSI to the regional
level. In India, one ASR (LUN_IND in the Indus Basin)
features particularly large (about 3 to 6 fold) increase in
this demand, while the ASRs in northern (Ganges riv-
er) and eastern India generally demonstrate small in-
creases. In China, most of the ASRs in northern China
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Figure 4. Relative change of non-irrigation demand for individual ASRs and aggregated across ASRs in major political regions and basins
as a result of unconstrained emissions (whisker bar) and a stabilization policy (blue lines). The solid, dash, and dotted blue lines represent

median, Q1 and Q3, 10" and 90" percentiles, respectively. We don’t show minimum and maximum because of too large range.

demonstrate large relative increases. In absolute terms,
these demands are, however, small in comparison with
irrigation demand because their baseline values are one
or two orders of magnitude smaller than the irrigation
counterparts (Figure 5). The effect of slower growth in
GDP under the L2S scenario provides a marginal buffer-
ing of such increases, particularly for the largest increase
(i.e. 90" percentiles) across various ASRs in India.

Climate change alone (“C” scenario) produces a mixture
of responses with both positive (decrease) and negative
(increase) effects on water stress (Figure 3 and Table 1).
In China and Indus, which are already heavily stressed
under contemporary conditions, climate change presents
very limited beneficial effect, with the majority of the en-
sembles indicating increased water stress. Especially in the
Indus River, the median relative increase in WSI is nearly
as strong as that resulting from socioeconomic growth.
Very contrasting features can be observed over other re-
gions or basins. Under contemporary conditions, India
and the Ganges Basin are heavily and moderately stressed,
respectively, while Indochina and Brahmaputra do not ex-
perience much water stress. Nevertheless, climate change
has apparent beneficial effects for these regions and basins
with the majority of the ensembles indicating decreased
water stress. The combined effect of socioeconomic growth
and climate change (“CG” scenario) is dependent on how

the two interact non-linearly, and such interplay is highly
region or basin specific (Figure 3 and Table 1). In general,
the negative effect of socioeconomic growth exacerbates
the negative effect or offsets the positive effect of climate
change, and the resulting distributions of WSI changes un-
der the “CG” scenario tend to shift toward the higher val-
ues than under the “C” scenario. The counteracting effect
of growth is particularly strong for Brahmaputra, but fairly
weak for Ganges and lies in between for other regions. The
resulting combined climate-growth effect on water stress
remains strongly negative in China and Indus, becomes
negative in Brahmaputra (the trend is reversed in sign),
but retains largely positive in other three regions as climate
seems able to buffer the increase in water stress imposed
by economic growth. Note that the Indus Basin is the only
region showing the stronger median WSI increase from
climate and growth than that from growth only.

We find that the influence of climate change on water
stress exhibits much larger uncertainty than econom-
ic growth. Forcing by different regional climate patterns
yields the interquartile range (IQR) and total spread of
WSI changes across the ensemble that are almost dou-
bled or tripled those owing to different economic growth
projections across various regions. This implies that the
greatest risks to regions facing future water stress may
essentially arise from regional extremes occurring with-
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Figure 5. Baseline population, runoff, irrigation demand, non-irrigation demand, and WSI for individual ASRs in China (_CHN),
India (_IND), Indochina, and part of ASRs in Indus, Ganges, and Brahmaputra. The sequence of ASRs in China, India, and Indochina
is arranged in order of decreasing population. The horizontal color bars denote the water stress categories with S, M, H, O, E
representing slightly, moderately, heavily, overly, and extremely, respectively. The basins in the blue, yellow, and purple rectangles

represent the ASRs in Indus, Ganges, and Brahmaputra, respectively.

Table 1. Accumulated relative frequency of decreased and increased (the numbers in the parenthesis) population-weighted WSI, with
the relative change of population-weighted baseline WSI from natural climate variability taken into account, for the major political regions
and basins under three impact scenarios and two policy scenarios. Blue and red colors represent collective negative and positive effects,
respectively, if accumulated relative frequency of decreased water stress is smaller than or larger than accumulated relative frequency of
increased water stress. * indicates the regions or basins consistently show increased water stress across all the scenario cases. Bold numbers
indicate there are apparent mitigation impacts on reducing water stress in the regions or basins across different impact scenarios through
increasing accumulated relative frequency of decreased WSI or decreasing accumulated relative frequency of increased WSI, or both.

