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1 INTRODUCTION 
This report is part of WP4, specifically, it is the output of Task 4.2. Global and climate 
change scenarios and GW quality: REACH (gRoundwatEr quAlity CHange) tool, 
where the REACH Tool for a reliable assessment of the impacts of GC and CC on GW 
is developed. The report will show the results obtained by the tool, considering three 
functional approaches: physical (MOD-REACH; groundwater flow modelling for 
simulating the impacts of climate trends on GW chemical status), data-driven (DATA-
REACH; past correlations between climate indices and GW quality variables to 
extrapolate into the future) and overlay-based models (GIS-REACH; vulnerability and 
risk mapping for different pollution types including spatial explanatory variables).  
REACH will include downscaling procedures to regionalize global climate projections, 
Land Use Land Cover (LULC) predictions, projected sea level rise scenarios to locate 
potential areas in which MAR could be proposed as a solution and different RCPs 
(Representative Concentration Pathways). A deeper analysis of MAR potential areas 
using EO techniques will be assessed in Deliverable 4.4 (MAR suitability and feasibility 
mapping and cost-benefit analysis of MAR projects). 

The report will also serve as input for Task 4.6 - M-AI-R DSS integrated platform for 
MAR management and risk assessment & mitigation strategies. The REACH Tool is 
one of the integral parts of the M-AI-R-DSS as well as the DRONE and RAINREC 
models which will be further developed in Deliverable 4.5 (DRONE & RAINREC: Data-
driven & hybrid forecasting models for simulating MAR yield variable). 

The REACH tool is one of several components that make up M-AI-R DSS (Decision 
Support System) a tool designed for the efficient management of groundwater 
artificial recharge using both conventional and non-conventional water resources. 
Specifically, REACH has been developed as a solution to enhance the understanding 
of the main processes that condition the groundwater (GW) bodies' chemical and 
quantitative status. 

Through the application of diverse approaches (physical models, GIS and data 
analytics), the aim has been to generate a set of results that provide insights into what 
is happening, why it is happening, and what is likely to happen in the future. 

 

Figure 2.1-1 Classification of expected results. 

The initial approach of this study involves the use of physical models to create a three-
dimensional numerical model of the coastal aquifer of the Señorío de Marbella. The 
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objective is to understand the hydrogeological relationships between the aquifer and 
the sea, which is vital as this aquifer is a key water supply source for the local 
population. The water demands in Marbella are satisfied with a mix of surface water, 
desalinated water, and groundwater (this last one represents 40-50%). While the 
connection between different alluvial aquifers is evident, the relationship between the 
deeper Pliocene aquifers is less clear. The existing geological mapping is often 
insufficient to clarify the geometry of these Pliocene aquifers, particularly in the 
coastal line where the salt intrusion occurs. 

A thorough understanding of the boundaries and geometry of Marbella's deep 
aquifers would enable optimised management and potentially increase the volume 
of available water resources. 

The next approach to be addressed involves vulnerability and risk mapping. 
Groundwater pollution risk is a significant social issue, given that groundwater 
sources supply drinking water to millions globally, so it is important to consider both 
the physical parameters of the environment and the population perspective (Raucher, 
1983; Shechter, 1985; Ducci, 1999; Darmendrail, 2001; Perles et al., 2004). Within the 
scope of this project, a groundwater risk assessment methodology will be developed, 
designed for wide applicability across European groundwater bodies. 

Another approach to be addressed in this study is retrospective climate analysis. The 
intensification of droughts due to climate change highlights the importance of 
effective water resource management, especially in Mediterranean coastal areas with 
high tourist activity where water demand significantly increases. A comparative 
analysis has been conducted between the Standardised Precipitation Index (SPI) and 
the Standardised Precipitation Evapotranspiration Index (SPEI) in the Western Costa 
del Sol. This analysis aims to detect potential temporal deterioration, both quantitative 
and chemical, of the Marbella-Estepona groundwater body (060.040) associated with 
drought events. 

One of the predictive approaches of this research involves training and validating 
various machine learning models. These models will provide monthly probabilistic 
predictions of different variables to support decision-making focused on groundwater 
quality and quantity in the context of global and climatic change. The focus will be on 
different wells distributed in the Marbella-Estepona groundwater body (060.040) and 
on the main reservoirs of the area for this purpose.  

The study also includes climate projections from 7 demo sites (DS), providing a 
comprehensive understanding of the potential impacts of climate change on 
groundwater resources. 

In the following pages, the specific objectives of each of the approaches that 
constitute the REACH tool will be detailed, along with the methodology followed in 
each case to achieve these objectives and the final results and conclusions that have 
been obtained. 

The REACH tool is divided into three analytics modules: MOD-REACH (physical 
modelling-based approach), DATA-REACH (data-driven-based approach), and GIS-
REACH (geospatial approach). This categorization has been used to structure the 
technical results in the sections below. 

The replication of these results has been performed in:  

- MOD-REACH: DS6 (Marbella, Spain). 
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contacts on a front of 3.2 km. It is a multilayer set about 100 m thick, which is confined 
in its southern half. The pumping tests carried out, around Señorío 4 borehole, show 
a transmissivity of 1,995 m2/day and a storage coefficient of 5.7x10-3. The aquifer is 
naturally recharged through the infiltration of rainfall on permeable outcrops (7.1 km2) 
and, to a lesser extent, by percolation of the runoff from the Nagüeles stream, which 
is fed by springs from Sierra Blanca. However, this stream is captured near its source 
to supply a nearby development, at a rate of 10 L/s. Currently, MAR is produced 
through the Señorío 4 and 2 boreholes, with water coming from the Camoján spring 
located NE of the aquifer, around the edge of Sierra Blanca. 

The aquifer has been exploited for more than three decades both for the supply of the 
Marbella core, as well as for urbanizations from other surveys. The aquifer discharges 
naturally towards the sea and also from extractions in the Señorío 1, 2 and 3 wells, as 
well as from other private use operations. For the 2000-2022 time series, the average 
inputs by direct infiltration have been evaluated at 1.6 hm3/year with an infiltration rate 
of 35%. The average volume of artificial recharge is quantified at 0.13 hm3/year. As for 
the extractions, the Señorío wells present an average exploitation of 0.56 hm3/year and 
the private use wells of 0.65 hm3/year (or at least that was the flow they extracted 
before the year 2000), which together represent an average pumping of 1.2 hm3/year. 

 
Figure 3.1-1 Hydrogeological scheme of the Señorío de Marbella aquifer and artificial recharge 
(source: Argamasilla, 2017). 

