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Abstract. Water is an essential input to the majority of hu- 1 Introduction

man activities. Often, access to sufficient water resources i%N _ itical tor h ivelihood di
limited by quality and infrastructure aspects, rather than by ater Is a cr|t|ca_ resource for human livelinoods and 15
needed for the majority of human activities. Pressure on wa-

resource availability alone, and each activity has different re-

guirements regarding the nature of these aspects. This pap&?r resources is increasing due to consumption, as well as

develops an integrated approach to assess the adequacy Q)qllutlon, leading to situations of water scarcity in many re-

water resources for the three major water users: the dome _|on|s gf the yvorld. '\/][UCh knowleo_lge eX|ks_ts relgardlrr]lg the
tic, agricultural and industrial sectors. Additionally, we in- single determinants of water scarcity, making clear that wa-

clude environmental water requirements. We first outline the'e shortages are often due to quality or access, rather than

: - to physical water shortageBirflayson et al. 2012
main determinants of water adequacy for each sector. Subséj-ue .
quently, we present an integrated approach using fuzzy Iogic\,NHO/UNICEF' 2000 WWAP, 2012 Sullivan, 2902)' For
example, assessments of human water requirements (e.g.

which allows assessing sector-specific as well as overall wa: I 1997 Falk k and Rockstrard004 sh
ter adequacy. We implement the approach in two case stud alkenmark » majkenmark and Roc _strq 4 show
hat the share of domestic water needs is comparably small.

settings to exemplify the main features of the approach. Us—N hel q . ) s i d
ing results from two climate models and two forcing RCPs onetheless, domestic water scarcity prevails in many (de-

(representative concentration pathways), as well as popula\felc’ping) countries, mainly due to inadequate water quality

tion projections, we further assess the impacts of climate®"d acc_essles_b ermanZO(_)@. Other important water users
change in combination with population growth on the ade-2'¢ _the mdu'_strlal and agncu_ltural sectors, Wh.'Ch each have
quacy of water resources. The results provide an importan?'s,t,InCt requirements regarding quantity, quality and access
step forward in determining the most relevant factors, im- Florke et al, 2011. Falkenmark199'/). Approaches such as
peding adequate access to water, which remains an importafit® water poverty mde)&ulllvan, 2903 and the cl!mate vul-
challenge in many regions of the world. The methodology aI-nerablllty index Gullivan and Meigh2003 are important

lows one to directly identify the factors that are mostdecisiveStarting points in under_standing and integrating the muitiple
in determining the adequacy of water in each region, point—"JISpeCtS of water scarcity and water poverty. Today, human

ing towards the most efficient intervention points to improve activities already impect yvater availal:_)ility, and projected de-
conditions. Our findings underline the fact that, in addition velopmen't pathways |nd|cat'e further Increases of these pres-
to water volumes, water quality is a limitation for all sectors sures deriving fr'olm populetlon and economic grovliates
and, especially for the environmental sector, high levels of°t al, 2008. Addmonal_ly,_ ch_mate change Is expected to alter
pollution are a threat to water adequacy. temperature and preC|p|ta_t|on patter_Ksr(man et al, 2013
Collins et al, 2013, potentially reducing available water re-
sources and adding to the existing situation of water scarcity.
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4040 T. K. Lissner et al.: Sectoral constraints for water use

The majority of societal activities require water, and eachmain water-using sectors and translate the identified deter-
sector has individual requirements. Planners and decisionminants and their relationships into a methodological frame-
makers require tools, which allow one to view the multiple work. We then apply the framework in two countries — In-
determinants in conjunction, to identify where potential lim- donesia and South Africa —, taking into account several sce-
itations are most efficiently eliminated, also taking into ac- narios of climate change to outline where climate and popu-
count potential future changes. Existing approaches to assesation change may lead to additional water stress.
water scarcity usually focus on single aspects of the topic; The analysis steps produce an integrated overview of the
for example, on human water requirements (Eadkenmark  adequacy of water resources, while the applied method-
1997; the relationship between water use and availability ology allows retaining important cause-and-effect chains,
(e.g.Alcamo et al, 2003; water consumption (e.¢Hoekstra  which can point towards policy-relevant information. Sec-
and Chapagair006; threats to water quality (e./6ros- tion 2 gives an overview of the countries used as examples,
marty et al, 20103; or physical scarcity and drought (for outlines the analysis approach and introduces the method-
comprehensive reviews ségiyagama et al.2009 Brown ological concept of the framework. We present the results in
and Matlock 2011). Focussing on peoples’ daily realities, Sect.3 and discuss them in Sed.followed by some general
development-oriented assessments of water access often atbnclusions.
dress the aspect of water infrastructuddN( 2012). It is also
clear that sufficient water needs to be retained for functioning
ecosystemsmakhtin et al.2004), also with regard to the
long-term adequacy of human livelihood conditions. How- .

. : . 2.1 Case study regions
ever, environmental aspects are seldom considered in assess-

ments of human water scarcity. The two case study countries are presented in Eighow-

This paper proposes a framework to assess the adequagyy the major cities, as well as regional population densities.

of Wgter resources, integrating the various aspects which deBoth countries currently are at a intermediate human devel-
termine sectoral water security. Adequacy for the purpose oy ment stage. The 2012 Human Development Index (HDI)
this analysis refers to a situation in which the quantity, qual-yge for Indonesia is 0.629, with a rather strong increase

ity and access to water resources is sufficient enough to meglom 0.422 since 1980. Like Indonesia. South Africa had
needs, but is not necessarily abundant or ideal. While knowl, 5912 HDI value of 0.629. which is qu,ite high above the

edge on the single important aspects for the main SeCtoracllverage for Sub-Saharan Africa of 0.4T5NDP, 2013. A
water users is available, an integrated approach to account fq{igher development status usually results in increasing per
sector-specific determinants of water adequacy is missing @y ta water use, due to increasing water consumption across

far. The proposed method allows one to distinguish betweeng o5, Both countries have positive growth rates in terms of
anthropogenic and physical causes of water scarcity; for ex:

X population as well as economic growth, and this trend is ex-
ample, due to management or infrastructural problems (€copecteq to continue. Both development and increasing water
nomic and social water scarcitBrown and Matlock2011)

, use will likely increase the total water withdrawal.
or due to actual resource scarcity. , Indonesia is generally quite water abundant and currently
To retain important information regarding the most rele- yithdraws 5.6 % of total renewable resources and per capita

vant determinants and to include context-specific cause-anq;ge is rather low at 531%tap Lyr-1. The highest share

effect relgtions_hips between variables, we propose the use Qf¢ \yater goes towards agricultural use (81 %), 7 and 12 %
fuzzy logic. This method has been used in water-resource res e \yithdrawn for industrial and domestic use, respectively

search, for example, to assess issues of water quaItgitbi  (Fa0 2011). Current per capita water use in South Africa
et al, 2012 or wastewater reuse potentiallifeida et al, is even lower at 284fhcap ! yr1, however about 25 % of
2013 and could be shown as a useful tool for integrating de-y4| renewable resources are currently withdrawn. This im-
terminants of human—environmental systerisopp et al,  pjies increasing pressure, as living standards rise and pop-
2001, Lissner et al.2012). By identifying the factors thatare |ation increases. The distribution between sectors in South
most limiting to adequate water access, the results obtainedric, is rather different with a relatively high fraction of do-

through the proposed approach can directly inform decisionyneic yse at 31 %. 63 % go towards agricultural production
makers on how to most effectively improve access to watergnq g o4 are used by industrieBAO, 2005.

extending the approaches put forward3ullivan(2002 and
Sullivan and Meigh(2005.

The objective is thus to integrate determinants of sec-
toral water adequacy into an overall measure of water ade-
quacy, allowing one to identify regional limitations, as well
as sectoral constraints on human water security. The analy-
sis follows two subsequent steps. Initially, we identify crite-
ria, which determine the adequacy of water resources for the

Methods and materials
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Figure 1. Conceptual overview of the determinants of sectoral water adequacy and the aggregation process.

Table 1.Overview of sectoral water needs according to different sources, all convertetcapnt yr—1.

Chenoweth(2008 Falkenmark1997 Shuval(1992 Range Threshold
Municipal 30.6 36 100 30.6-100 30-100
Industrial 12.6 36-432 - 12.6-432 10-400
Agricultural 504-1584 25 25-1584  500-1500
Cumulative 540-2000

a Population density [cap/km?]
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stock productionKAO, 2013, while others account for the
two sectors separateliFiprke et al, 2011). Furthermore, wa-

ter needs for energy and industrial production are often added
up (Florke et al, 2011) and are much more dependant on de-
velopment status and country-specific conditions than other
sectors Chenoweth2008 Sullivan, 2002 (see Tablel for
details). For the purpose of the analysis, we distinguish the
three sectors — municipal, agricultural (including livestock)
and industrial (including energy production) —, as this is the
most common and applicable differentiation. An additional
important aspect that we take into account is the environment
as a distinct water user, as functioning (aquatic) ecosystems
and biodiversity are essential for healthy and sustainable liv-
ing conditions and long-term water securi§nfakhtin et al.
2004 Molle et al, 2010. For each of the sectors, specific
determinants and water needs are differentiated in order to

Figure 2. Regional population densities and major cities of the ex- assess the overall water adequacy. The concept and main sec-

ample countriega) South Africa andb) Indonesia and their loca-
tion on the world map.

2.2 Determinants and indicators to measure the
sectoral adequacy of water

toral determinants are summarized in Fig.

First, for an assessment of water adequacy, sector-specific
water-resource needs have to be identified. Talgeres an
overview of user-/sector-specific water needs estimated from
the literature and converted to annual per capita water needs
in m3 (m® cap ! yr—1). Rather than the actual current water
use, the table gives an overview of what has been identified as

The most important sectors of human water use are the Myminimum) sectoral needs. As the large differences suggest,
nicipal (domestic), agricultural, energy production and in- ggtimations of water needs differ in their assumptions, and

dustrial sectorsKlorke et al, 2011, WWAP, 2012 Falken-

mark, 1997 Chenoweth2008. Sectoral attribution is some-
times ambiguous: the definitions of e.g. municipal and

usually do not take into account external (imported) water.
Chenowetl{(2008), for example, derives a rather low level of
water needs, generalizing the current water use in the Nether-

domestic water use overlap or are used interchangeably,qs. |t is important to note, however, that imports of water

(Chenoweth2008 FAO, 2013 Florke et al, 2011). Some es-

timations of water use and needs for agriculture include live-

www.hydrol-earth-syst-sci.net/18/4039/2014/
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through goods produced outside of the country are not takements can damage turbinégsrgedel and van der Voe201Q

into account here. Voérosmarty et al.2010h Morrison et al, 2009. Higher wa-
The most detailed analyses of generic, sectoral water reter temperature may also reduce the availability and usabil-
quirements are the ones presentedHatkenmark(1997) ity of water for cooling purposes3raedel and van der \Vget