UE_C UE_G UE_CG L2S_C L2S_G L2S_CG
China* 40% (49%) 0% (100%) 25% (64%) 32% (56%) 0% (100%) 18% (70%)
India 72% (21%) **0% (100%) *52% (40%) 82% (11%) **0% (100%) 61% (29%)
Indochina “62% (18%) 2% (73%) *44% (32%) 67% (9%) 2% (70%) 44% (23%)
Indus* **14% (73%) **0% (100%) **3% (89% ) 8% (77%) 0% (100%) 1% (92%)
Ganges “80% (10%) 4% (55%) 74% (15%) *85% (6%) 6% (47%) *80% (7%)
Brahmaputra *61% (18%) **0% (100%) **5% (86%) *59% (13%) **0% (100%) “*4% (89%)

in a subset of climate model projections. China presents
the largest inter-ensemble disagreement in the magnitude
of the climate-induced WSI changes, ranging from a de-
crease of 50% to an increase of 150%, while the counter-
parts over other regions are mostly constrained within +
50%. The combined climate-growth effects on water stress
seem largely dominated by that of uncertain regional cli-
mate change with the slightly large but similar ensemble
spread. The lower water stress via a stabilization policy can

be observed for both “C” and “CG” scenarios across all the
regions, by reducing distribution variance and in particu-
lar removing the extremely large WSI increases seen in the
no-policy scenario (Figure 3). The stabilization policy also
manifests the increased accumulative relative frequency of
decreased WSI, the decreased accumulative relative fre-
quency of increased WSI, or both (Table 1). Overall, the
choice of the climate policy scenario (UE or L2S) has a
much smaller effect compared with the choice of the re-
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gional climate pattern trends or the choice of economic
growth parameters. In consideration of all sources of un-
certainty, regional climate change uncertainty is the most
influential factor in water stress trends. However, it is im-
portant 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.

The effects of trends in climate on water stress resonate
strongly with the regional features of two main drivers—
runoff and irrigation demand (Figure 6a, b). Under con-
temporary conditions, we see that heavily to extreme-
ly stressed ASRs are aligned across the regions of low
runoft and arid conditions (Figure 5). Substantial stress
is observed in several densely-populated ASRs in the
northern part of China (HUN_CHN, HAI_CHN, and

Figure 6. Same as Figure 4, but for a) runoff and b) irrigation demand, respectively.
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HUL_CHN), a few ASRs in northwest China (LMO_
CHN, YHE_CHN, and OB_CHN), and Southern In-
dia. Exceptions to this characterization are observed for
ASRs located in India and Pakistan, namely GAN_IND,
IND_IND, and IND_PAK, showing relatively large run-
off but heavily or overly exploited water resources. This
is a result of the combined effects of large population and
high irrigation demand.

The runoff is projected to increase in the majority of
ASRs in China, India, and Indochina (Figure 6a), and
to decrease in the far west and the north including Af-
ghanistan, Pakistan, and Mongolia (not shown). In these
regions, there is a relatively high level of agreement
on the sign of change across the ensemble (more than
50% or 75%). Most of these large-scale features are con-
sistent with previous studies (Haddeland et al., 2014;
Schewe et al., 2014). In two ASRs in India (IND_IND
and LAJ_IND) that are part of the Indus river basin, the
majority of ensemble presents evident decreases. Except
for the Indus Basin with a drying trend, all the other re-
gions and basins exhibit wetting trends, with India and
Ganges showing the largest relative increases and China
the smallest. It is worth noting that LUN_IND, which
is one of the two extremely stressed ASRs in India and
characteristic of the largest increase in the domestic
and industrial water withdrawals, also demonstrates the
largest uncertainty in the projected runoft change with
a decrease of 6% at the 10" percentile to an increase of
440% at the 90™ percentile and an IQR of 20% to 290%
increase. LMO_CHN in China also features a similarly
wide range of runoff change, but its IQR is much reduced
(20% to 90% increase). LMO_CHN and HAI_CHN
show larger relative increases in runoff than other ASRs
in China. The increases in water availability over these
ASRs in China and India are encouraging given their ex-
treme water stress conditions in the contemporary cli-
mate. Mitigation reduces the spread across the ensemble
by weakening the extreme decreases (i.e. 10* percentile)
and in particular extreme increases (i.e. 90" percentiles).

Irrigation demand features a substantially smaller rela-
tive change (-20% to 15%) than domestic and industrial
demands, but from a much higher base level at present
(Figure 5), so the absolute water consumption used for
irrigation is the largest. The principal causes of growing
agricultural withdrawals are warmer and drier condi-
tions, which enhance the evapotranspiration of crops.
Projected changes in irrigation demand thus correspond
with the changes in runoft to some extent. There exists a
wide disagreement on the sign of projected changes in
irrigation demand across the ASRs (Figure 6b). In India,
more than 90% of ensemble indicates increased demands
over two ASRs of the Indus river basin (IND_IND and
LAJ_IND), while the majority of the ensemble (more

