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A B S T R A C T   

Climate change projections in many regions of the world show a critical reduction in precipitation and a sig-
nificant rise in temperatures in the next decades. This change may affect the operation of water utilities in arid 
and semi-arid parts of the globe. The Mediterranean region is particularly vulnerable to the impacts of climate 
change on water resources. In this paper, we reflect on the challenges that the water utility sector may experience 
during the upcoming decades to continue providing its essential service under the new climate scenario. Our 
reasoning is based on the lessons learned during the co-creation of a climate service with the water utility 
company of Valencia (Spain) within the framework of the EU ERA4CS project INNOVA. The joint vision of 
climate, water management researchers and water utility operators resulted in a multi-scale framework for 
evaluating the vulnerability of the water utility to climate change. The modelling framework couples water 
quantity and quality and their interaction in a chain of models. The proposed framework forced all parties to 
consider the issue of the temporal and spatial scales, and the importance of choosing and defining the boundaries 
of the problem. The analytical framework has three distinct elements: (1) a combination of climate projections; 
(2) hydrological and water resource management model of the river basin system; (3) reservoir management and 
water quality model. Two Representative Concentration Pathways (RCP) 4.5 and 8.5 were considered in two 
timeframes for the analysis: the short term (2020–2040) and the medium term (2041–2069). The results show a 
significant reduction in water availability combined with an increased frequency and intensity of phytoplankton 
blooms and anoxia episodes. These changes result in the deterioration of the reservoir trophic state, shifting from 
ultraoligotrophic-oligotrophic (control period) to oligotrophic-mesotrophic (RCP 8.5). The example shows how 
the combination of models on different scales and the involvement of experts in the co-creation process can result 
in a customized climate service that provides valuable information to water utility operators that can be used to 
reduce the system’s vulnerability to climate change.   

Practical implications  

• The water utility sector provides an essential service to the so-
ciety and plays a vital role in economic development. The 
resilient adaptation of water utilities to the new climate and 
global scenario is a critical task that requires the cooperation of 
utility operators, water managers and climate scientists. This 
article explores the challenge of co-creating a climate service to 
assess the water utility’s vulnerability to climate change in 

Valencia, Spain. The study takes into account multiple spatial 
scales (regional, river basin, and reservoir) and a combination of 
climate scenarios. The presented results are based on the 
ERA4CS project INNOVA, where several climate services were 
created by connecting the private, public and knowledge 
communities.  

• The co-creation of the climate service for Valencia’s water 
utility required close collaboration between the research team 
from the Universitat Politècnica de València and the managers 
from the water utility company Global Omnium. A chain of 
models was designed, validated and developed, consisting of 1) 
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Global and regional climate models carefully selected and 
downscaled to obtain future projections of temperature and 
precipitation in the region; 2) Hydrological models of the sys-
tem’s sub-basins to obtain water inflows; 3) Water management 
model that simulates the operation of the water resource system 
to obtain the water inflows to the reservoir and its storage under 
climate change; 4) Reservoir model to simulate the water 
quality dynamics in the new climate scenarios. 

• The results obtained by the climate service offer valuable in-
sights into the challenges lurking for urban water suppliers in 
the region. Results show that the water supply to Valencia and 
its metropolitan area will not be at risk of systemic shortages 
due to climate change, since agriculture has lower priority than 
urban supply, being the one curtailed during water scarcity 
events, and the reduction in water resources foreseen by climate 
change scenarios is below the threshold that would drive 
ingrained urban supply restrictions. However, the reduction of 
water availability will require improved management and 
monitoring of the main reservoirs of the system to avoid 
extreme risks during prolonged drought periods. The results 
show an expected decrease in water quality in the Tous reservoir 
linked to the declining water inflows and storage in the reser-
voir, and to the increasing temperatures. According to the pro-
jections, anoxia events in the reservoir could last longer, starting 
early in late summer and ending in the middle of winter. A steep 
increase in phytoplankton blooms is also predicted, multiplying 
by almost ten compared to the peak values estimated by the 
models for the control period. Phytoplankton blooms could 
worsen the trophic state of the reservoir, which shows a low 
biological production (oligotrophic state) during the control 
period and a moderate (mesotrophic) to high (eutrophic) pro-
ductivity in the climate change scenarios. These issues may 
affect the raw water quality, forcing the water treatment plants 
to adapt or change some of their processes to guarantee a safe 
urban water supply. The initial adaptation options identified in 
this contribution include changes in the operating rules of the 
system and different water treatment processes.  

• The chain of models described in this contribution may be 
applicable to other cases with similar data availability and 
water management facilities. The climate service portrayed in 
this contribution aims to guide water utilities and scientists 
undertaking similar challenges. However, not a single product is 
fitted to evaluate the vulnerability of any water utility system to 
climate change (U.S. Environmental Protection Agency, 2010), 
and climate services must be customized to the needs of the 
specific end-users (Rubio-Martin et al., 2021). For this reason, 
we emphasize the importance of actively involving the end- 
users in the co-creation of the climate service for it to be help-
ful and valuable.   

1. Introduction 

Access to safe water for drinking, sanitation and hygiene is a basic 
human need. Its universalization is the sixth Sustainable Development 
Goal that the United Nations has pledged to fulfil by 2030 (United Na-
tions, 2015). The tragedy of unsafe drinking water is particularly 
damaging for developing nations, where it is estimated to cause over 1.2 
million deaths per year (GBD, 2019). In middle and high-income 
countries, the development of systems for the treatment and distribu-
tion of safe water has reduced the spread of diseases and premature 
deaths. However, water utility systems are still vulnerable to internal 
and external shocks, such as the ones caused by climate and global 
change. 

Recent reports from the Intergovernmental Panel on Climate Change 
(IPCC) conclude that Carbon dioxide (CO2) and other greenhouse gases 
emissions will continue increasing in the near future and will raise the 
Earth’s average temperature between 1 ◦C and 2 ◦C by 2065, depending 
on the RCP (Representative Concentration Pathways) considered (IPCC, 
2014). Furthermore, the impact of climate change on rainfall patterns 

may be critical in arid and semiarid areas such as the Mediterranean 
region, which is characterized by irregular hydrological regimes, long 
and severe drought episodes and extreme precipitation events (Giorgi, 
2006). Climate change is expected to increase the frequency and in-
tensity of both extreme floods and drought (Fink et al., 2016; Páscoa 
et al., 2017). The combination of the current hydrological features, 
increasing temperatures and rainfall reduction may put water avail-
ability at risk in the Mediterranean area (Marcos-Garcia and Pulido- 
Velazquez 2017; Páscoa et al., 2017). 

This new scenario derived from climate change is expected to chal-
lenge water utilities all over the world. Water shortages, water quality 
issues, salinization, sea level rise and lack of preparedness are the main 
challenges that water utilities will have to overcome related to climate 
change (United States Environmental Protection Agency, 2021). One of 
the most common issues worsened by climate change is the eutrophi-
cation of water bodies (Delpla et al., 2009). Eutrophication has multiple 
origins, including the increased leaching of nutrients from agriculture 
during heavy rainfalls and the concentration of organic matter in lakes 
and reservoirs during droughts. The increase in water temperature also 
stimulates algae growth and eutrophication problems (Nazari-Sharabian 
et al., 2018). Cyanobacterial blooms are promoted under these condi-
tions worsening the trophic state of water bodies (Delpla et al., 2009; 
Serpa et al., 2017). Many cyanobacteria species produce flavor and toxic 
metabolites, and removing them is the main water quality challenge for 
many water utilities (Lins et al., 2016; Clercin and Druschel 2019). 
Eutrophic source water forces water utility operators to implement 
different treatment processes such as oxidation, flocculation and coag-
ulation, clarification, filtration, or active carbon adsorption (Sharma 
and Bhattacharya 2017; Wang and Zhang 2018). Many water treatment 
plants should be prepared to face incoming water quality deterioration 
under climate change conditions. 

