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Highlights:

• Highly stressed basins will experience increased water scarcity under climate change.
• Water scarcity indices are easy and quick to use for analysing water resource systems’ sustainability.
• The methodology allows to define measures to adapt river basin management to climate change.
• Increasing reclaimed water use from 20% to 50%, irrigation efficiency up to 80%, desalination,

and interconnection are the main measures.
• One of the main measures is to start to move water from downstream to upstream, from the

coast to inland, using renewable energy.

Abstract: Water scarcity will increase due to climate change, especially in basins that are currently
highly stressed. The Mediterranean area is one of the most vulnerable areas in the world, with a
predicted natural water resource reduction of 20% to 35% at the end of the century, due to temperature
increases and a 10–20% precipitation reduction. Water scarcity indices, including gross abstraction,
net abstraction, and consideration of environmental requirements, can be efficiently used to analyse
the effects of climate change in water resource systems and determine the main measures to adapt
these systems to climate change. Increasing the reclaimed water use, seawater desalination, irrigation
efficiency, and interconnecting water resource systems are the main measures to adapt basins under
water stress and reduce their vulnerability to climate change. In the Júcar River Basin District (JRBD),
with a 20% reduction in natural water resources, the main measures are: increasing the reclaimed
water use in agriculture from 20% to 50% (91 hm3/year to 230 hm3/year), increasing seawater
desalination from 30 to 55 hm3/year, increasing irrigation efficiency from 54% to 80%, and finally,
fully developing the current water interconnections between water resource systems. In highly
stressed basins, moving water from downstream to upstream using energy supplied by photovoltaic
systems can help adapt river basins to climate change.

Keywords: climate change; adapting water resources systems; scarcity index; reclaimed water use;
irrigation efficiency

1. Introduction

Water scarcity (WS) has become a major issue to sustainable development [1]. WS
refers to the condition when the water supply cannot be fully satisfied, including the
environmental requirements [2–4]. In several regions, WS is increasing due to the increasing
water demands for urban and irrigation uses [5,6]. Many water scarcity indices (also
named water scarcity indicators) have been developed to facilitate assessment of the WS
status around the world [1] or measure water stress, such as the Falkenmark water stress
indicator [2] to measure water availability per capita, the critical ratio, also known as the
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withdrawal-to-availability ratio (WTA) [2–4,7], the water footprint-based assessment [8],
and others.

Water stress is a measure of the pressure that human activities exert on natural fresh-
water resources and provides an indication of the environmental sustainability of the use
of water resources [9]. Water stress is a global challenge, but it is regionally differentiated
and has multiple causes, ranging from climate to demography to land use. The water
scarcity index (WSI), defined as the ratio between demand and water resources, is the most
common index [10].

The main properties of the WSI are: (1) both gross and net water abstraction (or
withdrawal) provide important information to understand WS, (2) WS indices need to
incorporate environmental flow requirements (EFR), (3) temporal and (4) spatial disaggre-
gation are required in a WS assessment, (5) both renewable surface water and groundwater
resources, including their interactions, need to be accounted for as available renewable
water resources, and (6) alternative available water resources need to be considered [11].

The rapid increase in population, together with the increase in demand for food,
requires an expansion of agricultural land to achieve sufficient production, so water avail-
ability is declining now and will also reduce in the future [12]. Two-thirds of the global
population (4.0 billion people) live under severe WS conditions for at least one month of
the year, and half a billion people in the world face severe WS all year [13]. Half of them
are in India and China, but other areas are also affected in Australia, Africa, America, and
Europe, including the south-eastern part of Spain. Balancing water demand and natu-
ral available water is increasingly difficult, making systems especially vulnerable during
drought episodes.

In many regions that are currently exposed to WS, climate change will increase the
WS. The increase in the global average temperature has led to a rapid increase in WS due
to climate change in many regions of the world, up to 2 ◦C, followed by a stabilisation of
up to 4 ◦C [14]. Climate change is likely to considerably exacerbate regional and global
WS [15]. Under climate change scenarios, more than half of the world population will live
under extreme water scarcity by the end of the 21st century [16].

The impacts of climate change on water resources mainly depend on changes in
precipitation amounts but are also conditioned by temporal distribution and temperature
changes. The climate change impacts on water resources might be further intensified when
they occur in regions that already experience imbalances between water demands and
available resources [17].