than 50% or 75%) suggests decreased demands over the
other ASRs. In China, except for two ASRs in southern
China (SEA_CHN and ZHJ_CHN) that are dominated
by decreased demands, all the other ASRs tend to have
increased demands. In particular, all the ensemble of the
ASRs in northwestern China (YHE_CHN, LMO_CHN,
OB_CHN) as well as more than 90% of the ensemble of
the Yellow river (HUN_CHN) consistently suggests in-
creased irrigation consumption. Such a high level of con-
sistency in the sign of change indicates high confidence.
In the Indochina region, climate change favors reduced
irrigation demands across all the ASRs. For a regional or
basin-scale aggregate, we see that the Indus Basin and
China are mostly governed by increased irrigation, while
Indochina, Ganges, and Brahmaputra are largely domi-
nated by decreased irrigation. There is no clear trend in
India, with the median of the ensemble slightly favoring
increased irrigation. Likewise, mitigation tends to reduce
the distribution variance by weakening extreme increas-
es and decreases in irrigation consumption. This can be
observed across all the ASRs.

Given these considerations, the positive climate-driven
effects on water stress in India, Indochina, Ganges, and
Brahmaputra mostly benefit from increased runoff and
decreased irrigation demands, while the negative effect
of climate change in the Indus Basin is mostly attributed
to decreased runoff and increased irrigation demands.
Although there exist ubiquitous runoff increases across
most China ASRs, increases in irrigation demand are the
main contributor to changes in water stress, leading to
the negative climate effect.

3.2 Population at Risk to Water Stress

We further assess the population that is prone to wa-
ter-stress exposure under current conditions and future
scenarios by assigning the WSI of each ASR to one of
the water stress classifications. All ASRs with WSI val-
ues larger than 0.6 (the heavily to extremely exploited
category) are deemed as exposed to “water stress” and
tabulated according to their population. These tabula-
tions are performed for all the ensembles of each of the
6 future scenarios. The populations under water stress
were derived based on the collective percentage across
the ensemble and aggregated by all ASRs and ASRs of
each region (Table 2).

Overall, the increases in population exposed to wa-
ter-stressed conditions as a result of socioeconomic
growth is the same order of magnitude as any change in
the climate-only scenarios. In China and Indus, regardless
of the effect of socioeconomic growth or climate change
or their combination, additional population at risk of ex-
posure to at least a heavy level of water stress is approxi-
mately 80 and 150 million, equivalent to 40% and 100%
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Table 2. Changes in total population (parenthesis of 3™ column) and population exposed to water stress (in million) for major political
regions and basins under three impact scenarios and two policy scenarios. The total population of 2041-2050 is the average from
400-ensemble projections. Bold numbers indicate decreases in population.

Population Population Exposed to Water Stress (WSI > 0.6)
Area 2041-2050 (changes relative to 2000)
2000 2041-2050 2000
UE_C UE_G UE_CG L2S_C L2S_G L2S_CG

China 1278 1480 (202) 524 80 83 81 83 83 83
India 1018 1555 (537) 567 -96 449 -11 -143 443 -73
Indochina 204 350 (146) 0 0 0 0 0 0 0
Indus 206 357 (151) 205 138 151 147 146 151 150
Ganges 477 752 (275) 395 -216 208 -187 -254 208 -224
Brahmaputra 126 217 (91) 0 0 0 0 0 0 0
Asia 2930 4144 (1214) 1241 143 657 195 104 651 135

of their projected population increases,
respectively. The resulting total popula-
tion-under-stress, by 2050, could reach
600 and 350 million, respectively. We
find that most of these population are
exposed to overly to extremely exploit-
ed conditions (Figure 7c, d), indicat-
ing that water requirements will con-
sistently exceed the managed surface
water supply. Although China pres-
ents an environment that is posed for
expansive increase in water stress, the
population-under-stress increases are
somewhat limited relative to Indus.
Not only is China’s population increase
small compared with Indus (16% ver-
sus 73%), but also a large portion of
its population (about 60%) in ASRs
currently experience only slightly wa-
ter-stressed conditions (Figure 5), such
as the Zhujiang (ZHJ_CHN) and Yangtze (CHJ_CHN)
basins across southern China. All population in the Indus
Basin currently experience at least heavily water-stressed
conditions with two-thirds exposed to overly exploited
conditions. Stabilization does very little to reduce the
population under water stress in these areas.

In contrast, socioeconomic growth shows a large effect on
increasing risks to water stress in India and Ganges where
the population experiences relatively large increases (~50%).
In these regions, the population-under-stress by 2050 as
a result of socioeconomic growth are nearly double the
current estimates, representing an increase of 450 and 200
million people, respectively. Most of these population are
exposed to heavily exploited conditions (Figure 7b, Gan-
ges not shown), indicating that the managed surface water
supply is under pressure but still sufficient for consumptive
use. Climate-only scenarios show substantial reduction in
population under water stress from the year 2000, mostly
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Figure 7. Population (in billions) exposed to three severity levels of water stress.

notable for the stabilization scenario—which can reduce
the population-under-stress by approximately 150 and 250
million for India and Ganges, respectively, as compared to
100 and 200 million without climate policy. The decreases
in WSI from climate change seem large enough to dimin-
ish the water-stressed conditions and reverse the substan-
tial increases in population-under-stress represented by the
socioeconomic growth. The combined effects of socioeco-
nomic growth and climate change result in notable net de-
creases in population-under-stress from the contemporary
condition, especially in the stabilization scenario.

