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The global water gap, water demand minus water supply, is expected to increase through 2100, negatively
affecting agriculture, industry and households. Adaptation measures are necessary, but projections on their
effectiveness and costs are currently unavailable. Here, we present an adaptation evaluation framework aimed at
closing the water gap, which is applied offline at the global scale, and made available for regional decision
making as a web service. It includes climate change and socioeconomic scenarios over the 21st century as drivers

for global projections of water supply and demand. The transient water gap was calculated for 1604 water
provinces globally and we determined the water gap reduction that could be achieved by three increasingly
involved sets of adaptation measures. The median annual adaptation costs amount to 1.4-1.6% of the GDP per
affected water province. The interactive web-based simulation allows users to include information that is not

available at the global scale.

1. Introduction

Water scarcity presents a serious risk to people, industry, livestock
and agriculture (Vorosmarty et al., 2000; Haddeland et al., 2014). The
water gap - defined as the difference between gross water demand and
water supply from rivers, lakes and reservoirs, and renewable ground-
water - will likely increase due to climatic and socioeconomic change.
Climate change is expected to affect a basin’s water supply to varying
degrees, while water demand is likely to increase in response to a
growing population, irrigation needs, and industrial activities (Hanasaki
et al., 2008; Falloon and Betts, 2010; Van Beek et al., 2011; Droogers
et al., 2012; Wada et al., 2012; Gain and Wada, 2014). Reducing the
water gap requires adapting current practices and infrastructure to in-
crease the water supply, or to reduce the demand.

The term “adaptation”, as used here, refers to measures to reduce the
growing water gap, and includes counter measures for both climate and
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non-climate factors. These adaptations refer in our case to non-time
varying intervention scenarios in either supply or demand of water.
We do not model the adaption process, whereby humans observe trends
and triggers, and respond over time. Adaptation options are costly and
have a lasting effect on the local hydrology (Hallegatte, 2009). Funding
for adaptation is increasing on the global scale, especially after ratifi-
cation of the ‘Paris Agreement’ of the COP21 meeting. Countries agreed
to finance both adaptation and mitigation to battle the adverse effects of
climate change, but they also recognized that public grants-based re-
sources are especially important for adaptation, because contrary to
mitigation, it is more difficult to attract private funding for adaptation.
The share of funding needed for adaptation will thus increase substan-
tially up to 2020, especially for the most vulnerable nations, being
facilitated through various funds such as the Least Developed Countries
Fund, the Special Climate Change Fund, the Adaptation Fund and the
Green Climate Fund (Donner et al., 2011). In this light, it is essential to
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provide policy and decision makers with reliable information regarding
the future water gap, that is, projections of the water supply and de-
mand, as well as investment and maintenance costs required to reduce
the water gap. This information is required at two distinct spatial scales.
Global scale assessments are required for policy making, which need to
rely on globally available data and predefined assumptions regarding
adaptations applied at that scale. They inform policy makers about the
consequences for the global hydrology under different climatic and so-
cioeconomic projections, the effectiveness of adaptations in reducing the
water gap, and how these factors are distributed over the globe. Such
global scale assessments can be predefined and models can be run
without interaction with the policy makers that use the information,
similar as to the IPCC models. At the regional scale, similar assessments
are required for decision making regarding financing of adaptations to
reduce the water gap, however tailored to the regional boundary con-
ditions. This information can only be provided by an interactive simu-
lation framework, as numerous inputs need to be configurable, e.g.
priorities for water users, the magnitude of a range of adaptations, and
limitations from water treaties.

It is convenient to implement such interactive simulation frame-
works as web services, to facilitate decision-maker access and leverage
cloud technologies (Buytaert et al., 2012). Water resources modeling
using web-based simulation have the potential to provide added value
from climate-related data with respect to water scarcity. Examples of
hydrology-related web services include, but are not limited to discovery
and visualization of basic hydrologic data (Ames et al, 2012),
web-based simulation of eco-efficiency for water use systems combining
the economic and environmental viewpoints in a single framework
(Arampatzis et al., 2016), and the online coupling of an atmospheric
model to a hydrologic model (Goodall et al. 2011, 2013). See Vitolo
et al. (2015) for an overview of web-based technologies and Byrne et al.
(2010) and Buytaert et al. (2012) for the (dis-)advantages of web-based
simulation. Interactive simulation frameworks, which enable users to
enter local information or configure model simulations that are run on a
server and visualized in a web browser, have been developed for related
application domains, for instance for modelling of catchment hydrology
(Rajib et al., 2016), groundwater pollution risk (Sege et al., 2018), and
surface water quality (Walker and Chapra, 2014). Existing tools how-
ever, do not enable web-based simulation of water scarcity adaptation
scenarios considered here and do not have a global coverage.

A new computational framework should enable the generation of the
required information at both scales. The global occurrence of water
scarcity and its detrimental effects have been studied extensively
(Alcamo et al., 2003; Hanasaki et al., 2008; Shen et al., 2008; Haddeland
et al., 2014; Kummu et al., 2016; Dalin et al., 2017), but global studies
on the effectiveness and cost of adaptation are rare. Kirshen (2017)
carried out a scenario analysis at the country level to estimate the cost of
water supply production facilities necessitated by climate and socio-
economic changes by 2030. He calculated the costs of groundwater,
reservoirs, desalination, and wastewater treatment over ten regions.
Total adaptation costs amounted to 531 billion US$ over the 2000-2030
period. Fischer et al. (2007) approached the water scarcity issue from
the perspective of climate change mitigation and found that annual
irrigation costs would be 10 billion US$ lower in 2080 due to a miti-
gation scenario as compared to unmitigated climate change. Ward et al.
(2010) calculated the cost of climate change adaptation for industrial
and municipal water over 281 water provinces. They reported annual
adaptation cost totaling 12 billion US$ globally, which is 16% of the cost
without climate change. However, we are not aware of any study that
projected the effectiveness and costs of adaptation over the whole 21st
century at the global scale, including water demand from all major
sectors (irrigation, domestic, industrial, and environmental flow de-
mands). The long temporal horizon is particularly important, because of
the large investment costs of adaptation measures. None of the existing
global studies enabled the evaluation of adaptation options under user
configured scenarios, for instance in a web-based modelling
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environment. At basin scale though, optimization methods for the sus-
tainable management of water have been made available through a
web-based client-server implementation. For example, Cetinkaya et al.
(2008) provided an online interface to a decision support system for a
river basin in Turkey, which included optimization of four different
adaptations to save water and reduce sectoral water gaps.

