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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 situations with substantially different socio-
economic conditions. In the accompanying paper, a water use scenario compatible with5

the SSPs was developed. This scenario considers not only quantitative socio-economic
factors such as population and electricity production but also qualitative ones such as
the degree of technological change and overall environmental consciousness. In this
paper, water availability and water scarcity were assessed using a global hydrologi-
cal model called H08. H08 simulates both the natural water cycle and major human10

activities such as water withdrawal 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
different climate policy options and the results of climate models. Water scarcity was
assessed using an index termed the Cumulative Withdrawal to Demand ratio, which is15

expressed as the accumulation of daily water withdrawal from a river over the potential
daily water consumption demand. 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 living under severely water stressed conditions for
SSP1-5 will reach 2588–2793×106 (39–42 % of total population), 3966–4298×106

20

(46–50 %), 5334–5643×106 (52–55 %), 3427–3786×106 (40–45 %), 3164–3379×106

(46–49 %), respectively, if climate policies are not adopted. Even in SSP1 (the scenario
with least change in water use and climate) global water scarcity increases consider-
ably, 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 changes25

induced by global warming.
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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 coun-
tries (Vörösmarty et al., 2000). Moreover, as a consequence of climate change, water
availability is projected to become restricted in many parts of the world from a hydro-5

logical perspective (Kundzewitz et al., 2007; Döll et al., 2009).
We present a novel global water scarcity assessment, which identifies the regions

and periods vulnerable to water scarcity following global climate change. The objec-
tives of our research are threefold (see the accompanying paper for detail; Hanasaki
et al., 2012). First, we conducted a global water resources assessment under the lat-10

est 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 radiative forcing (i.e. green house gas (GHG) emission) scenario of
the Representative Concentration Pathways (RCPs; van Vuuren, 2011), and the cli-
mate scenario of the Coupled Model Intercomparison Project Phase 5 (CMIP5; Taylor15

et al., 2012). Most of the earlier assessments of global water resources, reviewed in
detail in Sect. 2, were undertaken based on an earlier set of scenarios, namely the
Special Report on Emission Scenarios (SRES; Nakicenovic and Swart, 2000). The
use of the new set of scenarios has the benefit of utilizing the state-of-the-art tech-
niques and latest achievements of the integrated assessment, IAV (climate change20

impact, adaptation, vulnerability assessment), and climate modeling community. Sec-
ond, we developed a water use scenario that is compatible with the key concept of the
SSPs. In most of the earlier studies, water use scenarios only considered future quan-
titative socio-economic factors (e.g. population and electricity production). However,
because the SSPs depict substantially different global situations in terms of technol-25

ogy development and overall environmental consciousness, these key concepts should
also be considered. Third, we assessed whether renewable water resources are avail-
able when they are needed at daily intervals. Most of the earlier studies assessed
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water availability and use at an annual time resolution. This may overlook the risk of
water scarcity in dry seasons. We identified the vulnerable regions and the timing of
water shortages under various scenarios including different climate policy options and
a selection of global climate models (GCMs).

Our study is presented in a two-part paper. In the accompanying paper (Hanasaki5

et al., 2012), we developed a water use scenario compatible with the five global sit-
uations 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
irrigation area, crop intensity, irrigation efficiency, potential industrial water withdrawal
demand, and potential municipal water withdrawal demand. Here the potential water10

withdrawal (consumption) demand is defined as water withdrawal (consumption) asso-
ciated with socio-economic activities, regardless of its availability. Water consumption
is water evaporated during use. Water withdrawal indicates the removal of water from
a source, including water consumption, return flows, and evaporation loss during deliv-
ery. In this study we have conducted a series of numerical simulations using a global15

water resources model called H08 (Hanasaki et al., 2008a, b). The model is able to
simulate both the natural water cycle and human water use together with their interac-
tion. The impact of different socio-economic conditions and climate change on water
availability and use were analyzed for various combinations of scenarios.

The structure of this paper is as follows. In Sect. 2, earlier assessments of long-term20

global water resources are reviewed. In Sect. 3, the models, input data and simula-
tion settings are presented. In Sects. 4 and 5, the simulation results are discussed. In
Sect. 6, we summarize the key uncertainties in our study. In Sect. 7, we present our
conclusions.
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2 Literature review

2.1 Global water scarcity assessment

A number of global water scarcity assessments have been reported. These assess-
ments can be separated into two categories: the compilation of statistical records re-
lated to water use and availability (e.g. Shiklomanov et al., 2000) and the compilation5

of numerical simulation results using global hydrological models. We considered some
milestone works of the latter type of assessments. Vörösmarty et al. (2000) presented
one of the first global grid-based water scarcity assessments using a global hydrolog-
ical model called WBM (Water Balance Model). They first simulated global river dis-
charge, or renewable water resources, at 0.5◦ ×0.5◦ spatial resolution for the present10

and future. They next spatially interpolated the country-wise water use assessment of
Shiklomanov (2000) at the same spatial resolution. Finally they identified the grid-cells
where annual water use exceeds 40 % of annual water resources to produce global
maps of water scarcity for the present and future. Arnell (1999, 2004) extensively an-
alyzed the uncertainty due to the selection of certain GCMs in climate change impact15

assessments on global river discharge. Alcamo et al. (2007) conducted a global water
scarcity assessment consistent with SRES. They used the WaterGAP2 model, which
consists of a global hydrology model and a global water use model. This enabled them
to simulate water availability and use comprehensively within a single model. They
completed one of the first examples of grid-based, multi-GCM, and multi-scenario wa-20

ter scarcity assessments under SRES. Many other works have been published applying
various techniques that were similar to those used in the studies mentioned above (Oki
et al., 2003; Oki and Kanae, 2006).

