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Abstract. A global water scarcity assessment for the 21sttively, if climate policies are not adopted. Even in SSP1 (the
century was conducted under the latest socio-economiscenario with least change in water use and climate) global
scenario for global change studies, namely Shared Sociowater scarcity increases considerably, as compared to the
economic Pathways (SSPs). SSPs depict five global situgpresent-day. This is mainly due to the growth in population
tions with substantially different socio-economic conditions. and economic activity in developing countries, and partly due
In the accompanying paper, a water use scenario compatio hydrological changes induced by global warming.

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 ent  Introduction

vironmental consciousness. In this paper, water availabil-

ity and water scarcity were assessed using a global hydrOWater resources are essential to all societal and economic
logical model called HO8. HO8 simulates both the natural@ctivities. Total global water use is increasing, mainly due
water cycle and major human activities such as water abi0 €conomic and population growth in developing countries
straction and reservoir operation. It simulates water avail-(Shiklomanov, 2000; ¥rosmarty et al., 2000; Oki et al.,
ability and use at daily time intervals at a spatial resolution2003; Oki and Kanae, 2006; Alcamo et al., 2007). Moreover,

of 0.5° x 0.5°. A series of global hydrological simulations @S a&consequence of climate change, water availability is pro-
were conducted under the SSPs, taking into account differiected to become restricted in many parts of the world from
ent climate policy options and the results of climate models.2 hydrological perspective (Arnell, 1999, 2004; Kundzewitz
Water scarcity was assessed using an index termed the C§! al., 2007; @ll, 2009). .

mulative Abstraction to Demand ratio, which is expressed Ve present a novel global water scarcity assessment,
as the accumulation of daily water abstraction from a riverWhich identifies the regions and periods vulnerable to water
divided by the daily consumption-based potential water de-Scarcity following global climate change. The objectives of
mand. This index can be used to express whether renewRUr research are threefold (see the accompanying paper for
able water resources are available from rivers when requirecddetail; Hanasaki et al., 2013). First, we conducted a global
The results suggested that by 2071-2100 the population livWater resources assessment under the latest set of scenarios
ing under severely water-stressed conditions for SSP1-5 wilfor global climate change studies (Moss et al., 2010). This
reach 2588-2798 10P (39—42 % of total population), 3966— consists of the socio-economic scenario of Shared Socio-
4298x 10° (46-50 %), 5334-5648 10° (52—55 %), 3427 economic Pathways (SSPs; Kriegler et al., 2012), the radia-

3786x 10P (4045 %), 3164—3372 10° (4649 %) respec- 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 Coupledice) during the cropping period. The reservoir operation sub-
Model Intercomparison Project Phase 5 (CMIP5; Taylor etmodel determines the storage and release of 507 reservoirs
al., 2012). Second, we developed a water use scenario that isorldwide with a storage capacity larger than %.00° m3
compatible with both the qualitative and quantitative aspectgHanasaki et al., 2006). Each reservoir is individually located
of the SSPs. Third, we assessed whether renewable water ren the river map of HO8. For reservoirs for which the primary
sources are available when they are needed at daily intervalpurpose is irrigation water supply, the release is controlled to
Our study is presented in a two-part paper. In the ac-match the seasonal variation of consumption-based potential
companying paper (Hanasaki et al., 2013), we developedrrigation water demand in the lower reach. For reservoirs
a water use scenario compatible with the five global situa-with other purposes, release and storage is controlled to min-
tions described in the SSPs. The scenario covers all of thémize seasonal and inter-annual variations in river flows, tak-
21st century at five year intervals, with a spatial resolutioning into account the ratio of the storage capacity of reser-
of 0.5° x 0.%. It includes five factors, namely, the irrigated voirs and mean annual inflow. The environmental flow re-
area, crop intensity, irrigation efficiency, and withdrawal- quirement submodel is a simple empirical model that esti-
based potential industrial and municipal water demands. Irmates the amount of river discharge that should be kept in
this paper we have conducted a series of numerical simthe channel to maintain the aquatic ecosystem. The model is
ulations using a global water resources model called HO&ased on case studies of regional practices, while the river
(Hanasaki et al., 2008a, b). The model is able to simu-discharge should ideally be unchanged for the preservation
late both the natural water cycle and human water use toef the natural environment.
gether with their interaction. The impact of different socio- The water abstraction submodel abstracts water from
economic conditions and climate change on water avail-rivers to meet the consumption-based potential water de-
ability and use were analyzed for various combinationsmand. Note that only consumptive water use is included and
of scenarios. not return flow and delivery loss. Because the river submodel
The structure of this paper is as follows. In Sect. 2, theis relatively simple (see Oki et al., 1999 in detail), the flow
models, input data and simulation settings are presented. Theelocity is not affected by water abstraction or environmen-
simulation results are discussed in Sects. 3 and 4. In Sect. 3al flows. When large reservoirs are located in the upper
we analyzed the impact of climate change excluding socio-stream, the river is affected by reservoir operation. HO8 prior-
economic change. In Sect. 4 we analyzed the impact of botlitizes the simulation of municipal water abstraction, followed
kinds of change. In Sect. 5, we summarize the key uncertainby industrial and irrigation water abstraction. Note that al-
ties in our study. In Sect. 6, we present our conclusions. though Hanasaki et al. (2010) incorporated some additional
subcomponents into HO8, such as medium-sized reservoirs
(reservoirs with storage capacity less thanx 10° m? ca-

2 Materials and methods pacity) and non-local and non-renewable blue water (hypo-
thetical water sources to close the balance of local water sup-
2.1 Global water resources model HO8 ply and demand) they were excluded in this study because

these terms include considerable uncertainties both in mod-
To estimate global water scarcity, we used the HO8 globaleling and developing future scenarios. However, we did in-
distributed hydrological model. A brief description of the clude the 507 largest reservoirs, because they considerably
HO8 model is presented here, which is directly relevant toaffect the river discharge of the largest rivers in the world
the results. A more detailed description is found in HanasakilHanasaki et al., 2006; Haddeland et al., 2006). A schematic
et al. (2006, 2008a, b). diagram of water abstraction is shown in Fig. 1.

