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Vulnerability assessment for climate adaptation planning in a Mediterranean basin
M. Alba Solans a, Hector Macian-Sorribes a, Francisco Martínez-Capel b and Manuel Pulido-Velazquez a

aResearch Institute of Water Engineering and Environment (IIAMA), Universitat Politècnica de València, València, Spain; bInstitut d’Investigació per 
a la Gestió Integrada de Zones Costaneres (IGIC), Universitat Politècnica de València, Gandia, Spain

ABSTRACT
The Iberian Peninsula is a climate change hotspot, where the temperature is increasing faster than the 
global annual mean surface temperature, with the largest reduction of precipitation. Consequently, 
freshwater availability is expected to decrease substantially. In this context, freshwater systems are 
especially vulnerable in terms of meeting the water demands and ecosystem requirements we know 
today. In this paper, we present an extension of the eco-engineering decision scaling (EEDS) method to 
explore trade-offs in agricultural and ecologic metrics at the catchment scale across a range of unknown 
future hydrological and climate states. The extended EEDS method evaluates current water resource 
management rules focusing on agricultural and ecologic objectives, identifies climate hazards that make 
the system fail and assesses climate risk in three time horizons for the design of adaptation measures. The 
case study is the Serpis River basin, Spain, where 72% of available water is used for agricultural purposes.
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1 Introduction

Climate action is at the heart of the European Green Deal 
(https://ec.europa.eu/info/strategy/priorities-2019-2024/eur 
opean-green-deal_en), a series of political initiatives to lead the 
EU to climatic neutrality in 2050. Among its planned actions 
are the shift to a sustainable food system and the protection of 
biodiversity and ecosystems to make our environment more 
resilient to climate change.

There is a substantial scientific consensus that the 
Mediterranean region (MedR) is a climate change hotspot 
(Cramer et al. 2018). MedR is warming on average 20% faster 
than the global annual mean surface temperature (GMST) and, 
simultaneously, precipitation is decreasing by 4% for each 
degree of GMST increase (Lionello and Scarascia 2018). In 
the MedR context, the annual temperature increase is 
maximal over the Iberian Peninsula, especially in the summer, 
where locally the rate of change is twice that of GMST 
(Lionello and Scarascia 2018). The annual precipitation 
decrease with global warming is largest over Iberia, where the 
reduction is greater than 50 mm/°C (Lionello and Scarascia 
2018). As a consequence, freshwater availability is likely to 
decrease substantially (by 2–15% for 2°C of warming) – 
among the most significant decreases in the world (Jiménez 
Cisneros et al. 2014, MedECC 2019, ACA 2020) – with sig-
nificant increases in the length of meteorological dry spells 
(Kovats et al. 2014, Schleussner et al. 2016) and droughts 
(Tsanis et al. 2011). Along these lines, Hettiarachchi et al. 

(2022) found a higher increment of the proportion of warm 
summers, defined from mean summer temperature, past 
the year 2000 in the USA, Europe, Asia and Australia. 
Within summer seasons, they found that the mean length of 
dry spells (0 mm of rain) was higher in warm summers with 
respect to colder summers in the same period, which means an 
increase in the stress on water availability in the last few years, 
and probably also in the years to come, as the climate is 
tending towards getting warmer.

Water use in the MedR is mainly for agriculture, accounting 
for more than 50% of total water use (Iglesias et al. 2011). 
When a region becomes drier and warmer, water crop 
demands increase because of an increase in crop evapotran-
spiration caused by increased temperatures (Döll 2002). MedR 
is a semi-arid region where reduction of water availability and 
increase in water crop demands may put agricultural activities 
and food security at risk (Iglesias et al. 2012, IPCC 2022).

Freshwater ecosystems are also particularly sensitive to warm-
ing since water quantity and quality are strongly influenced by 
atmospheric temperature regimes (Capon et al. 2021). On the one 
hand, air temperature determines water temperature and many 
chemical attributes contributing to water quality. Moreover, water 
temperature plays a key role in determining the distribution of 
freshwater species and influences most critical biological pro-
cesses, including those associated with reproduction (e.g. spawn-
ing cues, triggers for egg hatching and seed germination, etc.), and 
growth (Visser et al. 2016). More specifically, the potential effects 
of warming on the habitat of salmonid fish species have been 
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analysed in some Mediterranean rivers (Almodóvar et al. 2012, 
Muñoz-Mas et al. 2016, 2018, Santiago et al. 2017). On the other 
hand, surface and groundwater regimes, including precipitation, 
snowmelt, runoff, soil moisture, river discharge, and aquifer 
recharge, are similarly sensitive to warming, with significant 
changes to hydrology to which native species will not necessarily 
have adapted (Cai and Cowan 2008, Capon et al. 2021). For 
example, He et al. (2022) found that in most regions, except for 
some tropical and sub-tropical regions, frequent flood volume 
(closely related to water supply storage) and flood peak are 
lower with higher temperatures, which is consistent with the 
recent historical declines in mean streamflow observed in south-
ern Australia, southern Europe and large parts of the 
US (Gudmunsson et al. 2019).

Adaptive measures may be necessary to alleviate the nega-
tive impacts of climate change on socio-economic systems and 
freshwater ecosystems. Adaptability is part of resilience. It 
represents the capacity to adjust responses to changing exter-
nal drivers and internal processes (Folke et al. 2010). 
Sustainable water systems, which meet the needs of society 
while maintaining key ecological functions, have more capa-
city to adapt and persist under changing social and environ-
mental conditions (Poff et al. 2016).

Planning for resilient, robust and adaptive water systems to 
achieve social, economic and environmental objectives under 
non-stationary climate conditions is challenging (Poff et al. 
2016). Traditionally, regional to local climate change impact 
assessments have used downscaled future climate projections 
from general circulation models (GCMs) to provide an ensemble 
of climate scenarios (Dessai and Hulme 2007, Brekke et al. 2009, 
Lempert and Groves 2010) and assess system vulnerabilities. 
However, the range of GCM results is a lower bound of the 
maximum range of future climate uncertainty (Stainforth et al. 
2007). In addition, GCM predictions are difficult to interpret 
probabilistically (Tebaldi and Knutti 2007, Stephenson et al. 
2012).

An alternative approach was presented by Brown et al. (2011) 
that described a decision-analytic based method called “decision 
scaling” (DS), aimed at creating climate response functions 
according to system vulnerabilities identified by a bottom-up 
process across a range of climate change conditions. Moreover, 
available top-down projections were informative of climatic 
conditions’ plausibility. Brown et al. (2012) introduced the 
term stakeholder-defined risk into the DS approach to identify 
system vulnerabilities based on what is important to stake-
holders in terms of risk and impact. The DS approach is less 
sensitive to climate model uncertainties because it can identify 
system vulnerabilities potentially unrealized under downscaled 
GCM projections, and it can also utilize computationally effi-
cient climate generation tools to better explore the effects of 
internal climate variability (Steinschneider et al. 2015b).

