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Abstract. A global water scarcity assessment for the 21st
century was conducted under the latest socio-economic
scenario for global change studies, namely Shared Socio-
economic Pathways (SSPs). SSPs depict five global situa-
tions with substantially different socio-economic conditions.
In the accompanying paper, a water use scenario compati-
ble with the SSPs was developed. This scenario considers
not only quantitative socio-economic factors such as pop-
ulation and electricity production but also qualitative ones
such as the degree of technological change and overall en-
vironmental consciousness. In this paper, water availabil-
ity and water scarcity were assessed using a global hydro-
logical model called H08. H08 simulates both the natural
water cycle and major human activities such as water ab-
straction and reservoir operation. It simulates water avail-
ability and use at daily time intervals at a spatial resolution
of 0.5◦

× 0.5◦. A series of global hydrological simulations
were conducted under the SSPs, taking into account differ-
ent climate policy options and the results of climate models.
Water scarcity was assessed using an index termed the Cu-
mulative Abstraction to Demand ratio, which is expressed
as the accumulation of daily water abstraction from a river
divided by the daily consumption-based potential water de-
mand. This index can be used to express whether renew-
able water resources are available from rivers when required.
The results suggested that by 2071–2100 the population liv-
ing under severely water-stressed conditions for SSP1-5 will
reach 2588–2793× 106 (39–42 % of total population), 3966–
4298× 106 (46–50 %), 5334–5643× 106 (52–55 %), 3427–
3786× 106 (40–45 %), 3164–3379× 106 (46–49 %) respec-

tively, if climate policies are not adopted. Even in SSP1 (the
scenario with least change in water use and climate) global
water scarcity increases considerably, as compared to the
present-day. This is mainly due to the growth in population
and economic activity in developing countries, and partly due
to hydrological changes induced by global warming.

1 Introduction

Water resources are essential to all societal and economic
activities. Total global water use is increasing, mainly due
to economic and population growth in developing countries
(Shiklomanov, 2000; V̈orösmarty et al., 2000; Oki et al.,
2003; Oki and Kanae, 2006; Alcamo et al., 2007). Moreover,
as a consequence of climate change, water availability is pro-
jected to become restricted in many parts of the world from
a hydrological perspective (Arnell, 1999, 2004; Kundzewitz
et al., 2007; D̈oll, 2009).

We present a novel global water scarcity assessment,
which identifies the regions and periods vulnerable to water
scarcity following global climate change. The objectives of
our research are threefold (see the accompanying paper for
detail; Hanasaki et al., 2013). First, we conducted a global
water resources assessment under the latest set of scenarios
for global climate change studies (Moss et al., 2010). This
consists of the socio-economic scenario of Shared Socio-
economic Pathways (SSPs; Kriegler et al., 2012), the radia-
tive forcing (i.e. greenhouse gas (GHG) emission) scenario
of the Representative Concentration Pathways (RCPs; van
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Vuuren et al., 2011), and the climate scenario of the Coupled
Model Intercomparison Project Phase 5 (CMIP5; Taylor et
al., 2012). Second, we developed a water use scenario that is
compatible with both the qualitative and quantitative aspects
of the SSPs. Third, we assessed whether renewable water re-
sources are available when they are needed at daily intervals.

Our study is presented in a two-part paper. In the ac-
companying paper (Hanasaki et al., 2013), we developed
a water use scenario compatible with the five global situa-
tions described in the SSPs. The scenario covers all of the
21st century at five year intervals, with a spatial resolution
of 0.5◦

× 0.5◦. It includes five factors, namely, the irrigated
area, crop intensity, irrigation efficiency, and withdrawal-
based potential industrial and municipal water demands. In
this paper we have conducted a series of numerical sim-
ulations using a global water resources model called H08
(Hanasaki et al., 2008a, b). The model is able to simu-
late both the natural water cycle and human water use to-
gether with their interaction. The impact of different socio-
economic conditions and climate change on water avail-
ability and use were analyzed for various combinations
of scenarios.

The structure of this paper is as follows. In Sect. 2, the
models, input data and simulation settings are presented. The
simulation results are discussed in Sects. 3 and 4. In Sect. 3,
we analyzed the impact of climate change excluding socio-
economic change. In Sect. 4 we analyzed the impact of both
kinds of change. In Sect. 5, we summarize the key uncertain-
ties in our study. In Sect. 6, we present our conclusions.

2 Materials and methods

2.1 Global water resources model H08

To estimate global water scarcity, we used the H08 global
distributed hydrological model. A brief description of the
H08 model is presented here, which is directly relevant to
the results. A more detailed description is found in Hanasaki
et al. (2006, 2008a, b).

H08 consists of six submodels, namely, land surface hy-
drology, river routing, crop growth, reservoir operation, wa-
ter abstraction, and environmental flow requirement. The
land surface hydrology submodel is a single soil layer model
solving both the surface energy and water balance. The river
submodel is a single reservoir model assuming constant flow
velocity. The crop growth submodel is a process-based crop
model based on the formulation of the SWIM (Soil and Wa-
ter Integrated Model) model (Krysanova et al., 2000). This
submodel is used to estimate the crop calendar (e.g. plant-
ing date, harvesting date and cropping period), which is es-
sential to estimate the daily irrigation water requirement.
Consumption-based potential irrigation water demand is de-
fined as the irrigation water required to maintain soil mois-
ture in the top 1 m of irrigated cropland at 75 % (100 % for

rice) during the cropping period. The reservoir operation sub-
model determines the storage and release of 507 reservoirs
worldwide with a storage capacity larger than 1.0× 109 m3

(Hanasaki et al., 2006). Each reservoir is individually located
on the river map of H08. For reservoirs for which the primary
purpose is irrigation water supply, the release is controlled to
match the seasonal variation of consumption-based potential
irrigation water demand in the lower reach. For reservoirs
with other purposes, release and storage is controlled to min-
imize seasonal and inter-annual variations in river flows, tak-
ing into account the ratio of the storage capacity of reser-
voirs and mean annual inflow. The environmental flow re-
quirement submodel is a simple empirical model that esti-
mates the amount of river discharge that should be kept in
the channel to maintain the aquatic ecosystem. The model is
based on case studies of regional practices, while the river
discharge should ideally be unchanged for the preservation
of the natural environment.

The water abstraction submodel abstracts water from
rivers to meet the consumption-based potential water de-
mand. Note that only consumptive water use is included and
not return flow and delivery loss. Because the river submodel
is relatively simple (see Oki et al., 1999 in detail), the flow
velocity is not affected by water abstraction or environmen-
tal flows. When large reservoirs are located in the upper
stream, the river is affected by reservoir operation. H08 prior-
itizes the simulation of municipal water abstraction, followed
by industrial and irrigation water abstraction. Note that al-
though Hanasaki et al. (2010) incorporated some additional
subcomponents into H08, such as medium-sized reservoirs
(reservoirs with storage capacity less than 1.0× 109 m3 ca-
pacity) and non-local and non-renewable blue water (hypo-
thetical water sources to close the balance of local water sup-
ply and demand) they were excluded in this study because
these terms include considerable uncertainties both in mod-
eling and developing future scenarios. However, we did in-
clude the 507 largest reservoirs, because they considerably
affect the river discharge of the largest rivers in the world
(Hanasaki et al., 2006; Haddeland et al., 2006). A schematic
diagram of water abstraction is shown in Fig. 1.

The performance of H08 has been assessed in earlier pub-
lications. Hanasaki et al. (2008a, b) applied H08 globally at
a 1◦

× 1◦ spatial resolution and at daily time intervals for the
period 1986–1995. They used data from the second Global
Soil Wetness Project (GSWP2) circa 1990 and found that
H08 reproduced monthly river discharge at the continental
scale and for major river basins (Hanasaki et al., 2008a),
as well as nation-wide mean annual irrigation water with-
drawal (Hanasaki et al., 2008b). Haddeland et al. (2011)
conducted an inter-comparison of global hydrological mod-
els. They ran 13 models under a common simulation proto-
col, and compared hydrological variables such as river dis-
charge, evaporation, and snowmelt. The results showed that
H08 is within the plausible range of modern macro-scale
hydrological models for most basins.

Hydrol. Earth Syst. Sci., 17, 2393–2413, 2013 www.hydrol-earth-syst-sci.net/17/2393/2013/
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Fig. 1. Schematic diagram of water abstraction in H08. Water is
only abstracted from rivers. A river is considered to be regulated
if there are large reservoirs with a storage capacity of greater than
1.0× 109 m3. Water is abstracted to fulfill potential municipal, in-
dustrial, and irrigation water demands on a daily basis. The environ-
mental flow requirement (between 0–40 % of mean monthly river
discharge) is always left in the river channel.

2.2 Meteorological data and scenarios

H08 requires the input of the eight meteorological variables
listed in Table 1. For historical simulations, WATCH (Wa-
ter and Global Change project) forcing data (Weedon et al.,
2011; hereafter WFD) was used. WFD covers the whole
globe at a 0.5× 0.5◦ spatial resolution. It covers the time pe-
riod 1958–2001 at six-hourly intervals. We converted WFD
into daily intervals, and used 1971–2000 as the base period.

For future simulations, the climate scenario of the CMIP5
was used. CMIP5 coordinates climate projections using
global climate models (Taylor et al., 2012). As of Octo-
ber 2012, the results of more than 40 global climate mod-
els (GCMs) have been available via the internet. Although
it is recommended to utilize all available GCMs to account
for model uncertainty (Knutti et al., 2010), for practical rea-
sons, we needed to restrict the number of GCMs used. We
subjectively selected three GCMs, namely MIROC-ESM-
CHEM (MIROC), HadGEM2-ES (HadGEM2), and GFDL-
ESM2M (GFDL) (Table 2). There is an open discussion re-
garding the selection of models (Knutti et al., 2010), but
the models selected in this study are used in the Inter
Sectoral Impact Model Intercomparison Project (ISI-MIP;
http://www.isi-mip.org/), which enabled cross-checking with
their results.