andFalkenmark and Rockstr62004), which are amongst 201Q Vorésmarty et al.2010h Van Vliet et al, 2012. Al-
the most widely used indicators of water scarcity for global though low water quality does affect industrial production, it
analysis. Here, water needs are assessed assuming that @alimore often a cause of water pollution itself.
needs are met within country boundaries. Further impor- About 70 % of withdrawn water goes towards agricultural
tant accounts of municipal water needs include an analyproduction WWAP, 2012, and overall resource availabil-
sis by Gleick (1998, who calculates a minimum domestic ity is the most critical factor for the adequacy of agricul-
water requirement of 18%tap Lyr—1, as well as a report tural water (middle right of Figl). Seasonal variability and
by the Howard and Bartranf2003, where a range of 7.2— short-term shortages may be buffered through water storage
36t cap Lyr1isidentified. Accounts of generalizable en- (dams), as well as through the availability of irrigation infras-
vironmental water requirements (EWR) have mainly beentructure. While dams may have negative ecological effects
put forward by Smakhtin et al. (2004, who derive basin- for ecosystems, they can increase human water security, both
specific EWR as a fraction of overall runoff. Values range through water storage for situations of shortages, as well as
between 20 and 50 % of total available resources. As opthrough potential buffering during flooding evenigofos-
posed to assessing the sectoral water requirements, which iearty et al, 2010h Finlayson et al.2012. Agricultural pro-
the focus of the present analysis, existing models addressinduction, in general, may be less dependant on water qual-
water use focus on current and potential future withdrawality, whilst the sector contributes strongly to water pollution.
and consumptionHlorke et al, 2013 Lissner et al.20143. Quiality factors that may reduce yields are mainly related to
While these provide estimates of potential future develop-potential salinisation\(érosmarty et al.20108.
ments, they do not assess whether available resources areEnvironmental water requirements (EWRs) refer to the
sufficient in order to meet needs. fraction of water, which should remain within aquatic
Additional to the availability of water resources in suffi- ecosystems to ensure adequate long-term ecosystem health
cient quantity, quality and access also determine water adand sustainability (Fidl, right). Basin-specific EWRs de-
equacy. Relatively little water is needed for the municipal pend on prevailing regional climate conditions and vege-
sector. Here, access infrastructure, as well as water qualitytation (Smakhtin et al. 2004). Water pollution is an addi-
are often a more important limitation to water adequacy (lefttional critical determinant of ecosystem health, and multiple
part of Fig.1; Rijsberman200§ Sullivan 2002. Ratherthan  sources of human activities affect water quality and pollution
looking at resource availability, access to an improved wa-levels, threatening biodiversity/frosmarty et al.20108.
ter source is central to the Millennium Development Goals Summarizing the determinants of sectoral water adequacy,
(MDG), for example UN, 2012. Water quality aspects are Table2 gives an overview of the proposed indicators for the
also of utmost importance for the municipal sector, as lowsubsequent analysis. Column 2 specifies the indicator name,
quality of drinking water has direct consequences for hu-as used in the remainder of the paper. Columns 3 and 4 sum-
man healthidoward and Bartrap003 and may render wa- marize the variables and data sources, which are used to
ter non-potable without prior purificatiorFinlayson et al.  quantify each indicator. The data are also discussed in more
2012. In their assessment of the main threats to global watedetail in the following section (Se.3).
security,Vorésmarty et al(201001 identify several relevant
pollutants with direct negative health effects, including nitro- 2.3  Fuzzy logic approach to measuring water adequacy
gen, phosphorus, pesticides and mercury, as well as organic
matter and high sediment loads. A fuzzy logic approach is developed to translate the sector-
Water needs of the industrial and energy sectors are diversgpecific determinants into an integrated measure of water ad-
(middle left of Fig.1). Water is eventually needed at some equacy. Fuzzy logic allows converting qualitative or inher-
stage of the production process, but quantity, quality andently fuzzy concepts into mathematical representations by
other requirements depend strongly on the specific procesdefining linguistic categories and translating the input val-
(Graedel and van der Vae201Q WWAP, 2012. Acommon  ues into degrees of membership,(). For the process of
denominator is the need for cooling water, which is gener-fuzzification, upper and lower thresholdsand:» are de-
ally needed in production processes, for which some genfined which determine the degree of membership of values to
eral requirements can be identifieddrrison et al, 2009. the respective linguistic categories. Furthermore, the shape of
Low water quality can increase costs, as water has to be prehe function (e.g. linear, exponential) determines the degree
pared for use. Especially high quantities of suspended sedief membership of each element. The fuzzified variables take
continuous values between 0 and 1, representing the degree
1For details on the background of all indicators of water quality Of membership to the respective concept (see for details e.g.
used throughout this paper séérésmarty et al(20108). Lissner et al.2012 Kropp et al, 2001). For the purpose of
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Figure 3. Fuzzy aggregation tree to calculate the adequacy of available water resources. Maps show values for South Africa using water
availability data from the HadGEM2-ES model under current conditions (HADbase).

the present analysis, we want to calculate the adequacy of tharithmetic meanNlayer et al, 1993. Fuzzy logic further of-
determinants of water availability, quality and access to defers the possibility to include the compensating element
rive an integrated measure of water adequacy, where valueshich allows using fuzzyAND (EqR) and fuzzyOR opera-
near 1 indicate highly adequate conditions, and values nedors by taking into account the arithmetic mean to the extent
0 indicate inadequacy of the respective component. Equatiolf y, with y values near 1 resulting in a strict application of
(1) describes the process of fuzzification for linear member-the operator and values near 0 actually calculating the arith-
ship functions, as used for the purpose of the present analysisnetic mean Kropp et al, 2001).

09

=t =1 U(ZIAZ2A . AZp) =Y X MIN(U1, fz2, - s fhzn) 2
M) =1 "%, u<t<w 1) L
1, 12 =<1 +(1—J/)XNZMU
i=1

Following the process of fuzzification, the variables can
then be aggregated using context-specific decision rules, Figure 3 outlines the aggregation process, showing cur-
which allow one to account for relationships between vari-rent values for South Africa. The aggregation for Indone-
ables. Decision rules should be chosen according to the spesia follows the same procedure. For each sector, two main
cific properties of the variables and the analysis. Operator@spects are considered: the fuzzified determinants of access
include strict minimum (AND) and maximum (OR) opera- and quality (middle column, Fig3), as well as the fuzzi-
tors, as well as averages such as as harmonic, geometric afied adequacy of water availability (right column). We first
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Table 2. Overview of data sources (variables) used to represent the indicators of water adequacy.