Poff et al. (2016) introduced the sustainable principle into the 
DS framework by adding the ecological dimension. The method, 
called “eco-engineering decision scaling” (EEDS), considers engi-
neering and ecological performance to operationalize sustainable 
water resource management. In the EEDS approach, decision 
makers engage with stakeholders to determine ecological and 
engineering/economic metrics and critical thresholds of the sys-
tem. In a multiple-objective DS approach, system vulnerability is 

then assessed by evaluating the sensitivity of the metrics to 
a variety of non-stationary threats, such as climate change condi-
tions. EEDS allows the evaluation of trade-offs between engineer-
ing-economic design and ecological performance, in complex 
social and ecological systems, to suggest management decisions.

Another significant contribution that evolved from DS is the 
climate risk informed decision analysis (CRIDA) approach of 
the United Nations Educational, Scientific and Cultural 
Organization (UNESCO) International Hydrological 
Programme. CRIDA is a bottom-up multi-step process to iden-
tify water security hazards and design robust adaptation path-
ways in line with the local needs, and with the participation, of 
local communities (UNESCO 2018). Like DS and EEDS, CRIDA 
aims at suggesting water resources management decisions while 
dealing with uncertain future climatic conditions.

This study presents a multi-objective decision framework 
applied in the Serpis River basin, a complex Mediterranean 
basin with three sub-basins that are interrelated climatically and 
hydrologically. We explore simultaneously the agricultural and 
environmental vulnerabilities of the basin due to the uncertain 
future climate forecasts. This work represents an extension of the 
EEDS that targets complex water systems, where climatic and 
streamflow variables from different sub-basins are spatially and 
temporally correlated and in which the operating rules and water 
allocation mechanisms are modelled in detail. The vulnerability 
assessment was carried out by applying a climatic stress test to the 
system, considering 20 climatic scenarios and forcing 434 simula-
tions for each to explore possible potential climate fluctuations.

This study contributes to the goal of water resources plan-
ning in Spain, which is achieving water security for citizens 
and future generations and protecting biodiversity and socio- 
economic activities.

2 Study area

The Serpis River basin is located in a semi-arid region in 
eastern Spain and drains an area of 985 km2 to the 
Mediterranean Sea. Within the Jucar River Basin District 
(managed by the Jucar Water Agency, hereafter CHJ), there 
are three main sub-basins, Beniarrés, Encantada and Vernissa, 
that are climatically and hydrologically interrelated (Fig. 1). 
The river is regulated by a single reservoir, Beniarres (26.5 
Hm3), whose main functions are irrigation supply and flood 
protection. Agricultural demands in the Serpis River basin 
account for 72% of the total water demands in the basin 
(CHJ 2022). The main agricultural demands are located in 
the lower basin and are Canales Altos (15.91 Hm3/year) and 
Canales Bajos (12.59 Hm3/year). While Canales Altos is sup-
plied exclusively by surface water, Canales Bajos can use both 
surface and groundwater. Drinking water in the main urban 
areas of the basin is provided by groundwater.

Beniarrés dam was built in 1958, and since then the 
flow regime has been altered to some degree by the dam 
operation and several abstractions for irrigation down-
stream, with relevant impacts on the riparian communities. 
The Jucar River Basin Management Plan (JRBMP) (CHJ 
2022) establishes minimum and maximum environmental 
flow regimes downstream of the dam as well as flood 
regimes and a rate of change at a daily and hourly time 
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scale. The present study focuses on the vulnerability of 
a specific section downstream of the Beniarrés dam con-
cerning minimum and maximum environmental flows. It 
was selected because of its interest in terms of past experi-
ence and available information about aquatic habitats and 
species (Martínez Capel et al. 2018).

Climate data of precipitation (P) and temperature (T) for 
each sub-basin were obtained from Spain02_v5, a daily gridded 
set of observed data developed for the Iberian Peninsula and the 
Balearic Islands (Herrera et al. 2016). The data used in the 
present work comprises the period from January 1950 to 
December 2015. Observed climate data were spatially averaged 
at each sub-basin and were aggregated to the monthly time scale. 
Historical monthly inflows (Q) from Beniarrés, Encantada and 
Vernissa sub-basins were obtained from the CHJ webpage 
(www.chj.es) for the period 1971–2007.

3 Methodology

In the present work, we disclose a decision system framework 
to assess the climatic vulnerability of a Mediterranean basin 

under climate change conditions, focusing on agricultural 
demands and ecological requirements.

First, a weather generator corresponding to each sub- 
basin was developed to generate multiple realizations of 
climate variability (P and T), and we performed 
a climatic stress test on the basin at the monthly time 
scale. The weather generator consists first of an autoregres-
sive model (AR) at the annual scale, followed by 
a subsequent disaggregation at the monthly scale, and 
finally the elaboration of climate change scenarios through 
the alteration of some time series statistics.

Subsequently, a hydrological model previously calibrated 
transformed climatic data into streamflow data. A water 
resource system model estimated the system’s response to the 
hydrological uncertainty and developed and identified the 
critical conditions that made the system fail according to 
some previously defined economic (agricultural) and ecologic 
metrics. The plausibility of the climatic conditions was cross- 
checked by comparing them with the climate patterns derived 
from an ensemble of 22 GCM projections from five scenarios 
from the Coupled Model Intercomparison Project Phase 6 

Figure 1. Case study: the Serpis River basin with three sub-basins, Beniarrés, Encantada and Vernissa. The agricultural demands (green and purple) and the river section 
(red) where environmental vulnerability is evaluated are highlighted.
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(CMIP6), combining Shared Socioeconomic Pathways (SSP) 
and Representative Concentration Pathways (RCP) scenarios 
for the period between 2011 and 2099 (Table 1). These projec-
tions were bias-adjusted on the mean statistic following the 
methodology applied by the Spanish Meteorology Agency 
(Amblar et al. 2017) and the Sixth Assessment Report of the 
Intergovernmental Panel on Climate Change (IPCC 2021). 
Figure 2 shows the different steps of the model, which are 
described below.

3.1 Weather generator

We developed a weather generator based on the works of 
Steinschneider and Brown (2013) and Steinschneider et al. 
(2015a).

First, we used AR models to generate synthetic annual 
precipitation and temperature time series at each sub-basin 
to catch climatic low-frequency signals. The synthetic series 
had the same length as the historical series (65 years) and 

Table 1. Ensemble of the Global Climate Model (GCM) projections considered in the study for the different Coupled Model Intercomparison Project Phase 6 (CMIP6) 
scenarios evaluated for precipitation (P) and temperature (T) shaded cells mean unavailable or unused GCM - scenario combinations.

