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Abstract. A novel global water scarcity assessment for the for global water scarcity assessments that identify the re-
21st century is presented in a two-part paper. In this first pagions vulnerable to water scarcity and analyze the timing and
per, water use scenarios are presented for the latest globatagnitude of scarcity conditions.

hydrological models. The scenarios are compatible with

the socio-economic scenarios of the Shared Socio-economic

Pathways (SSPs), which are a part of the latest set of scel Introduction

narios on global change developed by the integrated assess- _ ) o

ment, the 1AV (climate change impact, adaptation, and Vu|_AII §00|etal anq economic activities depgnd on water. The
nerability assessment), and the climate modeling commu!@pPid and continuous growth of population and economic

nity. The SSPs depict five global situations based on substarfCtivity, mainly in developing countries, is increasing wa-
tially different socio-economic conditions during the 21st tr use globally. Water availability is also changing because
century. Water use scenarios were developed to reflect ndtf human-induced climate changedigsmarty et al., 2000;
only quantitative socio-economic factors, such as populatiorOki and Kanae, 2006; Kundzewicz et al., 2007). A num-
and electricity production, but also key qualitative conceptsPer Of studies have assessed the impact of global changes
such as the degree of technological change and overall envfl-€: Socio-economic and climatic change) on water use and
ronmental consciousness. Each scenario consists of five fa@vailability (Vorosmarty et al., 2000; Alcamo et al., 2003a,
tors: irrigated area, crop intensity, irrigation efficiency, and 2> 2007; Amell, 2004; Oki and Kanae, 2006). These stud-
withdrawal-based potential industrial and municipal water €S have identified water-scarce regions in baseline periods
demands. The first three factors are used to estimate the p&Y COmMPpiling statistical data for water use and availability
tential irrigation water demand. All factors were developed @1d have projected future scarcity using numerical models.
using simple models based on a literature review and ana|yl_-|ereafter we refer to such reports as global water scarcity
sis of historical records. The factors are grid-based at a spgASS€SSments. _ _

tial resolution of 0.5 x 0.5° and cover the whole 21st cen-  Although very successtul, the earlier water scarcity as-
tury in five-year intervals. Each factor shows wide variation SéSSments need to be updated and refined for three rea-
among the different global situations depicted: the irrigatedSOnS- First, most were based on a conventional set of global
area in 2085 varies between % 7.0° and 4.5x 108 km? change scenarios for the 21st century presented in the socio-

withdrawal-based potential industrial water demand betweerfCONomic scenarios of the Special Report on Emission Sce-
246 and 1714 kiyr—1, and municipal water between 573 Narios (SRES; Nakicenovic and Swart, 2000) and the climate

and 1280 kAyr—L. The water use scenarios can be usegscenarios of the Coupled Model Intercomparison Project
Phase 3 (CMIP3; Meehl et al., 2007). A new set of global
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2376 N. Hanasaki et al.: Part 1: Water use

change scenarios has been released (Moss et al., 2010), camview, new models for irrigation, industrial, and municipal
sisting of the radiative forcing (i.e. greenhouse gas (GHG)water use are developed. An intermediate water use scenario
emission) scenario of the Representative Concentration Paths then developed, which is independent of the SSPs. Sec-
ways (RCPs; van Vuuren et al., 2011), the climate scenartion 5 reports how water use scenarios compatible with the
ios of the Coupled Model Intercomparison Project Phase 55SPs were developed by linking the intermediate water use
(CMIP5; Taylor et al., 2012), and the socio-economic scenarscenario and the SSPs. In Sect. 6, the water use scenarios
ios of the Shared Socio-economic Pathways (SSPs; Kriegleare discussed and compared with earlier studies. In Sect. 7,
et al., 2012; O'Neill et al.,, 2012). The RCPs and SSPswe conclude the former part of the study. A water scarcity
were independently developed. To make use of the latesassessment using the water use scenarios is reported in the
achievements of the integrated assessment, the IAV (climataccompanying paper (Hanasaki et al., 2013).

change impact, adaptation, and vulnerability assessment) and We define the technical terms used to discuss water avail-
climate modeling community, global water scarcity assess-ability and use as follows. Water availability refers to avail-
ments should utilize the new set of scenarios. Second, in mosdble water resources, constrained by the physical hydrolog-
earlier water scarcity assessments, water use scenarios weigal cycle and human activities (e.g. water abstraction and
associated with quantitative socio-economic scenarios, butegulation) in river basins. Water use is a general term for the
only weakly with qualitative scenarios in many cases. Theutilization of water. Water consumption is water evaporated
SSPs depict five substantially different future world situa- during use. Water withdrawal indicates the removal of water
tions (see Sect. 2 for details), and water use scenarios arfeom a source, including water consumption, return flows,
therefore required to reflect the key qualitative concepts un-and evaporation loss during delivery. Potential water demand
derpinning each SSP. Third, most of the earlier studies asis the estimated water use accompanying human activities re-
sessed water availability and use over an annual time resgardless of water availability.

olution. This resolution may overlook seasonal and inter-

annual water scarcities caused by variations in water avail-

ability and use (Hanasaki et al., 2008b). This is particularly2 Shared Socio-economic pathways

important in climate change impact assessment when analyz-

ing whether increases in precipitation and runoff will allevi- The SSPs are new socio-economic scenarios for use in global
ate water scarcity. climate change studies (Kriegler et al., 2012; O’Neill et

Here we present a novel global water scarcity assessmerat., 2012). The SSPs depict five different global situations
using a global hydrological model called HO8 (Hanasaki et(SSP1-5) with substantially different socio-economic condi-
al., 2008a, b). HO8 simulates the natural water cycle (relatedions. Each SSP contains a quantitative scenario and a narra-
to water availability) and major human activities (related to tive (qualitative) scenario.
water use), such as the water abstraction and reservoir opera- The narrative scenarios have been well documented by
tion. It calculates the water availability and use in daily time O’Neill et al. (2012), and thus only a brief summary is pre-
intervals, which enables the assessment of water scarcity isented here. The five SSPs can be placed in a conceptual
sub-annual time intervals. We ran HO8 using the new set opace of two dimensions (see Fig. 1a) where the horizon-
scenarios (i.e. RCPs, CMIP5, and SSPs). tal axis represents socio-economic challenges for adaptation.

We faced two key challenges. First, because the SSPs infsSPs with higher values indicate socio-economic conditions
clude neither quantitative nor qualitative scenarios for waterthat would make it more difficult to adapt to a changing
use, we had to develop them from scratch. Second, becausdimate. The vertical axis represents socio-economic chal-
there are no clear guidelines or relevant earlier studies on thienges for mitigation. SSPs with higher values indicate socio-
new set of scenarios, we had to establish an effective way t@conomic conditions that would make it more difficult to re-
use them. duce GHG emissions.