Sector Indicator Variable Source
Municipal Municipal water access (m_access) M1: Source of drinking water ICF (2013
Municipal water quality (m_quality) M2a: Phosphorus loading Voérdsmarty et al(20100

M2b: Nitrogen loading
M2c: Sediment loading
M2d: Organic loading
M2e: Mercury deposition
M2f: Pesticide loading

Agricultural Agricultural water quality (a_quality) A1l: Soil salinisation Vorésmarty et al(20108
Security of supply (a_sec_supply) A2a: Dam density
A2b: Area equipped for irrigation AQUAStaFAO, 2013
Industrial Industrial water quality (i_quality) 11: Sediment loading Vorésmarty et al(2010H
I12: Thermal alteration
Environmental Environmental water quality and E1: Biodiversity threat Voérdsmarty et al(20100
Biodiversity threat (biod_threat)
Water Available water resources (all_water) W1: Total runoff LPJBhndeau et al2007,
availability (surface and subsurface) Warszawski et aj20149)

calculate individual sector adequacy and subsequently aggresources are differentiatetHoward and Bartran2003 ICF,
gate all values to an integrated measure of water adequac2013. The MEASURE Demographic and Health surveys
Each step of fuzzification and aggregation follows a context-(ICF, 2013 provide access to detailed indicators, aggregated

specific reasoning process. to administrative regions (M1, TabB. To represent the ad-
equacy of access to drinking water (m_access), we weight
2.3.1 Fuzzy reasoning process and data preparation the different types of access according to their adequacy

(weights adapted fronoward and Bartranf2003, Table
In order to represent the various factors that influence the ad6) Water p|ped onto the premises has a We|ght of 1, and ac-
equacy of water, we focus on sources that provide comparacess through a well has weight of 0.5, while all other types
ble and consistent estimates for both countries. The data angf access have a weight of 0.2. The sum of the weighted ac-
fuzzification process to represent the sectoral determinantgess types returns values between 0 and 1, where values near
are outlined in the following paragraphs and summarized in] indicate highly adequate m_access (i.e. a very high pro-
Table2. Vorosmarty et al(20103 provide a comprehensive portion of the population with water piped onto premises),
global database of water quality indicators for the year 2000yhereas values near 0 indicate inadequate m_access. Also,
which we use to represent the individual indicators of wa-water quality plays a prominent role. Contaminated drinking
ter quality for each sector. The available data provides estiwater either renders the water non-usable or threatens human
mates of water quality at global scale for various indicators.health. Various aspects determine municipal drinking water
Where data from this source is used, it was prepared as folquamy (m_quality) (see Sec2.2). The most important con-
lows: data are originally provided as values between 0 and liaminants that affect municipal water quality, as identified by
where values near 0 indicate low threat intensity, and values/grosmarty et al(20103, are phosphorus loading (M2a), ni-
near 1 indicate severe threats to water security. We calCutrogen loading (M2b), sediment loading (M2c), organic load-
lated the mean threat intensity for the administrative regionsmg (M2d), and mercury deposition (M2e), as well as pesti-
of the two case study countries and invert these values, sgide loading (M2f).
that values near 1 indicate adequate water quality (low pol- High-quality water infrastructure (m_access) plays an im-
lution threat) and values near O indicate low water quality portant role in mitigating potential negative effects of low
(hlgh pO”Ution threat). Therefore, no further fuzzification is water qua“ty inthe municipa| sector (m_qua“ty) For the ag-

required for these values. gregation of the municipal determinants of access and quality
o (m_factors), this translates into the fuzzy reasoning process
Municipal water adequacy as a fuzzyAND operator, where both aspects have to be suffi-

Inth f icipal q i ciently available for adequacy to be high. However, as highly
nthe case of municipal water adequacy, inirastructure to aCE‘;ldequate access infrastructure can reduce contaminants, a

Cess water resources plays an important r_ole. To measurl}g value of 0.6 is introduced, allowing one to compensate to
municipal water access, improved and unimproved wate

Hydrol. Earth Syst. Sci., 18, 40394052 2014 www.hydrol-earth-syst-sci.net/18/4039/2014/
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some extent (Fig3, column 3). While comparatively little et al. (2004 calculate basin-specific EWRs as a percentage
water is needed to fulfil municipal water needs (m_water),of overall runoff, ranging between 20 and 50 % of total avail-
water availability is nonetheless obviously essential and aable resources. We average these values over the adminis-
strict fuzzyAND is applied to aggregate the overall measuretrative regions of the case study countries and subtract the
of municipal water adequacy (m_adequacy) to account forespective fraction from the overall water available in the

this fact (Fig.3, column 4). respective region. The remaining water is then available for
_ human use in three sectors, while keeping water availability
Industrial water adequacy within sustainable environmental boundaries. Environmental

) . ) water quality is represented by an integrated indicator of bio-
The common dgnqmlnator tq assess mdUSt'FI?ll water'adediversity threat (biod_threat, B1), representing relevant pol-
quacy is the availability of cooling water of sufficient quality, |,tion and disturbance factorygrosmarty et al.2010H.

which can be represented by the sediment load (11) as well as ¢ rrently, no projections of the potential future develop-
water temperature (thermal alteration, I2p(osmarty etal.  mnant of the introduced variables are available. Therefore,
2010h. Both the quality (i_quality) as well as sufficient wa- 5, es for the assessment of current, as well as short-term,

ter availability (i_water) determine the adequacy of indus-y,re water adequacy are kept constant for aspects of access
trial water resources (i_adequacy). However, low water qual-

h HURE . ) and quality. Projected changes derive from the variables wa-
ity does not completely inhibit cooling-water extraction. We 4, availability, as well as population.
therefore use fuzzyAND with & value of 0.8 to aggregate
the indicators for the overall measure of industrial water ad-2.3.2  Scenarios of water availability and population
equacy (i_adequacy).

