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Abstract

Surface water resvoirsprovideus with reliable water supply, hydropower generation, flood
control and recreation serviceget, reservoirs also cause fldnagmentation in rivers and
lead to flooding of upstream ameathereby displacing existingariduse activities and
ecosystemsAnticipatedpopulation growth and development coupled veiimate change in
many region®f the globesugges a critical need to assess the potential for future reservoir
capacityto helpbalance risingvater demands with longerm wateravalability. Here we
assesghe potentialof largescalereservoirsto provide reliable surface water yielddile
alsoconsideringenvironmental flowsvithin 2350 f t h e w o nverthasissMbapa of g e s t
existing cropland and habitat conservation zoaes integratedwith spatiallyexplicit
populationand urbanizatiomprojectionsfrom the Shared Socioeconomic PathwéySP)to
identify regionsunsuitable forincreasing water supplyy exploiting new reservoir storage
Results show that even when maximgithe global reservoir storage to its potential limit
(~4.34.8 times the current capacity), firm yields would only increase by about 50% over
current levelsHowever, there exidarge disparities acrossifferentbasins The najority of

river basins inNorth Americaare found togain relatively little firm yield by increasing
storagecapacity whereasasins inSoutheast Asidisplaygreaterpotential for expnsionas

well as proportionalgains in firm yield under multiple uncertaintie$’arts of Europethe



29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

United Statesand South America show relatively low reliabildy maintaining currentirm
yields under future climate chang&hereasmost ofAsia and higher latitude regions display
comparatively high reliability. Findings from this studyhighlight the importance of
incorporating different factors, includifgman development, langeactivities,andclimate
changeovera time span omultiple decades anacross a range of differeatenariosvhen

guantifying available surface water yielaisd thepotential forreservoir expansion

1. Introduction

Surface wateraservoirs helglamperflow variability in riverswhile playing a critical role in
flood mitigation, securing water supplieand ensuringreliable hydropowergeneration In
2011,total gldbal storage capacity of the largest reservsias approximatelys197km? and
affeced the flow in almost halfof all major river systems worldwidéLehner et al., 2011)
Changes in natural flow patterns can disrupt local ecosystwi$ and Schmidt, 2016;
Richter et al., 2012)and inundationof upstream areaduring reservoir developmertian
cause conflicts with existing langes (Richter et al., 2010)Reservais alo require a
significant amount ofresourcedo plan, build and operatavith implications forlong-term
water supply costand affordability(Wiberg and Strzepek2005) Quantifying expoitable
reservoir capacityis therefore crucial for strategic planning of watergnergy and food
supplies in the coming decades, particularly witmticipated population growth and

exacerbating impacts on hydrological variabititye toclimatechanggBoehlert et al., 2015;

Kundzewicz and Stakhiv, 2010; Soundharajan et al., 2016; Stillwell and Webber, 2013;

Vorésmarty et al., 2009)

Storageyield (SY) analysis is often used by wateesource planners to determine the
reservoir storageapacityrequired to providdirm yield (Rippl, 1883; Turner and Galelli,

2016) Thefirm yield represents th@maximumvolume of water that can Iseippliedfrom the
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reservoir for human purposes (e.g., irrigation, municipal supply, etder a stated
reliability. A number of pevious studiegvaluatedifferent algorithmdor modelingthe S-Y
relationship(Carty and Cunnane, 199@nd have includedstoragedependent lossgsele,
1987)andgeneraliedfunctional formsfor broader scale applicat (Kuria and Vogel, 205;
Vogel et al.,, 2007; Vogel and Stedinger, 198Fdr example,McMahon et al.(2007)
developed six empirical equations to calculate reservoir capacities famr@gulated rivers
around the world. A number of other previous studies employ Slgorithms to provide
insight into various water security challenges moving forwdtherg and StrzepeR005
developed & relationshipsand associated coster major watershed regions in China
accounting for the effesof climate changeSimilady, Boehlert et al(2015 computed SY
curves forl26 major basins globallynder a diverse range of climate models and scenarios to
estimate the potential scale of adaptation measures required to msimtagewater supply
reliability. Gaupp et al.(2019 calculatedS-Y curvesfor 403 largescale river basins to
examine how existing storage capacity can help manage flow variability and transboundary
issuesBasin scale & analysis provides estimates oypbthetical storage capagitequired
to meet water demand, and hensach analysis helps to identifghe need for further
infrastructure investments to cope with wasénesson a global scaléGaupp et al., 2015)
Even thoughprevious aalyses of both global and regional energy systems sugtiest
evaporative lossefrom reservoirs used for hydropowetay a significant role in total
consumptive water us@-ricko et al.,, 2016; Grubert, 201&uch evaporative impactye
missing from existingglobal-scale assessmentsf surface watemreservoir potential that
consider climate changdncreasing airtemperatures andariable regional precipitation
patternsassociated wittclimate change wilultimately affect evaporation ratesvioreover,
competingand-usesand environmental flowegulationgplay an importantrole in largescale

reservoir sitingand operationgut haveyet to beconsidereadoncurrentlyas part ofaglobat