GCM/Scenario SSP1_1.9 SSP1_2.6 SSP2_4.5 SSP3_7.0 SSP5_8.5

CANESM (Can)
ACCESS-CM(Aus)
BCC-CSM2-CM (Chi)
CESM2 (USA)
CMCC-CM2-SR5 (Ita)
CMCC-ESM2 (Ita)
CNRM-CM6 (Fra)
CNRM-ESM2(Fra)
FGOALS_G3 (Chi)
GFDL-ESM4 (USA)
HADGEM-GC31-11 (UK)
IITM-ESM (Ind)
INM-CM4.8 (Rus)
INM-CM5.0 (Rus)
IPSL-CM6A-LR (Fra)
KACE-1.0-G (Kor)
MIROC6 (Jap)
MIROC-ES2L (Jap)
MPI-ESM1-2-LR (Ger)
MRI-ESM2 (Jap)
NORESM2-MM (Nor)
UKESM1.0_LL (UK)

DATA                                   SYSTEM MODELLING               OUTPUT METRICS

WEATHER GENERATOR

Multiple ETo time series 
estimation for each 

scenario

Multiple stochastic 
simulations of P and T 

time series for each 
scenario

Stochastic P and T annual 
models 

Disaggregation of P and T 
to the monthly scale

Generation of climate 
change scenarios

Historical time series for P, 
T and Q by subbasin 

Calibration and Validation 
of the hydrologic model  

Historical ETo time series 
estimation 

Multiple Q time series 
estimation for each 

scenario

Water resources system 
modelling 

Irrigation 
supply 
metrics

Environmental 
metrics

Vulnerability analysis 
(Overlap)

Figure 2. Flowchart of the vulnerability assessment framework.
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closely preserved historical main statistics (mean, standard 
deviation, correlation structure and cross-correlation across 
sub-basins).

For precipitation, the historical annual time series fulfilled 
the normality and stationarity requirements of AR models; 
thus, no transformation was applied. After appropriate ana-
lyses, we found that the most suitable model was an AR(0) 
model (i.e. no autocorrelation): 

where µ is the time series mean, σ is the standard deviation, 
and ɛt is the residual noise term, which is independent and 
distributed according to a white noise process. Additionally, 
because of the high correlation between the data of the differ-
ent sites, we added a linear correlation structure to the models: 

where ηt are independent normal random variables with mean 
zero, and the regression parameters were obtained from his-
torical time series relationships.

Annual time series were disaggregated to the monthly time 
step using the method of fragments (Srikanthan and 
McMahon 2001). It consisted, first, of calculating the propor-
tion of annual P corresponding to each month in each year of 
the historical series, obtaining a range of fragments. 
Afterwards, the order of the range was randomly altered for 
each simulation, and the new range of factors was applied to 
the synthetic time series. This method maintains the intra- 
annual correlation of the variable.

Finally, we generated several alternative climate change 
scenarios by altering the mean statistic of the series in order 
to explore the basin performance outside the historical uncer-
tainty. The changes in the mean consisted of applying varia-
tions from −30% to +30%, using increments of 15% (five 
increments), in accordance with precipitation projections 
observed in the GCM projections taken into account in the 
study. The new 65-year precipitation time series were obtained 
by quantile mapping, representing the period 2015–2080.

Regarding temperature (T), high cross-correlation between 
the historical monthly time series at the different sub-basins 
was found (R2 > 0.99). Therefore, we decided to build a weather 
generator for temperature in the Encantada sub-basin at 
annual scale in order to catch climatic low-frequency signals, 
and subsequently estimate the corresponding time series for 
the other sub-basins, through linear regression models at the 
monthly scale. The annual model for the Encantada sub-basin 
was developed after removing the tendency of the historical 
annual series and confirming the normality of the stationary 
series. The analyses indicated that the most appropriate model 
to estimate the synthetic T time series was an AR(2) model (i.e. 
a lag-2 autocorrelation model): 

where µ is the time series mean; σɛ is the standard deviation of 
the residual term; zt-1 and zt-2 are yt-1- µ and yt-2- µ, 

respectively; ξt is the residual noise term, which is independent 
and distributed according to a white noise process; and ɸ1 and 
ɸ2 are the AR model coefficients.

Climate change scenarios for T were formulated at the 
annual scale by forcing increments in the mean from 0 to 
3°C through the period (2015–2080), by increments of 1°C 
(four increments). The maximum increment interval was 
defined based on the maximum change in global surface tem-
perature in the short- and mid-term periods (2021–2060) 
(IPCC 2021). A standard additive method was used to alter 
the temperature distribution. The annual adding factor 
increased gradually for the entire simulation period, starting 
at 0 and ending at the level of a specified change (e.g. 2°C).

Monthly time series for Encantada were obtained after 
disaggregating annual time series by using the method of 
fragments (Srikanthan and McMahon 2001). Subsequently, 
monthly, area-averaged temperature time series for Beniarrés 
and Vernisa sub-basins were obtained through the linear 
regressions shown below: 

where the regression parameters and the error terms were 
obtained from historical time series relationships. At the end 
of the weather generator modelling process, 20 (5 × 4) climate 
change scenarios were considered (Table 2).

3.2 Estimation of evapotranspiration time series

Reference evapotranspiration (ETo) time series were estimated 
from monthly temperature time series after applying 
a transformation factor (TF). Consequently, the stochastic 
model generates alternative T time series that are then trans-
formed into ETo time series. The TF was specific for each sub- 
basin, and it was obtained at representative climatic stations 
that fulfilled three conditions: (1) they provide historical mean 
monthly temperature (TCS) data and Penman-Monteith (PM) 
reference evapotranspiration (ETo) data; (2) TCS and ETo time 
series are highly correlated; and (3) temperature time series 
from climatic stations (TCS) are highly correlated with the 
corresponding series from Spain02_v5 dataset (T) (see 
Table 3).

TFs were quantified as the ratio between monthly ETo and 
monthly TCS time series at each climatic station. To apply the 
TF to the new generated temperature time series, we estimated 
the mean periodic ratio by Fourier series representation (Salas 
et al. 1997). We assumed that the relationship between ETo 
and T would remain stationary despite changes in climate 
conditions.

Table 2. Climate changes included in the stress test.

Type of change Minimum Maximum Number of scenarios

Mean precipitation −30% +30% 5
Mean temperature 0 +3°C 4

HYDROLOGICAL SCIENCES JOURNAL 25



3.3 Hydrological and water resources system modelling

We used the Témez rainfall–runoff model (Témez 1977) to 
transform each climatic simulation into a streamflow time 
series. The Témez model is a conceptual lumped hydrological 
model that considers the sub-basin as a homogeneous unit. To 
calibrate and validate the model, we used the historical 
monthly averaged areal precipitation (P) and reference evapo-
transpiration (ETo) time series for each sub-basin as input 
variables, and historical streamflow time series (Q) at each 
sub-basin as output variables. An optimization tool that mini-
mized the root mean square error (RMSE) carried out the 
calibration of the parameters and we used four goodness-of- 
fit indices to evaluate the model’s accuracy: RMSE, Nash- 
Sutcliffe efficiency coefficient (E), R2 and integral square 
error (ISE).