HO8 consists of six submodels, namely, land surface hy- The performance of HO8 has been assessed in earlier pub-
drology, river routing, crop growth, reservoir operation, wa- lications. Hanasaki et al. (2008a, b) applied HO8 globally at
ter abstraction, and environmental flow requirement. Thea 1° x 1° spatial resolution and at daily time intervals for the
land surface hydrology submodel is a single soil layer modelperiod 1986—-1995. They used data from the second Global
solving both the surface energy and water balance. The riveSoil Wetness Project (GSWP2) circa 1990 and found that
submodel is a single reservoir model assuming constant flowH08 reproduced monthly river discharge at the continental
velocity. The crop growth submodel is a process-based crogcale and for major river basins (Hanasaki et al., 2008a),
model based on the formulation of the SWIM (Soil and Wa- as well as nation-wide mean annual irrigation water with-
ter Integrated Model) model (Krysanova et al., 2000). Thisdrawal (Hanasaki et al., 2008b). Haddeland et al. (2011)
submodel is used to estimate the crop calendar (e.g. planeonducted an inter-comparison of global hydrological mod-
ing date, harvesting date and cropping period), which is esels. They ran 13 models under a common simulation proto-
sential to estimate the daily irrigation water requirement.col, and compared hydrological variables such as river dis-
Consumption-based potential irrigation water demand is decharge, evaporation, and snowmelt. The results showed that
fined as the irrigation water required to maintain soil mois- HO8 is within the plausible range of modern macro-scale
ture in the top 1 m of irrigated cropland at 75 % (100 % for hydrological models for most basins.
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shifting and scaling methodology was used (e.g. Alcamo et

7 al., 2007; Lehner et al., 2006).
Large cor obs —=0rg —org
qisexows Ty,m,d = Ty,m,d + (Tfuturem - Tbaselinem) (1)
m
Irrigated cropland cor obs —org —org
; 1 et Pymd = Pymd X (Pfuturem - Pbaselinem) (2)
Land grid cell |§' il Environmental flow .
; ; cor obs —org org
{:gui';etr:r;':nﬂgays Ly,m,d = Ly,m,d X (quturam - Lbaselinem) ) (3)

River whereT, P, andL denote air temperature, precipitation, and

longwave radiation, respectively. The superscripts cor, obs,
and org denote bias-corrected, observation and original GCM

Fig. 1. Schematic diagram of water abstraction in HO8. Water is Yalues’ respectively. The subscripts future, baseline y, m, d

only abstracted from rivers. A river is considered to be regulatedIndlcate f”‘“fe period, retrospectlv_e p_enod, year, month, and
if there are large reservoirs with a storage capacity of greater thay: réspectively. The upper bar indicates that the mean of
1.0x 10° m3. Water is abstracted to fulfill potential municipal, in- thirty years’ records has been taken. After correcting for tem-
dustrial, and irrigation water demands on a daily basis. The environPerature and precipitation, rainfall-snowfall separation was
mental flow requirement (between 0-40% of mean monthly riverconducted following the method of Kondo (1994), which
discharge) is always left in the river channel. uses not only air temperature but also relative humidity.

2.3 Non-meteorological data and scenarios

2.2 Meteorological data and scenarios HO8 requires the input of the non-meteorological variables
listed in Table 3. For the other parameters of H08, we used
HO8 requires the input of the eight meteorological variablesthe default values, as shown in Hanasaki et al. (2008a, b,
listed in Table 1. For historical simulations, WATCH (Wa- 2010). For historical simulations, we used published datasets,
ter and Global Change project) forcing data (Weedon et al.which represent the period circa 2000. For future simula-
2011; hereafter WFD) was used. WFD covers the wholetions, we used scenarios developed in the accompanying
globe at a 0.5 0.5° spatial resolution. It covers the time pe- paper (Hanasaki et al., 2013) for the irrigated area, crop
riod 1958-2001 at six-hourly intervals. We converted WFD intensity, irrigation efficiency, and withdrawal-based poten-
into daily intervals, and used 1971-2000 as the base periodtial industrial and domestic water demand. Due to a lack
For future simulations, the climate scenario of the CMIP5 of available information, the other variables were kept at
was used. CMIP5 coordinates climate projections usingpresent levels.
global climate models (Taylor et al., 2012). As of Octo- Crop type was set by using the crop type data of Mon-
ber 2012, the results of more than 40 global climate mod-freda et al. (2008). They provided the areal fraction of 175
els (GCMs) have been available via the internet. Althoughcrop types, but we used only 19 that are commonly culti-
it is recommended to utilize all available GCMs to account vated worldwide. HO8 is able to simulate up to two crops per
for model uncertainty (Knutti et al., 2010), for practical rea- year (multiple-cropping is common in the tropics), but needs
sons, we needed to restrict the number of GCMs used. We¢o select only one crop type per grid cell during a cropping
subjectively selected three GCMs, namely MIROC-ESM- period (from planting to harvesting date). Here we assumed
CHEM (MIROC), HadGEM2-ES (HadGEMZ2), and GFDL- that the crop type of the largest fraction is planted in the first
ESM2M (GFDL) (Table 2). There is an open discussion re-crop, and that of the second largest is in the second. We fixed
garding the selection of models (Knutti et al., 2010), but the crop type throughout the 21st century, because of a lack
the models selected in this study are used in the Inteof available data. This might be unrealistic because farmers
Sectoral Impact Model Intercomparison Project (ISI-MIP; would change the crop type to adapt to a changing climate
http://www.isi-mip.org), which enabled cross-checking with and the demands of the crop. Because it is beyond the scope
their results. of this study to discuss future agricultural practices and food
It is widely known that the output of GCMs contain sys- production, we left the crop type scenario until such time as
tematic biases. In this study, we corrected for the biases ofhe integrated assessment community can provide relevant
air temperature, precipitation, and longwave downward radi-scenarios and guidelines (see also the discussion in Sects. 3
ation. Most of the earlier studies corrected only for air tem-and 6 of Hanasaki et al., 2013).
perature and precipitation. We included longwave downward Potential water demand for industrial and municipal use
radiation, because this term shows an apparent increasing provided as the withdrawal base. To convert this into a
trend in all GCM projections. Moreover, this term is impor- consumption base, which is used to calculate the Cumula-
tant in solving the surface energy balance. To remove bias, #éive Abstraction to Demand index explained below, we used
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Table 1. Meteorological variables.