2.2 Water scarcity index

Here we take a closer look at how earlier studies assessed water scarcity. Many of25

them used an index called the Withdrawal to Water Resources (WWR) ratio, which
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was devised by Raskin et al. (1997). The index expresses annual water withdrawal as
a function of annual renewable water resources.

WWR =W/Q (1)

Where Q is the annual renewable water resource, typically substituted with mean an-
nual river discharge (m3 s−1) and W is the annual total water withdrawal (m3 s−1). If5

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 and Q) that are relatively easily available. However, there
are some well-known problems with the use of the WWR that are particularly impor-
tant when it is applied to the assessment of climate change impacts. Climate change10

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 denominator of Eq. 1) is calculated, the WWR
unintentionally underestimates these risks. A few studies have reported countermea-15

sures. 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. Note that here
“consumption” is the average monthly volume of water that is withdrawn or evaporated
and, therefore, not directly available for downstream users, and “Q90” is a measure
of the monthly river discharge that occurs under dry conditions (monthly discharge is20

higher than the Q90 value for 90 % of the time). These approaches successfully identify
the water scarcity in the most stressed month of the year, but do not easily determine
water scarcity throughout the year as a whole. Hanasaki et al. (2008b) devised an index
called the Cumulative Withdrawal to Demand (CWD) ratio. The index was designed for
modern global hydrological models that can explicitly simulate daily river discharge and25

water withdrawal. This index is expressed as follows:

CWD =
365∑

DOY=1

wDOY

/
365∑

DOY=1

dDOY (2)
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where wDOY and dDOY denote the simulated daily water withdrawal from a river and
daily potential water consumption demand for a day of year (DOY), respectively. If the
accumulated water withdrawal from the river (numerator) falls below the accumulated
potential water consumption demand (denominator), water scarcity is indicated. Note
that wDOY ≤ dDOY can occur when a water source (i.e. river) is depleted and wDOY could5

be less than dDOY. In this way, the index directly indicates whether the water is available
when it is needed.

This index is conceptual and for simulation only. In reality, 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 factors can be disabled,10

allowing the relationship between the natural hydrological cycle and human-water de-
mand to be analyzed. When the CWD falls below 1, it does not necessarily indicate
a region is experiencing a water shortage, but it does indicate the need for an alter-
native source of water other than natural river flow. A smaller CWD value indicates
a region is more dependent on such water sources.15

Hanasaki et al. (2008b) estimated CWD globally using the H08 water resources
model. They identified regions that experience a gap in their subannual distribution of
water availability and water use, including the Sahel, the Asian monsoon region, and
southern Africa. Due to the large contrast between wet and dry seasons, these regions
frequently suffer from seasonal water shortages in dry periods. They retrospectively20

assessed the period of 1986–1995, but not under climate change conditions.

3 Materials and methods

3.1 Global water resources model H08

To estimate global water scarcity, we used the H08 globally distributed hydrological
model. A brief description of the H08 model is presented here, which is directly relevant25

to the results. A more detailed description is found in Hanasaki et al. (2006, 2008a, b).
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H08 consists of six sub models, namely, land surface hydrology, river routing, crop
growth, reservoir operation, water withdrawal, and environmental flow requirement. The
land surface hydrology sub model is a single soil layer model solving both the surface
energy and water balance. The river sub model is a single reservoir model assuming
constant flow velocity. The crop growth sub model is a process based crop phenolog-5

ical model based on the formulation of the SWIM (Soil and Water Integrated Model)
model (Krysanova, 2000). This sub model is used to estimate the crop calendar (e.g.
planting date, harvesting date and cropping period), which is essential to estimate the
daily irrigation water requirement. Potential agricultural water consumption demand is
defined as the irrigation water required to maintain soil moisture in the top 1 m of ir-10

rigated 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 pur-
pose is irrigation water supply, the release is controlled to match the seasonal variation15

of potential agricultural water consumption demand in the lower reach. For reservoirs
with other purposes, release and storage is controlled to minimize seasonal and inter-
annual variations in river flows, taking into account the ratio of the storage capacity of
reservoirs and mean annual inflow. The environmental flow requirement sub model is
a simple empirical model that estimates the amount of river discharge that should be20

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 withdrawal sub model withdraws water from rivers to meet potential water
consumption demand. Notice that only consumptive water use is included and not re-25

turn flow and delivery loss. When large reservoirs are located in the upper stream, the
river is affected by reservoir operation. H08 prioritizes the simulation of municipal water
withdrawal followed by industrial and agricultural water withdrawal. Note that although
Hanasaki et al. (2010) incorporated some additional sub components into H08, such
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as medium size reservoirs (reservoirs with storage capacity less than 1.0×109 m3 ca-
pacity) and non-local and non-renewable blue water (imaginary water sources to close
the balance of local water supply and demand) they were excluded in this study be-
cause these terms include considerable uncertainties both in modeling and developing
future scenarios, and make analysis using the CWD difficult. However, we did include5

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 withdrawal is shown in Fig. 1.

The performance of H08 has been assessed in earlier publications. Hanasaki
et al. (2008a, b) applied H08 globally at a 1◦×1◦ spatial resolution and at daily time in-10

tervals 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 agricultural water withdrawal (Hanasaki et al., 2008b).
Haddeland et al. (2011) conducted an inter-comparison of global hydrological models.15

They ran 13 models under a common simulation protocol, and compared hydrological
variables such as river discharge, evaporation, and snowmelt. The results showed that
H08 is within the plausible range of modern macro scale hydrological models for most
basins.

