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Preface to “Water Resources Management Models for
Policy Assessment”

Water resources management models support a variety of research applications, including
the assessment of water availability, allocation of water among competing uses, evaluation of
system performance, identification of optimal system expansion, or definition of suitable operating
strategies. System analysis tools, such as simulation and optimization, have been enriched with novel
modelling concepts drawn from social sciences, economic analysis, conflict resolution, agent-based
systems, or game theory, among others. This field has evolved from the traditional emphasis
on cost-benefit analysis in water resource project investments to a wider scope that includes
environmental implications, stakeholder concerns, social welfare, and human dimensions. We now
face the challenge of developing integrated modelling frameworks to provide quantitative evidence
to policymakers on water management issues.

This book compiles original research papers that apply a variety of techniques to identify
and evaluate water resource management policies. The compilation presented here covers a wide
range of topics and methodologies applied across the world, from a local to a continental scope.
Open challenges in water resource management, such as quantitative assessment of policy impacts,
trade-off analyses, understanding the water-energy-food-environment nexus, collaborative model
development, stakeholder engagement, formalizing social interactions, or improving the theoretical
understanding of complex adaptive systems, are outlined. Therefore, this book covers research areas
that have emerged from the origins of water resource systems analysis, seeking to improve the way

in which water policy is formulated and implemented.

Luis Garrote
Editor
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Water resources management models support a variety of research applications, in-
cluding the assessment of water availability [1], the allocation of water among competing
uses [2], the evaluation of system performance [3,4], the identification of optimal system
expansion [5], and the definition of suitable operating strategies [6]. System analysis
tools, like simulation and optimization, have been enriched with novel modelling concepts
drawn from social sciences [7], economic analysis [8], conflict resolution [9], agent-based
systems [10], and game theory [11], among others. The field has evolved from a traditional
emphasis on cost-benefit analysis in water resource project investments to a wider scope
that includes environmental implications, stakeholder concerns, social welfare, and human
dimensions [12].

This Special Issue of Water integrates a collection of research papers that develop or
apply water resources management models for policy identification and assessment. Active
research has been conducted to address the challenge of developing integrated modelling
frameworks to provide quantitative evidence for policymakers on water management
issues. The compilation presented here covers a wide range of topics and methodologies
applied across the world, from a local to continental scope. It illustrates open challenges
in water resources management, like quantitative assessment of policy impacts, trade-off
analyses, understanding the water-energy-food-environment nexus, collaborative model
development, stakeholder engagement, formalizing social interactions, or improving the
theoretical understanding of complex adaptive systems. This issue is therefore a repre-
sentation of research areas that have emerged from the origins of water resource systems
analysis seeking to improve the way water policy is formulated and implemented.

The contributions to the Special Issue may be classified into four major topics: water
availability and accessibility, management of water infrastructure, environmental concerns,
and social and economic issues. Contributions in the first group focus on the estimation of
water availability under different climate and policy scenarios. Two papers are focused on
Europe and two are focused on China. The paper by Sordo-Ward et al. [13] presented a
regional assessment of future water availability in Europe. They applied a high-resolution
model to produce detailed maps of water availability in European rivers and evaluated
model and scenario uncertainties under different climate projections. The work presented
in [14] was specifically focused on the role of reservoir storage to enhance resilience to
climate change. The authors studied 16 major river basins in Southern Europe and found
that increased storage capacity attenuated the reduction of water availability and reduced
its uncertainty under climate change projections. Li et al. [15] evaluated five spatial factors
to obtain a water accessibility index in Southwest China. They produced a spatial pattern
and compared water accessibility and water demand at the county level. As a result of their
analysis, the authors provided policy recommendations to correct the imbalance. Finally,
Wang et al. [16] studied the water-carrying capacity of the Chang-Ji region in Northeast
China. They applied techniques such as the fuzzy comprehensive evaluation method,
gray correlation analysis, and multiple linear regression models to evaluate water-carrying
capacity under different social development plans, identified critical issues, and provided
suggestions to allow for a sustainable development of the economy in the region.
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The second topic deals with models intended to provide support for management
policies for water infrastructure. The paper by Rubio-Martin et al. [17] presented an appli-
cation of system dynamics for the strategic planning of drought management in a river
basin located in Southeast Spain. The authors proposed a system state index that is used to
trigger dynamic reservoir operating rules, policies, and drought management strategies.
They argued that application of their decision support system may lead to a substantial
reduction of the economic impact of droughts in the basin. Gabriel-Martin et al. [18] aimed
at solving conflicts that arise in the operation of multipurpose reservoirs. Their technical
contribution is a model that maximizes reservoir yield subject to constraints imposed by hy-
drological dam safety and downstream river safety. They produced a set of Pareto optimal
configurations that may be used by policymakers to emphasize water availability or flood
protection. Bejarano et al. [19] offered a computational tool intended to summarize data
on sub-daily streamflow into manageable, comprehensive, and ecologically meaningful
metrics, which can be used to qualify and quantify flow alteration. This tool may be used
by policymakers to evaluate the potential ecological consequences of the hydrological alter-
ation produced by water infrastructure. The contribution by Martin-Candilejo et al. [20] is
focused on energy efficiency. They proposed a novel method to account for energy costs
associated to water pumping in the design and operation of water supply systems.

Water quality is the major focus of the third topic, which deals with environmental
concerns. Xie et al. [21] reported on the experience of implementing the nation-wide fresh-
water health evaluation in China. They proposed a new indicator framework combining
ecosystem integrity with non-ecological performance with the objective of improving water
governance. The result of their work is directly policy-relevant because it will be integrated
into a new national standard. Salehi et al. [22] evaluated the pollutant discharge charac-
teristics for 12 facilities in an industry sector in the United States. They applied principal
component analysis to water quality parameters and developed water quality indexes
to monitor water quality fluctuations. They characterized stormwater quality variations
among studied facilities and seasons, concluding with suggestions for future changes for
decision makers. The work by Duan et al. [23] focused on background pollutants and their
influence on water quality management and assessment methods in China. The authors
argue that it is unreasonable to use a uniform standard to evaluate water quality across the
country. They defined a suitable pollutant yield coefficient by coupling an export coefficient
model with a mechanistic model. Based on their results, they proposed a more reasonable
sewage discharge limit and water quality evaluation method. Best management practices
to control water pollution were analyzed in [24]. The authors evaluated the performance of
three types of pollution control measures on dissolved nitrogen by coupling an improved
watershed model with a multi-objective optimization algorithm. Their optimization model
system could assist decision-makers in selecting the most appropriate measures for pol-
lution control in a watershed. Wang et al. [25] proposed an index system to evaluate the
degree of coordination between economic development and infrastructure construction
in a sponge city in China. They studied the spatial statistical pattern of coordination and
concluded that the problems due to inadequate coordination were prominent in the region.
They suggested a stronger emphasis on the construction of green infrastructure.

The fourth topic is related to social and economic issues. Lima-Quispe et al. [26]
discussed river basin planning in Bolivia from the wider perspective of regional planning.
They tackled the problems of coordinating watershed planning with other planning units
and integrating watershed management with water resources management. The authors
proposed the novel technique of robust decision support to help stakeholders discern posi-
tive and negative interactions of interventions, use spatially explicit indicators, and identify
adequate management strategies. Li et al. [27] explored the applicability of China’s policy
based on water saving contracts by risk assessment. Overall risk was found to be low, but
they showed concern for some potential risk factors, such as audit, financing, and payment
risk. Feria-Dominguez et al. [28] analyzed the impact of a severe drought on the Brazilian
stock market. They found statistical evidence of financial impact caused by the declaration
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of drought among agri-food firms, particularly in those companies that shell perishable
products. Shen et al. [29] studied the impact of tourism on the sustainable development of
a reservoir in China. They applied different analytical techniques to process hundreds of
questionnaires filled by the local population. In their conclusions, they found that stake-
holders were very critical of the consequences of tourism development in the region and
provided suggestions to mitigate the negative impacts. Santasusagna Riu et al. [30] also
used questionnaires to analyze the management of urban public services in the internal
border area between two Spanish regions. Based on their analysis of the replies, they
concluded that there are deficiencies to correct and suggested enhanced cooperation across
the border to improve priority urban public services.

This Special Issue is a compilation of 18 contributions that offer a wide perspective of
the potential of water resources management models for policy assessment. The papers
focus on a diversity of topics, geographical locations, spatial scales, and methodologies
that illustrate successful case studies of science inspiring policy. This work is offered as an
asset for researchers and policymakers.
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Abstract: This study presents a regional assessment of future blue water availability in Europe
under different assumptions. The baseline period (1960 to 1999) is compared to the near future
(2020 to 2059) and the long-term future (2060 to 2099). Blue water availability is estimated as the
maximum amount of water supplied at a certain point of the river network that satisfies a defined
demand, taking into account specified reliability requirements. Water availability is computed with
the geospatial high-resolution Water Availability and Adaptation Policy Assessment (WAAPA) model.
The WAAPA model definition for this study extends over 6 million km? in Europe and considers
almost 4000 sub-basins in Europe. The model takes into account 2300 reservoirs larger than 5 hm?,
and the dataset of Hydro 1k with 1700 sub-basins. Hydrological scenarios for this study were taken
from the Inter-Sectoral Impact Model Inter-Comparison Project and included simulations of five
global climate models under different Representative Concentration Pathways scenarios. The choice
of method is useful for evaluating large area regional studies that include high resolution on the
systems” characterization. The results highlight large uncertainties associated with a set of local
water availability estimates across Europe. Climate model uncertainties for mean annual runoff and
potential water availability were found to be higher than scenario uncertainties. Furthermore, the
existing hydraulic infrastructure and its management have played an important role by decoupling
water availability from hydrologic variability. This is observed for all climate models, the emissions
scenarios considered, and for near and long-term future. The balance between water availability and
withdrawals is threatened in some regions, such as the Mediterranean region. The results of this
study contribute to defining potential challenges in water resource systems and regional risk areas.