The study of the impacts of climate change on the water utility sector 
often lacks an integrated vision. Previous assessments of the water utility 
vulnerability to climate change have some limitations: (i) they are 
focused on the basin scale and land-use changes (Serpa et al., 2017); (ii) 
they address exclusively the ecological status (Couture et al., 2018); or 
(iii) they focus on a specific parameter, such as nutrients (Baron et al., 
2013; Lipczynska-Kochany 2018), phytoplankton (Winder and Sommer 
2012), water temperature (Woolway et al., 2019) or dissolved oxygen 
(Schwefel et al., 2016), and do not study the interaction between the 
main parameters and processes. The integration of more essential 
components for water quality simulation is necessary to better replicate 
the actual behavior of water supply systems, and the models applied to 
estimate climate change impacts cannot be an exception (Gelda et al., 
2019; Tzanakakis et al., 2020). Furthermore, water quality models 
applied to assess urban water supply tend to focus on the local scale 
because water quality processes are often simulated within a single 
water body. However, many basin-scale variables such as future pre-
cipitation and air temperature, the system’s operating rules, land use, 
and water demands may modify water availability and water sharing 
mechanisms, causing an impact in the processes and dynamics of water 
bodies. Local-scale processes influenced by basin-scale changes include 
water inflows, water storage in the reservoir, and nutrient concentration 
in the source water. 

Climate services are the transformation of climate data, together 
with other relevant information, into new products such as projections, 
predictions, outlooks, trends, economic analysis, assessments, counsel-
ling on best practices, development and evaluation of solutions and any 
other related services, capable of satisfying the needs of stakeholders 
(European Commission, 2015). Often climate services are developed by 
experts in climate data without considering the specific needs of end- 
users. Relevant information is lost if the end-user perspective is 
neglected during the creation process (Swart et al., 2021). This infor-
mation is crucial in the case of water utilities because the operators of 
the system possess the most precise and up to date knowledge about the 
system. At the same time, end-users are the ones who must validate the 
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results provided by the climate service (Rubio-Martin et al., 2021). 
For this reason, it is essential that climate services, especially those 

aimed at improving decision-making in water management, are devel-
oped using a bottom-up approach through methodologies for the co- 
creation and participation of the key stakeholders. The intertwining of 
climate science, hydrology, water resource management, water quality 
and water utility knowledge requires an effort of coordination and un-
derstanding of the many methodologies involved, their limitations and 
capabilities. However, this combination can provide detailed and valu-
able information for water utilities all over the world to assess their 
vulnerability to climate change. Knowing how climate change will 
impact water supply sources, in both quantity and quality, is necessary 
for water utilities to identify the vulnerable elements of the water supply 
system, assess future challenges, and reconsider purification processes. 

This paper describes the development and results of a climate service 
co-created with a water utility company by linking several models at 
different spatial scales: the river basin scale to consider the management 
and the effect of climate change on water availability, and the reservoir 
scale to simulate water quality processes under climate change condi-
tions. The modelling framework applied considers both water quantity 
and quality dynamics in an innovative chain of models that guarantees 
the preservation of the dependencies between mutually related pro-
cesses. After providing some context about the water utility sector’s 
approach to evaluating climate change vulnerability, we describe the 
case study and introduce the modelling framework. The results provided 
by the chain of models are presented and discussed, and the main po-
tential challenges identified along the water utility operators are listed. 
Finally, we provide the main conclusions reached through the devel-
opment of this project. 

2. Vulnerability of water utilities to climate change 

The water utility sector is responsible for collecting raw water and 
treating it for domestic and commercial applications. It thereby answers 
the demand for clean and safe water by the population. The treatment of 
wastewater is often included under the water utility umbrella. However, 
in this contribution, we will focus on the first stage of the water utility 
cycle: collecting untreated (raw) water from the different natural and 
human-made water sources and treating it in water treatment plants. 
Natural sources where water may be obtained include springs, rivers, 
lakes, and aquifers. Human-made infrastructures such as canals and 
reservoirs also play an essential role in many water resource systems. 
They allow the strategically storing and distributing of water consid-
ering the demands. Threats to the availability and quality of water re-
sources include water scarcity, water pollution, water conflicts, 
droughts, overpumping, and climate change. Climate vulnerability as-
sessments are crucial to develop utility specific climate action plans in 
order to streamline adaptive responses (Danilenko et al., 2010). 

The increase in temperatures is one of the most widely known im-
pacts of climate change. Its influence on water resource systems includes 
increased evaporation of surface water, alterations in the nitrification 
process, changes in microorganism dynamics, and the reduction of CO2 
and oxygen (O2) solubility (Delpla et al., 2009; Lipczynska-Kochany, 
2018). The decrease in precipitations is another of the best-known im-
pacts of climate change, particularly in Mediterranean river basins. It 
increases the concentrations of biological and chemical pollutants in 
reservoirs when water storage decreases (Delpla et al., 2009), triggering 
the need for expensive disinfection treatments and filtration processes 
(Sharma and Bhattacharya, 2017). Furthermore, climate change could 
worsen water quality by modifying the environmental conditions, 
ecological processes, and the interaction between biological, physical, 
and chemical parameters (Delpla et al., 2009). 

Eutrophication due to rising temperatures is one of the most agreed 
water quality problems that will be rising due to climate change (Moss 
et al., 2011). Phosphorus concentration, primary driver of eutrophica-
tion risk in rivers and lakes, may also increase through reduced dilution 

particularly if river flows are lower in summer (Charlton et al., 2018). 
Rising nutrient inputs and increasing temperature tend to intensify 
eutrophication. Also associated with increasing temperatures is the loss 
of plant cover, which increases soil erosion and the delivery of nutrients 
and pollutants into surface water bodies and streams. The assessment of 
raw water quality can be very complex, or it can be restricted to the 
evaluation of a limited set of key components, variables, and parameters 
such as temperature, rainfall, streamflow, dissolved oxygen, organic 
matter, nutrients, and algae (WHO, 2008). 

The creation of climate services for assessing the vulnerability of 
water utilities to climate change has some precedents in the scientific 
literature. Four approaches can be defined for assessing the climate 
change vulnerability of the sector (U.S. EPA, 2010):  

- Scenario analysis: a top-down assessment that begins by defining a 
set of plausible Representative Concentration Pathways (RCP) that 
deserve consideration by water managers. Global and Regional 
Climate Models outputs are downscaled to obtain sets of meteoro-
logical variables such as precipitation and temperature for the region 
of study.  

- Sensitivity analyses: a top-down approach that is based on the use of 
incremental changes in relevant meteorological variables such as 
temperature and precipitation. Combining these changes results in a 
range of plausible climate altered future hydrology that can be 
evaluated using traditional hydrological and water resource man-
agement models.  

- Paleoclimate or historical analyses: a top-down approach that uses 
historic climate observation to define temperature and precipitation 
patterns that may challenge the response of the water utility system.  

- The bottom-up approach: use a qualitative system assessment to 
determine the elements of the system that are more vulnerable to 
climate change. Based on the knowledge of local water utility pro-
viders, this approach is helpful to identify critical vulnerabilities and 
identify portfolios of infrastructures and management changes that 
could address those vulnerabilities. 