Water stress indices are diverse and useful to quantify water stress in a system. They
compare water use with water availability [6,18,19]. Water stress indices can be differen-
tiated into two groups [11]: those that use gross water abstraction and those that use net
water abstraction. When net water abstraction (also called consumptive water use, water
consumption, or the blue water footprint) is used, the resulting water stress index is often
called the consumption-to-availability (CTA) ratio, also known as WEI+ [20]. When gross
water abstraction is used, the resulting water stress index is often called the withdrawal-to-
availability ratio (WTA), also known as WEI [20]. The CTA and WTA are often classified
in different levels using thresholds. In the case of net abstraction, values greater than 40%
denote “high water stress” [7,21,22], and in the case of gross abstraction, values greater
than 100% denote critical water scarcity. However, the current water scarcity and water
stress thresholds in the CTA and WTA for continental- and global-scale applications are a
matter of scientific debate because they may not represent certain realities [10].

The Water Exploitation Index (WEI) is obtained as the percentage of the average
annual total freshwater gross abstraction with respect to the long-term average annual
resources, including environmental requirements, so it is included in the WTA group. A
ratio of withdrawals/renewable natural water resources (%) above 50% indicates local or
random shortages, and above 100% indicates a structural, general shortage [20]. The Water
Exploitation Index+ (WEI+) is similar to the WEI, only replacing gross abstraction with net
water abstraction [23].
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Adaptation policies play a crucial role in the economic effect of WS due to climate
change. Major watersheds may experience strongly positive or negative economic impacts
due to global trade dynamics and market adaptations to regional shortages. Market adapta-
tion profoundly influences economic uncertainty in relation to hydrological uncertainty [24].
The integrated water resources management (IWRM) and the use of nonconventional re-
sources, such as the reuse of treated wastewater (reclaimed water) or seawater desalination,
can support reducing the impact of WS. Coordinated institutional responses, carefully
planned technologies, and planning for projected climate risks are essential tools to reduce
the impact of climate change [25].

Climate Change Adaptation Plans in the river basin districts are the instruments
through which impacts and risks associated with climate change are analysed and adap-
tation measures to be developed in the coming years are proposed. On the other hand,
it is necessary to have a long-term vision of climate change effects on the water resource
systems, beyond the traditional planning horizons of 6 or 12 years. Therefore, in this work,
the medium- and long-term effects of climate change and the measures required to adapt
the currently highly stressed water resource systems are analysed.

This study develops a methodology for the analysis of water resource systems (also
named water exploitation systems) based on the application of water scarcity indices: the
CTA and WTA indices, which can be applied quickly and with less data requirements.
The methodology provides a global and comprehensive vision of the sustainability of the
water resource systems, the effects of climate change in the Mediterranean basins, and the
main axes for the implementation of measures to adapt the basins to climate change. Very
valuable information can be obtained through the application of these indices.

The objective of this work is to define a simple methodology for its application in
any water resource system, with relatively low data and time consumption requirements,
to gain a strategic vision for the water resource systems’ sustainability in the long-term,
including the effects of climate change scenarios. Regardless of whether these studies are
carried out, the detailed simulation (daily or monthly time steps) of the water resource
management systems makes it possible to optimise water management [26] and establish
specific measures with greater detail.

2. Methodology and Case Study
2.1. Case Study

Júcar River Basin District (JRBD) is located in the east of the Iberian Peninsula. Its total
area, excluding coastal waters, is 42,756 km2. Geomorphologically, the JRBD has two large
areas: a mountainous one, with altitudes greater than 1500 m.a.s.l., and a coastal one made
up of coastal plains. This geomorphology influences the climatology. The total annual
precipitation is around 510 mm, but its interannual and spatial distribution is characterised
by heterogeneity, with many rainy (mainly the autumn, winter, and spring months) and
dry months (summer).

Around 80% of surface runoff comes from groundwater discharges, so there is a great
natural regulation of the river flows. Besides, the total regulation capacity of the dams is
2846 hm3, which represents 90% of the annual natural average resources of the JRBD, so it
provides the water resource systems with great multi-year regulation. In these conditions,
natural resources are strongly regulated, so the annual values are quite representative to
define the water scarcity in these water resource systems.

In relation to land uses, 30% of JRBD’s territory is cropland, with irrigation be-
ing the largest user of water. Regarding the urban water use, the JRBD has more than
5 million inhabitants. Most cities with more than 35,000 inhabitants are concentrated on the
coastal strip.

Water resource systems (or water exploitation systems) are management units that
allow for meeting the water requirements of the different water users: urban, agriculture,
and industry. They are made up of surface and groundwater bodies, hydraulic infrastruc-
ture facilities, regulations for the use of water abstractions from the water users, and rules
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of water exploitation. The JRBD is divided into nine water resource systems, as follows in
Figure 1.
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Figure 1. Júcar River Basin District (JRBD) location (a), including its water resource systems (b).