Keywords: climate change; water resources; water availability; uncertainty; WAAPA model;
Western Europe

1. Introduction

Water management is challenged by climate change. By the 2070s, the percentage of the surface
area under conditions of severe water stress is expected to increase from the current 19% to 35% in
central and southern Europe [1]. Populations living under water stress conditions in regions from
17 countries of Western Europe are projected to increase by between 16 and 44 million [2]. It is
also predicted that the runoff of certain rivers may diminish by up to 80% during the summers.
Reservoirs may lose resources due to a decrease in rainfall and the frequency of droughts will increase.
The consensus is that the effect of climate change will also exacerbate precipitation extremes with more
pronounced drought and flood periods [3-5]. At the same time, future water demand is increasing due
to climate and social changes. Higher temperatures lead to increased water demand for irrigation and
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urban supply, hydroelectric potential of Europe may decrease 6% on average, and between 20 and 50%
in the Mediterranean region. Advances in technology efficiency may only affect industrial demand [2].
In the Mediterranean region, impacts of climate change on water will certainly have a large influence
on human water security and biodiversity [6]. There are several hundred local studies on the potential
impacts of climate change on water resources in the Mediterranean, which apply many different
approaches. Although the results are diverse and sometimes contradictory, a common element is
that one of the primary impacts of climate change will be a reduction of water availability in the
Mediterranean Region [1,2]. Furthermore, several authors showed that Global Climate Models (GCMs)
were the main source of uncertainty when assessing the impacts of climate change on hydrologic
processes [7,8]. Meanwhile, uncertainty associated with streamflow appeared to be more consistent
with precipitation than temperature and showed higher sensitivity to the selection of GCMs than to
the Regional Climate Models (RCPs) [9,10].

Water availability focuses on blue water, which is defined as water that runs off the landscape
into streams, rivers, reservoirs, and groundwater [11]. However, the term “water availability” includes
multiple aspects. A multitude of studies consider water availability to be directly linked to changes in
average runoff, estimated as the net difference between precipitation and evapotranspiration [12,13].
In non-altered basins, water availability would be either null or extremely low because it would be
determined by long term minimum values of flow. It is clear that hydraulic infrastructure plays an
important role in making water available for users, mainly by the regulation and transportation of
water resources. Even though the storage-based strategy proved to be very successful in the past [14],
expanding infrastructure is not an option to increase availability in many regions due to social
and environmental constraints [15]. As a result, increasing demand relies heavily on management.
The emphasis is currently being placed on how to improve management of existing infrastructure
and on socio-economic measures through demand management and water use efficiency [16,17].
The main factors to be considered in regulated water resource systems are the stream flow variability,
storage capacity, and yield reliability. In this study, we define blue water availability as the amount
of water that can be supplied at a certain point of the river network to satisfy a regular demand
under specified reliability requirements [18,19]. Therefore, water availability is the combined result of
natural processes, existing infrastructure, and policy. A wide range of techniques have been proposed
to analyse water availability, from relatively simple stochastic processes relating these variables to
highly complex models solving the water allocation problem [20-24], even including social and
economic considerations [25]. In the water sector, institutions, users, technology, and the economy
cooperate to achieve equilibrium between water supply and demand in water resource systems.
In order to understand the process of reaching future goals for water under climate change, science
has developed a set of tools to understand uncertainty [26-29], assess future impacts [30,31], and
facilitate policy development [1,16,18,32]. However, most studies were developed using detailed water
management and planning models, and were applied at the local scale. In systems and situations
where limited information is available and regional or continental-scale studies are needed, it is
generally better to obtain a global overview of the water supply systems’ performance under different
climate and policy scenarios, using simplified regional models rather than carrying out very detailed
simulations with conventional models, which require very specific information on water demands
and infrastructure [18,33,34]. These continental scale-models are conceived to estimate the maximum
water availability and to provide technical and quantitative support to possible water policies in the
short and long term. Then, these models and detailed water management and planning models should
be considered as complementary tools.

Over forty percent of the total water withdrawal in Europe is used for agriculture. Southern
countries use the largest percentages of abstracted water for agriculture. This generally accounts for
more than two thirds of total abstraction. In northern member States, levels of water use in agriculture
are much smaller, with irrigation being less important but still accounting for more than 30% in some
areas [35]. Moreover, if the climate in a given region gets drier and warmer, water availability will
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decrease, and the issue will be exacerbated by increasing water demand [36]. For example, it is expected
that areas of maize grain cultivation will expand up to 30-50% in Europe [37-40] with increases of up
to 50% in net primary productivity in northern European ecosystems, as a result of a longer growing
season and higher CO, concentrations [37]. As the projected impacts on productivity of crops and
ecosystems included the direct effects of increased CO, concentration on photosynthesis, the variation
in simulated results attributed to differences between the climate models were, in all cases, smaller
than the variation attributed to emissions scenarios [37]. The objective of this study is to estimate
future potential blue water availability in Europe and its associated uncertainty, which is induced by
emissions scenarios and climate change models. This study first proposes a methodology to conduct
climate change analyses in water resource systems, which is based on a high-resolution geospatial
model and the use of information available in public databases. Second, the study evaluates distributed
mean annual runoff and its uncertainty in main rivers within Western Europe in the baseline period
and in two future periods. Third, the study analyses water availability changes and its uncertainty
across Western Europe under different climate change scenarios and climate models. Finally, the study
analyses the geographically distributed relationships at a continental-scale among the mean annual
runoff, water availability, and water withdrawals under the baseline and future periods.

2. Materials and Methods

The methodological approach is detailed in Figure 1. The methodology is based on a high-resolution
GIS-based model, named “Water Availability and Adaptation Policy Assessment (WAAPA)” which
enables the estimation of water availability under many climate scenarios to produce a global picture
of the situation [33]. The model assimilates climate and geospatial information seamlessly, accounts
for reservoir storage (from an individual reservoir or from a system of reservoirs), and produces blue
water availability estimates. The model computes net blue water availability for consumptive use
of a river basin, taking into account the regulation capacity of its water supply system, and a set of
management standards defined by water policy. The model estimates the water availability not only
at the outlet of sub-basins (e.g., river intersections), but also at any desired point of the defined river
network (e.g., each dam location), by accounting for the entire system of dams in the upstream basin.
Basic components of WAAPA are reservoirs, inflows, and demands and they are linked to nodes of
the river network. The joint reservoir operation model simulates the behaviour of a set of reservoirs
that supply water for a set of prioritized demands, complying with specified ecological flows and
accounting for evaporation losses.
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Figure 1. General scheme of the applied methodology. The displayed procedure was applied to each
defined sub-basin. Grey areas indicate the first path carried out, from the selection of the emissions
scenario to the estimation of the water availability.
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In this study, we evaluated the water availability of the joint reservoir operation model following
a high resolution and global management scheme (Figure 2). For each selected sub-basin (derived
from dam locations and river confluences), this scheme considers each reservoir individually and all
reservoirs are jointly operated to supply a set of prioritized demands. It is assumed that any demand
at a given point in the stream network can be supplied by any reservoir located upstream from it.
It corresponds to a situation where there is little development of system interconnections, but a large
development of water distribution networks, which are managed globally to supply all demands
present in the analysed system. Water is first released (to satisfy demands) from the reservoirs located
at low areas of the basin. If these reservoirs are full and receive more contributions, uncontrolled spills
are released and water falls out of the system. On the other hand, if upstream reservoirs are full and
receive more inflows, the extra water is collected by the downstream reservoirs. This management
criterion is not totally real, because real systems usually are managed taking into account more
conditions and constraints. The joint reservoir operation model maximizes water availability because
it minimizes the excess storage. In each time step, the model performs the following operations:

1. It satisfies the environmental flow requirement in every reservoir with the available inflow.
Environmental flows are passed to downstream reservoirs and added to their inflows.

2. It computes evaporation in every reservoir and reduces storage accordingly.

3. It computes excess storage (storage above maximum capacity) in every reservoir (if there is an
increment of storage with the remaining inflow).

4. It satisfies demands ordered by priority, if possible. It uses excess storage first, then available
storage starting from higher priority reservoirs.

5. If excess storage remains in any reservoir, it computes uncontrolled spills.
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Figure 2. Operation scheme of the high-resolution Water Availability and Adaptation Policy Assessment
(WAAPA) model for each given point of the stream network (blue lines). Triangles represent dams, big
coloured arrows represent inflows, small arrows represent reservoir evaporation, uncontrolled spills,
and environmental flows, and grey dashed lines represent supplies from each reservoir to the basin
demands (rectangles).

