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Introduction
The IPCC (2021) report predicts a reduction in water resources 
availability in the Mediterranean region as a result of rising 
temperatures and changing rainfall dynamics. Thus, the risks 
associated with water will be one of the most notable problems 
in Mediterranean society (Garcıa-Ruiz et  al., 2011; IPCC, 
2014, 2021) and will generate great concern in the population 
and among researchers (Coscarelli & Caloiero, 2012; De Luis 
et al., 2011; Guijarro Pastor, 2002; Katz et al., 2005; Lemus-
Canovas & López-Bustins, 2016; Negri et  al., 2005; Olcina 
Cantos, 2017). Under these considerations, the availability of 
water in the Mediterranean area is considered one of the most 
relevant aspects in the context of global change, especially 
because of the strong climate dependence of economic sectors 
and activities such as agriculture (Fader et al., 2016; Spain is 
the EU country with the largest irrigated area) and tourism 
(Pulido-Velázquez et  al., 2020; Tapiador et  al., 2021). The 
remarkable spatiotemporal mismatch between the availability 
of and demand for water resources has led to the extensive 
development of hydraulic infrastructures throughout Spain 
(Pulido-Velázquez et al., 2020). The important agricultural tra-
dition and its hydroelectric dependence have played a key role 
in the construction of a large number of reservoirs (Iglesias 
et al., 2005), which generate an enormous requirement in terms 
of water use. Reservoirs are, therefore, key elements for the 
management of water resources given that controlling their 
volume is a fundamental practice for agricultural, energy, 
industrial, and municipal water planning, as well as for 

controlling ecological requirements and protecting against 
floods (Habets et al., 2018; Jiang et al., 2019). However, climate 
change is profoundly influencing these water reserves, jeopard-
izing their current potential and exploitation capacity (Garrote 
et al., 1999; Rocha et al., 2020). Thus, reservoirs, despite their 
specific location, can be modeled to elucidate the water situa-
tion of larger geographical areas of basin or sub-basin scales. 
These models depend on the climatic and landscape character-
istics of each eco-geomorphological system, which will func-
tion as explanatory factors of its hydrological conductivity 
(Bracken & Croke, 2007; Zhao et al., 2020).

The elaboration of predictions of the availability and vari-
ations of water in the territory of these water reserves is of 
great interest (Qin et al., 2020), especially within a paradigm 
of climate, energy, and food crises (Ehsani et  al., 2017; Li 
et al., 2010; Mashaly & Fernald, 2020; SPANCOLD, 2013). 
Water security is a key issue on the agenda of many nations 
and international institutions (Marcal et al., 2021). However, 
in general, these studies related to hydrological connectivity 
are not usually considered until the occurrence of problems 
associated with water quantity and quality (Zhang et  al., 
2021).

The methodologies of such predictions offer illuminating 
results that enable appropriate planning and management of 
the territory from the perspective of sustainability and in con-
gruence with the objectives and goals of sustainable develop-
ment promoted by the United Nations in their 2030 Agenda 
(Vörösmarty et al., 2018).
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ABSTRACT: In areas with scarce water resources, it is so important to analyze the connection between the different elements of a river basin and 
the water collected by the basin’s reservoir, to determine and predict the spatial and temporal variability of water on it. In this paper, we use the 
basic principles of hydrological modelling to develop a model for the exploitation of rainfall in reservoir basins in the province of Malaga, Spain. 
The monthly water input data of the seven reservoirs in the province of Malaga, provided by the Hidrosur Network of the Automatic Hydrological 
Information System (SAIH), as well as the precipitation and daily temperature of the stations of the State Meteorological Agency (AEMET) asso-
ciated with the basins of each of these reservoirs were used. We assume that the entrance to a reservoir in a given month must depend on the 
precipitation produced in its watershed (both the amount of rain and the intensity with which it fell), the precipitation collected from the previous 
months (and the way in which it was produced) and the evapotranspiration produced during that period. For each reservoir, we propose a model 
with nine parameters to simulate the arrival of rainfall to the reservoir, covering aspects from the amount and intensity of rain, past and present, 
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will let us predict how changes in the rainfall and temperature patterns, predicted, for example, by the IPCC models, will affect the future water 
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Mathematical modeling based on simulation and optimiza-
tion systems is considered a fundamental tool for analyzing 
hydrological dynamics and describing the management of 
water resources (Mashaly, & Fernald, 2020; Mereu et al., 2016; 
Recio et  al., 2016), especially when the range of parameters 
based on territorial experience is restricted, reducing uncer-
tainty and regulating modeling behavior (Gharari et al., 2021; 
Hrachowitz et al., 2014).

On the basis of these climatic modifications and given the 
recent increase in attention to changes in the pattern and 
dynamics of rainfall and the current concern about water risks 
and water availability, the present study aims to study the rela-
tionship between the level of precipitation and the contribution 
to reservoirs in the province of Malaga, Spain. The objective is 
to develop a model that clarifies how each reservoir receives the 
rain falling in its basin, thereby enabling a determination of 
which episodes and intensities of precipitation have a better 
response at the level of each reservoir in the province of Malaga.