In Brahmaputra and Indochina, the contemporary wa-
ter stress estimate shows that all ASRs in these regions
are experiencing only slight water-stressed conditions.
Despite the large population increases (70%) that con-
tribute to the substantial growth in nonagricultural water
demands (Figure 4), increases in water stress seem not
large enough for these regions to be moved into the wa-
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ter-stressed categories. In combination with increased
runoff and decreased irrigation consumption (Figure 6a,
b), the total population projected to live in these regions
will not be exposed to water stress across all scenarios.

In the entire study region, all the scenarios suggest in-
creases in water-stressed population, with socioeco-
nomic growth leading to larger increases (650 million)
than climate change (150 million) and combined cli-
mate-growth effects (200 million). The socioeconom-
ic growth increases population-under-stress across all
three categories with most of the increases, in absolute
terms, occurring in heavily exploited condition. Under
the “C” and “CG” scenarios, increases in water-stressed
population occur mostly in overly exploited conditions,
while decreases occur under heavily exploited condi-
tions. Stabilization clearly helps reduce climate change
induced increases in population-under-stress.

4. Summary and Discussion

The consistent, integrated modeling framework present-
ed here employs large ensembles that capture the spec-
trum of regional climate response, range of economic

projections, and possible climate policies to identify
where and what level of water risks may emerge and
the underlying causes of potential increased stresses in
Southern and Eastern Asia. The results reveal that water
stress changes are far more responsive to climate drivers
than to socioeconomic growth. Climate mitigation alone
can help to a certain extent, particularly by reducing ex-
treme increases in water stress, but is not sufficient to
curtail all risks of increasing water scarcity by midcen-
tury, particularly in China and Indus. To make salient
risk reductions by 2050, broad adaptive measures need
to be considered that increase the efficiency of water con-
sumption as well as viable options to increase water-stor-
age potential. A combination of both approaches may be
the most effective to combat the climate problem.

There are a number of key issues associated with the de-
velopment of appropriate indicators to assess water sys-
tem risks, including the definition of an appropriate indi-
cator of pressure on water resources and the specification
of critical thresholds for water resource stresses. The use
of different indicators could lead to a different quantifi-
cation of the change in the amount of available resources

Figure 8. The relative changes in population-weighted Unmet Water Requirement (UWR) in the major regions and basins under the climate
scenario (“C"), growth scenario (“G"), as well as climate and growth scenario ("CG") as a result of unconstrained emissions (whisker bar)
and a stabilization policy (blue lines). UWR is the percentage of the total water requirement that is not met by the system. In WRS model,
total water requirement is an estimate of the amount of water that would be consumed given socioeconomic factors, climate conditions,
and current infrastructure if water is an unlimited resource. The solid, dash, and dotted blue lines represent median, Q1 and Q3, minimum
and maximum values, respectively. The baseline UWR values (in percentage) are shown at the top for each region and basin. Horizontal
gray bars represent =1 standard deviation-equivalent relative change of population-weighted baseline UWR from 500 bootstrap samples.

1
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and the resulting water resource stress. In comparison
with WSI, the use of Unmet Water Requirement (UWR)
as a measure of water stress, which is the percentage of
the total water requirement that is not met by the system,
shows apparent inconsistencies (Figure 8). Not only the
combined climate-growth effects stay strongly negative
across all the examined regions, but also, India presents
the largest inter-ensemble disagreement in the magnitude
of the climate-induced WSI changes while China presents
the smallest. Additionally, caveats could arise from the
use of threshold-based indicators of water stress because
small changes in indicator value can push some large and
populous watersheds from one side of the threshold to the
other and therefore largely change the number of people
under the specific water-stressed category.

For more rigorous assessment of future risks to water
systems, several features we have not explored yet must
be noted—for example, adjustments in irrigated acre-
age or in cropping patterns and uncertain or alternative

population projections. Additionally, a study found that
hydrological models, which are responsible for translat-
ing uncertain climate model projections into changes
in hydrological variables such as surface or subsurface
runoff and river discharge, may contribute considerably
in many regions to the uncertainty in water resource
projections (Schewe et al., 2014). Efforts are needed to
represent this additional level of uncertainty. Neverthe-
less, this model framework is easily integrated with new
features and applied to other specific areas of interest,
and further provides persuasive and actionable insights
for strategic planning and risk management in the face of
both unavoidable and preventable global change.
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