The study is presented in two papers. This first paper SSP1 (Sustainability) represents a sustainable world where
describes water use scenarios that are compatible with thi¢ is easy to mitigate and adapt to climate change because of
SSPs. The scenario consists of five factors: the irrigatedhe rapid development of low-income countries, reduced in-
area, the crop intensity, the irrigation efficiency, and theequality, rapid technology development, and a high level of
withdrawal-based potential industrial and municipal water awareness regarding environmental degradation. Good yield-
demands. The first three factors are required to estimate thenhancing technologies for agricultural land are also incor-
potential irrigation water demand with HO8. The second pa-porated. SSP2 (Middle of the Road) represents conditions
per (Hanasaki et al., 2013) describes the setup and results @fhere the socio-economic trends of recent decades continue.
water scarcity assessments, taking into account sub-annu&eductions in resource use and energy intensity are achieved
water scarcity. The structure of the first paper is as follows.at historic rates. SSP3 (Fragmentation) represents conditions
In Sect. 2, the latest socio-economic scenarios (SSPs) are invhere it is difficult to mitigate and adapt to climate change
troduced. In Sect. 3, water use scenarios in earlier reportbecause of extreme poverty and a rapidly growing popula-
are extensively reviewed. In Sect. 4, based on a literaturdion. There is serious degradation of the environment, and
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Fig. 1. (a) The five SSPs in a conceptual space of adaptation and mitigation challenges (after O’Neill et al (@& narios for irrigated
area and crop intensit{c) Scenarios for water use efficiency.

technological change in the energy sector is slow. Becaus®CP6.0, and RCP8.5, respectively. Scenarios relating to cli-
of the limited coordination between regions, use of local en-mate policy for the SSPs, called the Shared Climate Policy
ergy resources is enhanced. SSP4 (Inequality) representsAssumptions (SPA; Kriegler et al., 2012), have been pro-
highly unequal world both within and across countries. Cropposed but remain under discussion. In this study, we assumed
yields would be high in industrial farming, but low for small- SSP1-5 would correspond to RCP2.6, RCP4.5, RCP6.0,
scale farming. SSP5 (Conventional Development) representRCP2.6, and RCP6.0, respectively, when climate policy was
a situation where it is easy to adapt owing to robust eco-included. These settings are based on a straightforward in-
nomic growth, but difficult to mitigate the effects of climate terpretation of the mitigation challenge of SSPs (the vertical
change because the energy system is dominated by fossil faxis of Fig. 1a). Because the SSP1 and SSP4 are less chal-
els. Agro-ecosystems are highly managed, building on strondenging to mitigate, we selected RCP2.6 for them. In con-
technological progress in the agricultural sector. Land usdrast, the SSP3 and SSP5 are indicated as more challenging,
management is generally very resource intensive includingso we selected RCP6.0 for them. This is a tentative assump-
the management of water systems. Table 1 summarizes th#on and may need to be revised once the theoretical back-
key details of each SSP as they relate to water use. ground underpinning the SPA has been fully reviewed. The
The quantitative scenarios of the SSPs cover the wholescenario matrix for the SSPs and RCPs is shown in Fig. 3.
21st century, including population, gross domestic product As mentioned above, the SSPs do not include a water use
(GDP), and other relevant factors; however, the final prod-scenario, but because each SSP depicts substantially differ-
ucts are currently (as of October 2012) under review. In thisent global situations, we can infer that irrigation, industrial,
study, the provisional quantitative SSPs developed by theand municipal water use must vary among the scenarios. Al-
Asia-Pacific Integrated Model (AIM; Kainuma et al., 2002) though far from sufficient, the different narrative scenarios
of the National Institute for Environmental Studies, Japan,provide clues allowing for speculation regarding water use.
were used (hereafter AIM-SSPs). The quantitative scenarOn the basis of these clues, we developed the water use sce-
ios of the AIM-SSPs could vary from those that are finally narios presented in this study.
settled, but it is unlikely that they will be totally differ-
ent. The AIM-SSPs include eight socio-economic variables:
GDP, population, primary energy, GHG emissions, electric
production, and the value added for primary, secondary, an
tertiary industries. The world is subdivided into 12 regions
(Oceania, Japan, China, India, Rest of Asia, North America

3 Literature review and modeling strategy

c1‘he development of a global water use scenario (i.e. projec-
tion of future potential water demand) has been attempted
: . ) . . for decades (earlier efforts published from 1967 to 1997 are
Latin America, EU, Rest of Europe including Baltic coun- summarized in Fig. 11.1 of Shiklomanov and Rodda, 2003).

tries, Former Soviet Union excluding Baltic countries, Mid- : S .
: : Here we review the existing literature regarding water use
dle East, and Africa). It covers the period from 2005 to 2100 . . .
scenarios, which have been developed mainly for global hy-

at 5yr intervals. Figure 2 shows population, GDP, and elec- . . ;
tricity production for each SSP. drological models, and show the modeling strategy of this

The SSPs do not include any climate policy and all study. This section also introduces key technical terms and

adopt the business as usual (BAU) scenario in terms O]g:oncepts for water use modeling.
GHG emission (Kriegler et al., 2012). The emission paths
used in SSP1-5 roughly correspond to RCP6.0, RCP8.5
(strictly speaking, in between RCP6.0 and RCP8.5), RCP8.5,
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2378 N. Hanasaki et al.: Part 1: Water use

Table 1. Summary of the narrative scenarios of the SSPs.

SSP1 SSP2 SSP3 SSP4 SSP5
Technology development High Medium Low  High in developed countries but low in others High*
Environmental consciousness  High  Medium Low - Low**
Crop yields - - - High in industrial farming, but low for small-scale farming —

* O'Neill et al. (2012) noted that “Land use management is generally very resource intensive including the management of water systems”. Although it is a contradiction, we
assumed that the high technology development of SSP5 leads to water savings similar to SSP1. ** O’Neill et al. (2012) described a “highly engineered environment, highly
managed land use and water intensive world”.
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Fig. 2. Socio-economic factors of AIM-SSR) Population(b) GDP, and(c) electricity production of each SSP.

RCP2.6 RCP4.5 RCP6.0 RCP8.5 els (Liu et al., 2009; Liu and Yang, 2010) have been used to
SSP1 SSP1BAU develop potential irrigation water demand scenarios. These
models estimate potential irrigation water demand biophysi-
SSP2 SSP2 BAU cally and have been heavily influenced by the work @flD
and Siebert (2002).
; Here we review the methodology of dab and
SSP3 SSP3 Wel[54 SSP3 BAU . . : _
Siebert (2002) in detail because it also plays a key role
, in this study. They first developed a digital map of the global
SSP4 _ ; :
SSP4BAU irrigated areaAjy at a spatial resolution of (5 0.5°
- longitude and latitude (Bl and Siebert, 2000), and this
SSPS S B map has been continuously updated (Siebert et al., 2005,
Fig. 3. Scenario matrix of SSPs and RCPs. 2006). They then established a methodology to estimate