Once the calibration of the rainfall–runoff model was 
completed, we transformed the climatic simulations gener-
ated by the weather generators into streamflow time series, 
which were used as inputs for a water resources system 
model representing the Serpis River basin (Fig. 3). The 
system model was built with the GAMS software (Brooke 
et al. 1998) to estimate the system’s performance under each 
simulated climate change condition. This system includes the 
precipitation inputs of the three main sub-basins, reaches 
and canals of the Serpis River, the Beniarrés reservoir, two 
urban demands (UDUs) and two agricultural (D1 and D2) 

demands, and the two principal aquifers of the Serpis River 
basin. The characteristics of the components were obtained 
from the JRBMP.

The acceptable performance of the Serpis River basin was 
defined in terms of a trade-off between satisfying the two 
objectives defined in the system: agricultural water supply 
reliability and environmental flow requirements. The level of 
satisfaction of each objective was measured according to some 
thresholds that indicated whether the performance of the 
metric was optimum, acceptable or not acceptable. The metrics 
used in the assessment are described below.

3.3.1 Agricultural metrics
The main agricultural demands supplied by the Serpis River 
correspond to two irrigation districts: Canales Altos (D1, 15.91 
Hm3/year) and Canales Bajos (D2, 12.59 Hm3/year), both 
located in the lower Serpis (see Fig. 1). The metric used to 
represent the agro-economic objective of the system is the 
proportion of annual demand met each year. The acceptance 
threshold of the variable was set at 50%, as is established in the 
Spanish water law. Moreover, we considered that water supply 
below the current average level, approximately 75% in both 
demands, was not satisfactory for farmers due to the economic 
impact. Therefore, a second threshold was set at 75% of the 
water volume demanded for one year to indicate an optimum 
supply.

Table 3. Historical temperature (TCS) and reference evapotranspiration (ETo) data series at each climatic station used for ETo 
estimation. R-squared (R2) coefficients refer to TCS and basin averaged historical temperature (T) series from Spain02_v5.

Sub-basin Climatic station R2 between T time series (2) TCS and ETo data series (1)

Beniarrés Planes 0.98 December 1999 – December 2015
Encantada Vilallonga 0.98 April 2001 – December 2015
Vernisa Gandía Marxuquera 0.99 April 2001 – December 2015

Beniarrés
Encantada

Vernissa

DAM

Canales 
Altos (D1)

Canales 
Bajos (D2)

UDU La Safor-Mustalla

UDU La Safor-Gandia

SEA

Aquifer 1

Aquifer 2

Figure 3. Water resources system model of the Serpis River basin.
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3.3.2 Environmental metrics
The JRBMP establishes an environmental flow regime in the 
rivers across the basin with the aim to sustain the ecological 
function of some aquatic protected species and their habitats. 
The environmental flow regime in the JRBMP consists of (a) 
a minimum flow regime (Qmin) extended to all superficial 
water bodies at a monthly scale, and (b) a maximum flow 
regime (Qmax) at a monthly scale in regulated water bodies. 
In the present work, we evaluated the implementation of 
minimum (Qmin) and maximum (Qmax) environmental 
flow regimes in a specific river reach below the dam (see 
section 2: Study area). The thresholds of acceptable perfor-
mance for each variable were extracted from the JRBMP (see 
Table 4). Qmin thresholds were considered a restriction in the 
water management model, since the JRBMP holds that mini-
mum flows are compulsory for ecological requirements. With 
respect to Qmax, JRBMP marks different periods: a wet season 
(from November to February) and a dry season (from March 
to October). In addition, we assumed that a monthly stream-
flow of up to 25% over Qmax could be considered acceptable 

for practical reasons in the analyses. This “tolerance” or 
extended threshold for Qmax was called Qtransition.

To evaluate the robustness of the basin performance and 
explore model uncertainty, we generated 434 P and T runs for 
each climate scenario using MATLAB® (Steinschneider et al. 
2015a, Poff et al. 2016, John et al. 2021). After estimating the 
ET0 for each run and obtaining the corresponding hydrologi-
cal scenario from the Témez model, we evaluated whether the 
climatic scenario provided an acceptable or not acceptable 
performance of the system according to the trade-off between 
the objectives’ metrics results (Table 5). A plan is considered 
robust if it can provide satisfying performance for a weighted 
proportion of simulations.

4 Results

4.1 Weather generator

Figure 4 displays the box-whisker plots of the annual mean 
and standard deviation obtained for the 434 65-year-long 

Table 4. Minimum and maximum environmental flow regimes (m3/s) in the study section, according to the JRBMP, and Qtransition considered for Qmax tolerance.

October November December January February March April May June July August September

Qmin 0.25 0.25 0.28 0.32 0.32 0.40 0.35 0.28 0.25 0.25 0.25 0.25
Qmax 1.4 6.4 6.4 6.4 6.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4
Qtransition 1.75 8 8 8 8 1.75 1.75 1.75 1.75 1.75 1.75 1.75

Table 5. Criteria to evaluate the performance of the Serpis River basin according to agricultural (economic) and environmental objectives.

Ecological objective

Q monthly mean  
> Qtransition

Qtransition > Q monthly  
mean > Qmax

Q monthly  
mean < Qmax

Agricultural  
(economic) objective

Mean annual supply in D1 or D2 < 50% NOT ACCEPTED NOT ACCEPTED NOT ACCEPTED
50% > mean annual supply in D1 and D2 < 75% NOT ACCEPTED ACCEPTED ACCEPTED
Mean annual supply in D1 and D2 > 75% NOT ACCEPTED ACCEPTED OPTIMUM

Figure 4. Mean and standard deviation of the 434 synthetic simulations over the 65-year annual time series for precipitation (a, b) and temperature time series (c, d) at 
Beniarrés sub-basin.
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synthetic time series of P and T. The results indicate that 
for precipitation the median values for both statistics fit 
the historical values (black dots) in all sub-basins. In con-
trast, for temperatures the median values show some bias, 
especially the mean, which is underestimated by 0.3 
to 0.4°C.

Once the simulations were downscaled at the monthly scale, 
the same statistics were verified. Figure 5 shows the results for 
Beniarrés statistics as an example, while Appendix Figs A1 and 
A2 present the results for the other two sub-basins.

We obtained satisfactory precipitation results, especially in 
the Beniarrés sub-basin (Fig. 5(a) and (b)). The maximum bias 
in the mean monthly precipitation in Encantada and Vernissa 
sub-basins was about 20 mm in November, which is the 
wettest month.

For temperature (Fig. 5(c) and (d)), the mean monthly 
estimations were slightly underestimated with respect to his-
torical values for all sub-basins, which is in line with the 
annual-scale tendency. However, the maximum bias was 
about 0.5–0.6°C, corresponding to the hottest month, August.

4.2 Estimation of evapotranspiration time series

Figure 6 shows the ETo time series estimated in the Beniarrés 
sub-basin (red dashed line) and the historical time series from 
the correspondent climatic station (black fill line). It allows us 
to observe the goodness of fit of minima, maxima and periodi-
city. Encantada and Vernissa ETo estimations are given in 
Appendix Fig. A3, and they show a similar performance.