The result of the joint reservoir operation model is a set of time series of monthly volumes
supplied to each demand, monthly storage values, monthly values of spills, environmental flows,
and evaporation losses in every reservoir. Finally, we calculated the system performance by applying
the Gross Volume Reliability performance index. This index is the ratio of total volume supplied to
demand in the system and the total volume demanded by the system, during the analysed period [33].
In this study, water availability is estimated by considering only one demand present in the system
under the hypothesis of 90% reliability.
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To define the maximum amount of water that can be supplied at a certain point of the river
network to satisfy a regular demand, a bipartition method is applied: Excessive values of demands are
set (for example, similar to mean monthly runoff) and the simulation is carried out. The deficits are
obtained and specified reliability requirements are checked. If the specified reliability requirements
are not fulfilled, the demand is reduced by half and simulated again. If the specified reliability
requirements are satisfied, half of the difference is added and simulated again, and so on until the
deficit (or gain) is smaller than a pre-set tolerance (e.g., 0.1 hm?/year).

Case Study

The area under analysis is composed of the major river basins in Western Europe. WAAPA model
data are geographically referenced (Figure 3). Following, we present the data used to build the WAAPA
model. We determined the topology of the model by dividing the area under study into a number
of units of analysis, which are homogeneous sub-basins from the water management perspective.
The sub-basins are related through the “drain to” relationship, and the analysis is applied to all possible
basins, from the small headwater sub-basins to the largest basin draining to the sea. In this work, we
divided western Europe into sub-basins (3839), based on the Hydrolk data set (1.538 sub-basins [41]),
and the derived-from dam locations (2.301 sub-basins), which belong to 621 large basins draining to
the sea. The total area under study is over 6,000,000 km?2.
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Figure 3. Case study: Western Europe. (a) Domain under analysis. Colours represent the 621 major
river basins draining to the sea. (b) Information utilized for the estimation of withdrawals (domestic
(hm3/km?), agriculture (hm3/km?) and industry (hm?/km?)) in present and future scenarios and for
each analysed sub-basin.

Naturalized streamflow was obtained from the results of the application of the PCRGLOBWB
model [42] to the Inter-Sectoral Impact Model Inter-Comparison Project [43]. The PCRGLOBWB
model was run for the entire globe at 0.5° resolution, using forcing from five global climate models
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under historical conditions and climate change projections, corresponding to four Representative
Concentration Pathways scenarios: RCP2.6, RCP4.5, RCP6.0, and RCP8.5. The following climate
models were used as input: GFDL-ESM2NM (GFDL), HadGEM2-ES (HadGEM?2), IPSL-CM5A-LR
(IPSL), MIROC-ESM-CHEM (MIROC), and NorESM1-M (NorESM1).

Three time periods were considered: Reference (1960-1999), short term (ST, 2020-2059), and
long term (LT, 2060-2099). Since runoff obtained from climate model input usually presents significant
bias, average runoff values were corrected for bias using the UNH/GRDC (University of New
Hampshire/Global Runoff Data Centre) composite runoff field, which combines observed river
discharges with a water balance model [44], and is a reference of the current global surface
runoff [34,44,45]. Following Gonzalez-Zeas [45], we applied the bias-correction methodology based
on the determination of a monthly correction factor. We calculated the monthly mean runoff series
for the control scenario to obtain twelve representative statistical parameters: The ratios between
the UNH/GRDC values (observed) and the simulated runoff. These multiplying factors were used
to correct bias in the control and the projected series. The reservoir storage volume available for
regulation in every sub-basin was obtained from the ICOLD World Register of Dams [46]. Dams in the
register with more than 5 hm3 of storage capacity were georeferenced and linked to the corresponding
storage capacity and flooded area (2.301 dams). Environmental flows were computed through a
hydrologic method. The minimum environmental flow was set to the 10% percentile of the marginal
monthly distribution, according to Spanish legislation. In the absence of more advanced methods, the
Spanish regulation for river basin plans establishes several hydrologic methods to define minimum
environmental flows [31]. One of them is based on the percentile of the marginal distribution of
monthly flows, defining a range between 5 and 15%.

In this study, we estimated current, short-, and long-term geographically distributed water withdrawals.
Country-based data on current freshwater withdrawal were taken from the World Bank database. These
data were spatially distributed using proxy variables: Population density for urban and industrial
withdrawals and irrigated area for agricultural withdrawals. The population density was obtained from
the Gridded Population of the World product of the Global Rural-Urban Mapping Project (GRUMP),
available at the Centre for International Earth Science Information Network (Figure 3b) [47]. The area
potentially under irrigation was estimated from the Global Map of Irrigated Area dataset [48]. Future
withdrawals were estimated using the projections of population and gross domestic product (GDP)
provided by IIASA. These projections were estimated following RCP scenario assumptions [38,39].
Projections of total freshwater withdrawal and industrial withdrawal were estimated from regressions
based on World Bank data using per capita GDP projections [40].

3. Results

Figure 4 shows the comparison of streamflow change from reference (1960-1999) to climate change
RCP4.5 scenarios, both for short (2020-2059) and long term (2060-2099), and over the five climate
models. Figure 4 is dimensionless (percentage), and the values were obtained by applying Equation (1).
The red shading represents a decrease (negative values) and green shading an increase (positive values)
of the future mean annual runoff. The yellow shading represents no changes of mean annual runoff
for future periods compared to the reference scenario.

Mean annual runoff at future scenario
Mean annual runoff at reference scenario

Mean annual runoff change = ( — 1) x 100 (1)

Overall, the models produce a smooth picture of mean annual runoff change in Europe, with
decreases in the South. Severe negative changes are projected in the Iberian Peninsula, from the Black
Sea in the South almost to the Baltic Sea in the North, and predominantly positive changes are projected
in western to central Europe and in northern Europe. A mixed pattern with higher variability in mean
annual runoff is shown across central Europe and the Carpathians. The climate models that produce
more annual runoff reduction are HadGEM?2 and NorEsM1. However, it can be seen that the values
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and spatial extent of the regions with reduced streamflow (in brownish colours) vary significantly from
one climate model to another. This is remarkable considering that all simulations were performed with
the same hydrologic model. As expected, in general, the changes are more intense in the long-term
period. The region of neutral changes (represented in yellow) moves toward the north from low carbon
(RCP2.6) to high carbon (RCP8.5) emissions scenarios (not shown).

Future scenario: 2020-2059

Future scenario: 2060-2099

_ GFDL HadGEM2 ) _IPSL ‘MIROC NorEsM1

%

Figure 4. Changes (percentage) of mean annual runoff in future scenarios (2020-2059 and 2060-2099)
compared with the reference scenario (1960-1999), according to different climate models and for the
emissions scenario RCP4.5. Red shading represents a decrease of the mean annual runoff and green

shading an increase.

The results of potential water availability in historical conditions (1960-1999) for all climate
models are shown in Figure 5. It shows the values of potential water availability as a function of
mean annual runoff in all the analysed sub-basins. Small, blue dots represent results in intermediate
sub-basins, while larger, darker blue dots represent results in the global basins. All models show a
similar picture, with a large variation of water availability among basins as a consequence of differences

in hydrologic regime and reservoir storage.
y g g g
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Figure 5. Mean annual water availability as a function of mean annual flow for the historical period
(1960-1999) and for the different climate models. Small, blue dots represent results in intermediate
sub-basins, while larger, darker blue dots represent results in the global river basins. Red line shows
the value of 40% of mean annual runoff. (a) GFDL model, (b) HadGEM2, (c) IPSL, (d) MIROC and
(e) NorEsM1.
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The spatial distribution of changes (between the long term and reference periods) of potential
water availability along the major rivers in Europe is presented in Figure 6, for all emissions scenarios
and climate models analysed. Figure 6 is dimensionless, and the values were obtained by applying
an equation similar to Equation 1, but using potential water availability instead of runoff. Red
shading represents a decrease (negative values) of the future potential water availability and green
shading an increase (positive values). The yellow shading represents no changes of potential water
availability compared to the reference scenario. Although, in general, the climate models show a
gradient of potential water availability changes with larger reductions in South Western Europe and
larger increases in Northern Europe, values show important differences by comparing the results
among climate models (same emissions scenario). By comparing the maps within each column
(Figure 6), we visualize important differences in the results from one climate model to another,
and by keeping each emissions scenario unaltered. The models that produce the most potential
water availability reduction are HadGEM2 and NorEsM1, while IPSL and MIROC produce the least
reductions. On the other hand, by comparing the maps within each row (Figure 6), we observe the
different results obtained for the same climate model and different emissions scenarios. It can be
seen that, in general, differences among the emissions scenarios (for each climate model) are smaller
than those among different models (for each emissions scenario). The driest scenario is RCP8.5 for all
analysed climate models.

Figure 7 shows, for each analysed sub-basin, the changes in the potential water availability in the
long-term period with respect to the reference period (v axis), as a function of changes in the mean
annual runoff in the long-term period with respect to the reference period (x axis), for all emissions
scenarios and the climate model GFDL. The equations used to plot the results are similar to the
proposed Equation 1 for the runoff variable (see Figure 4) and the proposed for the water availability
variable (see Figure 6). Quadrant 1 (q.I) shows sub-basins where runoff decreases in the future and
water availability increases. Both runoff and water availability increase in g.II, runoff increases and
water availability decreases in q.III, and both runoff and water availability decrease in q.IV. In addition,
basins with the same reduction of runoff experience different reductions in availability as a result of
changes in the hydrologic variability and their different regulation capacity.