global crop water requirements by applying the CROPWAT
model (Smith, 1992). CROPWAT is a numerical model
3.1 Irrigation water withdrawal that calculates potential irrigation water demand in the
' following way. (1) The crop-specific potential evapotran-
Agricultural water withdrawal accounts for 70% of to- SPiration Epqt is estimated during the cropping period. (2)
tal global water withdrawal (FAO, 2011). Because irriga- 1€ effective precipitationPes is estimated, taking into
tion accounts for most agricultural water withdrawal (Shik- account meteorological conditions. (3) The crop water
lomanov, 2000), we omitted other uses such as livestock€duirements are estimated by calculating the difference
drinking water. between crop-specific potential evapotranspiration and
In earlier reports, future potential irrigation water demand fféctive precipitation. (4) The consumption-based potential
scenarios were developed using statistical models on a ndtfigation water demand is estimated by multiplying by the
tional or regional scale (e.g. Seckler et al., 1998; Shiklo-iMgated harvested arednvs. (5) The withdrawal-based
manov, 2000; Oki et al., 2003). These models were simpIeOOte”tial irrigation water demand is estimated by dividing
regression models, with historical trends of national or re-Py @ factor called the irrigation efficiencyirg. Multiple
gional irrigation water withdrawal being explained by basic CrOPPINg is also taken into account. In this case, the total
socio-economic variables such as population and GDP,  Ifigated harvested area may excegg. The ratio ofAnys
Recently, global hydrological models (e.g. Alcamo et al., ©© Airg i called the crop intensityifg). _
2003a: Hanasaki et al., 2008a: Rost et al., 2008: Wisser et al., The above review indicates that five factors are required to
2010; Wada et al., 2011) and macro-scale crop growth mod€Stimate potential irrigation water demarntor, Pet, Airg,
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Table 2. Projection of irrigated area, crop intensity, and irrigation efficiency in earlier reports.

Irrigation- Crop lIrrigation

Irrigated area reported equipped intensity  efficiency
Reference Scenario Population GDP in the literatur® () area (%yrl)  (yr1l)  (@yrl
Rosegrant et al. (2002) UN 1998 med  original 375 (1995)**, 441 (2025)** - -
Bruinsma (2003) UN 2001 med WB2001 202 (2000)***, 242 (2030)*** 0.6 0.4 0.3
Alcamo et al. (2005) MA-TG MA-TG MA-TG 239 (2000)***, 252 (2050)*** 0.11 0.15-1.2
de Fraiture et al. (2007) CA-lrrigated area expansion MA-TG MA-TG 340 (2000)*, 450 (2050)* 0.6 -
de Fraiture et al. (2007) CA-Comprehensive MA-TG MA-TG 340 (2000) *, 394 (2050) * 0.3 -
de Fraiture et al. (2007) CA-lrrigated yield improve ~ MA-TG MA-TG 340 (2000)*, 370 (2050)* 0.15 -
de Fraiture et al. (2007) CA-Rainfed area expansion MA-TG MA-TG 340 (2000)*, 340 (2050)* 0 -
de Fraiture et al. (2007) CA-Rainfed yield improve MA-TG MA-TG 340 (2000)*, 340 (2050)* 0 -
de Fraiture et al. (2007) CA-Trade MA-TG MA-TG 340 (2000)*, 340 (2050)* 0 -
Rosegrant et al. (2009) UN 2005 med MA-TG 433 (2000)**, 473 (2050)** 0.06 0.15 0

* Harvested area, ** potential irrigated area, *** area equipped irrigation. MA: Millennium Ecosystem Assessment, CA: Comprehensive Assessment, UN: United Nation
population prospects, WB: World Bank, TG: Techno Garden, med for medium variant projection.

Table 3. Summary of industrial water withdrawal estimation models in earlier studies.

References Drivers Technological change  Structural change
Alcamo et al. (2003a, 2007) Electricity production Parameter Per capita GDP

Shen et al. (2008) Electricity production Primary energy, GDP
VoR3 and Forke (2010), Fdrke et al. (2013)  Manufacturing output expressed in  Parameter GDP

manufacturing water gross value added

Vof? and Forke (2010), Férke et al. (2013) Thermal electricity production Parameter Fraction of cooling type
thermal power cooling water

Hayashi et al. (2012) Sector-wise production of

manufacturing sectors

iirg, andejrg. DOIl (2002) projected the global withdrawal- from Strength, Adapting Mosaic, and Techno Garden), but
based potential irrigation water demand for the 2020s andve only referred to the Techno Garden irrigation scenario be-
2070s under different climate scenarios using two global cli-cause its population scenario is similar to those of the other
mate models and one GHG emission scenario, in order tdour reports.
account for changes ifipot and Pest. However,Ajg, iirg, and Table 2 presents a summary of these five studies. Although
eirg Were fixed in that study. Alcamo et al. (2007) assessedhe population scenarios are not very different, the projec-
water scarcity using the WaterGAP 2 model under multipletions of the global irrigated area vary widely. Among the
scenarios. They set a single scenarieygffor both the SRES  five studies, the irrigated area growth rate used by Rosegrant
A2 and B2 scenarios, butiry andijg were fixed because the et al. (2009) was the smallest, and that of Bruinsma (2003)
SRES did not include these factors and there were diversavas the largest. All of the studies predicted the states of the
views regarding future trends. Becausg, iirg, andejrg di- food supply and agriculture for specific years (2025, 2030,
rectly influence the future potential irrigation water demand, and 2050); transient states were not described. Although cli-
it is a challenge to establish scenarios based on these thresate change scenarios cover the whole 21st century, none of
terms. the studies have described the world beyond 2050 except Al-
We identified five comprehensive reports regarding agri-camo et al. (2005). Furthermore, except for Bruinsma (2003)
culture and food, which included a quantitative projection and Rosegrant et al. (2009), the studies did not separate the
of irrigation: Rosegrant et al. (2002), Bruinsma (2003), Al- growth of the irrigated area and crop intensity.
camo et al. (2005), de Fraiture et al. (2007), and Rosegrant It was initially confusing why these studies have such a
et al. (2009). Details regarding the socio-economic scenarwide range of irrigation projections. All the studies present
ios used in these studies are highly variable, but all of themscenarios for the growth of crop yield and cropland to meet
used the population scenario of the UN medium variant profood demand. However, there is a limited explanation of how
jection. Note that Alcamo et al. (2005) and de Fraiture etthe growth in crop yields would be achieved and how much
al. (2007) used the population scenario of the Techno Gardenrop production would result from irrigated agriculture. To
scenario of the Millennium Ecosystem Assessment (Alcamoanswer these questions, region-specific information is re-
et al., 2005), which is similar to the UN medium variant pro- quired regarding the future trends of irrigation, fertilizer and
jection. In addition, Alcamo et al. (2005) proposed four irri- pesticide applications, improvements in agricultural technol-
gation scenarios in their study (Global Orchestration, Orderogy, and other related factors. However, these details are not
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Table 4. Summary of municipal water withdrawal estimation models in earlier studies.

References Drivers Technological change  Structural Change
Alcamo et al. (2003a, 2007) Population Parameter

Shen et al. (2008) Population, GDP

Vol et al. (2009), Fdrke et al. (2013) Population, GDP per capita Parameter Parameter
Hayashi et al. (2012) Population, GDP

Table 5. Scenarios for irrigated area growth and crop intensity Taple 7. Scenarios for industrial water intensity change? (yn—2

change. Mwh—1).
Low Medium High High  Medium Low
growth  growth  growth efficiency efficiency efficiency
(LG) (MG)  (HG) (HE) (ME) (LE)
Irrigated area growth (% yrt) 0.06 030  0.60 50<iing 25 12 _06
Crop intensity change (% yt) 0.15 0.20 0.40 10<iing < 50 07 035 0
iing < 10 -0.2 0 0

Table 6. Scenarios for irrigation efficiency change.