Table 6 shows some of the characteristics of the 
TFs obtained at each sub-basin by the Fourier series model 
(number of harmonics and percentage of variance explained) 
and some goodness-of-fit statistics of the ETo estimated time 
series. For example, we can observe that only one or two 
harmonics were needed to catch almost the total variability 
of the mean monthly historical TF time series. The estimated 
ETo time series explained about 96–98% of ETo observations 
in the three sub-basins, and RMSE was around 10 mm/month 
in all of them. Therefore, we considered that the transformed 
factors obtained were appropriate to estimate ETo data from 
synthetic T time series.

4.3 Hydrological and water resource system modelling

The available streamflow data was split into two time per-
iods to calibrate (1971–2000) and validate (2001–2007) the 
rainfall–runoff model. Table 7 shows calibration and valida-
tion results obtained for the three sub-basins. For calibra-
tion, the R2 ranged between 0.69 and 0.88, and E was 
between 0.69 and 0.86, which indicates a good reproduction 
of the historical behaviour. RMSE and ISE also show ade-
quate performance levels, in line with R2 and E. Validation 
results show, in general, a slight decrease of the perfor-
mance level, as expected, with the exceptions of the 
E index for Encantada (from 0.86 to 0.40) and all indices 
except ISE from Beniarrés (which shows an increase in 
performance). Since the drop observed in the E index for 
Encantada is not reflected in the rest of the metrics, it can 
be concluded that the hydrological Témez models offer 

a fair reproduction of the historical hydrological behaviour 
of the Serpis basin.

Figure 7 shows the observed (black fill line) and the simulated 
(red dashed line) discharges in the Beniarrés sub-basin (see 

Figure 5. Mean and standard deviation of the 434 synthetic simulations over the 
65-year monthly precipitation (a, b) and temperature (c, d) time series at 
Beniarrés sub-basin.
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graphs for the other sub-basins in Appendix Fig. A4). The plots 
show that the models capture precisely the low and high stream-
flow frequency in the three sub-basins along the whole series, 
with some underestimation in the high-flow pulses.

After the calibration and validation process, 434 runs of 65- 
year-long synthetic time series of P and ETo (the latter obtained 
from the simulated T time series), with the 20 climate change 

scenarios associated with each run, were transformed into the 
corresponding hydrological discharges. These discharges were 
used as inputs into the water resource system model to determine 
the main variables associated with water resource management 
(releases and storage from Beniarrés reservoir, streamflow, deliv-
eries and deficits), from which the agricultural and environmental 
metrics were quantified.

Figure 6. Historical (black) and estimated (dashed red) ETo monthly time series in Beniarrés sub-basin.

Table 6. Characteristics of the periodic transformation factor (TF) used in each sub-basin (Beniarrés, Encantada and Vernissa) to estimate ETo, as well as some goodness- 
of-fit statistics for monthly ETo time series estimations (R2 and RMSE).

Sub-basin
No. harmonics 

(h) of TF
Variability explained by h (% over the total variance of 

periodic mean estimate)
R2 between historical and 

simulated ETo data
RMSE between historical and simulated 

ETo data (mm/month)

Beniarrés 2 99.76 0.98 8.43
Encantada 2 99.75 0.96 10.12
Vernissa 1 99.17 0.97 7.68

Table 7. Goodness-of-fit statistics: RMSE, Nash-Sutcliffe efficiency coefficient (E), R2 and integral square error (ISE) of the Témez model in 
calibration and validation processes in the three sub-basins: Beniarrés, Encantada and Vernissa.

Sub-basin

Calibration (1971–2000) Validation (2001–2007)

RMSE E R2 ISE RMSE E R2 ISE

Beniarrés 2.79 0.69 0.69 0.62 1.89 0.81 0.84 0.62
Encantada 0.64 0.86 0.88 0.69 1.43 0.40 0.72 0.82
Vernisa 0.90 0.71 0.75 1.06 1.40 0.64 0.69 1.12

Figure 7. Historical (black) and estimated (dashed red) hydrograph in Beniarrés sub-basin.
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4.4 Performance measures and robustness

The performance of the system for each hydrological run was 
evaluated independently at all the objective metrics, which 
were classified as optimum, acceptable or not acceptable, 
according to the thresholds described above.

When focusing on agricultural metrics (Fig. 8), we observed 
that optimum performance (green) occurred in both demands 
(D1 and D2) when mean monthly precipitation was equal to or 
above the historical records. However, the acceptable perfor-
mance, � 50% annual demand satisfied, orange class, failed in 
D1 for precipitation reductions higher than 25% with respect 
to historical records, while D2 could cope with reductions of 
up to 30% because of its possibility to use groundwater. 
Therefore, we found that the D1 supply was more vulnerable 
than the D2.

An important issue to highlight is that the variation in mean 
annual temperature across scenarios did not seem to alter the 
annual water supply performance. This occurred because, in 
the present research work, we kept the agricultural water 

demands uniform across all climatic scenarios in line with 
water rights specified in the JRBMP (CHJ 2022). Future incre-
ments in water rights (demands) are subject to the existence of 
sufficient water resources and the approval of the JRBMP. 
Therefore, given the uncertainty about the evolution of water 
rights in the future, we considered the current water rights 
a proper proxy for future water demands.

Concerning the environmental metrics, the minimum envir-
onmental flows (Qmin) were satisfied under all scenarios eval-
uated, since they were prescribed for the model as is established 
in the JRBMP and the dam operating rules. Consequently, the 
only environmental metric evaluated in the following was the 
maximum monthly environmental flow (Qmax), in which we 
observed noticeable differences throughout the year (Fig. 9). 
During the wet period (from November to February), we 
observed that in most climatic conditions, the mean monthly 
flow in the study river section was satisfactory concerning both 
the Qmax defined in JRBMP (green) and the Qtransition (tol-
erance zone) defined in the present work (orange).

Figure 8. Representation of the gradient of annual supply (%) in D1 (Canales Altos) and D2 (Canales Bajos) across all the evaluated climatic conditions.

Figure 9. Representation of the gradient of mean monthly flow in the study section in November (wet period) and March (dry period) across all the evaluated climatic 
conditions.
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Conversely, during the dry period (from March to 
October), the mean monthly flow surpassed the Qmax and 
Qtransition thresholds frequently (red zone), unless the pre-
cipitation dropped significantly from historical records (about 
15–20% or even 25% depending on the month). Important to 
highlight is the fact that even under the present climatic con-
ditions the maximum environmental flow threshold set in the 

JRBMP is not met during this period, probably because of the 
current Beniarrés operating rules.