78 scale assessment of the ability of future reservoirs to provide sustdiinablgelds under
79 climate changeAdditional constraints on reservoir operation anthgi will reduce firm
80 yields, but these effects could be offset in basins wieneff is projected to increase under
81 climate warming(van Vliet et al., 2016)Development of aw, long-term systems analytical
82 toolsto disentangle¢he tradeoffsbetweenpotentialreservoirfirm yield, climate changeand
83 competing landuse optionsis therefore ecritical issue to address fmo the perspective of

84  waterresources planning

85 The purpose of this study to assess thaeggregatgotential for reservoirt provide surface
86 water yields in235 of thew o r | d Ossrivel lzasing cluding consideation of climate
87 change impacton basinwide runoff and net evaporation(i.e., the difference between
88 estimatedevaporationfrom the reservoir surfacand the incidentprecipitation) as well as
89 constraints onreservoir developmentand operationdue to competing landses and
90 environmentafflow requirementsimprovedbasinscaleSY analysis toolssnablingglobal
91 investigationare developed for this taskicluding a linear programming(LP) framework
92 thatcontainsa reducedorm representation akservoirevaporatiorandenvironmental flow
93 allocationas endogenous decision variablBise framework incorporates additiomakervoir
94 development constraintérom population growth, humanmigration existing irrigated
95 cropland and natural protected aresa We further consider a range of futureajjal change
96 scenariosand measurgeservoir performance in terms of yield acarespondingeliability
97 asto maintain a given yieldcrossglobal changescenariosThe scope ofhis analysis thus
98 covers a number of important driven§ water supply sustaability neglected in previous

99 (global assessmenhile alsoproviding newinsightinto the following research questions:

100 1 In which basins are surface water withdrawals from reservoirs most affected by future
101 climate change? And how might achieving climatenge mitigation targets limit
102 such impact?
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1 What are theimpacts of competing landise activities and environmental flow

constraintonthe potentiabf expaneédreservoisto secure freshwater yieldls

2. Methodology

This studyassesssaggregateeservar storage potentisand surface watdirm yields at the

river basinscale River basins represent the geographic area covering all land where any
runoff generated is directed towards a single outlet (river) to the sea or an inland sink (lake).
The apprach builds on previous work thatombinesbasinaveraged monthly runoff data

with a simplified reservoirrepresentatiomo derivethe S-Y relationshipdor different basins

in a computationally efficient wafWiberg and StrzepeR005 Boehlert et al. 201,55aupp et

al., 2015. Wiberg and StrzepgR005 tested a similar basiscale approach to-$ analysis

using a number of simplified geometries for cascaded reservoir systems in the Southwest
United Statesaand showed relatively good agreement with management strategies simulated
with a more complicated modeThe resultingbasinscale S-Y relationshipsquantify the
storage capacity needed to achievepacifiedfirm yield butdo not prescribe locations for
reservoirs within each rivdsasin which would require locatieapecific SY analysis The
basinscale S-Y relationships provide a metric for understanding how changes in
precipitation evaporation and landuse acrossspace and timeranslateinto changesn
required storage needed the basidevel to ensurea specifiedvolume of freshwateris
available for human use (e.g., irrigation, municipal supplyetc). The basidevel SY
indicatos enablecomparison across regignand hence,identification of kasins with the
greatest challenges terms of adapting ttuture climate chang€wWiberg and Strzegk 2005

Boehlert et al. 2015

A linear programming (LP)nodel computes the -§ characteristicgsection 2.2)and is

applied tothe 235 basinsdelineatedin HydroSHEDS used by thBood and Agriculire
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Organization of the United Nations (FAO)

(http://lwww.fao.org/geonetwork/srv/ien/metadata.show?id=380dAYe LP model calculates

the minimum reservoircapacityrequred to provile a givenyield based on concurrent 30
year average monthly runoff sequences witl@ach basinThis timeframe is selected to
mimic existing regional water resource planning practiegsich typically take a muki
decadal perspective to include analysfslang-lived infrastructureinvestmentssuch as

reervoir developmeniGaupp et al., 2015)