Water availability for the purpose of the analysis describes
Agricultural water adequacy the total internal renewable water resource, as required for

the assessment of water scarcity accordindgratkenmark
For the agricultural sector as the highest water user, sufﬁcien(lgg—,) andFalkenmark and Rockstréf2004). To measure
water availability (a_water) is most important (W1, see alsoyater availability and calculate future scenarios of climate
Table 1). Infrastructure to buffer potential shortages can re-change impacts, we use output from the Lund—Potsdam—
duce the risk of inadequate water supply. Both the ava“ab"'Jena-managed land (LPJImL) model, a dynamic global veg-
ity of dams as well as irrigation infrastructure can provide gtation and water balance modé@ondeau et aj.2007.
such infrastructure._As either of these two indicgtors may i”'SpecificaIIy, we use the mean total surface and subsurface
crease water security, these are aggregated using a fuzzyORnoff per grid cell. We make use of publicly available results
Dam density (A2a) is included in the river threat databasegenerated within the framework of the Inter-Sectoral Impact
(Vorosmarty et al.20109 and prepared as described. Simi- pogel Intercomparison Project (ISI-MIRyarszawski et a.
larly, data on areas equipped for irrigation (A2b) is provided 2014
in percentage values and is averaged over the administra- cajcylations are based on two representative concentra-
tive regions. Finally, water quality for the agricultural sector iy, pathways (RCP) as forcings for the two employed
(a_quality) is represented by the potential soil salinisationg|oba| climate models (GCMs): HadGEM2-ES and GFDL-
(AL) (Vorésmarty et a].20103. Infrastructure to ensure the ggpom (van Vuuren et a).2017). We calculate mean an-
security of the supply of water for agriculture (a_sec_supply)nya| water availability for a baseline (1981-2010) and a short
is especially important in regions where available water re-orm (2011-2040) scenario, based on the two GCMs, using
sources are close to or below thresholds of water needs. TRcp2.6 and RCP8.5. The GCM—RCP combinations are fur-
account for this, we introduce an “if” clause into the analysis: her referred to as: HADbase, HAD2.6, HADS.5, GDFLbase,
only if water availability is below the threshold of adequacy gpEL2.6 and GDFLS.5. Similar to the preparation of water-
does supply infrastructure become relevant for the analysisyyajity data, we calculated values for the administrative re-
Where Wateravai.lability is limited, the §ecurity of supply in- gions, summing up the cell values to derive yearly values
dicator plays an important role. As slight shortages in wa-of water availability per administrative unit. To assess per
ter availability can be compensated in this way, @alue of  ¢4ita availability, we rely on regionalized population projec-
0.6 is introduced to combine adequacy of access and qualityons from the National Statistical Offices for the case study
(a_factors) with water availability (a_water) for the agricul- regions and divide the total available water resource by the
tural sector. population — IndonesiaBAPPENAS (2005, South Africa:
van Aardt(2007)2. In both countries, population is expected
to increase in the coming decades. Projections of water re-
sources indicate marginal change in overall water resource

Environmental water adequacy

EWRs are prioritized in our analysis in the following way:
we assume that sufficient water is retained for ecosystems 2available subnational projections for South Africa exist up to
by deducting EWRs from the overall water resources, be-+the year 2021; we applied the national available growth rates to the
fore assessing water availability for other sect@makhtin  projected data for 2021 to derive values for 2025.
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availability for both countries, with larger differences be- [
tween the two GCMs than between representative concen
tration pathways (RCPs) and the time slices. All input data
for the administrative regions is published in the Supplemen
at figsharel(issner et al.2014H.

In order to assess the adequacy of available water re
sources using fuzzy values, (m_water, i_water, a_water and \ -,
all_water), we use the rounded lower and upper ranges, &czlcgn]rz]rs|
identified in Tablel (column: “Thresholds”), for the process \ N
of fuzzification. Here, the lower identified threshold refers to
the minimum water need identified in the literature and the|x
upper threshold denotes a situation of adequacy. To deriv
individual values of adequacy for each sector, we initially as-
sume that the total water resource would be available to mee
the needs of the single sectors. To then assess the overall
equacy of water availability across all sectors, the needs o
all sectors are summed to assess the cumulative adequacy
overall water resources (all_water).

To finally derive an integrated indicator of overall water _. )
adequacy (all_adequacy), sectoral quality and access aspe&@ure 4. The maps show the integrated measure of water ade-

. . qyacy under current conditions (GDFLbase) afy South Africa
are combined with the overall water needs across sectors. FQJ | (b) Indonesia. Coloured boxes show changes in water ade-

the purpose of exemplifying the approach, we use a meamy acy " where these occur, differentiating the models and RCPs.

operator to aggregate all sectoral determinants of access ansh: GprL2.6, G8: GDFL8.5, Hb: HADbase, H2: HAD2.6 and
quality (all_factors), but combine these indicators with the Hg: HADS.5.

overall water availability (all_water) using a strict “min” op-
erator, reflecting the fact that sufficient resource availability
is a prerequisite. of South Africa. Both the areas equipped for irrigation as
well as the dam density are rather low, thus the security
of supply is often insufficient to buffer potential shortages.
3 Results Nonetheless, agricultural adequacy (a_adequacy) is interme-
diate to high all over South Africa. The integrated indica-
The overall adequacy of water is a function of all factors tor depicting a regional biodiversity threat shows that water-
that affect the quantity, quality and access to water by rel-quality pressure on the environment is high, negatively af-
evant sectors. Besides outlining the aggregation procedurdecting the environmental water adequacy (env_adequacy).
Fig. 3 also presents results in the form of maps, representThe mean adequacy of determinants of access and quality
ing the fuzzified and aggregated values for South Africa foras a combination of all sectoral determinants (all_factors) is
each analysis step for current conditions of water availabil-low to intermediate. The sum of sectoral water requirements
ity (GDFLbase). The analysis is conducted calculating the(all_water) shows limitations in resource availability, espe-
degree of membership to the linguistic category “conditionscially in densely populated areas, hinting at potential com-
are adequate”, which translates into results of water adequacpetition between sectors. The overall result depicting water
ranging from very high (0.8-1), high (0.6-0.8), intermediate adequacy (all_adequacy) is an aggregate of all input factors
(0.4-0.6), low (0.2—-0.4) to very low (0-0.2). As generally and cumulative water requirements of all sectors, mainly re-
visible, access factors critically determine the resulting val-flecting the limitations in access and quality factors across
ues of water adequacy: while the adequacy of available wateregions.
resources is (very) high in terms of quantity for most sectors, Figure 4 shows the integrated water adequacy
access and quality have a strong influence on the results. (all_adequacy) for South Africa and Indonesia for cur-
Water quality plays an especially important role for the rent conditions, as well as future changes where applicable.
adequacy of municipal water resources in South Africa. Al-In both countries, regions of lowest adequacy are those
though the adequacy of access (m_access) is high to venyith the highest population density (depicted in FR).
high, municipal water quality (m_quality) is (very) low and Projected changes in water availability do not affect the
leads to inadequate municipal adequacy of access and quabverall adequacy of water for human use in most regions,
ity (m_factors). For the industrial sector, available resourcesas quality and access play such an important role. However,
suffice to meet needs, but alterations of quality reduce itschanges are apparent in some regions. Here, differences
adequacy in all regions. Due to the high agricultural wa- between the two applied models also become visible.
ter needs (a_water), limitations are faced in some regiong?opulation density plays a crucial role in determining the
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adequacy of water availability (all_water). A large number South Africa Indonesia
of users may lead to overall scarcity, either due to resource __ —