High  Medium Low Florke (2010) and FErke et al. (2013) proposed a modeling
efficiency  efficiency efficiency framework to estimate the use of both nationwide manufac-
(HE) (ME) (LE) turing water and thermal power cooling water, andrké
Irrigation and Eisner (2011) calculated this forward to 2050 under the
efficiency change 0.30 0.15 0.0 SRES A2 and B1 scenarios. Hayashi et al. (2012) proposed a
(%yr1) new type of model that accumulated sector-wise potential in-

dustrial water demand. All of these earlier studies estimated
model parameters from the historical record. The study of
specified and may be impossible to acquire. The results of 10rke and Eisner (2011) was an exception in that two dif-
our literature review imply that clear mechanisms linking the férent parameters were used to contrast the concepts under-
growth of irrigation and socio-economic factors are not yetPiNNng two scenarios. Table 3 summarizes earlier modeling
fully developed. Thus, arbitrariness cannot be completely exStudies of industrial water withdrawal.

cluded when developing an irrigation scenario. In many cases, a future potential municipal water demand
scenario has been developed together with an industrial sce-
3.2 Industrial and municipal water withdrawal nario. Alcamo et al. (2003a) developed a multiple regression

model using explanatory variables of population and GDP
Industrial and municipal water withdrawals account for 18 per capita. Shen et al. (2008), Vol3 et al. (2009), ariatkel
and 12 % of the total global water withdrawal, respectively and Eisner (2011) developed regression models for munic-
(FAO, 2011). Nevertheless their importance, the availableipal water. Earlier attempts to model municipal water with-
global scenarios is limited. drawal are summarized in Table 4.

Some key earlier studies projecting future potential in- Alcamo et al. (2003a) demonstrated that their models suc-
dustrial water demand are summarized here. Alcamo etessfully reproduced historical time series of industrial and
al. (2003a) developed a regression model for industrial watemunicipal water withdrawal. However such regression mod-
withdrawal. Their model is expressed as a multiple regres-ling has typically encountered two key problems. First, suf-
sion model using explanatory variables of electricity produc-ficient amounts of reliable data are essential for the estima-
tion and per capita GDP. Shen et al. (2008) developed a simtion of model parameters, although published historical time
ilar model but their model has no need for model parameterseries of water withdrawals are limited for many countries.
because of some strong assumptions. Their model explaineBecause the relevant parameters are highly variable among
industrial water withdrawal by electricity production, total countries, transferring data from one country to another is
primary energy, and GDP. Some recent studies have subdiot practical. Second, estimated model parameters represent
vided industrial water into manufacturing water and electric- historical relationships between industrial and municipal wa-
ity production water. Vassolo anddl) (2005) developed sep- ter withdrawals and socio-economic factors. It is not clear
arate global maps of thermal power cooling water and manwhether maintaining these parameters throughout the 21st
ufacturing water use for the period around 1995. Vol3 andcentury is a valid approach under the scenarios of both the
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SRES and SSPs, because they depict substantially differemeésolved if we evaluated the suitability of new irrigation

future conditions. For example, two socio-economic scenarprojects in the world, but it is beyond the scope of this study.

ios are available for countries with a similar population and Similarly, because it is difficult to set the technical upper

GDP, but with different underpinning concepts: one depicts abound of irrigation efficiency in the future, we assumgg

less resource-intensive future and the other depicts the opp@f Eq. (3) could reach 1.0. The settings for crop type and

site. If a common regression model is used for these scenairrigation practices are shown in the accompanying paper

ios, the resulting water use scenarios are similar. However(Hanasaki et al., 2013).

this seems incompatible with the different underpinning con-

cepts of each scenario. Therefore, new types of models ar4.1.3 Intermediate irrigation scenario

required that better represent the different underpinning con-

cepts of each scenario. Here we propose an intermediate irrigation scenario that is
independent of the SSPs. On the basis of Table 2, we set three
options forrareg and rint (Table 5) andress (Table 6). Two

4 Model development were taken from the highest and lowest values among the five

reports we reviewed, and the remaining was an intermediate

value. We used a global map gaf;4 at the base year (2000)

provided by Siebert et al. (2005) aig andejrq values were

taken from Il and Siebert (2002). All data were converted

In Sect. 3.1, we reviewed recent g|oba| hydro|ogica| mod-into a 0.5 x 0.5 grid, the standard spatial resolution of HO8.

els (including HO8) and determined that five variables areEquations (1)—(3) were applied uniformly on a global basis

required to estimate potential irrigation water demand: thefor all three options ofarea rint, @andref, respectively. Note

crop-specific potential evaporatidfyot, the effective precip- that some of the five reports expressed regional differences in

itation Pef, the irrigated aredirg, the crop intensityig, and  area but for consistency among scenarios, we assumed that

the irrigation efficiencyig. Among these variablegpo and the ratio is constant all over the world except for one special

Pert are calculated by the hydrological models using climatecase that is described later. We also assumed that the ratio

scenarios. The remaining three factors are basic boundarip constant throughout the century, because neither transient

conditions of models and must be prepared. It is beyond thérojections nor projections beyond 2050 were available in

scope of this paper to develop a process-based modé}for the five reports, with the exception of Alcamo et al. (2005).

iirg, andejrg because it is difficult to even specify the key

factors controlling the mechanisms of irrigation expansion.4.2 Industrial water

Therefore, we used the scenarios adopted in the five previ-

ous studies discussed in the previous section (Rosegrant ét2.1 Available data and historical trends

al., 2002; Bruinsma, 2003; Alcamo et al., 2005; de Fraiture

4.1 Irrigation scenario

4.1.1 Available information

et al., 2007; and Rosegrant et al., 2009). For modeling industrial water withdrawal, we revisited the
historical records of AQUASTAT (FAO, 2011). AQUASTAT
4.1.2 Model details the total industrial water withdrawals for 200 coun-

o _ _ tries during the period 1960—-2010 at five-year intervals. Al-
Here we take simplistic assumptions for developing scenarthough data for the period around 2000 were available for
ios for Airg, iirg, andeirg. We assumediirg, iirg, aNdeirg are most countries, other periods were often missing. We did not

expressed as a power of time: interpolate these missing values. We selected 16 nations for
s which a record for longer than 20yr was available. The to-

Airg.r = (L4 rared’ ™ Airg.1o (1) tal number of data records used here ranged from three to
seven for each country. We then collected electricity produc-

lirg.t = (14 rint)" ™ lirg.zq (2)  tion data (World Bank, 2009) for these countries. In some
countries, particularly in the developed world, national statis-

eirg.s = (L+rem) " eirg.ry ©) tics on water use were available from sources other than

AQUASTAT, which is potentially useful. However, we only
wherergrea rint, andrest are the annual growth ratios of the used AQUASTAT because of its high global coverage, in-
irrigated area, crop intensity, and irrigation efficiency. The cluding developing countries, which is critically important
subscripts denotes time (year), ang indicates the base for this study.
year (2000). Figure 4 shows the relationship between time (year) and

Equation (1) is applied to each grid cell. This means thatindustrial water intensity (fyr— MWh~1) which is defined
Ajrg simply increases where irrigated area exists at the basas industrial water withdrawal per unit of electric production.
year, not explicitly taking the availability of suitable land The nations were categorized into three categories: (A) in-
within a grid cell into account. These problems could be tensity greater than 50hyr— MWh~1, namely, Belgium,
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Fig. 4. Historical records of national industrial water intensity (plot) and regressions (|ir?ey|tn3r MWh~1).
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Fig. 5. Historical records of national industrial water withdrawal (plot) and estimations with Eq. (4) (Iin&)(kﬁlr).