Figure 8 shows the spatial distribution of the ratio of the runoff, water availability, and water
withdrawal for the model GFDL in emissions scenario RCP4.5 for the reference (1960-1999) and
long-term period (2060-2099). The bottom row shows potential water availability as a fraction of
runoff, the central one shows water withdrawal, also as a fraction of runoff, and the upper row shows
the water withdrawal as a fraction of water availability.
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Figure 6. Changes in potential water availability for the long-term scenario (2060-2099) compared to
the reference scenario (1960-1999), according to all climate models and emissions scenarios analysed.
Red shading represents a decrease of the potential water availability and green shading an increase
(individual maps at full resolution are available as supplementary files).
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Figure 7. Changes of mean annual water availability from historical period (1960-1999) to long-term
period (2060-2099) as a function of changes in runoff for model GFDL and emissions scenario RCP2.6,
RCP4.5, RCP6.0, and RCP8.5. Small, blue dots represent results in intermediate sub-basins, while larger,
darker blue dots represent results in the global basins. q.I, q.II, q.III, and q.IV point out each quadrant.
(a) RCP2.6, (b) RCP4.5, (c) RCP6.0 and (d) RCP8.5.

Figure 9 shows the uncertainty associated with the climate models and emissions scenarios, both
for mean annual runoff and mean water availability, by calculating the coefficient of variation (CV,
standard deviation divided by mean) in each calculation point, for each climate model (five), for
each emissions scenario (four) and for the short term (ST) and the long term (LT). We represented
the probability distribution function (Pdf) of the CVs in each case. Continuous lines represent the
uncertainty for each climate model, obtained by comparing the four emissions scenarios for each
climate model. The dashed lines represent uncertainty for each emissions scenario, obtained by
comparing the CV of the five models for each emissions scenario. Figure 9a,c shows the uncertainty
associated with runoff for the ST and LT, respectively. Comparatively, Figure 9b,d shows the uncertainty
associated with availability for the ST and LT, respectively.
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Figure 8. Spatial distribution of the per unit change of potential water availability between the historical
period (1960-1999) and the long-term period (2070-2099) for the model GFDL, under the emissions
scenario RCP4.5. (Top row) Withdrawal as a fraction of availability. (Centre row) Water withdrawal as
a fraction of runoff. (Bottom row) Potential water availability as a fraction of runoff.
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Figure 9. Climate model and emissions scenario uncertainties. Each continuous line represents the
probability distribution function (Pdf) of the coefficient of variation (CV) corresponding to mean annual
runoff and mean annual water availability in each calculation point, for each climate model (GFDL,
green; HadGEM2, brown; IPSL, purple; MIROC, red; and NorEsH1, blue) and four emissions scenarios
(RCP2.6, RCP4.5, RCP6.0, and RCP 8.5). Dashed line represents the Pdf of CV for each emissions
scenario and the five climate models. (a) Runoff and short-term period (ST) and (c) long-term period
(LT); (b) Water availability and ST and (d) LT.

4. Discussion

Both for short- and long-term periods, the models show similar spatial patterns of mean annual
runoff changes in Europe, with decreases in the south, especially in the south-west and increases in the
north. Our results agree with global and continental-scale studies that reported mean annual runoff
projections [1,49,50]. These studies provide a coherent pattern of change in annual runoff, predicting
with a high degree of confidence severe decreases (up to 40%) of surface runoff in areas already affected
by water scarcity, like the Mediterranean region, and are consistent with the projected runoff increases
in northern Europe (5-30%). However, it can be seen that the values and spatial extent of the regions
with reduced streamflow vary significantly from one climate model to another. It suggests that there is
an important climate model uncertainty, being the changes of mean annual runoff among emissions
scenarios (and the same climate model) smaller than those among the different climate models (same
emissions scenario).

In the short-term runoff, Figure 9a clearly shows that higher CV values are more frequent (amplitude
of each Pdf curve) by comparing the results among models (and the same emissions scenario, dashed
lines) than among emissions scenarios (and the same climate model, continuous lines). In addition,
the uncertainties associated with the emissions scenarios are also similar among them (differences
among continuous lines for the y axis). Although climate change models are the most robust tools
available to generate consistent climate change projections, they are still a source of considerable
uncertainties [10,51]. In this regard, Garrote [18] highlighted that the uncertainty has not been reduced
with the progressive improvement of modelling tools; on the contrary, it seems to be increasing as a
result of the evolving approach to generating emissions scenarios. On the other hand, results suggest
that, because of the number of variables and complexity involved in the estimation of the future
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climate, its estimation has an implicit uncertainty that should be acknowledged for the development
of climate adaptation plans. In the long-term runoff (Figure 9c), the uncertainty increases (increasing
the amplitude of the Pdf curves) for both climate models and emissions scenarios, although climate
models remain more uncertain than emissions scenarios. Also, greater dispersion of uncertainty
is found among models than among emissions scenarios. It could be partially explained by the
increase of the differences between emissions scenarios for the long-term analysis. These results
are consistent with several inter-comparison studies that also show considerable variability in the
magnitude and timing of the projected runoff [9,49,50,52,53]. At this point, it is remarkable that all
simulations in this study were performed with the same hydrologic model. Databases of climate
scenarios are available from different research projects [54,55], including surface runoff among their
output variables. As the characterization of the water cycle in the models used in these types of
studies usually is very simple and results provide a low signal-to-noise ratio (especially in arid and
semi-arid regions), varying the large-scale hydrological models incorporates an additional source of
uncertainty [18,50,52]. Some authors state that hydrologic model uncertainties are less significant than
those originating from climate change models [9,56].

Changes in potential water availability in short- and long-term scenarios according to all climate
models and emissions scenarios were analysed. High resolution results showed similar future spatial
patterns to mean annual runoff, with the differences among the emissions scenarios (for each climate
model) being smaller than those among different models (for each emissions scenario). Figure 9b
shows that the uncertainty associated with the emissions scenarios increases and their values draw
near to the climate model uncertainties. Furthermore, the Pdfs of the uncertainty associated with the
climate models for water availability remain similar to that for runoff. Similar behaviour is observed
for the long-term period (Figure 9d). It suggests that the management of hydraulic infrastructures
(mainly reservoirs in this study) plays an important role by decoupling water availability from
hydrologic variability. This is observed for all climate models and emissions scenarios considered.
Svensson et al. [57] reinforced the importance of the installation of reservoirs in several river basins
in Europe in the last century, by attenuating the basins’ drought conditions. For quantifying and
summarizing purposes, Table 1 shows the emissions scenarios” and climate models” uncertainty for the
50% probability of exceeding CV values. Several local and regional studies agree that the propagation
of the uncertainties affects water resource system performances [26,58—60]. Thus, the assessment (or
projection) of the performance of a water resources system should be evaluated with extreme care.
As previously stated, the reservoir operation model applied in WAAPA is highly simplified and was
designed to maximize water availability. Thus, the reality of reservoir operation is much more complex.
Usually, not all reservoirs in the basin are jointly managed to supply all demands. They are either
managed individually to supply local demands or grouped in systems that are managed independently.
Availability of storage volume for water conservation management is also variable according to local
conditions, due to the need to allocate storage volume to flood control. Therefore, it is unlikely that
upstream reservoirs are kept full to release space in downstream reservoirs. Normal operation would
tend to balance storage in all reservoirs to prevent uncontrolled spills. In practice, the spatial pattern of
water availability will differ from that obtained in WAAPA. WAAPA results should only be considered
as an upper bound of the actual water availability that could be obtained in practice.

Results from the comparisons of the changes in potential water availability with changes in runoff
clearly show how changes in the former are not proportional to changes in the latter, suggesting the
inadequacy of methodologies that estimate availability as a fraction of mean annual runoff. As an
example, in Figure 5, the red line shows the traditional value of 40% of the mean annual runoff adopted
for water availability when no simulation of reservoir regulation is performed [61]. It can be seen that
adopting this constant value as a proxy of water availability can be strongly misleading, since only
those basins with very regular flow or very large reservoir storage can reach this value. In most basins,
water availability is a smaller fraction of the mean annual runoff.
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Table 1. Summary of the emissions scenarios’ and climate models” uncertainty for the 50% probability
of exceeding CV values.

Scenario Uncertainty

Climate Models Runof ST Runof LT Availability ST Avaliability LT
CV-GFDL 0.05 0.07 0.15 0.16
CV-HadGEM2 0.05 0.12 0.17 0.16
CV-IPSL 0.05 0.13 0.14 0.18
CV-MIROC 0.05 0.07 0.15 0.18
CV-NorEsH1 0.04 0.10 0.15 0.15
Average 0.05 0.10 0.15 0.17

Emission Scenarios Model Uncertainty

CV-RCP2P6 0.16 0.17 0.16 0.17
CV-RCP4P5 0.16 0.18 0.19 0.16
CV-RCP6P0 0.14 0.20 0.16 0.17
CV-RCP8P5 0.17 0.23 0.17 0.18
Average 0.16 0.19 0.17 0.17

As shown, availability and withdrawal are only a small fraction of runoff in most of Europe
and their projected changes are small, except for the south-east and the south-west. However,
the representation of the water withdrawal as a fraction of water availability (Figure 8, upper row)
shows that these two variables have similar values in many regions of Europe, and that they are
getting closer in the long-term scenario. It means that in many regions, water shortage struggles
to satisfy the demand with a specific reliability could emerge or increase, both for the present and
future periods. It can also be seen that the relationship between these variables is complex, and that it
varies significantly among regions, depending on hydrologic regime, climate, reservoir storage, and
socioeconomic factors.