The Mediterranean is one of the areas most vulnerable to climate change. In the JRBD,
climate change scenarios predict a decrease in annual precipitation (1–6% in the short term:
2021–2040, and 4–11% in the long term: 2070–2100). Natural water resources will decrease
(4–11% in the short term and 21–36% in the long term) [27]. These estimated reductions were
obtained by comparing natural resources calculated with the hydrological model, applying
the current climate, and applying the future climate under the climate change scenarios to
the same hydrological model. The future climate was obtained by applying precipitation
and temperature anomalies from climate change scenarios to the historical precipitation
and temperature time series. This reduction will affect the ecosystems associated with the
water bodies [28] and the water uses [29].

2.2. Methodology

The methodology applied two water scarcity indices (WSI), CTA and WTA, at annual
scales in each water resource system (Figure 2). The anthropic surface water regulation and
natural groundwater regulation in these river basins make the annual WSI representative of
the water scarcity, so it was not necessary to obtain the indices on a monthly scale. In both
cases, the WSI was obtained by dividing water use (WU) by the available water resources
(AWR) for each water resource system (i):

WSIi =
WUi

AWRi

Available water resources are formed by the sum of all the resources in the water
resource system: surface and underground natural resources, reclaimed water, seawater
desalination, and external contributions from other basins. Natural resources are the annual
average resources in a representative multidecadal period.
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The CTA (consumption-to-availability) index uses annual net abstraction (NA) and
the WTA (withdrawal-to-availability) index uses annual gross abstraction (GA). In both
cases, the water uses include urban, industrial, and agricultural uses.

CTAi =
NAi

AWRi
and WTAi =

GAi

AWRi

Gross abstraction is the volume of fresh water from its source (rivers, lakes, and
aquifers) for water supply for urban, industrial (including thermoelectric plants), or agri-
cultural demands [9]. Net abstraction is the amount of water transferred to the atmosphere,
so it disappears from the system. Both are related by the system global efficiency, eg.,

GAi =
NAi

Egi

In the JRBD, environmental requirements (ER) include environmental flow require-
ments to rivers and wetlands, and groundwater discharges to the sea to avoid marine
intrusion in coastal aquifers. The compliance with the ER is carried out by checking
whether the available resources minus the net abstractions are superior to the environmen-
tal requirements in each system, as follows:

AWRi − NAi > ERi

The UN Indicator 6.4.2 of the UN Target 6.4, as well as the WEI, has been defined as the
ratio between total fresh water withdrawn (TFWW)—gross abstraction—by all major sec-
tors, and total renewable freshwater resources (TRWR), after considering the environmental
flow requirements (EFR). This indicator is related to WTA family indices because it uses
the gross abstraction in the system, and it is calculated using the following formula [30]:

Water Stress(%) = WEI =
TFWW

TRWR − EFR
·100
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The WEI+ indicator can be obtained by applying the same formula but using net
abstraction rather than gross abstraction.

Water scarcity threshold levels for CTA and WTA were defined based on the literature
review and the expertise about the current status of the water resource systems of the
JRBD (Table 1). There is great agreement about whether water resource systems can be
considered ‘severely stressed’ or ‘highly stressed’ if annual withdrawals exceed 40% of
the annual available water resources, so this value was considered a reference value for
the CTA index. The WTA levels were defined similar to FAO Indicator 6.4.2 or the WEI
because they are related to the gross abstraction in the system, only the critical level was
modified to 1.25 to reflect the current situation of the 9VA Vinalopó-Alacantí system, which
is severely affected but not in critical condition.

Table 1. Threshold levels for the CTA and WTA indexes and values established for the FAO index
(Colors express the water scarcity level).

Level CTA WTA FAO UN6.4.2/WEI
No stress <0.20 <0.25 <0.25
Low 0.20–0.30 0.25–0.50 0.25–0.50
Medium 0.30–0.40 0.50–0.75 0.50–0.75
High 0.40–0.70 0.75–1.25 0.75–1.00
Critical >0.70 >1.25 >1.00

The JRBD has had 3 multi-year droughts in the last 40 years, which have been able to
be managed with the current levels of water scarcity. This means that with these values of
the scarcity indices, it is possible to manage droughts such as these historical ones, which
represents the real behaviour of these water resource systems. For these reasons, the goal
is to obtain the current values of the scarcity indices under the climate change scenarios,
considering that these scarcity levels would also guarantee the management of multi-year
droughts in the future.