Item Baseline (1971-2000) Future

Rainfall [kgm—2s™1 Weedon et al. (2011) Scaling & separation (see text)
Snowfall [kgn2s™1] Scaling & separation (see text)
Air temperature [K] Shifting (see text)

Longwave downward radiation [Wﬁ?-] Shifting (see text)

Shortwave downward radiation [WTA] Fixed at present

Relative humidity [%] Fixed at present

Wind speed [m31] 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 Res@ARDC-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

the factors 0.10 and 0.15 respectively, from the work of Shik-icy (HUM-Policy). Three simulation periods were set, 2011-
lomanov (2000). These values should be varied by country2040, 2041-2070 and 2071-2100.
time, and technological development. Because of a lack of The NAT-Future simulation was conducted to analyze the
information, we fixed these values throughout all countries,hydrological response to climate change. HO8 was set to
simulation periods, and scenarios. The values used could ba naturalized configuration, and future meteorological data
too optimistic for developing countries with limited water re- (Eqgs. 1-3) were prepared for three RCPs (RCP2.6, 4.5, 8.5)
cycling technology. Potential water demand for irrigation useand three GCMs (MIROC, HadGEM2, GFDL).
is simulated by HO8 as the consumption base. To convert this The HUM-Fix simulation was conducted to analyze the
into the withdrawal base, which is used to calculate the With-magnitude of change in water availability and use due
drawal to Water Resources index explained below, we usedo climate change, excluding the effect of socio-economic
the irrigation efficiency scenario developed in the accompa-changes. Three RCPs were used for three GCMs, but non-
nying paper (Hanasaki et al., 2013). 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
We configured models and set up a simulation protocol asompatible with the emission path as described in the ac-
shown in Tables 4 and 5. We configured HO8 in two forms, companying paper (Table 5, see also Fig. 3 of Hanasaki et
first for naturalized simulation (NAT), using only land sur- al., 2013). Note that because the RCPs and SSPs have been
face and river submodels, and second for human simulationleveloped independently, consistency between them is not
(HUM), using all six submodels. The NAT was used to as- strictly assured.
sess a situation that assumed there was no human activity at The HUM-Policy simulation was conducted to evaluate
all during the simulation periods, in order to evaluate the im-how climate policies alleviate water scarcity for each SSP.
pact of climate change on the hydrological cycle. The HUM All five of the SSP scenarios were used. In this study, cli-
was used to assess water scarcity. mate policy switches RCPs into lower levels (Table 5, see
For the baseline period (1971-2000), two simulationsalso Fig. 3 of Hanasaki et al., 2013). Again note that the con-
were conducted with a naturalized configuration (NAT- sistency of RCPs, SSPs, and the policy scenarios are not fully
Baseline) and human configuration (HUM-Baseline). assured. Climate policy simulations in this study were con-
For the future periods, we conducted four simulations: nat-ducted primarily to determine the response to a lower level of
uralized configuration (NAT-Future), human configuration climate change. Although not available as of October 2012,
fixing non-meteorological variables at circa 2000 (HUM- a climate policy scenario called Shared Policy Assumptions
Fix), using the SSPs without a climate policy (business ag(SPA) is under discussion (Kriegler et al., 2012).
usual; HUM-BAU), and using the SSPs with a climate pol-

2.4 Simulation settings
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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 Il and Siebert (2002) See Table 5
Irrigation efficiency Il 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 computed the WWR on a monthly basis. Alcamo et al. (2007)

proposed the consumption-to-Q90 ratio. Here“consumption”
Many earlier studies assessed water scarcity using an inis the average monthly volume of water that is evaporated
dex called the Withdrawal to Water Resources (WWR) ra-and “Q90” is a measure of the monthly river discharge that
tio, which was devised by Raskin et al. (1997). The indexoccurs under dry conditions (monthly discharge exceeds the
expresses annual water withdrawal as a function of annuat)90 value for 90 % of the time). These approaches success-
renewable water resources. fully identify the water scarcity in the most stressed month of
WWR = W/ 0, (4) the year, but do not easily determine water scarcity th_rough-

out the year as a whole. Hanasaki et al. (2008b) devised an
where @ is the annual renewable water resource, typicallyindex called the Cumulative Abstraction to Demand (CAD)
substituted with mean annual river discharge’ §m'] and  ratio. The index was designed for modern global hydrologi-
W is the annual total water withdrawal fre™]. If water  cal models, which can explicitly simulate the daily river dis-
withdrawal exceeds 40 % of the water resources in a regiongharge and water abstraction. This index is expressed as
a chronic water shortage is indicated. This index is widely

used, probably because it is intuitive and requires only two 365 365
factors  and Q) that are relatively easily available. How- CAD= Y apov / ) dpoy. (5)
ever, there are some well-known problems with the use of DOY=1 DOY=1

the WWR that are particularly important when it is applied

to the assessment of climate change impacts. Climate changehereapoy anddpoy denote the simulated daily water ab-
is projected to increase mean annual river discharges in mangtraction from a river and the daily consumption-based po-
parts of the world, with an accompanying increase in thetential water demand for a day of the year (DOY), respec-
frequency and magnitude of the risk of floods and droughtstively. If the accumulated water abstraction from the river
(Kundzewitz et al., 2007). Because all of these variations ar§numerator) falls below the accumulated consumption-based
smoothed when the mean annual river discharge (i.e. the depotential water demand (denominator), water scarcity is in-
nominator of Eq. 4) is calculated, the WWR unintentionally dicated.apoy < dpoy can occur when a water source (i.e.
underestimates these risks. A few studies have reported coura river) is depleted. In this way, the index directly indicates
termeasures. Wada et al. (2011) and Hoekstra et al. (2012)hether the water is available when it is needed.
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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- as population and land use, was not used or fixed at the base-
ity, not only river water but also groundwater, water stored inline period in these settings.
reservoirs and water diverted from different river basins are
sources of water. In numerical simulations, all of these fac-3.1 Climate change
tors can be disabled, allowing the relationship between the
natural hydrological cycle and human-water demand to be-irst, we focus on the change in air temperature, which in-
analyzed. When the CAD falls below unity, it does not nec- dicates the magnitude of climate change. We then consider
essarily indicate that a region is experiencing a water shortthe change in precipitation, which directly impacts water re-
age, but it does indicate the need for an alternative source ofources and consumption-based potential irrigation water de-
water other than natural river flow. mand.

Hanasaki et al. (2008b) estimated the CAD globally us- Tables 6 and 7 show the changes in mean global terrestrial
ing the HO8 water resources model. They identified regiondi-€. land only excluding the Antarctica) temperature and pre-
that experience a gap in their subannual distribution of wa-Cipitation, respectively. The projected rise of global terres-
ter availability and water use, including the Sahel, the Asiantrial mean temperature in 2071-2100, compared to the base-
monsoon region, and southern Africa. Due to the large conline period (1971-2000), was 1.2-2.4K (RCP 2.6), 2.0-3.9K
trast between wet and dry seasons, these regions frequentffiRCP 4.5), and 3.8-6.4 K (RCP 8.5). Global mean precipita-
suffer from seasonal water shortages in dry periods. They rettion increased by 0.8-4.5, 1.9-5.9, and 3.6-9.5%, respec-
rospectively assessed the period of 1986-1995, but not urtively. The MIROC projection produced the largest increases
der climate change conditions. Thus, the CAD is used for @@mong the three models. HadGEM2 projected a similar tem-

global change impact assessment on water scarcity for theerature rise to MIROC, but the change in precipitation was
first time in this study. slightly smaller. GFDL projected the least change in both