It is widely known that the output of GCMs contain sys-
tematic biases. In this study, we corrected for the biases of
air temperature, precipitation, and longwave downward radi-
ation. Most of the earlier studies corrected only for air tem-
perature and precipitation. We included longwave downward
radiation, because this term shows an apparent increasing
trend in all GCM projections. Moreover, this term is impor-
tant in solving the surface energy balance. To remove bias, a

shifting and scaling methodology was used (e.g. Alcamo et
al., 2007; Lehner et al., 2006).

T cor
y,m,d = T obs

y,m,d +

(
T

org
future,m − T

org
baseline,m

)
(1)

P cor
y,m,d = P obs

y,m,d ×

(
P

org
future,m ÷ P

org
baseline,m

)
(2)

Lcor
y,m,d = Lobs

y,m,d ×

(
L

org
future,m − L

org
baseline,m

)
, (3)

whereT , P , andL denote air temperature, precipitation, and
longwave radiation, respectively. The superscripts cor, obs,
and org denote bias-corrected, observation and original GCM
values, respectively. The subscripts future, baseline y, m, d
indicate future period, retrospective period, year, month, and
day, respectively. The upper bar indicates that the mean of
thirty years’ records has been taken. After correcting for tem-
perature and precipitation, rainfall-snowfall separation was
conducted following the method of Kondo (1994), which
uses not only air temperature but also relative humidity.

2.3 Non-meteorological data and scenarios

H08 requires the input of the non-meteorological variables
listed in Table 3. For the other parameters of H08, we used
the default values, as shown in Hanasaki et al. (2008a, b,
2010). For historical simulations, we used published datasets,
which represent the period circa 2000. For future simula-
tions, we used scenarios developed in the accompanying
paper (Hanasaki et al., 2013) for the irrigated area, crop
intensity, irrigation efficiency, and withdrawal-based poten-
tial industrial and domestic water demand. Due to a lack
of available information, the other variables were kept at
present levels.

Crop type was set by using the crop type data of Mon-
freda et al. (2008). They provided the areal fraction of 175
crop types, but we used only 19 that are commonly culti-
vated worldwide. H08 is able to simulate up to two crops per
year (multiple-cropping is common in the tropics), but needs
to select only one crop type per grid cell during a cropping
period (from planting to harvesting date). Here we assumed
that the crop type of the largest fraction is planted in the first
crop, and that of the second largest is in the second. We fixed
the crop type throughout the 21st century, because of a lack
of available data. This might be unrealistic because farmers
would change the crop type to adapt to a changing climate
and the demands of the crop. Because it is beyond the scope
of this study to discuss future agricultural practices and food
production, we left the crop type scenario until such time as
the integrated assessment community can provide relevant
scenarios and guidelines (see also the discussion in Sects. 3
and 6 of Hanasaki et al., 2013).

Potential water demand for industrial and municipal use
is provided as the withdrawal base. To convert this into a
consumption base, which is used to calculate the Cumula-
tive Abstraction to Demand index explained below, we used

www.hydrol-earth-syst-sci.net/17/2393/2013/ Hydrol. Earth Syst. Sci., 17, 2393–2413, 2013
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Table 1.Meteorological variables.

Item Baseline (1971–2000) Future

Rainfall [kg m−2 s−1] Weedon et al. (2011) Scaling & separation (see text)
Snowfall [kg m−2 s−1] Scaling & separation (see text)
Air temperature [K] Shifting (see text)
Longwave downward radiation [W m−2] Shifting (see text)
Shortwave downward radiation [W m−2] Fixed at present
Relative humidity [%] Fixed at present
Wind speed [m s−1] Fixed at present
Air pressure [Pa] Fixed at present

Table 2.Global climate models used in this study.

Modeling center Model name

Japan Agency for Marine-Earth Science and Technology, Atmosphere and Ocean Research
Institute (University of Tokyo), and National Institute for Environmental Studies

MIROC-ESM-CHEM

Met Office Hadley Centre HadGEM2-ES
NOAA Geophysical Fluid Dynamics Laboratory GFDL-ESM2M

the factors 0.10 and 0.15 respectively, from the work of Shik-
lomanov (2000). These values should be varied by country,
time, and technological development. Because of a lack of
information, we fixed these values throughout all countries,
simulation periods, and scenarios. The values used could be
too optimistic for developing countries with limited water re-
cycling technology. Potential water demand for irrigation use
is simulated by H08 as the consumption base. To convert this
into the withdrawal base, which is used to calculate the With-
drawal to Water Resources index explained below, we used
the irrigation efficiency scenario developed in the accompa-
nying paper (Hanasaki et al., 2013).

2.4 Simulation settings

We configured models and set up a simulation protocol as
shown in Tables 4 and 5. We configured H08 in two forms,
first for naturalized simulation (NAT), using only land sur-
face and river submodels, and second for human simulation
(HUM), using all six submodels. The NAT was used to as-
sess a situation that assumed there was no human activity at
all during the simulation periods, in order to evaluate the im-
pact of climate change on the hydrological cycle. The HUM
was used to assess water scarcity.

For the baseline period (1971–2000), two simulations
were conducted with a naturalized configuration (NAT-
Baseline) and human configuration (HUM-Baseline).

For the future periods, we conducted four simulations: nat-
uralized configuration (NAT-Future), human configuration
fixing non-meteorological variables at circa 2000 (HUM-
Fix), using the SSPs without a climate policy (business as
usual; HUM-BAU), and using the SSPs with a climate pol-

icy (HUM-Policy). Three simulation periods were set, 2011–
2040, 2041–2070 and 2071–2100.

The NAT-Future simulation was conducted to analyze the
hydrological response to climate change. H08 was set to
a naturalized configuration, and future meteorological data
(Eqs. 1–3) were prepared for three RCPs (RCP2.6, 4.5, 8.5)
and three GCMs (MIROC, HadGEM2, GFDL).

The HUM-Fix simulation was conducted to analyze the
magnitude of change in water availability and use due
to climate change, excluding the effect of socio-economic
changes. Three RCPs were used for three GCMs, but non-
meteorological variables were fixed at the baseline period.

The HUM-BAU simulation was conducted to analyze wa-
ter availability and scarcity under a business-as-usual situ-
ation, with no climate policy. All five of the SSP scenarios
were used. For each scenario, a RCP was selected that was
compatible with the emission path as described in the ac-
companying paper (Table 5, see also Fig. 3 of Hanasaki et
al., 2013). Note that because the RCPs and SSPs have been
developed independently, consistency between them is not
strictly assured.

The HUM-Policy simulation was conducted to evaluate
how climate policies alleviate water scarcity for each SSP.
All five of the SSP scenarios were used. In this study, cli-
mate policy switches RCPs into lower levels (Table 5, see
also Fig. 3 of Hanasaki et al., 2013). Again note that the con-
sistency of RCPs, SSPs, and the policy scenarios are not fully
assured. Climate policy simulations in this study were con-
ducted primarily to determine the response to a lower level of
climate change. Although not available as of October 2012,
a climate policy scenario called Shared Policy Assumptions
(SPA) is under discussion (Kriegler et al., 2012).

Hydrol. Earth Syst. Sci., 17, 2393–2413, 2013 www.hydrol-earth-syst-sci.net/17/2393/2013/
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Table 3.Non-meteorological variables.

Future (2005–2100,
Item Baseline (circa 2000) for each SSP1/2/3/4/5)

Irrigated area Siebert et al. (2005) See Table 5
Crop intensity D̈oll and Siebert (2002) See Table 5
Irrigation efficiency D̈oll and Siebert (2002) See Table 5
Areal fraction of non-cropland Ramankutty et al. (2008) Fixed at circa 2000
Crop type Monfreda et al. (2008) Fixed at circa 2000
Withdrawal-based potential industrial water demand FAO (2011) See Table 5
Withdrawal-based potential municipal water demand FAO (2011) See Table 5
Crop planting date Simulated Fixed at circa 2000
Environmental flow requirement Simulated Fixed at circa 2000
Large size reservoir ICOLD (1998); Fixed at circa 2000

Hanasaki et al. (2006)

Table 4.Simulation settings.

Non-meteorological Emission Land and river Other
variables scenarios Period sub-models sub-models

NAT-Baseline 1971–2000 X
HUM-Baseline See Baseline of Table 3 1971–2000 X X
NAT-Future RCP2.6/4.5/8.5 2011–2040, 2041–2070, 2071–2100 X
HUM-Fix See Baseline of Table 3 RCP2.6/4.5/8.5 2011–2040, 2041–2070, 2071–2100 X X
HUM-BAU See Future of Table 3 See Table 5 2041–2070, 2071–2100 X X
HUM-Policy See Future of Table 3 See Table 5 2041–2070, 2071–2100 X X

2.5 Water scarcity index

Many earlier studies assessed water scarcity using an in-
dex called the Withdrawal to Water Resources (WWR) ra-
tio, which was devised by Raskin et al. (1997). The index
expresses annual water withdrawal as a function of annual
renewable water resources.