When agricultural and environmental metrics were over-
lapped to find a common domain, we obtained a space that 
permitted us to evaluate the concurrent degree of satisfac-
tion of the system objectives across climate change condi-
tions. Figures 10 and 11 show some examples of the trade- 

Figure 10. Overlapping maps of mutually acceptable performance (trade-off space) for the two indicators (agricultural demand supply and environmental maximum 
flow) for agricultural demand D1 and the mean monthly flow in the study river reach across a range of climatic conditions. In the left column, as an example, are the 
maps for November (wet period) and in the right column are the maps for March (dry period). The white dots represent an ensemble of GCM projections from CMIP6 in 
three temporal periods: (a) short term, (b) mid term, and (c) long term.

Figure 11. Overlapping maps of mutually acceptable performance (trade-off space) for the two indicators (agricultural demand supply and environmental maximum 
flow) for agricultural demand D2 and the mean monthly flow in the study river reach across a range of climatic conditions. In the left column, as an example, are the 
maps for November (wet period) and in the right column are the maps for March (dry period). The white dots represent an ensemble of GCM projections from CMIP6 in 
three temporal periods: (a) short term, (b) mid term, and (c) long term.
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off space obtained in Canales Altos (D1) and in Canales 
Bajos (D2) demands, respectively, in the wet and dry peri-
ods. The results for the rest of the year are shown in the 
Appendix (Figs A5–A10). We can observe that the trade-off 
space consists of an acceptable zone divided into three sub- 
zones according to the degree of suitability (Table 5): green 
zone when both variables are optimum, yellow zone when 
one of the variables is optimum and the other is acceptable, 
and orange zone when both variables are acceptable. The red 
zone indicates unacceptable performance. We can see evi-
dent differences in the acceptable area in the wet versus the 
dry period in both demands. During the wet period 
(November–February), the acceptable zone in both demands 
occupies almost all the climatic space evaluated. However, 
during the dry period (March–October), nearly all the sce-
narios failed to satisfy the system objectives since the accep-
table zone appears only with significant reductions in 
precipitation. The discrepancies in results between wet and 
dry seasons are mainly due to the significant difference in 
the Qmax threshold for both periods. During the dry period, 
when the Qmax threshold is relatively low, the mean 
monthly streamflow easily exceeds it with current manage-
ment rules and, therefore, the performance becomes unac-
ceptable. This issue was observed even under the present 
climatic conditions, which indicates that the system’s per-
formance during the dry period is conditioned by factors 
other than climate change. In particular, the current system 
operation seems to be the origin of the system failure during 
the dry period, and, thus, its adaptation is required to meet 
the environmental flow prescriptions of JRBMP and ensure 
the sustainability of the water system. Another evident dif-
ference between D1 and D2 results was the major vulner-
ability of D1 because of its complete dependency on 
superficial streamflow, already mentioned in the agricultural 
metrics results.

An ensemble of GCM projections from CMIP6 (Table 1) 
helped in figuring out the feasibility of future climate scenarios 
in three temporal scenarios: short term (2011–2040), mid term 
(2041–2070) and long term (2071–2099). When analysing the 
results for each period, we estimated climate plausibility based 
on the convergence of GCMs and then identified potential 
impacts in the system associated with climate conditions.

For example, in Figs 10(a) and 11(a), we observe that in the 
short term, GCM predictions match in a relatively small climate 
space, which is perceived as having a high probability of occur-
rence. The majority of the models are located around a small 
range of precipitation change (85–110%) with an increment of 
mean annual temperature between 1 and 1.5°C. In these condi-
tions, according to our results, the yearly supply to meet agri-
cultural demands would be similar to the current levels (around 
70–75%). Therefore, in the short term, no adaptive measures, or 
very limited ones, should be needed in the basin.

In the mid term (2041–2070), GCM projections show 
a wider spread, which means higher uncertainty among cli-
matic model forecasts (see Figs 10(b) and 11(b)). Two main 
clusters of projection models can be identified that foresee 
a higher probability of precipitation reductions of up to 25% 
with respect to historical records. Although these climatic 
projections are inside the acceptable zone, they would cause 

an increase in demand deficits (annual supply between 50 and 
75%). Therefore, adaptive measures in the mid term should be 
considered to balance the water scarcity and the consequent 
economic impact on the agro-economic system. Moreover, D1 
would be especially vulnerable since precipitation reductions 
of ca. 25% would drop it near the limit of acceptance.

Although our climate test represented the conditions for 
short and mid time periods, especially for temperature, we also 
evaluated climate plausibility in the long term (2071–2099). 
We observed a significant uncertainty in GCM projections 
across emission scenarios in the long term (see Figs 10(c) 
and 11(c)). The models with the most optimistic scenarios 
(SSP1-1.9 and SSP1-2.6, representative of the Paris 
Agreement) indicate future climatic conditions not far from 
those described in the short- and mid-term scenarios. 
Nevertheless, many models with the most pessimistic emission 
scenarios (SSP3-7.0 and SSP5-8.5) foresee reductions in pre-
cipitation of up to 30% and a mean annual temperature rise of 
more than 3°C, consistent with the expected temperature rise 
(IPPC 2021). Adaptive strategies in the long term are difficult 
to anticipate because of the high uncertainty in current climate 
forecasts. Nevertheless, if any are undertaken, they should be 
flexible in responding to the extensive range of socio-economic 
scenarios and climatic conditions we will potentially face.

5 Discussion

We present an alternative method to the traditional top-down 
GCM framework to make impact assessments in water- 
dependent economies while addressing climate uncertainty. 
The method we present here permits us to evaluate a high 
range of climate change conditions through a computationally 
efficient climate generation tool, and explore basin robustness 
against climate variability. Assessing the vulnerability of the 
system is fundamental to anticipating potential risks and 
designing suitable adaptable strategies or pathways to over-
come climate change hazards and achieve resiliency. The 
methodology presented in this paper is an extension of the 
DS (Brown et al. 2012) and EEDS (Poff et al. 2016) methods, 
which are bottom-up frameworks for achieving the principles 
of sustainability and stakeholder governance in the water plan-
ning process. We tested the framework in a complex 
Mediterranean basin, the Serpis River basin, with three clima-
tically and hydrologically interrelated sub-basins, to evaluate 
agricultural supply reliability and freshwater habitat sustain-
ability risks under uncertain climate conditions.

We identified that a significant precipitation reduction is 
likely to challenge the system in the mid and long term. Such 
a reduction in water resources would imply a substantial 
decrease in the agricultural water supply. Given that more 
than 70% of the total water demand in the Serpis River basin 
comes from agriculture, a considerable decrease in water sup-
ply would greatly impact the region’s economy. For example, 
we identified that a reduction of 25% in annual precipitation 
would be critical for the Canales Altos demand (D1) since the 
system would fail to supply the minimum water required, and 
this scenario would be aligned with the mid-term projections 
of the CMIP6 GCMs. Therefore, this work exposes the need to 
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apply adaptive measures in the mid term, especially for D1 
demand, to balance the expected water availability loss.