Green water (not analysed in this study), similarly to blue water, is also expected to decrease in
most of western Europe except for northern countries. However, changes in green water result from
complex interplay of impacts on precipitation, temperature, and CO; concentration, which ultimately
affects potential evapotranspiration, soil moisture conditions, and growing periods. Thus, patterns of
expected changes differ for green and blue water [62]. Irrigation demands will also be affected, due to
modified seasonal patterns and evapotranspiration demands [36,63].

Finally, some limitations of this study should be noted. We estimated the potential water availability
(upper theory limit) by considering only one demand present in the system. System performance was
evaluated as gross volume reliability. Potential water availability was obtained under the hypothesis
of 90% reliability. The data used in this study were obtained from specific climate models and
emissions scenarios, thus, the conclusions derived from this study are inextricably affected by the
models’ uncertainty. Additionally, we made a series of simplifying assumptions. We assumed variable
geographic and temporal water withdrawals, both in the present and future climate, from indirect
methods (GDP and population). We assumed that the reservoirs, whose sole purpose was hydropower
generation, were not included in the systems to manage the water resources. We considered that the
hydraulic infrastructure corresponding to each analysed sub-basin (determined from a given point in
the stream network) was being jointly managed to supply global demands, while in some real cases it
could have been divided in to several rather independent subsystems. Furthermore, in our model,
there were no system interconnections nor a large-scale water distribution infrastructure. We did
not consider other sources of uncertainty as, for instance, the observed climate data source or the
hydrologic model applied and the inclusion of regional climate models (RCMs). It is expected that
RCMs have less associated uncertainty than GCMs when a particular region is analysed, as they
account for more detailed and specific regional characteristics.
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5. Conclusions

This study presents the potential water availability changes under alternative climate change
scenarios in western Europe. Results are geographically referenced at high resolution across the
major European river basins. The study includes the estimation of the associated uncertainties,
resulting from differences among climate change scenarios and climate models. The authors are
not aware of similar studies conducted at such a high-resolution continental scale. In this study,
we applied the WAAPA model on a high-resolution dataset to analyse water availability changes
across western Europe. The proposed model and the applied methodology demonstrated their ability
to perform regional studies covering extensive domains, while maintaining high resolution on the
characterization of the systems. The climate models that produced the most reduction of mean
annual runoff and potential water availability were HadGEM2 and NorEsM1, while IPSL and MIROC
produced the least reduction. Overall, for both mean annual runoff and potential water availability,
a gradually varying picture of change in Europe was observed, with a decrease in the south (especially
in the south-west) and an increase in the north. Moreover, the region of neutral changes moves to
the north, from low carbon (RCP2.6) to high carbon (RCP8.5) emissions scenarios. Climate model
uncertainties for mean annual runoff and potential water availability were found to be higher than
scenario uncertainties. This conclusion was derived by comparing the variability of the results obtained,
while the PCRGLOBWB model was forced with different climate models under the same emissions
scenario to that of the results from different emissions scenarios for the same climate model forcing.
Thus, although climate change models are the most robust tools available to generate consistent climate
change projections, they are still a source of considerable uncertainties and their results should be
carefully used for operative purposes.

While potential water availability and water withdrawal are only a small fraction of runoff
in most of Europe for current and future scenarios (except in the south-east and the south-west of
Europe), water withdrawal and water availability are similar in many regions of Europe, and they are
getting closer in the long-term scenario (2060-2099). Thus, the balance between water availability and
withdrawals is threatened in some regions. Furthermore, social factors, like management of hydraulic
infrastructure, play an important role by decoupling water availability from hydrologic variability.
This is observed for all climate models and emissions scenarios considered. Finally, although this
study presents significant progress in terms of spatial scale and detail compared to previous studies, it
is still only indicative of the importance of regional change, due to the assumptions and uncertainties
discussed. Nevertheless, the results are useful for envisioning potential water resource system conflicts
and contributing to the identification of regions where an in-depth analysis may be necessary.
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Abstract: Recent trends suggest that streamflow discharge is diminishing in many rivers of Southern
Europe and that interannual variability is increasing. This threatens to aggravate water scarcity
problems that periodically arise in this region, because both effects will deteriorate the performance
of reservoirs, decreasing their reliable yield. Reservoir storage is the key infrastructure to overcome
variability and to enhance water availability in semiarid climates. This paper presents an analysis of
the role of reservoir storage in preserving water availability under climate change scenarios. The
study is focused on 16 major Southern European basins. Potential water availability was calculated in
these basins under current condition and for 35 different climatic projections for the period 2070-2100.
The results show that the expected reduction of water availability is comparable to the decrease of the
mean annual flow in basins with large storage capacity. For basins with small storage, the expected
reduction of water availability is larger than the reduction of mean annual flow. Additionally, a
sensitivity analysis was carried out by replicating the analysis assuming variable reservoir volumes
from 25% to 175% of current storage. The results show that increasing storage capacity attenuates the
reduction of water availability and reduces its uncertainty under climate change projections. This
feature would allow water managers to develop suitable policies to mitigate the impacts of climate
change, thus enhancing the resilience of the system.

Keywords: climate change; reservoir performance; water availability; water resources

1. Introduction

Climate change, associated with the recorded rise of average temperatures, which
are expected to continue increasing to a greater or lesser extent, may also influence other
climatic variables such as precipitation, frost, or evapotranspiration [1]. All these changes
may affect, in turn, the hydrological processes and consequently net water resources. This
threatens the performance of water resource systems and their capability to supply demand
and ecological need as presently planned. Therefore, it is necessary to assess both the
impact on water resources and the behavior of water systems under such a scenario [2].

Many authors have devoted significant efforts to evaluate net water resources in
climate change projections, on all scales from global to basin [3-9]. Their results show
that climate change will affect, in varying ways and to different extents, each region of the
planet. As a global result, it could be synthesized that there will be a reduction of water
resources of between 10% and 30% [1]. This is an indicative value, useful for developing
macro-policies and for raising awareness in the population.

With regard to Southern Europe, despite the dispersion of the various models, the
general trend indicates that net resources will decrease, and that the variability of their
distribution will increase, as shown in the results of the Prediction of regional scenarios
and uncertainties for defining European climate change risks and effects (PRUDENCE) [10]
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and Climate change and its impacts at seasonal, decadal and centennial timescales (EN-
SEMBLES) [11] projects. In Southern Europe, the prognosis is that traditional water scarcity
problems will be aggravated. In many basins in this region, the available resources can
hardly meet the existing water demands [12]. These are areas with a benign climate, which
favors the implementation of agriculture and the development of tourism and services. All
these activities require substantial amounts of water. Although these regions have scarce
water resources, they are also resilient as they have long experience in dealing with water
scarcity and are well adapted to its management [13].

The present study focuses on understanding the effect of reservoir storage capacity on
water availability in Southern European basins under climate change. As above mentioned,
these basins are typically characterized by scarce and highly variable water resources. The
adopted strategy for water resources development in the last century relied on reservoir
storage, as it is necessary to store water during the wet periods for its use in the dry ones. In
Spain, for example, the existing 1350 large dams helped to increase water availability from
10% to between 40% and 50% of mean natural flow during the last century [14]. As storage
capacity grew in parallel with water use, this water availability is used strictly enough
to serve current water needs. Alternative adaptation and mitigation measures are being
developed in the current century: controlling irrigation water rights, increasing water use
efficiency through localized and drip irrigation, developing non-conventional resources,
such as water reutilization and desalination, among others [15,16]. Despite these efforts,
projections of climate change suggest less water resources with higher variability, which
will negatively affect system performance, so water availability is expected to reverse its
growing trend [17].

The analysis of reservoir storage capacity and its relationship with safe yield has been
a topic of study since the beginning of the development of large hydraulic systems [18].
Initially, graphical methods were developed to determine the reservoir capacity needed
to satisfy a given demand with required reliability, and their use was restricted to single
reservoir models. Later methods introduced uncertainty of future inflows and attempted
to estimate required reservoir size through statistical analysis of inflows, leading to the con-
cepts of risk of failure and reliability. The development of computing allowed the stochastic
generation of synthetic series and the disaggregated analysis of multiple reservoirs in
a system [19]. Lof and Hardison [20] provided storage-reliability-yield (SRY) relations
for assessing the required storage capacity in the USA. The study was later revisited by
Vogel et al. [21], who concluded that areas with lower variability tend to be equipped with
within-year storage systems while those with large variability required larger over-year
storage facilities. Further developments introduced the concepts of resilience and robust-
ness [22] to complete the reliability-yield analysis [23]. An alternative approach is the
simulation of the water resources system behavior, which in conjunction with the power
of computers allows the development of complex models that reproduce a simulated
operation of the system [24-26]. These models are useful as decision-support tools for
allocating water among users and assessing the effectiveness of structural and managerial
actions [27,28] and their capabilities are even extended to groundwater resources and social
and economic considerations [29].

Focus is slowly being placed on the impact of climate change on water availability
and the role of reservoir storage to increase resilience. Wurbs et al. [30] highlighted the
need to introduce climate change in the analysis of water availability and proposed a
methodology to couple climatic and system behavior models. Garrote et al. [31] developed
a simulation model specifically suited to account for the role of reservoirs in providing
water availability in the context of climate change. Several authors [32-34] have argued in
favor of adaptive reservoir management as an effective mitigation measure during climate
change. Adaptive management requires a good knowledge of the interplay between
reservoir storage and the reliability, resilience, and vulnerability of a water supply system
subject to uncertain input [35]. Water availability deriving from reservoir systems may
become increasingly unstable under climate change [36] and knowledge on how regulated
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water supply systems react to flow alterations is essential for system managers to design
climate adaptation policies.