3.2 Meteorological data and scenarios20

H08 requires the input of the eight meteorological variables listed in Table 1. For his-
torical simulations, WATCH (Water 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 period 1958–2001 at six-hourly intervals. We con-
verted WFD data into daily intervals, and used 1971–2000 as the base period.25

For future simulations, the climate scenario of the CMIP5 was used. CMIP5 coor-
dinates climate projections using global climate models (Taylor et al., 2012). As of
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October 2012, the results of more than 40 global climate models (GCMs) are available
via the internet. Although it is recommended to utilize all available GCMs to account for
model uncertainty (Knutti et al., 2010), for practical reasons, 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).5

There is an open discussion regarding the selection of models (Knutti et al., 2010), but
the models selected in this study are used in the Inter Sectoral Impact Model Intercop-
marison 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 systematic biases. In this study,10

we corrected for the biases of air temperature, precipitation, and longwave downward
radiation. Most of the earlier studies corrected only for air temperature and precipita-
tion. We included longwave downward radiation, because this term shows an apparent
increasing trend in all GCM projections. Moreover, this term is important in solving the
surface energy balance. To remove bias, a shifting and scaling methodology was used15

(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

)
(3)

P cor
y, m, d = P obs

y, m, d ×
(
P

org

future, m ÷ P
org

baseline,m

)
(4)

Lcor
y, m, d = Lobs

y, m, d ×
(
L

org

future, m ÷L
org

baseline,m

)
(5)

20

where T , P , and L denote air temperature, precipitation, and longwave radiation, re-
spectively. The superscripts cor, obs, org denote bias-corrected, observation and orig-
inal 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 for25

temperature and precipitation, rainfall-snowfall separation was conducted following the
method of Kondo (1994).

13942

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/13933/2012/hessd-9-13933-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/13933/2012/hessd-9-13933-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://www.isi-mip.org/


HESSD
9, 13933–13994, 2012

A global water
scarcity assessment

– Part 2

N. Hanasaki et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

3.3 Non-meteorological data and scenarios

H08 requires the input of the non-meteorological variables listed in Table 3. For histori-
cal simulations, we used published datasets, which represent the period circa 2000. For
future simulations, we used scenarios developed in the accompanying paper (Hanasaki
et al., 2012) for irrigated area, crop intensity, irrigation efficiency, and potential indus-5

trial and domestic water withdrawal 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 Monfreda et al. (2008). They pro-
vided 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 is10

common in tropics), but needs to select only one crop type per grid cell during a crop-
ping 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 type15

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 7 of
Hanasaki et al., 2012).20

Potential water withdrawal demand for industrial and municipal use is provided as the
withdrawal base. In order to convert it into a consumption (i.e. evaporation) base, we
used the factor 0.10 and 0.15, respectively, from the work of Shiklomanov (2000). Po-
tential water consumption demand for agricultural use is simulated by H08. In order to
convert it into the withdrawal base, we used the irrigation efficiency scenario developed25

in the accompanying paper (Hanasaki et al., 2012).
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3.4 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 surface and river sub models, and second for human simulation (HUM), using all
six sub models. The NAT was used to assess a situation that assumed there was no5

human activity at all during the simulation periods, to evaluate the impact 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 natu-
ralized configuration (NAT-Baseline) and human configuration (HUM-Baseline).

For the future periods, we conducted four simulations: naturalized configuration (NAT-10

FUT), 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 policy (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 to15

climate change. H08 was set to a naturalized configuration, and future meteorological
data (Eqs. 3–5) 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 wa-
ter availability and use due to climate change, excluding the effect of socio-economic20

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 water availability and scarcity
under a business as usual situation, with no climate policy. All five of the SSP scenarios
were used. For each scenario an RCP was selected that was compatible with the25

emission path as described in the accompanying paper (Table 5, see also Fig. 2 of
Hanasaki et al., 2012). Note that because the RCPs and SSPs have been developed
independently, consistency between them is not strictly assured.
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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,
climate policy switches RCPs into lower levels. For each scenario an RCP was selected
that was compatible with an emission path including a climate policy (Table 5, see
also Fig. 2 of Hanasaki et al., 2012). Again note that the consistency of RCPs, SSPs,5

and the policy scenarios are not fully assured. Climate policy simulations in this study
were conducted 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).

4 Results and discussion part 1: NAT-Future and HUM-Fix simulations10

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 baseline period in these settings. This section provides basic information15

regarding the response of hydrology and the water scarcity index to climate change.
A consideration of both climate and socio-economic change are critical for understand-
ing the results of a water scarcity assessment as described in the next section.

4.1 Climate change

First, we focus on the change in air temperature, which indicates the magnitude of20

climate change, and then the change in precipitation, which directly impacts on water
resources and potential agricultural water consumption demand.

Tables 6 and 7 show the changes in mean global terrestrial (i.e. land only) temper-
ature and precipitation, respectively. The projected rise of global terrestrial mean tem-
perature in 2071–2100, compared to the baseline period (1971–2000), was 1.2–2.4 K25
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(RCP 2.6), 2.0–3.9 K (RCP 4.5), and 3.8–6.4 K (RCP 8.5). Global mean precipitation
increased by 0.8–4.5 %, 1.9–5.9 %, and 3.6–9.5 %, respectively. The MIROC projection
produced the largest increases among the three models. HadGEM2 projected a similar
temperature rise to MIROC, but the change in precipitation was slightly smaller. GFDL
projected the least change in both temperature and precipitation among the three mod-5

els, 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
discussion of geographical patterns hereafter, because the model shows the largest
change among the three used. From Figs. 3 and 4, it can be clearly seen that the spa-10

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 perspec-
tive. Although the other two models produced different spatial patterns and magnitudes,
a generally consistent pattern was identified, where temperature in the northern high
latitudes increased rapidly, as compared to the low latitudes. Precipitation decreased15

in semi arid areas such as near the Mediterranean Sea, central to western mid-latitude
North America, southern Africa and south eastern South America. One important find-
ing, 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.20

4.2 Hydrological change

Next, the change in mean estimated annual runoff is discussed. Mean annual runoff is
a key variable in the assessment 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.25

Table 8 shows the estimated change in runoff for each scenario and period. The
increase in runoff matched the change in global mean precipitation (Table 7). For
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example, MIROC projected the largest increase in runoff among the three models,
which is consistent with the change in precipitation.