WWR = W/Q, (4)

whereQ is the annual renewable water resource, typically
substituted with mean annual river discharge [m3 s−1] and
W is the annual total water withdrawal [m3 s−1]. If water
withdrawal exceeds 40 % of the water resources in a region,
a chronic water shortage is indicated. This index is widely
used, probably because it is intuitive and requires only two
factors (W andQ) that are relatively easily available. How-
ever, there are some well-known problems with the use of
the WWR that are particularly important when it is applied
to the assessment of climate change impacts. Climate change
is projected to increase mean annual river discharges in many
parts of the world, with an accompanying increase in the
frequency and magnitude of the risk of floods and droughts
(Kundzewitz et al., 2007). Because all of these variations are
smoothed when the mean annual river discharge (i.e. the de-
nominator of Eq. 4) is calculated, the WWR unintentionally
underestimates these risks. A few studies have reported coun-
termeasures. Wada et al. (2011) and Hoekstra et al. (2012)

computed the WWR on a monthly basis. Alcamo et al. (2007)
proposed the consumption-to-Q90 ratio. Here“consumption”
is the average monthly volume of water that is evaporated
and “Q90” is a measure of the monthly river discharge that
occurs under dry conditions (monthly discharge exceeds the
Q90 value for 90 % of the time). These approaches success-
fully identify the water scarcity in the most stressed month of
the year, but do not easily determine water scarcity through-
out the year as a whole. Hanasaki et al. (2008b) devised an
index called the Cumulative Abstraction to Demand (CAD)
ratio. The index was designed for modern global hydrologi-
cal models, which can explicitly simulate the daily river dis-
charge and water abstraction. This index is expressed as

CAD =

365∑
DOY=1

aDOY

/
365∑

DOY=1

dDOY, (5)

whereaDOY anddDOY denote the simulated daily water ab-
straction from a river and the daily consumption-based po-
tential water demand for a day of the year (DOY), respec-
tively. If the accumulated water abstraction from the river
(numerator) falls below the accumulated consumption-based
potential water demand (denominator), water scarcity is in-
dicated.aDOY ≤ dDOY can occur when a water source (i.e.
a river) is depleted. In this way, the index directly indicates
whether the water is available when it is needed.

www.hydrol-earth-syst-sci.net/17/2393/2013/ Hydrol. Earth Syst. Sci., 17, 2393–2413, 2013
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Table 5.Combination of SSPs and RCPs. See Table 5 of Hanasaki et al. (2013) for the scenario of irrigated area and crop intensity growth.
See Tables 6, 7, 8 of Hanasaki et al. (2013) for the improvement in efficiency of irrigation, industrial, and domestic water use, respectively.

Irrigated area Crop intensity Efficiency improvement Emission

Irrigation water use Industrial water use Domestic water use Scenario

SSP1 BAU Low Growth Low Growth High Efficiency High Efficiency High Efficiency RCP6.0
Policy RCP2.6

SSP2 BAU Medium Growth Medium Growth Medium Efficiency Medium Efficiency Medium Efficiency RCP8.5
Policy RCP4.5

SSP3 BAU High Growth High Growth Low Efficiency Low Efficiency Low Efficiency RCP8.5
Policy RCP6.0

SSP4 BAU Low Growth Low Growth Mixture of Efficiency Mixture of Efficiency Mixture of Efficiency RCP6.0
Policy RCP2.6

SSP5 BAU High Growth High Growth High Efficiency High Efficiency High Efficiency RCP8.5
Policy RCP6.0

This index is conceptual and for simulation only. In real-
ity, not only river water but also groundwater, water stored in
reservoirs and water diverted from different river basins are
sources of water. In numerical simulations, all of these fac-
tors can be disabled, allowing the relationship between the
natural hydrological cycle and human-water demand to be
analyzed. When the CAD falls below unity, it does not nec-
essarily indicate that a region is experiencing a water short-
age, but it does indicate the need for an alternative source of
water other than natural river flow.

Hanasaki et al. (2008b) estimated the CAD globally us-
ing the H08 water resources model. They identified regions
that experience a gap in their subannual distribution of wa-
ter availability and water use, including the Sahel, the Asian
monsoon region, and southern Africa. Due to the large con-
trast between wet and dry seasons, these regions frequently
suffer from seasonal water shortages in dry periods. They ret-
rospectively assessed the period of 1986–1995, but not un-
der climate change conditions. Thus, the CAD is used for a
global change impact assessment on water scarcity for the
first time in this study.

3 Results and discussion Part 1: impact of climate
change

This section provides basic information regarding the re-
sponse of hydrology and the water scarcity index to cli-
mate change. Socio-economic change is excluded on pur-
pose. Both climate and socio-economic change are consid-
ered in the next section.

In this section, we analyze the results of the NAT-Future
and HUM-Fix simulations and compare them with the NAT-
Baseline and HUM-Baseline simulations, respectively. The
results of the HUM-Baseline simulation are shown in Fig. 2.
As can be seen from Table 4, non-meteorological data, such

as population and land use, was not used or fixed at the base-
line period in these settings.

3.1 Climate change

First, we focus on the change in air temperature, which in-
dicates the magnitude of climate change. We then consider
the change in precipitation, which directly impacts water re-
sources and consumption-based potential irrigation water de-
mand.

Tables 6 and 7 show the changes in mean global terrestrial
(i.e. land only excluding the Antarctica) temperature and pre-
cipitation, respectively. The projected rise of global terres-
trial mean temperature in 2071–2100, compared to the base-
line period (1971–2000), was 1.2–2.4 K (RCP 2.6), 2.0–3.9 K
(RCP 4.5), and 3.8–6.4 K (RCP 8.5). Global mean precipita-
tion increased by 0.8–4.5, 1.9–5.9, and 3.6–9.5 %, respec-
tively. The MIROC projection produced the largest increases
among the three models. HadGEM2 projected a similar tem-
perature rise to MIROC, but the change in precipitation was
slightly smaller. GFDL projected the least change in both
temperature and precipitation among the three models, being
less than half of MIROC and HadGEM2.

Figures 3 and 4 show the geographical patterns of global
temperature rise and precipitation changes projected by
MIROC. Only the results of MIROC are used for discus-
sion of geographical patterns hereafter, because the model
shows the largest change among the three used. The results
of HadGEM and GFDL are available in the Supplement.
From Figs. 3 and 4, it can be clearly seen that the spa-
tial pattern of change is similar among periods and RCPs,
and only the magnitude of change increases as time and
radiative forcing increases from a macroscopic perspective.
Although the other two models produced different spatial
patterns and magnitudes, a generally consistent pattern was
identified, where temperature in the northern high latitudes
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(a)Temperature (b)Precipitation (c)Runoff

(d)Pot_Agri_Water_Demand (e)WWR (f)CWD
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Fig. 2. Input and output of the HUM-Baseline simulation.(a) Air temperature [K],(b) precipitation [mm yr−1], (c) total runoff [mm yr−1],
(d) withdrawal-based potential irrigation water demand [m3 s−1], (e) withdrawal to water resources ratio (WWR) [–], and(f) cumulative
abstraction to demand ratio (CAD) [–]. Gray indicates missing values.

RCP2.6_2011−2040 RCP2.6_2041−2070 RCP2.6_2071−2100

RCP4.5_2011−2040 RCP4.5_2041−2070 RCP4.5_2071−2100

RCP8.5_2011−2040 RCP8.5_2041−2070 RCP8.5_2071−2100

0 2 4 6 8 10

Fig. 3.Global pattern of change (difference) in mean annual temperature from the baseline period [K].

increased rapidly, as compared to the low latitudes. Precipi-
tation decreased in semi-arid areas such as near the Mediter-
ranean Sea, central to western mid-latitude North America,
southern Africa and southeastern South America. One im-
portant finding, as shown by Tables 6–7 and Figs. 3–4 is that
there is no clear difference when using RCP2.6, RCP4.5, and
RCP8.5 in 2011–2040. There are distinct differences after
2041–2070 in terms of both the mean global changes and
geographical patterns.

3.2 Hydrological change

Next, the change in mean estimated annual runoff is dis-
cussed. Mean annual runoff is a key variable in the assess-
ment of water resources, because it corresponds to regional
renewable water resources. We focused on the results of
the NAT-Future simulation, which displayed a hydrological
response to climate change.

Table 8 shows the estimated change in runoff for each sce-
nario and period. The increase in runoff matched the change
in global mean precipitation (Table 7). For example, MIROC
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RCP2.6_2011−2040 RCP2.6_2041−2070 RCP2.6_2071−2100

RCP4.5_2011−2040 RCP4.5_2041−2070 RCP4.5_2071−2100

RCP8.5_2011−2040 RCP8.5_2041−2070 RCP8.5_2071−2100
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Fig. 4. Global patterns of change (ratio) in the mean annual precipitation from the baseline period [–]. Regions shown in gray indicate that
the precipitation was less than 10 mm per month equivalent, and for this condition a precipitation bias correction was not applied (see text).

Table 6.Global terrestrial mean temperature change projected by the three GCMs. Baseline period (1971–2000) is 286.2 K.

RCP2.6 RCP4.5 RCP8.5

2011–2040 2041–2070 2071–2100 2011–2040 2041–2070 2071–2100 2011–2040 2041–2070 2071–2100

MIROC 1.7 K 2.4 K 2.4 K 1.5 K 2.9 K 3.6 K 1.7 K 3.8 K 6.3 K
HadGEM 1.8 K 2.4 K 2.3 K 1.7 K 3.1 K 3.9 K 1.9 K 4.0 K 6.4 K
GFDL 1.1 K 1.3 K 1.2 K 1.2 K 1.8 K 2.0 K 1.2 K 2.4 K 3.8 K

projected the largest increase in runoff among the three mod-
els, which is consistent with the change in precipitation.