This paper looks beyond the impact of climate change on water availability to pro-
vide insight into the performance of reservoir storage systems and their effectiveness of
adaptation and mitigation measures. With this purpose we include a regional analysis of
the performance of reservoir storage and a sensitivity analysis of the reservoir-yield rela-
tions under less abundant resources and larger variability conditions in 16 representative
European basins. The objective of the research is to check if reservoir storage enhances
resilience to climate change. Given the uncertainty of climate projections, the adopted
approach is to evaluate basin response under a large ensemble of plausible future scenarios
and to evaluate if reservoir storage plays a role in determining the response to changes
in hydrologic forcing. System response is quantified in terms of the elasticity of water
availability to climate change, comparing changes in potential water availability with
changes in mean annual flow. Elasticity is evaluated with the help of two new indices
proposed in this work, which characterize the attenuation of changes and the reduction of
uncertainty provided by reservoir storage.

2. Data and Methods
2.1. Area under Analysis

We present results for 16 major river basins in Europe, which are shown in Figure 1.
Basin selection was based on a regional focus on Southern Europe, but including different
climates, hydrologic regimes, and storage capacities to allow for a more effective com-
parison. The selected basins cover a large fraction of the Atlantic and Mediterranean
divides of Southern Europe and are representative of the variety of conditions that can be
found across the region. The main characteristics of the basins considered in this study
are shown in Table 1. Basin areas range from 17,550 km? (Segura) to 115,910 km? (Loire).
Reservoir Storage Volume V includes all reservoirs, except those managed exclusively for
hydropower. The basin with largest storage volume is Guadiana, which includes two of the
largest reservoirs in Southern Europe: Alqueva (4.15 km?) and La Serena (3.21 km?). Basin
hydrology is very variable, with Specific Runoff ranging from 11 mm/year in the Segura
basin to 563 mm/year in the Po basin. The most relevant characteristic for this study is
specific storage, defined as the ratio of Storage Volume V in km? divided by Mean Annual
Flow F in km?/year for the period 1960~1999. This ratio is usually called Residence Time
(in years) and represents the regulation capacity of reservoirs in the basin. In the basins
under study, it ranges across three orders of magnitude, from 0.01 years (Arno) to nearly 6
years (Segura).

The spatial support for the analysis is taken from the “Hydrolk” data set [37], derived
from the Global 30 Arc-Second Elevation (GTOPO) 30 arc-second digital elevation model of
the world. The dataset provides a digital elevation map and a set of topographically derived
rasters at 1 km resolution, including streams and drainage basins divided into catchments.
The original drainage basins in “Hydrolk” were processed to eliminate catchments which
were too small (less than 1000 km?), which were merged to neighboring catchments. The
merging was always done with downstream areas and avoiding catchments including
reservoirs. The reservoir storage volume in every catchment was obtained from the
International Commission on Large Dams (ICOLD) World Register of Dams [38]. We
selected dams in the register with more than 0.005 km? of storage capacity, excluding
dams managed only for hydropower. The reservoirs were georeferenced and linked to the
corresponding Hydrolk streams. All dams located in the same Hydrolk subbasin were
grouped in an equivalent reservoir adding the storage volume and flooded area (to account
for reservoir evaporation losses).
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Figure 1. Southern European basins considered in this study.

Table 1. Basic characteristics of the basins analyzed in this study.

Basin Mean Annual Storage Specific Residence

Basin Area (A) Flow (F) Volume (V) Runoff (F/A) Time (V/F)
(10® km?) (km3/year) (km3) (mm/year) year
1-Arno 10.30 475 0.07 462 0.01
2-Po 84.73 47.68 0.93 563 0.02
3-Loire 11591 28.82 0.72 249 0.02
4-Tiber 17.31 7.95 0.36 459 0.04
5-Garonne 79.67 26.21 1.81 329 0.07
6-Rhone 88.43 43.79 3.72 495 0.08
7-Struma-Strymon 16.81 2.24 0.23 133 0.10
8-Duero-Douro 96.24 19.91 3.48 207 0.17
9-Vardar-Axios 22.73 4.56 1.17 201 0.26
84.90 15.33 4.63 181 0.30
52.60 7.70 3.57 146 0.46
54.96 8.66 6.27 158 0.72
69.73 11.99 8.88 172 0.74
14-Jacar 21.83 0.89 2.58 41 291
15-Guadiana 60.85 4.23 14.19 70 3.35
16-Segura 17.55 0.20 1.17 11 5.83

2.2. Methodological Overview

The methodological approach is presented in Figure 2. The analysis is structured in
three steps: analysis of the forcing scenarios for water resources systems, analysis of system
response in terms of potential water availability, and analysis of the sensitivity of system
response to reservoir storage. The analysis of system forcing consists of the compilation
of a large name of model runs producing monthly streamflow series in the basins under
analysis, both for a historic control period and for a projected future period. Streamflow
series for the control period were corrected for bias. Streamflow series for the future period
were obtained under different climate scenarios. The scenarios were characterized in
terms of the expected changes of mean, standard deviation, and coefficient of variation
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of annual streamflow. The analysis of system response is focused on the estimation of
the potential water availability allowed by current reservoir storage in the basins under
analysis. Uncertainty of potential water availability is first characterized for the control and
the future periods. Then, the elasticity of water availability to climate changes is explored
by comparing changes in potential water availability to changes in mean annual flow, both
for individual projections and for the distribution of all projections in each basin. The
focus of the analysis is to explore how this elasticity is affected by reservoir storage and
streamflow variability. The third step is focused on exploring the sensitivity to reservoir
storage. The analyses of the previous step are repeated considering variable storage in each
basin. The performance of the system is characterized by two new indices proposed in this
study: the attenuation index and the uncertainty index. These indices describe how the
performance of the water supply system is affected by changes in streamflow. The main
conclusions of the study are obtained by comparing how these indices change as a function
of reservoir storage for all basins.

STEP 1 STEP 2 STEP 3
System forcing: streamflow System response: water availability Sensitivity to reservoir storage
- 1 Water Current Water Variable
c;':;:' mr?:::ion F3 availability storage availability storage
|
16 model runs in each basin Control Distribution for 16 Elasticity of water availability
: period model runs Mean Annual Flow AF Fg
5S¢
Future ::.aE;m F& Potential Water Availability APWA
period RCP Future Distribution for 35 Distribution for 35 model F10
35 model runs in each basin FELI BT runs in each basin
T rere e e e e e e Elasticity of water availability Analysis of indices
Mean Annual How AF Mean Annual Flow AF F7 Attenuation index 1,=APWA—AF F11
standard Deviation ASD F5 Potential Water Availability APWA Uncertainty index |y=o|APWA)—o( AF)
Coefficient of Variation ACV Distribution for 35 model ("gg Comparison for the 13
runs in each basin 16 basins

Figure 2. Main methodological steps followed in the analysis. White circles show the figures that illustrate results from

each step.

2.3. Current and Future Runoff Scenarios

The focus of the present study is the analysis of the role of reservoir storage to
determine how water resources systems react to changes in hydrologic forcing. An effort
was made to obtain a wide ensemble of scenarios that would represent the uncertainty
linked to climate projections. Therefore, we chose to combine model results obtained
under two sets of emission scenarios, the Special Report on Emission Scenarios (SRES) and
Representative Concentration Pathways (RCP), in order to increase the size of the ensemble.
Current and future runoff scenarios were compiled from three previous studies that include
Southern Europe [39-41]. These studies were based on results from different climate models
developed over the last 15 years under two sets of emission scenarios: SRES and RCP. They
jointly describe the uncertainty that is currently challenging water managers.

The first set of scenarios was taken from the output of regional climate models from
the PRUDENCE project [10]. The study by Gonzélez-Zeas et al. [39] was based on the
projections of surface runoff made by eight RCMs at 50 km resolution nested in a single
global model, referred to as HadAM3H, in emission scenarios A2 and B2. They analyzed
current (1960-1990) and future (2070-2100) time slices. The second set of scenarios was
based on the results of the Regional Climate Models (RCMs) of the ENSEMBLES project [11].
The project produced many transient model runs for the time period from 1960 to 2100
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using RCMs to characterize model uncertainty. The study by Garrote et al. [40] selected
runoff output from four ENSEMBLES models at 25 km resolution under emission scenario
A1B to study the major Mediterranean river basins of Europe. They worked with windows
of analysis on the transient model runs in three time slices: historical (1960-1990), short
term (2020-2050) and long term (2070-2100). In the first two sets of scenarios, monthly
runoff time series were directly obtained from the “Total runoff” variable (mrro) produced
by RCMs. The values of surface runoff flux available at the nodes of the native grid of
the RCMs (50 km resolution in PRUDENCE and 25 km resolution in ENSEMBLES) were
used to produce monthly runoff maps by interpolation at the finer grid provided by the
Hydrolk dataset (1 km). The center of the RCM grid was taken as a point equal to the
average for that cell. Interpolation was based on a weighted mean using the inverse of
the distance squared as weight. These runoff maps were combined with the subbasin
definitions of Hydrolk to obtain monthly streamflow values for each subbasin. The
third set of scenarios was based on the results of the global hydrological model PCRaster
GLOBal Water Balance (PCRGLOBWB) model [42] in the Inter-Sectorial Impact Model
Intercomparison Project (ISIMIP) [43]. In ISIMIP, the PCRGLOBWB model was forced
with five global climate models under historical conditions and climate change projections
corresponding to four Representative Concentration Pathways scenarios: RCP-2., RCP-4.,
RCP-6. and RCP-8., corresponding to radiative forcing in the year 2100 of 2.6, 4.5, 6.0, and
8.5 W/m?, respectively. The study by Sordo-Ward et al. [41] used naturalized streamflow
from PCRGLOBWB at 50 km resolution to analyze 1261 subbasins covering the entire
territory of Western Europe. They considered two time slices in their analysis: historical
(1960-1999) and long-term projection (2060-2099). The monthly streamflow time series
in the subbasins were also obtained from monthly runoff maps derived from the runoff
produced from the PCRGLOBWB model through interpolation at the Hydrolk 1 km grid.