Figure 5 shows the geographical pattern of the change in runoff. Although the pat-
tern 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 (the5

color schemes are identical for Figs. 4 and 5). Generally, runoff increased in the north-
ern 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 baseline period, in almost all regions of the world.

4.3 Potential agricultural water withdrawal demand10

Next, the simulated potential agricultural water withdrawal demand is discussed using
the results of HUM-Fix simulations. Potential agricultural water consumption demand
is defined as the irrigation water required to maintain soil moisture in the top 1 m of
irrigated cropland at 75 % (100 % for rice) during cropping periods assuming water
is available anytime and anywhere. The results were converted into the withdrawal15

base by using water use efficiency which is the ratio of water consumed over water
withdrawn including return flow and delivery loss. H08 simulates the former, while the
latter is widely recorded allowing us to convert water consumed into water withdrawn.

Table 9 shows the projected change in global total agricultural water demand. The
projected ranges for RCP2.6, RCP4.5, and RCP8.5 were −0.2–1.6 %, 1.9–2.8 %, and20

6.7–10.0 %, respectively, in 2071–2100. This indicates that the total global potential
agricultural water withdrawal demand increases in almost all scenarios. This is con-
sistent 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 2041–2070.25

Figure 6 shows the change in the mean annual potential agricultural water withdrawal
demand projected by 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
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for the Asian monsoon regions 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 change in precipitation with irriga-
tion water demand increasing in regions receiving less precipitation and vice versa. In
addition to precipitation, higher temperatures and downward longwave radiation also5

contribute to an increase in the potential evapotranspiration, which eventually leads to
a higher water requirement.

4.4 Withdrawal to water resources ratio

Water scarcity was assessed using the WWR. The index is expressed as the mean
annual total withdrawal (W ) over the mean annual river discharge (Q). This index is10

widely used because of its intuitiveness and simplicity. We focused on both the index
itself (W/Q) and the so-called water stressed population, which is defined here as the
total population living in grid cells where the index exceeds 0.4.

Table 10 shows the total global water stressed population and highlights two inter-
esting findings. First, the estimated water stressed population varied only marginally15

across all scenarios. Second, there was no clear relationship between the water
stressed population and either time or GHG emissions (i.e. RCPs). In some simula-
tions, 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 2041–2070 of MIROC, the water stressed popula-20

tion 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 fixed W (the numerator
of Eq. 1). Agricultural water withdrawal was also affected by climate change but the
change was small. Therefore, Q (the denominator) had the primary role in this as-25

sessment. Although climate change affected the hydrological cycle globally, the dry
regions remained dry, and the wet regions remained wet. This prevented the index
from exceeding the threshold of 0.4. Moreover, we also fixed the population. A densely
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populated grid cell in an arid region generated a water stressed population in all sce-
narios. 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 geographical pattern of changes in the WWR. We de-5

fined the change as the ratio of WWR of the future period to the baseline, 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, because10

global agricultural 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 pop-
ulation. This may indicate that climate change alleviates water scarcity or an increase15

in mean annual runoff may improve the availability of water. These issues are further
investigated in the next subsection.

4.5 Cumulative withdrawal to demand ratio

In order to further investigate water scarcity following climate change, the CWD is used
in this section. The index is expressed as the accumulation of daily withdrawal from20

rivers over the accumulation of daily potential water consumption demand. This index is
useful for determining whether water is available when it is needed, taking into account
the seasonality of both water availability and use. Excess water (e.g. flood water in wet
seasons) is not considered to be available. We focused on both the index itself and the
water stressed population, which is defined here as the total population living in a grid25

where the index falls below 0.5.
Table 11 shows the projected water stressed population. A clear relationship was

observed where the stressed population increased over time and with increasing GHG
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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.5

Figure 8 shows the global pattern of differences in the CWD. The figure shows the
difference, not the actual ratio, because the CWD ranges between 0 and 1 and has
a physical meaning by showing the fraction of fulfillment of the local potential water
consumption demand. In many parts of the world, the water stress increased. The
pattern differs from the pattern of runoff change (Fig. 5), indicating that although the10

total annual runoff increased, water resources are not available when they are needed.
For example, while the mean annual runoff increased in the Sahel regions, CWD de-
creased (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 annual15

runoff did not alleviate water scarcity in these regions.
Table 11 shows the population living in the grid cells where water stress conditions

improved (CWD increased) or worsened (CWD decreased). The population suffered
from an increase in water stress over time and with increased GHG emissions. Al-
though total global runoff increased, the results indicate that less than 30 % of the20

population benefitted in terms of improved water availability.