Nowadays, improvements in the provision of easily accessible 
climate projections and the increasing availability of tools and algo-
rithms for quickly assessing the projections’ skill and performing sta-
tistical adjustments have resulted in the dominance of the scenario- 
based analyses approach over the others for most climate service 
developments. 

Additionally, the integration of local and expert knowledge using the 
bottom-up approach is a growing trend in climate service development. 
Currently, most climate services are shifting towards a development 
approach based on the co-creation between the end-users of the service 
and the scientists (Vogel et al., 2016; Bremer et al., 2019; Rubio-Martin 
et al., 2021; Suhari et al., 2022). 

The climate service described in this contribution for evaluating the 
water utility vulnerability to climate change in Valencia (Spain) com-
bines scenario analyses, which deliver climate projections, with a 
bottom-up approach. The end-user of the service (the water utility 
company Global Omnium) was involved in the process since the 
beginning and its role was essential to establish the spatial and temporal 
scale of the service, the water quality parameters of interest and the 
critical facilities where the evaluation must take place. The end-user also 
helped validate the results, provided an initial assessment of the 
vulnerability of the system based on them, and shared an initial set of 
potential solutions for the identified challenges. 

3. Material and methods 

3.1. Case study features 

Climate services must be customized to the needs of the end-users 
and include all the unique features that characterize each specific case 
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in order to get valuable tools for climate adaptation and decision- 
making (Rubio-Martin et al., 2021). In practice, this means that not a 
single product or service can be used to assess the vulnerability of any 
water utility system to climate change (U.S. Environmental Protection 
Agency, 2010). However, lessons can be learned from the choices and 
compromises taken for the co-creation of any specific climate service if 
enough details and context are provided. 

The Jucar River basin is located in the eastern Iberian Peninsula 
(Fig. 1). With a typical Mediterranean climate, the basin faces periods of 
heavy rains, low stream flows, and multi-annual droughts. Its average 
temperature is driven by seasonality and ranges from 11 ◦C in winter to 
26.6 ◦C in the summer (CHJ, 2022). The total annual precipitation 
ranges from 300 to 780 mm, with an average of around 500 mm. Its 
distribution is typically Mediterranean, combining intense rains in 
autumn and spring with dry summer periods. October is the rainiest 
month, with an average precipitation of 58.9 mm, while July is the driest 
with 12.7 mm on average (CHJ, 2022). The Jucar River system has a 
mean annual inflow of 1798 Mm3, but it varies widely year-to-year 
between 643 and 3,416 Mm3. The Jucar River is subject to significant 
pressures due to its annual water demand of 1,529.1 Mm3, distributed 
between agriculture (80%), urban (16%), and industrial (4%) activities 
(CHJ, 2022). Furthermore, the main water demands are located in the 
lower basin, with many irrigated crops such as citrus and rice fields 
located downstream of Tous (Fig. 1). The Jucar River basin is highly 
regulated, carefully managed by three main reservoirs: Alarcon (1,118 
Mm3) and Contreras (361 Mm3) in the upper basin, and the Tous 
reservoir (379 Mm3) in the lower basin (CHJ, 2022). 

The operation of the Jucar River system is complex due to the 
combination of urban, agriculture, hydropower, environmental, and 
flood protection uses. This complexity is reflected in the operation of the 
Tous reservoir, which reconciles three often conflicting uses: a) Supply 
water to the downstream agricultural demands, b) flood protection 
during the rainy season, and c) source of water for most urban settle-
ments located in the Valencia metropolitan area. 

With more than 1.8 million inhabitants in its metropolitan area, 
Valencia is the third largest city in Spain. Its urban water supply is 
shared between the Turia and the Jucar rivers. In particular, 75% of the 
total supply comes from the Jucar River, more precisely from the Tous 

reservoir through the Jucar-Turia Canal, which connects both water-
courses. It provides water to a water treatment plant located in the 
kilometer 36 of the canal and a second plant located where the canal 
meets the Turia River. With about 283.5 Mm3/year, Tous is the primary 
water source for both plants. 

3.2. The co-creation process 

The collaboration between the Valencia water utility company, 
Global Omnium, and the team of researchers working on the INNOVA 
project began by establishing the research goals and objectives of the 
company with regards to the potential impact of climate change on the 
water service they provide. The overall interest of the water utility 
company was to research how climate change will affect the overall 
reliability of the water supply system (combining resources of the Jucar 
and Turia rivers), and the water quality at the Tous reservoir. They were 
also interested in the relationship between the quantitative and the 
qualitative aspects of the water resources, based on their previous 
experience during prolonged drought periods. The process followed for 
the co-creation was based on a business model concept to ensure that the 
user’s perspective was considered during the whole project. Further 
details about the process can be found in Rubio-Martin et al. (2021). 

As noted by Vogel et al. (2016), water utilities are often more 
interested in management issues that develop over time, rather than in 
particular technical issues with a definite end-point. Fulfilling this in-
terest would require the ongoing collaboration between both parties. In 
the Valencia case, the interaction of the teams during the project raised 
additional interests of the water utility company regarding operational 
issues that have motivated continuing the partnership and the co- 
production relationship towards new goals after the conclusion of the 
INNOVA project. 

3.3. The climate service modeling framework 

In the climate service development context, a chain of models is a 
sequence of models used to transform and combine climate and other 
relevant information into apprehensible results useful for decision 
making. The chain of models developed for the climate service can be 

Fig. 1. Jucar River basin and location of the main components of the water resource system.  
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divided into three spatial scales: 1) the climate scale, formed by Global 
and Regional climate models; 2) the river basin scale, containing a hy-
drological and a water resource management model for the basin; 3) the 
reservoir scale, including three models that interact to simulate the 
chemical and biological processes taking place into the Tous reservoir. 
The interconnections between the models are shown in Fig. 2. 

From top to bottom and left to right, the modelling framework of the 
co-created climate service starts with the climate projections for pre-
cipitation and temperature that are introduced in several lumped hy-
drological models to obtain the water inflows to the basin. A water 
resource management (operations) model of the basin is then used to 
study the climate change impact on water availability in the whole 
basin, and to obtain future inflows to the Tous reservoir. A management 
and a water quality model of the Tous reservoir were then calibrated and 
validated to assess the water balance at Tous in the climate change 
scenarios, and to analyze changes in the water quality at the reservoir. 
As water temperature is critical for simulating chemical and biological 
processes, a simple model was used to transform air temperature from 
the climate scenarios into water temperature at different depths in the 
reservoir. 

3.3.1. Climate scale: climate projections 
The first and necessary step of the modelling framework was 

obtaining the climate projections for precipitation and temperature. 11 
combinations of Global Climate Models (GCMs) and Regional Climate 
Models (RCMs) from the EUROCORDEX project were selected. These 
combinations were used in a previous climate change study of the Jucar 
River basin by Marcos-Garcia and Pulido-Velazquez (2017). For each 
GCM-RCM combination, two RCPs were selected among those proposed 
by IPCC (2014): RCP 4.5 and RCP 8.5. Climate projections were divided 
into two periods: 2020-2040 (short term) and 2041-2069 (mid term). 
Furthermore, a control period (1971-2000) was used to compare the 

model performance with the historical observations for the selection of 
the best GCM-RCM combinations, and to train the bias-adjustment 
quantile mapping algorithm. Both precipitation and temperature his-
torical data sets were extracted from the SPAIN 02 project (Herrera 
et al., 2012) with a spatial resolution of 0.11◦C. Further details about the 
model procedure for the climate projections can be found in Marcos- 
Garcia and Pulido-Velazquez (2017). 