The piezometric levels of the Señorío aquifer show a marked periodic succession 
associated with the seasonality of precipitation, with rapid rises in response to autumn 
and winter rainfall and abrupt drops in summer, with minimum values of 7 m below 
sea level. Specifically, the piezometric series of the Señorío 2 and Torreverde drillings 
(Figure 3.1-2), in the summer months between 2000 and 2003 reached negative levels, 
with minimums close to 4 m below sea level. 
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Figure 3.1-2 Evolution of the piezometric level in the aquifer of the Señorío of Marbella (source: 
Study of recharge in the detrital coastal aquifer of the Señorío of Marbella, 2012). 

The piezometric level rise occurs after rainy periods, which indicates that the aquifer 
has a rapid response to the natural recharge due to rainfall. 

From 1998 to 2004, negative levels were recorded in the aquifer and the negative 
trend of the levels continued until August 2007 (the month in which the levels 
approached 3 m below sea level). Since 2008, the aquifer has maintained a progressive 
piezometric rise and reached a historical maximum in March 2010, in the Señorío 2 
well (13.5 m above sea level), due to the heavy rainfalls at the end of 2009 and the 
beginning of 2010. Generally, in most of the Pliocene aquifer, the average piezometric 
level is between 10 and 40 m deep. 

The numerical model is carried out, trying to reproduce the hydrogeological 
conceptualization previously exposed in the best possible way. 

3.1.1 GEOMETRY 
The structure or geometry of the numerical model consists of a total of three layers or 
hydrogeological units, which group the main lithological units of the study area based 
on their hydrogeological properties. In this way, and as developed in this section, the 
numerical model consists of three layers: two surface layers of a detrital nature and a 
third corresponding to the impermeable basement.  

The construction of the geometry of the numerical model began with an extensive 
task of collecting and analysing geological information obtained from multiple 
sources. Table 3.1-1 compiles the databases consulted, as well as Table 3.1-2 synthesises 
the reviewed technical studies. 

Table 3.1-1 Databases consulted. 
Type of information Database Source 
Stratigraphic columns Private litholibrary Hidralia S.A 

Stratigraphic columns Public litholibrary Geological and Mining Institute of 
Spain (IGME) 

Location of water 
points Water Point Database Geological and Mining Institute of 

Spain (IGME) 

Geological descriptions Documentary 
Information System 

Geological and Mining Institute of 
Spain (IGME) 
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Figure 3.1-3 Location of the lithological column boreholes collected within the framework of 
the GEOMAR project. 

 

Figure 3.1-4 Geographical location of the gravimetry stations in the GEOMAR project. 
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Figure 3.1-5 Location of the 40 TDEM wells carried out in the GEOMAR project. 

 

Figure 3.1-6 Drawing of the gravimetric profiles of the GEOMAR project. 

As shown in the preceding figures, the gravimetric profiles used to define the 
geometry of the numerical model in the Señorío have been those that cross points 
TR10 and TR1, whose interpreted geology is presented below. 
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Figure 3.1-7 Geological profile that crosses TR1. 

 

Figure 3.1-8 Geological profile that crosses TR10. 

After analysing the set of information regarding the spatial distribution of geological 
materials, as well as their respective ages, characteristics and hydraulic properties, it 
was decided to group them into a total of 3 hydrogeological units, which are the 
geometric basis of the hydrogeological numerical model. In descending order, these 
hydrogeological units are: 

1. Hydrogeological unit 1: Quaternary detrital aquifer/aquitard. 
2. Hydrogeological unit 2: Pliocene detrital aquifer. 
3. Hydrogeological unit 3: Paleozoic aquitard/aquiclude, corresponding to the 

basement. 

For the construction of the geometry of each hydrogeological unit, the HydroGeo 
Analyst software has been used. This software allows the generation of three-
dimensional surfaces from the geological information analysed. The following figures 
show the contact surfaces of each hydrogeological unit. 
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Figure 3.1-9 2D profile of aquifer layers from rasters. 

The volumes of each Hydrogeological Unit are visualized in the following figures. 

 

Figure 3.1-10 3D view of aquifer layers from the South in the numerical model. 

 

Figure 3.1-11 3D view of aquifer layers from the East in the numerical model. 

Pliocene 

Quaternary 

Paleozoic 
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After analysing the lithology and geometry of the area, the extension of the numerical 
model is established, which has an approximate area of 6 km2. 

 

 
Figure 3.1-12 In red, an extension of the numerical model with the base orthophoto. 

For ease of operation and understanding of the numerical model, it is rotated so that 
the main orientation is North-South. 

 

Figure 3.1-13 Mastery of the model in the plant. 

Pliocene 

Paleozoic 

Quaternary 

SEA 
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Figure 3.1-14 EW profile in manor 4. 

 

3.1.2 SPATIAL DISCRETIZATION 
The horizontal discretization of the numerical model domain has been carried out 
with 50x50 m cells, increasing the refining in the areas where the Señorío and 
Torreverde wells are located until reaching a cell size of 10x10 m. 

 

Figure 3.1-15 Horizontal discretization of the domain. 

The vertical spatial discretization has been carried out from the HydroGeo Analyst 
software in which a total of 3 hydrogeological units were defined from which the 3 
layers in which the numerical model is defined were defined. 
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Figure 3.1-16 Vertical discretization of the domain. 

The southern edge of the aquifer from the shoreline has been considered inactive 
cells. The following figure shows the active cells in white and the inactive cells in green. 

 

Figure 3.1-17 Active (blank) and inactive (green) cells. 

 

3.1.3 BOUNDARY CONDITIONS 

3.1.3.1 RECHARGE 
Precipitation infiltration has been incorporated with the Recharge module, 
corresponding to one recharge per unit area for each time step. This recharge has 
been assigned to the most superficial layer (Hydrogeological Unit 1), throughout its 
area. 
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The precipitation inputs have been assigned, in the model, to monthly steps for the 
period between 2000 and 2022, based on the data from the Red Hidrosur network 
recorded in the rain gauge located in the La Concepción reservoir.  

Table 3.1-3 Rainfall station used. 

Station Type of 
station X UTM Y UTM Z (m 

a.s.l.) 

Temperature 
Record 
(years) 

Rainfall 
Record 
(years) 

La 
Concepción 
Reservoir 
(Málaga 
province) 

Reservoir 324643 4045234 110 2000-2022 2000-2022 

 

The following table shows the data at the annual level. The average annual rainfall is 
638.8 mm/y. The assigned infiltration rate (35 %) corresponds to a theoretical value 
according to the materials in the area, which means an average recharge per 
rainwater infiltration of 224.9 mm/y, or 1.6 hm3/y. 