5 Results and discussion part 2: HUM-BAU and HUM-Policy simulations

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 relationship
between the SSPs and water scarcity.25
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5.1 Potential agricultural water withdrawal demand

Table 12 shows the total global potential agricultural water withdrawal 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 potential agricultural water with-
drawal demand, followed by SSP5, SSP2, SSP4, and SSP1. Of the three GCMs,5

MIROC projected the largest demand but the differences among the three GCMs were
relatively small. The HUM-Policy simulation systematically decreased the projection of
potential agricultural water withdrawal 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 simulation settings summa-10

rized in Table 5. Irrigation growth scenarios and irrigation water efficiency scenarios
have an important role in projecting potential agricultural water withdrawal demand. It is
clear that the combination of low growth and high efficiency (SSP1) resulted in the least
demand, and high growth and low efficiency (SSP3) resulted in the greatest demand,
with the mid-growth and mid-efficiency scenario (SSP2) producing intermediate levels15

of demand. The setting of SSP4 is similar to SSP1, except for the irrigation efficiency
scenario. SSP4 assumes that irrigation efficiency is high in OECD countries and low in
non-OECD countries. Because the irrigation equipped area is predominantly located
in non-OECD countries, this assumption contributes to the increased potential agricul-
tural water withdrawal demand when using SSP4, as compared to SSP1. Similarly, the20

irrigation growth in SSP5 was identical to that of SSP3 but, due to improvements in
efficiency, the increase in water demand for SSP5 was much more restricted than for
SSP3. In addition to the irrigation growth and efficiency scenarios, the climate scenar-
ios are also different for each SSP. However, as discussed in the previous chapter and
as shown in Table 9, the effect produced a difference of only few percent at most. This25

also explains why the differences in the HUM-BAU and HUM-Policy simulations were
small.
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Table 13 shows the total global potential water withdrawal demand for all sectors. We
added the global potential agricultural water withdrawal (Table 12) and industrial and
municipal water withdrawal (Tables 10 and 11 of Hanasaki et al., 2012). As with the
global agricultural water withdrawal, SSP3 produced the largest demand, followed by
SSP5, SSP2, SSP4, and SSP1. SSP3 produced levels of demand two and three times5

higher than SSP1 in 2041–2070 and 2071–2100, respectively.
Figure 9 shows the geographical pattern of change in potential agricultural water

withdrawal 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, irrigation water demand in-10

creased in those countries. For SSP2 and SSP3 potential demand for most regions
increased, particularly in South Asia and Eastern South America.

5.2 Water scarcity assessment using the Cumulative Withdrawal to Demand
(CWD) ratio

In this section, water scarcity is assessed using the CWD ratio for the HUM-BAU and15

HUM-Policy simulations. WWR has been widely used in previous studies, but it can
be misleading when interpreting the impact of climate change on water scarcity, as
discussed in Sects. 4.4 and 4.5. The results using the WWR are given in Appendix A,
for readers’ convenience.

Table 14 shows the water stressed population using the CWD. The water stressed20

population was largest for SSP3, followed by SSP2, SSP5, SSP4, and SSP1. Taking
into account the differences of population, the percentage of the total global population
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 water
demand.25

For SSP1, even though the total water withdrawal 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

13952

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/13933/2012/hessd-9-13933-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/13933/2012/hessd-9-13933-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
9, 13933–13994, 2012

A global water
scarcity assessment

– Part 2

N. Hanasaki et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

of climate change and population growth. First, as already shown in Table 11, climate
change degraded the water availability of 67 % of the global population. Moreover, the
increase in population further increased the water stressed population, negating the
impact of a decrease in total water demand (Table 13).

The range in the size of water stressed populations among SSPs that took both wa-5

ter use and climate scenarios into account (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 pop-
ulation increased in all scenarios, including SSP1 in which total global water demand10

decreases. This is mainly because of the increase in population, particularly in devel-
oping countries.

Figure 10 shows the geographical pattern of differences in the CWD. It is clear that
in all SSPs water stress conditions increase in the Sahel and southern Africa. This is
due to the increase in potential water consumption demand from all sectors. In addi-15

tion to the agricultural water demand, substantial growth in electricity production and
population led to an increase in industrial and municipal water demand. For SSP1, the
water availability of other regions 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 central20

North America.
The geographical pattern of Fig. 10 can be explained by the change in the CWD

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. In contrast, for SSP3,25

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 CWD< 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,
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Oceania, Japan, EU, rest of Europe including the Baltic countries, and Former Soviet
Union excluding 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 regions. Water stressed regions are unevenly distributed in the world. The
number of water stressed populations was highest in Africa, India, China, and rest5

of Asia throughout the century. The largest growth in water stressed populations was
seen in Africa.

Figure 12 shows the percentage of the global population in specific water stress cate-
gories. We subdivided the population of the world according to two factors. First, all grid
cells were subdivided into three according to the change in CWD (∆CWD). We used10

the term Significant Degradation for grid cells where ∆CWD< −0.05, Moderate Degra-
dation where −0.05 ≤∆CWD< 0, and Alleviation or no change where 0 ≤∆CWD. Sec-
ond, each category was further subdivided into three by the CWD. We used the term
Highly Stressed for CWD< 0.5, Moderately Stressed for 0.5 ≤CWD< 0.8, and Less
Stressed for 0.8 ≤CWD. The results clearly showed that an alleviation of water stress15

conditions were projected for only a limited proportion of the global population, (i.e.
CWD 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 orange). However, populations suffering from severe degradation of the CWD
(∆CWD< −0.05) vary among the scenarios. For example, in SSP1 around 30 % of the20

global population suffer from severe degradation (shown as red), whereas for SSP3
the value is around 60 % in 2041–2070. Fewer populations suffer from severe water
scarcity when a climate policy is taken into consideration, especially in 2071–2100.