3.3.2. River basin scale: hydrological and water resource management 
model of the basin 

A water resource management model of the Jucar River basin was 
used to evaluate the impact of climate change at the river basin scale. 
The eleven combinations of RCM and GCM were run for the control 
period and for the short and mid-term projections. Seven hydrological 
models (Témez, 1977), lumped at the sub-basin scale and with a 
monthly time step, were applied first to transform the data from pre-
cipitation and temperature obtained from the climate projections into 
water inflows for each of the 7 sub-basins (Marcos-Garcia and Pulido- 
Velazquez, 2017). The water inflows will then be introduced as inputs 
for the water resource management model. 

The water resource management model was developed following a 
system dynamics approach. System dynamics (SD) is a method for 
automating systems thinking, seeking to understand how the in-
teractions among different subsystems drive the system’s overall 
behavior. In this way, it facilitates a holistic understanding of water 
resource systems and strategic decision making (Mirchi et al., 2012). 
The SD model of the Jucar River basin simulates the monthly operation 
of the system considering the main infrastructure, inflow time series, 
stream-aquifer iteration, and water demands. The operation of the sys-
tem is driven by priorities in the supply to water demands, the reservoir 
operating rules, stream-aquifer interaction in the middle basin, the 
water demands, the evaporation and infiltration in reservoirs and the 

Fig. 2. Modeling framework of the co-created climate service.  
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drought management plan triggering water supply restrictions 
depending on the state of the system (Rubio-Martin et al., 2020). The 
operating rules of the three reservoirs of the model were adapted from 
the fuzzy logic rules obtained through a previous co-development pro-
cess with the Jucar River Basin managers (Macian-Sorribes and Pulido- 
Velazquez, 2017). 

Results from the climate projections were introduced into the model 
as time series of monthly inflows in the upper, middle, and lower sub- 
basins. Other variables from the water resource management model, 
such as the monthly defined operating rules, the agricultural and urban 
water demands and environmental flows, were considered constant 
across all climate change scenarios. Consequently, researchers can 
isolate the effects of climate change on the water resource system and 
compare the performance of the system under the climate change sce-
narios to the performance of the system during the control period 
(1970–2000). Some of the key results obtained by the model for the 
climate service were the monthly water inflow to Tous reservoir, 
monthly water storage in Tous, and total monthly storage of the system. 

3.3.3. Reservoir scale: water quality model 
Water temperature plays an essential role in water quality issues 

(Caissie, 2006). The relationship between air and water temperatures 
was modeled using a non-linear regression approach after Mohseni et al. 
(1999). Future water temperatures derived from the climate projections 
were estimated in the epilimnion (top-most layer) and hypolimnion 
(bottom layer), considering the interannual stratification process in the 
Tous reservoir. 

An intermediary model between the water resource management 
model and the water quality model was developed to simulate in detail 
the variation of water storage in the Tous reservoir. Developed using 
SIMGES, the simulation module of the AQUATOOL software (Andreu 
et al., 1996), the model estimates reservoir storage through balance, 
considering inflows from the river basin model, evaporation, seepage 
losses and reservoir operation rules. 

The last step of the modelling framework was the estimation of water 
quality in Tous. This step requires shifting from the river basin scale to 
the reservoir scale. The Tous reservoir model was developed using 
GESCAL, the water quality module of AQUATOOL (Paredes-Arquiola 
et al., 2013), which will take the outputs of SIMGES and the water 
temperature projections previously referred. GESCAL considers the 
stratification processes in reservoirs and the interaction between water 
and sediments, modeling the epilimnion and hypolimnion layers sepa-
rately. GESCAL models dissolved oxygen, phytoplankton, nitrogen and 
phosphorus cycles, including their mutual interactions as first order 
kinetic processes (Fig. 3) (Paredes-Arquiola et al., 2013). Following the 
water utility operators’ requests, the water quality parameters analyzed 
were dissolved oxygen, ammonia, nitrate, organic nitrogen, and total 
phosphorus in the epilimnion and the hypolimnion. 

3.4. Model calibration and validation 

The hydrological models developed for the seven sub-basins used 
monthly discharge data from the gauging stations at the outlet of each 
sub-basin for the period 1971–2000 as data for the calibration and 
validation. Results showed that the models were able to properly 
represent the hydrology of the system (Marcos-Garcia et al., 2017). The 
system dynamics model developed to simulate the water resource 
management system was also able to reproduce the behavior of the 
overall system (Rubio-Martin et al., 2020). Fig. 4 shows the outcomes of 
the model for the Tous reservoir water storage. 

The balance at Tous was particularly challenging to calibrate for 
several reasons. Located downstream from the two main reservoirs of 
the systems, Alarcon and Contreras (see Fig. 1), its inflow depends on the 
correct calibration of the releases of the upstream reservoirs. The 
reservoir operating rules are subjected to restrictions during the rainy 
season for flood protection, which limits the amount of water that can be 

kept during that period. It has a minimum water storage of around 35 
Mm3 all year, which must be maintained. With two managed outlets, 
one mainly for agriculture and the other for urban water supply, the 
second takes priority over the first one. Monthly operating rules were 
derived and recalibrated from the fuzzy rules of the reservoir (Macian- 
Sorribes and Pulido-Velazquez, 2017) to properly represent the complex 
management of the system of reservoirs. 

Water temperature was calibrated for the 2005–2012 period and 
validated for 2013–2018 using historical air temperature data from a 
weather station located by the Tous reservoir (Fig. 5). 

Linear regressions to infer water temperature in the epilimnion and 
hypolimnion from air temperature were fitted minimizing the root mean 
square error (RMSE). Regarding the stratification process, it was 
assumed that the Tous reservoir remains homogeneous during winter, as 
shown by the historical data (CHJ, 2019). The Willmott index (Willmott 
et al., 2012) indicates a good agreement between the observed and 
simulated values for the temperature in the epilimnion, and an accept-
able agreement for the hypolimnion (Table 1). 

The calibration of the parameters controlling the water quality 
model built using GESCAL was performed using a 4-year period with 
sufficient data, except for organic nitrogen and nitrates in the hypo-
limnion, which were only available for a 3-year period due to data 
availability constraints. A period with five years of data was used to 

Fig. 3. Water quality parameters relations reproduced by the GESCAL module, 
AQUATOOL. Flowchart modified from Paredes-Arquiola et al. (2013). 

Fig. 4. Comparison between model results and historical records for Tous 
monthly water storage in the 2003-2013 period. 
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validate the model. All data records were obtained from the Jucar River 
Basin Agency (CHJ, 2019). The calibration was performed by adjusting 
the parameters of the model to match observations, within a predefined 
range of most common values. An adequate adjustment of chlorophyll a 
was prioritized due to the role of phytoplankton in water treatment 
processes and the interest in knowing how climate change can affect 
phytoplankton growth, as expressed by the end-user of the climate 
service. Additionally, the adjustment of the epilimnion was prioritized 
over the hypolimnion because the intake used by the Jucar-Turia Canal 
in the Tous reservoir is located within the former layer. The calibration 
and validation graphs for dissolved oxygen, ammonia, total phospho-
rous and chlorophyll a are shown in Fig. 6. 

Although GESCAL estimates chlorophyll a in the epilimnion, it is not 
capable of estimating it in the hypolimnion. However, samples collected 
by the Jucar River Basin Agency and the water utility company show a 
significant chlorophyll concentration in the hypolimnion (CHJ, 2019). 
Comparing data samples of Chlorophyll a in the epilimnion and hypo-
limnion for the same period, it was found that they show similar values 
particularly during late autumn and early winter, when the thermocline 
of Tous breaks down, which allows the water to mix and homogenizes 
the chlorophyll a concentrations. The correlation between the concen-
trations of chlorophyll a found at both layers was fitted through a linear 
regression equation with a coefficient of determination (R2) = 0.7102. 

