
Scienti	c Programming

Scienti	c Programming Tools for
Water Management

Lead Guest Editor: Francisco J. Alcalá
Guest Editors: Jaime Martínez-Valderrama, Francisco Gomariz, Carlos G.
Hernandez, and José M. Cecilia

 



Scientific Programming Tools for Water
Management



Scientific Programming

Scientific Programming Tools for Water
Management

Lead Guest Editor: Francisco J. Alcalá
Guest Editors: Jaime Martínez-Valderrama,
Francisco Gomariz, Carlos G. Hernandez, and José
M. Cecilia



Copyright © 2021 Hindawi Limited. All rights reserved.

is is a special issue published in “Scientific Programming.” All articles are open access articles distributed under the Creative
Commons Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.



Chief Editor
Emiliano Tramontana, Italy

Editorial Board

Manuel E. Acacio Sanchez, Spain
Marco Aldinucci, Italy
Sikandar Ali, China
Davide Ancona, Italy
Daniela Briola, Italy
Mu-Chen Chen, Taiwan
Ferruccio Damiani, Italy
Sergio Di Martino, Italy
Bai Yuan Ding, China
Basilio B. Fraguela, Spain
Jianping Gou, China
Ligang He, United Kingdom
Jiwei Huang, China
Chin-Yu Huang, Taiwan
Shujuan Jiang, China
Christoph Kessler, Sweden
José E. Labra, Spain
Maurizio Leotta, Italy
Zhihan Liu, China
Piotr Luszczek, USA
Tomàs Margalef, Spain
Cristian Mateos, Argentina
Roberto Natella, Italy
Shah Nazir, Pakistan
Francisco Ortin, Spain
Can Özturan, Turkey
Zhaoqing Pan, China
Antonio J. Peña, Spain
Danilo Pianini, Italy
Jiangbo Qian, China
Fabrizio Riguzzi, Italy
Michele Risi, Italy
Sebastiano Fabio Schifano, Italy
Ahmet Soylu, Norway
Autilia Vitiello, Italy
Pengwei Wang, China
Jan Weglarz, Poland
hong wenxing, China
Qianchuan Zhao, China



Contents

Scientific Programming Tools for Water Management
Francisco J. Alcalá  , Jaime Martínez-Valderrama  , Francisco Gomáriz-Castillo  , Carlos G.
Hernández  , and José M. Cecilia 

Editorial (3 pages), Article ID 9828596, Volume 2021 (2021)

GIS-SWIAS: Tool to Summarize Seawater Intrusion Status and Vulnerability at Aquifer Scale
Leticia Baena-Ruiz   and David Pulido-Velazquez 

Research Article (15 pages), Article ID 8818634, Volume 2021 (2021)

A Statistical Tool to Generate Potential Future Climate Scenarios for Hydrology Applications
Antonio-Juan Collados-Lara  , David Pulido-Velazquez, and Eulogio Pardo-Igúzquiza
Research Article (11 pages), Article ID 8847571, Volume 2020 (2020)

SAT: A So&ware for Assessing the Risk of Desertification in Spain
Jaime Martínez-Valderrama  , Javier Ibáñez, Francisco J. Alcalá  , and Silvio Martínez
Research Article (12 pages), Article ID 7563928, Volume 2020 (2020)

Flow Enhancement of Mineral Pastes to Increase Water Recovery in Tailings: A Matlab-Based Imaging
Processing Tool
S. L. Mondaca, C. A. Leiva  , C. A. Acuña, and E. A. Serey
Research Article (9 pages), Article ID 5607242, Volume 2020 (2020)

AQUACOAST: A Simulation Tool to Explore Coastal Groundwater and Irrigation Farming
Interactions
Jaime Martínez-Valderrama  , Javier Ibáñez, and Francisco J. Alcalá 

Research Article (20 pages), Article ID 9092829, Volume 2020 (2020)

A New Clustering Algorithm and Its Application in Assessing the Quality of Underground Water
T. Vo-Van, A. Nguyen-Hai, M. V. Tat-Hong, and T. Nguyen-Trang 