Materials and Methods
Study area

The study area corresponds to the province of Malaga, located 
on the Mediterranean coast, at the south of the Iberian 
Peninsula between latitude 37°14´N to 36°18´N and longitude 
5°36´W to 3°44´W, occupying an area of 7,307.5 km2 (Figure 
1). This area has a Mediterranean climate, with typical charac-
teristics of subtropical latitudes in terms of variability of pre-
cipitation and temperature (Michaelides et  al., 2018). In 
addition, the physiographic characteristics of the province of 
Malaga have been identified as a fundamental aspect affecting 
this high variability, causing great spatiotemporal contrasts of 
the main climatic elements (Lionello et al., 2012). The area of 
study, from this climatic approach, is cataloged as a critical 
point of great sensitivity in the context of global change 
(Giorgi, 2006; IPCC, 2021). Thus, several authors and studies 
(Barcena-Martin et al., 2019; Ruiz-Sinoga et al., 2011, 2012; 
Sillero-Medina, Martínez-Murillo, Ruiz-Sinoga, 2021, Sillero-
Medina, Rodrigo-Comino, Ruiz-Sinoga, 2021) agree that the 
western Mediterranean is a particularly sensitive area in the 

context of Climate Change, which has recently been endorsed 
by the latest IPCC (2021) report. From a hydrological point of 
view, this area in Spain corresponds to a “comb-shaped drain-
age pattern” composed of a whole series of hydrological basins 
that are arranged along it.

Data source

The information on the reservoirs was obtained from the 
Sistema Automático de Información Hidrológica (SAIH) 
Network (http://www.redhidrosurmedioambiente.es), for a 
total of seven reservoirs in the province of Malaga. Each one of 
them has different climate conditions and capacities, as 
described in Table 1. Data series have different starting points, 
depending on the reservoir, but all end in 2020 (Table 2). The 
data include the aggregated contributions received each month 
by each of the seven reservoirs in the province of Malaga, in 
cubic hectometers.

The precipitation and temperature data were obtained from 
the state meteorological agency, Agencia Estatal de 
Meteorología (AEMET), on a daily scale. Based on its location 
and the length of the data series, each reservoir has been associ-
ated with meteorological observations of a temperature station 
(the closest to the reservoir) and a number of precipitation sta-
tions falling in its basin (Table 2).

Data normalization

Data of the monthly aggregated water contributions to the res-
ervoirs (Contri) are given in cubic hectometers; rainfall (pi) is 
measured in milimeters and temperature (tmPi and tmLi) in 
degrees Celsius. Thus, as a preliminary step, all the values were 
normalized to be used in a common model. To be used with 
this model, data of the contribution to the reservoirs were nor-
malized in the range [0,1], with 1 being the maximum contri-
bution and 0 the minimum contribution. These normalized 
contributions for each month are labeled as ContrNi, and the 
normalization procedure is expressed as:

 ContrN
Contr min

max mini
i=
−( )
−( )

 (1)

Table 1. General Features of the Selected Reservoirs.

RESERvOIR nAME TOTAl cAPAcITy 
(HM3)

AnnUAl AvERAGE 
RAInFAll (MM)

AvERAGE MAxIMUM 
TEMPERATURES (°c)

AvERAGE MInIMUM 
TEMPERATURES (°c)

concepción 57.54 618.45 21.61 14.75

casasola 21.72 526.52 22.42 15.66

limonero 22.34 477.52 23.13 13.71

Guadalteba 153.30 479.95 21.75 11.74

Guadalhorce 125.72 477.91 21.75 11.74

conde de Guadalhorce 66.49 494.25 21.75 11.74

viñuela 164.37 451.95 23.92 13.20
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where max and min represent the maximum and minimum 
contributions in the reservoir during the complete time hori-
zon, respectively. The daily precipitation data associated with 
the basin of each reservoir were normalized in the range [0,1], 
with 1 being the maximum amount of precipitation and 0 the 
minimum amount of precipitation. The normalized precipita-
tion on a given day is represented as pNi, and the normalization 
procedure is expressed as

 pN
p min

max mini
i=
−( )
−( )  (2)

where max and min represent the maximum and minimum 
daily precipitation in the precipitation stations of the reservoir 
during the complete time horizon, respectively.

Regarding temperature, two sources were considered: (i) the 
global temperature of the province, tmPi, and (ii) the specific 
temperature of the station associated with each reservoir, 
referred to as the local temperature, tmLi. These two sources 
were considered using a single station near the reservoir and 
therefore might not correctly represent what occurs in the 
basin of attraction of the reservoir; thus, two temperatures 
(local and global) were used, leaving the calibration algorithm 
to determine which combination of local and global tempera-
tures is more convenient. Temperatures, both local and global, 
were normalized between 0 and 1 using the maximum and 
minimum of the set of temperatures throughout the study 
horizon:

 tmPN
tmP min

max mini
i=
−( )
−( )  (3)

 tmLN
tmL min

max mini
i=
−( )
−( )  (4)

We must specify that for precipitation we consider all the pre-
cipitation stations on the reservoir’s basin, due to the fact that 
rain on the basin of a reservoir does not imply (similar) rain in 
other basins, even being geographically close. So, for each res-
ervoir we consider the set of precipitation stations on its basin. 