Figure 5 shows the geographical pattern of the change
in runoff. Although the pattern of runoff changes (i.e. red-
blue distribution) was similar to that of precipitation changes
(Fig. 4), there was a much stronger contrast with the regional
pattern (the color schemes are identical for Figs. 4 and 5).
Generally, runoff increased in the northern high latitudes and
decreased in the mid-latitudes. The figure indicates that, for
MIROC under the RCP8.5 scenario, the mean annual runoff
in 2071–2100 was altered by more than 10 % from the base-
line period, in almost all regions of the world.

3.3 Withdrawal-based potential irrigation water
demand

Next, the simulated withdrawal-based potential irrigation
water demand is discussed using the results of HUM-Fix
simulations. Table 9 shows the projected change in global to-
tal withdrawal-based potential irrigation water demand. The
projected ranges for RCP2.6, RCP4.5, and RCP8.5 were

−0.2–1.6, 1.9–2.8, and 6.7–10.0 %, respectively, in 2071–
2100. This indicates that the total global withdrawal-based
potential irrigation water demand increases in almost all sce-
narios. This is consistent with the findings of Döll (2002)
who reported the results of similar numerical experiments.
The difference among models and scenarios was small in
2011–2040, but became more distinct after 2041–2070.

Figure 6 shows the change in the mean annual withdrawal-
based potential irrigation water demand projected by the
MIROC. In 2011–2040, the change was no more than±10 %
in most of the world. In 2041–2070, the change exceeded
±10 % in many regions except for the Asian monsoon re-
gions and Australia. In 2071–2100 and particularly for the
results using RCP8.5, many regions displayed an increase
or decrease larger than±10 %. This pattern is primarily
explained by the increase in potential irrigation water de-
mand in regions receiving less precipitation, and vice versa.
In addition to precipitation, higher temperatures and down-
ward longwave radiation also contribute to an increase in
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Table 7.Global terrestrial mean precipitation change projected by the three GCMs. Baseline period (1971–2000) is 873 mm yr−1.

RCP2.6 RCP4.5 RCP8.5

2011–2040 2041–2070 2071–2100 2011–2040 2041–2070 2071–2100 2011–2040 2041–2070 2071–2100

MIROC 2.3 % 4.8 % 4.5 % 2.4 % 4.8 % 5.9 % 2.5 % 6.0 % 9.5 %
HadGEM 2.1 % 2.9 % 3.4 % 2.4 % 3.8 % 5.2 % 2.5 % 4.1 % 4.3 %
GFDL 0.5 % 0.9 % 0.8 % 0.4 % 1.8 % 1.9 % 1.0 % 1.7 % 3.6 %

Table 8.Global mean runoff change projected by the three GCMs. Baseline period (1971–2000) is 407.6 mm yr−1.

RCP2.6 RCP4.5 RCP8.5

2011–2040 2041–2070 2071–2100 2011–2040 2041–2070 2071–2100 2011–2040 2041–2070 2071–2100

MIROC 1.7 % 5.1 % 4.7 % 2.5 % 4.5 % 6.2 % 2.3 % 5.6 % 9.6 %
HadGEM 5.5 % 6.5 % 6.9 % 5.1 % 5.4 % 7.6 % 5.1 % 6.9 % 5.6 %
GFDL 0.9 % 0.3 % 1.1 % −0.4 % 2.8 % 3.1 % 1.5 % 2.3 % 4.3 %

the potential evapotranspiration, which eventually leads to a
higher water requirement.

3.4 Withdrawal to water resources ratio

Water scarcity was assessed using the WWR. We focused on
both the index itself (W/Q) and the so-called water-stressed
population, which is defined here as the total population liv-
ing in grid cells where the index exceeds 0.4.

Table 10 shows the total global water-stressed population
and highlights two interesting findings. First, the estimated
water-stressed population varied only marginally across all
scenarios. Second, there was no clear relationship between
the water-stressed population and either time or GHG emis-
sions (i.e. RCPs). In some simulations, water stress decreased
as time progressed (e.g. when using RCP2.6 in MIROC the
water-stressed population in 2041–2070 was smaller than in
2011–2040) or as GHG emissions increased (e.g. in 2071–
2100 of MIROC, the water-stressed population using RCP4.5
was smaller than when using RCP2.6).

The minor changes in the water-stressed population can
be primarily explained by the robustness of the index. In
the HUM-Fix simulation, we fixedW (the numerator of
Eq. 4). Irrigation water withdrawal was also affected by cli-
mate change but the change was small. Therefore,Q (the
denominator) had the primary role in this assessment. Al-
though climate change affected the hydrological cycle glob-
ally, it did not alter the spatial pattern of world climatic zones
(i.e. fundamentally, the dry regions remained dry, and the wet
regions remained wet). This prevented substantial change in
the index. Consequently, densely populated grid cells where
the index far exceeded 0.4 generated water-stressed popula-
tion in all scenarios. The estimation of the total global water-
stressed population was considered to be robust due to these
factors.

To analyze the change in the water-stressed population, we
focused on the change in WWR. Figure 7 shows the geo-

graphical pattern of changes in the WWR. We defined the
change as the ratio of WWR of the future period to the base-
line, because WWR takes a wide range (almost zero in wet
unpopulated regions to thousands in dry populated regions).
The positive and negative signs basically correspond to the
runoff scenario from Fig. 5. WWR increased where runoff
decreased and vice versa. Note that the change was shifted
toward the negative (i.e. water scarcity) direction, because
global irrigation water withdrawal increased slightly (Fig. 6).

Table 10 shows the population living in the grid cells
where water stress conditions improved (WWR decreased) or
worsened (WWR increased). Again, some interesting results
were observed. Water stress conditions improved for more
than half of the population for most of the cases shown in Ta-
ble 10. This may indicate that climate change alleviates water
scarcity or an increase in mean annual runoff may improve
the availability of water. These issues are further investigated
in the next subsection.

3.5 Cumulative abstraction to demand ratio

In order to further investigate water scarcity following cli-
mate change, the CAD is used in this section. We focused on
both the index itself and the water-stressed population, which
is defined here as the total population living in a grid where
the index falls below 0.5 (Hanasaki et al., 2008b).

Table 11 shows the projected water-stressed population.
A clear relationship was observed where the stressed popula-
tion increased over time and with increasing GHG emissions,
i.e. climate change degraded water availability. However, as
with the WWR results, the water-stressed population did not
change significantly among scenarios. This is due to the same
reasons we discussed in the previous subsection: regions with
a strong seasonality in both water availability and use retain
these features under various climate change scenarios.

Figure 8 shows the global pattern of differences in the
CAD from the baseline period. In many parts of the world,
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Table 9.Global mean irrigation water withdrawal projected by the three GCMs. Baseline period (1971–2000) is 3214 km3 yr−1.

RCP2.6 RCP4.5 RCP8.5

2011–2040 2041–2070 2071–2100 2011–2040 2041–2070 2071–2100 2011–2040 2041–2070 2071–2100

MIROC 1.4 % 0.8 % 1.6 % 1.4 % 2.4 % 2.8 % 2.0 % 4.8 % 10.0 %
HadGEM 0.9 % −0.0 % −0.2 % 0.6 % 1.7 % 1.9 % 0.9 % 2.9 % 6.7 %
GFDL 1.8 % 2.0 % 1.1 % 2.3 % 2.3 % 2.4 % 1.7 % 3.8 % 7.1 %

RCP2.6_2011_2040 RCP2.6_2041_2070 RCP2.6_2071_2100

RCP4.5_2011_2040 RCP4.5_2041_2070 RCP4.5_2071_2100

RCP8.5_2011_2040 RCP8.5_2041_2070 RCP8.5_2071_2100

0.0 0.5 0.9 1.1 1.5 2.0

Fig. 5.Global pattern of change (ratio) in the mean annual runoff from the baseline period [–].

the water stress increased. The pattern differs from that of
runoff change (Fig. 5), indicating that, although the total
annual runoff increased, water resources were not available
when they were needed. For example, while the mean an-
nual runoff increased in the Sahel regions, CAD decreased
(i.e. water stress increases). The increase in runoff in the wet
seasons did not contribute to water resources in dry seasons,
and the gap between water availability and use in dry seasons
worsened. The results imply that the increase in mean annual
runoff did not alleviate water scarcity in these regions.

Table 11 shows the population living in the grid cells
where water stress conditions improved (CAD increased) or
worsened (CAD decreased). The population suffered from an
increase in water stress over time and with increased GHG
emissions. Although total global runoff increased, the results
indicate that less than 30 % of the population benefitted in
terms of improved water availability.

The results using the CAD are substantially different from
those using the WWR. The WWR has been widely used in
previous water resource assessments, but the results should
be interpreted with caution when it is applied to climate
change impact assessments. Because of the nature of the
WWR, water stress is alleviated when the mean annual runoff

increases. Mean annual runoff could be increased by rain-
fall in a rainy season or under extreme precipitation. These
increases are usually difficult to utilize as water resources
(Kundzewitz et al., 2007). The CAD is expressed as the ac-
cumulation of daily abstraction from rivers divided by the
accumulation of daily consumption-based potential water de-
mand. This index is useful for determining whether water is
available when it is needed, taking into account the seasonal-
ity of both water availability and use. Excess water (e.g. flood
water in wet seasons) is not considered to be available, which
is an advantage over WWR.

4 Results and discussion Part 2: impact of climate and
socio-economic change

This section provides the results of the global water scarcity
assessment regarding the response to climate and socio-
economic change.