5.3 Implications

Based on the findings above, particularly from Figs. 11 and 12, we derived the implica-25

tions of each SSP.
SSP1 (sustainability) depicts a future world based on sustainable practices. For

this scenario, we combined the best available scenarios and options in terms of the
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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 revolution
level. For the water use scenario, we adopted the lowest projection of irrigation area
expansion from published reports (+0.06 %yr−1; see Table 5 and Table 2 of Hanasaki5

et al., 2012) and the highest rate of improvement in irrigation water use efficiency. The
efficiency improvement of industrial water use was taken from the observed rates in
highly water efficient countries in the latter half of the 20th century. Municipal water
withdrawal decreases toward per capita municipal water use of 200 Lday−1 globally.
Consequently, the projected total water withdrawal decreased slightly, as compared to10

the baseline period. Although the resulting water scarcity was by far the lowest among
the SSPs, the results indicated that global water scarcity in SSP1 increased, as com-
pared to the baseline period. This implies that even for one of the most optimistic sce-
nario combinations, pressure on water resources will continue throughout the current
century.15

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., 2012). This
is consistent with the key concept of SSP2, which is a future world considered to be20

“dynamic as usual”. Under these assumptions, water use continuously increased and
consequently water stress also increased in many parts of the world. Figure 11 indi-
cates 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 extreme poverty and a rapidly25

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. Under this
scenario, the potential total water withdrawal demand grew considerably, doubling by
2041–2070, and tripling by 2071–2100. Consequently, the total global water stressed
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population had nearly tripled by the end of the century. Around 50 % of the total pop-
ulation was projected to live in grid cells categorized as Highly Stressed (0.5 <CWD)
and Significant Degradation (∆CWD< −0.05; Table 14).

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 for5

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 exploitation of fossil fuels. Its water use scenario was similar
to that of SSP3, but the improvement in efficiency was high for all countries, as inferred10

from the narrative scenario of SSP5. Together with the lower population growth, the
water stressed population was lower than in SSP3, but the proportion of the global
population suffering from reduced water availability was almost the same as in SSP3.
Because the available water was much less than the potential water consumption de-
mand, it was implied that social activity could be restricted by water shortages. This15

implied the need for the development of extra water resources, such as increasing
water storage capacity, abstracting more groundwater or increasing desalination.

6 Uncertainty

6.1 Climate scenario

In this study, we used three GCMs, although more than 40 GCMs are readily available20

(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.25
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When preparing the climate scenario, we adopted a shifting and scaling method
(Lehner et al., 2006) to remove the biases of the GCMs. This was computationally
efficient, because only the mean monthly difference was added or multiplied to the ret-
rospective time series of meteorological forcing data. Moreover, because of this sim-
plicity, the climate scenario is consistent with the baseline period, and produces stable5

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. Although it is very10

labor intensive to develop such techniques, their adoption is essential.

6.2 Socio-economic and water use scenario

Because the uncertainty associated with the socio-economic and water use scenario
is described in the accompanying paper (Hanasaki et al., 2012), we only summarize
the key points here. First, we used AIM-SSP, which provides preparatory quantitative15

scenarios for the SSPs from an integrated assessment by the Asia-Pacific Integrated
Model (Kainuma et al., 2002). Official SSP products will be released in the near future,
and may vary from the current AIM-SSP. Second, the irrigation growth scenario was
developed from a literature review that was independent of any food-related SSP fac-
tors. As discussed in detail in the accompanying paper, this is primarily due to the lack20

of information regarding how to link food and irrigation. An integrated model that links
crops, water, and land (e.g. Lotze-Kampen et al., 2008) is likely to establish a more
comprehensive and consistent scenario. Third, we used a simplistic model to estimate
industrial and municipal water use. Progress in this area of modeling has long been ob-
structed by a lack of data, but further efforts are needed. The results of water resource25

assessments clearly show that the water use scenario that is used significantly affects
the results; hence further efforts are needed for to establish consistent scenarios.

13957

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/13933/2012/hessd-9-13933-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/13933/2012/hessd-9-13933-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
9, 13933–13994, 2012

A global water
scarcity assessment

– Part 2

N. Hanasaki et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

6.3 Combination of scenarios

In this study, many independent scenarios were combined, namely the SSPs (socio-
economic scenarios), our water use scenario (Hanasaki et al., 2012), RCPs (GHG
emission scenario) and CMIP5 (climate scenario). This allowed us to achieve our pri-
mary objective, i.e. to develop a water use scenario compatible with the SSPs for use5

in global water scarcity assessments. Here two points should be noted. First, because
each scenario was independently developed, consistency among the scenarios was
unachievable. Combinations of scenarios and options were decided on a largely ar-
bitrary basis, because there were neither clear guidelines nor many previous studies
that were available. To improve consistency, further interdisciplinary modeling efforts10

are needed to develop an integrated model that incorporates all of these aspects. Sec-
ond, the feasibility of each scenario could be different. 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 depicted in SSP2. Each sce-
nario should be considered to be an option and not a prediction of the future.15

6.4 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 performance 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 because20

basin-wise fine parameter tuning has not been carried out (this is a challenging task;
see Hanasaki et al., 2008a for detailed discussion). Model inter comparison projects
for climate change simulation have been undertaken (e.g. WaterMIP; Hagemann et al.,
2012; ISI-MIP, http://isi-mip.org/), and are useful for quantifying the uncertainties of
each participating model.25

Attention should be paid to the model configuration in this study. As shown in Fig. 1,
we assumed that all water is withdrawn from rivers. Only reservoirs that have more than
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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 CWD water scarcity index.
Although river water accounts for 78 % of total global water withdrawal (FAO, 2011),
in reality, river water is one of many sources of water. Groundwater is an important5

source of water, and has been reported to be vulnerable to climate change due to
predicted decreases in recharge (Döll et al., 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.10

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.15

6.5 Water scarcity indexes

We assessed water scarcity globally using two indexes, WWR and CWD. WWR has
been widely used in the previous assessments. The results should be considered with
care. As we have discussed in previous sections, the nature of these indexes shows an
alleviation of water stress when the mean annual runoff increases. Mean annual runoff20

could be increased by rainfall in a rainy season or under extreme precipitation. These
increases are usually difficult to utilize as water resources (Kundzewitz et al., 2007).