A total of 16 model runs were compiled for the historical period (eight model runs
from the PRUDENCE project, three model runs from the ENSEMBLES projects and five
model runs from the PCRGLOBWB model). The windows of analysis in this period overlap
for years 1960-1990. All these model runs produced different results in the basins under
analysis. To assess the quality of these hydrological projections, the results obtained at the
working scale of each model run were compared to a reference estimate of mean annual
runoff under current conditions. The selected reference was the annual surface runoff layer
(Global Composite Runoff Fields) of the University of New Hampshire Global Runoff Data
Centre (GRDC) [44]. This data layer was produced by combining a database of observed
river discharge information in more than 9900 gauging stations with a climate-driven water
balance model to develop consistent runoff fields. The combination of direct readings
from gauging stations with the water balance model preserves the spatial distribution of
runoff generation and provides the best estimate of observed runoff over large domains.
The mean values of the time series compiled for the historical period were compared with
mean annual runoff produced by GRDC. The results are presented in Figure 3, which
shows the scatterplot resulting from comparing catchment mean annual runoff produced
from GRDC with that produced by model runs for the historical period. Model runs
corresponding to the Special Report on Emissions Scenarios (SRES) (PRUDENCE and
ENSEMBLES projects) show poor agreement. The models that performed best were
Universidad de Castilla La Mancha (UCM) and Eidgenossische Technische Hochschule
Zirich (ETHZ2), with coefficients of determination slightly lower than 0.6. This poor
performance can be explained because runoff was obtained directly from RCM output.
Model runs for the RCP scenarios (ISIMIP project) were produced by the hydrological
model PCRGLOBWB. They show better performance, with coefficients of determination
close to 0.7, but they reveal significant bias for low runoff. The discrepancies obtained in
the comparison suggest that bias correction is necessary to overcome this very large model
uncertainty. Using the monthly series of individual models without bias correction would
imply significant distortion in the regulation provided by reservoirs in each basin. The ratio
between reservoir storage capacity and mean annual flow would change for each model
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Figure 3. Comparison of mean annual runoff in catchments produced from the Global Runoff Data Set (GRDC) dataset

with that produced by model runs for the historical period.

The number of model runs compiled for the long-term climate change projection was
35: eight model runs corresponding to the A2 scenario, four model runs corresponding to
the B2 scenario, three model runs for the A1B scenario, five model runs for RCP-2 scenario,
five model runs for RCP-4 scenario, five model runs for RCP-6 scenario and five model
runs for RCP-8 scenario. The windows of analysis in the long-term projection overlap
for the years 2070-2099. These projections were corrected for model bias by applying the
same correction as in the corresponding model in the historical period. This ensemble
of climate projections was put together from different projects developed over a 15-year
period, running a range of global climate models under two sets of emission scenarios, and
applying different methodologies. It can thus be considered a representative description of
the range of scenarios that climate change science is projecting for the region. However, it
should be noted that runoff projections derived from climate models are uncertain. Climate
models provide a good overall representation of climate, but their performance degrades at
the scale of individual grid boxes, indicating that they are not skillful at their smallest scale.
The performance of RCMs generally improves after suitably removing bias. However,
model errors still remain large, particularly for climatic variables relevant for hydrology,
like precipitation or runoff [46]. Given this inherent uncertainty, a basic hypothesis of this
work is that water management decisions based on the global analysis of a wide range of
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projections produces better results than decisions based on a very detailed analysis of a
reduced number of projections.

The average annual runoff obtained from GRDC in the period 1960-2000 was also
used to characterize the basins under analysis. The relationship between Specific Runoff
and reservoir Residence Time is plotted in Figure 4 for all Hydrolk basins in Southern
Europe, highlighting the 16 basins under analysis. As can be seen in Figure 4, there is
a clear relation between both variables, with larger values of storage corresponding to
basins with lower values of specific runoff. The selected basins produce a good coverage of
the possible range of behaviors found in the region, from basins with large specific water
resources and low storage capacity like Arno, Po or Loire, to others in the opposite situation
with very low water resources and large storage volumes as Jucar, Guadiana or Segura.
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Figure 4. Relation between Specific Runoff (F/A) and reservoir Residence Time (V/F) for HydrolK basins in Southern
Europe. The 16 basins under study are highlighted using the same color coding and numbering as in Figure 1.

2.4. Water Availability Analysis

The study is based on the analysis of how climate change affects water availability in
the different basins, and how this affect is modified by available reservoir storage. Potential
Water Availability (PWA) is defined as the annual water demand that can be satisfied
in a point of the drainage network with a given reliability. PWA depends on the mean
and variability of the streamflow series, the storage available for flow regulation, the
monthly distribution of the demand and the reliability indicator adopted in the analysis.
In this study, PWA was estimated with the Water Availability and Adaptation Policy
Analysis (WAAPA) model [31,47]. WAAPA simulates the operation of a complex water
resources system with many reservoirs. The basic topological unit of WAAPA is the river
network. The main components are inflows, reservoirs and demands, all linked to nodes
in the network. WAAPA computes the amount of water supplied to demands from a
system of reservoirs accounting for ecological flows and evaporation losses. Input data
for WAAPA are monthly inflows in relevant points of the river network, monthly demand
values, and reservoir data. Reservoirs are described by monthly maximum and minimum
capacity, storage-area relationship, monthly rates of evaporation, and monthly required
environmental flow. WAAPA applies an algorithm with simple operating rules, where
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all reservoirs in the basin are jointly managed to satisfy the set of demands, drawing
water preferably from reservoirs located upstream. This algorithm is applied to potential
demands located in every node in the river network, and therefore water availability is
obtained for the entire river network. The main results of WAAPA are time series of
monthly volumes supplied to each demand, monthly storage values and monthly values
of spills, environmental flows, and evaporation losses in every reservoir. From this output,
demand reliability can be computed for the criterion of choice (volume reliability, time
reliability at the monthly or annual scale, or more complex criteria).

WAAPA can obtain PWA for a given demand reliability criterion through an iterative
scheme that changes local demand values until the reliability criterion is met with a given
precision. In this study, PWA is estimated by considering only one type of demand in
the system, with constant monthly distribution. This choice was made because the true
monthly distribution of demands in each model node is unknown. Results therefore should
be considered only approximate and could be fine-tuned if the ratio between urban and
irrigation demand was known in every model node. Ecological flows were specified as the
10% percentile of the monthly marginal distribution of natural flows. System performance
is evaluated as gross volume reliability. PWA is obtained for 92% volume reliability. This
reliability level was chosen as an intermediate value between reliabilities required from
urban demands (usually close to 100%) and those required from irrigation demand (usually
close to 90%), assuming an approximate distribution of 20% urban demand and 80%
irrigation demand, which is typical of Portugal, Spain, and Greece [48].

3. Results and Discussion

The WAAPA model was run for the European Mediterranean region for the 16 hydro-
logic scenarios corresponding to the historical period (1960-2000) and for the 35 hydrologic
scenarios corresponding to climate projections for the long-term time horizon 2070-2100.
The long-term time horizon was chosen for two reasons. Firstly, the results from PRU-
DENCE project were only available for this time horizon. Secondly, the changes in the
long-term time horizon are usually more accentuated than in the mid-term time horizon
and the effects are more apparent. Results were obtained for all catchments in the Hydrolk
dataset, but, for the sake of simplicity, we only present global results for the 16 basins under
analysis. We first analyze the climate projections, then we present the results obtained
for PWA in the basins. Average values of these results are summarized in Table 2 and
presented and discussed in detail in the following section. Finally, the role of storage is
studied through a sensitivity analysis.

3.1. Climate Projections

We first present the characterization of climate projections for the basins under study.
Climate projections were taken from the runoff variable of RCM models in the PRUDENCE
and ENSEMBLES projects (under SRES emission scenarios) and of the PCRGBLOBWB
hydrologic model (under RCP emission scenarios). Mean and coefficient of variation
of annual flows were computed for each basin during the historical period and during
the long-term projection. Changes in the long-term projection were estimated taking the
control period as a reference, applying the following expressions:

_ Fproy — Fpmst | ASD — SDproy — SDmist ACV — CVproj — CVHist

AF
Frast SDmist CVhist

)

where F is Mean Annual Flow, SD is the Standard Deviation of the annual time series of
streamflow, and CV is the Coefficient of Variation of the annual time series of streamflow
(standard deviation of the annual time series divided by mean annual flow). The sub-
indices HIST and PROJ refer to the historical period and to the long-term projection.

31



Water 2021, 13, 85

Table 2. Summary of the results of the analysis of changes in streamflow AF, ASD and ACV and Potential Water Availability,
APWA, in the basins analyzed in this study (Ave: average of values for the 35 projections; Std: standard deviation of the

values for the 35 projections).