limitations or quality restrictions. In the example countries, . 1
regions with high population density are currently close to ..
the thresholds of water scarcity and population growth isS
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likely to aggravate the situation. The projections of futures = = ]

water availability only project marginal changes in overall | — = |

water resource availability in both countries, and, in several —_ =

regions, changes may lead to increases in water resources.3 1. : : — 31 ‘ ‘ ‘ :
However, due to an increase in population, especially in mun - agr - ind env - all mun - agrind - env - all
already densely populated areas, per capita availabilitfigyre 5. Sectoral water adequacy in South Africa (left) and
declines, leading to potential water scarcity. Indonesia (right), showing results for the individual sec-

In South Africa, mean overall adequacy (all_adequacy) istors  (mun=municipal, agri=agricultural, ind=industrial,
intermediate to low (GDFLbase: 0.41, HADbase: 0.4) andenv=environmental, all=overall). Black lines show results
the highest values of adequacy also remain at intermediatéor the individual municipalities, and red triangles show the country
levels with values between 0.51 and 0.55 in the regions ofiverage for results across models and RCPs from left to right:
the Eastern Cape, Mpumalanga and Limpopo. The water adeDFLbase, GDFL2.6, GDFL8.5, HADbase, HAD2.6, HAD8.5.
equacy is most severely limited in Gauteng, with a very low
adequacy of 0. Although, generally, resource availability un-
der the current climate is very adequate in the regions of3.1 Sectoral priorities of water adequacy
South Africa, municipal and industrial water quality are low
to very low in many areas. While an overall aggregate indicator of water adequacy gives

In Indonesia, water resources are generally abundant, bumportant information on the overall situation of water secu-
the metropolitan region of Jakarta faces some water limita<ity, a sectoral differentiation allows prioritizing especially
tion, and projections of water availability show further re- stressed sectors in order to most efficiently improve water
ductions in the region. Although overall water availability is adequacy. Comparing the sectoral adequacy, it is apparent
projected to increase in most regions, population growth inthat the municipal, as well as environmental, water adequacy
already populous areas of the country is also projected tare lowest, in both South Africa and Indonesia, also show-
increase significantly, keeping constant or diminishing pering the lowest spread between regions (B)g.n Indonesia,
capita water availability. municipal water adequacy is lowest in rural regions, where

The island of Java, for example, is home to the largestespecially the access to improved water sources is limited. In
cities and shows the lowest values of water adequacy andeveral regions, environmental water quality dominates the
a decrease in adequacy over the coming decades. Mean ad®sult. In the most densely populated regions of Bali, as well
guacy under current conditions in Indonesia is intermediateas East and West Java, the overall water availability proves
with lowest values in the densely populated regions of Balito be a limitation under future conditions.
with intermediate to low water adequacy. Similarly, the re-  Agricultural water adequacy shows the highest spread
gions of Central, East and West Java, as well as Yogyakartagacross regions in both countries. While the mean adequacy
display low to very low values. Where adequacy is low un- is intermediate to high in both countries, some regions are
der current conditions in Indonesia, further changes are proseverely water constrained. When looking at the overall ad-
jected, leading to additional reductions in water adequacyequacy of the three different sectors (municipal, industrial
Conditions are best in Maluku Islands, East Kalimantan andand agricultural), the analysis shows that, for the municipal
Papua, with high values across models and scenarios. Gemnd industrial sectors, the main impediments are water qual-
erally, access to an improved water source (m_access) ity and access factors, rather than the availability of water
low to intermediate, leading to an overall reduced adequacyesources. This also holds for short-term future scenarios. In
(m_adequacy). Water quality in Indonesia for all users is in-the case of agricultural water resources, however, the avail-
termediate to high and water availability is high, except for ability of sufficient irrigation water plays a role in some re-
the densely populated regions. As measures to increase tlggons of the case study countries.
security of the supply of water for irrigation purposes are rel- Identifying the most relevant sectors and factors for each
evant mainly where water shortages are to be expected, agriegion in determining the adequacy of water resources pro-
cultural adequacy (a_adequacy) is high, despite a lack of irrivides important information to improve the quality of wa-
gation equipment and low dam density in many regions. Theter resources and access in an efficient way. Figuskows
security of supply indicators performs best in those regionswhich sectors most severely constrain water adequacy in
where water availability is below the scarcity threshold, al- each region. Where this factor changes over time, this is in-
lowing one to buffer potential shortages in water resources. dicated by a box in the respective colour. In the case of South

Africa, environmental water adequacy is a severe constraint
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can be applied. Changing resource availability, as well as
Most limited sectors population increases, has an impact on the patterns of wa-
[ municipal ter adequacy. For effective and informed decision-making, it

[ industrial is essential to provide detailed and applicable information on

I environmental the sectoral differences that affect the adequacy of water re-
- water resources SOUFCGS.