CWD overcomes the key shortcoming of WWR. It directly accounts for the fulfill-
ment of daily potential water consumption demand, which excludes flooding or ex-
treme runoff from available water resources. However, two strong assumptions should25

be noted. First, the index assumes that all water comes from river water, because
other sources of water, such as renewable groundwater and water stored in reservoirs,
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increases the CWD. This leads to an overestimation of water scarcity. Second, the in-
dex accounts for consumptive water use only. In reality large amounts of irrigation water
are lost by percolation and evaporation during delivery. Neglecting this evaporation loss
leads to an underestimation of water stress and this process should be incorporated
(e.g. Rost et al., 2008).5

7 Conclusion

A novel global water scarcity assessment was presented under the new set of scenar-
ios on global change (Moss et al., 2010). As far as the authors know, this is the first
comprehensive global water resource assessment utilizing the scenarios.

The socio-economic scenarios of the SSPs depict five future situations with substan-10

tially different socio-economic conditions. This implies water use would also vary, but
neither quantitative nor qualitative information regarding water use were available. We
first developed water use models (Eqs. 1–5 of Hanasaki et al., 2012). Each has one
parameter, and was assigned three options based on a literature review and historical
records. By combining these parameters and the narrative scenario of the SSPs, we15

developed a water use scenario compatible with the key concepts of the SSPs.
Water availability was projected using the latest global climate scenario of CMIP5,

which was forced with the GHG emission scenarios of the RCPs. Global water scarcity
was assessed based on two indexes: WWR and CWD. WWR has been widely used in
previous assessments of water scarcity, but our analysis showed it to be misleading in20

interpreting the impacts of climate change. CWD successfully 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 scenar-
ios 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 was25

previously noted in some earlier studies (e.g. Vörösmarty et al., 2000), but our study
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systematically and quantitatively evaluated it through a large number of simulations
(five socio-economic scenarios, three periods in the 21st century, and three GCMs).

Our study clearly showed the importance of water use scenarios 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 agricultural, industrial,5

and municipal water use. These factors were affected by other scenarios such as popu-
lation, food and nutrients, land use, industrial activity, electricity production, technolog-
ical change, investment in infrastructure, development 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 of10

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 grid15

cells where W/Q ≥ 0.4). The water stressed population is highest for SSP3, followed by
SSP2, SSP4, SSP5, and SSP1. The population in grid cells 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 population, while it was 29 % for SSP1 in 2041–20

2070. Compared with the differences in the SSPs, the adoption of a climate policy had
a minor effect for all scenarios, changing the values by only a few percent.

Figure A1 shows the geographical pattern of changes in the WWR. It can be seen
that water stress conditions increase substantially in Africa for all scenarios. Note that
this does not mean that Africa will be water stressed. As shown in Fig. 2, currently, most25

of the area with changes in the WWR is relatively small in Africa, because of the low
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levels of water use. For SSP1, water stress conditions decrease, except for in Africa,
mainly due to increase in runoff (see Fig. 5). For SSP4, Asia and South Africa experi-
ence 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 substantial increase
in water withdrawal (Table 13).5
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Siebert, S., Döll, P., Hoogeveen, J., Faures, J.-M., Frenken, K., and Feick, S.: Development

and validation of the global map of irrigation areas, Hydrol. Earth Syst. Sci., 9, 535–547,30

doi:10.5194/hess-9-535-2005, 2005.
Taylor, K. E., Stouffer, R. J., and Meehl, G. A.: An overview of cmip5 and the experiment design,

B. Am. Meteorol. Soc., 93, 485–498, doi:10.1175/BAMS-D-11-00094.1, 2012.

13965

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/9/13933/2012/hessd-9-13933-2012-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/9/13933/2012/hessd-9-13933-2012-discussion.html
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1111/j.1574-0862.2008.00336.x
http://dx.doi.org/10.1111/j.1574-0862.2008.00336.x
http://dx.doi.org/10.1111/j.1574-0862.2008.00336.x
http://dx.doi.org/10.1029/2007GB002947
http://dx.doi.org/10.1038/nature08823
http://dx.doi.org/10.1029/2007GB002952
http://dx.doi.org/10.5194/hess-9-535-2005
http://dx.doi.org/10.1175/BAMS-D-11-00094.1


HESSD
9, 13933–13994, 2012

A global water
scarcity assessment

– Part 2

N. Hanasaki et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

van Vuuren, D., Edmonds, J., Kainuma, M., Riahi, K., Thomson, A., Hibbard, K., Hurtt, G.,
Kram, T., Krey, V., Lamarque, J.-F., Masui, T., Meinshausen, M., Nakicenovic, N., Smith, S.,
and Rose, S.: The representative concentration pathways: an overview, Climatic Change,
109, 5–31, doi:10.1007/s10584-011-0148-z, 2011.
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Table 1. Meteorological variables.

Item Baseline (1971–2000) Future

Rainfall (kgm−2 s−1) Weedon et al. (2011) Scaling & separation (see text)
Snowfall (kgm−2 s−1) Scaling & separation (see text)
Air temperature (K) Shifting (see text)
Longwave downward radiation (Wm−2) Shifting (see text)
Shortwave downward radiation (Wm−2) Fixed at present
Relative humidity (%) Fixed at present
Wind speed (ms−1) Fixed at present
Air pressure (Pa) Fixed at present
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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 MIROC-ESM-CHEM
Institute (University of Tokyo), and National Institute for Environmental Studies
Met Office Hadley Centre HadGEM2-ES
NOAA Geophysical Fluid Dynamics Laboratory GFDL-ESM2M
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Table 3. Non-meteorological variables.