Natural resources were obtained with the Model PATRICAL for the period 1980/1981–
2017/2018 as the difference between precipitation and evapotranspiration (P–EV), which
is equal to surface runoff plus infiltration, as indicated in [9]. This period corresponds
to the period used in the last Water Management Plan developed under the European
Water Framework Directive. The PATRICAL model is a monthly distributed (1 km2) water
balance model, which includes surface water, groundwater, and river–aquifer interactions,
calibrated for the JRBD [31], as well as water quality [32]. Natural resources under climate
change scenarios were obtained by applying to the current natural resources, the changes
in water resources for two scenarios: RCP4.5 and RCP8.5 [33], as well as for two future
periods: 2041–2070 and 2071–2100. Changes in water resources for each water resource
system were obtained from the application CAMREC [34].

Water gross and net abstractions made by users were obtained from the Júcar River
Basin Management Plan 2022–2027 [35]. According to Spanish legislation [36], water uses
are considered to be the different types of use of the resource, as well as any other activity
that has repercussions on the state of the water. In this work, urban, agricultural, and
industrial uses have been considered. Water abstraction is the volume of water, in quantity
and quality, that users acquire to satisfy their production or consumption objectives.

Water abstractions that belong to the same use that share the origin of supply and
whose returns are reincorporated in the same area were grouped into abstraction units. The
methodology for estimating water abstractions is characterised by being based on real data.

The calculation of urban water abstractions considers the forecasts of the urban plan-
ning, the demographic, economic, productive, industrial, and service evaluations, and
includes industries with little water consumption located in population centres and con-
nected to the municipal network. These evaluations consider both the permanent and
seasonal population, as well as the number of main and secondary homes by typology.
Urban demand was estimated from real data obtained through real measurements and
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surveys. However, in the case of not having this information, the starting data were the
population and the theoretical water consumption (on average, 245 L/person/day), from
which the total urban abstractions were estimated. Net abstractions were obtained by
taking into account the efficiency of supply systems. In this study, an average efficiency of
80% was established.

The agricultural abstraction was estimated considering the forecasts for the evolution
of the irrigated area, crop types, irrigation systems and efficiencies, and water savings
as a consequence of the implementation of new irrigation techniques or improvement of
infrastructure. Agri-Food Statistics forms and Yearbooks provided information used to
obtain the irrigated area (ha) and the type of crop for each abstraction unit. In addition to the
previous sources of information, the data were contrasted using remote sensing techniques,
and water needs for each crop type were estimated with a methodology that combines the
FAO 56 PM method and a hydrologic model [37]. In JRBD, the crop water requirements
are, on average, 3.468 m3/ha/year. Irrigation net abstraction was obtained by multiplying
each crop area by its water requirement. Irrigation gross abstraction was obtained by
dividing net abstraction by global efficiency. Global efficiency was composed of transport,
distribution, and application efficiency, which depend on many factors. Transport efficiency
and distributed efficiency are related to the conduction typology, open-air channels or
pipes, and the network state of conservation. Water application efficiency depends on how
water is applied in the crop area, such as by flood, sprinkler, or drip irrigation. To obtain
the typology of transportation and distribution networks, specific maps were used. Then,
different efficiencies were applied for each typology.

Finally, the demand for industrial and energy uses considered the current forecasts
and long-term sustainable development of each sector of activity.

3. Results and Discussion
3.1. Current Water Scarcity Indices

The natural renewable resource or total contribution obtained with the PATRICAL
model [31] for the period 1980/1981–2017/2018 in the JRBD was 3.165 hm3/year (Table 2).
The JRBD receives 76 hm3/year from other large basins. Nonconventional water resources
were seawater desalination (from 6 plants) and reclaimed water (also named wastewater
reuse, water reuse, or water recycling), with 121 hm3/year.

Current reclaimed water (91 hm3/year from 30 wastewater treatment plants (WWTPs))
represented 20% of the urban and industrial wastewater treated (451 hm3/year from
124 WWTPs). Environmental requirements were 470 hm3/year, and this represents 15% of
the natural renewable resources in the JRBD.

In the JRBD, total net abstractions were 1456 hm3/year and total gross abstractions
were 3102 hm3/year. Agriculture represented 89% of the net abstractions and 78% of the
gross abstractions, and it had a mean efficiency of 0.54.

The compliance with the environmental requirements was assessed by comparing if
the unused resources were greater than the environmental requirements. In all the water
resource systems, the amount of unconsumed (not evaporated) water was much higher
than the environmental requirements, varying between 1.6 times in the 1CM water resource
system to 8 times in the 2MP WRS. In the whole JRBD, the unconsumed water was 4 times
greater than the environmental requirements.