In this sense, Table 2 is including the number of precipitation 
stations considered for each reservoir.

The situation with the temperature is different, as tempera-
ture is a more uniform phenomenon, and the number of tem-
perature stations is quite scarcer. So, to measure the temperature 
in the basin of each reservoir we consider it is a weighted aver-
age of the temperature in the closest temperature station to the 
reservoir (specified for each reservoir in Table 2) and the aver-
age temperature of the province. As we know that the weight 
for this weighted average could depend on the reservoir, it is 
considered a parameter and adjusted to its optimal value in the 
calibration process.

Mathematical Model
To describe the mathematical model developed for the optimal 
simulation of precipitation in reservoirs, which is the subject of 
the present study, we first describe the parameters and factors 
used.

First, the parameters adjusted by the model were TL, TU, 
EL, EN, EU, WeightEvapo, R-1, α (PowerDelay), and β 
(WeightTempGlob). TL and TU are the lower and upper thresh-
olds for rainfall type, respectively. EL, EN, and EU are the 
exploitation factors for each type of rain (lower, normal, and 
upper, respectively). WeightEvapo is the evapotranspiration fac-
tor. β (WeightTempGlobal) is the importance of the global tem-
perature of the province in this reservoir with respect to the 
local temperature of the associated station. R-1 and α 
(PowerDelay) are used to measure the influence of the precipi-
tation in the months before the moment under investigation.

To calibrate the model, we need to find the optimal values 
of these nine parameters for each reservoir, which will enable us 
to calculate ContrSimulatedi such that the corresponding cor-
relation with the known real value of ContrNi is optimal. That 
is, we will attempt to find values of these nine parameters that 
maximize the correlation between the simulated contribution 
using the model and the real value of the contribution.

As mentioned, the normalized value of the contribution to 
the reservoir is ContrNi, i = 1, . . ., NumObsRes. Each observa-
tion corresponds to 1 month and 1 year of the time horizon of 

Table 2. Reservoirs in the Province of Malaga, Weather Stations, and Time Period of the Data.

RESERvOIR ID RESERvOIR nAME PERIOD nUMbER OF PREc STATIOnS TEMP STATIOn nAME PERIOD

1 concepción 1970–2020 3 Marbella (Puerto banús) 1970–2021

2 casasola 2004–2020 5 Málaga-carmelitas 1986–2021

3 limonero 1983–2020 6 Málaga-Aeropuerto 1942–2021

4 Guadalteba 1974–2020 11 Pantano de Guadalhorce 1964–2021

5 Guadalhorce 1974–2020 23 Pantano de Guadalhorce 1964–2021

6 conde de 
Guadalhorce

1974–2020 2 Pantano de Guadalhorce 1964–2021

7 viñuela 1992–2020 6 vélez-Málaga (clause) 1991–2021
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the study, which has been assigned a global average tempera-
ture of the province in that month, tmPNi, and a local average 
temperature of the nearest station, tmLNi. Finally, the number 
of normalized observations of precipitation related to a reser-
voir in a given month and year is defined as ni.

Taking into account all the aforementioned parameters, we 
propose the following model:

(i)  The levels of exploitation of each reservoir are first set: 
lower exploitation or weak rain (EL), normal exploita-
tion or average rainfall (EN), and upper exploitation or 
heavy rain (EU). These levels fall between two rainfall-
type thresholds: the lower threshold (TL) and the upper 
threshold (TU). Both the rainfall thresholds and the dif-
ferent levels of exploitation must be adjusted and are thus 
the first five parameters adjusted.

“Weak rain” is any rain below the lower threshold (TL), “nor-
mal rain” is any rain above the lower threshold (TL) and below 
the upper threshold (TU), and “heavy rain” is any rain above the 
upper threshold (TU). In percentage terms, for this model, the 
reservoir receives an EL% of weak rainfall, an EN% of normal 
rainfall, and an EU% of heavy rainfall. Given our time horizon, 
for a given month, the simulated contribution is

ContrSimulatedi = 
k

n

k k

i

Factor pN
=
∑
1

* , where

           Factor

ELif p TL

EN if p TLand p TU

EU if p TU
k

k

k k

k

=
<
≥ ≤
>









 (5)

(ii)  We next consider the precipitation losses caused by 
evapotranspiration, which increases when the average 
temperature of the reservoir in the month under consid-
eration is increasing. To this aim, we use parameter β 
(GlobalTempWeight), which measures the relative impor-
tance of the global temperature and the local tempera-
ture of the reservoir. If this parameter is 1, the only 
temperature to consider is the global temperature; if this 
parameter is 0, the only temperature to consider is the 
local temperature. For intermediate values, the tempera-
ture used will be a combination of local and global tem-
peratures. Thus, the temperature that we consider for a 
reservoir in any month will be a convex linear combina-
tion of both temperatures according to parameter β:

       Temp tmPN tmLNj j j= ( ) + −( ) ( )( )* *β β1  (6)

(iii)  Once this temperature has been calculated, the weight 
of the evapotranspiration level of the reservoir to tem-
perature and its subsequent loss of precipitation is rep-
resented by WeightEvapo, which is the sixth parameter 
to adjust. WeightEvapo takes a value between 0 and 1 

and is used to measure the amount of precipitation lost 
by evapotranspiration according to the formula

ContrSimulated ContrSimulated

WeightEvapo Temp
i i

j

=

−

 

 *

(iv)  The previous state of soil moisture plays a critical role in 
determining the contributions that finally reach the res-
ervoir because the soil moisture caused by the rainfall in 
the previous months allows a humid soil to better exploit 
the current precipitation.