In this section, we analyze the results of the HUM-BAU
and HUM-Policy simulations in contrast with the HUM-
Baseline simulation. We mainly focused on the relation-
ship between the SSPs and water scarcity. Water scarcity is
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Fig. 6.Global pattern of change (ratio) in the mean annual withdrawal-based irrigation water demand from the baseline period [–].

Table 10.Global total population living under the condition of WWR≥ 0.4, living where the index improved (WWR decreased), and living
where the index worsened (WWR increased) (×106 person). See text for the caveats used when interpreting if the index improved/worsened.
The number in brackets is the percentage of the global total population. Baseline period (1971–2000) is 1716× 106 person.

RCP2.6 RCP4.5 RCP8.5

2011–2040 2041–2070 2071–2100 2011–2040 2041–2070 2071–2100 2011–2040 2041–2070 2071–2100

MIROC Stressed 1678 (27) 1557 (25) 1641 (27) 1616 (26) 1612 (26) 1585 (26) 1700 (28) 1630 (26) 1722 (28)
Improved 3306 (54) 4064 (67) 3730 (61) 3652 (60) 3826 (63) 3839 (63) 3143 (51) 3544 (58) 3135 (51)
Worsened 2749 (45) 1991 (32) 2325 (38) 2403 (39) 2229 (36) 2217 (36) 2912 (48) 2512 (41) 2921 (48)

HadGEM2 Stressed 1549 (25) 1464 (24) 1487 (24) 1547 (25) 1571 (25) 1522 (25) 1553 (25) 1526 (25) 1548 (25)
Improved 3929 (64) 4376 (72) 4491 (74) 4151 (68) 3940 (65) 4310 (71) 4071 (67) 3765 (62) 3811 (62)
Worsened 2126 (35) 1679 (27) 1564 (25) 1904 (31) 2115 (34) 1746 (28) 1985 (32) 2291 (37) 2244 (37)

GFDL Stressed 1725 (28) 1711 (28) 1694 (27) 1750 (28) 1705 (28) 1683 (27) 1674 (27) 1739 (28) 1782 (29)
Improved 3080 (50) 3173 (52) 3350 (55) 2565 (42) 2822 (46) 3459 (57) 3256 (53) 2949 (48) 2742 (45)
Worsened 2975 (49) 2883 (47) 2706 (44) 3490 (57) 3233 (53) 2596 (42) 2799 (46) 3107 (51) 3313 (54)

assessed using the CAD. As discussed in Sects. 3.4 and 3.5,
although WWR has been widely used in previous studies, it
can be misleading when interpreting the impact of climate
change on water scarcity. The results using the WWR are
given in Appendix A, for the readers’ convenience.

4.1 Withdrawal-based potential irrigation water
demand

Table 12 shows the total global withdrawal-based potential
irrigation water demand. The range among the SSPs was as
much as 3154–8595 km3 yr−1 in 2071–2100. In the HUM-
BAU simulation, SSP3 produced the largest withdrawal-
based potential irrigation water demand, followed by SSP5,
SSP2, SSP4, and SSP1. Of the three GCMs, MIROC pro-
jected the largest demand but the differences among the three

GCMs were relatively small. The HUM-Policy simulation
systematically decreased the projection of withdrawal-based
potential irrigation water demand in all SSPs and GCMs, as
compared to the HUM-BAU simulation, but the change was
only a few percent.

The differences in the results can be explained by the sim-
ulation settings summarized in Table 5. Irrigation growth sce-
narios and irrigation water efficiency scenarios have an im-
portant role in projecting withdrawal-based potential irriga-
tion water demand. It is clear that the combination of low
growth and high efficiency (SSP1) resulted in the least de-
mand, and high growth and low efficiency (SSP3) resulted in
the greatest demand, with the mid-growth and mid-efficiency
scenario (SSP2) producing intermediate levels of demand.
The setting of SSP4 is similar to SSP1, except for the ir-
rigation efficiency scenario. SSP4 assumes that irrigation
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Fig. 7.Global pattern of change (ratio) in the Withdrawal to Water Resources ratio from the baseline period [–].

Table 11.Global total population living under the condition of CAD≤ 0.5, living where the index improved (CAD increased), and living
where the index worsened (CAD decreased) (× 106 person). The number in brackets is the percentage of the global total population. Baseline
period (1971–2000) is 2147× 106 person.

RCP2.6 RCP4.5 RCP8.5

2011–2040 2041–2070 2071–2100 2011–2040 2041–2070 2071–2100 2011–2040 2041–2070 2071–2100

MIROC Stressed 2230 (36) 2248 (37) 2262 (37) 2245 (37) 2278 (37) 2281 (37) 2269 (37) 2346 (38) 2529 (41)
Improved 1853 (30) 1809 (29) 1771 (29) 1936 (31) 1663 (27) 1613 (26) 1791 (29) 1390 (22) 1073 (17)
Worsened 4202 (69) 4247 (70) 4285 (70) 4119 (68) 4392 (72) 4443 (73) 4265 (70) 4665 (77) 4983 (82)

HadGEM2 Stressed 2388 (39) 2416 (39) 2405 (39) 2384 (39) 2447 (40) 2491 (41) 2406 (39) 2500 (41) 2627 (43)
Improved 1127 (18) 1182 (19) 1244 (20) 1146 (18) 1075 (17) 1072 (17) 1062 (17) 1093 (18) 1043 (17)
Worsened 4928 (81) 4873 (80) 4812 (79) 4910 (81) 4981 (82) 4983 (82) 4994 (82) 4962 (81) 5012 (82)

GFDL Stressed 2248 (37) 2239 (36) 2224 (36) 2254 (37) 2271 (37) 2292 (37) 2266 (37) 2294 (37) 2412 (39)
Improved 1947 (32) 1832 (30) 1961 (32) 1784 (29) 1550 (25) 1593 (26) 1720 (28) 1512 (24) 1296 (21)
Worsened 4108 (67) 4223 (69) 4094 (67) 4271 (70) 4505 (74) 4462 (73) 4336 (71) 4543 (75) 4759 (78)

efficiency is high in OECD countries and low in non-OECD
countries. Because the irrigation-equipped area is predomi-
nantly located in non-OECD countries, this assumption con-
tributes to the increased withdrawal-based potential irriga-
tion water demand when using SSP4, as compared to SSP1.
Similarly, the irrigation growth in SSP5 was identical to that
of SSP3 but, due to improvements in efficiency, the increase
in potential water demand for SSP5 was much more re-
stricted than for SSP3. In addition to the irrigation growth
and efficiency scenarios, the climate scenarios are also dif-
ferent for each SSP. However, as discussed in the previous
chapter and as shown in Table 9, the effect produced a differ-
ence of only few percent at most. This also explains why the
differences in the HUM-BAU and HUM-Policy simulations
were small.

Table 13 shows the total global potential water withdrawal
demand for all sectors. We added the global withdrawal-
based potential irrigation (Table 12) and industrial and mu-
nicipal water demands (Tables 10 and 11 of Hanasaki et
al., 2013). As with the global irrigation water withdrawal,
SSP3 produced the largest demand, followed by SSP5, SSP2,
SSP4, and SSP1. SSP3 produced levels of demand two and
three times higher than SSP1 in 2041–2070 and 2071–2100,
respectively.

Figure 9 shows the geographical pattern of change in
withdrawal-based potential irrigation water demand. For
SSP1, water demand displayed only small changes and even
decreased in some regions of the Northern Hemisphere. For
SSP4, which assumes low irrigation water use efficiency
in non-OECD countries, the potential irrigation water de-
mand increased in those countries. For SSP2 and SSP3, the
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Fig. 8.Global pattern of change (difference) in the Cumulative Abstraction to Demand ratio from the baseline period [–].

Table 12.Total global irrigation water withdrawal projected from three GCMs [km3 yr−1]. Note that the baseline is 3214 km3 yr−1.

SSP1 SSP2 SSP3 SSP4 SSP5

2041–2070 2071–2100 2041–2070 2071–2100 2041–2070 2071–2100 2041–2070 2071–2100 2041–2070 2071–2100

MIROC BAU 3204 3208 4175 4921 6091 8595 3781 4139 5162 6663
Policy 3137 3112 4077 4599 5986 8173 3702 4015 5073 6336

HadGEM2 BAU 3170 3154 4105 4782 5994 8361 3663 3946 5079 6481
Policy 3114 3059 4053 4562 5924 8043 3597 3826 5020 6235

GFDL BAU 3210 3185 4132 4783 6026 8347 3708 3984 5106 6470
Policy 3169 3093 4071 4568 5981 8095 3662 3868 5068 6275

potential water demand for most regions increased, particu-
larly in South Asia and Eastern South America.

4.2 Water scarcity assessment using the Cumulative
Abstraction to Demand (CAD) ratio

Table 14 shows the water-stressed population using the CAD.
The water-stressed population was largest for SSP3, followed
by SSP2, SSP5, SSP4, and SSP1. Taking into account the dif-
ferences of population, the percentage of the total global pop-
ulation that is projected to become water stressed was largest
for SSP3, followed by SSP5, SSP2, SSP4, and SSP1. This
order is identical to that observed for the total potential water
demand (Table 13).

For SSP1, even though the total withdrawal-based poten-
tial water demand was smaller than the baseline period, the
index worsened for more than 74 % of the global population
in both the HUM-BAU and HUM-Policy simulations. This
can be explained by the two key factors of climate change
and population growth. First, as already shown in Table 11,
climate change degraded the water availability of more than

67 % of the global population. Moreover, the increase in
population further increased the water-stressed population,
negating the impact of a decrease in total potential water
demand (Table 13).