Return of extractel groundwater to rivers antbngdistance inter-basin transfers via
conveyance infrastructur@e important par of the surface water balana@ some regions
(McDonald et al., 2014; Wada et al., 2016)t are not included this current studydue to

lack of consistentobservationaldata on a global scaleand computational challenges
preventing application of the LP framework at higher spatial resolutidres approactalso
does not considestreamflow routingwithin basirs. Omitting routing in basikscale SY
analysis has been adopted ieypous studiesGaupp et al., 2015}t is alsoimportant to note
that in some of théargestbasinsthe hydralic residence time is on the order of several
months andhence,our analysis is unable to reflect the effects of this {iageon storage
reliability. Similady, our assessment is unable to address capacity decisions focused on
addressing floods, which wally requires assessing flow patterns at higher frequencies

(Naden, 1992)

In this study, we assume an upper boundary for the maximum reservonsexpacenario
which is defined by the limited availability of land to be flooded due to various restrictions
Availability of land is defined following a spatialgxplicit analysis of existing and future
land-use in each basin (section 2.3). It is impottto emphasize that additional reservoir

development constraints not readily quantifiable with existing methods (e.g., soil stability,
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future habitat conservation, cultural preferences, etc.) are likely to further reduce available

area for reservoir expaion.

The overall approach of the global scale assessmestiown inFigure 1. The hstorical
period of 19712000 anda simulationperiod of 20062099 wereanalyzedor each of the 235
basirs. The 3Gyear monthy runoff sequences were generated for each decade resulting in 8
decadal runoff sequences for each climate scenadalditionally, the impacts ofet
evaporative losseBom the reservoir surfacare estimated for each climate scenamal

included in theeservoir capacity calculations

GRanD reservoir
data

Surface area-volume

relationship
J Climate
2335 G'°b?| Storage-yield Evaporation from forcing
hydrologic I i i
ol basins curves reservoirs rom
l ISI-MIP

. . Exclusion zones
Global reservoir expansion (Population, irrigation

potential and reliability areas, protected
areas)

Figure 1. Framework for assessing impacts of climate change and human development

constraints on the reservoir potential in 28%e scaleriver basins.

2.1 Model inputs

For this study, wauitilized runoff from a stateof-the-art global hydrological model (GHM)
entitled PCRGLOBWB (Wada et al., 2014)Similarly, we usedclimate inputs from an
advanced gneral circulation model (GCM) entitled HadGEM2ES (Jones et al., 2011)

providedby the InterSectoral Impact Model Intercomparison Project\8P) Fast Track
7
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(Hempel et al., 2013PCRGLOBWB estimats of daily runoffare, to the firsbrder,driven
by climate input from biascorrectedHadGEMZ2ES (Hempel et al., 2013)The GHM s
well-validated over most of the large rivatsboth monthly and daily time scal¢van Beek
et al., 2012, 2011Hydrologic outputs from the GHM driven layGCM have been applied
global scale studie€Schewe et al., 2014; Veldkamp et al., 2016; Wanders et al., .2015)

this study, the monthly runoff statistics are given based on daily runoff.

Similarly, net evaporative loss from the reservoir is forced byatk input from the GCM
using the generapproachof Shuttleworth(1993) (Appendix A sectior?). This approach
originated from the Penman equati(fenman, 1948and is widely used toestimate the
potential evaporation abpenwater andfully-saturated land surfacébslarwell, 2012) Net

evaporation is therefore the difference between estimated potential evapdration

reservoir surfacend precipitation on reservoir surface.

All model inputs argrovided agyridded data at 0-8egree spatial resolution (approximelst

50 km by 50 kmin the midlatitudeg. Data for each of thefour future climate change
scenariogrom the Representative Gmentration Pathway&RRCFs) (van Vuuren et al.2011)
are availableThe four RCP92.6, 4.5, 6.0 an®.5) describe a possible range of radiative
forcing values by the year 2100 relative to-préustrial values, which are consistent with a
wide range of possible changes in global climate pattermseXemmple, the RCP2.6 scenario
represents a lowarbon development pathway consistent with limitihg global mean
temperaturencreaseo 2 degrees @y 2100(van Vuuren et al., 2011onversely, RCP8.5
represents a world with high population, energy demand, and fossil intensity, and thus the
highest carbon emissiongRiahi et al., 2011)The inclusion of different global emission
scenariosin the SY analysisprovidesinsight into the potential interactions with climate

change mitigation policy.



191 Similar to previous research,samplified geometry for the representativeservoir in each

192 basinis assumedWiberg and Strzepek 200Boehlert et al. 203,5Gaupp et al., 2015

193 (AppendixA section 1) The simplification is crucial in the current study for facilitatihg

194 longterm globalscale perspective needeéd assess impacts of climate changeross

195 multiple scenariosThe Global Reservoir and Dam (GRanD) datab@sshner et al., 2011)

196 reports the maximum storage capacity and surface area for existing reservoirs withea storag
197 capacity of more than 0.1 BnThese data are used to derareaveragesuface areavolume

198 relationshipfor eachbasin(Appendix A sectiort).