Table 3.1-4 Annual recharge. 

YEAR PRECIPITATION 
(mm) 

INFILTRATION 
(hm3/y) YEAR PRECIPITATION 

(mm) 
INFILTRATION 

(hm3/y) 

2000 533 1.32 2012 518.00 1.29 

2001 829.05 2.06 2013 856.00 2.13 

2002 520.95 1.29 2014 352.40 0.88 

2003 642.70 1.60 2015 554.00 1.38 

2004 881.60 2.19 2016 418.30 1.04 

2005 406.55 1.01 2017 721.23 1.79 

2006 604.00 1.50 2018 684.80 1.70 

2007 623.50 1.55 2019 455.80 1.13 

2008 723.00 1.80 2020 570.40 1.42 

2009 620.00 1.54 2021 405.10 1.01 

2010 1396.00 3.47 2022 401.60 1.00 

2011 976.00 2.43 Average 638.87 1.59 
 

3.1.3.2 CONSTANT LEVEL AND RIVERS 
To reproduce the transfer of flow from the aquifer to the sea, a constant level has been 
assigned along the coastline at 0 m.a.s.l. 



D4.3 
18/10/2024, V4 

 

 
30 

 

 

Figure 3.1-18 In brown, constant level cells, in blue river cells. 

Through the River function, the Nagüeles stream has been assigned, which crosses 
the aquifer from north to south, very close to the Señorío wells. 

3.1.3.3 PUMPING/INJECTION 
10 wells have been incorporated with the Pumping Well function, of which 3 function 
as extraction and injection (Sñ1, Sñ2 and Sñ-3), one, Sñ4, only for injection, and 6 of 
them (other users) as exclusively pumping wells. The following table shows their main 
characteristics as well as the ownership and source of the information pertaining to 
them. 

Table 3.1-5 Pumping/Injection Wells. 

Well Use X UTM Y UTM Z (m 
a.s.l.) 

Prof. 
(m) Owner Concessionaire 

company 

Sñ1 Extraction 
/injection 327465 4041812 27 103 

Marbella 
City 

Council 
Hidralia, S.A. 

Sñ 2 Extraction 
/injection 327469 4041663 26 114 

Sñ 3 Extraction 
/injection 327567 4041669 21 110 

Sñ 4 Injection 327478 4041735 26 92 

Well-1 - - - - - 

Private - 

Well-2 - - - - - 

Well-3 - - - - - 

Well-4 - - - - - 

Well-5 - - - - - 

Well-6 - - - - - 
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The Señorío wells (Sñ1 to Sñ-4), correspond to municipal management boreholes, 
perfectly located and controlled in terms of flow and level. The other 6 are private 
wells, whose control since 2000 has been difficult to maintain, so their activity is not 
known with certainty. 

 

Figure 3.1-19 Location of the extraction and injection boreholes in the model. 

The following table shows the annual values of the set of wells of Señorío and other 
users. 

Table 3.1-6 Extraction values and injection of the wells of the model (hm3/y). 

YEAR 
EXTRACTION 

SEÑORÍO 
INJECTION 
SEÑORÍO 

EXTRACTION 
OTHER USERS 

TOTAL (HM3/Y) 

2000 -0.67 +0.17 -0.65 -1.15 

2001 -0.49 +0.16 -0.65 -0.98 

2002 -0.41 +0.12 -0.65 -0.93 

2003 -0.59 +0.24 -0.65 -1.00 

2004 -0.59 +0.25 -0.65 -0.99 

2005 -0.65 +0.19 -0.65 -1.11 

2006 -0.67 +0.20 -0.65 -1.12 

2007 -0.58 +0.14 -0.65 -1.09 

2008 -0.63 +0.24 -0.65 -1.04 

2009 -0.80 +0.28 -0.65 -1.17 

2010 -0.97 +0.20 -0.65 -1.42 

2011 -1.10 +0.00 -0.65 -1.75 

2012 -0.53 +0.00 -0.65 -1.18 

2013 -0.43 +0.13 -0.65 -0.95 
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YEAR 
EXTRACTION 

SEÑORÍO 
INJECTION 
SEÑORÍO 

EXTRACTION 
OTHER USERS 

TOTAL (HM3/Y) 

2014 -0.55 +0.01 -0.65 -1.19 

2015 -0.31 +0.03 -0.65 -0.93 

2016 -0.32 +0.07 -0.65 -0.90 

2017 -0.58 +0.11 -0.65 -1.12 

2018 -0.38 +0.03 -0.65 -1.00 

2019 -0.60 +0.00 -0.65 -1.25 

2020 -0.24 +0.01 -0.65 -0.88 

2021 -0.40 +0.00 -0.65 -1.05 

2022 -0.43 +0.05 -0.65 -1.03 

AVERAGE -0.56 +0.12 -0.65 -1.10 
 

3.1.3.4 PIEZOMETERS 
In order to allow the calibration and adjustment of the numerical model, a total of 6 
piezometric points with water level measurements have been introduced through 
the Head Observation function. 

The level recordings of four of the pumping wells (Sñ-1, Sñ-2, Sñ-3 and Sñ-4) have been 
used, as well as two additional piezometers (Sñ-4 bis and Torreverde). The following 
table summarises the main characteristics of the piezometric points, the information 
for which has been provided by the company Hidralia S.A. 

Table 3.1-7 Piezometers. 

Piezo. Use X UTM Y UTM Z (m 
a.s.l.) 

Prof. 
(m) 

Data 
period Owner 

Conces-
sionaire 
comp. 

Torrev
erde Piezometer 327558 4041421 18 59 

2000-
2022 

Marbella 
City 

Council 

Hidralia, 
S.A. 

Sñ1 Extraction 
/injection 327465 4041812 27 103 

Sñ 2 Extraction 
/injection 327469 4041663 26 114 

Sñ 3 Extraction 
/injection 327567 4041669 21 110 

Sñ 4 Injection 327478 4041735 26 92 
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Figure 3.1-20 Location of the control piezometers. 

3.1.3.5 CONCENTRATION 
In order to have a first approximation of the propagation of seawater towards the 
aquifer, a type of boundary has been defined along the coastline that simulates an 
inflow of water at an altitude of 0 m a.s.l. with a chloride concentration of 19,000 mg/l, 
typical of seawater. 

In the second stage, the total entry of seawater (40,000 mg/l) through the coastline 
has been simulated.    

 

Figure 3.1-21 In yellow, coastline with a concentration of 19,000 mg/l of chlorides. 
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Figure 3.1-22 Concentrations of fresh and salt water assigned to the model. 