ChlaHypolimnion (μg/l) = 0.8785 ChlaEpilimnion (μg/l)+ 0.0115 

The water quality model developed for Tous adequately reproduces 
the water quality dynamics during the calibration and validation period 
for dissolved oxygen and, partially, for ammonia and Chlorophyll a; 
while the reproduction of phosphorus concentrations could be 
improved. The results in the hypolimnion are less accurate than the ones 
for the epilimnion, in agreement with other models developed previ-
ously for the same basin (Paredes et al., 2010, Momblanch et al., 2015). 
However, as previously explained, the results in the epilimnion are of 
the most important for the water utility company because the intake of 
the Jucar-Turia Canal in the reservoir is located within the epilimnion 
layer. The correct adjustment of Chlorophyll a was emphasized 
following the end-users demands due its importance in the water 
treatment processes. 

4. Results and discussion 

4.1. Quantitative results for water utility 

Climate projections show that climate change will reduce annual 
precipitation and increase the air temperature in the Jucar River basin. 
The reduction of water resources in the Jucar River basin is consistent 
with the trends observed in other Mediterranean basins in Spain 
(Amblar et al., 2017; Zittis et al., 2019). In the Jucar River basin, the 
reduction is expected to be more intense in the upper basin, with an 
average reduction of inflows to Alarcon and Contreras greater than 40% 
in the 2040-2070 scenarios (Marcos-Garcia and Pulido-Velazquez, 
2017) mainly driven by a decrease in precipitation. Considering that 
the upper basin is the source and storage of most available water re-
sources in the Jucar River system, the impact of climate change on the 
whole basin is expected to be severe, particularly for water-intensive 
uses such as irrigated agriculture. As shown in Table 2 for variations 
in total storage in the system, the results for different climate scenarios 
are varied, but a downwards trend is predominant. 

The variations showed in Table 2 are a direct consequence of climate 
change, as the water management infrastructures, operating rules of the 
reservoirs, agricultural and urban demands and drought management 
strategies simulated in the model are the same as in the reference period. 
The average system’s total water storage decreased 21% in the short 
term (2020-2040) compared to the control period, evenly distributed 
within the year and per RCP. For the medium-term scenario (2040- 
2070), the average variation of total water storage is − 41%. However, 
the reduction is a couple of percentage points more prominent during 
the winter and autumn months (− 43%) when compared to spring 
(− 39%) and summer (− 41%). This is a concerning trend because winter 
and autumn are the seasons that historically provide more water re-
sources for the basin. 

Results in the Tous reservoir show a higher degree of seasonality. In 
the short term, a severe reduction in water storage is experienced in 
winter with -19% for the RCP4.5 scenario and − 12% in the 8.5. In the 
medium term, Tous average seasonal variation is − 16% in autumn, 
− 31% in winter, − 23% in spring, and − 24% in summer months, with 
minor differences between both RCP’s scenarios. Fig. 7 shows the sea-
sonal variation of water storage in Tous compared to the control period. 

Boxplots represent the median, 25th percentile and the 75th percen-
tile. The whiskers indicate the 10th and 90th percentiles, and single 
points are outliers. 

A question remains to be answered: Does the reduction of water 
availability in the system and Tous reservoir jeopardizes the water 
supply to the city of Valencia and its metropolitan area? A statistical 
analysis of the results shows that events of theoretical failure of water 
supply occur 1.9% of the months for the RCP8.5 short term scenario and 
0.9% of the months for the medium-term scenario. Events of water 

Fig. 5. Water temperature calibration and validation for the epilimnion and hypolimnion.  

Table 1 
Willmott index for the temperature fitting.   

Calibration period Validation period 

Epilimnion temperature model 0.989 0.943 
Hypolimnion temperature model 0.822 0.786  
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supply failure were not observed when running the simulations for the 
reference period. These results must be understood in the context of the 
climate service and should not be interpreted as an exact prediction of 
what it is to come. The water utility activity is performed on a daily 
basis, and single events of accidental water supply failure should not be 
discarded based on the outcomes of a modelling framework running 
climate change scenarios in a monthly time step. However, ingrained 
risk of failure to provide urban water seems unlikely based on the ob-
tained results. The buffer resource available in the Tous reservoir is able 
to cope with changes in urban demands and reduced inflows. Regulation 
ponds and emergency wells located in the region can also provide 
additional water resource in case of extreme emergency. Consequently, 
the probabilities of the city of Valencia suffering failures at the daily 

scale caused by insufficient water supply from Tous that are not 
acknowledged at the monthly scale are negligible. These results, how-
ever, also indicate some concerning trends: 1) water management in the 
Jucar River basin is going to increase in complexity as water availability 
decreases; 2) conflicts between water users from the upper and the lower 
basin are likely to increase; 3) the operating rules of the system of res-
ervoirs may have to change to address the challenges introduced by 
climate change. 

Urban uses take priority over other water demands in the basin ac-
cording to the plans developed by the Jucar River Basin Agency (CHJ, 
2019). Hence, the likelihood of systemic water shortages is low for the 
sector, even in the medium term. However, the effect that such as sig-
nificant reduction on water availability may have in the quality of the 

Fig. 6. Dissolved oxygen, ammonia, total phosphorous, and chlorophyll a calibration and validation in the epilimnion and hypolimnion.  
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raw water resources is a significant concern for the operators. 

4.2. Water quality projections 

Assessing the impact of climate change on the water utility in 
Valencia requires studying the effect on the water quality at the Tous 
reservoir. The reduction of inflows and the rise in water temperatures 
will affect the chemical and biological processes in the reservoir. With 
temperature rising 2.5◦C and 3.4◦C in RCP 4.5 and 8.5 scenarios 
compared to the control period, summer is the season that shows more 
significant increases (Fig. 8). The increasing air temperature results in a 
rise of epilimnion temperatures up to 1.05 ◦C on average in the RCP 4.5 
scenarios and 1.47 ◦C in the RCP 8.5 scenarios. Hypolimnion tempera-
tures raise 0.25 and 0.56 ◦C in scenarios RCP 4.5 and 8.5, respectively 
(Fig. 8). 

On an annual average, dissolved oxygen decreases by 0.3 mg/L in the 
worst-case scenario (RCP 8.5 medium term) in the epilimnion, which is 
not significant. The primary process behind the dissolved oxygen con-
centration in the epilimnion is the re-aeration produced by wind and 
oxygen dispersion, which is unchanged in the modelling framework. In 
contrast, dissolved oxygen in the hypolimnion is lower in all scenarios 
compared to the control period. The most important effect of climate 
change linked to dissolved oxygen will be the extension of anoxia events. 
Currently, anoxia events occur during the last days of September and can 
last until early winter (CHJ, 2019), representing around 23% of months. 
Results show that hotter summers and winters may cause anoxia events 
to start in early summer and last until winter due to stratification 
(Fig. 8). Under climate change scenarios, months with anoxia represent 
around 38.5% of months in the short term and 47.5% of months in the 
medium term in both RCPs. Similar trends have been observed in other 

water bodies as a consequence of climate change (Fink et al., 2016; 
Woolway et al., 2019). 

Blooms of chlorophyll a were observed during several drought epi-
sodes in 2008, rising by around 3.5 µg/l, as shown in Fig. 6. Results for 
future scenarios show similar average values of chlorophyll a compared 
to the control period. However, a significant increase in the frequency 
and intensity of extreme blooms of phytoplankton is also observed. With 
peaks of around 4 µg/l in the short term and between 6 and 9.5 µg/l in 
the medium term in scenarios RCP 4.5 and 8.5, respectively, results 
illustrate conditions of extreme eutrophication crisis (Fig.8). 