199 2.2Reservoir storaggield relationship

200 Reservoir capacity is defined in thesudy as the nmimum storage capacity capable of
201 providing afirm yield y across a seaif N discrete decisiomaking intervalsT = {t, ..., ty}.
202 Considering werage monthlyrunoff g, releases for environmental purposesand net
203 evaporative losseg asimple water balance acrdsasinwide inflows and managed outflows
204 at the representativbasin reservoir results inthe following continuity equation for the

205 storage level:
Se+1 = Sr+ g, — ¥V — % —yVte {tj_.l' ---rt;.,-'—j_} 1)

206 wheres is the storageevel. Evaporationand precipitation aré@mportant processs to
207 parameterizén the reservoir water balanckie to thefeedbackwith management strateg
208 (Wiberg and Strzepek, 2009)evetdependenhetevaporative losses arstenated assuming

209 alinearized relationship between surface area and storadgéLleles 1987)

1
r'ﬂrzi.et'a'(5r+5r+1]:ar'(5r+5r+1]HtET ©



210 wheree is the net evaporation (as equivalent deptH)is the reservoir surface areais the
211 surface area per unit storage volu(@@pendix A setion 2), andz = 1/2-e-a. The net

212 evaporation and reservoir geometry parameters represeravasages.

213 Combining (1) and (2peneratesa continuity equation for the reservoir storage level that
214 incorporates levetlependenhet evaporative lossas asimplified way(Appendix A section
215 1). The continuity equation ipined with a number of operational csinaints to form the

216 following LP model:

Min ¢ (3a)
st. (1—a,) s, —(L4+a,) s, -1 =V—q,VEE{ty, ., ty_4) (3b)
S, = Sy (3¢)
prc=s, Zp-cVEtET (3d)
Topin = Te = Tpp VEET (3e)
0= ¢ = Cppe (3)

217 where the management variables are defined by th&=set. . c}. The objective function
218 (3a) seeks to minimize theo-failure storage capacitgiven a certairfirm yield. Constraint
219 (3b) is the continuity equation incorporating lbdependentnet evaporative losses.
220 Constraint (8) prevents prdilling and draining of the reservoin the modeby ensuring the
221 storage level at the final tivgtep t,, , does notexceed the storadevel at the initial time
222 step,t; . Constraint (8) ensures theeservoirstorageevel stays within a maximum fraction
223 of storagecapacity,# (assumed to be landa minimum deaestorage limitof the installed
224  capacity ). Gaupp et al(2015)adopted  20%0 in their studynd this value can be as high
225 as 30%40% (Wiberg and Strzepek, 2009n this studywe assumea smaller fraction of

226 15%

10
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Constraint (3e) ensurs the release is maintained between the maximum and minimum
environmental flow requirements,,;, andr,,., which are computedy applying an
augmentation factor omonthly natural streamflonWe adopted the enviramental flow
approach oRichter et al(2012)where the environmental flow allocation is determined by
an allowable augmeation frompresumedhaturalized conditiondNe experimented withra
augmentatiorfactor of 10%-90% of the naturalized conditionResults are shown with an

augmentation factor of 90%, whigervesas a lower bountbr illustrative purposesHence,

Tmin andTmaexis 10%and 190%of monthly natural streamflowrespectively Constraint(3f)
limits installed storage capacity t,.. and ensures the capacity remains positive. The
maximum volume isetbased on an assessmentwathin-basinland-use which is further

discussed in sectidh 3.

Solving (3) identifies the minimum storage capacity requit@grovide the given firm yid
subject to the operational constrainfse SY relationship is obtained by solving the model
for incrementally increasinfirm yields. From the SY curve, he maximumstorage capacity
for the reservoir within each basiccurs at the maximurfirm yield, i.e., where thenarginal
gains infirm yield under reservoir expansion approach zéfaximum reservoir storage
potential is therdore equivalent tathe maximum storage capacityerived from the &
relationshipunlesssuch storage capacity is constrainedalsgilable landwhichis explained

in section 2.3The maximumgain infirm yield is thus the difference betweéme current

firm yield andthe maximumfirm yield identified from the generatedcurve

An ensemble of & curves is generated for each basin using the climate sceandanultt
decadal simulationslescribed insection2.1. The ensemble is assessed to calculae th
number of SY curves in each basin that reach a gifiem yield. This analysis provides an
additional reliabilitybased performance metric that incorporateseasure aflimate change

uncertainty Note that to accurately represent the reliability ofergoirs, behaviour
11
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simulation of reservoirs with assumptions of operating policy should be implemighiad

and Vogel, 2015)However, given the computational intensity of behaviour analyises
reliability in this study represents the probability a certain firm yield can be obtained across
the climate scenarios and medigcadal planning horizons. That ise wsses reliability in

terms of reservoir potential aridm yields across diffemt climate scenarios and decision

making periods.