In this sense, the model considers the current precipitation 
exploitation as a function not only of the precipitation in the 
current month but also that in the previous 5 months according 
to some factors to be adjusted, R-i, i = 1, . . ., 5, and the 
formula

ContrSimulated ContrSimulated

R ContrSimulated

i i

k

k i k

=

+
=

− −∑
1

5

*

 
(7)

In the adjustment of these five parameters, R-i is assumed to 
follow a decreasing trend under the logic that the rain that will 
most strongly influence the exploitation is the most recent, fol-
lowed by the second-most recent, and so on, in progressively 
smaller contributions. In this case, the model considers R-i cal-
culated as

 R R R ii i− − − += = =1 1 2 5γ α, ( ) , ,...,  (8)

Each R-i from R-2 is calculated as the previous R-i raised to a 
power α of the previous one, enabling us to calculate all the R-i 
by adjusting only two parameters, R-1 (γ) and α.

(Figure 2) is summarizing the whole procedure from the 
precipitation to the final water contribution to the reservoir.

In short, under this mathematical model, the nine parame-
ters described in this section must be adjusted for each reser-
voir so that the contribution simulated by the model correlates 
best with the real contribution.

Local Search Algorithm for the Parameters of 
Calibration
In this section, we first establish the optimization problem to 
be solved in order to obtain the optimal values of the parame-
ters and propose a local search method to solve it. Relating the 
problem to be solved, once the simulated contribution model 
has been defined based on the previously described parameters, 
we need to find the parameters’ values that maximize the cor-
relation between the simulated contribution (obtained with 
some values for these parameters) and the real contribution. 
This is, we intend to find the values for these nine parameters 
of the model so that the obtained simulated contributions 

Downloaded From: https://complete.bioone.org/journals/Air,-Soil-and-Water-Research on 20 Oct 2024
Terms of Use: https://complete.bioone.org/terms-of-use



Molina et al 5

correlate the most with the real ones. Besides, the optimal value 
of the correlation coefficient obtained will validate the model 
significance.

To solve this problem, we propose a local search method, a 
heuristic method that is widely used to find approximate solu-
tions to a variety of hard optimization problems. The main idea 
behind a local search algorithm is to start from a random initial 

solution and then iteratively apply small changes to get a better 
solution, moving from one solution to a better one until a stop-
ping criterion is met. Typically, this criterion is when there are 
no further improvements, or a predefined number of iterations 
is achieved. The solution obtained in the last iteration approxi-
mates the optimal solution to the problem. Usually, the whole 
procedure is repeated with a number of different random initial 

Figure 1. location map. Selected study area and reservoirs.

Figure 2. Model flowchart.
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solutions, and the best of the final solutions obtained is consid-
ered the optimum.

In our case, our mehtod is restarted using 20 different ini-
tial solutions or “seeds.” The procedure for producing each 
seed is to simply generating all the values of the parameters 
randomly in their corresponding ranges. Starting from each 
seed, we launch the improving procedure, consisting of two 
phases based on the generation of what we refer to as “neigh-
bors” (i.e. the small changes to the current solution), which 
will be evaluated to check if they represent an improvement of 
the current solution. These neighbors are created in two dif-
ferent ways:

-  Phase 1: One of the nine variables is randomly chosen, 
and a new random value is generated for that variable, 
which will result in a small variation in the solution. 
This neighbor is then evaluated and, if the correlation 
of the resultant simulated contribution with the vector 
of real contributions is higher, then the neighbor 
replaces the original point and the same procedure is 
repeated. If its correlation is worse, a new neighbor is 
generated until 100 consecutive neighbors are gener-
ated without any improvement of the current solution.

-  Phase 2: One of the nine variables is randomly chosen, 
and its value is increased and decreased by a small and 
prefixed amount, ε, generating two neighbors. These 
neighbors are then evaluated and, if one of them results 
in better correlation with the resulting simulated contri-
bution with the vector of real contributions, it replaces 
the original point and the same procedure is repeated. If 
their correlations are worse, two new neighbors are gen-
erated through the same procedure until 100 consecutive 
neighbors are generated without any improvement of 
the current solution.

This method was implemented in Python and applied to each 
of the selected reservoirs, first for the complete time horizon 
and then with the time horizon divided into two periods to 
identify a possible time evolution (Table 3). In the case of the 

Casasola reservoir, the time horizon was not divided because it 
was already too short.