The range in the size of water-stressed populations among
SSPs that took both water use and climate scenarios into ac-
count (Table 14) was much greater than that of the HUM-Fix
simulation, which only took a climate scenario into account
(Table 11). This indicates that a water-stressed population
is much more sensitive to a water use (or socio-economic)
scenario than climate change. Note that the water-stressed
population increased in all scenarios, including SSP1 in
which total global potential water demand decreases. This
is mainly because of the increase in population, particularly
in developing countries.

Figure 10 shows the geographical pattern of differences in
the CAD. It is clear that in all SSPs water stress conditions
increase in the Sahel and southern Africa. This is due to the
increase in consumption-based potential water demand from
all sectors. Substantial growth in electricity production and
population has led to an increase in industrial and municipal
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Table 13.Total global withdrawal-based potential water demand projected by three GCMs [km3 yr−1]. Figures are a summation of irrigation
water (shown in Table 12) and industrial and municipal water (Hanasaki et al., 2013). Note that the baseline is 4242 km3 yr−1.

SSP1 SSP2 SSP3 SSP4 SSP5

2041–2070 2071–2100 2041–2070 2071–2100 2041–2070 2071–2100 2041–2070 2071–2100 2041–2070 2071–2100

MIROC BAU 4295 3977 6369 7077 8827 11 456 5618 5893 6535 7700
Policy 4229 3883 6272 6760 8723 11 041 5540 5771 6447 7378

HadGEM2 BAU 4261 3924 6300 6939 8730 11 222 5510 5715 6453 7519
Policy 4206 3830 6248 6723 8661 10 911 5445 5597 6395 7277

GFDL BAU 4300 3954 6327 6942 8762 11 212 5554 5754 6480 7510
Policy 4261 3864 6266 6730 8717 10 963 5509 5639 6443 7318

Table 14.Global total population living in grid cells where the CAD<0.5 (× 106 person). The number in brackets is the percentage of total
population.

SSP1 SSP2 SSP3 SSP4 SSP5

2041–2070 2071–2100 2041–2070 2071–2100 2041–2070 2071–2100 2041–2070 2071–2100 2041–2070 2071–2100

MIROC BAU Stressed 2853 (39) 2588 (39) 3642 (43) 4117 (48) 4265 (48) 5503 (54) 3149 (39) 3427 (40) 3333 (45) 3284 (48)
Improved 1645 (22) 1343 (20) 1053 (12) 749 (8) 796 (9) 560 (5) 1654 (20) 1367 (16) 904 (12) 715 (10)
Worsened 5573 (77) 5169 (79) 7249 (87) 7798 (91) 7963 (90) 9532 (94) 6260 (79) 6998 (83) 6428 (87) 6098 (89)

Policy Stressed 2804 (38) 2498 (38) 3519 (42) 3782 (44) 4106 (46) 5197 (51) 3113 (39) 3323 (39) 3215 (43) 3116 (45)
Improved 1810 (25) 1577 (24) 1204 (14) 949 (11) 879 (10) 664 (6) 1770 (22) 1578 (18) 973 (13) 796 (11)
Worsened 5409 (74) 4935 (75) 7098 (85) 7598 (88) 7880 (89) 9428 (93) 6144 (77) 6787 (81) 6359 (86) 6017 (88)

HadGEM2 BAU Stressed 3046 (42) 2793 (42) 3816 (45) 4298 (50) 4434 (50) 5643 (55) 3378 (42) 3786 (45) 3489 (47) 3379 (49)
Improved 1379 (19) 1225 (18) 977 (11) 832 (9) 793 (9) 679 (6) 1371 (17) 1182 (14) 920 (12) 785 (11)
Worsened 5839 (80) 5287 (81) 7326 (88) 7716 (90) 7966 (90) 9413 (93) 6543 (82) 7182 (85) 6413 (87) 6027 (88)

Policy Stressed 3009 (41) 2685 (41) 3754 (45) 4056 (47) 4362 (49) 5476 (54) 3344 (42) 3613 (43) 3414 (46) 3260 (47)
Improved 1446 (20) 1377 (21) 964 (11) 841 (9) 846 (9) 720 (7) 1473 (18) 1375 (16) 992 (13) 900 (13)
Worsened 5772 (79) 5135 (78) 7338 (88) 7706 (90) 7912 (90) 9372 (92) 6441 (81) 6990 (83) 6340 (86) 5913 (86)

GFDL BAU Stressed 2834 (39) 2596 (39) 3567 (42) 3966 (46) 4188 (47) 5334 (52) 3164 (39) 3474 (41) 3270 (44) 3164 (46)
Improved 1660 (22) 1384 (21) 999 (12) 903 (10) 776 (8) 802 (7) 1591 (20) 1336 (15) 953 (12) 882 (12)
Worsened 5558 (76) 5128 (78) 7304 (87) 7644 (89) 7982 (91) 9290 (92) 6323 (79) 7028 (84) 6379 (86) 5931 (87)

Policy Stressed 2805 (38) 2470 (37) 3512 (42) 3750 (43) 4131 (47) 5179 (51) 3105 (39) 3295 (39) 3233 (44) 3058 (44)
Improved 1737 (24) 1664 (25) 1046 (12) 869 (10) 746 (8) 712 (7) 1713 (21) 1592 (19) 995 (13) 899 (13)
Worsened 5482 (75) 4848 (74) 7256 (87) 7678 (89) 8013 (91) 9380 (92) 6202 (78) 6773 (80) 6337 (86) 5914 (86)

water demands. For SSP1, the water availability of other re-
gions was less severely affected. The situation is similar in
SSP4. In contrast, for SSP2 and SSP3, water stress conditions
increase in populated areas such as northern to central China,
the Mediterranean, and eastern to central North America.

The geographical pattern of Fig. 10 can be explained by
the change in the CAD influenced by the different climate
scenarios (Fig. 8) and water use reflecting different socio-
economic scenarios (Fig. 9). For SSP1, because water use
is not increasing significantly at the global level, the results
are similar to Fig. 8 except Africa. In contrast, for SSP3, a
significant increase in water use resulted, which produced a
different pattern to Fig. 8.

Figure 11 shows the population living in grid cells where
CAD < 0.5 for regions of the Asia-Pacific Integrated Model
(AIM)-SSP. AIM-SSP subdivides the world into 12 regions
(Africa, Middle East, Latin America, North America, Rest
of Asia, India, China, Oceania, Japan, EU, Rest of Europe
including the Baltic countries, and Former Soviet Union ex-
cluding the Baltic countries). The number of water-stressed
populations in the last five regions is merged in Fig. 11,
because each number was small compared to the other re-
gions. Water-stressed regions are unevenly distributed in the

world. The number of water-stressed populations was highest
in Africa, India, China, and Rest of Asia throughout the cen-
tury. The largest growth in water-stressed populations was
seen in Africa.

Figure 12 shows the percentage of the global population
in specific water stress categories. We subdivided the popula-
tion of the world according to two factors. First, all grid cells
were subdivided into three according to the change in CAD
(1CAD). We used the term Significant Degradation for grid
cells where1CAD < −0.05, Moderate Degradation where
−0.05≤ 1CAD < 0, and Alleviation or no change where
0≤ 1CAD. Second, each category was further subdivided
into three by the CAD. We used the term Highly Stressed for
CAD<0.5, Moderately Stressed for 0.5≤ CAD < 0.8, and
Less Stressed for 0.8≤ CAD. The results clearly showed that
an alleviation of water stress conditions were projected for
only a limited proportion of the global population, (i.e. CAD
decreases compared with baseline period, shown in blue) in
all of the SSPs. For most people in the world, water stress
conditions increase due to global climate change (red and or-
ange). However, populations suffering from severe degrada-
tion of the CAD (1CAD < −0.05) vary among the scenarios.
For example, in SSP1 around 30 % of the global population

Hydrol. Earth Syst. Sci., 17, 2393–2413, 2013 www.hydrol-earth-syst-sci.net/17/2393/2013/
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SSP1_BAU_2041−2070 SSP1_Policy_2041−2070

SSP2_BAU_2041−2070 SSP2_Policy_2041−2070

SSP3_BAU_2041−2070 SSP3_Policy_2041−2070

SSP4_BAU_2041−2070 SSP4_Policy_2041−2070

SSP5_BAU_2041−2070 SSP5_Policy_2041−2070

0.0 0.5 0.9 1.1 1.5 2.0

Fig. 9.Global pattern of change (ratio) in the withdrawal-based po-
tential irrigation water demand of SSP1-5 from the baseline period
[–].

suffer from severe degradation (shown as red), whereas for
SSP3 the value is around 60 % in 2041–2070. Fewer popula-
tions suffered from severe water scarcity when a climate pol-
icy was taken into consideration, especially in 2071–2100.

4.3 Implications

Based on the findings above, particularly from Figs. 11 and
12, we derived the implications of each SSP.