temperature and precipitation among the three models, being
less than half of MIROC and HadGEM?2.
3 Results and discussion Part 1: impact of climate Figures 3 and 4 show the geographical patterns of global
change temperature rise and precipitation changes projected by
MIROC. Only the results of MIROC are used for discus-
This section provides basic information regarding the re-sion of geographical patterns hereafter, because the model
sponse of hydrology and the water scarcity index to cli- shows the largest change among the three used. The results
mate change. Socio-economic change is excluded on puwef HadGEM and GFDL are available in the Supplement.
pose. Both climate and socio-economic change are consid-rom Figs. 3 and 4, it can be clearly seen that the spa-
ered in the next section. tial pattern of change is similar among periods and RCPs,
In this section, we analyze the results of the NAT-Futureand only the magnitude of change increases as time and
and HUM-Fix simulations and compare them with the NAT- radiative forcing increases from a macroscopic perspective.
Baseline and HUM-Baseline simulations, respectively. TheAlthough the other two models produced different spatial
results of the HUM-Baseline simulation are shown in Fig. 2. patterns and magnitudes, a generally consistent pattern was
As can be seen from Table 4, non-meteorological data, sucidentified, where temperature in the northern high latitudes
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(a)Temperature (b)Precipitation

(c)Runoff

2

243 253 263 273 283 293 303 313 1 10 50 200 500 1000 300010000 1 10 50 200 500 1000 3000 100(
(d)Pot_Agri_Water_Demand (HCWD

0.00 001 050 500 50.00 500.000.0 0.1 0.4 1.0 0.0 0.5 0.8 1.C

Fig. 2. Input and output of the HUM-Baseline simulaticia) Air temperature [K](b) precipitation [mmyr1], (c) total runoff [mm yr1],
(d) withdrawal-based potential irrigation water demand [sn1], (e) withdrawal to water resources ratio (WWR) [-], aff}l cumulative
abstraction to demand ratio (CAD) [-]. Gray indicates missing values.

RCP2.6_2041-2070

RCP4.5 2011-2040
T : ‘—»«ijﬁ”‘

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

increased rapidly, as compared to the low latitudes. Precipi3.2 Hydrological change

tation decreased in semi-arid areas such as near the Mediter-

ranean Sea, central to western mid-latitude North AmericaNext, the change in mean estimated annual runoff is dis-

southern Africa and southeastern South America. One imcussed. Mean annual runoff is a key variable in the assess-

portant finding, as shown by Tables 6—7 and Figs. 3—4 is thament of water resources, because it corresponds to regional

there is no clear difference when using RCP2.6, RCP4.5, angenewable water resources. We focused on the results of

RCP8.5 in 2011-2040. There are distinct differences aftethe NAT-Future simulation, which displayed a hydrological

2041-2070 in terms of both the mean global changes an@esponse to climate change.

geographical patterns. 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

www.hydrol-earth-syst-sci.net/17/2393/2013/ Hydrol. Earth Syst. Sci., 17, 239343 2013
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RCP26 2011- 2040 RCP2 6_2041-2070 RCP2 6_2071-2100

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 1.7K 2.4K 2.4K 15K 2.9K 3.6K 1.7K 3.8K 6.3K
HadGEM 18K 2.4K 2.3K 1.7K 3.1K 3.9K 1.9K 40K 6.4K
GFDL 1.1K 1.3K 1.2K 1.2K 1.8K 2.0K 12K 2.4K 3.8K

projected the largest increase in runoff among the three mod-0.2-1.6, 1.9-2.8, and 6.7-10.0 %, respectively, in 2071—
els, which is consistent with the change in precipitation. 2100. This indicates that the total global withdrawal-based
Figure 5 shows the geographical pattern of the changgotential irrigation water demand increases in almost all sce-
in runoff. Although the pattern of runoff changes (i.e. red- narios. This is consistent with the findings obID(2002)
blue distribution) was similar to that of precipitation changeswho reported the results of similar numerical experiments.
(Fig. 4), there was a much stronger contrast with the regionallhe difference among models and scenarios was small in
pattern (the color schemes are identical for Figs. 4 and 5)2011-2040, but became more distinct after 2041-2070.
Generally, runoff increased in the northern high latitudes and Figure 6 shows the change in the mean annual withdrawal-
decreased in the mid-latitudes. The figure indicates that, fobased potential irrigation water demand projected by the
MIROC under the RCP8.5 scenario, the mean annual runofMIROC. In 2011-2040, the change was no more 40 %
in 2071-2100 was altered by more than 10 % from the basein most of the world. In 2041-2070, the change exceeded

line period, in almost all regions of the world. +10% in many regions except for the Asian monsoon re-
gions and Australia. In 2071-2100 and particularly for the
3.3 Withdrawal-based potential irrigation water results using RCP8.5, many regions displayed an increase
demand or decrease larger thatt10%. This pattern is primarily

explained by the increase in potential irrigation water de-
Next, the simulated withdrawal-based potential irrigation mand in regions receiving less precipitation, and vice versa.
water demand is discussed using the results of HUM-Fixin addition to precipitation, higher temperatures and down-
simulations. Table 9 shows the projected change in global toward longwave radiation also contribute to an increase in
tal withdrawal-based potential irrigation water demand. The
projected ranges for RCP2.6, RCP4.5, and RCP8.5 were
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Table 7.Global terrestrial mean precipitation change projected by the three GCMs. Baseline period (1971-2000) is 8783 mm yr

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 4076'mm yr

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 55% 6.5% 6.9% 5.1% 54% 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 egraphical pattern of changes in the WWR. We defined the

higher water requirement. change as the ratio of WWR of the future period to the base-
line, because WWR takes a wide range (almost zero in wet
3.4 Withdrawal to water resources ratio unpopulated regions to thousands in dry populated regions).

The positive and negative signs basically correspond to the

Water scarcity was assessed using the WWR. We focused ofunoff scenario from Fig. 5. WWR increased where runoff
both the index itself ¥/ Q) and the so-called water-stressed decreased and vice versa. Note that the change was shifted
population, which is defined here as the total population liv-toward the negative (i.e. water scarcity) direction, because
ing in grid cells where the index exceeds 0.4. global irrigation water withdrawal increased slightly (Fig. 6).