Here we present a new modelling framework to answer two key
questions. Firstly, what is the magnitude and the global spatial distri-
bution of the future water gap and to what can adaptations reduce this
gap and to what price? Secondly, how can we enable decision makers
through a web-based modelling environment to evaluate regional in-
vestment scenarios to close the water gap? We subsequently discuss the
limitations to our modelling framework and other related frameworks
that need to be overcome for improved policy and decision making. Our
framework uses the existing PCR-GLOBWB global hydrology and water
resources model (Sutanudjaja et al., 2018) coupled to a user config-
urable module that calculates for each water province the water mar-
ginal cost curve (WMCC). Here, a water province, also known as a food
producing unit (Veldkamp et al., 2015; Miina et al., 2016), represents
the intersection of the hydrological boundaries of river basins with the
administrative boundaries of countries and provinces. The WMCC
summarizes the microeconomic analysis of the cost and effectiveness of
arange of existing technical measures to reduce the projected water gap
in an area and provides a concise representation of the cost effectiveness
of adaptation options (2030WRG, 2009). The underlying assumption of
the WMCC is that adaptations that are cheap, or that even create a
financial benefit, would be implemented first. Regional relevance is
maximised if the spatial scale of the analysis matches that of the
decision-making process. Our method builds on previous work (Fischer
et al., 2007; Ward et al., 2010; Kirshen, 2017) in several ways: (1) we
extended our time horizon to the end of the 21st century; (2) we
increased the number of water provinces from 281 to 1604 providing
increased resolution and global coverage; (3) we estimated the cost and
effectiveness of three sets of adaptation options to determine the WMCC
and compared these results to a business-as-usual scenario with no
adaptation measures; (4) we provide a web-simulation framework that
enables users to create locally relevant information using the same
modelling framework used for global scale assessment, which is the
Water2Invest web tool (http://w2i.geo.uu.nl).

2. Methods
2.1. Modelling framework

The software framework produces the water marginal cost curves per
water province based on the selected climate and socioeconomic sce-
narios. The annual costs of water per type of adaptation option are used
as input and additional available water (reduction of the water gap) is
part of the output. Gross water demands include all water requirements
for irrigation (evaporation and transport losses), and consumption and
return flows of industrial, domestic use (Wada et al., 2011b) and envi-
ronmental flow requirements set to 20% of the pristine discharge. We
limited the scope of the framework to physical availability of water,
leaving out the effects of water quality (Scanlon et al., 2007), water
temperature (van Vliet et al., 2013), and future limitations for specific
land use due to flood risk and soil subsidence (Temmerman et al., 2013).
That is not to say that these aspects are unimportant, but the integration
of these components remains challenging, especially at global scale.

2.1.1. Water supply

Water supply is calculated using the PCR-GLOBWB global hydrology
and water resources model, which simulates water storages and fluxes of
the terrestrial part of the hydrological cycle at a spatial resolution of 5’
gridcells in latitude and longitude (Van Beek et al., 2011; Wada et al.,
2011b; Sutanudjaja et al., 2018), see SI1 for details. Meteorological
forcing, including time series of daily rainfall and temperature fields,
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between 2006 and 2099 is derived from five global circulation models
(GCMs: GFDL-ESM2M, Hadgem?2-ES, IPSL-CMAS5-LR, MIR-
OC-ESM-CHEM, NorESM1-M) that participated in the Coupled Model
Inter comparison Project (CMIP5) (Taylor et al., 2012) and the ISIMIP
intercomparison project (Schewe et al., 2014; Warszawski et al., 2014).
The GCM time series were bias-corrected by the method of Hempel et al.
(2013). The PCR-GLOBWB runoff and baseflow fluxes were
bias-corrected using measured discharge from the Global Runoff Data
Centre (GRDC) (GRDC, 2016).

The water supply thus calculated only includes renewable water
resources. Fossil groundwater withdrawal is limited to twice the long-
year average groundwater recharge. This value is thought to provide a
good balance between avoiding the extraction of non-renewable water
resource on the one hand, and account for interannual variation in
groundwater storage and to allow limited depletion rates in drier years
on the other hand. As a consequence, the resulting withdrawal in semi-
arid areas with limited recharge is much smaller than previous studies
(Wada et al. 2011b, 2012) that found withdrawals exceeding the
recharge by a factor 50. It is therefore important to note that water gap
calculations pertain to conditions that are intended to be close to
sustainable.

Monthly hydrological fluxes (time series of surface runoff, interflow,
baseflow, groundwater recharge and storage, actual and potential
evapotranspiration) from PCR-GLOBWB are averaged over the water
provinces, which are the basic units for water gap and adaptation
analysis in the framework. The water provinces are based on the overlay
of the World Administrative Division map (ESRI, 2011) and the major
river basins (Lehner et al., 2008). Provinces smaller than 20 000 km? are
merged iteratively while preserving national boundaries (SI2). The
water province topology is derived from the flow direction map and the
annual average discharge over the 1980-2010 period (GRDC, 2016)
(SI3).

For each of the four RCPs and five GCMs, the framework simulates
the global water supply at 5’ by forcing PCR-GLOBWB with daily pre-
cipitation and temperature fields. These 20 runs required around
100 000 core hours on the Dutch national supercomputer Cartesius. To
limit the computational demand in the interactive adaptation planning,
the water gap and adaptation analysis was executed on a global com-
posite of the PCR-GLOBWB output from the five GCMs. The composite
was created by using the output of PCR-GLOBWB from a single GCM for
each river basin. The GCM-PCR-GLOBWB combination was selected
whose output ranked third out of five in terms of average discharge over
the 2006-2099 period. In this way, the framework analyzes a repre-
sentative sample from the GCM-uncertainty range and filters out outlier
GCMs for each basin.