 

3.1.4 TEMPORARY DISCRETIZATION 
The aim of steady-state calibration is to obtain an initial starting piezometry from 
which the transient model is launched, which does not mean that this initial 
piezometry cannot be obtained directly with the transient simulation.  

Thus, the lack of temporal coincidence in the exploitation/injection of the boreholes 
has led to the calibration of the model being carried out directly in a transitional 
regime based on an initial piezometry that allows a good fit (simulated/observed 
piezometry) at the time when there are control data. 

On the other hand, it should be taken into account that in the simulated series (2000-
2022) there is only piezometric control data from 2011 to 2017, in the case of Señorío 1, 
2 and 3 wells, and from 2020 to 2022, in Señorío 4 wells. 

Therefore, in this case, it is considered that, due to the scarcity of data in the modelled 
series, the calibration of the model should be based exclusively on the adjustment of 
the measured piezometric data with the simulated data, without forgetting the 
coherence of the hydraulic parameters assigned to the terrain. 

 

3.1.5 LINKS BETWEEN DATA SETS AND MOD-REACH 
The input data used for the development of the MOD-REACH and the results provided 
are summarised in the following table. 

Table 3.1-8 Links between datasets and MOD-REACH. 
TOOL 
COMPONENT 

INPUT DATA MODEL/METHODOLOGY OUTPUT 

MOD-REACH Aquifer characteristics Geometry boundaries Initial data to run 
the model 

MOD-REACH Rainfall data Data obtained by Red 
Hidrosur Network 

Initial data to run 
the model 

MOD-REACH Pumping wells Data obtained from 
Hidralia S.A. 

Initial data to run 
the model 
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TOOL 
COMPONENT 

INPUT DATA MODEL/METHODOLOGY OUTPUT 

MOD-REACH Piezometer data Data obtained from 
Hidralia S.A. 

Initial data to run 
the model 

MOD-REACH Salinity concentration Salinity prediction Initial data to run 
the model 

 

3.2 DATA-REACH 
The methodology utilised in the two components of this approach is outlined below. 
It's important to emphasise that while this work details the results derived from 
applying this methodology to the Spanish demonstration site, it can be perfectly 
replicated at any other site, provided certain prerequisites such as the quality and 
availability of necessary data are met. 

3.2.1 RETROSPECTIVE CLIMATE ANALYSIS 
To achieve the study objectives, several activities were conducted. 

3.2.1.1 DATA COLLECTION 
Firstly, a bibliographic review was carried out, encompassing the search for scientific 
works related to geology, hydrogeology, and the functioning of the water supply 
system in the study area. Additionally, meteorological, hydrogeological, chemical 
status and cartographic data were collected from various sources, such as 
governmental databases and water management organisations. 

Meteorological data (rainfall and temperature) from specific stations in the study area 
were obtained through unrestricted access to databases from SAIH, IFAPA, and RAIF 
as well as from the AEMET secondary network. 

The hydrogeological data used in this study comprised piezometric levels from 28 
points (Appendix A). Fifteen of these points were sourced from the web portal 
provided by the Ministry for Ecological Transition in the piezometric monitoring 
network, while the remaining 13 were provided by HIDRALIA. 

Data regarding the chemical status of the groundwater body under study were 
obtained from the Andalusian Regional Government portal, using the query form for 
analytical results from the Red DMA. 

A significant portion of the shapefile archives generated for the development and 
representation of maps in this work were created from files downloaded from DERA, 
established by the Andalusian Regional Government. The National Geographic 
Institute (IGN) Download Centre was also utilised. 

3.2.1.2 DATA ANALYSIS AND PROCESSING 
QGIS software was used for map creation, providing numerous tools for geographic 
information processing, editing, publishing, and design. Google Earth Pro was used to 
generate the piezometric network layer, facilitating the location of each piezometer 
and retrieval of their corresponding coordinates. 

The analysis of climatic data began with data completion and subsequent processing 
using the Trasero 2.0 program (Padilla and Delgado, 2013). This program was also 
employed to calculate potential evapotranspiration using the Hargreaves method 
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Once the input series are prepared, we check the Granger Causality of all possible 
combinations of the time series. The result is a table where the rows are the response 
variable, and the columns are predictors. The values in the table are the P-Values. P-
Values less than the significance level (0.05), imply that the Null Hypothesis that the 
coefficients of the corresponding past values are zero, that is, X does not cause Y, can 
be rejected. 

3.2.2 PREDICTIVE MODELS 
To accomplish the stated objective of generating monthly probabilistic predictions of 
piezometric levels, electrical conductivity and reservoir volume (target variables) 
using machine learning techniques, the typical stages of a supervised learning 
problem have been traversed: data collection and pre-processing, learning, 
evaluation, and prediction using the selected model. 

 
Figure 3.2-1 General methodology for developing Machine Learning models. (Lundberg, Scott 
M., and Su-In Lee. "A unified approach to interpreting model predictions." Advances in neural 
information processing systems 30 (2017)). 

During the data collection stage, a search for historical data providing relevant 
information as input to predictive models has been conducted. For each point of 
interest, historical data of the target variable, as well as other identified explanatory 
variables (such as pumping, rainfall, etc.), have been compiled. 

Specifically, over 20 years of data with monthly frequency have been extracted. 
Different data sources are distinguished in Figure 3.2-2. 
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Figure 3.2-2 Different data sources and the data derived from each source. 

These raw data may need to be processed by removing anomalous values and 
completing missing values. Subsequently, to obtain the monthly series, it may be 
necessary to process them for monthly aggregation based on the series type, using 
either cumulative (rainfall and pumping) or mean (piezometric level, volume and 
electrical conductivity) methods. Following this, the datasets are obtained for further 
analysis and their composition, start, and end dates can be seen in Table 3.2-1. 

Table 3.2-1 Available data series. 