SSP1 (Sustainability) depicts a future world based on sus-
tainable practices. For this scenario, we combined the best
available scenarios and options in terms of the least climate
change and the smallest increase in water use. For example,
we adopted RCP2.6 as a climate scenario with the adoption
of a climate policy that was intended to stabilize the global
mean air temperature around+2◦C from the industrial revo-
lution level. For the water use scenario, we adopted the low-
est projection of irrigated area expansion from published re-
ports (+0.06 % yr−1; see Table 5 and Table 5 of Hanasaki
et al., 2013) and the highest rate of improvement in irriga-
tion water use efficiency, to make it compatible with the key
concepts of SSP1. The efficiency improvement of industrial
water use was taken from the observed rates in highly water-

SSP1_BAU_2041−2070 SSP1_Policy_2041−2070

SSP2_BAU_2041−2070 SSP2_Policy_2041−2070

SSP3_BAU_2041−2070 SSP3_Policy_2041−2070

SSP4_BAU_2041−2070 SSP4_Policy_2041−2070

SSP5_BAU_2041−2070 SSP5_Policy_2041−2070

−0.10 −0.06 −0.02 0.02 0.06 0.10

Fig. 10.Global pattern of difference (future – baseline) in the Cu-
mulative Abstraction to Demand ratio of SSP1-5 from the baseline
period [–].
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Fig. 11. Region-wise total global population living in grid cells
where CAD< 0.5. The bars on the left and right show the results
of HUM-BAU (no climate policy) and HUM-Policy (with climate
policy), respectively.

efficient countries in the latter half of the 20th century. Mu-
nicipal water withdrawal decreased toward a per capita mu-
nicipal water use of 200 L day−1 globally. Consequently, the
projected total water withdrawal decreased slightly, as com-
pared to the baseline period. Although the resulting water
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Fig. 12.Percentage of global population living in grid cells catego-
rized as Significant Degradation (1CAD < −0.05, red), Moderate
Degradation (−0.05≤ 1CAD < 0, orange), and Alleviation or no
change (0≤ 1CAD, blue). Each category was subdivided into three
by the change in the CAD recorded as Highly Stressed (CAD< 0.5,
dark), Moderately Stressed (0.5≤ CAD < 0.8, medium), and Less
Stressed (0.8≤ CAD, pale). The bars on the left and right show the
results of HUM-BAU (no climate policy) and HUM-Policy (with
climate policy), respectively.

scarcity was by far the lowest among the SSPs, the results in-
dicated that global water scarcity in SSP1 increased, as com-
pared to the baseline period. This implies that even for one of
the most optimistic scenario combinations, pressure on water
resources will continue throughout the current century.

SSP2 (Middle of the Road) depicts a future world where
the socio-economic trends of recent decades continue. For
this scenario we combined moderate scenarios and options.
We confirmed that our projected water withdrawal largely
agreed with earlier reports that assumed the continuation of
current trends (Hanasaki et al., 2013). This is consistent with
the key concept of SSP2, which is a future world consid-
ered to be “dynamic as usual”. Under these assumptions, wa-
ter use continuously increased and consequently water stress
also increased in many parts of the world. Figure 11 indicates
that the total global water-stressed population nearly doubled
by the middle of the century and continued to increase toward
the end of the century.

SSP3 (Fragmented World) depicts a future world of ex-
treme poverty and a rapidly growing population, which
makes it difficult to adapt to climate change. For this sce-
nario, we combined the high-end scenarios and options that
were available. Water use is substantially increased globally
mainly due to the expansion of irrigated area and low wa-
ter use efficiency. Under this scenario, the total withdrawal-
based potential water demand grew considerably, doubling
by 2041–2070, and tripling by 2071–2100. Consequently, the
total global water-stressed population had nearly tripled by
the end of the century. About 50 % of the total population was
projected to live in grid cells categorized as Highly Stressed
(0.5< CAD) and Significant Degradation (1CAD < −0.05;
Fig. 12 in 2071–2100).

SSP4 (Inequality) depicts a highly unequal future world.
The water use scenario was similar to that of SSP1, but the
improvements in efficiency were assumed to be low for non-
OECD countries. The results showed similar water stress
characteristics to SSP1, but much more severe for developing
countries, particularly in Africa (Fig. 11).

SSP5 (Conventional Development) depicts a future world
of robust economic growth based on the continued exploita-
tion of fossil fuels. Its water use scenario was similar to
that of SSP3, but the improvement in efficiency was high
for all countries, as inferred from the narrative scenario of
SSP5. Together with the lower population growth, the water-
stressed population was lower than in SSP3, but the propor-
tion of the global population suffering from reduced water
availability was almost the same as in SSP3. This implied
that social activity could be restricted by water shortages,
which contradicted the qualitative scenario of SSP5 that in-
dicated fast and robust economic growth. This implied the
need for the development of extra water resources, such as
increasing water storage capacity, abstracting more ground-
water or increasing desalination.

5 Uncertainty

5.1 Climate scenario

In this study, we used three GCMs, although more than
40 GCMs are readily available (Taylor et al., 2012). There
is a need to increase the number of GCMs in order to
cover the uncertainty of climate projections. We selected
three GCMs subjectively. Although there is no established
methodology to prioritize the available GCMs (Knutti et al.,
2010), performance metrics for GCMs (e.g. Gleckler et al.,
2008) would be useful to ensure that the selection process is
less subjective.

When preparing the climate scenario, we adopted a shift-
ing and scaling method (Lehner et al., 2006) to remove the
biases of the GCMs. This was computationally efficient, be-
cause only the mean monthly difference was added or multi-
plied to the retrospective time series of meteorological forc-
ing data. Moreover, because of this simplicity, the climate
scenario is consistent with the baseline period, and produces
stable results. However, neglecting the temporal variability
of change is a widely recognized shortcoming of this method.
In some cases, this might underestimate (or overestimate) the
risk of drought and water shortage. New techniques of GCM
bias correction have been devised and have been applied in
global studies. For example, Piani et al. (2010) developed a
global daily climate scenario for three CMIP3 GCMs. Al-
though it is very labor intensive to develop such techniques,
their adoption is essential.
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5.2 Socio-economic and water use scenario

Because the uncertainty associated with the socio-economic
and water use scenario is described in the accompanying pa-
per (Hanasaki et al., 2013), we only summarize the key points
here. First, we used AIM-SSP, which provides preparatory
quantitative scenarios for the SSPs from an integrated assess-
ment by the Asia-Pacific Integrated Model (Kainuma et al.,
2002). Official SSP products will be released in the near fu-
ture, and may vary from the current AIM-SSP. Second, the ir-
rigation scenario was developed from a literature review that
was independent of any food-related SSP factors. An inte-
grated model that links crops, water, and land (e.g. Lotze-
Campen et al., 2008) is likely to establish a more compre-
hensive and consistent scenario. Third, potential irrigation
water demand was estimated in a highly conceptualized way.
The effect of CO2 fertilization would influence water demand
(e.g. Gerten et al., 2011), but this process was not included
in this study. Local irrigation practices (e.g. timing, duration)
were not fully reflected in the model. Fourth, we used a sim-
plistic model to estimate industrial and municipal water use.
Progress in this area of modeling has long been obstructed by
a lack of data, but further efforts are needed. The results of
water resource assessments clearly show that the water use
scenario that is used significantly affects the results; hence
further efforts are needed to establish consistent scenarios.

5.3 Combination of scenarios

In this study, many independent scenarios were combined,
namely the SSPs (socio-economic scenarios), our water use
scenario (Hanasaki et al., 2013), RCPs (GHG emission sce-
nario) and CMIP5 (climate scenario). This allowed us to
achieve our primary objective, i.e. to develop a water use
scenario compatible with the SSPs for use in global water
scarcity assessments. Here two points should be noted. First,
because each scenario was independently developed, consis-
tency among the scenarios was unachievable. Combinations
of scenarios and options were decided on a largely arbitrary
basis, because there were neither clear guidelines nor many
previous studies that were available. To improve consistency,
further interdisciplinary modeling efforts are needed to de-
velop an integrated model that incorporates all of these as-
pects. Second, the feasibility of each scenario could be dif-
ferent. For example, SSP1 and SSP3 have been developed to
depict high and low-end scenarios, which might be perceived
to be less realistic than the “Middle of the Road” scenario de-
picted in SSP2. Each scenario should be considered to be an
option and not a prediction of the future.

5.4 Models

As described earlier, the H08 model has been applied to a
number of studies and has been used in international model
comparison projects. All of the results indicate that the per-

formance of the model is at the current state-of-the-art level.
However, it should be noted that the basin and grid-cell level
results include uncertainties because basin-wise fine parame-
ter tuning has not been carried out (this is a challenging task;
see Hanasaki et al., 2008a for detailed discussion). In addi-
tion, systematic model uncertainty analysis should be carried
out by, for example, including parameter sensitivity tests for
major sub-models. Model inter-comparison projects for cli-
mate change simulation have been undertaken (e.g. Water-
MIP; Hagemann et al., 2013; ISI-MIP;http://isi-mip.org/),
and are useful for quantifying the uncertainties of each par-
ticipating model.

Attention should be paid to the model configuration in
this study. As shown in Fig. 1, we assumed that all water is
abstracted from rivers. Only reservoirs that have more than
1.0× 109 m3 of storage capacity were taken into account.
This assumption was useful when investigating the impact
of climate change on daily water availability: the change in
water balance and flow regime is directly reflected in the
CAD water scarcity index. Although river water accounts for
78 % of total global water withdrawal (FAO, 2011), in real-
ity, river water is one of many sources of water. Groundwater
is an important source of water, and has been reported to be
vulnerable to climate change due to predicted decreases in
recharge (D̈oll, 2009). Reservoirs with a storage capacity of
less than 1.0× 109 m3 also have an important role by storing
water in wet periods and carrying it over into dry seasons.
Although these are important sources of water we excluded
them for two reasons. First, a scaling problem hampers the
modeling. The groundwater dynamics take place at a much
finer scale than the current spatial resolution of 0.5× 0.5◦.
Similarly, in some cases, dozens of reservoirs are located in
a particular grid cell. Parameterization of these is still in its
infancy (Hanasaki et al., 2010). Second, preparing scenarios
for these terms is very challenging and may be impossible
(i.e. it is difficult, if not impossible, to know the exact loca-
tion and period of individual reservoir and irrigation projects
in the future).