Chile, China, India, Italy, Pakistan, Romania, and Thailand;withdrawal ¢) (m3yr—1) can be expressed as

(B) intensity not greater than 50 but greater than 2gm?

MWh~1, namely, Algeria, Japan, Jordan, Lebanon, Singa-I = ELC x (iind,to+ Sind,catx (t — 10)) 4)
pore, UAE, and Venezuela; and (C) intensity not greater than

10 (mPyr—t MWh~1), Israel only. Two characteristics are where ELC is electricity production (MWhjg is the base
apparent from Fig. 4. First, there is a linear decreasing trengear (2005)jing (0 is the industrial water intensity (ryr—1

in industrial water intensity in all nations except Lebanon andMWh=1) at o, andsing,catis the slope. The subscript cat in-
Singapore. Second, the range of slopes within each categomgicates the three categories shown above. Industrial water
is relatively small: from-5.8 to—0.7 for Category A coun-  withdrawal includes both manufacturing use and energy pro-
tries, from—1.6 to4-0.7 for Category B, ang-0.2 for Cate- ~ duction. Thereforeiing,.0 could be substantially higher if it
gory C (m?yr—2 MWh~1). In contrast, there were substantial included hydropower generation.

differences in industrial water intensity (see the vertical axes To confirm the validity of Eq. (4)iind..0o andsind,catWere

of Fig. 4). estimated for all 16 countriegag ;0 Was estimated using the
ELC andI for the base yeasing catwas estimated using the
4.2.2 Model least-square method because of the clear linear relationship

as shown in Fig. 4. Figure 5 presents a historical projection
Because Fig. 4 clearly shows a linear decreasing trend irof industrial water withdrawal. Even for a very simple model,
industrial water intensity, we assumed that industrial waterhistorical trends are well captured.
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Fig. 6. Schematic diagram of intermediate water use scenariogajondustrial water withdrawal(b) municipal water withdrawal for
countries with per capita GDR 2000 USD, andc) for countries with 2000 USDx per capita GDP. Blue for High Efficiency, green for
Medium Efficiency, and red for Low Efficiency scenario.
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Fig. 7. Historical records of national municipal water intensity (plot) and regressions (line) (L]da@frson_l).

4.2.3 Intermediate water use scenario can be represented by the medigy cat Of the countries
in each category. For example, the medigg cat for cate-
gory A is close to the historical path of Thailand and China,
The model expressed in Eq. (4) needs one coefficigBlar ~ the mediansing cat for category B is close to Japan, and the

This could be calibrated for each nation if a historical time mediansing cat for category C is identical to Israel. We set
series was available, and the model could be used for a futurgye minimLimiind at 2mPyr-1 MWh~1. Our analyses indi-
scenario analysis if we assume that the coefficient does nctated that there are nations displaying more rapid changes
vary with time. However, for many countries of the world, in sind,cat but when this was applied globally including the
time series records are |aCking and calibration is d|ﬁ|CU|t, this major industrial CountrieS, the results were unrealistic. We
causes problems when we apply Eq. (4) on a global basisydged that the median of each category could be used in
Moreover, as discussed in the previous section, each SSP reghe HE because Thailand, China, Japan, and Israel can be
resents very different conditions, which strongly implies that considered to be representative of major industrial countries.
Sind,catwould also vary. In the Medium Efficiency scenario (ME}ingcat is half of
Here we propose an intermediate industrial water use scetat in the HE. In the ME scenario, we set the minimum
nario. A schematic diagram is shown in Fig. 6a. We consid-;; , at 10 n?yr-! MWh=1. In the Low Efficiency scenario

ered three sets Gfng,catas shown in Table 7. The High Effi- (LE), 5,4 caris a quarter of that in the HE. The minimuipg
ciency scenario (HE) assumes that all countries in the world
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Fig. 8. Historical records of national municipal water withdrawal (plot) and estimations with Eq. (5) (Iiné;(kTﬁ).

Table 8. Scenarios for municipal water intensity change (L persoday~1yr—1).

High efficiency (HE) Medium efficiency (ME) Low efficiency (LE)

per capita GDR< 2000USD  20G<imun —2 (200< imun) 0 2 (imun < 600)
imun <200 2 Qmun < 200) 2 @mun < 300) 2 Qmun < 400)
2000 USD< per capita GDP —2 (200< imun) 0 2 (imun< 800)

was set at 50 fyr—* MWh~L. If ijng .0 Was already below drivers. We used global population distribution data from

the minimumijng, we assumed that thgg of the country in  the Center for International Earth Science Information Net-

question would be unchanged throughout the century. work (CIESIN) and the Centro Internacional de Agricultura
This model could be applied globally becaugg o and  Tropical (CIAT) (2005).

the category of the base year could be calculated from the

national industrial water withdrawal data from AQUASTAT 4.3 Municipal water model

and the electricity production data of the World Bank (2009). ) o

As mentioned above, AQUASTAT does not always include 4-3-1 Available data and historical trends

withdrawal data for the exact year of 2005. In such cases . . i .

data for the nearest year were used. Electricity productionEarller stu_dl_es have dt_av_eloped_munlupal water models in a

in the future was provided by the AIM-SSPs for 12 re- manner similar to their industrial water models and, thus,

gions. Because no further information was available, the rat(@ - o o i
glso revisited the historical trends of municipal water with-

of change was assumed to be uniform across the countrie Lt AOUASTAT (FAO. 2011). Fi 7 sh h
in a region. Equation (4) was applied for each nation. To rawal from Q . ( ' )'. Igure 7 shows the
nistorical trend of municipal water withdrawal per person

make the results grid-based, we assumed that industrial w or 21 countries where a time series of longer than 20yr
ter withdrawal is geographically distributed proportionall ) . .
geograp Y prop yfyvas available. As for industrial water, the number of data

to the population. Earlier studies proposed the usage of di q Y h gt h
ferent socio-economic drivers, for instance urban popula—recor S used for each country ranged from three to seven.

tion (Alcamo et al., 2003a), city nighttime lights (Vassolo We then obtained population data (United Nations, 2011)

and Doll, 2005), and urban area extent (Otaki et al., 2008).""nd th.e GDP in 2000_ USD (World Bgnk, 2009) for thege
puntries. The countries were sorted into three categories,

These methods have advantages but were not adopted in t Fount ; .
study because it was difficult to obtain future scenarios folrlmgh-mcc_)me nations (10 .000 USBper capltaGDP_, denoted
H), medium-income nations (2000 USbper capita GDP
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Table 9. Parameters for Egs. (1)—(5).