Data Set Target 
Variables 

Explanatory 
Variables Source Start End 

Aloha Piezometric 
level 

Pumping 
Rainfall 

Hidralia 
SAIH 

April 
2000 

May 
2023 

Cable Ski Piezometric 
level 

Pumping 
Rainfall 

Hidralia 
SAIH 

April 
2000 

February 
2024 

Guadaiza Piezometric 
level Rainfall 

Junta de 
Andalucía 

SAIH 

April 
2000 

February 
2024 

Guadalmansa Piezometric 
level Rainfall 

Junta de 
Andalucía 

SAIH 

April 
2000 

February 
2024 

Guadalmina Piezometric 
level 

Pumping 
Rainfall 

Hidralia 
SAIH 

January 
2002 

February 
2024 

Rio Verde MB Piezometric 
level 

Pumping 
Rainfall 

Hidralia 
SAIH 

April 
2000 

February 
2024 

Rio Verde NA Piezometric 
level 

Pumping 
Rainfall 

Hidralia 
SAIH 

April 
2000 

February 
2024 

San Pedro Piezometric 
level 

Pumping 
Rainfall 

Hidralia 
SAIH 

April 
2000 

November 
2023 

Señorío 
(Pz level) 

Piezometric 
level 

Pumping 
Rainfall 

Hidralia 
SAIH 

April 
2000 

February 
2024 

Señorío 
(Conductivity) 

Electrical 
conductivity 

Piezometric 
level 

Pumping 
Rainfall 

Hidralia 
SAIH 

April 
2000 

February 
2024 



D4.3 
18/10/2024, V4 

 

 
39 

 

La Concepción Reservoir 
volume Rainfall SAIH April 

2000 
March 
2024 

Charco 
Redondo 

Reservoir 
volume Rainfall SAIH November 

2000 
March 
2024 

Guadarranque Reservoir 
volume Rainfall SAIH January 

1997 
March 
2024 

 

Once the information has been gathered, an analytical exploration of the obtained 
data series is carried out. This involves characterising the possible relationships 
between them and selecting those series with the greatest explanatory capacity for 
the trends and behavioural patterns of the target series. 

The problem of forecasting values of the different variables under study is converted 
into a supervised learning problem, utilising autoregressive model techniques (such 
as sliding windows), to enable the application of machine learning algorithms. 

 
Figure 3.2-3 Diagram of the recursive multi-step forecasting. Source: 
https://skforecast.org/0.11.0/user_guides/autoregresive-forecaster. 

The process of generating, calibrating, and validating the models begins with 
searching for and defining the model. A series of semi-automated experiments are 
then conducted to generate and compare various models based on specific metrics 
(MAE, RMSE, MDA) until those that provide the best validated predictive capability 
against historical data are identified. To select the model that best fits the objective, 
cross-validation is employed, a statistical method specifically designed for this 
purpose. This method involves randomly dividing the dataset into several folds, then 
training the model on all folds except one and testing the model on the remaining 
fold. These steps are repeated until the model has been tested on each fold, and its 
final metrics are the average of the scores obtained in each fold. This helps avoid 
overfitting and assesses the model's performance more robustly than simple training 
validation. In the case of time series, we cannot randomly choose samples and assign 
them to the validation or training set because we want to avoid using future data 
when training our model to preserve the temporal dependence between 
observations. Therefore, we start with a small subset of data for training, predict 
subsequent data, and then assess the accuracy of the predicted data. The same 
forecasted data are then included as part of the next training dataset, and subsequent 
data are forecasted. 
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(Gneiting & Katzfuss, 2014; Todini, 2018). From this concept, another of the metrics that 
have been used to evaluate the different models is derived, the coverage range of 
each prediction, which assesses the number of actual values that fall within the 
prediction interval. 

 
Figure 3.2-6 Conceptual framework illustrating the relationship between predicted values 
(model output) and actual values (observed value), as well as the prediction interval 
(prediction interval), with its corresponding upper prediction limit and lower prediction limit. 
Source: https://machinelearningmastery.com/prediction-intervals-for-machine-learning/ 
 

3.2.3 LINKS BETWEEN DATASETS AND DATA-REACH 
The input data used for the development of the Data-Reach and the results provided 
are summarised in the following table. 

Table 3.2-2 Links between datasets and DATA-REACH. 

TOOL 
COMPONENT 

INPUT DATA MODEL/ 

METHODOLOGY 

OUTPUT 

DATA REACH - 
Retrospective 
analysis 

Rainfall Standardised 
Precipitation Index 
(Mckee et al., 1993) 

12-month SPI 

DATA REACH - 
Retrospective 
analysis 

Rainfall  
Temperature  

Standardised 
Precipitation 
Evapotranspiration Index 
(Vicente-Serrano et al., 
2010) 

12-month SPEI 

DATA REACH - 
Retrospective 
analysis 

Electrical conductivity 
Piezometric level 
Pumping 
Rainfall  

Granger causality test Predictive 
relationships 
between time series 

DATA REACH - 
Predictive 
models 

Piezometric level 
Pumping 
Rainfall 

Monthly probabilistic 
predictions 

Piezometric level 
prediction 
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Figure 3.3-1 summarises the groundwater pollution risk assessment developed in the 
framework of this project and all the used variables can be found in Appendix G, as 
well as an explanation of their characteristics and the way they have been elaborated. 

 

3.3.1.1 DATA ANALYSIS AND PROCESSING 
Multiple data sources have been used for the application of the abovementioned 
methodology, as referred to in Appendix G, which have been summarised in Table G-
23 of this appendix. Spatial raster and vector data have been taken from several EU 
and international databases, so major replicability can be addressed throughout 
Europe. Also, as shown in Figure 3.3-1, earth observation data coming from satellites 
such as Sentinel-1, Sentinel-2 or the spatial mission Endeavour have been used for the 
Land Use and Land Subsidence variables. 
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Figure 3.3-1 Groundwater pollution risk assessment methodology developed in the framework of the MAR2PROTECT project  
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RISK GALDIT 

Min raw value 
Max raw 

value 
New value RISK 

500 1,000 2 Low 

1,000 1,500 3 Moderate 

1,500 2,000 4 High 

2,000 100,000 5 Very high 

 
Table 3.3-4 Parameter reclassification for risk of groundwater pollution using GOD as 
vulnerability index. 

RISK GOD 

Min raw value 
Max raw 

value 
New value RISK 

0 40 1 Very low 

40 80 2 Low 

80 120 3 Moderate 

120 160 4 High 

160 10,000 5 Very high 

 
For the next steps of these developments in the framework of the project, a 
normalisation of values for risk reclassification will be done because some differences 
can be detected when interpreting the risk using the above-mentioned vulnerability 
methodologies. E.g.: areas with higher risk using one vulnerability method while 
having higher vulnerability values using another method. 

 

3.3.6 LINKS BETWEEN DATASETS AND GIS-REACH 
The input data used for the Risk assessment and the results provided are summarised 
in the following table. 