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

Irrigated area Siebert et al. (2005) See Table 5
Crop intensity Döll and Siebert (2002) See Table 5
Irrigation efficiency Döll 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
Potential industrial water withdrawal demand FAO (2011) See Table 5
Potential domestic water withdrawal 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)
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Table 4. Simulation settings.

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

NAT-Baseline 1971–2000 ×
HUM-Baseline See Baseline of Table 3 1971–2000 × ×
NAT-Future RCP2.6/4.5/8.5 2011–2040, 2041–2070, 2071–2100 ×
HUM-Fix See Baseline of Table 3 RCP2.6/4.5/8.5 2011–2040, 2041–2070, 2071–2100 × ×
HUM-BAU See Future of Table 3 See Table 5 2041–2070, 2071–2100 × ×
HUM-Policy See Future of Table 3 See Table 5 2041–2070, 2071–2100 × ×
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Table 5. Combination of SSPs and RCPs. See Table 5 of Hanasaki et al. (2012) for the scenario
of irrigated area and crop intensity growth. See Tables 6, 7, 8 of Hanasaki et al. (2012) for the
improvement in efficiency of agricultural, industrial, and domestic water use, respectively.

Irrigated area Crop intensity Efficiency improvement Emission
Agricultural 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
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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
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Table 7. Global terrestrial mean precipitation change projected by the three GCMs. Baseline
period (1971–2000) is 873 mmyr−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 %
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Table 8. Global mean runoff change projected by the three GCMs. Baseline period (1971–
2000) is 407.6 mmyr−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 %
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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 %
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Table 10. Global total population (a) living under the condition of WWR≥ 0.4, (b) living where
the index improved (WWR decreased), (c) 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)
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Table 11. Global total population (a) living under the condition of CWD≤ 0.5, (b) living where
the index improved (CWD increased), (c) living where the index worsened (CWD 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)
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Table 12. Total global agricultural 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
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Table 13. Total global water withdrawal projected by three GCMs (km3 yr−1). Figures are a sum-
mation of agricultural water (shown in Table 12) and industrial and municipal water (Hanasaki
et al., 2012). 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
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Table 14. Global total population living in grid cells where the CWD< 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)
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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)
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River

Agr (3)

Land grid cell

Large
reservoirs
1km3<

Ind (2)

Mun (1)
Environmental flow
requirement is always 
left  in the channel

Irrigated cropland

Fig. 1. Schematic diagram of water withdrawal from H08. Water is only withdrawn 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 withdrawn to fulfill municipal, industrial, and agricultural
water demand on a daily basis. The environmental flow requirement (between 0–40 % of mean
monthly river discharge) is always left in the river channel.
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(a)Temperature (b)Precipitation (c)Runoff

(d)Pot_Agri_Water_Demand (e)WWR (f)CWD

243 253 263 273 283 293 303 313 1 10 50 200 500 1000 3000 10000 1 10 50 200 500 1000 3000 1000

0.00 0.01 0.50 5.00 50.00 500.000.0 0.1 0.4 1.0 0.0 0.5 0.8 1.0

Fig. 2. Input and output of the HUM-Baseline simulation. (a) Air temperature (K), (b) precipi-
tation (mmyr−1), (c) total runoff (mmyr−1), (d) Potential agricultural water withdrawal demand
(m3 s−1), (e) Withdrawal to water resources ratio (WWR) (–), and (f) cumulative withdrawal to
demand ratio (CWD) (–). Gray indicates missing values.
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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

0 2 4 6 8 10

Fig. 3. Global pattern of change (difference) in mean annual temperature from the baseline
period (K).
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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 month
equivalent, and for this condition a precipitation bias correction was not applied (see text).
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Fig. 5. Global pattern of change (ratio) in the mean annual runoff from the baseline period (–).
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Fig. 6. Global pattern of change (ratio) in the mean annual agricultural water withdrawal de-
mand from the baseline period (–).
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Fig. 7. Global pattern of change (ratio) in the Withdrawal to Water Resources ratio from the
baseline period (–).
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Fig. 8. Global pattern of change (difference) in the Cumulative Withdrawal to Demand ratio
from the baseline period (–).
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Fig. 9. Global pattern of change (ratio) in the potential irrigation water withdrawal demand of
SSP1-5 from the baseline period (–).
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Fig. 10. Global pattern of difference (future-baseline) in the Cumulative Withdrawal 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 CWD< 0.5. The bars in
left and right show the results of HUM-BAU (no climate policy) and HUM-Policy (with climate
policy), respectively.
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Fig. 12. Percentage of global population living in grid cells categorized as Significant Degra-
dation (∆CWD< −0.05, red), Moderate Degradation (−0.05 ≤∆CWD< 0, orange), and Al-
leviation or no change (0 ≤∆CWD, blue). Each category was subdivided into three by the
change in the CWD recorded as Highly Stressed (CWD< 0.5, dark), Moderately Stressed
(0.5 ≤CWD< 0.8, medium), and Less Stressed (0.8 ≤CWD, pale). The bars in left and right
show the results of HUM-BAU (no climate policy) and HUM-Policy (with climate policy), respec-
tively.
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Fig. A1. Global pattern of change (ratio) in the Withdrawal to Water Resources ratio of SSP1-5
from the baseline period (–).
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