Table 10 shows the total global water-stressed population Table 10 shows the population living in the grid cells
and highlights two interesting findings. First, the estimatedwhere water stress conditions improved (WWR decreased) or
water-stressed population varied only marginally across allyorsened (WWR increased). Again, some interesting results
scenarios. Second, there was no clear relationship betweegere observed. Water stress conditions improved for more
the water-stressed population and either time or GHG emisthan half of the population for most of the cases shown in Ta-
sions (i.e. RCPs). In some simulations, water stress decreasgfle 10. This may indicate that climate change alleviates water
as time progressed (e.g. when using RCP2.6 in MIROC thescarcity or an increase in mean annual runoff may improve
water-stressed population in 2041-2070 was smaller than ifhe availability of water. These issues are further investigated
2011-2040) or as GHG emissions increased (e.g. in 2071in the next subsection.
2100 of MIROC, the water-stressed population using RCP4.5
was smaller than when using RCP2.6). 3.5 Cumulative abstraction to demand ratio

The minor changes in the water-stressed population can
be primarily explained by the robustness of the index. InIn order to further investigate water scarcity following cli-
the HUM-Fix simulation, we fixedW (the numerator of mate change, the CAD is used in this section. We focused on
Eq. 4). Irrigation water withdrawal was also affected by cli- both the index itself and the water-stressed population, which
mate change but the change was small. Theref@réthe is defined here as the total population living in a grid where
denominator) had the primary role in this assessment. Althe index falls below 0.5 (Hanasaki et al., 2008b).
though climate change affected the hydrological cycle glob- Table 11 shows the projected water-stressed population.
ally, it did not alter the spatial pattern of world climatic zones A clear relationship was observed where the stressed popula-
(i.e. fundamentally, the dry regions remained dry, and the wetion increased over time and with increasing GHG emissions,
regions remained wet). This prevented substantial change ine. climate change degraded water availability. However, as
the index. Consequently, densely populated grid cells wheravith the WWR results, the water-stressed population did not
the index far exceeded 0.4 generated water-stressed populahange significantly among scenarios. This is due to the same
tion in all scenarios. The estimation of the total global water-reasons we discussed in the previous subsection: regions with
stressed population was considered to be robust due to thesestrong seasonality in both water availability and use retain
factors. these features under various climate change scenarios.

To analyze the change in the water-stressed population, we Figure 8 shows the global pattern of differences in the
focused on the change in WWR. Figure 7 shows the geo-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 $3t2km

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% 24% 1.7% 3.8% 7.1%

RCP2.6_2011_2040 RCP2.6_2041_2070

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 ofncreases. Mean annual runoff could be increased by rain-

runoff change (Fig. 5), indicating that, although the total fall in a rainy season or under extreme precipitation. These

annual runoff increased, water resources were not availablencreases are usually difficult to utilize as water resources

when they were needed. For example, while the mean anfKundzewitz et al., 2007). The CAD is expressed as the ac-

nual runoff increased in the Sahel regions, CAD decreased¢umulation of daily abstraction from rivers divided by the

(i.e. water stress increases). The increase in runoff in the wesaiccumulation of daily consumption-based potential water de-

seasons did not contribute to water resources in dry seasonsjand. This index is useful for determining whether water is

and the gap between water availability and use in dry seasomavailable when it is needed, taking into account the seasonal-

worsened. The results imply that the increase in mean annuaty of both water availability and use. Excess water (e.g. flood

runoff did not alleviate water scarcity in these regions. water in wet seasons) is not considered to be available, which
Table 11 shows the population living in the grid cells is an advantage over WWR.

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,  Results and discussion Part 2: impact of climate and

emissions. Although total global runoff increased, the results  gocjo-economic change

indicate that less than 30 % of the population benefitted in

terms of improved water availability. This section provides the results of the global water scarcity

The results using the CAD are Substantially different from assessment regarding the response to climate and socio-
those using the WWR. The WWR has been widely used ineconomic change.

previous water resource assessments, but the results should|n this section, we analyze the results of the HUM-BAU
be interpreted with caution when it is applied to climate and HUM-Policy simulations in contrast with the HUM-
change impact assessments. Because of the nature of tiseline simulation. We mainly focused on the relation-
WWR, water stress is alleviated when the mean annual runofghip between the SSPs and water scarcity. Water scarcity is
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RCP2.6_2011-2040 RCP2.6_2041-2070 RCP2.6_2071-2100

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 WWRO0.4, living where the index improved (WWR decreased), and living
where the index worsened (WWR increased).(® 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—-2000xi4¢@7aérson.

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) 2012 (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 3.6CMs were relatively small. The HUM-Policy simulation
although WWR has been widely used in previous studies, itsystematically decreased the projection of withdrawal-based
can be misleading when interpreting the impact of climatepotential irrigation water demand in all SSPs and GCMs, as
change on water scarcity. The results using the WWR areeompared to the HUM-BAU simulation, but the change was

given in Appendix A, for the readers’ convenience. only a few percent.
The differences in the results can be explained by the sim-
4.1 Withdrawal-based potential irrigation water ulation settings summarized in Table 5. Irrigation growth sce-
demand narios and irrigation water efficiency scenarios have an im-

portant role in projecting withdrawal-based potential irriga-

Table 12 shows the total global withdrawal-based potentialtlon water demand. It is clear that the combination of low

irrigation water demand. The range among the SSPs was owth and high efficiency (SSP1) resulted in the least de-
much as 3154-8595 khyr—1 in 2071-2100. In the HUM- mand, and high growth and low efficiency (SSP3) resulted in

BAU simulation, SSP3 produced the largest withdrawal- the greatest demand, with the mid-growth and mid-efficiency

based potential irrigation water demand, followed by SSPSscenario (SSP2) producing intermediate levels of demand.
SSP2 SSP4. and SSP1. Of the three GCMs. MIROC pro’:l'he setting of SSP4 is similar to SSP1, except for the ir-
jected the largest demand but the differences among the thredgation efficiency scenario. SSP4 assumes that irrigation
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RCP2.6_2011-2040

ey e

RCP2.6_2041-2070

= e

RCP2.6_2071-2100

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 CABDO0.5, living where the index improved (CAD increased), and living

where the index worsened (CAD decreased)L(P person). The number in brackets is the percentage of the global total population. Baseline
period (1971-2000) is 2147 10° person.

RCP2.6 RCP4.5 RCP8.5
2011-2040 2041-2070 20712100 2011-2040 2041-2070 20712100 2011-2040 2041-2070 20712100
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  Table 13 shows the total global potential water withdrawal
countries. Because the irrigation-equipped area is predomidemand for all sectors. We added the global withdrawal-
nantly located in non-OECD countries, this assumption con-based potential irrigation (Table 12) and industrial and mu-
tributes to the increased withdrawal-based potential irriga-nicipal water demands (Tables 10 and 11 of Hanasaki et
tion water demand when using SSP4, as compared to SSPal., 2013). As with the global irrigation water withdrawal,
Similarly, the irrigation growth in SSP5 was identical to that SSP3 produced the largest demand, followed by SSP5, SSP2,
of SSP3 but, due to improvements in efficiency, the increase&sSP4, and SSP1. SSP3 produced levels of demand two and
in potential water demand for SSP5 was much more rethree times higher than SSP1 in 2041-2070 and 2071-2100,
stricted than for SSP3. In addition to the irrigation growth respectively.
and efficiency scenarios, the climate scenarios are also dif- Figure 9 shows the geographical pattern of change in
ferent for each SSP. However, as discussed in the previouwithdrawal-based potential irrigation water demand. For
chapter and as shown in Table 9, the effect produced a differSSP1, water demand displayed only small changes and even
ence of only few percent at most. This also explains why thedecreased in some regions of the Northern Hemisphere. For
differences in the HUM-BAU and HUM-Policy simulations SSP4, which assumes low irrigation water use efficiency
were small. in non-OECD countries, the potential irrigation water de-
mand increased in those countries. For SSP2 and SSP3, the
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RCP2.6_2011-2040 RCP2.6_2041-2070 RCP2.6_2071-2100