Table 3.3-5 Links between datasets and GIS-REACH. 
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TOOL COMPONENT INPUT DATA MODEL/METHODOLOGY OUTPUT 

GIS-REACH 
Groundwater 
occurrence 
(confinement) 

Risk assessment (V) Risk and 
vulnerability maps 

GIS-REACH Aquifer hydraulic 
conductivity Risk assessment (V) Risk and 

vulnerability maps 

GIS-REACH 
Height of 
groundwater level 
above sea level 

Risk assessment (V) Risk and 
vulnerability maps 

GIS-REACH Distance from the 
shore Risk assessment (V) Risk and 

vulnerability maps 

GIS-REACH 
Impact of existing 
status of seawater 
intrusion 

Risk assessment (V) Risk and 
vulnerability maps 

GIS-REACH Saturated 
thickness Risk assessment (V) Risk and 

vulnerability maps 

GIS-REACH Unsaturated zone 
characteristics Risk assessment (V) Risk and 

vulnerability maps 

GIS-REACH Elevation Risk assessment (V) Risk and 
vulnerability maps 

GIS-REACH Depth to the water 
table Risk assessment (V) Risk and 

vulnerability maps 

GIS-REACH Net recharge Risk assessment (V) Risk and 
vulnerability maps 

GIS-REACH Aquifer type Risk assessment (V) Risk and 
vulnerability maps 

GIS-REACH Soil type Risk assessment (V) Risk and 
vulnerability maps 

GIS-REACH Slope Risk assessment (V) Risk and 
vulnerability maps 

GIS-REACH Projected sea level 
rise Risk assessment (H) Risk and 

vulnerability maps 

GIS-REACH Land subsidence Risk assessment (H) Risk and 
vulnerability maps 

GIS-REACH Land use Risk assessment (H) Risk and 
vulnerability maps 

GIS-REACH River network Risk assessment (H) Risk and 
vulnerability maps 

GIS-REACH Population density Risk assessment (E) Risk and 
vulnerability maps 

 



https://climate.copernicus.eu/climadjust-bias-adjustment-service-climate-data-store
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Figure 4.1-1 Histogram. Quantitative analysis of the calibration process. (Source: Authors). 

The graphical representation of the adjustment between observed and measured 
levels is shown in Figure 4.1-2. As can be seen, except for a few isolated levels, most of 
the points represent a 1-1 trend between the observed levels and the levels calculated 
by the model. 

 

Figure 4.1-2 Relationship of observed and simulated levels. (Source: Authors). 

As mentioned above, the validation of the model is carried out by the most reliable 
calibration source, the adjustment of the observed piezometric evolution with the 
calculated one.  

The results obtained are presented from Figure 4.1-3 to Figure 4.1-8 where it is 
observed that there is a great coincidence of the piezometric values measured with 



D4.3 
18/10/2024, V4 

 

 
56 

 

those observed. In general, the specific cases, with the least adjustment, have a 
maximum difference of about 3 meters, the most common being that this difference 
is between 1 and 2 meters. 

 

Figure 4.1-3 Comparison of the simulated (in red) and observed (in blue) piezometric evolution 
of well Sñ1 (2000-2023). 

 

Figure 4.1-4 Comparison of the simulated (in red) and observed (in blue) piezometric evolution 
of the Sñ4A well (2000-2023). 
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Figure 4.1-5 Comparison of the simulated (in red) and observed (in blue) piezometric evolution 
of the Sñ4B well (2000-2023). 

 

Figure 4.1-6 Comparison of the simulated (in red) and observed (in blue) piezometric evolution 
of the Sñ2 well (2000-2023). 
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Figure 4.1-7 Comparison of the simulated (in red) and observed (in blue) piezometric evolution 
of the Sñ3 well (2000-2023). 

 

Figure 4.1-8 Comparison of the simulated (red) and observed (blue) piezometric evolution of the 
Torreverde well (2000-2023). 
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4.1.1.3 Validation period 2011-2022 
The simulation for the period 2011-2022 is carried out to obtain a second validation of 
the model, for coinciding dates, avoiding calculation errors. In this case, the 
piezometry observed is compared with the simulated piezometry, during the period 
2011-2017, in the Sñ1, Sñ2 and Sñ3 and Torreverde wells. 

The trends of the observed levels versus the levels calculated for this validation period 
are shown in Figure 4.1-9, Figure 4.1-10, Figure 4.1-11, and Figure 4.1-12. 

 

Figure 4.1-9 Comparison of the simulated (in red) and observed (in blue) piezometric evolution 
of the Sñ1 well period (2011-2022). 
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Figure 4.1-10 Comparison of the simulated (in red) and observed (in blue) piezometric evolution 
of the Sñ2 well period (2011-2022). 

 

Figure 4.1-11 Comparison of the simulated (in red) and observed (in blue) piezometric evolution 
of the Sñ3 well period (2011-2022). 
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Figure 4.1-12 Comparison of the simulated (in red) and observed (in blue) piezometric evolution 
of the Torreverde well. 

 

4.1.2 Calibrated hydraulic parameters 
The hydraulic parameters considered are hydraulic conductivity and storage 
coefficient. As for the former, this is defined as the greater or lesser ease with which 
the medium allows water to pass through it per unit area transverse to the direction 
of flow. It is measured in meters per day (m/d). The second corresponds to the volume 
of water released by a vertical prism of the aquifer of a section equal to the unit and 
height equivalent to the saturated thickness of the aquifer when there is a unit 
decrease in the piezometric level. It is a dimensionless value. 

The Señorío aquifer is mainly made up of Pliocene conglomerates, sands and sandy 
silts, of high permeability, being confined in its southern half. The tasks of reviewing 
technical studies included an exhaustive compilation of hydraulic parameters of the 
materials involved. This task focused both on technical studies by various 
Organisations and on the pumping analysis carried out by associated companies. The 
following tables summarise the sources consulted. 

Table 4.1-2 Databases consulted. 

Type of information Database Source 

Distribution of 
permeability values and 

storage coefficient 

Hydrogeological Atlas of the 
Province of Malaga 

IGME-UMA Associated Unit 
"Advanced Hydrogeological 

Studies" 

Distribution of 
permeability values and 

storage coefficient 

Lithostratigraphic, 
permeability and 

hydrogeological map 

Geological and Mining 
Institute of Spain (IGME) 

Distribution of 
permeability values and 

storage coefficient 

Hydrogeological map of 
Spain at a scale of 1:50,000 

Geological and Mining 
Institute of Spain (IGME) 
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Figure 4.1-13 Permeability distribution in layer 1 (Quaternary). 

 

Figure 4.1-14 Permeability distribution in layer 2 (Pliocene). 
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Figure 4.1-17 Storage coefficient distribution in layer 2 (Pliocene). 

 

Figure 4.1-18 Distribution of the storage coefficient in layer 3 (Paleozoic). 

 

4.1.3 Water balance 
Below are the results of the water balance obtained for the simulated period 2000-
2022, at an annual level. 
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Table 4.1-4 Annual water balance in hm3/y. Simulation period 2000-2022. 