SSP1 SSP2 SSP3 SSP4 SSP5
Irrigated area growth (% yrt) 006 030 060 0.06 0.60
Crop intensity change (% yt) 015 020 040 015 0.40
Improvement in irrigation water efficiency (%y#) 030 0.15 000 0.00 0.30
Improvement in industrial water efficiency (Table 7) HE ME LE MIX HE
Improvement in municipal water efficiency (Table 8) HE ME LE MIX HE

MIX indicates HE in OECD countries and LE in non-OECD countries.

< 10000 USD, M), and low-income nations (per capita GDP Table 10. Total global withdrawal-based potential industrial water
<2000USD, L). demand (kr yr—1).
We analyzed the trend of per capita water withdrawal for

each nation. We found that per capita water withdrawal var- SSP1 SSP2 SSP3 SSP4  SSP5
ied significantly, for example from 33.7 to 688.2 L ddy 2025 853 1169 1435 1087 1000
persorr? in 2000. The range of values was slightly reduced 2055 519 1437 1895 1116 808
to between 33.7 and 518.4 L daypersorm? when we ex- 2085 246 1259 1714 851 521

cluded countries with a population of less than 10 million.
This suggests that it is difficult to obtain general rules that
are applicable to all countries in the world. In contrast, the Table 11. Total global withdrawal-based potential municipal water
range of slopes was much closer among nations being bedemand (km yr—1).

tween—3.6 and 19.5 L day* persont yr=1 (Fig. 7). If na-

tions with a population less than 10 million were excluded, SSP1 SSP2 SSP3 SSP4 SSP5
the range of the slope was betweeB.6 and 3.3 L day! 2025 544 598 631 583 549
persom? yr—1. Figure 7 reveals the central problem in mu- 2055 622 822 035 780 645
nicipal water modeling: there is no clear relationship be- 2085 573 973 1280 967 619

tween the volume of water withdrawal and per capita GDP
among nations, or its increasing/decreasing trend. For exam-
ple, with the medium-income nations, an increasing trend can . .
be observed for some countries (Mauritius and Venezuela)Vater well if the slopesmun,cal and interval {mun,0) are sta-
whereas for others stabilization and a decreasing trend aréStically estimated for each nation.

apparent (Chile and Jordan). There are also nations usin
more than 400 L day* capita ! (Mauritius and Venezuela)

and less than 200 L day capita ® (Algeria, Thailand). Here . _ _ .
we found two common characteristics among the 21 counLike for industrial water withdrawal, we developed an inter-

3.3.3 Intermediate water use scenario

tries. First. in the nations with less than 2000USD permediate municipal water use scenario. Schematic diagrams

capita GDP, municipal water withdrawal tends to be increas-2r€ Shown in Fig. 6b—c. We set three municipal water scenar-
ing (Mauritania and Vietnam are exceptions). Second, waJ0S aS shown in Table 8. In the HE scenario municipal water

ter withdrawal did not stabilize much below 200 L ddy
capita’® in any nation.

4.3.2 Model

As with industrial water withdrawal, we modeled municipal
water withdrawal ¢; m3yr—1) as

M = POPX (l.mun’t()"— Smun’catX (t — to)) X 0365 (5)

where POP is the population (number of individuadg)n 1o

is the municipal water intensity for the base year (Ldfay
persorml), Smun,catiS slope, and the multiplier 0.365 is ap-
plied for unit conversion.

Historical trends of municipal water withdrawal were es-

withdrawal decreases toward per capita municipal water use
of 200 L day ! globally. In the LE scenario municipal water
withdrawal increases, and in the ME scenario it remains con-
stant at the current level. Because we found the magnitude of
slope to be between3.6 and 3.3 L persort yr—1 for nations

with a population of more than 10 million, we S&fom cat

for HE and LE at—2 and 2 L person® day® yr—1, respec-
tively. For countries with a per capita GDP below 2000 USD,
Sdom catgrows at the rate of 2 L persoh day ! yr=1 in all
scenarios because we found that no country stabilized below
this level. The increase in per capita water use continues until
it reaches 200, 300, and 400 L persérday ! for HE, ME,

and LE, respectively. Note that 200 L persérday ! is the
same level as is currently withdrawn in nations such as Bel-

timated using Eg. (5) and are shown in Fig. 8. This indicatesgium and Chile and reducing this would be a challenging but
that Eq. (5) reproduces the historical variation of municipal realistic target. For example, Singapore is targeting domestic

www.hydrol-earth-syst-sci.net/17/2375/2013/
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Fig. 9. Scenarios ofa) global total irrigated area (f(kmz), (b) global mean crop intensity (crops‘yh, (c) global mean irrigation efficiency

).

4000 plies that the rapid expansion of irrigated area may be ac-
3600 1 SSP1 SSP3 SSP5  Alcamo 2007 Shen 2008 Hayashi 2013 . . . . .
2200 ] ssp2 sspa B2 a2 w2 M i companied by environmental degradation. An increase in the
2800 1 : use of irrigation water imposes further alterations of river
. oo | and groundwater systems, which are likely to impact ecosys-
woo{ CES tems. Therefore, the general environmental consciousness of
20018 28S i society is reflected in the possible future expansion of irri-
ml I | | "I II I gation, with a possible restriction in expansion when envi-

0 L I ronmental consciousness is high. Table 1 indicates that envi-

ronmental consciousness is considered to be high for SSP1,
medium for SSP2, and low for SSP3 and SSP5. The envi-
ronmental consciousness for SSP4 is not clearly identified
in its narrative scenario, but the pathway mentions low crop
yields in small-scale farming, which implies less pressure to-
ward irrigation for the majority of cropland. Therefore, SSP3
This model can be applied globally becausgn.o and and SSP5 would be more likely to result in an expansion

the category of the base year can be calculated for all coun@! the irrigated area, whereas SSP1 and SSP4 would be less
tries from the national municipal water withdrawal data of likely. The situation for SSP2 would be intermediate between

AQUASTAT, UN population data (2011), and GDP data from the two groups. Therefore, we assigned High Growth in Ta-
the World Bank (2009). As with industrial water, municipal ble 5 to SSP3 and SSP5, Medium Growth to SSP2, and Low

water was geographically distributed at a®0:50.5° spatial ~ roWth to SSP1 and SSP4. The combination is summarized
resolution, using CIESIN and CIAT (2005). in Table 9 and illustrated in Fig. 1b.

Fig. 10. Scenarios for total global withdrawal-based potential in-
dustrial water demand (kryr—1).

water use at 140L persoh day ! (PUB Singapore’s Na-
tional Water Agency, 2012).