2.1.2. Water demand and allocation

Water demand and allocation per water province is computed using
the lumped Water and Climate Adaptation Model (WatCAM) (Buitink
et al., 2016), which is inspired by more complex distributed water
allocation and optimization models such as WEAP (Yates et al., 2005)
and MIKE-BASIN (DHI, 2012) (see Supplemental information (SI), SI-S3
for details). WatCAM is applied on each node of the network of water
provinces. Water is allocated to the four main demand types within a
water province based on priorities. Similar to the WEAP model, prior-
ities range between 1 (high priority) and 99 (low priority). In case of
water shortage, the priorities determine the percentage of demand
which is met (more details in SI-S3.5). The allocation depends on the
ratios between the priorities of the different water demand sectors. The
priority values do not have an absolute quantitative meaning, but allow
a step-wise successive reduction in allocation priority. For more details
on the calculation methods of WatCAM please refer to SI-3 and Buitink
et al. (2016).

Monthly time-series of water demands are computed for each water
province, for: (a) irrigation, from the irrigation equipped area (Port-
mann et al., 2010), RCP-dependent potential evapotranspiration from
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PCR-GLOBWB, and a country-specific efficiency factor, (b) industry,
from the SSP-dependent GDP and the GDP per capita (FAO-AQUASTAT,
2016) (c) domestic use, from the population size, and GDP per capita
based on the method of van Vuuren et al. (2007) and the SSP database
(ITASA, 2015), and (d) environmental flow demands, set to 20% of the
naturalized mean monthly flow. Given the lack of a globally accepted
minimum for environmental flow, our 20% setting is well within the
range of 10-60% given by Tennant (1976), and it qualifies as a river that
is classified as ‘largely modified’ in the environmental flow software of
Smakhthin and Eriyagama (2008). In the allocation scheme, the envi-
ronmental flow requirement was treated as a water demand rather than
a hard constraint, similar to demands from other sectors (SI-3.1). With
the inclusion of environmental flow we deviate from other studies on
water allocation (Wheeler et al., 2018) or water scarcity (Greve et al.,
2018), but we also recognize that additional demands can be posed
based on the variable flow method proposed by Pastor et al. (2014),
which was applied by Veldkamp et al. (2017).

2.1.3. Effectiveness and cost

Generating water marginal cost curves (WMCC) requires quantifying
the additional water that becomes available from an adaptation mea-
sure, and the cost of that measure. Unfortunately, no global database
exists on country-specific costs of adaptation options in water resources,
although scattered information is available, e.g. (WCoD, 2000; Hel-
legers, 2006; Trieb and Miiller-Steinhagen, 2008; 2030WRG, 2009;
Immerzeel et al., 2011). For watersheds in South Africa, Brazil, India and
China, the 2030 Water Resources Group made an in-depth analysis of
the costs of over 35 adaptation options that are often unique to a specific
country (2030WRG, 2009). When the same measures were found useful
in more than one country, they often found a factor three difference or
more in the cost per cubic meter of water gained between countries due
to differences in efficiency of the adaptations. For example, the annual
costs for the “new dams” option ranges from 0.06 US$,/m®/y for China to
0.16 US$/m>/y for South Africa and aquifer recharge ranges from 0.03
US$/m®/y for India to 0.14 US$,/m®/y for Brazil. This clearly shows the
need for local scale parameterization and interactivity, which we pro-
vide in the online tool. However, there is no overview available of these
costs per country and the global calculations were carried out with
global defaults, which were based on averages of cost estimates in the
references mentioned above. The default annual costs per cubic meter
additional water (US$/m®/y) were set to the following values for each of
the eight adaptation options: (1) 0.02 for improved agricultural effi-
ciency, (2) 0.04 for reuse of irrigation water, (3) 0.05 for increase in
reservoir capacity, (4) 0.3 for reuse of urban and industrial water, (5) 1
for desalination, (6) 0.1 for reduction of irrigated area, and 7,8) 2.0 for
the reduction of urban demand and industrial demand. These annual
values include costs to construct and maintain the infrastructure
through 2099. Note that in reality, the outlay would be represented as a
stepwise function with construction followed by maintenance costs, but
the framework lumps these costs in an annualized manner for
simplification.

2.2. Global scale assessment

Using the framework, we calculated global scale 21st century pro-
jections of the development of the water gap under two scenarios
incorporating climate and socio-economic factors, assuming either
optimistic (RCP2.6/SSP1; s1) or extreme (RCP8.5/SSP5; s5) trends.
These two scenarios comprise the envelope of RCP-SSP combinations
regarding water availability. We chose the RCP2.6 climate change sce-
nario and SSP1 socioeconomic scenario (Vuuren et al., 2014) (denoted
as ‘s1’) as the lower limit of change, and the RCP8.5 plus SSP5 scenario
as the upper limit (denoted as ‘s5’). In the global application, we
explored four adaptation scenarios for both RCP-SSP combinations. We
applied the adaptation scenarios uniformly across all water provinces to
facilitate comparison of the efficiencies of the adaptations to reduce the
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water gap. The reduction in water gap per adaptation option is the result
of the water allocation. For example, the enlargement of reservoir ca-
pacity only affects the amount of available water when there is sufficient
water available within the river basin. Once the additional available
water is estimated, its additional volume is multiplied with the annual
cost per cubic meter to obtain the annual costs (investments, transaction
costs or reduced revenues) of obtaining the additional water. The uni-
form application of adaptations was chosen due to a lack of local pref-
erences and we acknowledge that there are differences in the feasibility
of our chosen measures among the water provinces. In all scenarios,
water allocation priorities 1, 10, 30, 50 were given to the domestic,
industrial, irrigation and environmental demand, respectively. Thus, for
both sl and s5, we ran WatCAM between 2006 and 2099 with the
following adaptation scenarios:

1. BAU: the baseline scenario consists of business as usual (for s1 and
s5), in which no adaptations are implemented.

2. Imp.Agr: the improved agriculture scenario assumes that a combi-
nation of improved irrigation practices was implemented that leads
to a reduction of the volume of non-consumed water (i.e. return
flows) of 40%.