-0.10 -0.06 -0.02 0.02 0.06 0.10

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 $m1]. Note that the baseline is 3214 Riyr—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, particu67 % of the global population. Moreover, the increase in
larly in South Asia and Eastern South America. population further increased the water-stressed population,
negating the impact of a decrease in total potential water
4.2 Water scarcity assessment using the Cumulative demand (Table 13).
Abstraction to Demand (CAD) ratio The range in the size of water-stressed populations among
SSPs that took both water use and climate scenarios into ac-
Table 14 shows the water-stressed population using the CADEOUNt (Table 14) was much greater than that of the HUM-Fix
The water-stressed population was largest for SSP3, followedimulation, which only took a climate scenario into account
by SSP2, SSP5, SSP4, and SSP1. Taking into account the diffable 11). This indicates that a water-stressed population
ferences of population, the percentage of the total global poplS Much more sensitive to a water use (or socio-economic)
ulation that is projected to become water stressed was large§€enario than climate change. Note that the water-stressed
for SSP3, followed by SSP5, SSP2, SSP4, and SSP1. Thigopulation increased in all scenarios, including SSP1 in
order is identical to that observed for the total potential waterWhich total global potential water demand decreases. This
demand (Table 13). is mainly because of the increase in population, particularly
For SSP1, even though the total withdrawal-based potenin developing countries. _ . _
tial water demand was smaller than the baseline period, the Figure 10 shows the geographical pattern of differences in
index worsened for more than 74 % of the global populationthe CAD. It is clear that in all SSPs water stress conditions
in both the HUM-BAU and HUM-Policy simulations. This increase in the Sahel and southern Africa. This is due to the
can be explained by the two key factors of climate Changeincrease in consumption-based potential water demand from
and population growth. First, as already shown in Table 11,a|| sectors. Substantial growth in electricity production and
climate change degraded the water availability of more tharPOpulation 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 GCI\ﬁg/[k‘r%]. 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.km

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 11456 5618 5893 6535 7700
Policy 4229 3883 6272 6760 8723 11041 5540 5771 6447 7378
HadGEM2 BAU 4261 3924 6300 6939 8730 11222 5510 5715 6453 7519
Policy 4206 3830 6248 6723 8661 10911 5445 5597 6395 7277
GFDL BAU 4300 3954 6327 6942 8762 11212 5554 5754 6480 7510
Policy 4261 3864 6266 6730 8717 10963 5509 5639 6443 7318

Table 14.Global total population living in grid cells where the CAED.5 (x 108 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) 590 ( 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 reworld. The number of water-stressed populations was highest
gions was less severely affected. The situation is similar inin Africa, India, China, and Rest of Asia throughout the cen-
SSP4. In contrast, for SSP2 and SSP3, water stress conditiongry. The largest growth in water-stressed populations was
increase in populated areas such as northern to central Chinagen in Africa.
the Mediterranean, and eastern to central North America. Figure 12 shows the percentage of the global population
The geographical pattern of Fig. 10 can be explained byin specific water stress categories. We subdivided the popula-
the change in the CAD influenced by the different climate tion of the world according to two factors. First, all grid cells
scenarios (Fig. 8) and water use reflecting different socio-were subdivided into three according to the change in CAD
economic scenarios (Fig. 9). For SSP1, because water ud&ACAD). We used the term Significant Degradation for grid
is not increasing significantly at the global level, the resultscells whereACAD < —0.05, Moderate Degradation where
are similar to Fig. 8 except Africa. In contrast, for SSP3, a —0.05< ACAD <0, and Alleviation or no change where
significant increase in water use resulted, which produced & < ACAD. Second, each category was further subdivided
different pattern to Fig. 8. into three by the CAD. We used the term Highly Stressed for
Figure 11 shows the population living in grid cells where CAD<0.5, Moderately Stressed for 0s5CAD < 0.8, and
CAD < 0.5 for regions of the Asia-Pacific Integrated Model Less Stressed for 08CAD. The results clearly showed that
(AIM)-SSP. AIM-SSP subdivides the world into 12 regions an alleviation of water stress conditions were projected for
(Africa, Middle East, Latin America, North America, Rest only a limited proportion of the global population, (i.e. CAD
of Asia, India, China, Oceania, Japan, EU, Rest of Europedecreases compared with baseline period, shown in blue) in
including the Baltic countries, and Former Soviet Union ex- all of the SSPs. For most people in the world, water stress
cluding the Baltic countries). The number of water-stressedconditions increase due to global climate change (red and or-
populations in the last five regions is merged in Fig. 11, ange). However, populations suffering from severe degrada-
because each number was small compared to the other réion of the CAD (ACAD < —0.05) vary among the scenarios.
gions. Water-stressed regions are unevenly distributed in th€or example, in SSP1 around 30 % of the global population
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SSP1_BAU_2041-2070 SSP1_Policy 2041-2070

SSP1_BAU_2041-2070 SSP1_Policy_2041-2070

SSP3 BAU_2041-2070 SSP3_Policy 2041-2070 SSP3_Policy 2041-2070

SSP4 BAU_2041-2070 SSP4_Policy 2041-2070

0.0 0.5 0.9 11 15 2.0 -0.10 -0.06 -0.02 0.02 0.06 0.10

Fig. 9. Global pattern of change (ratio) in the withdrawal-based po- Fig. 10. Global pattern of difference (future — baseline) in the Cu-
tential irrigation water demand of SSP1-5 from the baseline periodmulative Abstraction to Demand ratio of SSP1-5 from the baseline
[-]. period [].

r.>(106 IAfrica Mid_East I Latin_Am I North_Am Rest_As I India I China I Others

suffer from severe degradation (shown as red), whereas fory,
SSP3 the value is around 60 % in 2041-2070. Fewer popula-
tions suffered from severe water scarcity when a climate pol- 500 II r

icy was taken into consideration, especially in 2071-2100. |

4.3 Implications 3000 II II B II I i
Based on the findings above, particularly from Figs. 11 and 2°°°| II II II II i s | | I
-
- -