The present work also identified that current operating 
rules in Beniarrés dam do not consider the maximum envir-
onmental flows prescribed in JRBMP during the dry season. 
Aquatic species and habitats are adapted to the natural flow 
regime (Poff et al. 1997), and many biological processes are 
synchronized with the varying flow conditions. Any alteration 
in these conditions may lead to the impairment of freshwater 
ecosystems and even the extinction of some species (e.g. the 
brown Muñoz-Mas et al. 2016, 2018). Therefore, a review of 
present rules should be considered to encompass agricultural 
uses and environmental protection, while taking into account 
the further reductions in water resources expected in the future 
according to future climate projections (IPCC 2021).

The weather generator developed in the present work 
obtained satisfactory results in the validation process, repro-
ducing spatial and temporal dynamics and correlation struc-
tures of the variables of interest. On the annual scale, 
precipitation statistics showed high robustness in the three 
sub-basins, and a slight bias in annual temperatures. The 
same trend was observed on the monthly scale. Moreover, 
the models could reproduce the monthly intra-annual varia-
bility of both P and T, which is essential for hydrological 
applications. The weather generator developed in the present 
work assumes no change in intra-annual patterns for future 
climate scenarios with respect to historical pattern, as well as 
a stationary cross-correlation between sub-basins. According 
to Hettiarachchi et al. (2022), dry spells’ length should increase 
after 2000 during the summer season, which could imply 
changes in the precipitation seasonal cycle. However, compar-
ing the precipitation pattern of two time periods in the basin 
corresponding to the Beniarrés sub-basin – 1950–1999 versus 
2000–2015 – no significant differences were observed at the 
monthly scale (see Fig. 12). Therefore, we assumed that the 
increment of the length of dry spells at a daily time scale, if it 
occurred in the basin, did not impact on annual and monthly 

patterns. A reason for this could be the irregular pattern of 
precipitation events in the Mediterranean region that could 
soften any small change on a daily scale. Shifts in intra-annual 
patterns, if found or desired to be taken into account in future 
scenarios, could be addressed in the proposed methodology by 
modifying the method of fragments to enable shifts in the 
seasonal cycle, or by applying an additional stochastic model 
to generate monthly time series from the annual ones. Further 
research would be required to explore alternative configura-
tions of the downscaling from the annual to the monthly time 
scale in situations implying changes in the intra-annual 
meteorological cycle.

In the same way, we did not observe changes in cross- 
correlation between basins either (see Table 8), so we used 
the same models built from historical data to generate future 
climate change scenarios. However, a previous analysis of 
changes in climatic inter-relationships in the basin is funda-
mental to assume stationarity of model parameters and spatial 
structure. Likewise, any other potential change in streamflow 
pattern due to warming, like changes in snowmelt patterns, 
should be previously evaluated and incorporated in the for-
mulation of the model when the catchment in focus requires it.

In the present research, we contributed a new method to 
efficiently obtain PM reference evapotranspiration (ETo) time 
series from temperature (T) time series. It is generally consid-
ered that ETo estimation is more accurate when using the PM 
method (Allen et al. 2006). However, the PM method requires 
a large number of variables, which are only available for some 
climatic stations in Spain (e.g. solar radiation, air humidity, 
wind velocity). Therefore, estimation of ETo time series with 
the PM method is usually a tedious process (Camargo et al. 
1999, Estrela et al. 1999, Pereira and Pruitt 2004). In the 
present work we provide a new method to agilely convert 
T time series into ETo time series through the Fourier series 
model with high accuracy (R2 > 0.96). This method is replic-
able in other regions when there are enough historical climatic 
data to compute the TFs with confidence.

Figure 12. Mean monthly precipitation pattern in Beniarrés sub-basin in two time periods: 1950–1999 (red) and 2000–2015 (green).
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The present work aims at testing a methodological tool to 
give an idea of catchment water challenges under uncertain 
climate change conditions. The use of metrics at the monthly 
(monthly streamflow) or yearly (% annual water supply) scale 
permits us to give a first impression of potential hazards in the 
basin and contextualize planning actions. Nevertheless, recent 
findings give evidence that warming affects the water cycle and 
the relationship between extreme precipitation events and 
floods, which occur at daily or sub-daily level, especially 
from 2000 (Dai 2012, Sharma et al. 2018, He et al. 2022, 
Hettiarachchi et al. 2022). This phenomenon would alter rain-
fall–runoff models and, therefore, we evaluated any change in 
precipitation-streamflow relationship during historical data. 
We obtained the correlation between mean monthly precipita-
tion and mean monthly streamflow in two time periods, 1971– 
1999 and 2000–2015, to identify any loss in correlation in the 
post-2000 period with respect to the pre-2000 period (see 
Table 9).

We observe that in the Encantada and Vernisa sub-basins 
the relationship is higher than 0.8 in both periods with no 
significant difference between the before- and after-2000 peri-
ods. In Beniarrés sub-basin the correlation is in fact stronger in 
the after-2000 period. Therefore, we confirmed that any loss in 
the correlation between precipitation and streamflow after 
2000, if it occurred, was not reflected at the monthly scale, 
and consequently, we could use the same hydrological models 
in the two periods. Many reasons could explain the stationarity 
of the precipitation–streamflow relationship found in the 
Serpis River basin, e.g the level of aggregation of the data, the 
size of the basin, the pattern of precipitation, or the scarce data 
available post-2000 period. We advocate evaluating this rela-
tionship before applying the present methodology in 
a different catchment.

The use of a monthly time step was chosen for the analysis 
because it is in line with the water planning focus of the 
application. This might imply that changes in daily and sub- 
daily extremes are not addressed properly. However, the prac-
tical implications of such changes in the water planning and 
management of the case study area are very low, since the 
storage capacity of the reservoir does not allow it to take 
advantage of such events to refill, and furthermore the areas 
prone to these events are located near the coastline, down-
stream of any regulation facility, so in the end changes in these 

events would only have a distinct impact in the discharges to 
the sea. However, the methodology proposed could be tuned to 
address such issues by adding an additional downscaling 
method from the monthly to the daily scale, or by replacing 
the downscaling from annual to the monthly scale by another 
one that maps the annual directly to the daily scale.

Regarding the future temperature scenarios, we forced 
a maximum rise of 3°C at the end of the period with respect 
to current records. However, due to stochastic effects in model 
generation the real rise was up to 4°C in many simulations. 
Therefore, it encompassed the best temperature estimation of 
IPCC6 for the period 2021 to 2100 (IPCC 2021). The tempera-
ture models applied in the present work assumed a constant 
rising trend along the future time period. Nevertheless, the 
methodology could accommodate alternative setups of tem-
perature increase with varying trends, e.g. following the same 
trend for part of the time series and an increased trend for the 
rest. This would be achieved by modifying the model used for 
the generation of annual temperatures.