3. Inc-Sup: this scenario consists of measures that increase the water
supply: (1) Expanding reservoir capacity and increase salinization to
increase the water supply. Reservoir capacity was expanded with
1000 MCM (mega cubic meter) in the model, although not all water
provinces have the water available to fill such reservoirs. Since the
total costs are calculated from the water gap reduction, no penalty is
given for overcapacity. (2) The desalination capacity was extended
with 1000 MCM/year for all WPs bordering the sea, which is a
comparable amount as the 48600 MCM/year desalination capacity
that Hanasaki et al. (2016) found as a maximum for the period
2041-2070. (3) The reuse of water within the water provinces is
increased, from 20 to 60% for irrigation, and from 50 to 80% for
domestic and industrial water. By comparison, Jagermeyr et al.
(2015) mapped out global beneficial irrigation efficiencies, which
were less than 30% in South Asia and more than 60% in Europe and
North America.

4. Red.Dem: this scenario comprises the reduction of the urban and
domestic demands. Red.Dem reduces the demands by 15%, to be
achieved by enhancements in the industrial processes and severe
water saving measures in the domestic sector.

Using adaptation options 2 to 4 as successive combinations (2, 2 + 3,
and 2 + 3 + 4) we analyzed to what extent the water gap could be closed
in each water province. Note that we did not look at optimization of the
spatial configuration of adaptation options within a river basin. Wat-
CAM output at the water province scale was post-processed into
continental-scale WMCCs, and maps of the adaptations required to close
the water gap. For the sake of comparability between countries and
regions, the framework uses globally uniform and lumped costs of 0.02,
0.3, and 2 US$/m>/y for the Imp.Agr., Inc.Sup., and Red.Dem. adapta-
tions, respectively. These comprise aggregated costs for the eight
adaptation options given in section 2.1. Given the variation in costs
between countries (WCoD, 2000; Hellegers, 2006; Trieb and Miiller--
Steinhagen, 2008; 2030WRG, 2009; Immerzeel et al., 2011) the range of
costs for our scenarios can be expected to vary as 0.005-0.1, 0.1-0.5,
and 0.5-2.5 US$/m%/y for Imp.Agr., Inc.Sup., and Red.Dem. adapta-
tions. The adaptations’ effectiveness was determined from the fraction
of the BAU water gap that was closed by the measures. Annual costs
were summed up per adaptation for each scenario, and presented as
maps depicting the cost as a fraction of the water provinces’ GDP.

2.3. Local scale assessment: web-based simulation framework

We assembled the data and analysis software developed for the
global water gap and adaptation analysis into a web-based simulation
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framework that allows analyzing measure effectiveness and efficiency
for individual water provinces interactively, such that local detail (unit
cost and effectiveness) may be added. The accompanying website,
http://w2i.geo.uu.nl, is based on a Drupal frontend and a Postgresql
database in the backend to store maps and time series. WatCAM runs in
the backend on Python 2.7. It has two main components. Firstly, it serves
basic data that affect the water gap, including CMIP5 temperature and
precipitation fields for all RCP scenarios, PCR-GLOBWB runoff,
discharge and actual evapotranspiration, and the sectoral water de-
mands per SSP. These data are also used as input for WatCAM. Secondly,
the adaptation investigation allows the selection of a single water
province and the subsequent analysis of eight adaptation measures and
their effect on the water marginal cost curve under all possible combi-
nations of RCP and SSP scenarios. The cost per cubic meter additional
water can be specified for each type of adaptation measure and the joint
effect of every possible combination of individual measures analyzed by
calculating WMCCs. Also, inter-basin water transfer can be simulated
through additional external flow to the water province. The tool is not
meant for the general public, but for students, experts and professionals
in water science and management. For these users, the tool should be
rather intuitive and self-explanatory, while the HELP buttons contain
additional explanations. We illustrate the functionality by means of an
assessment of the area around Valencia in Spain.

3. Results
3.1. Water gap under the business as usual scenario

The 2015 water gap, calculated by averaging over the monthly time
series over the years 2006-2025, showed a number of hotspots for the
BAU scenario, most notably in the south and west of the United States,
the Middle East and North Africa, the basins of the Ganges and the Indus,
and China’s coastal zone (Fig. 1a). By comparison, the 2090 BAU water
gap, averaged over the years 2080-2099, was more extensive and larger
for both the s1 and the s5 scenario (Fig. 1b, c). The total surface area of
the water provinces with a water gap amounts to 11.0 10°km? for the
current state, which is 8.7% of the 132 10° km? of the terrestrial land
mass minus Antarctica and Greenland considered in this study. The
percentage increases to 8.9% and 12.0% for s1 and s5 in 2090, respec-
tively. An additional 0.2 and 2.2% of the surface area will experience a
new water gap larger than 10 mm/y in 2090 for s1 and s5, respectively.
For the 182 water provinces with a water gap projected for 2015 and
2090, the median value for the water gap is expected to increase from
19mm/y in 2015 to 28 and 48 mm/y for the sl and s5 projection,
respectively. Under the s1-BAU scenario, the global water gap peaks
around 2050 at 930 km®3/y and declines to 800km®/y in 2100, still
200 km®/y above the 2006 value (Fig. 2). Contrastingly, for s5-BAU, the
gap increases linearly to 1400 km®/y.

The patterns in sectoral water shortage are in line with previous
studies (Wada et al., 2011b; Haddeland et al., 2014; Prudhomme et al.,
2014) in which the same hotspots are present, but there are also dif-
ferences because we address the combined demands of industry,
households, irrigation, and environmental flow, and we aggregate over
the water provinces instead of looking at cell-specific or country-average
values. Table 1 compares global values of our study with other studies,
showing comparable results, except for the lower estimates of domestic
water demand. These can be explained by the fact that WATCAM uses a
logarithmic instead of a linear relation between GDP per capita (GDPC)
and gross domestic water demand from AQUASTAT. This results in
lower estimates for more developed countries (higher GDPC) than in
most studies that use linear relationships. We note however that
regardless of the fitted relation, the scatter is very large. It is also worth
noting that in our model actual water withdrawal is lower than gross
demand as it includes deficits (water demand not met by supply) as well
as water recycling that reduces water withdrawal.
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b) 2080 - 2099
SSP1 and RCP2.6

c) 2080 - 2099
SSP5 and RCP8.5

Fig. 1. Current and future water gap per water province. Total annual water gap in the period 2006-2025 (mm/y) (a) in the period 2080-2099 for the SSP1 and
RCP2.6 scenario (b), and in the same period under the SSP5 and RCP8.5 scenario (c).