Results
Dynamics of the contribution of the reservoirs 
throughout the time horizon

According to the analysis of the use of the different selected 
reservoirs, the results for the available time horizon show 
contrasting features (Table 4). In this table we can find all 
the optimal parameters found for all the reservoirs as well as 
some measures on the distribution of rain on the three main 
categories (upper, normal, and low rain) and the final per-
formance of the reservoir, this is, the percentage of the pre-
cipitation that finally achieves the reservoir (Av. 
Exploitation). All this results are described and analyzed in 
detail below.

-  Optimal value of the correlation (ROpt): This variable 
represents the final value of the correlation after the 
optimal adjustment of the parameters. We observe that 
all values are sufficiently high for the model to be mean-
ingful. The ROpt values for Concepción, Casasola, and 
Viñuela reservoirs exceed 0.8. Those for the Limonero, 
Guadalteba, and Guadalhorce reservoirs exceed 0.7. The 
ROpt for the Conde de Guadalhorce, which required the 
greatest adjustment, exceeds 0.6.

-  WeightEvapo: The greater this value, the more water is 
lost by evapotranspiration. The Guadalteba and 
Concepción reservoirs stand out, with WeightEvapo val-
ues significantly higher than the corresponding values of 
the other reservoirs. The Guadalteba and Concepción 
reservoirs therefore exhibit greater sensitivity to increases 
in temperature than the other reservoirs.

-  Upper, normal, and lower exploitation factors (EU, 
EN, EL): These parameters represent the percentage of 
each type of rain reaching the reservoir. Greater values 
indicate a greater percentage of precipitation in the type 
of rain exploited.

Table 3. Analysed Periods for Each of the Selected Reservoirs in the Province of Malaga.

RESERvOIR nAME FUll PERIOD PRESEnT PAST

la concepción 1970–2020 2000–2020 1970–1999

casasola 2004–2020

El limonero 1983–2020 2000–2020 1983–1999

Guadalteba 1974–2020 2000–2020 1974–1999

Guadalhorce 1974–2020 2000–2020 1974–1999

conde de Guadalhorce 1974–2020 2000–2020 1974–1999

la viñuela 1992–2020 1992–2005 2006–2020
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-  Upper and lower thresholds (TU, TL): These parameters 
represent the limits used to determine each type of rainfall 
in each of the reservoirs. For example, in the Concepción 
reservoir, the lowest rainfall is less than 48.31 L per day, 
the normal rainfall is between 48.31 and 187.6 L per day, 
and the upper rainfall is greater than 187.6 L in a day.

-  Percentage of upper, normal, and lower precipitation 
(%U, %N, %L): These parameters represent the average 
monthly percentage of each of the types of precipitation 
composing the total monthly precipitation. That is, the 
parameters represent, on average, the percentage of the 
total rainfall that each type of rainfall represents over the 
total of the month. For example, in the Concepción res-
ervoir, the lower rainfall represents, on average, 73.05% 
of the total rainfall in a month and the normal and upper 
rainfalls represent 8.3% and 0.06%, respectively. 
Combining these last three groups of parameters pro-
vides a clear indication of how each reservoir takes 
advantage of each type of precipitation and how fre-
quently each type of precipitation occurs. For example, 
the Concepción reservoir benefits from high rainfall 
(0.8173), or rain between 187.60 and 48.31 L, whereas 
this type of rain only represents, on average, 8.30% of the 
total rainfall.

-  Importance of the previous rain, R-i: This parameter 
represents the dependence on the current exploitation of 
the rain in the previous months. For example, the 
Concepción reservoir, in the current month, takes advan-
tage of 68.7% of what was exploited in the previous 
month and 15.3% of the exploitation of 2 months ago. In 
brief, rain in the previous months results in greater cur-
rent use, which is reflected by a larger R-i parameter.

-  Average use: This parameter represents the monthly 
average of the percentage of precipitation that finally 
reaches the reservoir each month according to the simu-
lated model.

First, the unequal average use of the different reservoirs despite 
their close geographic proximity is remarkable. In this sense 
and according to the results, whereas the Conde de Guadalhorce 
and Concepción reservoirs take advantage of 45.81% and 
29.98% of precipitation, the Guadalteba reservoir does not 
reach 1%.

In detail, the rainfall thresholds and their uses also differ 
dramatically. The exploitation factor of the Concepción reser-
voir for precipitation less than 48.31 L per day is 0.1688. This 
means that in a day with a rain below 48.31 L, a 16.88% of the 
rain is achieving the reservoir. This is, this parameter measures 

Table 4. Results for all the Reservoirs for the Whole Time Horizon.