The WEI+ and CTA indices provided similar values, but the WEI+ was slightly higher
since the environmental requirements reduced the water resources available for use. In
these basins, the CTA yielded more realistic values, such as the case of the 1CM. Currently,
this water resource system does not have problems; however, the WEI+ indicated that
is a highly stressed basin (>0.4), in comparison with the CTA, which indicated it as a
low-stressed basin.
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Table 2. WTA and CTA indexes for the water resource systems and the JRBD (bold indicates the sum
of the components or water resources systems).

Components 1CM 2MP 3PV 4TU 5JU 6SE 7MA 8MB 9VA JRBD
Renewable resources (hm3/year) 231.3 417.1 89.1 422.4 1409.6 202.2 230.2 69.6 93.8 3165.3
Reclaimed water (hm3/year) (1) 0.5 2.6 0.1 44.7 3.7 2.6 1.3 8.3 27.6 91.4
Seawater desalination (hm3/year) 7.5 1.8 7.1 0.0 0.0 0.0 0.0 0.0 13.6 30.0
Transfer input (hm3/year) 0.0 0.0 0.0 0.0 5.0 0.0 0.0 0.0 71.2 76.2
Total water resources (hm3/year)
(AWR)

239.3 421.5 96.3 467.1 1418.3 204.8 231.5 77.9 206.2 3362.9

Wastewater (hm3) (2) 15.4 37.6 9.9 177.4 89.4 28.0 15.8 21.4 56.4 451.2
Ratio of reclaimed/treated
wastewater (1)/(2) 0.03 0.07 0.01 0.25 0.04 0.09 0.08 0.39 0.49 0.20

Urban net abstraction (hm3/year) 3.5 9.3 1.0 16.4 37.6 5.0 6.2 4.7 17.6 101.3
Industrial net abstraction
(hm3/year) 0.7 5.4 0.7 8.8 28.2 1.8 0.9 1.4 8.8 56.6

Agricultural net abstraction
(hm3/year) 54.5 106.1 39.9 175.8 735.9 44.9 33.7 13.7 94.1 1298.5

Total net abstraction (hm3/year)
(NA)

58.7 120.8 41.5 201.1 801.8 51.7 40.7 19.7 120.5 1456.4

CTA Index = NA/AWR 0.25 0.29 0.43 0.43 0.57 0.25 0.18 0.25 0.58 0.43
Urban gross derivation
(hm3/year) 17.7 46.4 4.9 82.2 188.1 25.1 30.8 23.3 88.0 506.4

Industrial gross derivation
(hm3/year) 2.1 21.7 3.4 40.4 56.7 8.4 1.9 2.0 36.3 172.8

Agricultural gross derivation
(hm3/year) 88.9 176.0 74.3 433.9 1364.4 80.9 52.0 25.1 127.2 2422.7

Total gross abstraction (hm3/year)
(GA)

108.6 244.2 82.6 556.5 1609.1 114.4 84.6 50.3 251.6 3101.9

WTA Index = GA/AWR 0.45 0.58 0.86 1.19 1.13 0.56 0.37 0.65 1.22 0.92
Transfer output (hm3/year) (3) 15.0 15.0
Not derived resources (hm3/year)
(4) = AWR-NA-(3)

180.6 300.7 54.8 266.1 601.5 153.1 190.8 58.2 85.7 1891.4

Environmental requirements
(hm3/year) (ER) 114.9 37.5 12.7 31.5 131.2 45.7 58.0 15.3 23.3 470.1

Ratio = (4)/ER 1.6 8.0 4.3 8.4 4.6 3.4 3.3 3.8 3.7 4.0
WEI+ = NA/(AWR-ER) 0.47 0.31 0.50 0.46 0.62 0.32 0.23 0.31 0.66 0.50
FAO UN6.4.2/WEI =
GA/(AWR-ER) 0.87 0.64 0.99 1.28 1.25 0.72 0.49 0.80 1.38 1.07

Similarly, Indicator 6.4.2 showed higher values than the WTA. The entire JRBD and
three basins yielded values above 1.00, indicating that these water resource systems are
in critical condition. This result does not reflect the current real condition of these basins:
it is true that the JRBD is currently in high-stress conditions, but not critical conditions
(FAO-UN6.4.2/WEI > 1), so it was necessary to modify the general thresholds defined
for Indicator 6.4.2 to adapt it to highly water-stressed basins and apply it to these water
resource systems.

In conclusion, the results of CTA vs. WEI+ and WTA vs. WEI were quite similar. Both
can be used for the purpose of this study. WEI+ and Indicator 6.4.2/WEI thresholds must
be modified for these water resource systems to better reflect the reality of these basins.