—_
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1400 — == s1 Imp.Agr. =55 Imp.Agr.
s1 Inc.Sup.
s1 Red.Dem.

s5 Inc.Sup.

1200 — s5 Red.Dem.
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200 — . . . . ol
2000 2020 2040 2060 2080 2100

year

Global annual water gap (km?/year

Fig. 2. Envelope of the global annual water gap (km>) between 2006 and 2099
under the two most extreme combinations of climate change and socioeco-
nomic development (s1 =RCP2.6/SSP1; s5=RCP8.5/SSP5). The three adap-
tations options (section 2.3) consist of improving the water efficiency of
agriculture (Imp.Agr.), combining the previous with increasing the supply by
increasing the reservoir capacity (Inc.Sup.), and combining the previous two
options with a reduction in the water demand (Red.Dem.). The business as
usual scenario (BAU) has no adaption measures implemented. Note that tran-
sients represent long-term trends of climate change, with climate variability
superimposed. (For interpretation of the references to color in this figure
legend, the reader is referred to the Web version of this article.)

3.2. Effects of adaptation measures

The modelled global annual water gap ranges from 360 km®/y when
all adaptation options are implemented under the s1 scenario in 2006
(s1-Red.Dem; Fig. 2) to 1400km®/y for the s5 scenario without any
adaptations implemented in 2090 (s5-BAU). These results suggest that
the future global water gap cannot be closed using a reasonable set of
adaptation measures and predominantly renewable water resources.
Note that the times series for the s1 and s5 BAU scenarios largely overlap
through the early 2040s, causing the time series for a given adaptation
scenario to overlap for these two conditions as well. The differences in
the values between the business as usual scenarios of s1 and s5 in 2006
represents yearly variation from the weather generated in the GCMs. It is
only after 2045, when the s1 and s5 BAU scenarios begin to deviate
markedly, that relative differences in impact on the water gap grow

larger between the two conditions for a given adaptation scenario. This
shows the increased influence of climate and socioeconomic change,
which amounts to a difference of 458 km®/y in 2090 between s1-BAU
(862 km3/y) and s5-BAU (1320 km3/y). The reduction by adaptation
scenarios of the water gap is larger for the s5 scenario than for the sl
scenario. The additive adaptation measures reduce the water gap by
140, 230, and 250 km3/y for the sl scenario and by 150, 250, and
270km>/y for the s5 scenario when averaged over the period
2006-2090. The combination of mitigating climate change (i.e. staying
on the RCP2.6 scenario, s1) and adaptation (Red.Dem. adaptation)
lowers the 20-year average water gap from 759km3/y in 2015 to
605 km®/y in 2090.

One can see that the proposed adaptation options are far from closing
the water gap. Furthermore, the number of water provinces experi-
encing a gap grows, with 95 additional water provinces requiring
adaptation in the s5 scenario compared to the s1, as can be seen from the
changing spatial extents (Figs. 1-3, S8). Given that in reality environ-
mental flow requirements are often already violated and droughts affect
agriculture and industry, our results show that complete closure of the
water gap is elusive. Even if one analyzes the results using a 75% water
gap closure as a substitute metric (Fig. 3), there are still 130 out of 1604
water provinces under scenario s1 where all combined options close less
than 75% of the water gap, and 175 under the s5 conditions.

The water marginal cost curve (WMCC) per continent (insets in
Fig. 3) indicates the effectiveness of the three options, and the size of the
remaining water gap. The horizontal axis of the WMCC shows the
additional annual water (in kms/y) that becomes available or is being
saved due to each of the three different adaptation scenarios. The ver-
tical axis shows the (ordinal scaling of the) costs per additional cubic
meter of water that becomes available (in USD/m>). For example, in
North America the water gap is equal to 70 and 150 km?>/y for the s1 and
s5 scenario, respectively. In the s1 scenario, 25km®/y can be gained
from the three increasingly expensive adaptation options, compared to
50km?>/y in the s5 scenario. The reason for the larger reduction in water
gap size in the s5 scenario is the higher temperature, and the coupled
higher evaporation of excess water used for irrigation, which causes the
measures Imp.Agr and Red.Dem to be more effective. Even though the
adaptations provide additional water in the s5 scenario, the remaining
water gap of 90 km®/y exceeds the one from the s1 scenario. The largest
water gap is found in Asia, which includes the water scarcity hotspots of
the Middle East, India and China. South America has the smallest water
gap, and also the largest relative closure of the water gap (95 and 55%,
for the s1 and s5 scenario, respectively).
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Table 1
Comparison of withdrawal and gross demand volumes between results from WatCAM several other studies. Values are in km®/y, and for WatCAM, the average of the
baseline period is reported.