TIME 
HORIzOn

1970–2020 2004–2020 1983–2020 1974–2020 1974–2020 1974–2020 1992–2020

Parameters cOncEPcIÓn cASASOlA lIMOnERO GUADAlTEbA GUADAlHORcE cOnDE 
GUAD

vIÑUElA

ROpt 0.8286 0.8566 0.7983 0.7309 0.7449 0.6758 0.8457

WeightEvapo 1.5789 0.9244 0.6812 2.6257 1.0209 0.2907 0.9216

EU 0.1130 0.0556 0.5494 0.5906 0.6775 1.0000 0.5874

En 0.8173 0.6917 0.1914 0.0902 0.0315 0.6442 0.1188

El 0.1688 0.1177 0.0663 0.0000 0.2252 0.3785 0.0255

TU 187.60 136.33 111.33 306.40 130.81 77.37 148.03

Tl 48.31 78.72 67.46 14.85 20.73 22.37 12.19

R-1 (%) 68.7 42.4 58.0 72.9 78.4 60.8 54.1

R-2 (%) 15.3 18.0 33.6 20.5 37.8 37.0 29.3

R-3 (%) 0.0 3.2 11.3 0.0% 2.0 13.7 8.6

R-4 (%) 0.0 0.1 1.3 0.0% 0.0 1.9 0.7

R-5 (%) 0.0 0.0 0.0 0.0% 0.0 0.0 0.0

% U rain 0.06 0.31 0.24 0.10 0.25 0.34 0.07

% n rain 8.30 0.62 2.51 33.58 24.45 3.65 43.67

% l rain 73.05 84.27 84.55 54.97 68.20 76.29 41.31

Av. Exploit. 
(%)

29.98 5.74 7.90 0.73 10.35 45.81 7.10
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the exploitation rate of each type of rain, lower, normal or 
upper precipitation. In the case of the Limonero reservoir, the 
exploitation factor for a similar rainfall, less than 67.46 L per 
day, is 0.0663. For the Guadalhorce reservoir, the factor for pre-
cipitation between 20.73 and 130.81 L per day is 0.0315; by 
contrast, for the Viñuela reservoir, the factor for precipitation 
between 12.19 and 148.03 L per day is 0.1188. However, we see 
how reservoirs such as Concepción or Guadalteba increase 
their use only with the rain of the previous 2 months, whereas 
the rest of reservoirs have a higher use if it rained in the previ-
ous 3 or even 4 months. That is, reservoirs also have different 
sensitivities to the state of previous soil moisture. In short, the 
dynamics under which the different reservoirs take advantage 
of precipitation differs dramatically and the future situation of 
two reservoirs can therefore differ substantially even if the cli-
matic conditions remain unchanged.

In the context of climate change, variations in climate 
parameters will lead to substantial changes. Such changes can 
result in contrasted dynamics in certain reservoirs that are, a 
priori, more sensitive to these effects. For example, among the 
investigated reservoirs, the Guadalteba reservoir has the high-
est evapotranspiration factor, 2.62, which is approximately ten 
times greater than that of the Conde de Guadalhorce reservoir; 
thus, the Guadalteba reservoir’s use will be much more sensi-
tive to the temperature increases projected for the Mediterranean 

area according to the latest IPCC (2021) report. An increase in 
torrentiality would be beneficial for the Conde de Guadalhorce 
reservoir if it increases the frequency with which it rains more 
than 77.37 L per day because the coefficient of use above 
77.37 L (1,000) is greater than that below 77.37 L (0.6442 and 
0.3785).

Analysis of the time evolution in the level of 
exploitation of reservoirs

Another aspect considered in the present research is associated 
with knowing whether the pattern of exploitation of the reser-
voirs has changed and, if so, to what extent. To explore this 
approach, we split the time horizon for the reservoirs, when 
possible, into two parts: the last 20 years (present) and the years 
before the last 20 years (past). After applying the model to 
these two series, we found contrasting dynamics between reser-
voirs and, in addition, different trends between the two periods 
analyzed for the same reservoir. This information enabled us to 
identify clear trends and even to anticipate future water deficits 
motivated by factors related to changes in climatic and/or land-
scape variables of anthropogenic origin.

Table 5 shows the main results associated with the 
Concepción reservoir between 1970 and 1999 and between 
2000 and 2020. In this case, we observe how the average exploi-
tation has decreased slightly in the 2000 to 2020 period com-
pared with that in the 1970 to 1999 period. This decrease in the 
average exploitation is attributed to substantial changes in the 
sensitivity to temperature, rainfall thresholds, and the influence 
of rain in previous periods.

In the case of the Limonero reservoir, the average exploita-
tion has decreased substantially in the 2000 to 2020 period 
compared with that in the 1983 to 1999 period; this decrease is 
much more dramatic than the change observed in the 
Concepción reservoir, which went from an average use of 14% 
to one of 4% (Table 6). Again, this change has been mainly 
motivated by the sensitivity to temperature itself, rainfall 
thresholds, and the influence of rain in previous periods.

In the case of the Guadalteba, Guadalhorce, and Conde de 
Guadalhorce reservoirs (Table 7), which are closely related 
and geographically joined, we observe that, in all three cases, 
their use in the period 2000 to 2020 increased compared with 
that in the period 1974 to 1999, in some cases (e.g. the 
Guadalteba reservoir) dramatically. In two of the three reser-
voirs, Guadalteba and Guadalhorce, the evapotranspiration 
factor has decreased, making them less sensitive to increases 
in temperature. The upper rainfall thresholds in the 
Guadalteba and Guadalhorce reservoirs have also increased: 
from values between 100 and 200 L per day to values between 
200 and 300 L per day. In both cases, the exploitation factor 
of the most frequent type of rainfall, lower precipitation, has 
increased dramatically from 0.0000 to 0.2551 in the 
Guadalteba reservoir and from 0.0780 to 0.1776 in the 
Guadalhorce reservoir.