12, we derived the implications of each SSP. 1000
SSP1 (Sustainability) depicts a future world based on sus- |
tainable practices. For this scenario, we combined the best Obaselne SSPL SSP2 SSP3 SSP4 SSP5  SSPL SSPZ SSP3 SSP4 SSPS
available scenarios and options in terms of the least climate 2041-2070 2071-2100
change and the smallest increase in water use. For examplgig. 11. Region-wise total global population living in grid cells
we adopted RCP2.6 as a climate scenario with the adoptioihere CAD < 0.5. The bars on the left and right show the results
of a climate policy that was intended to stabilize the global of HUM-BAU (no climate policy) and HUM-Policy (with climate
mean air temperature arourd® °C from the industrial revo-  policy), respectively.
lution level. For the water use scenario, we adopted the low-
est projection of irrigated area expansion from published re-
ports (¢-0.06 % yr1; see Table 5 and Table 5 of Hanasaki efficient countries in the latter half of the 20th century. Mu-
et al., 2013) and the highest rate of improvement in irriga-nicipal water withdrawal decreased toward a per capita mu-
tion water use efficiency, to make it compatible with the key nicipal water use of 200 L day globally. Consequently, the
concepts of SSP1. The efficiency improvement of industrialprojected total water withdrawal decreased slightly, as com-
water use was taken from the observed rates in highly waterpared to the baseline period. Although the resulting water
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LIl Ml Pl bl el il Pl i SSP4 (Inequality) d_epicts a.highly unequal future world.
o0 A = | | g C= | 1 The water use scenario was similar to that of SSP1, but the
o “ 1 ll || | [ | improvements in efficiency were assumed to be low for non-
70 4 i OECD countries. The results showed similar water stress
60 | - characteristics to SSP1, but much more severe for developing
50 - countries, particularly in Africa (Fig. 11).
40 - SSP5 (Conventional Development) depicts a future world
30 i of robust economic growth based on the continued exploita-
207 tion of fossil fuels. Its water use scenario was similar to
0 . . .. .
1 that of SSP3, but the improvement in efficiency was high
0- SSP1 SSP2 SSP3 SSP4 SSP5 SSPI SSP2_SSP3_ SSP4 SSP5

504122070 2071-2100 for all countries, as inferred from the narrative scenario of

_ o SSPS5. Together with the lower population growth, the water-
Elg. 12.Pe.rce.n.tage of global populatlon living in grid cells catego- gtressed population was lower than in SSP3, but the propor-

rized as Significant Degradatiol CAD < —0.05, red), Moderate i ot the global population suffering from reduced water

Degradation £0.05< ACAD < 0, orange), and Alleviation or no S ; ST
change (& ACAD, blue). Each category was subdivided into three availability was almost the same as in SSP3. This implied

by the change in the CAD recorded as Highly Stressed (CATS that social activity could be restricted by water shortages,
dark), Moderately Stressed (G<SCAD < 0.8, medium), and Le'ss which contradicted the qualitative scenario of SSP5 that in-

Stressed (0.8 CAD, pale). The bars on the left and right show the dicated fast and robust economic growth. This implied the

results of HUM-BAU (no climate policy) and HUM-Policy (with need for the development of extra water resources, such as

climate policy), respectively. increasing water storage capacity, abstracting more ground-
water or increasing desalination.

scarcity was by far the lowest among the SSPs, the results in-

dicated that global water scarcity in SSP1 increased, as conp  Uncertainty

pared to the baseline period. This implies that even for one of ) .
the most optimistic scenario combinations, pressure on watep-1 ~ Climate scenario

resources WI|| contlnuethroughout'the current century. In this study, we used three GCMs, although more than
SSP2 (Middle of the Road) depicts a future world where . :

. . . 40 GCMs are readily available (Taylor et al., 2012). There

the socio-economic trends of recent decades continue. For . .

) : i . . 1S a need to increase the number of GCMs in order to

this scenario we combined moderate scenarios and options; . . -

, . . cover the uncertainty of climate projections. We selected

We confirmed that our projected water withdrawal largely S . )

agreed with earlier reports that assumed the continuation o}hree GCMs subjectively. Although there is no established

9 P methodology to prioritize the available GCMs (Knutti et al.,

current trends (Hanasaki et al., 2013). This is consistent WiﬂbOlO) performance metrics for GCMs (e.g. Gleckler et al

the key co“ncept O.f SSP2, V\,’,h'Ch is a future world _con5|d-2008) would be useful to ensure that the selection process is
ered to be “dynamic as usual”. Under these assumptions, Wit oo subjective

ter use continuously increased and consequently water stressWhen preparing the climate scenario, we adopted a shift-

also increased in many parts of the world. Figure 11 |nd|cate(s¥;Ig and scaling method (Lehner et al., 2006) to remove the
i

that the tlotal global water-stressed pgpulatloq nearly double ases of the GCMs. This was computationally efficient, be-
by the middle of the century and continued to increase towar ; .
cause only the mean monthly difference was added or multi-

the end of the century. lied to the retrospective time series of meteorological forc-
SSP3 (Fragmented World) depicts a future world of ex-!3 P 9

. : . . ing data. Moreover, because of this simplicity, the climate
treme poverty and a rapidly growing population, which L . : . .
e ] . scenario is consistent with the baseline period, and produces
makes it difficult to adapt to climate change. For this sce-

nario, we combined the high-end scenarios and options tha?table results. However, neglecting the temporal variability

were available. Water use is substantially increased globall;%)f change is a widely recognized shortcoming of this method.

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, doublin

n 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

- lobal studies. For example, Piani et al. (2010) developed a
by 2041-2070, and tripling by 2071-2100. Consequently, the,, daily climate scengrio for three C(MIP3)GCMs pAI-
total global water-stressed population had nearly tripled byg .

the end of the century. About 50 % of the total population wastho.ngh I IS Very labor 'r_‘te”s"’e to develop such techniques,
: T : . their adoption is essential.

projected to live in grid cells categorized as Highly Stressed

(0.5< CAD) and Significant Degradatiom(CAD < —0.05;