3.2. Effect of Climate Change on Water Scarcity Indices

The analysis of the impact of climate change on water resources was carried out based
on the information collected from the ADAPTECCA platform [38], where bias-corrected
projections from the International Euro-CORDEX Initiative are available. Annual average
values for the JRBD for scenarios RCP4.5 and RCP 8.5 were considered to have a complete
variation range in this research.
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Temperature had a similar increase until mid-century in both scenarios, but in RCP4.5,
it stabilised at a 2 ◦C increase around the middle of the century, while in RCP8.5, it showed
a continuous increase until 4–5 ◦C at the end of the century (Figure 3). Precipitation had a
gradual reduction during the century, with around 10% in the RCP4.5 scenario and 20%
in the RCP8.5 scenario at the end of the century. In general terms, RCP4.5 and RCP8.5 are
quite similar until the middle of the century; however, from this point, RCP4.5 stabilised,
but RCP8.5 still increased for both temperature and reductions in precipitation.
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RCP4.5 and RCP8.5, the 10-year moving average and the confidence interval (range between q25ph
and q75ph).

Two future periods were used to characterise medium-term (2041–2070) and long-term
(2071–2100) time horizons under climate change scenarios. The combination of the two
scenarios and two horizons led to four scenario cases (Figure 4). As previously indicated,
three scenario cases were quite similar: RCP4.5 medium term, RCP8.5 medium term, and
RCP4.5 long term, because scenario RCP4.5 stabilised in the middle of the century. These
three cases showed similar increases in temperature and similar decreases in precipitation.
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All of them had a higher increase of temperature in summer (JAS), around 2 ◦C in minimum
temperature and 3 ◦C in maximum temperature, and higher precipitation reduction in
spring (AMJ) and summer (JAS). Clearly, the last case, RCP8.5 for the long term, showed
the worst scenario, with a temperature increase that could reach 4 ◦C and 5 ◦C in summer
and extreme precipitation reductions also in spring and summer.
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Consequently, variations in temperature and precipitation will lead to a natural re-
source reduction under all climate change scenarios in the JRBD. Additionally, spatial
patterns have a crucial role in runoff generation (Figure 5). In the scenario RCP4.5, the main
reductions were focused in the southeast area, so water resource systems from 6SE to 9VA
had the largest reductions. On the other hand, in the RCP8.5 scenario, runoff reduction
also included the inland part of the JRBD, so the main system, 5JU, was strongly affected.
Natural resources will reduce from 3% in the better case, RCP4.5 medium term, to around
20% for the scenarios RCP4.5 long term and RCP8.5 medium term, so both scenarios are
quite similar for the entire JRBD. Finally, in the worst scenario, RCP8.5, natural water
resources will reduce by around 27%.

Under climate change scenarios, the CTA and WTA indices of most water resource
systems worsened (Figure 6). The 5JU WRS was at a critical level with both the CTA
and WTA indices, and the systems 04TU and 09VA were at a critical level with the
WTA index.
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3.3. Measures to Adapt Mediterranean River Basins to Climate Change

A set of measures to adapt the Mediterranean river basins to climate change was
analysed. All the measures proposed are measures that have already been developed at
different scales and in areas of the Mediterranean basins, such as Júcar or Segura RBD,
and they are environmentally friendly and cost-effective, as described below. Sensitivity
analysis of the measures’ effectiveness showed that agricultural efficiency improvement
was the main measure to reduce WTA, as this index uses gross water abstractions. However,
this measure does not affect the total water consumption in the basin, so the CTA does not
change, as this index uses net water abstractions. Measures to reduce the CTA are related
to an increase in water resources’ availability or water consumption reductions.

Measures to increase water resources’ availability are reclaimed water use (or wastew-
ater reuse), seawater desalination, river flow regulation increases, interconnection between
basins, and the exploitation of coastal aquifers to intercept underground outlets to the sea.

The criteria used to define the increase in the available water resources are based on
the water cost and the environmental impact of different water resources. Reclaimed water
has a cost related to elevating water from wastewater treatment plants to the irrigation
areas, as the wastewater treatment cost is assumed by the urban or industrial users. The
water pumping cost can be reduced by combining these facilities with photovoltaic systems.
The reuse of treated wastewater also reduces the nutrient discharges to the environment,
including nitrogen and phosphorus, reducing eutrophication risks in inland and coastal
waters. Seawater desalination is more expensive, but its combination with photovoltaic
systems can reduce operation costs and make this resource more attractive to farmers.