2.3 Exclusion zones

Reservoir expansignand the associated gains firm yield, are constrained by the
availability of landsincenot all areas can realistically be used for reservoir expansign.

in equation 3g is derived for each balsincalculatingthe storage volume associated il

total available land are@ee Appendix A sectioh). We followed the approach & number

of previous studies on renewable energy potenfadsVries et al., 2007; Zhou et al., 2015)
and definereservoir exclusion zonessing maps of theoflowing drivers: 1) population
(Jones et al., 20162) irrigatedcropland(Siebert et al., 2013and 3) protected arséFigure

S1 and TableS1) (Deguignet et al., 2014\We adopted dynamic population trajectories under

t wo Shared Socioeconomic Pat hvsa gcenarigsSnere s )
selected due to their opposing storylines about population growth and urbanization, which
introduces human migration uncertainties into the analysis. SSP1 describes a future world
with high urbanization and low population growth whereaser urbanization and higher
population growth define SSR306 Ne i | | .e€Total avélable land @rda4ofeservoir
expansion ineach basin is thus the remaining area outside the exclusion Famdser

discussiorof theexclusions zoreand the derivatiois providedin Appendix A sectior3.

Other than population, agriculture, and prtgelcland, other physical limitations such as

elevation slope and seismic riskwill also constrain the availadl area for reservoi

12
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expansionsilt is important to further emphasize that this work does not prescribe actual sites
for new reservoirs within Is&ns, which requires a more detailed treatment of the local
geography and stakeholder neeb®n-physical constraints such &conomic incentives,
institutional capacity, and infrastructure readinessild also limit the ability of reservoir
capacity expasion.To fully characterize exclusion zondsture work should consider direct

use of highresolution digital elevation model data and alternative metrics for limiting land
availability. Without considering nophysical constraints that are difficult taantify, his

study serves as a firstder estimation of reservoir storagied surface water yieleikpansion

potential at global scale.

3 Results

Figure 2 depicts the combined impacts of climate changeamipeing landuseactivities
on reservoirstorage potentiabnd reliability in the 2050sinder a maximum reservoir
expansion scenaridlhere are two layers of information embeddedFigure 2. Storage
expansion potentiavertical color) and thdikelihood of maintaining current firm yields
under future climate changhorizontal color).Therearelarge disparities inhe potentiafor
reservoir expansioto providefirm yields across basins. For exampiee majority ofbasins
in Europe displaygreater than 2500%of storage potentiaper capita, but relatively low
reliability (<50%) for maintaining current firm yields due tothe projected lower water
availability under climate changeBasins in Asia show high reliabiit (>50%) for
maintaining currenfirm yield yet relatively low storage potentia(<2500 m®) per capita
associated with large projections populationgrowth Basins located at higher latitudes
generally display abundamstorage potentia(>12000n3/capita) but these regions are not
usually highy populated or water demanding; heniteerewill likely be less of an incentive
to plan for reservoir expansion in these regions. To quantify the necessity of building

reservoirs to relieve regional water stresssinecessary to integrate water demaranfr
13
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different sectors into this framework so that the reservoir expansionimdanill take into

account the severity of water scaycias well as environmental anslocioeconomic

development factors.

100000
§
12000

w

Storage potential per capita
{m3/cap)

o
0% 15%  50%  85% 100%
Reliability

Figure2. Bivariate map showing reliability (with respect to current firm yields) and

maximum storage potential per capita by basin under SSP1 population trajectory in the 2050s

Maximizing the additioal amount of reservoir stora¢e4.3-4.8timesgreatey results in only

a ~50% increase in firm yield worldwiddue to the nonlinear shape of the¥Surve (ex.
Figure S3and S4. Figure3 showsthe marginal gais varysubstantially across basin@ains

in storagdirm yield are defined as the ratio between estimated maximum reservoir
storagdiirm yield andcurrentreservoir storagéfm yield andarecomputedby analyzing the

S-Y curve for each basiof interest The majority of basins in North America faa limited

gain infirm yield by maximizing storage dsese basins have already bé&eyhly developed
Basins in parts of India and Southeast Asia the other handjisplay relatively greater

marginal gain irfirm yield by maximizing storage capacity.