Fig. 12 in 2071-2100).
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5.2 Socio-economic and water use scenario 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
Because the uncertainty associated with the socio-economiesults include uncertainties because basin-wise fine parame-
and water use scenario is described in the accompanying paer tuning has not been carried out (this is a challenging task;
per (Hanasaki et al., 2013), we only summarize the key pointsee Hanasaki et al., 2008a for detailed discussion). In addi-
here. First, we used AIM-SSP, which provides preparatorytion, systematic model uncertainty analysis should be carried
quantitative scenarios for the SSPs from an integrated assesstt by, for example, including parameter sensitivity tests for
ment by the Asia-Pacific Integrated Model (Kainuma et al., major sub-models. Model inter-comparison projects for cli-
2002). Official SSP products will be released in the near fu-mate change simulation have been undertaken (e.g. Water-
ture, and may vary from the current AIM-SSP. Second, the ir-MIP; Hagemann et al., 2013; ISI-MIRttp://isi-mip.org},
rigation scenario was developed from a literature review thatand are useful for quantifying the uncertainties of each par-
was independent of any food-related SSP factors. An inteticipating model.
grated model that links crops, water, and land (e.g. Lotze- Attention should be paid to the model configuration in
Campen et al., 2008) is likely to establish a more compre-this study. As shown in Fig. 1, we assumed that all water is
hensive and consistent scenario. Third, potential irrigationabstracted from rivers. Only reservoirs that have more than
water demand was estimated in a highly conceptualized wayl.0x 10° m® of storage capacity were taken into account.
The effect of CQ fertilization would influence water demand This assumption was useful when investigating the impact
(e.g. Gerten et al., 2011), but this process was not includeaf climate change on daily water availability: the change in
in this study. Local irrigation practices (e.g. timing, duration) water balance and flow regime is directly reflected in the
were not fully reflected in the model. Fourth, we used a sim-CAD water scarcity index. Although river water accounts for
plistic model to estimate industrial and municipal water use.78 % of total global water withdrawal (FAO, 2011), in real-
Progress in this area of modeling has long been obstructed bigy, river water is one of many sources of water. Groundwater
a lack of data, but further efforts are needed. The results ofs an important source of water, and has been reported to be
water resource assessments clearly show that the water uselnerable to climate change due to predicted decreases in
scenario that is used significantly affects the results; henceecharge (Bll, 2009). Reservoirs with a storage capacity of
further efforts are needed to establish consistent scenarios. less than 1.6& 10° m? also have an important role by storing
water in wet periods and carrying it over into dry seasons.
5.3 Combination of scenarios Although these are important sources of water we excluded
them for two reasons. First, a scaling problem hampers the
In this study, many independent scenarios were combinednodeling. The groundwater dynamics take place at a much
namely the SSPs (socio-economic scenarios), our water usiner scale than the current spatial resolution of 0G5.
scenario (Hanasaki et al., 2013), RCPs (GHG emission sceSimilarly, in some cases, dozens of reservoirs are located in
nario) and CMIP5 (climate scenario). This allowed us to a particular grid cell. Parameterization of these is still in its
achieve our primary objective, i.e. to develop a water useinfancy (Hanasaki et al., 2010). Second, preparing scenarios
scenario compatible with the SSPs for use in global waterfor these terms is very challenging and may be impossible
scarcity assessments. Here two points should be noted. Firsfi.e. it is difficult, if not impossible, to know the exact loca-
because each scenario was independently developed, const®n and period of individual reservoir and irrigation projects
tency among the scenarios was unachievable. Combinationis the future).
of scenarios and options were decided on a largely arbitrary
basis, because there were neither clear guidelines nor marg.5 Water scarcity indexes
previous studies that were available. To improve consistency,
further interdisciplinary modeling efforts are needed to de-We mainly assessed water scarcity globally using the CAD
velop an integrated model that incorporates all of these asindex. The CAD directly accounts for the fulfillment of daily
pects. Second, the feasibility of each scenario could be difconsumption-based potential water demand, which excludes
ferent. For example, SSP1 and SSP3 have been developedfiooding or extreme runoff from available water resources.
depict high and low-end scenarios, which might be perceivedHowever, two strong assumptions should be noted. First, the
to be less realistic than the “Middle of the Road” scenario de-index assumes that all water comes from river water, be-
picted in SSP2. Each scenario should be considered to be arause other sources of water, such as renewable groundwa-

option and not a prediction of the future. ter and water stored in reservoirs, increases the CAD. This
leads to an overestimation of water scarcity. Second, the
5.4 Models index accounts for consumptive water use only. In reality

large amounts of irrigation water are lost by percolation and
As described earlier, the HO8 model has been applied to &vaporation during delivery. The technical potential of wa-
number of studies and has been used in international modeér abstraction is not taken into account either. Neglecting
comparison projects. All of the results indicate that the per-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). sspP1_BAU_2041-2070 SSP1_Policy 2041-2070
Third, due to the formulation of the CAD, the timing, length, E

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- I
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

(Egs. 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 wate

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 e ——

emission scenarios of the RCPs. Global water scarcity was 0.0 0.4 08 12 16 20

mainly assessed based on the CAD index. The CAD SUCEig a1 Global pattern of change (ratio) in the Withdrawal to Water

cessfully identified locations with a projected water scarcity, resources ratio of SSP1-5 from the baseline period [-].

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 Our study clearly showed the importance of water use sce-

that the socio-economic scenarios and associated water usgrios in the assessment of water scarcity. The results were

scenario dominate the impact of water scarcity in the 21stparticularly sensitive to an expansion of the irrigated area,

century. This was previously noted in some earlier studieshe crop intensity, and improvements in the efficiency of ir-

(e.g. Vororsmarty et al., 2000), but our study systematically rigation, industrial, and municipal water use. These factors

and quantitatively evaluated it through a large number of sim-were affected by other scenarios such as population, food and

ulations (five socio-economic scenarios, three periods in thenutrients, land use, industrial activity, electricity production,

21st century, and three GCMSs). technological change, investment in infrastructure, develop-
As far as we know, this is the first comprehensive globalment aid and many others. However, water scarcity in turn

water resource assessment using the new scenarios. One affects these factors as well: water is indispensable for all

the fundamental differences between the previous scenaridsuman and social activities. Further interdisciplinary work is

(SRES; Nakicenovic and Swart, 2000) and the new scenarioaeeded for a better projection of global change and an in-

(RCPs and SSPs) is that the former fixed the combination ofiepth understanding of the Earth and social systems.

socio-economic and emission scenarios independently, while

the latter allowed flexible combinations. This enables us to .

assess the challenge of mitigation and adaptation under varf-PPeNdix A

ous socio-economic conditions and climate stabilization tar- . ) )

gets. We developed a scenario matrix (i.e. a combination of/Vater scarcity assessment using the Withdrawal to

climate and socio-economic scenarios), as shown in Fig. JVater Resources (WWR) ratio

of Part 1, 'and' showed the results of the water scarqty 35Table A1 shows the global total water-stressed population

sessment in Figs. 10-12 and Table 14 for every combination,. ST !

These options might be useful for long-term climate policy (i.e. population living n g”q cglls wher&//Q > 0.4). The

making. water-stressed population is highest for SSP;S, f(_)llovv_ed by

SSP2, SSP4, SSP5, and SSP1. The population in grid cells

SSP5_BAU_2041-2070
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Table Al. Global total population living in grid cells where 0sdAWWR (x 108 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) 585 ( 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) 8p( 5726) 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) 456)( 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) 498)( 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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