Chlorophyll a results are consistent with the trends identified by 
Ward et al., (2020) in Sunapee lake (USA), where authors observed that 
the peaks of chlorophyll a concentration in the short term could double 
the ones from the reference period. 

The Jucar River Basin Agency considers that the Tous reservoir 
generally has an oligotrophic to mesotrophic state (CHJ, 2019). This 
measurement follows the OECD (1982) methodology, which uses the 
mean chlorophyll a and mean total phosphorous concentrations. The 
model results for the control period shows that Tous alternates between 
oligotrophic and ultraoligotrophic states. The trophic state is worse in 
both climate change scenarios compared to the control period (Table 3). 
Scenario RCP 8.5 shows the worst trophic state, being between oligo-
trophic and mesotrophic in both timeframes. 

Under climate change scenarios, organic nitrogen, ammonia, ni-
trates, and phosphorus concentrations follow similar trends as in the 
control period. Organic nitrogen average levels do not increase signifi-
cantly, although peaks of 0.13 and 0.21 mg/l were observed in the 
medium-term RCP 4.5 and 8.5 scenarios, respectively. Hypolimnion 
organic nitrogen values follow the same trend as for the epilimnion: 
peaks of organic nitrogen are seen during spring and summer, and they 

Table 2 
Average monthly variation in % of total water storage of the system for the RCP8.5 short term scenarios compared to the reference period.  

Fig. 7. Tous reservoir storage in the control period (1971–2000) and in scenarios RCP 4.5 and 8.5 in the short (ST) and medium term (MT) scenarios.  
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disappear in autumn and winter due to the renewal of water. The fact 
that no external source for nutrients was added to the modeling 
framework for the climate change scenarios may explain the little 
change observed. The decision not to increase external intake for nu-
trients was highly debated within the team and with the water utility 
operators. Ultimately, the decision was to keep the scenarios as climate- 
centered as possible, not including additional anthropogenic 
hypotheses. 

The striking effects of climate for the phosphorous and nitrogen 

concentrations observed by other authors (Cha et al., 2017; Gibbs and 
Howard-Williams 2018; Beutel et al., 2020) are not observed in the Tous 
reservoir under climate change. Reasons include the mentioned lack of 
additional inflows of nutrients, the position of the photic zone close to 
the hypolimnion (Cantin et al., 2011), and the speed at which nutrients 
are consumed by phytoplankton producing phytoplankton blooms, 
which then come to an end as new water inflows and releases renew the 
water (Watanabe et al., 2016; Cha et al., 2017; Leite and Becker 2019). 

4.3. Vulnerability assessment and pathways towards adaptation 

The results obtained using the co-created climate service were 
thoroughly discussed with the water utility team during the project. A 
vulnerability analysis was performed based on the results, and initial 
adaptation options were identified. 

The increase in the frequency and intensity of phytoplankton blooms 
was the primary concern for both operators and researchers. The pre-
dicted deterioration of the reservoir trophic state may force the opera-
tors to adapt their primary treatment process or install equipment to 
reduce the quantity of phytoplankton reaching the water treatment 

Fig. 8. Comparison of model results for water temperature, dissolved oxygen, and chlorophyll a  

Table 3 
Comparison of the trophic state of the Tous reservoir in the control period and 
RCP 4.5 and 8.5 scenarios.  

Trophic state (% of 
months) 

Control RCP 4.5 
Short 
term 

RCP 8.5 
Short 
term 

RCP 4.5 
edium 
term 

RCP 8.5 
Medium 
term 

Ultraoligotrophic 39.9% 31.4% 0.0% 25.2% 0.0% 
Oligotrophic 60.1% 68.4% 80.6% 74.5% 74.1% 
Mesotrophic 0.0% 0.2% 19.1% 0.3% 25.8% 
Eutrophic 0.0% 0.0% 0.3% 0.0% 0.1%  
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plants during bloom events. The current flocculation and coagulation 
processes would not be able to deal with the projected phytoplankton 
blooms. Although the climate service did not directly predict the 
phytoplankton composition, the average for the ratio of inorganic ni-
trogen and inorganic phosphorus (N–P) is similar in the control period 
(393), and in the climate projections (379 and 380 for the RCP 4.5 and 
8.5 respectively, in the medium term). The most recent phytoplankton 
analyses in the Tous reservoir (2016–2020) show diatom domination, 
with around 50% of the total phytoplankton, followed by chlorophytes 
and cyanobacteria. Diatom dominance is characteristic in the eastern 
Iberian Peninsula due to high levels of silicate in its basins, such as the 
Jucar River basin (Sebastiá et al., 2013). However, future hydrological 
droughts accompanied by organic nitrogen peaks occasionally increase 
N:P ratios and increase the presence of cyanobacteria in reservoirs 
(Brasil et al., 2016; Lins et al., 2016). Additionally, higher temperatures 
and longer stratification periods reduce CO2 solubility, thereby pro-
moting cyanobacteria and reducing the presence of other phytoplankton 
groups (Rolland et al., 2013; Brasil et al., 2016). Such changes were 
observed in lakes and reservoirs by Fonseca and Bicudo (2008), and 
Hayakawa et al. (2015). The presence of cyanobacteria in the Tous 
reservoir is already a source of concern for the water utility operators, 
and future conditions favorable to an increasing number of cyanobac-
teria events would suppose an additional challenge for the water treat-
ment plants. 

The projected rise in organic nitrogen —although not as intense as 
the Chlorophyll a increase— may have a significant impact on the water 
treatment plants of Valencia. This component can react with some dis-
infectants to form disinfection subproducts with carcinogenic effects, 
such as haloacetonitriles, halonitromethanes, or N-nitrosodimethyl-
amine (Lee and Westerhoff 2006; Li et al., 2019). Currently, the two 
water treatment plants in Valencia use chlorine dioxide to perform 
primary disinfection. However, future peaks of organic nitrogen in raw 
water may increase the production of disinfectant subproducts and may 
put at risk the bactericidal efficiency of the current treatments. This new 
situation will force the water treatment plants to consider methodolo-
gies that can remove organic matter without increasing disinfectant 
subproducts, such as advanced oxidation. Moreover, the predicted in-
crease in anoxia events may increase the risk of mobilizing chemical 
pollutants from the sediment, such as pesticides or heavy metals (Delpla 
et al., 2009). 

Changes in the operating rules of the main reservoirs of the system 
could mitigate the impacts of climate change on the water quality. Many 
water quality problems correlate with low water storage in the reservoir. 
Increasing the inflows into Tous and strategically raising its water level 
may alleviate some issues. This measure may be particularly beneficial 
for controlling phytoplankton blooms by reducing hydraulic retention 
times and the water temperature in the reservoir. Furthermore, the 
intake tower located in Tous for water utility has three intake points, 
each located ten meters above the preceding one. Currently, water is 
drawn from the lowest level available (17 m above the reservoir bed). 
Modifying the intake during summer and autumn may help mitigate the 
risks of taking water closer to the hypolimnion layer. 

5. Conclusions 

The water utility sector is one of the most vulnerable to climate 
change, particularly in regions where water quality and water avail-
ability issues are already occurring. Climate services can assist water 
utility operators in assessing their vulnerability to climate change and 
may help them to start planning adaptation strategies. The sector’s 
adaptation to the new climate conditions is critical to ensure one of the 
most basic human needs: safe water for drinking, sanitation, and hy-
giene. However, this adaptation requires the cooperation of researchers 
and water utility operators to ensure that the resulting climate services 
capture each case’s specific features and address the needs of the pro-
fessionals working in the field and taking decisions. 