5.2 Interpretation of irrigation efficiency and changes

5 Linking water use scenarios and SSPs in industrial and municipal water intensities

We developed models for irrigated area, crop intensity, irri- Irrigation efficiency and changes in industrial and munici-
gation efficiency, industrial and municipal water withdrawal. pal water intensities are considered to be dependent on the
Each model has one parameter. By setting three options foiechnology scenario of the SSPs in this study. Table 1 indi-
each parameter (Tables 5, 6, 7, 8), we have developed threeates that technology is high for SSP1 and SSP5, medium for
intermediate water use scenarios. In the next stage, we erSP2, and low for SSP3. The narrative and quantitative sce-
sured their compatibility with the SSPs. We focused on thenarios of SSP4 indicate that technology is high in developed
narrative scenarios of the SSPs (O'Neill et al., 2012), whichcountries but low in developing countries. Additionally, be-
are summarized in Table 1. The key items we focused on aréause the adaptation challenge of SSP4 is large, it can be an-

technology change and environmental consciousness. ticipated that water efficiencies in developing countries will
not improve much, and their water intensity will remain high.

5.1 Interpretation of SSPs for irrigated area and crop ~ This implies that SSP1, SSP5, and SSP4 in developed coun-
intensity tries would be more efficient, whereas SSP3 and SSP4 in de-
veloping countries would be less efficient. SSP2 would be

It is known that undeveloped areas that are suitable for newntermediate between the two groups. Therefore, from Ta-
irrigation projects are limited (Bruinsma, 2003). This im- bles 6—8 we assigned High Efficiency to SSP1, SSP5, and
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(a)Baseline (b)SSP1_2055
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Fig. 11. Global distribution of withdrawal-based potential industrial water demgajBaseline year (circa 2000) ths~1), (b—f) Change
(ratio) from the baseline year for SSP1-5 in 2055.

2000 ments in the agricultural sector, improved agricultural tech-
1800 SSP1 SSP3 SSP5 Alcamo 2007 Shen 2008 Hayashi 2013 . .
1600 ] ssp2 . ool Ad B2 Az i nology (e.g. yield increases), land use changes, anq other fac-
1400 sge | tors (Faues et al., 2007). The latest socio-economic scenar-
o PR U ios sometimes include quantitative scenarios that cover total
mo|S KRR | food production and the area under cropland (e.g. van Vuuren
600 1 et al., 2011), but setting up irrigation scenarios from these
400 . - . appe . .
200,I | | | | | | scenarios is still difficult because allocating food production

0 into rainfed and irrigated agriculture systems remains chal-

lenging. Further study is required for the development of
more consistent scenarios. Second, all scenarios in this study
assume that the irrigated area increases in the future, based
on the five agriculture and food reports we reviewed (Roseg-

SSP4 in developed countries, Medium Efficiency to Ssp2rant etal., 2002, 2009; Bruinsma, 2003; Alcamo et al., 2005;
and Low Efficiency to SSP3 and SSP4 in developing coun-de Fraiture et al., 2007). However, some earlier studies have
tries. We defined developed countries as members of th@ssumed no change or a decrease in irrigation in the future.
Organization for Economic Co-operation and DevelopmentFOr €xample, Alcamo et al. (2007) assumed there would be

(OECD) as of 2005 and developing countries as other coun'© growth at all, and Hayashi et al. (2012) assumed a de-
tries. The combination is illustrated in Fig. 1c. crease of approximately 0.2 %Yk globally. The range of
scenarios would be even larger if we adopted these assump-

tions. Third, the populations assumed in the SSPs and the

Fig. 12. Scenarios of total global withdrawal-based potential mu-
nicipal water demand (k?ryrfl).

6 Results and discussion five reports were different, but no population adjustment was
performed in this study. Population would affect the growth
6.1 Irrigation scenarios of irrigation, although it is not the single dominant factor.

Fourth, we extended the period beyond the original reports.

Figure 9 shows the irrigated area, crop intensity, and irri-For example, Bruinsma (2003) projected toward 2030, but
gation efficiency scenarios. Because these scenarios are ey simply extended to 2100 because of the lack of further in-
pressed by a simple power law (Egs. 1-3), they display simformation. For SSP3 and SSP5, the total global irrigated area
ple relationships, but they highlight clear differences in theeaches 4.5 10° km2, which slightly exceeds all the land
narrative scenarios of each SSP. Potential irrigation water deyith irrigation potential (4.0 10° km?; Bruinsma, 2003).
mand is reported in the accompanying paper (Hanasaki et alp continuous expansion of the area under irrigation through-
2013), as global hydrological simulations are required for itSoyt the century might be an unrealistic assumption because
estimation. This study only sets up the boundary conditionsropland suitable for irrigation is limited. An increase in crop
of such simulations. intensity would be more realistic (i.e. multiple cropping is

The irrigation scenario was developed under the followingenhanced in the existing irrigated area). This suggests that the
assumptions and limitations. First, it is beyond the scope of.gmbined effect of area growtheaand the increase in crop
this study to develop in-depth food and agricultural scenar-intensityri,; would be more robust than for the two individ-

ios consistent with the SSPs. In reality, the growth of irriga- ya| scenarios. Fifth, regional differences were not included.
tion may reflect increases in food demand or price, invest-
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e

(c)SSP2_2055

0.001 0.050 0.500 5.000 50.000
(d)SSP3_2055 (e)SSP4_205

Wy

0.0 0.5 0.8 1.2 2.0 4.0 10.0

Fig. 13.Global distribution of withdrawal-based potential municipal water deméjdBaseline year (circa 2000) G\s*l), (b—f) Change
(ratio) from the baseline year for SSP1-5 in 2055.

The only exception igirg of SSP4, which uses different pa-  Figure 10 also shows the withdrawal-based potential in-
rameters for OECD countries and non-OECD ones. Sixth, wedustrial water demand scenarios of Alcamo et al. (2007),
assumed that the irrigated area only expanded within a gridcShen et al. (2008), and Hayashi et al. (2012). Alcamo et
cell. This assumption fixes the spatial distribution of water al. (2007) developed a water use scenario for the SRES A2
use. Areas currently not irrigated continue to be un-irrigatedand B2 scenarios, whereas Shen et al. (2008) used the SRES
throughout the century. This might lead to an overestimationAl, A2, B1, and B2 scenarios, and Hayashi et al. (2012)
of water scarcity, particularly in currently heavily irrigated used the ALPS-A scenario which is similar to SRES B2.
regions, because no extra land would remain for further irri-Because the SRES, SSPs, and ALPS-A are different scenar-

gation expansion. ios, direct comparisons do not make sense, but they do indi-
cate the possible range of water withdrawal projections in the
6.2 Industrial water scenarios 21st century.