Attribute Period Domestic Industrial Irrigation Reference

withdrawal 2006-2025 154 813 2057 this paper

gross demand 2006-2025 172 919 2765 this paper

withdrawal 2000-2016" 377 777 2659 FAO-AQUASTAT (2016)

gross demand 2010 ~450 ~725 - (Wada et al., 2016) (HO08)
gross demand 2010 ~350 ~775 - (Wada et al., 2016) (WatGAP)
gross demand 2010 ~470 ~800 - (Wada et al., 2016) (PCR-GLOBWB)
withdrawal 2000° ~460 ~730 3214 (Hanasaki et al., 2013b, a)
gross demand 328 752 2628 Wada et al. (2011a)
withdrawal 2000 390 777 2658 Shen et al. (2008)

withdrawal 1995 - - 2810 Hanasaki et al. (2008)

gross demand 1995 - - 2452 Doll and Siebert (2002)

2 Based on statistics within this time period.
Y 1971-2000 for irrigation. Note, Wada (2016) is a comparative study, model names are given in brackets.
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Fig. 3. Spatial distribution of the required adaptation options to close 75% of the water gap for the s1 scenario (a) and for the s5 scenario (b) in 2090. The brown
color in the maps indicates where the complete set of adaptation options cannot provide enough water. The insets show the water marginal cost curves: plotting the
increased closure of the water gap quantity (x-axis) versus the cost of the adaptation per cubic meter of water (y-axis). The color scheme of the bars is identical to the
map, the vertical brown line denotes the water gap that cannot be met with the considered scenarios. Note that the horizontal axes of the insets strongly differ
between continents, and between scenarios. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

3.3. Relative adaptation costs considered for simplicity. The median relative cost of the adaptations for
the water provinces with water shortage is 1.6% (n=184) for the sl

The adaptation costs of the implemented options comprise a sub- scenario, and 1.4% (n = 244) for the s5 scenario, with s5’s lower per-
stantial percentage of the water provinces’ GDP of 2015 (Fig. 4). centage caused by a relatively higher GDP of the additional water
Delayed implementation of measures in order to reduce cost was not provinces under stress under s5. From the 1604 water provinces, 51 and
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Fig. 4. Projected spatial distribution of adaptation costs in the year 2090 of the Red.Dem measures as a fraction of the water provinces’ GDP for the s1 (a) and s5
scenario (b). Economic hotspots of adaptation are in Burkina Faso, Niger, Egypt, Kazakhstan, Pakistan, and India. The GDP percentage is lower in the s5 scenario than
in the s1 scenario due to addition of water provinces with larger economic development included in the set of water provinces with a water gap under s5. The
absolute costs (c) are much larger for the s5 scenario, especially for Europe and North America. Oceania and South America have the lowest absolute cost, and Asia
the highest. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

59 water provinces have to invest more than 5% of their GDP to
implement the adaptations for the sl and s5 scenario, respectively.
These are mainly located in the basins of the Indus, Ganges, Amu Darya
and Syr Darya river basins, and along the lower reaches of the Nile River.
The relative costs in the USA and Europe remain below 5%, independent
of the future scenario. To put these percentages in perspective, OECD
countries spend on average 5.2% of their GDP on education (OECD,
2016). The global annual adaptation cost amounts to 79 (s1), and 115
(s5) billion US$/yr. Asia requires the largest investments (Fig. 4c),
maximised at 36 billion US$/year in the s5 scenario. Europe and North
America are particularly sensitive to the climate and socioeconomic
scenarios used, as can be seen in the large differences between the sce-
narios for these two regions. For North America, the costs vary between
4 and 7 billion US$ depending on the scenario. The annual total cost of
improved agriculture, set to 0.02 US$/m?, is less than 0.2 billion USS,
and therefore invisible in Fig. 4, except for Asia, where large areas are
irrigated with river water and the costs for the 200 km®/y that can be
gained from improved agriculture amount to 2-3 billion US$. Absolute
cost (Fig. S9) shows a similar pattern, but with a larger range of values as
surface areas differed between the water provinces, leading to larger
total costs for larger water provinces.

3.4. Web-based simulation of adaptation options

The input data for each of the water provinces was based on global
datasets, but obviously lacks features and specifics that can be influen-
tial for the water resources system on the water province- and basin-
level. Therefore, a regional case study was done to compare results
with locally-sourced information, serving as a first-order evaluation of
the tool. This first-order evaluation took place for the Segura-Jucar
basin, southeastern Spain (Buitink et al., 2016). As expected,

incorporating locally-sourced information can have a major impact on
the water gap assessments at this spatial level.

The demonstration of the web-based application (Fig. 5) shows the
typical workflow for the calculation of the WMCC. First, one selects the
water province under consideration. In this case, the water province
around Valencia in Spain (Fig. 5B), which includes the Segura and the
Jucar basins. Secondly, one chooses the RCP and SSP scenario and sets
the magnitude of the eight different adaptation options (Fig. 5A, left
panel). In this example, we selected the RCP4.5 and SSP5 scenario
(Fig. 5A top left). Thirdly, WatCAM is run and the climate change and
impact panel gets activated with the projections climate change (tem-
perature and precipitation) and impact (the water demand and supply)
until 2100 (Fig. 5A, right panel). For the water province around Valencia
it shows an increase in temperature (~2 °C) and a decrease in precipi-
tation (~90 mm), and the water gap is projected to increase over the
21st century due to climate and socio-economic changes. The default
configuration for this water province does not include the interbasin
water transfer from the Tagus, which drains towards the west. The
transfer consists of around 300 MCM/y, which translates to 9.5 m>/s on
average, which was added to the natural external flow of 2.1m3%/s
totaling 11.6 m3/s (Fig. 5A). The web-based simulation enables the
manual inclusion of such local knowledge by increasing the external
flow. This example shows that the set of eight measures almost closes the
water gap around 2050 (Fig. 5C, top panel), but additional measures will
be required towards the end of the century (Fig. 5C, bottom panel.
Moreover, closing the water completely is shown to be extremely costly.
Comparing the yearly costs of closing the current water gap (~3-10°
USD/year) with past investments in water infrastructure (pipes and
transfer systems) by the Jucar basin authority (Sevilla and Torregrosa,
2011; Table 1) that amount to 0.5-10° €/year under a life expectancy of
60 years, suggest that these are in the right order of magnitude.
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Fig. 5. Example output from the web service, available at http://w2i.geo.uu.nl. A) Climate and socio-hydrologic changes under SSP5 and RCP4.5b) the water
province of Valencia in Spain. The annual average temperature increases and the precipitation decreases, which - combined with an increasing GPD and a stabilizing
population size — leads to an increasing water gap. C) The selected measures almost close the water gap around 2050, but not around 2090.
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Projections of key adaptation indicators for the water province of the Segura and Jucar basins around the year 2090, with
respect to the water gap (‘Gap’ in MCM/y), the reduction of the water gap due to the nine adaptation options as shown in Fig. 5
(‘Red.” In MCM/Yy), and the total annual costs for the nine options (‘Cost” in M USD). Shaded cells indicate scenarios where the
reduction exceeds the water gap.