The climate service co-created with the water utility company of 
Valencia (Global Omnium), combines the river basin and reservoir 
scales, and includes the most relevant raw water quality parameters for 
water utility. Decisions such as the time or spatial scales to be imple-
mented in the models resulted from healthy discussions and debates 
between the research team and the water utility operators. The evalu-
ation of the main water quality parameters to be implemented into the 
project also resulted from the interaction between all parties, although 
in some cases was limited by data availability. The resultant climate 
service aspires to be a valuable tool for the water utility managers to 
make better and more informed decisions in their process toward 
climate change adaptation. Although the modelling framework is a 
climate service co-created ad hoc to evaluate the effects of climate 
change in the specific case study, the process followed can be adapted to 
other water utilities worldwide in a straightforward way subject to the 
model ability to reproduce their climate, hydrology and water system 
features, as well as the existence of enough data to support the devel-
opment of the modelling chain.. 

The INNOVA project provided the context for the collaboration be-
tween the university and the water utility company in Valencia, 
resulting in the climate service described in this contribution. It also 
motivated the teams to keep working together in future endeavors and 
has provided some lessons that may be useful for both researchers and 
water utility managers. The initial engagement between the scientific 
team and the end-user is critical for the following steps if a co-creation is 
to be established. In the case of the Valencia water utility company, 
previous collaborations with the university in innovation and research 
projects facilitated the initial understanding between all parts. Addi-
tionally, Global Omnium has an R&D&i unit to encourage and promote 
initiatives for the technological development of the sector. Water utili-
ties that lack this goal may be harder to engage in the process. The issue 
of scale, both temporal and spatial, was one of the main points of dif-
ference between the teams. Utilities are often focused on the day-to-day 
operation and management, and climate change projections at a 
monthly time step do not capture the daily variability of the manage-
ment. They do, however, indicate trends and changes in the overall 
status of the water resource system that may significantly affect the 
management of the existing facilities. Furthermore, water utility com-
panies often have a limited spatial scope when considering the location 
and origin of the raw resource they are treating. Nevertheless, climate 
services for water utilities that draw water from a downstream location 
in a highly managed system must consider the regional scale and how 
climate change will impact the whole system. 

The results obtained by the climate service show that the reduction 
of water availability for the water utility in Valencia and its metropol-
itan area will not be at risk of systemic water shortages, which will be 
mainly suffered by the agricultural sector as the largest user of water 
with lower priority than the urban supply. However, changes in the 
management and monitoring of the main reservoirs may be required to 
avoid risks during prolonged drought periods. Furthermore, the wors-
ening of the water quality in the Tous reservoir due to the foreseen 
reduction of water storage and water inflows and the increasing air and 
water temperatures is concerning for the water utility. According to the 
projections, anoxia events could last longer, starting early in late sum-
mer and ending in the middle of winter. The steep increase in phyto-
plankton blooms is captured by Chlorophyll a rising to 10 µg/l in the 
worst conditions predicted, multiplying by almost ten the peak values 
estimated by the model for the reference period. Phytoplankton blooms 
may worsen the trophic state of the reservoir, from ultraoligotrophic- 
oligotrophic, to oligotrophic-mesotrophic. Consequently, the raw 
water quality for the supply to Valencia is expected to drop, forcing the 
water treatment plants to adapt or change some of their processes to 
guarantee a safe urban water supply. 

Finally, some models developed for the modelling framework (Fig. 2) 
could be used to test policy changes and adaptation strategies at the 
river basin scale, integrating expert knowledge and users’ information 
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into a single modelling environment. 
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Confederación Hidrográfica del Júcar (CHJ) (2019) https://www.chj.es/es-es/Paginas/ 
Home.aspx (accessed 13 September 2019) (in Spanish). 

Couture, R.M., Moe, S.J., Lin, Y., Kaste, Ø., Haande, S., Solheim, A.L., 2018. Simulating 
water quality and ecological status of Lake Vansjø, Norway, under land-use and 
climate change by linking process-oriented models with a Bayesian network. Sci. 
Total Environ. 621, 713–724. https://doi.org/10.1016/j.scitotenv.2017.11.303. 

Danilenko, A., Dickson, E. and Jacobsen, M. (2010). Climate change and urban water 
utilities: challenges and opportunities. Water Working Note No. 24. Word Bank, 
Washington, D.C. 

Delpla, I., Jung, A.V., Baures, E., Clement, M., Thomas, O., 2009. Impacts of climate 
change on surface water quality in relation to drinking water production. Environ. 
Int. 35 (8), 1225–1233. https://doi.org/10.1016/j.envint.2009.07.001. 

European Commission. (2015). Roadmap for climate services: A European research and 
innovation. Retrieved from https://op.europa.eu/en/publication-detail/-/ 
publication/73d73b26-4a3c-4c55-bd50-54fd22752a39. 

Fink, G., Wessels, M., Wüest, A., 2016. Flood frequency matters: Why climate change 
degrades deep-water quality of peri-alpine lakes. J. Hydrol. 540, 457–468. https:// 
doi.org/10.1016/j.jhydrol.2016.06.023. 

Fonseca, B.M., Bicudo, C.E.D.M., 2008. Phytoplankton seasonal variation in a shallow 
stratified eutrophic reservoir (Garças Pond, Brazil). Hydrobiologia 600 (1), 267–282. 
https://doi.org/10.1007/s10750-007-9240-9. 

GBD 2019 Demographics Collaborators. (2019). Global age-sex-specific fertility, 
mortality, healthy life expectancy (HALE), and population estimates in 204 countries 
and territories, 1950–2019: a comprehensive demographic analysis for the Global 
Burden of Disease Study 2019. The Lancet Oct 17, 2020, Volume 396 Number 10258 
p1129-1306. 

Gelda, R.K., Mukundan, R., Owens, E.M., Abatzoglou, J.T., 2019. A Practical approach to 
developing climate change scenarios for water quality models. J. Hydrometeor. 20 
(6), 1197–1211. https://doi.org/10.1175/JHM-D-18-0213.1. 

Gibbs, M.M., Howard-Williams, C., 2018. Physical processes for in-lake restoration: 
Destratification and mixing. In: Hamilton, D., Collier, K., Quinn, J., Howard- 
Williams, C. (Eds.), Lake Restoration Handbook. Springer, Cham, Germany, 
pp. 165–205. 

Giorgi, F., 2006. Climate change hot-spots. Geophys. Res. Lett. 33 (8), L08707. https:// 
doi.org/10.1029/2006GL025734. 

Hayakawa, A., Ikeda, S., Tsushima, R., Ishikawa, Y., Hidaka, S., 2015. Spatial and 
temporal variations in nutrients in water and riverbed sediments at the mouths of 
rivers that enter Lake Hachiro, a shallow eutrophic lake in Japan. Catena 133, 
486–494. https://doi.org/10.1016/j.catena.2015.04.009. 

Herrera, S., Gutiérrez, J.M., Ancell, R., Pons, M.R., Frías, M.D., Fernández, J., 2012. 
Development and analysis of a 50-year high-resolution daily gridded precipitation 
dataset over Spain (Spain02). Int. J. Climatol. 32 (1), 74–85. https://doi.org/ 
10.1002/joc.2256. 

Intergovernmental Panel on Climate Change (IPCC), 2014. Climate Change 2014: 
Synthesis Report. Contribution of Working Groups I, II and III to the Fifth Assessment 
Report of the Intergovernmental Panel on Climate Change, first ed. IPCC, Geneva, 
Switzerland.  