5.5 Water scarcity indexes

We mainly assessed water scarcity globally using the CAD
index. The CAD directly accounts for the fulfillment of daily
consumption-based potential water demand, which excludes
flooding or extreme runoff from available water resources.
However, two strong assumptions should be noted. First, the
index assumes that all water comes from river water, be-
cause other sources of water, such as renewable groundwa-
ter and water stored in reservoirs, increases the CAD. This
leads to an overestimation of water scarcity. Second, the
index accounts for consumptive water use only. In reality
large amounts of irrigation water are lost by percolation and
evaporation during delivery. The technical potential of wa-
ter abstraction is not taken into account either. Neglecting
these points leads to an underestimation of water stress, and
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this process should be incorporated (e.g. Rost et al., 2008).
Third, due to the formulation of the CAD, the timing, length,
and magnitude of individual water scarcity events during the
study period is not specified (e.g. CAD does not distinguish
water scarcity caused by a single substantial event and fre-
quent low-intensity ones). Moreover, CAD should not be
directly linked to economical and societal losses or dam-
ages. Finally, the results of CAD are sensitive to its threshold
of 0.5.

6 Conclusions

A novel global water scarcity assessment was presented un-
der the new set of scenarios on global change (Moss et al.,
2010). The socio-economic scenarios of the SSPs depict five
future situations with substantially different socio-economic
conditions. This implies water use would also vary, but nei-
ther quantitative nor qualitative information regarding wa-
ter use were available. We first developed water use models
(Eqs. 1–5 of Hanasaki et al., 2013). Each has one parame-
ter, and was assigned three options based on a literature re-
view and historical records. By combining these parameters
and the narrative scenario of the SSPs, we developed a water
use scenario compatible with the key concepts of the SSPs.
Water availability was projected using the latest global cli-
mate scenario of CMIP5, which was forced with the GHG
emission scenarios of the RCPs. Global water scarcity was
mainly assessed based on the CAD index. The CAD suc-
cessfully identified locations with a projected water scarcity,
taking into account the balance of daily water use and avail-
ability. It revealed that water availability will decline in the
21st century for all scenarios tested. Our study demonstrated
that the socio-economic scenarios and associated water use
scenario dominate the impact of water scarcity in the 21st
century. This was previously noted in some earlier studies
(e.g. Vörörsmarty et al., 2000), but our study systematically
and quantitatively evaluated it through a large number of sim-
ulations (five socio-economic scenarios, three periods in the
21st century, and three GCMs).

As far as we know, this is the first comprehensive global
water resource assessment using the new scenarios. One of
the fundamental differences between the previous scenarios
(SRES; Nakicenovic and Swart, 2000) and the new scenarios
(RCPs and SSPs) is that the former fixed the combination of
socio-economic and emission scenarios independently, while
the latter allowed flexible combinations. This enables us to
assess the challenge of mitigation and adaptation under vari-
ous socio-economic conditions and climate stabilization tar-
gets. We developed a scenario matrix (i.e. a combination of
climate and socio-economic scenarios), as shown in Fig. 3
of Part 1, and showed the results of the water scarcity as-
sessment in Figs. 10–12 and Table 14 for every combination.
These options might be useful for long-term climate policy
making.

SSP1_BAU_2041−2070 SSP1_Policy_2041−2070

SSP2_BAU_2041−2070 SSP2_Policy_2041−2070

SSP3_BAU_2041−2070 SSP3_Policy_2041−2070

SSP4_BAU_2041−2070 SSP4_Policy_2041−2070

SSP5_BAU_2041−2070 SSP5_Policy_2041−2070

0.0 0.4 0.8 1.2 1.6 2.0

Fig. A1. Global pattern of change (ratio) in the Withdrawal to Water
Resources ratio of SSP1-5 from the baseline period [–].

Our study clearly showed the importance of water use sce-
narios in the assessment of water scarcity. The results were
particularly sensitive to an expansion of the irrigated area,
the crop intensity, and improvements in the efficiency of ir-
rigation, industrial, and municipal water use. These factors
were affected by other scenarios such as population, food and
nutrients, land use, industrial activity, electricity production,
technological change, investment in infrastructure, develop-
ment aid and many others. However, water scarcity in turn
affects these factors as well: water is indispensable for all
human and social activities. Further interdisciplinary work is
needed for a better projection of global change and an in-
depth understanding of the Earth and social systems.

Appendix A

Water scarcity assessment using the Withdrawal to
Water Resources (WWR) ratio

Table A1 shows the global total water-stressed population
(i.e. population living in grid cells whereW /Q ≥ 0.4). The
water-stressed population is highest for SSP3, followed by
SSP2, SSP4, SSP5, and SSP1. The population in grid cells
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Table A1. Global total population living in grid cells where 0.4≤ WWR (× 106 person). The number in brackets shows the percentage of
total population.

SSP1 SSP2 SSP3 SSP4 SSP5

2041–2070 2071–2100 2041–2070 2071–2100 2041–2070 2071–2100 2041–2070 2071–2100 2041–2070 2071–2100

MIROC BAU Stressed 2015 (27) 1669 (25) 2715 (32) 2854 (33) 3283 (37) 4006 (39) 2493 (31) 2498 (29) 2391 (32) 2258 (33)
Improved 2164 (29) 2932 (45) 777 (9) 868 (10) 348 (3) 355 (3) 1296 (16) 1311 (15) 1358 (18) 1520 (22)
Worsened 5054 (70) 3580 (54) 7526 (90) 7679 (89) 8410 (96) 9737 (96) 6618 (83) 7053 (84) 5974 (81) 5293 (77)

Policy Stressed 1857 (25) 1627 (24) 2696 (32) 2709 (31) 3334 (38) 3922 (38) 2352 (29) 2430 (29) 2420 (33) 2194 (32)
Improved 2973 (41) 2948 (45) 738 (8) 996 (11) 356 (4) 372 (3) 1586 (20) 1271 (15) 1146 (15) 1654 (24)
Worsened 4245 (58) 3565 (54) 7565 (91) 7551 (88) 8402 (95) 9720 (96) 6328 (79) 7093 (84) 6186 (84) 5159 (75)

HadGEM2 BAU Stressed 1875 (25) 1471 (22) 2554 (30) 2703 (31) 3129 (35) 3864 (38) 2368 (29) 2346 (28) 2255 (30) 2055 (30)
Improved 3121 (43) 3728 (57) 1217 (14) 1728 (20) 505 (5) 610 (6) 1937 (24) 2044 (24) 1798 (24) 2192 (32)
Worsened 4097 (56) 2784 (42) 7085 (85) 6820 (79) 8253 (94) 9482 (93) 5977 (75) 6321 (75) 5534 (75) 4621 (67)

Policy Stressed 1731 (23) 1462 (22) 2604 (31) 2668 (31) 3222 (36) 3727 (36) 2207 (27) 2312 (27) 2296 (31) 1972 (28)
Improved 3975 (55) 3718 (57) 1008 (12) 1399 (16) 499 (5) 572 (5) 2296 (29) 1969 (23) 1708 (23) 2277 (33)
Worsened 3243 (44) 2794 (42) 7294 (87) 7149 (83) 8259 (94) 9520 (94) 5618 (70) 6396 (76) 5624 (76) 4536 (66)

GFDL BAU Stressed 2107 (29) 1763 (27) 2855 (34) 3016 (35) 3420 (39) 4254 (42) 2582 (32) 2693 (32) 2479 (33) 2308 (33)
Improved 2114 (29) 2487 (38) 450 (5) 630 (7) 127 (1) 207 (2) 1176 (14) 1067 (12) 985 (13) 1419 (20)
Worsened 5104 (70) 4025 (61) 7853 (94) 7917 (92) 8631 (98) 9885 (97) 6738 (85) 7298 (87) 6347 (86) 5394 (79)

Policy Stressed 2066 (28) 1664 (25) 2814 (33) 2890 (33) 3377 (38) 4148 (41) 2539 (32) 2620 (31) 2484 (33) 2297 (33)
Improved 2270 (31) 2679 (41) 490 (5) 671 (7) 126 (1) 200 (1) 1177 (14) 1045 (12) 985 (13) 1399 (20)
Worsened 4948 (68) 3833 (58) 7812 (94) 7876 (92) 8633 (98) 9892 (98) 6738 (85) 7319 (87) 6348 (86) 5414 (79)

where the index improves (W /Q decreased) varied between
SSPs, largely reflecting the difference in population and total
water withdrawal (Table 13). For SSP3, the index indicated
improved water scarcity conditions for only 4 % of popula-
tion, while it was 29 % for SSP1 in 2041–2070. Compared
with the differences in the SSPs, the adoption of a climate
policy had a minor effect for all scenarios, changing the val-
ues by only a few percent.

Figure A1 shows the geographical pattern of changes in
the WWR. It can be seen that water stress conditions in-
crease substantially in Africa for all scenarios. Note that this
does not mean that Africa will be water stressed. As shown in
Fig. 2, currently, most of the area with changes in the WWR
is relatively small in Africa, because of the low levels of wa-
ter use. For SSP1, the water stress conditions decrease, ex-
cept for in Africa, mainly due to an increase in runoff (see
Fig. 5). For SSP4, Asia and South Africa experience water
stress conditions. For SSP2 and SSP3, the index suggests a
decrease in water availability for almost all regions of the
world, mainly due to a substantial increase in water with-
drawal (Table 13).

Supplementary material related to this article is
available online at:http://www.hydrol-earth-syst-sci.net/
17/2393/2013/hess-17-2393-2013-supplement.pdf.
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