SSP-> |SSP1 SSP2 SSP3 SSP4 SSP5

RCP Gap Red. Cost |Gap Red. Cost |Gap Red. Cost |Gap Red. Cost |Gap Red. Cost
RCP2.6 (2431 5619 4430 (2348 5584 4268 |--- --- --- --- --- --- 3055 5797 5421
RCP4.5 {4894 4262 2751 [4799 4230 2670 (4182 4042 2112 [5594 4546 3388 [5611 4553 3402
RCP6.0 [4452 4144 2645 (4359 4102 2549 (3749 3820 1893 |5130 4476 3370 |5147 4483 3388
RCP8.5 |--- - - - - - - - - - - 7380 4771 3226



http://w2i.geo.uu.nl

M. Straatsma et al.

The web interface enables the comparison of different RCP and SSP
scenarios by direct download of the projections of key adapation in-
dicators, including annual costs, the water gap and the water gap
reduction (Table 2). For the Segura-Jucar, it showed that the water gap
could be closed in the RCP2.6 with eight different adaptations, but in the
other RCP scenarios a water gap will remain. Note that the water gap is
larger in the RCP4.5 scenario than in the RCP6.0 scenario, but that the
values are also close to each other. This can be attributed to a larger
rainfall amount in the RCP6.0 GCM output.

4. Discussion

We presented a modelling framework that allows an integrated
global or regional assessment of the gap between water supply and de-
mand, the effectiveness of adaptation options in reducing this gap and
their costs as fraction of GDP. The global application builds on previous
work that provided more detail on specific components of our integrated
assessment, such as water scarcity (Wada et al., 2011b; Schewe et al.,
2014; Veldkamp et al., 2016), food security (Hanjra and Qureshi, 2010;
Wheeler and von Braun, 2013), and to a lesser extent environmental
flows (Smakhtin, 2008; Pastor et al., 2014) as we are at the lower end of
the suggested mean annual flow and do not take varying flow into ac-
count. The cost and effectiveness of adaptation options provide impor-
tant input to the discussion on the allocation of climate change
adaptation funds. The UNFCC Green Climate Fund aims to raise 100
billion US$ annually for climate change adaptation and mitigation
(Donner et al., 2011). While this goal has yet to be reached, our results
show that it would barely be sufficient to fund our estimate of costs
(78-115 billion US$) for the three measures simulated under RCP2.6
and SP1 projections, but this would be far from closing the projected
water gap. The current water gap of 6.0 102km>/y is based on
close-to-sustainable water usage and includes environmental flow re-
quirements, which are assumed to amount to 20% of the mean monthly
naturalized flow (i.e. without human water withdrawal). This water gap
exceeds the global water gap reported by Wada et al. (2011b) in the form
of extractions of non-renewable groundwater of 310 km®/y, because we
include environmental flow. We argue that taking the environmental
flows into account is crucial because of their direct benefits such as
reduced sediment supply to deltas (Syvitski et al., 2009), the high stress
on wetland ecosystems (Tessler et al., 2015), and the extinction of
freshwater species (Ricciardi and Rasmussen, 1999).

Decisions on adaptation are taken under large uncertainties, espe-
cially when the longevity of the infrastructure that is built spans a
century, such as is the case for dams and reservoirs. Previous studies
addressed more detailed analyses of climate change adaptation for in-
dustrial and municipal sectors (Ward et al., 2010) (10 billion USD/y), or
calculated the adaptation cost of climate and socioeconomic change
(Kirshen, 2017) from 2000 till 2030 (18 billion USD/y). In this study, we
integrated climate change (RCP2.6 and RCP8.5) and socioeconomic
change (SSP1 and SSP5) for 1604 water provinces giving total adapta-
tion costs of 50 and 79 billion USD/y for the Red.Dem adaptations and
the s1 and s5 scenario, respectively. These are in the same order of
magnitude, but higher as we included demands from environmental
flow as well. We would argue that complete closure of the water gap at
the global scale should not be the main goal. The monthly water supply
is affected by the weather and interannual variations in precipitation
and temperature (Adler et al., 2008). Periods of limited water supply
should be factored in to avoid over-dimensioning the water infrastruc-
ture during average years. Moreover, full closure of the water gap may
not be economically optimal when both costs and benefits are
considered.

We included both the magnitude and the possible reduction of the
water gap on a global scale with 2100 as the temporal horizon. In such
integrated long term assessments, the resulting uncertainty in the
WMCC has five main sources that are partially addressed by other
studies: global climate models (Knutti and Sedlacek, 2013), global
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hydrological models (Prudhomme et al., 2014), the combination of the
two (Schewe et al., 2014), RCP and SSP scenario uncertainty, and the
cost of adaptation options. For the results presented here, we simulated
the two extreme ends of the RCP-SSP scenario spectrum to place bounds
on the scenario uncertainty. The other sources of uncertainty were out of
scope for this study. A large uncertainty remains in quantifying the
adaptation costs as this information is not globally available. We used
uniform costs for the three measure sets, but a detailed overview of
adaptation options for China, India, Brazil, and South Africa showed
large differences between the countries (2030WRG, 2009). They showed
a range of options for improved irrigation with cost ranging from —0.05
$/m? for no-till farming to +0.03 for increased fertilizer use. Measures
like no-till farming and limiting over-irrigation even generate a benefit.
Clearly, local knowledge could substantially improve quantification of
the total cost of these measures for a specific water province. Our web
tool enables the compilation of selected adaptation options, using local
costs for each water province separately, as well as local information on
interbasin water transfer and river flow obligations from water treaties.
As such, bringing water resources management to the web opens new
options for human computation approaches, such as crowd sourcing,
serious games, human sensors, or social mobilization (Fraternali et al.,
2012).