Table 5. Results for the concepcion Reservoir, for Past and Present 
Time Periods.

TIME HORIzOn 2000–2020 1970–1999

Parameters cOncEPcIÓn cOncEPcIÓn

ROpt 0.7852 0.8977

WeightEvapo 0.3866 2.5138

EU 0.0000 0.2410

En 1.0000 0.9444

El 0.2301 0.0997

TU 96.53 180.73

Tl 90.45 48.50

R-1 (%) 59.0 68.0

R-2 (%) 34.8 14.5

R-3 (%) 12.1 0.0

R-4 (%) 1.5 0.0

R-5 (%) 0.0 0.0

% U rain 1.03 0.10

% n rain 0.74 9.18

% l rain 79.13 72.49

Av. Exploit. (%) 25.95 27.29
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Finally, in the case of the Viñuela reservoir, the exploita-
tion, similar to that in the Concepción and Limonero reser-
voirs, has decreased (Table 8). In the case of the Viñuela 
reservoir, the exploitation has decreased from 25.71% in the 
period 1992 to 2005 to 9.56% in the period 2006 to 2020. The 
fundamental change in this case is found in the rainfall thresh-
olds. Whereas the normal rainfall in the period 1992 to 2005 
was between 20 and 91 L per day and was exploited with a 
factor of 0.4981, in the period 2006 to 2020, normal rainfall 
encompassed a much wider range—from 14 to 139 L per 
day—but its exploitation factor decreased from 0.4981 to 
0.1746.

As a summary, Table 9 is including the past and present 
average exploitation of each of the reservoirs, to have a global 
view on those improving and worsening, and in which 
amount:

As shown in Table 9, for most of the reservoirs analyzed—
except those included in Table 6 (Guadalteba, Guadalhorce, 
and Conde de Guadalhorce), which are geographically 
grouped—the exploitation level of rainwater has decreased, 
leading to a lower availability of water resources.

Discussion
Based on the results obtained for the reservoirs in the years 
analyzed, we can identify a very unequal degree of use of 

precipitation. Despite being reservoirs so close to each other, 
the specific characteristics of each basin will determine its 
dynamics and hydrological connectivity and, therefore, the 
water that finally reaches the reservoir (Tetzlaff et  al., 2011; 
Zhang et al., 2021). 

The amount of rain in each basin has been determined as a 
fundamental element when quantifying how much of it will 
arrive the reservoir itself, as a consequence of the behavior of 
each area from the point of view of its hydraulic connectivity 
(Chamizo et al., 2012). In this sense, Zhao et al. (2020) cor-
roborates that it is necessary to consider different rainfall 
thresholds when analyzing these conductivity processes, estab-
lishing that lower or weak precipitation events will not gener-
ate a sensitive discharge in reservoirs. In our case study, Table 4 
shows these rainfall thresholds and the average exploitation of 
the reservoirs under study, showing important contrasts 
between them according to the characteristics of the watershed 
area and its degree of hydrological conductivity. These thresh-
olds are equally important when it comes to knowing the lag 
time between the precipitation event and its collection in the 
reservoir. Guyassa et al. (2017) establish a negative correlation 
between these aspects, considering a greater lag for weak pre-
cipitation events and for areas with important vegetation cover. 
This fact will be clearly determined by the previous character-
istics of soil moisture in the slope area, identifying a clear sen-
sitivity to this variable by reservoirs and their use (Wilson 
et  al., 2016). Therefore, higher soil moisture content implies 
greater connectivity (Leibowitz & Vining, 2003; Nanda et al., 
2019).

Evapotranspiration is another variable that will determine 
the level of use of the reservoir, as has been properly repre-
sented in the current model. Thus, due to the climatic charac-
teristics, agricultural tradition, and other environmental and 
geographical aspects of the Mediterranean region (Allen et al., 
1998; Mereu et  al., 2016), this factor is fundamental in this 
area, where it plays a key role in the hydrological cycle 
(Montaldo & Oren, 2018). In the context of climate change, 
the variations predicted by the IPCC (2021) in climate and 
meteorological parameters will lead to substantial changes in 
evapotranspiration values (Abtew & Melesse, 2013; Gorguner 
et al., 2019). Such changes can result in contrasting dynamics 
in certain reservoirs that are, a priori, more sensitive to these 
effects. From the results obtained, it is possible to identify the 
great sensitivity of the Guadalteba reservoir, where the tem-
perature increases projected for the Mediterranean area accord-
ing to the latest IPCC (2021) report can generate a very low 
exploitation of rainfall.

The second part of the research deals with the time evolu-
tion of the exploitation level of the reservoirs, an aspect that 
constitutes a dynamic approach according to current needs in 
water planning and management (Martínez-Austria & 
Alcocer-Yamanaka, 2019; Simonovic, 2009). Understanding 
how system conditions can change and, therefore, the use of 

Table 6. Results for the limonero Reservoir, for Past and Present 
Time Periods.