YEAR 
OUTPUTS INPUTS 

RIVERS WELLS CONSTANT 
HEAD 

RECHARGE RIVER WELLS CONSTANT 
HEAD 

2000 0.19 1.13 1.19 1.32 0.01 0.10 0.15 

2001 0.14 1.07 1.43 1.99 0.01 0.18 0.18 

2002 0.10 1.04 0.84 1.52 0.01 0.10 0.31 

2003 0.09 1.25 0.90 1.76 0.01 0.22 0.31 

2004 0.10 1.32 1.10 1.51 0.01 0.24 0.28 

2005 0.06 1.35 0.29 1.02 0.01 0.16 0.61 

2006 0.06 1.19 0.53 1.86 0.01 0.27 0.44 

2007 0.06 1.25 0.55 1.03 0.01 0.12 0.42 

2008 0.07 1.32 0.81 2.15 0.01 0.51 0.33 

2009 0.08 1.46 0.73 0.97 0.01 0.26 0.41 

2010 0.14 1.64 1.79 3.57 0.01 0.33 0.18 

2011 0.13 1.72 0.98 2.79 0.01 0.00 0.28 

2012 0.09 1.18 0.68 1.31 0.01 0.03 0.37 

2013 0.09 1.14 0.99 1.25 0.01 0.06 0.27 

2014 0.05 1.09 0.30 1.47 0.01 0.01 0.58 

2015 0.06 1.02 0.61 1.08 0.01 0.00 0.37 

2016 0.04 1.00 0.38 1.02 0.01 0.02 0.50 

2017 0.06 1.17 0.74 1.61 0.01 0.06 0.35 

2018 0.07 1.15 0.85 2.14 0.01 0.01 0.32 

2019 0.05 1.18 0.28 0.57 0.01 0.00 0.59 

2020 0.05 0.90 0.60 1.43 0.01 0.01 0.38 

2021 0.08 1.22 0.79 1.59 0.01 0.13 0.36 

2022 0.08 1.22 0.77 1.60 0.01 0.13 0.37 

AVERAGE 0.08 1.22 0.79 1.59 0.01 0.13 0.36 

 

As entrances to the Señorío aquifer, there is an average recharge due to rainwater 
infiltration of 1.59 hm3/y, in addition, there is an entry through the coastline of 0.36 hm3 
per year on average, the stream that crosses the aquifer would provide hardly any 
water (0.01 hm3/y). Artificially, an average injection of 0.13 hm3/y is produced through 
the Señorío wells.  

Regarding the outflows, average extractions per pumping of 1.22 hm3/y are considered 
for the simulated period, and an average natural discharge to the sea of 0.79 hm3/y, 
while to the stream it would be 0.08 hm3/y. 
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4.1.4 Piezometry 
The following figures summarise the piezometry achieved over some periods of the 
simulation. 

 

  

 

 

Year 2000 

Year 2005 

Year 2007 

Year 2009 
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Figure 4.1-19 Piezometry distribution and flow direction over some simulation periods). 

The direction and direction of the main flow is north-south, with a certain 
concentration towards the extraction points except in years when the farms exceed 
the annual average (1.22 hm3/y) in which a concentric piezometry appears around the 
pumps, with inflows from the sea that represent average flows close to 0.36 hm3/y,  
except on occasions where the infiltration of rainwater is 60% lower than the average 
(1 hm3/y) in which maximum inflows from the sea of 0.61 hm3/y could be reached.  

Year 2010 

Year 2015 

Year 2019 

Year 2022 
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Logically, the inflows into the aquifer from the sea are conditioned not only by 
exploitation but also by the infiltration of rainwater and injection into boreholes. 

The average annual piezometry around the Señorío boreholes is between 5-6 m a.s.l. 
and -4 to -6 m a.s.l.    

However, in the simulated period, the outflows to the sea are twice as high as the 
inflows from the sea, although the piezometric reaches values below 0 m a.s.l., the 
flow of water comes from the aquifer (fresh water). 

4.1.5 Numerical model uncertainties 
As mentioned above, there is a certain degree of uncertainty regarding the 
withdrawals for private use considered in the model. Although the municipal wells of 
Señorío have periodic control of flows and piezometric levels, the same does not 
happen with the wells for private use.  

In relation to the information reviewed, it has been observed that the wells have 
extracted an average flow of 0.65 hm3/y, until the year 2000. From that year to the 
present, the exact volume of extraction and the pumping regime are unknown. 
Additionally, it has been observed that these wells are located in places with difficulty 
of access and mode of equipment, which has led to the absence of level 
measurements.  

Due to the abovementioned, in the construction and calibration of the numerical 
model, average extractions have been considered for the entire period considering 
the historical extraction data measured until the year 2000. This extraction flow 
represents 53% of the total pumping of the aquifer (1.22 hm3/y), which significantly 
influences the outputs of the numerical model (hydraulic parameters, piezometry and 
water balance). That is why the results obtained must be considered with caution. 

On the other hand, it should be noted that, due to the uncertainty of the extraction 
flows of the modelled area, the initial level conditions from which to establish a robust 
steady-regime model are not exactly known. 

4.1.6 Transport model results 
From the edge condition imposed along the coastline, consisting of a chloride 
concentration of 19,000 mg/l, typical of seawater. The transport model indicates that 
the propagation of chlorides upstream of the aquifer would not affect the Señorío 
wells, even in the conditions where the greatest entry of seawater into the system 
occurs (the year 2005), remaining with values below the maximum concentration 
admissible for human consumption 250 mg/l (Royal Decree 140/2003). 

However, there would be two wells, the wells closest to the coast (West and East of 
Puente Romano) that would reach concentrations much higher than 2,000 mg/l of 
chloride, specifically 10,639 mg/l in the West well of Puente Romano, and 4,903 mg/l 
in the East of Puente Romano 1. 
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Figure 4.1-22 Schematic sketch of marine intrusion (López-Greta, J.A. & Gómez, Gómez, J.D, 
2007) 

For this reason, a new simulation has been carried out with the SEAWAT module, 
which establishes both the flow and transport models taking into account the 
difference in densities. 

 

Figure 4.1-23 Detail of the marine intrusion in 2005. 

In this case, the inflow of water is not carried out equally along the coastline but 
transition or mixing zones of between 1000 and 6000 mg/l are established at the 
surface that increase to at least 10,000 mg/l as the aquifer deepens. 

In the following figures of concentration profiles, it can be seen that the highest 
concentration (brown) is located in the lowest area of the aquifer. 
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Figure 4.1-24 Detail of the marine intrusion in an EW profile that crosses the Puente Romano 
West sounding. 