. . Withdrawal-based potential industrial water demand in
Figure 10 and Table 10 show the total global withdrawal- g5ps \yas close to the scenarios of Alcamo et al. (2007) and
based potential industrial water demand. It highlights the d'f'Hayashi et al. (2010). This is encouraging because both Al-
ferences in the narrative scenarios of the SSPs. SSP1 and, et al. (2007) and Hayashi et al. (2010) estimated their
SSP5 indicate large decreases in the total volume of global,gqe| parameters from historical trends. This approach is
potential water demand. This is primarily explained by the ;o hatiple with the SSP2 assumption that the typical trends
rapid improvement in volume of industrial water withdrawn ¢ recent decades will continue. SSP1 and SSP5 are very dif-
per unit electricity production (Table 7). Electricity produc- ¢erent showing decreasing trends. Discussing model feasi-
tion increases in the 21st century in both scenarios (Fig. 2C)yjiry is quite difficult under the current regression modeling

but the effect of the improvement in efficiency is overwhelm- ¢4 mework. Sector- and process-based models are required
ing. In SSP2, industrial water is relatively stable throughout¢,, patter analyses.

the 21st century, which indicates that improvements in effi- g inqustrial water scenario was developed under the fol-
ciency and the growth of electricity production are compen-,ing assumptions and limitations. First, a linear decrease
Sa“_”g for each other. o _in electricity production per unit of water usgn( cap Was
Figure 11 shows the global distribution of changes in 555 med during the study period. This was confirmed from
withdrawal-based potential industrial water demand. NOte,5ijaple historic records (Fig. 5), but it is uncertain how far
that the changes are shown for individual countries (i.e. thgg the future the observed trend continues. Secandeat

color changes at national boundaries). In SSP1, potential Waj a5 assumed to be uniform for each category over the entire
ter demand decreases globally, except for countries in Africay g |n reality, potential industrial water demand reflects

The pattern is quite similar for SSP5, but owing to the largery,q gitferent activities of industrial sectors, methods of elec-

electricity production, the amount is larger than in SSP1. Nyicity generation, and water use intensity. These terms have

SSP2 and SSP3 there are global increases. There is a Sigsgiona) differences owing to differences in the stage of tech-

nificant contrast in SSP4. Withdrawal-based potential ind“s'nology development. Ideally, a new type of model is needed

trial water demand decreases in OECD countries due to rapigh; ‘expjicitly takes these individual factors into account.

changes in technology. In contrast, there are only moderatg;ayaqhj et al. (2012) initiated the development of a sector-

increases in non-OECD countries because of the slower ratgise manufacturing water scenario. Vassolo aitl (2005)
of technological change. '
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VoR3 et al. (2011), MErke and Eisner (2011), and drke is quite diverse across various nations as shown in Figs. 7
et al. (2013) initiated the development of technology-wiseand 8. Second, in some cases, domestic and municipal wa-
(power generation method and cooling type) thermal powetter is not strictly separated in global reports; hence care must
cooling water scenarios. These approaches are promising, bbe taken with comparisons. Following the categorization of
also challenging because they require very detailed global inAQUASTAT, we separated water use into agricultural, indus-
ventories of manufacturing and power generation from thetrial, and municipal water, but some earlier studies have also
present to the future, including geographical information.  reported domestic water, which primarily indicates the water
use of households. We simply judged that a strict separation
6.3 Municipal water scenarios is impractical because of the limitations of data availability.

Figure 12 and Table 11 show the total global withdrawal- ,
based potential municipal water demand. In SSP1, this i Conclusions

projected to be almost constant throughout the 21st cen- . . .
. . . . This study developed a global water use scenario that is com-
tury, because population growth is low and this scenario as-

. Patible with the Shared Socio-economic Pathways (SSPs),
sumes that all countries move toward a water use level o

200 L day™ persorTL. The other four scenarios show an in- which are a part of a new set (_)f scenarios for global climate

. . change. The water use scenario was developed to reflect both
crease in water use. SSP3 has the largest increase becayse L o L
) . . : € quantitative and qualitative descriptions of each SSP. The
it has the highest population growth and the largest increase

. . scenarios include the five factors of irrigated area, crop in-
:2 tgf&gigﬁggg\;’z: (S-rgglf 581r)1 dSSSSPPZS Sri?l):ét?nnd tﬁzlrasoa (_gnsity, irrigation efficiency for estimation of potential irriga-

. ) - 9 P F%ion water demand, and withdrawal-based potential industrial
ulation and per capita water use scenarios.

Figure 13 shows the global distribution of changes in and municipal water demand that are required to run modern

. . S . global hydrological models. All of these scenarios are grid-
withdrawal-based potential municipal water demand. Basi- . .
. o O . based at a spatial resolution of 9:60.5° and cover the en-
cally, all scenarios have a similar pattern: increases in de-

. . . X . L ; tire 21st century. The accompanying paper (Hanasaki et al.,
veloping countries, particularly in Africa. This is easily ex- . .
X ; 2013) analyzes global water availability and scarcity in the
plained because many of these countries currently fall be'215t century by utilizing the water use scenarios developed
low the water use level of 200 L day persor?, and there- y by 9 P

. . . - . here.
fore, under all scenarios, per capita water withdrawal will in-

o . The method proposed in this study is simple but carefully
crease. Moreover, population increases are expected in the%e : ; . i . .
countries esigned to function with currently available information of

The range of the total global withdrawal-based potentiaISSP.S'. The technical feaS|b|I|ty'of growth in mdu;tnal and
g X . . municipal water use was taken into account by using the pa-
municipal water demand in the five scenarios for three pe-

riods is within the range reported by Alcamo et al. (2007). rameters obtained from historical analyses. Projected water

Shen et al. (2008), and Hayashi et al. (2010). The range of'se in five scenarios of this study covers the vast range of

R N 1ay ) ' 9 existing projections. SSPs were developed based on the lat-
values in SSP1-5 is relatively narrow, and the general pattern g . . . '
and magnitude is close to that of Shen et al. (2008) AIcamoeSt socio-economic data and modeling techniques. The final
et al. (2007) reported a range much larger than any of prroducts .Of S.SPS are under review, but at Ie_ast_AIM-SSF_’ of-
scenarios. Alcamo et al. (2007) assumed that the per capit];aered projections in more detailed categorization and finer
water usé in developing;) countries increases to the curren?patial resolution than SRES. These advantages were utilized

mid-range levels of the USA and Europe. This correspond in this study. Itis a b|_g challenge to project the society, indus
1 T ry, and technology in the future, much more for water use.
to more than 400 L day* persorr®, which is close to our R -~
: . However, water availability could be a limiting factor of all
assumption for SSP3. Moreover, because of the formulation )
. : of them. Further efforts are needed to better project water use
used by Alcamo et al. (2007), per capita water withdrawal. . : . : "
. . . in the future consistent with socio-economic conditions.
increases much more rapidly than in our model. These two ; . .
X . .~ To the authors’ knowledge, this is the first study to present
factors explain the differences between our results and theirs. - . :
global water use scenario compatible with SSPs. We pro-

Shen et al. (2008) assumed more conservative growth, anposed a method for interpreting quantitative scenarios of

eventually, their scenarios and ours approach each other. . . .
. - . SPs using the key parameters of water use modeling, which
The assumptions of municipal water modeling are based_ . : L .
L . . P . ~“might be applicable to other disciplines. This study can be
on historical time series analysis (Figs. 7 and 8), but the lim- . .
o ) : considered an expansion of the new set of global change sce-
itations should be carefully noted. First, we applied these as-

sumptions uniformly across the globe. This eventually leadg 203 (Moss etal., 2010), adding details on the water sector.

to a very homogeneous global water use (i.e. all nation Our results will be useful for further comprehensive projec-
: Y 9 1 9 1 - o : ions of the future global environment in the 21st century.
withdraw 200 L day -+ persomn~ of municipal water), which

might be unrealistic. In reality, municipal water use reflects
the customs and climate of each region. Current water use
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