Considering these costs and environmental aspects, it is necessary, firstly, to develop all
the reclaimed water possible in the water resource systems without the need for additional
regulation capacity and, secondly, to increase seawater desalination.

The JRBD is considered a highly regulated river basin, where the water storage capacity
is around 90% of the natural annual runoff. In this case, increasing the water storage for
multi-year regulation does not significantly increase the available water resources, so this
measure is not an economically and environmentally effective measure at this time. On
the other hand, the coastal aquifers are currently heavily exploited, so increasing their
exploitation would imply the penetration of the marine wedge and the aquifers’ salinisation.
The interconnection between basins has already been constructed but is not fully developed,
and no external contributions are planned in the future.

Therefore, based on environmental concerns and cost efficiency, currently, the main
measures to increase available water resources are reclaimed water, seawater desalination,
and the full development of the current interconnections between basins.

Regarding water consumption reduction or net abstraction (evapotranspiration re-
duction), they can only be obtained by reducing irrigated areas or changing crop types.
Under the global context of population growth, which will lead to a higher food demand
in the future, food security is becoming more important, and there is a global increase in
water scarcity; for this reason, no reduction in water consumption has been considered to
maintain food production. Besides, these changes could depend more on changes in the
economic markets [24].

Gross water abstraction reduction is achieved by improving the efficiency of urban,
industrial, and mainly, agricultural systems. Recent droughts in the JRBD [39–41] have
meant that urban systems have reduced their water losses, strongly increasing their effi-
ciency. Under these circumstances, the measure that most significantly reduces the WTA
index is the modernisation of irrigation systems, considering that they represent 78% of
the current gross water abstraction. This measure does not significantly contribute to
water consumption reduction in the district (CTA, no changes) since water irrigation excess
returns to the system through surface or groundwater. Although irrigation modernisation
does not imply a reduction in water consumption, and if it is not well controlled it can
cause a rebound effect [42], this measure keeps water in the river or in the aquifer, signif-
icantly reducing gross abstractions, which produces an environmental improvement by
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reducing the resource relocation at the source. On the other hand, irrigation modernisation
significantly reduces agricultural returns, with high concentrations of nitrate, phosphorus,
and pesticides. This measure, accompanied by fertigation, can be the main measure applied
to recover nitrate-polluted aquifers [43] and to reduce the eutrophication risk in rivers
and lakes [44,45].

After analysing the CTA and WTA indexes’ sensitivity to changes in the measures, the
following measures have been established for climate change adaptation in the Mediter-
ranean basins: increase reclaimed water use, increase seawater desalination use, and
make improvements in the irrigation systems’ efficiency and the basins’ interconnections
(Table 3).

Table 3. Main measures to adapt water resource systems to climate change: current and future
conditions, including the defined measures.

Water Resource
System

Treated
Water, hm3

Reclaimed
Water, hm3

Reclaimed
Water, hm3

Desalinated
Water, hm3

Desalinated
Water, hm3

Irrigation
Efficiency

Irrigation
Efficiency

External
Inputs,

hm3

External
Inputs,

hm3

Current Current Future Current Future Current Future Current Future

1CM
Cenia-Maestrazgo 15.4 0.5 7.5 7.5 7.5 61% 80%

2MP Mijares-Plana
de Castellón 37.6 2.6 12.7 1.8 10.9 60% 80%

3PV Palancia-Los
Valles 9.9 0.1 1.0 7.1 8.4 54% 80%

4TU Turia 177.4 44.7 47.9 0.0 0.0 41% 80%

5JU Júcar 89.4 3.7 71.9 0.0 0.0 54% 75% 5.0 5.0

6SE Sérpis 28.0 2.6 7.0 0.0 0.0 55% 80%

7MA Marina Alta 15.8 1.3 10.2 0.0 0.0 65% 80%

8MB Marina Baja 21.4 8.3 13.0 0.0 0.0 55% 80%

9VA
Vinalopó-Alacantí 56.4 27.6 52.4 13.6 18.3 74% 90% 71.2 90.3

JRBD 451.2 91.4 223.6 30.0 55.2 54% 78% 76.2 95.3

Currently, approximately 20% of the treated wastewater is reused in the JRBD,
being one of the basins with the greatest wastewater reuse in the Mediterranean area
after suffering three drought periods in last 40 years. Specific studies developed by
the government indicated that reclaimed water use can increase to 50% without large
regulation infrastructures in the following years (from 91.4 hm3/year to 229.3 hm3/year).
Seawater desalination is also another element that can contribute to the sustainability
of the system, developing up to the currently installed capacity and even expanding it
in some specific areas (from 30.0 hm3/year to 55.2 hm3/year). Irrigation efficiency is
considered to be able to increase from the current 54% to 80% in all the systems applying
drip irrigation, except in rice crops in the 5JU system. Finally, fully developing the
existing interconnections between basins will make the water management more flexible,
improving the CTA index in some basins.