According to the EEDS methodology, the next step after 
analysing the vulnerability of the system would be the evalua-
tion of the system performance after applying management 
actions and/or adaptive measures that stakeholders would 
have previously defined. The identification of preferred deci-
sions was discussed in a previous project funded by the 
Biodiversity Foundation of the Ministry for the Ecological 
Transition of Spain (https://www.fundacion-biodiversidad.es/ 
en/node/10906 and https://www.fundacion-biodiversidad.es/ 
en/node/11884), as well as in collaboration with the Citizen 
Platform for the Serpis River (https://plataformaserpis.word 
press.com/). In those projects, workshops and questionnaires 
were developed with the primary users, stakeholders and deci-
sion makers of the Serpis. According to their points of view, 
the most preferred options to deal with climate change were 
the use of treated wastewater (scored 7.8 over 10), closely 
followed by improving the operation of the Serpis (7.6) and 
improving the governance of the river as a whole (7.4). They 
also indicated that they would agree to assume an economic 
loss associated with a streamflow reduction of 25% maximum 
resulting from the climate change effects, which is in line with 
the agricultural thresholds marked in the present study. The 
proposed methodology would be able to accommodate those 
measures by modifying the definition of the water resource 
system.

However, the present study also highlighted some aspects of 
the methodology with room for improvement. The low influ-
ence that temperature exerts on the water resource system 
across climate change scenarios is due to the consideration of 
water demands under the legal point, which might not be 
aligned with the demand crop water requirements. This issue 
could be addressed by incorporating crop models into the 
water resource system to estimate agricultural water needs 
according to warming temperatures. Another aspect of the 
system that would be interesting to explore is the impact of 
warming on streamflow habitats, which should be addressed 
by the incorporation of ecological models (Horne et al. 2018, 
John et al. 2021).

The present work simultaneously deals with the vulner-
ability of socio-economic and environmental objectives in 

Table 8. Cross-correlation between historical precipitation time series for 
Beniarrés (BRR), Encantada (ENC) and Vernisa (VER) sub-basins in two periods: 
1950–1999 and 2000–2015.

1950–1999 2000–2015

Correlation BRR-ENC 0.920 0.941
Correlation BRR-VER 0.847 0.868
Correlation ENC-VER 0.978 0.980

Table 9. Correlation between historical precipitation and streamflow time series 
in two periods, 1971–1999 and 2000–2015, in Beniarrés, Encantada and Vernisa 
sub-basins.

1971–1999 2000–2015

Beniarrés 0.637 0.779
Encantada 0.868 0.808
Vernisa 0.829 0.821
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the Serpis River basin to define sustainable water resource 
management in the face of future hydrological uncertainty. 
This work addresses, on the one hand, the evaluation of 
the current multi-purpose water management system and, 
on the other hand, the identification of potential climate 
hazards that would not satisfy the system objectives in the 
future. Vulnerability assessment is crucial for water plan-
ners to anticipate the climate risk of the system and take 
action towards building a resilient management 
framework.

6 Conclusions

Stress testing methods are an effective way to assess the sensi-
tivity of water system outcomes to uncertain changes in cli-
mate. The methodology followed in the present work, an 
extension of the EEDS method to complex water resource 
systems, was successfully applied to the Serpis River basin. 
Herein, the stochastic weather generators, the ETo estimation 
by Fourier series model, hydrological models and water 
resource system models showed adequate performance levels 
compared to the existing records. In addition, the modelling 
framework has the capacity to be adapted to other systems 
with different characteristics and needs. The methodology 
applied has proven to robustly identify potential climate 
hazards to the system in different temporal horizons. It per-
mitted us to identify the limitation of the system to supply 
Canales Altos (D1) demand in the mid term, which is crucial 
to anticipate adaptive strategies and minimize climate change 
impacts.

The methodology also revealed shortcomings in the present 
system management rules; in particular, it does not consider 
the maximum environmental flow regime downstream of the 
Beniarrés dam during the dry period. It would require, there-
fore, a modification of the Beniarrés dam operation to meet the 
legal ecological targets.

Sustainable water planning is a challenge for decision 
makers due to the huge number of stakeholders involved. 
Water systems management is a complex puzzle where any 
imbalance in water users produces inverse consequences for 
the others. Good water governance is essential to achieve water 
security, fairly allocate water resources, and avoid disputes. 
How societies choose to govern their water resources and 
services has a profound impact on people’s livelihoods and 
the sustainability of water resources. Moreover, anticipating 
climate change impacts on water availability is the best way to 
avoid its adverse effects on societies and become resilient to 
changes.
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Appendix

Figure A2. Mean and standard deviation of the 434 synthetic simulations over the 65-year monthly precipitation time series in the Encantada (a, b) and Vernissa (c, d) 
sub-basins.

Figure A1. Mean and standard deviation of the 434 synthetic simulations over the 65-year monthly time series of precipitation in the Encantada (a, b) and Vernissa (c, d) 
sub-basins.
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Figure A3. Historical (black) and estimated (dashed red) reference evapotranspiration (ETo) monthly time series in the Encantada and Vernissa sub-basins.
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Figure A4. Historical (black) and estimated (dashed red) hydrographs in the Encantada and Vernissa sub-basins.
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Figure A5. Overlapping maps of mutually acceptable performance (trade-off space) for the two indicators (agricultural demand supply and environmental maximum 
flow) for agricultural demand 1 (D1) and the mean monthly flow (Q) in the study river reach across a range of climatic conditions. The white dots represent an ensemble 
of Global Climate Model (GCM) projections from Coupled Model Intercomparison Project Phase 6 (CMIP6) in the short term (2011–2040).
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Figure A6. Overlapping maps of mutually acceptable performance (trade-off space) for the two indicators (agricultural demand supply and environmental maximum 
flow) for agricultural demand 2 (D2) and the mean monthly flow (Q) in the study river reach across a range of climatic conditions. The white dots represent an ensemble 
of GCM projections from CMIP6 in the short term (2011–2040).
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Figure A7. Overlapping maps of mutually acceptable performance (trade-off space) for the two indicators (agricultural demand supply and environmental maximum 
flow) for agricultural demand 1 (D1) and the mean monthly flow (Q) in the study river reach across a range of climatic conditions. The white dots represent an ensemble 
of GCM projections from CMIP6 in the mid term (2041–2070).
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Figure A8. Overlapping maps of mutually acceptable performance (trade-off space) for the two indicators (agricultural demand supply and environmental maximum 
flow) for agricultural demand 2 (D2) and the mean monthly flow (Q) in the study river reach across a range of climatic conditions. The white dots represent an ensemble 
of GCM projections from CMIP6 in the mid term (2041–2070).
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Figure A9. Overlapping maps of mutually acceptable performance (trade-off space) for the two indicators (agricultural demand supply and environmental maximum 
flow) for agricultural demand 1 (D1) and the mean monthly flow (Q) in the study river reach across a range of climatic conditions. The white dots represent an ensemble 
of GCM projections from CMIP6 in the long term (2071–2090).
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Figure A10. Overlapping maps of mutually acceptable performance (trade-off space) for the two indicators (agricultural demand supply and environmental maximum 
flow) for agricultural demand 2 (D2) and the mean monthly flow (Q) in the study river reach across a range of climatic conditions. The white dots represent an ensemble 
of GCM projections from CMIP6 in the long term (2071–2090).
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