14



316 By comparing the two types of map productsFigure 2 and Figure 3, we can identify
317 regions where reservoir expansionlwié particularly challengindg=or example, currdrnotal
318 reservoir storage capfcin the Missouri River Basiny.S. is 133 km There is very little
319 room for further expansion for the Missouri River Basinhesestimated storage potential is
320 almost identical with current reservoir storage (Figure 8@y utilizing potential storage
321 leads tonegligibleincreases iffirm yield, andwith a reliability ofless than 50%lue to the
322 relativeinstability of future water availabilitunder the tested scenari@sgureS2). In Asia,
323 current total storage capty in the Mekong Basin is 19 Knand the storagpotentialis
324  about300 km? (~16 times current storage) (Figur&l$. In contrast,additional storage per
325 capita forthe Mekong Basin is4200 n¥/capita. By maximizing the potential storage, firm
326 yield increases from 235 kito ~500 kni, which is approximately 2 timethe current firm
327 yield. However the reliability isestimated to bgery lowdue to the projected loweeservoir
328 inflows under climate change (Figu&2). As Figure 2 and Figure 3 illustrate, there exists
329 large regional heterogeneity in marginal gainfioh yield when we fully utilize potential
330 storage and the reliability of maintainimgirrentfirm yield varies from basin to basin. In
331 addition to physical feasibility, there are other factors that consstanage potentiadnd
332 hence gainn firm yield. Additional global maps are included in Supplementary section to
333 help understand current yislfor each basir{Figure §) and additional storage needed to

334 maintain current firm yieldéFigure S8).

15



Gain in yield

-

1. 10 50 >1000
335 Gain in storage

336 Figure3. Bivariate map showing gains in firm yield/storage (unitless) for each basin under

337 the SSP1 population trajectory in the 2050s (bla@yions indicate insufficient GRanD data)

338 In this study, we experimented with different augmentation factors for environmental flow to
339 show how manybasins have already installedstorage capacity that exceepresumed
340 environmental guidelinesTable 1 shows the percentage of basins thabuld be

341 overdeveloped higher environmental flow requirements were assumed

342 Tablel Percentage of basins overdeveloped with respect to environmentaéfuirements

Environmental flow requiremen(8bo of Percentage of basins overdeveloped (%
natural streamflow)
10% 7
20% 11
50% 20
70% 98
90% 98

343

344 Results suggest t hat even at Apoo@enmamt, mi nir

345 1976)of 1 0 %, a small por t i caneadghaveanmstalled stardged 6 s | ¢

16
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capacitythat pusr i ver 6s ability to provide environme
environmental flow guidelines, morerivera si ns woul d be consi dered
with current storage capacity. This shows that existing reservoirs are partially causing the
deterioraibn of ecosystem services, and reservoir storage potential would be further

constrained by more stringeenvironmental flow requirements.

4. Discussions and anclusions

This paperguantified theglobal potentiafor surface water reservoirs to providérm yield
acrosdour different climate change scenarasdtwo socioeconomicevelopment pathways
under a maximum reservoir expansion scena@mmpeting laneuseactivitiesare found to
posea nontrivial impact on reservoistorage potentialvorldwide. Approximately-13% of
the estimated maximum storage capacdgyunavailabledue tohuman occupation,xesting
irrigated cropland and protected areas. In additiovet evaporations nontrivial (~2.3% of
total annualfirm yield) and it is anticipated tancrease~3-4% under the most extreme
climate warming scenario (RCP8.fnportantly, he impact of clnate change on reservoirs
differs immensely from basito-basin but the results of thianalysis show agreement in
terms of its negative role in reservoir reliabilityhternational policies aimed at reducing
greenhouse gas emissions would help to redbte uncertainty, and therefore point to
additional cebenefits of climate change mitigation in termsimfproving longterm water

supply reliability.

Two types of bivariate map products were generated from this stuwgalecision maks
understand # potential benefits of reservagxpansionat the basirscale and help define
regional adaptation measures needed for water security. By linking this framework with
anthropogenic water demand for various activities in each basin (e.g., agricultureitglectr

industry, domestic, manufacturing, mining, livestock), regions where water is severely in
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deficit, and thus, expanding reservoirs would potentially relieve regional water scarcity could
be identified. Other than demand for water, alternative metragscould presumably affect
reservoir expansions include, bate not limited to, economic incentivesnstitutional

capacity, and infrastructure readiness.

This paper should not be seen as a call for more large, darhsather an assessment of
where plicies and infrastructure investments are needed to sustain and improve global water
security In fact, dam removal activities have become more prominent in the United States
since the 2000s, partlgdue to concerns of deteriorating river ecosysteand dgraded
environmental service@liver, 2017) A recent study bythe Mekong River Commission
testeda scenario of completing 78 dams the tributaries between 20293Q the results of

which suggestedthat it would have catastrophic impacts on fislproductivity and
biodiversity (Ziv et al., 2011) Therefore, it is critical to consider the traolés between
socioeconomic progress and sustainable development when interpreting results with the tools

built from this study.