 

Figure 4.1-25 Detail of the marine intrusion in an NS profile that crosses the Sñ-2. 

 

4.1.7 Simulation scenarios 

4.1.7.1 Relationship of the Arroyo de Nagüeles with the aquifer 
The introduction of the Nagüeles stream into the numerical model has been carried 
out considering its axis and the topography of the land. In addition, it has been 
assigned a conductance value that has made it possible to establish the transfer flow 
with the aquifer. 

According to the data obtained, the stream, mainly in its initial section (to the north) 
clearly behaves as a winning section (0.08 hm3/y), so that the aquifer cedes water to 
the stream, however, as it passes, this cession becomes less and less evident, due to 
the extraction of the Señorío wells that lower the piezometric level preventing the 
contribution of water to it. However, there is also a small transfer from the stream to 
the aquifer (0.01 hm3/y). 
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Figure 4.1-26 River-aquifer relationship. 

 

4.2 DATA-REACH 
4.2.1 RETROSPECTIVE CLIMATE ANALYSIS 
A detailed analysis of the correlation between climatic indices and both chemical 
(physicochemical parameters) and quantitative status variables (piezometric levels) 
has been conducted. The main objective of this analysis is to identify signs of temporal 
deterioration of the Marbella-Estepona groundwater body. 

To achieve this, an analysis of two climatic indices (SPI and SPEI) has been carried out 
at different points in the study area. Subsequently, droughts associated with these 
indices have been identified, and correlations between these indices and piezometry 
and water quality parameters have been obtained. 

4.2.1.1 CALCULATION OF THE CLIMATIC INDICES  
The registration period differs for both indices, as the one corresponding to 
temperature, required by the SPEI, is shorter than that of precipitation (Table 4.2-1). 
Thus, the SPI could be calculated from September 1995 (data from October 1994), and 
the SPEI from November 1999 (data from December 1998). This lag at the start of the 
registration period with the first value of the indices is because the SPI and SPEI are 
calculated on a 12-month time scale, and therefore the value of the first month of the 



D4.3 
18/10/2024, V4 

 

 
74 

 

series is calculated using the previous twelve-monthly data. The end of the 
registration period, however, is the same for all, May 2023. 

Table 4.2-1 Climate indices calculated in this study and registration periods. 

CLIMATE INDEX DATA PERIOD INDEX PERIOD 

SPI October-94 / May-23 September-95 / May-23 

SPEI December-98 / May-23 November-99 / May-23 

 

Calculation of the Standardised Precipitation Index (SPI) 

For the computation of the Standardised Precipitation Index (SPI) in the study area, 
climatic information has been gathered. In this instance, the recorded variable was 
precipitation, collected from the 10 selected pluviometric stations for the climatic 
analysis. 

All of them have a recording period, previously completed and processed, of 27 years 
(01/10/1994 - 01/05/2023), with the exception of two stations, Manilva and Puerto Banús, 
which have a 32-year record (01/01/1990 - 01/05/2023). The decision was made to 
consider the SPI from the shorter record as valid, thereby simplifying and making 
more representative the comparison of the SPI across all 10 stations. 

Figure 4.2-1 displays the generated SPI indices for the selected 10 stations. The SPI 
trends are very similar across all stations, allowing for the detection of alternating wet 
and dry periods throughout the study period. 

 
Figure 4.2-1 Evolution of the Standardised Precipitation Indices (SPI12) during the period 
01/09/1995 - 01/05/2023 at the rain gauge stations in the study area. 

In this large-scale comparison, it is worth noting the wettest period identified in the 
years 2009/10-2010/11, during which SPI values of up to 2.93 were reached at the IFAPA 
station in December 2010. The second wettest period detected is that of the year 
1996/97, with a maximum SPI value of 2.57 at the Puerto Banús station. 

Conversely, the driest period that can be identified spans from 2019 to the end of the 
record. During this period, values of up to 2.98 were recorded in January 2022 at the 
Puerto Banús station. It is important to highlight the presence of pronounced peaks 
corresponding to the very negative values reached in August 1996 at some stations: 
Los Reales, Embalse de la Concepción, Depuradora and Ojén, where the SPI reaches 
values of -4.7, -4.07, -3.97 and -3.93, respectively. 

The significant disparity in the Standardised Precipitation Index (SPI) values for the 
month in question at these stations, compared to the others, has led to a review of the 
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monthly precipitation series corresponding to these stations. In this analysis, it was 
observed that not a single millimetre of rain was recorded at these four stations from 
December 1994 to August 1996, after which rain values were recorded again. The 
complete absence of precipitation records in these series over a 20-month period 
explains the extremely negative SPI value generated for August 1996. 

If we look at the source of the data for these stations, it is worth emphasising that they 
all belong to the SAIH network. In contrast, those that do not belong to this network 
do not present such a marked peak in that year. In fact, there is not even a negative 
value for the month of August 1996. This fact is highly significant and should be taken 
into account when choosing reference stations. The very negative values would 
indicate a very pronounced meteorological drought of great intensity, but it would 
then be unexplainable why the rest of the stations did not detect any drought period. 

However, in addition to the SAIH stations, there are two stations, Fitosanitaria and 
IFAPA, which significantly differ in the first months of recording compared to the 
other stations. It is important to note that the first five years of recording at these 
stations lacked data, which required their completion. Although they could be 
completed by linear regression with the other stations, the fact that it is a period of 
several years implies that the data are not completely reliable. 

For all these reasons, it has been decided to recalculate the SPI for all stations by 
reducing the recording period, thus eliminating the months in which it is considered 
that the SAIH stations have erroneous records and the other two stations reduce the 
number of years in which they lacked data at the beginning. This new calculation 
starts from data since August 1996 and therefore the start of the SPI values begins in 
July 1997. Figure 4.2-2 shows the SPI series calculated with the reduced period (Jul-
97/May-23). 

 
Figure 4.2-2 Evolution of the Standardised Precipitation Indices (SPI12) during the period 
01/07/1997 - 01/05/2023 at the rain gauge stations in the study area. 

Even after shortening the period, some discrepancies have been detected again for 
certain periods of specific stations (those belonging to the SAIH) and the monthly 
precipitation series have been analysed in greater detail. It has been found that some 
months contain inconsistent rainfall data, always less than expected compared to the 
stations from the other three data sources (AEMET, IFAPA and RAIF). For this reason, 
it has been decided to definitively eliminate the SAIH stations for the calculation of 
climate indices. The stations finally selected were Benahavís, Fitosanitaria, IFAPA, 
Manilva, San Pedro de Alcántara and Puerto Banús (Figure 4.2-3). 
























































































































































































