Under natural resources’ reduction to 20%, corresponding with the three cases of
RCP4.5 medium and long term and RCP8.5 medium term, the measures considered
here were enough to obtain similar or better values of the CTA and WTA, so the water
resource systems can be sustainable. The results (Figure 7) showed greater improvements
in the WTA index than in the CTA index, associated with the greater reduction in
irrigation diversions.

In the most pessimistic case, RCP8.5 long term (2071–2100), natural resources are
expected to see a 27% reduction, making it necessary to implement additional measures
to guarantee the system’s sustainability. In this extreme case, it will be necessary to: In-
crease reclaimed water use up to 80%, for which it will be necessary to develop additional
water storage infrastructure. Connect systems on the demand side, redistributing water
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supply to urban demands and changing the main water source to Valencia city, from the
Júcar to the Turia systems (30% from Júcar and 70% from Turia, the opposite situation
to the current one). Increase desalinated water in the Júcar system by 60 hm3/year,
and the reduction of net irrigation demands should also be considered in this situation.
Only under these conditions is it possible to maintain the indices at similar values to the
current ones.
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Wastewater treatment plants that allow direct reuse of treated wastewater are usually
located in areas near the coast, such as the cities of Valencia, Alicante, and Castellón, as
well as seawater desalination plants. Desalination, wastewater treatment, both located
at low altitude (Figure 8), and their subsequent elevation to agricultural areas are large
energy consumers, so exploitation costs will be high, making the economic viability of
these resources in agriculture difficult. For these reasons, a combination of these facilities,
treatment plants, desalination plants, and pumping stations, with photovoltaic solar fa-
cilities can reduce the cost of energy and make them viable for farmers [46]. Starting by
moving water from downstream to upstream can be the main measure to adapt highly
stressed basins to climate change.
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4. Conclusions

Comparing the current water scarcity indices with those obtained under climate
change scenarios in each water resource system is a quick method that enabled us to
define long-term strategic approaches for adapting basin management to climate change.
Additionally, it offered a comprehensive global overview of all the water resource systems
and the entire river basin district. This approach is enough for the medium and long
term considering uncertainties associated with climate change scenarios and the global
behaviour of the economy. After that, more time-consuming water management models
can provide additional information with more detail on the final effect of these measures
in the water resource systems’ management, both in the short term (6–12 years) and the
medium term (around 30 years).

Water resource systems in the Júcar River Basin District in the last decades have been
highly stressed, but not in critical conditions, and have been able to overcome several
periods of drought. For this reason, general indices, such as Indicator 6.4.2/WEI and
WEI+, need to adjust their overall thresholds to more accurately capture the historical
behaviour of these basins. The outcomes derived from these indices closely resembled
those obtained from the CTA and WTA. Consequently, both sets of indices proved valuable
for investigating the shifts in water scarcity under climate change scenarios.

Climate change will intensify water scarcity in the basins that are currently experienc-
ing water stress. The Mediterranean basins are some of the most vulnerable areas to climate
change, and their natural water resources are projected to decrease by approximately 20%
across most scenarios: RCP4.5 in the medium and long term (2041–2070 and 2071–2100,
respectively) and RCP8.5 in the medium term. In the worst-case scenario, RCP8.5 in the
long term, this reduction could reach up to 27%.

Under the climate change scenarios RCP4.5 medium and long-term and RCP8.5
medium term, the main environmentally and economically efficient measures to adapt
highly stressed basins and reduce their vulnerability include increasing reclaimed water
in irrigation, increasing seawater desalination, increasing the irrigation efficiency, and
increase the water interconnections between water resource systems. In this case study,
under a 20% natural resource reduction, reclaimed water must increase from 20% to 50%
(from 91 hm3/year to 229 hm3/year) of the treated wastewater, seawater desalination must
increase from 30 hm3/year to 55 hm3/year, irrigation efficiency must increase from 54%
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to 80%, and finally, the water interconnections between water resource systems must be
fully developed.

In the extreme scenario, RCP8.5 in the long term, with a 27% reduction in natural
water resources, additional measures must be developed, such as further increasing the use
of reclaimed water to 80%, which will require the construction of large water storage tanks,
increasing the water desalination, considering the possibility of a reduction in irrigation
areas or changing the types of crops, and making changes to the water source to meet
supply demands.
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