This study serves as a valuable input to future work connectingr,wextergy, land and
socioeconomic systems into a holistic assessment framework. Future effort will include other
metrics described above to further constrain reservoir stgragatial Future workcould
alsoexamine sensitivity of the results to a widange of GHMs and GCMs to better capture
model uncertainty. Finally, the results of this study provide planners with important
quantitative metrics for leg-term water resource plannigdhelp explorehe implications

through integrated modeling of watgector development.
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560 Appendix A

561 1. Simplified area-volume relationship for reservoirs
562 A nonlinear aread )-volume {') relationship is identified in the form of

V=cA? 4

563 wherec andb are basirspecific parameters. The arealume relationship is derived from
564 GRanD data of existing reservoirs within each basin. In basins where no reserkreinsiycu
565 exist, a uniform relationship is derived from all reservoirs globally. in equation 3g is
566 calculated for each basin by pluggingastimatediotal available land areas discussed in

567 section 2.3.

568 Based on GRanD data for existing resérs, we further providd an estimate othea
569 variable in equation (2)Ve simplytook the ratio of the sum alurface areand the sum of
570 maximum storage capacitgr all existing reservoirsvithin each basin, and assume this ratio

571 to be thesurface area per unit storage volufiagfor each representative reservaoir.

572 The areavolume relationships extrapolated from the GRanD database reflect some level of
573 topographic features of the region but lack explicit characterization oérteent at sufficient
574  resolutions needed to site specific locations for new reservoirs. However, thabwasiged
575 relationships capture the main topographic variations across regions, and given the global

576 scale of this study, this simplification is coreiedd an acceptable firstder approximation.

577 2. Net evaporation calculation
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Storing water in reservoirs increases the surface area of the wateddodi resuls in
increased evaporatiohlet evaporative losses fromme reservoir srfacewerecomputedon a
0.5-degree global grid for each RCP scenario. First, the evaporation (mm/day) from the
aggregatedeservoir surface is estimated using the method develop8dudsieworh (1993)

as

_ mR, +y X643 % (1+0536XU,)8, (5)
T A, (m+y)

wheree, is the estimatedevaporation in mm day U, is the wind speed in m-§ and?,, is
the latent heat of vaporitian of water in MJ kgt. The model parametéy, is the vapor

pressure dficit in kPa,andis computed from
§,=(1— RH)e, (6)

whereRH is relative humidity in %@ande, is saturated vapor pressure in kPa, whiah be
obtainedusing the approximationin Merva (19759. R, is net irradiance in MJ thday?,

which is computed as
R, =(1— a)RL, + R}, —soT? (7

wherea is the albedo of water (assumed to be, @dopted from Table 8 iBudyko and
Milelr, 1974), R%,, is downward shortwave radiation a®d,, is downward longwave
radiationin MJ m? day™. = is the broad bandemissivity of water (assurdeo be 0.96as a

mid-value in thecited range Mttp://www.engineeringtoolbox.com/emissivitpefficients

d_447.html), o is the StepharBoltzmann constant (5.67x£0kg s K%, and T, is the

surface temperature of water in Rhepsychrometric constaitin kPa K! is estimated as
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0.0016286P 8)
YT

whereP is surface atmospheric pressunekPa.The last variablen is defined as the slope of

the saturation vapor pressure curve in kPawhich is estimated followingSAE(1993 as

deg = 0.04 145€ﬂ.ﬂﬁﬁ88|:1'-ﬂ—2?3 A5) (9)
dT, '

il

m:

whereT, is the surface air temperature in KNet evaporatio® (mm/day) is therefore the

difference betweeastimatedevaporatiore, and precipitatiore (mm/day).
e, N (10

Basinspecific totalnet evaporation in volumetric units @nis obtained by multiplying the
basin averagede evaporation rate by totalggregatedeservoir surface arda, in equation

(2)) within eachbasin.
3. Exclusion zones

TableS1lists important characteristics of the datasets used to define the three exclusion

zones in this study.

TableS1 Summaryof datathatdefines theexclusion zones

Exclusion Source Data versions Unit Resolution Varies
zones over
time?