Lee, W., Westerhoff, P., 2006. Dissolved organic nitrogen removal during water 
treatment by aluminum sulfate and cationic polymer coagulation. Water Res. 40 
(20), 3767–3774. https://doi.org/10.1016/j.watres.2006.08.008. 

Leite, J.N.D.C., Becker, V., 2019. Impacts of drying and reflooding on water quality of a 
tropical semi-arid reservoir during an extended drought event. Acta Limnol. Bras. 31 
https://doi.org/10.1590/s2179-975x6918. 

Li, Z., Liu, X., Huang, Z., Hu, S., Wang, J., Qian, Z., Feng, J., Xian, Q., Gong, T., 2019. 
Occurrence and ecological risk assessment of disinfection byproducts from 
chlorination of wastewater effluents in East China. Water Res. 157, 247–257. 
https://doi.org/10.1016/j.watres.2019.03.072. 

Lins, R.P., Barbosa, L.G., Minillo, A., de Ceballos, B.S., 2016. Cyanobacteria in a 
eutrophicated reservoir in a semi-arid region in Brazil: Dominance and microcystin 
events of blooms. Braz. J. Bot. 39 (2), 583–591. https://doi.org/10.1007/s40415- 
016-0267-x. 

Lipczynska-Kochany, E., 2018. Effect of climate change on humic substances and 
associated impacts on the quality of surface water and groundwater: A review. Sci. 
Total Environ. 640, 1548–1565. https://doi.org/10.1016/j.scitotenv.2018.05.376. 

Macian-Sorribes, H., Pulido-Velazquez, M., 2017. Integrating historical operating 
decisions and expert criteria into a DSS for the management of a multireservoir 
system. J. Water Res. Plan. Man. 143 (1), 04016069. https://doi.org/10.1061/ 
(ASCE)WR.1943-5452.0000712. 

Marcos-Garcia, P., Pulido-Velazquez, M., 2017. Climate change and water planning: Is a 
single reduction coefficient appropriate for the whole river basin district? (In 
Spanish). Ingenieria del agua 21 (1), 35–52. https://doi.org/10.4995/ia.2017.6361. 

Marcos-Garcia P., Lopez-Nicolas A., Pulido-Velazquez M. (2017). Combined use of 
relative drought indices to analyze climate change impact on meteorological and 
hydrological droughts in a Mediterranean basin. Journal of Hydrology, Volume 554, 
2017, Pages 292-305, ISSN 0022-1694. doi.org/10.1016/j.jhydrol.2017.09.028. 

A. Rubio-Martin et al.                                                                                                                                                                                                                         

http://refhub.elsevier.com/S2405-8807(22)00056-5/h0005
http://refhub.elsevier.com/S2405-8807(22)00056-5/h0005
http://refhub.elsevier.com/S2405-8807(22)00056-5/h0005
http://refhub.elsevier.com/S2405-8807(22)00056-5/h0005
https://doi.org/10.1016/0022-1694(95)02963-X
https://doi.org/10.1007/s10750-020-04192-3(0123456789,-volV 0123458697.,-volV)
https://doi.org/10.1007/s10750-020-04192-3(0123456789,-volV 0123458697.,-volV)
https://doi.org/10.1007/s10750-015-2578-5
http://refhub.elsevier.com/S2405-8807(22)00056-5/h0030
http://refhub.elsevier.com/S2405-8807(22)00056-5/h0030
http://refhub.elsevier.com/S2405-8807(22)00056-5/h0030
http://refhub.elsevier.com/S2405-8807(22)00056-5/h0035
http://refhub.elsevier.com/S2405-8807(22)00056-5/h0035
https://doi.org/10.1139/F10-138
https://doi.org/10.1016/j.watres.2017.07.040
http://refhub.elsevier.com/S2405-8807(22)00056-5/h0055
http://refhub.elsevier.com/S2405-8807(22)00056-5/h0055
http://refhub.elsevier.com/S2405-8807(22)00056-5/h0055
https://doi.org/10.1029/2018WR023651
https://doi.org/10.1016/j.scitotenv.2017.11.303
https://doi.org/10.1016/j.envint.2009.07.001
https://doi.org/10.1016/j.jhydrol.2016.06.023
https://doi.org/10.1016/j.jhydrol.2016.06.023
https://doi.org/10.1007/s10750-007-9240-9
https://doi.org/10.1175/JHM-D-18-0213.1
http://refhub.elsevier.com/S2405-8807(22)00056-5/h0120
http://refhub.elsevier.com/S2405-8807(22)00056-5/h0120
http://refhub.elsevier.com/S2405-8807(22)00056-5/h0120
http://refhub.elsevier.com/S2405-8807(22)00056-5/h0120
https://doi.org/10.1029/2006GL025734
https://doi.org/10.1029/2006GL025734
https://doi.org/10.1016/j.catena.2015.04.009
https://doi.org/10.1002/joc.2256
https://doi.org/10.1002/joc.2256
http://refhub.elsevier.com/S2405-8807(22)00056-5/h0140
http://refhub.elsevier.com/S2405-8807(22)00056-5/h0140
http://refhub.elsevier.com/S2405-8807(22)00056-5/h0140
http://refhub.elsevier.com/S2405-8807(22)00056-5/h0140
https://doi.org/10.1016/j.watres.2006.08.008
https://doi.org/10.1590/s2179-975x6918
https://doi.org/10.1016/j.watres.2019.03.072
https://doi.org/10.1007/s40415-016-0267-x
https://doi.org/10.1007/s40415-016-0267-x
https://doi.org/10.1016/j.scitotenv.2018.05.376
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000712
https://doi.org/10.1061/(ASCE)WR.1943-5452.0000712
https://doi.org/10.4995/ia.2017.6361


Climate Services 29 (2023) 100338

13

Mirchi, A., Madani, K., Watkins, D., Ahmad, S., 2012. Synthesis of system dynamics tools 
for holistic conceptualization of water resources problems. Water Resour. Manag. 26 
(9), 2421–2442. 

Mohseni, O., Erickson, T.R., Stefan, H.G., 1999. Sensitivity of stream temperatures in the 
United States to air temperatures projected under a global warming scenario. Water 
Resour. Res. 35 (12), 3723–3733. https://doi.org/10.1029/1999WR900193. 

Momblanch, A., Andreu, J., Paredes-Arquiola, J., Solera, A., Pedro-Monzonís, M., 2015. 
Adapting water accounting for integrated water resource management. The Júcar 
Water Resource System (Spain). J. Hydrol. 519, 3369–3385. https://doi.org/ 
10.1016/j.jhydrol.2014.10.002. 

Moss, B., Kosten, S., Meerhoff, M., Battarbee, R.W., Jeppesen, E., Mazzeo, N., 
Scheffer, M., 2011. Allied attack: climate change and eutrophication. Inland waters 1 
(2), 101–105. 

Nazari-Sharabian, M., Ahmad, S., Karakouzian, M., 2018. Climate change and 
eutrophication: a short review. Eng., Technol. Appl. Sci. Res. 8 (6), 3668. 

Organisation for Economic Co-operation and Development (OECD), 1982. The List of 
Social Indicators. Head of Publication Service OCDE, Paris, France.  

Paredes, J., Andreu, J., Solera, A., 2010. A decision support system for water quality 
issues in the Manzanares River (Madrid, Spain). Sci. Total Environ. 408 (12), 
2576–2589. https://doi.org/10.1016/j.scitotenv.2010.02.037. 

Paredes-Arquiola, J., Solera, A., Andreu, J., 2013. Modelo GESCAL para la simulación de 
la calidad del agua en sistemas de recursos hídricos. accessed 29 January 2020)(in 
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