Basin

1-Arno
2-Po

3-Loire

4-Tiber

5-Garonne
6-Rhone
7-Struma-Strymon
8-Duero-Douro
9-Vardar-Axios

12-Guadalquivir

14-Jacar
15-Guadiana

16-Segura

AF ASD ACV APWA

Ave Std Ave Std Ave Std Ave Std
—-0.10 0.19 0.04 0.22 0.23 0.36 0.00 0.36
—0.04 0.18 0.09 0.21 0.20 0.29 —0.23 0.27
—0.09 0.19 0.05 0.28 0.43 0.45 —0.21 0.32
—0.12 0.19 0.03 0.26 0.53 0.53 —-0.17 0.32
—-0.14 0.19 0.02 0.26 0.46 0.43 —0.18 0.27
—0.06 0.17 0.11 0.26 0.28 0.33 —0.16 0.26
—0.26 0.20 —-0.13 0.22 0.93 1.00 —-0.17 0.26
—-0.22 0.22 —0.01 0.34 0.67 0.64 —0.28 0.20
-0.23 0.19 —0.06 0.22 1.01 1.06 —0.18 0.23
—0.20 0.20 —0.07 0.22 0.50 0.53 —0.19 0.17
—-0.20 0.21 —0.04 0.32 0.21 0.78 —0.15 0.28
—0.43 0.31 —0.33 0.32 0.50 0.53 —0.35 0.28
—0.29 0.25 —0.12 0.31 0.75 0.93 —0.27 0.21
—-0.27 0.27 —0.11 0.38 1.38 1.63 —0.27 0.24
—-0.35 0.40 —0.21 0.43 1.46 1.42 —0.35 0.29
—0.29 0.33 —0.15 0.47 0.74 1.40 —0.27 0.28

The results are depicted in Figure 5, which compares the relative changes in Standard
Deviation (ASD) and Coefficient of Variation (ACV) of annual flows versus changes in
Mean Annual Flow (AF) for the 35 available projections in the 16 basins under study. All
projections are shown together in the left plots of Figure 5, showing for basins the same
color codes as in Table 1 and Figure 1. The plots on the right show the mean value for
each basin. A plot of each basin is available in the Supplementary Materials, showing
individual projections. Projections under SRES emission scenarios are represented as plus
signs and projections under RCP scenarios are represented as circles. The analysis of
chart (a) of Figure 5 shows positive correlation between changes in Mean Annual Flow AF
and Standard Deviation ASD. If the changes of F and SD were similar, the scatter plot of
Figure 5a would be centered around the main diagonal (highlighted in grey). The mean
values of changes are above the main diagonal for all basins, suggesting a relative increase
of variability in future projections. The joint analysis of all projections for all basins in chart
(c) of Figure 5 shows negative correlation between changes in Mean Annual Flow AF and
Coefficient of Variation ACV: reduction of F and increase of CV. The general shape of the
scatter plot is similar in all basins in Southern Europe. This has clear implications for water
management since both factors will negatively impact water availability. This tendency is
stronger for basins with larger residence times that, as seen in Figure 4, are located in water
scarce regions, already facing strong hydrologic irregularities. The dispersion of results
is stronger for basins with larger residence times, presenting an additional challenge for
water management. The ensemble of projections, jointly considered, suggests that water
managers should be ready to cope with less abundant and more variable water resources
in the future. Given the large dispersion of results, water managers should also be ready to
deal with greater year-on-year variability or extreme events than in the past. Figure 5 also
shows that expected changes in CV are much larger than changes in F, with many basins
reaching extreme values close to 2 (a 100% increase). The basins showing more extreme
projections are Guadalquivir, Jacar and Guadiana.
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Figure 5. Relative changes in Standard Deviation (ASD) and Coefficient of Variation (ACV) of annual
flow versus changes in Mean Annual Flow (AF) for the 16 basins under study. (a) AF vs. ASD, all pro-
jections; (b) AF vs. ASD, mean values; (c) AF vs. ACV, all projections; (d) AF vs. ACV, mean values.

3.2. Water Availability

The WAAPA model was used to compute Potential Water Availability (PWA) for the
historical period and for the long-term projection in the 16 basins under analysis. The
results are shown in Figure 6, which presents the value of PWA obtained in each basin as a
function of the relative rank of the corresponding projection. All 35 projections were used
to prepare this figure, thus mixing projections under SRES and RCP emission scenarios.
An individual plot of each basin is included in the Supplementary Materials, where the
joint distribution is compared to the distributions of both sets of emission scenarios. The
corresponding emission scenario is identified for each model run available in the long-term
projection. These plots show that there is no clear correlation between the emission scenario
and the projected PWA. Values corresponding to different emission scenarios are mixed
and the most extreme scenarios (A2 and RCP-8) do not always produce the minimum
values for PWA.

PWA is expressed as a fraction of Mean Annual Flow (F) in the historical period.
Results for the historical period are shown in the upper chart (a) and results for the
long-term projection are shown in the lower chart (b). If all model runs were assumed
equiprobable, this plot would correspond to the empirical estimation of the probability
distribution function of PWA expected in each basin. The results show that the relative
value of PWA to F tends to be larger for basins with larger storage capacity, both in the
historical and in the projection periods. This fact clearly illustrates the effectiveness of
reservoir storage to increase water availability. The plots also show large uncertainty
in the estimation of PWA. For the historical period, this result is remarkable because
historical time series were corrected for bias with respect to the GRDC estimation of F and
therefore all had the same Mean Annual Flow. The uncertainty in PWA reflects model
uncertainty because the differences in PWA can only be attributed to the differences in
the seasonal and interannual variability of the time series produced by each model run.
Unfortunately, the skill of the models to reproduce current hydrological irregularity cannot
be evaluated because there are no available regional data sets for Southern Europe on
interannual naturalized streamflow variability.
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Figure 6. Estimated cumulative probability distribution function of Potential Water Availability (PWA) expressed as a
fraction of current Mean Annual Flow (F) in the 16 basins under study. (a) historical period; (b) long-term projection.

Except in the Arno basin, PWA is expected to decrease significantly in the long-term
projection with respect to the historical period, with average reductions between 15% and
35%. These reductions are the consequence of reduced F and increased CV. The most
significant reductions are projected for the basins of South Western Europe: Guadiana and
Guadalquivir (35% on average) and Duero (28% on average). The uncertainty of PWA in
the long-term projection is larger than that in the historical period due to the additional
variability introduced by emission scenarios. However, the large model uncertainty hinders
the interpretation of results obtained for different emission scenarios.

The estimated changes in PWA are compared to estimated changes in F in Figures 7
and 8. Figure 7 shows the scatter plot of changes in both variables for the set of emission
scenarios analyzed in all basins. A plot of each basin is available in the Supplementary
Materials, showing individual projections. Projections under SRES emission scenarios are
represented as plus signs and projections under RCP scenarios are represented as circles.
Figure 8 shows the comparison of the estimated probability distributions of F and PWA.
All 35 projections were used to prepare this figure, thus mixing projections under SRES and
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RCP emission scenarios. An individual plot of each basin is included in the Supplementary
Materials, where the joint distribution of PWA is compared to the distributions of both sets
of emission scenarios.
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Figure 7. Comparison of the estimated changes in Mean Annual Flow (AF) and the estimated changes in Potential
Water Availability (APWA) for the 35 available projections in the 16 basins under study. (a) AF vs. APWA, all projections;
(b) AF vs. APWA, mean values.

5 Arno : V/F=0.01 i Po : V/F=0.02 i Loire ; V/F=0.02 i Tiber : V/F=0,04
0.5 ﬁ 0.5 r 25 /7 0.5 ""d
2.0 J 20 / a0 } ao |
-0.8 0.4 0.0 0.4 0.8 0.8 0.4 0.0 0.4 0.8 -0.8 0.4 0.0 0.4 0.8 -0.8 -0.4 0.0 04 0.8
o Garonne : V/F=0.07 o Rhone : V/F=0.08 ‘0 Struma-Strymon : V/F=0.1 - Duero-Douro : V/F=0.17
a5 as 0.5 ’ = - 05 T r
5
5 00 ; ao a0 00
% -0.8 -0.4 0.0 04 0.8 -0.8 0.8 -0.8 0.4 0.0 0.4 0.8 -0.8 0.4 0.0 0.4 0.8
-.E Vardar-Axios : V/F=0.26 . z Guadalquivir : V/F=0.72
1.0 14 1.0 1.0
< =
o
as as a5 0.5
| /’
0.0 ‘ t | a0 0.0 0.0
-0.8 0.4 0.0 0.4 08 -0.8 0.8 0.8 04 0.0 0.4 08 0.8 0.4 0.0 0.4 0.8
Tajo-Tejo : \ Guadiana : V/F=3.35 Segura : V/F=5.83
10 10 f—— 10 —/——‘
rf
0.5 as DS
0.0 0.0 0.0
a.0 0.4 a8 -0.8 0.4 0.0 0.4 0.8 0.8 -0.4 0.0 a.4 0.8 0.8 0.4 0.0 0.4 0.8

Relative Change in Mean Annual Flow or Potential Water Availability

Figure 8. Estimated cumulative probability distribution function of changes in Mean Annual Flow (AF, in gray) and changes
in Potential Water Availability (APWA, in the color code for each basin) for the 16 basins under analysis.

In Figures 7 and 8, the changes of F are estimated from the firs