The results of the analysis clearly show that infrastruc-

" ture (municipal access and security of supply) and quality
w<<}e aspects play an important role to determine water adequacy.

s Although insufficient water resources, also over the course of
the next decades, have an impact in some regions, the distri-
bution of population often plays an important role, as densely
populated places face more severe water scarcity.

In some of the analysis regions, agricultural water is al-
ready limited. In Indonesia, for example, most agricultural
production currently takes place on the densely populated is-
land of Java. Here, water resources are already limited and
population growth in this region may aggravate the problem.

) ) o Reduced water availability in the future may affect domes-
Figure 6. Overview of t.he most limited se_ctoral adequacy for the 4. security if available water resources become insuf-
regions of(a) South Africa andb) Indonesia. Where changes oc- . . . . .
cur across scenarios, these are indicated by a box in the respecti\l;cleCIenF |_n relevant growth _phases and supply infrastructure is
colour. Note that the sectoral limitations shown for South Africa are msgfﬂment t_o meet additional demand. EV_e_n today, lndo_ne'
the second-most important after the environmental sector. sia is a net importer of food, and malnutrition and stunting
among children is presentMFP, 2012. With increasing de-
velopment and higher demand lifestyles, the water intensity

for all regions and has the strongest influence on the overof food-consumption patterns may increase, further exacer-
all result. The map therefore shows the second-most limitingPating the problemRradhan et a|2013.
factor. Environmental water conditions for the regions of In-  Our findings show that, in Indonesia, the security of a
donesia are also often low and follow as second-most limit-Supply indicator is usually adequate in regions where water
ing factors for all regions. availability is below the threshold, implying that awareness
In the case of South Africa, the results in the majority of Of shortages is present and potential scarcity can be buffered
regions are dominated by limitations in municipal water ade-t0 some extent. Contrary to this, in South Africa, buffering
guacy when environmental constraints are not taken into acinfrastructure in the from of irrigation equipment and dams
count, except for those of the region of Gauteng, in whichis inadequate in the whole country, leading to low agricul-
water resources limit the results. However, here, municipattural adequacy in some regions. Due to the current low per
water quality plays a much more important role than access¢apita water use (284heap *yr—1; FAO, 2009, water de-
Similar to the findings in Indonesia, high population density Mand remains below available supply, therefore the overall
(see Fig2) leads to limitations in water resources availabil- Water availability is currently not the main limitation to wa-
ity (all_water) in South Africa, especially under future condi- ter access; rather, inadequate supply infrastructure and lack-
tions. The regions of the Western Cape and KwaZulu-Natafng quality are an important impediment to adequate water
are water limited in all scenarios, and water limitations are(IRIN, 2009 Muller et al, 2009, which is also visible in
expected in Northern Cape, Free State and Limpopo in thé@ur results. Although water is scarce in some regions, South
future. The largest province of Northern Cape is a Sparse|yAfrica is currently a net food exporter. However, with a trend
populated region in which mining is a predominant activity. towards more water-intensive lifestyles, water demand is ex-
Here, the industrial water quality is the most decisive factorPected to overtake supply in the coming years, which may

for adequacy under current conditions. lead to competitions between sectors.
Currently, water use in both example countries is be-

low the minimum requirement identified in the literature —
4 Discussion Table 1, Indonesia: 531 rcap Lyr—1 (FAO, 2011); South

Africa: see above. Increasing development may lead to ad-
Our results highlight that sector-specific water needs are diditional pressures here as lifestyles adjust to prevailing pat-
verse and that several distinct factors determine whether th&erns in highly developed countries and water use increases.
quality, quantity and access to resources are adequate. Cdmproved access to water resources, which, for example, is
culating water adequacy for two case study countries, thairgently needed in many regions of the case study coun-
present work exemplifies how such an integrated approaclries, has been shown to increase water consumption, as more

0 125 250 500 km
]