TIME HORIzOn 2000–2020 1983–1999

Parameters lIMOnERO lIMOnERO

ROpt 0.9177 0.7394

WeightEvapo 1.5903 2.0893

EU 0.8142 1.0000

En 0.0000 0.3387

El 0.1667 0.1502

TU 110.76 89.11

Tl 53.43 62.02

R-1 (%) 35.6 64.7

R-2 (%) 12.7 41.9

R-3 (%) 1.6 17.5

R-4 (%) 0.0 3.1

R-5 (%) 0.0 0.1

% U rain 0.33 0.75

% n rain 5.44 2.56

% l rain 81.23 84.30

Av. Exploit. (%) 4.33 14.74
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Table 8. Results for the viñuela Reservoir, for Past and Present Time Periods.

TIME HORIzOn 1992–2005 2006–2020

Parameters vIÑUElA vIÑUElA

ROpt 0.8761 0.8377

WeightEvapo 2.4493 2.4651

EU 0.1981 0.7156

En 0.4981 0.1746

El 0.0000 0.3313

TU 91.05 139.30

Tl 20.06 14.19

R-1 (%) 64.6 47.5

R-2 (%) 26.9 22.5

R-3 (%) 1.9 5.1

R-4 (%) 0.0 0.3

R-5 (%) 0.0 0.0

% U rain 1.33 0.27

% n rain 30.86 36.00

% l rain 52.83 48.63

Av. Exploit. (%) 25.71 9.56

Table 7. Results for the Guadalteba, Guadalhorce, and conde de Guadalhorce Reservoirs, for Past and Present Time Periods.

TIME HORIzOn 2000–2020 1974–1999 2000–2020 1974–1999 2000–2020 1974–1999

Parameters GUADAlTEbA GUADAlTEbA GUADAlH. GUADAlH. cOnDE G. cOnDE G.

ROpt 0.8068 0.8297 0.7736 0.8367 0.8016 0.6090

WeightEvapo 0.7110 2.6240 2.4907 1.1592 0.4483 0.1938

EU 0.8253 0.1669 0.8664 0.0000 0.9900 0.7649

En 0.0000 0.0813 0.0325 1.0000 0.2237 0.8959

El 0.2551 0.0000 0.1776 0.0780 0.6530 0.2147

TU 279.54 178.27 244.98 148.45 122.68 150.47

Tl 69.35 26.33 47.61 125.33 47.73 42.22

R-1 (%) 45.3 68.3 72.0 67.4 53.6 84.2

R-2 (%) 4.2 14.8 51.9 30.7 28.7 42.3

R-3 (%) 0.0 0.0 26.9 2.9 8.2 1.4

R-4 (%) 0.0 0.0 7.2 0.0 0.7 0.0

R-5 (%) 0.0 0.0 0.5 0.0 0.0 0.0

% U rain 0.22 0.09 0.18 0.06 0.30 0.00

% n rain 1.01 16.47 4.02 0.11 0.55 1.05

% l rain 85.67% 73.50 87.47 93.74 77.29 80.96

Av. Exploit. (%) 18.27 0.30 12.04 7.25 68.96 32.50
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reservoirs is essential to improve decision-making regarding 
water management (Mereu et al., 2016)

The results show a sensible decrease in some of the reser-
voirs (Table 9) of these levels of rainfall exploitation with 
respect to the recent past period. This fact is consistent with 
observations in other studies conducted in the Iberian Peninsula 
and the Mediterranean area, in which the authors investigated 
how a reduction in reservoir water levels has occurred and 
worsened under conditions of climate change (Carvalho-
Santos et al., 2017; Lobanova et al., 2017; Nunes et al., 2017; 
Rocha et al., 2020).

Conclusions
In this work, we developed a model to represent the relation-
ship between the level of precipitation and the water contribu-
tion to reservoirs in the province of Malaga—specifically, a 
model to simulate the dynamics by which each reservoir takes 
advantage of the rain that falls in its basin. We optimized this 
model for each watershed using a local search algorithm, offer-
ing a good final fit—in some cases, greater than 0.8. Once 
adjusted, the model enabled us to determine which episodes 
and intensities of precipitation have a better response at the 
level of each reservoir in the province of Malaga, as well as the 
sensitivity of each of them to the average temperature. We 
believe this information can be particularly useful when pre-
dicting the long-term level of these reservoirs because it ena-
bles us to predict how future changes in the precipitation 
pattern and temperature will affect the exploitation of precipi-
tation in each of them. That is, it enables us to predict how the 
amount of water that reaches the reservoir will be reduced not 
only by a reduction in precipitation but also by an increase in 
precipitation, an increase in torrentiality, or an increase in tem-
peratures, all of which are likely scenarios for the Mediterranean 
region according the IPCC forecasts. Thus, the next stage of 
this research will be to integrate these scenarios into the model 
and analyze the effect of the predicted climate changes at the 
level of these investigated reservoirs.
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