Popdation  Jones et al. SSP1, SSP2, SSP. Number of people  0.125 Yes

2016 SSP4, SSP5 degree
Irrigated Siebert et al., Irrigated and rain  Percentage of area 0.0833 Static
Cropland 2013 fed per grid cell degree
Protected Deguignet et World Database or Locations of Polygons  Static
area al., 2014 Protected Areas  protected area (land

(WDPA) and marine)
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Protected land anidrigated cropland area are held constant over the simulation horizon due
to a lack of suitable projections aligned with the SSP scenarios. It is important to note that
future expansion ofrrigated cropland § anticipated and could further restrict reservoir
expansion. Developing specific rules and policies reflecting siting decisions, as well as
policies addressing future protected ayésalseyondthe scope of thisurrent studyGrid cells
occupied by urbapopulation, existingrrigated cropland or designated as a protected area

are considered as exclusion zan€kese exclusion zones occudyoat 70 million kn? of

areal coverage whi ch IS about 46 % . dlistoricel aresenoid s t
developnent suggests that areas occupied by rural population are considered pptential
available landgor reservoir expansioffiRichter et al., 2010; Ziv et al.,, 2011)There is
significant controversy surrounding the ethics of flooding upstream populates farea
reservoir development, and as engineering scientists we decided to approach this issue by
defining a range of rural populahi density cutoff valuesabove which griecells are
considered unfit for reservoir expansion. Essentiallygutoff value of rural population
density equal to O capita per kisuggests that all rural areas are considereexpivitable

for reservoir exparnsn; acutoff value of 1244 capita per kfn which is obtained from the
number of rural residents relocated for building the Three Gorges (Waae, 2012) is
assumed in this study to benaaximum limit for relocation of rural populations due to
reservoir inundation. A higer threshold suggests more land for reservoirs and less land to be

retained for rural population.

4. Impact of exclusion zones

We examined the impact of exclusion zones on reservoir storage potential for each basin by
applying a sensitivity analysis wheitge following parameters are varied: 1) cutoff value for
rural population density, below which grids cells are available for reservoir expansions, and

2) total population growth trajectory. The cutoff value is hypothetically assumed except for
26
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the maximumcutoff value in this sensitivity analysis (Appendix A section 3). Parameter 1)
and 2) will vary the total available land for reservoir expansion, and hencg, theariable

in equation 3g.

Figure & shows the impact of exclusion zones on glaleskervoir storage potential while
incorporating the sensitivity analysis on the cutoff value for rural population relocation.
Overall, ~4%of reservoirstoragepotentialwould beunavailable becaus# pre-existing land
occupations byirrigated cropland, potected land and urbanizationegardless of the
differences in rural density cutoffalue and population developmemtpacts on global
reservoir storage potential also show an overall increasing trend over time, which
corresponds to the decreasing aafalié land due to increasing population trajectories under
the two SSPs. Looking across different cutoff vafieesural popilation impacts on reservoir
storage potential decrease with increasing cutoff value. This is because with a higher cutoff
value, nore grid cells become available for reservoir expansion, hence, reservoir storage
potential is less constrained by land availabilBsP1 describes a future world with high
urbaniation and low population growth, hence, there is more flexibility to rédonaral
population. SSP1 results are more sensitive compared to results from SSP3, which depicts a
world with lower urbanizattn and higher population growth, and therefore is less flexible
toward vacating highhpopulated rural landsTherefore, exclusio zones have important

implications on the amount of global reservoir storage potential.

Overall, global maximum storage capacity is estimated to be ~5 times the current capacity
volume (~6197 kr§). However, due to exclusion zone constrainks reservoir storage
potential is about 886% ofthe estimated maximum storage capacity, which suggesthbat

exploitable storage capacity is ~#3B times the current storage capacity.

5. Impact of climate change
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Climate change impacts vary substantially from ba&sibasin (Figure & which highlights

the significant geographical variability in terms of climate change impantdiydrologic
processes. Figur&6a shows the effect of climate change on the basin averaged net
evaporative loss at a global scale under four different RORswveragethe netevaporation
lossaccounts for ~2.3% of the total annual firm yield. Differences among RCPs are minimal
becausehe increases and decreases, in general, balance out when aggregated to the global
scale However, there is a discernible difference in the trend of net evaporative loss over time,
particularly for RCP8.5, which shows ~3.7% of net evaporative loss by08@s2The range

of differences between basins (extent of box in Figif&) is expected to widen over time

with climate change, indicating the importance of quantifying and understanding the spatial
variability of net evaporative losses at the basin s€llmate change mitigation is found to
reduce the impacts of reservoir net evaporative loss at the global scale as nearly all basins
would have <25% of change in net evaporative losses in the 28@fise to the historical
periodvia RCP2.6 (Figur&eb). As net evaporation from reservoirs is a +iowial amount of

water supply (~31%), these results further underscore the importance of exacerbating

impacts from climate change in the context of reservoir management.
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677 Figure S2. Impacts of climate change on reseniaitow for selected basins and RCF&.
678 axis values showthe fractional dference between the future inflows and thistorical

679 inflows.
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682  Figure . SY curve for(a) Missouri River Basin, North America (bMekong River Basin,
683 Southeast Asia
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Figure S4. Uniformed-§ curve for (a) Missouri River Basin, North America (b) Mekong
River Basin, Southeast Asia
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