The case study of the water province around Valencia in Spain
showed the projected water gap and the WMCC around 2050 and 2090.
The annual costs of the combined adaptations were comparable in order
of magnitude of investments previously made (Sevilla and Torregrosa,
2011). Further evaluation could be achieved by driving an existing de-
cision support system, such as shown by Pedro-Monzonis et al. (2016)
for the Velez river in Spain, with the same external forcing and adap-
tations. However, these are currently not available. As such, the current
outcomes should not be considered sufficiently accurate for final deci-
sion making at local level. Further validation and the inclusion of more
datasets is needed to validate the water marginal cost curves at the level
of a water province.

We showed that it is not possible to close the water gap if environ-
mental flow requirements are taken into account and requiring water
usage to be close to sustainable levels of groundwater withdrawal. The
adaptation costs comprise a significant portion of the GDP. How effec-
tive countries will be in addressing their needs for water depends on
effectiveness of institutions and levels of government spending amongst
others (Noy, 2009). It should be noted that we have only looked at
non-extreme adaptation options, while additional and more costly op-
tions are available such as large scale interbasin water transfer. These
options are not implemented in the current framework. Other more
expensive solutions may be to invest in large-scale desalination and
conjunctive groundwater and surface water use in combination with
managed aquifer recharge. Population size is the main driver of water
demand, either directly through domestic water demand, or indirectly
through food and energy production. Limiting population growth will
directly decrease the future water gap.

Our global and web-based adaptation framework provides a first step
in the integrated assessment of measures to reduce the water gap in a
regional setting, which could be developed further in several ways.
Firstly, the timing of the measure implementation could be optimized. In
the current approach all measures are implemented from the start to
evaluate what measures suffice, but future implementations could be
more efficient by assessing the optimal moment in time for the imple-
mentation given the uncertainties in the projections (Kind, 2014). Sec-
ondly, water allocation could be optimized by taking into account the
economic effects of water shortage in the different sectors (George et al.,
2011) including both costs and benefits of investment sets using
cost-benefit analysis (Mechler, 2016) or more advanced methods
(Watkiss et al., 2015) to guide the optimal selection. Thirdly, positioning
of the measures within a basin could be included in the optimization,
because downstream water scarcity strongly depends on upstream usage
(Veldkamp et al., 2017; Munia et al., 2018; Wheeler et al., 2018).
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Fourthly, a sensitivity analysis could shed light on the dependence of the
water availability on water province size, the priorities of water allo-
cation, or the including the additional evaporation from reservoirs.
Fifthly, using an extended cost model, i.e. one that includes opportunity
costs and economic and environmental externalities (Rogers et al.,
1998), would allow for selecting adaptation sets that are socially
optimal. Finally, including behavioral modelling (Sivapalan et al., 2011)
to include stakeholder preferences and uptake of adaptation options
would greatly enhance the local applicability of the framework. We note
however, that these developments require much more data, such that we
foresee their implementation for local applications using the web-tool,
not for global applications.

The relatively parsimonious economic modelling using WMCCs as
well as the simple setup of WatCAM is to provide a first order estimate of
the hydrologic-economic system. Including more complex hydro-
economic modelling could improve the accuracy and the level of
detail. Two further lines of development are recommended. Firstly, the
PCR-GLOBWB global hydrology and water resources model could be
used to model both supply and demand, but parallel computation of
routing and accumulating water over the rasterized drainage network is
required to limit the response time in the web interface to a few minutes.
PCRaster currently enables parallel computation of point operations and
scales across multiple nodes in a computer cluster, but hydrological
operations are not yet supported. Similarly, the pangeo-project (http
://pangeo-data.org/) aims at high performance computing, but these
Python-based packages also cannot yet deal with hydrological functions
either. Secondly the network of water provinces could be replaced with a
node-link network of the river topology and water infrastructure. The
global vector-based model of Lin et al. (2018) could provide the river
network, but the water demand network should still be developed.
Lastly, the web-based simulation could be integrated with online
collaboration platforms, e.g. Hydroshare (Yi et al., 2018), virtual globes
(Veenendaal et al.,, 2017), ArcGIS-online, or Geonode to facilitate
sharing of data and services. Ideally, all these tools would come together
in a global integrated environmental model to support decision making,
such as envisioned by Laniak et al. (2013).

5. Conclusions

With the framework presented in this study we can answer two key
questions. Firstly, what is the magnitude and the global spatial distri-
bution of the future water gap and what reduction can be achieved with
adaptation options and at what costs? The global assessment showed a
number of hotspots of water scarcity, most notably in the Mediterra-
nean, the Mid-West in the USA and in India and Pakistan. The combi-
nation of mitigating climate change (i.e. staying on the RCP2.6 scenario,
s1) and adaptation (Red.Dem. adaptation) lowers the 20-year average
water gap from 759 km®/y in 2015 to 605 km?®/y in 2090. The median
annual adaptation costs amount to 1.4-1.6% of the GDP of the affected
water provinces. The second question is how we can enable decision
makers through a web-based modelling environment to evaluate
regional investment scenarios to close the water gap? The computa-
tional framework was made available through a web interface, which
determines the climate change and impacts for a specific water province
plus the water marginal cost curves projected to 2050 and 2090. Further
downscaling towards local relevance requires the change to a node-link
network of supply and demands and water allocation via rights or
licenses, the operation the operations of water infrastructure and man-
agement decisions, and at the scale of the river basin. Our assessment of
the future water gap and the effectiveness and costs of a range of
adaptation options provides important information to support the dia-
logue on climate change adaptation funding.

Software availability

Name of the software: PCR-GLOBWB.
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Name of the developers: Rens van Beek, Edwin Sutanudjaja, Marc
Bierkens.

Contact information: Edwin Sutanudjaja, e.h.sutanudjaja@uu.nl.

Hardware required: High performance cluster for global scale
assessment at 5° resolution and multiple forcings.

Programming languages: Python and PCRaster.

License: GPL-3, see https://github.com/UU-Hydro/PCR-GLO
BWB_model.

Name of the software: WatCAM.

Name of the developers: Johannes Hunink, Peter Droogers, Joost
Buitink.

Contact information: Johannes Hunink, Johannes.hunink@futur
ewater.nl.

Hardware required: high-end desktop computer.

Programming languages: Python.

License: GPL-3, see https://github.com/FutureWater/WatCAM.
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