0 250 500 1,000 km
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water is used e.g for hygiene purposes, an important im-counting for the potential for successive use water resources
provement to heath statukarson et al.2006. Our results  between sectors would provide an additional improvement of
show that water is already a limiting factor in some denselythe approach.
populated regions today. Here, growing water demand would Additionally, variations in water requirements could be
indeed be critical. Especially in regions where high popu-taken into account in a localized application of the approach.
lation growth and high development is expected, integratedlhis could include differences according to the specific re-
water management schemes may therefore become increagional distribution of production patterns, for example, as
ingly important. The projections of climate impacts on water well as changes resulting from expected future development.
resources in the present analysis focus on a short-term fuMoreover, seasonal variations in water availability play an
ture scenario until 2030. Projected changes in water resourcenportant role at the local and regional scales, but have not
availability are not pronounced on this timescale, but change®een included in the present application. Particularly for agri-
in population are the main driver of reductions in per capitacultural production, seasonal variations in precipitation and
water availability. water availability play an important role in determining wa-
Limitations in water quality play a very decisive role in ter adequacy. In order to be applicable as a tool for locally
both countries and in all sectors. Particularly the environ-specific decisions on water management, further refinement
mental water adequacy proves to be one of the most limitingof the specific regional priorities would be needed. For the
factors for water security/adequacy, due to increasing threatpresent implementation, we chose to rely on generic and gen-
to biodiversity from high pollution levels. Even when prior- erally valid assumptions on water requirements. Detailed as-
itizing environmental water needs, as has been done in theessment of the prevailing local requirements would be an
present approach by allocating environmental water needsnportant improvement of the approach. Finally, the fore-
before other sectors, water quality threatens environmentatasting capacity of the results, with regard to future devel-
water sustainability. Where access to drinking water is notopments, is limited, as the quality and infrastructural compo-
provided through improved sources, high pollution levels nents could not be calculated with scenario values in a com-
may also have direct health implications. Additionally, low- parable way, as data were unavailable at present.
quality water for agriculture may also lead to reduced yields The fact that infrastructure, access and quality are often
or health effects due to contaminated foodszg 2006. more important than water availability itself in determining
Sustainable adaptation and development in the water sect@dequate water availability, especially in developing coun-
should concentrate on improving water infrastructure and ortries, is widely recognizedRijsberman 2006. However,
improving the quality of accessible water in many regions. quantifications to identify the most pressing factors on a sub-
Improving infrastructure can also reduce the susceptibility toregional scale have, so far, been lacking. The presented ap-
impacts of climate extremes, as contamination and disruptiorproach outlines a novel way of providing comparable results
of water infrastructure then becomes less likely. across regions to identify which aspects of water supply need
The presented approach was developed to be applicabl® be improved most urgently. The approach can point to-
in developing countries, enabling comparability between re-wards adaptation strategies that allow prioritizing between
gions. It provides an overview of the main determinants ofdifferent development goals and choosing strategies, which
water adequacy and is applied in a first exemplary approachmost efficiently improve water availability. The approach al-
using comparable data for two case study countries. In itdows testing different allocation patterns for different water
present form, the approach has some limitations. By usingsectors and can show at which point overall water adequacy
global data sets, for example, comparable results betweeoould be most efficiently increased by adjusting single fac-
countries are produced. However, regionally collected datdors of the analysis.
may reflect regional to local conditions more accurately. To As water resources become scarce, either due to increasing
reconcile the goal of comparable analyses with more detaileghopulation and demand, or through a reduction in resource
accounts of regional specificities, further analyses of localavailability, competition between different sectors to have ac-
conditions could provide additional details, providing a more cess to sufficient water resource may arise. The present ap-
comprehensive picture. Regional to local implementations ofproach allows one to identify needs of different users and
the methodology could also take into account local charactermake visible which aspects are important in different regions.
istics, such as water-intensive industries and energy produdy taking into account sector-specific needs, the approach
tion types, providing further detail on locally specific limi- can provide management-relevant information for decision-
tations to sectoral water adequacy. This would also allow usnakers. It also allows the identification of potential trade-offs
to include the knowledge of regional experts through partic-and competitions between sectors.
ipatory approaches. The sectoral allocation of water needs
currently addresses potential water requirements, rather than
water use or withdrawal. Consequently, water used by one
sector is assumed to be unavailable for other purposes. In-
cluding a more process-based view of water use, also ac-
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5 Conclusions Bates, B., Kundzewicz, Z., Wu, S., and Palutikof, J.: Climate change
and water, Technical Paper of the Intergovernmental Panel on
This paper presents an integrated approach to determine how Climate Change, IPCC Secretariat, Geneva, 2008.
important sectors are adequately supplied with water. The apBondeau, A., Smith, P. C., Zaehle, S., Schaphoff, S., Lucht,
plied fuzzy logic algorithm allows the identification of re- ~ W., Cramer, W., Gerten, D., Lotze-Campen, H., Miller, C.,
gions with inadequate water supply in a comparable way. Reichstein, M., and Smith, B.: Modelling thg role of agri-
The approach also allows the identification of the factors and Culture for the 20th century global terrestrial carbon bal-
sectors that are most important in a regional context, con- 2222’chl)%bblcsggn)ggo?m” 13, 679-706, d0i1111/;.1365-
tributing to dgcision-making processes for Sustginable_ deVe'Brown, A and MatIO(’:k, M. D A Review of Water Scarcity Indices
opment and integrated climate change adaptation. It is clear 54 methodologies, Tech. rep., University of Arkansas, The Sus-
that water scarcity is essentially human-made, and popula-  tajinability Consortium, Tempe, Arizona USA, 2011.
tion density, infrastructure and associated pollution deterChenoweth, J.: Minimum water requirement for social and
mine whether available water is sufficient and in adequate economic development, Desalination, 229, 245-256,
form to be used. Continued population growth, coupled with  doi:10.1016/j.desal.2007.09.012008.
increases in per capita water consumption, are important decollins, M., Knutti, R., Arblaster, J., Dufresne, J.-L., Fichefet, T.,
terminants of reductions in water adequacy. In the current Friedlingstein, P., Gao, X., Gutowski, W., Johns, T., Krinner,
short-term future scenario, climate change has little influence G- Shongwe, M., Tebaldi, C., Weaver, A., and Wehner, M.:
on the reduction in water availability, although, towards the ~-0nd-term Climate Change: Projections, Commitments and r-
end of the century, this may pose additional pressure on water Egseirss'tz':lg’tr:gh tgﬁmﬂewirﬁﬂgeefgis' thgethPehfh'cfsl ASSZ'::SC_e
Inat dotermine adequate watbr avaiabiy, a5 access 1o ouf. MerLRePErLef he Inergavermertal anel n Clmte Change,
, edited by Stocker, T., Qin, D., Plattner, G.-K., Tignor, M., Allen,
cient clean water is the most critical of human needs. Thus, g, Boschung, J., Nauels, A., Xia, Y., Bex, V., and Midgley, P.,
improving access to water has high priority, especially in de-  chap. 12, Cambridge University Press, Cambridge, UK and New
veloping countries in which development and human well-  York, USA, 2013.
being are often severely restricted by a lack of water acces<riyagama, N., Smakhtin, V., and Gamage, N.: Mapping Drought
Applicable approaches, which combine a range of determi- Patterns and Impacts: A Global Perspective, Tech. rep., IWMI
nants of water adequacy and allow one to prioritize interven- Research Report 133, International Water Management Institute,
tions, are urgently needed to advance sustainable develop- 0lombo, SriLanka, 2009. . .
ment. The presented approach is an important contributiort &<enmark, M.: Meeting water requirements of an expanding

. . . world population, Philos. T. Roy. Soc. B., 352, 929-936,
to improve knowledge and cope with the multiple challenges d0i:10.1098/rstb. 1997.0072997.
that the water sector faces.
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