Research Article (12 pages), Article ID 6458576, Volume 2020 (2020)

https://orcid.org/0000-0002-8165-8669
https://orcid.org/0000-0001-5859-5674
https://orcid.org/0000-0003-4306-6643
https://orcid.org/0000-0002-7178-0249
https://orcid.org/0000-0001-5648-214X
https://orcid.org/0000-0003-2912-0690
https://orcid.org/0000-0001-7985-0769
https://orcid.org/0000-0002-5693-2048
https://orcid.org/0000-0001-5859-5674
https://orcid.org/0000-0002-8165-8669
https://orcid.org/0000-0003-1568-1462
https://orcid.org/0000-0001-5859-5674
https://orcid.org/0000-0002-8165-8669
https://orcid.org/0000-0003-2635-5371


Editorial
Scientific Programming Tools for Water Management
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1Instituto Geológico y Minero de España (IGME), Madrid 28003, Spain
2Multidisciplinary Institute for Environment Studies ‘Ramón Margalef’, University of Alicante, San Vicente del Raspeig,
Alicante 03690, Spain
3Department of Geography, University of Murcia, Murcia 30100, Spain
4Euro-Mediterranean Water Institute (IEA), Murcia 30100, Spain
5Departamento de Producción Agraria, Universidad Politécnica de Madrid, Madrid 28040, Spain
6Department of Computer Engineering (DISCA), Universitat Politècnica de València, Valencia 46022, Spain
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Copyright © 2021 Francisco J. Alcalá et al. %is is an open access article distributed under the Creative Commons Attribution
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is
properly cited.

%is special issue delivers a platform in which researchers expose intersections between algorithm design, software platforms, and
hardware architectures to deal with emerging challenges in the scientific field of management of water and water-dependent
resources. Since the call for papers was announced in June 2019, this special issue has received 10 manuscripts. After a rigorous
review process, 6 papers have been finally accepted for publication. Published papers deal with groundwater quality monitoring,
coastal groundwater-dependent irrigation agriculture, desertification risk, water recovery from tailings, future scenarios of water
resources, and vulnerability of coastal aquifers.

1. Introduction

One of the main humanity challenges is management of
water and water-dependent resources. Global climatic
driving forces determine the water availability and renew-
ability rates of water-dependent resources such as soil,
rangelands, crops, livestock, and similar others. %e man-
agement of water and water-dependent resources is man-
datory to cope with ecosystem preservation and human
development. However, many of the terrestrial socio-
ecological systems are typically sparse-data areas where the
capability to adequately characterize the nonlinear processes
that govern the dynamics of water and water-dependent
resources is limited. Climate may determine the design of a
computation platform. Many of the computational tools
designed for humid and temperate regions often fail when
trying to reproduce some complex human and environ-
mental interactions that occur in drylands. In general, a lack
of computational tools for modelling of water and water-
dependent resources in the literature is observed.

%e integration of the latest breakthroughs in geology,
climatology, hydrology, agronomy, mining, and biotech-
nology from one side and high-performance computing,
artificial intelligence, and computational modelling to the
other has enabled remarkable advances in the field of water
management. By merging these developments, scientists
have started to create new strategies to cope with the
consequences of global climatic forces and human action,
such as water scarcity, ecosystem degradation, and de-
creasing renewability rates of water-dependent resources.

%ese scientific applications typically require big
datasets and complex simulations to adequately charac-
terize the nonlinear processes that govern the dynamics of
water. Highly intensive computational strategies could
greatly benefit from increased scientific computational
resources to reproduce the complex environmental and
human interactions that occur in water bodies and their
associated ecosystems and dependent resources. All these
scientific and programming advances are combined to
provide innovative solutions to deep-seated problems for
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society, especially with respect to forecasting and uncer-
tainty analysis.

%is special issue aims to deliver a platform. On the
platform, researchers expose how the intersections between
algorithm design, software platforms, and hardware archi-
tectures can be used to deal with emerging challenges in the
scientific field of management of water and water-dependent
resources. At the same time, this special issue showcases
the main trends in scientific parallel processing, algorithm
definition, and problem-domain requirements to antici-
pate future solutions which could be translated into real
societal benefits. %is special issue includes original re-
search articles that describe specific computational tools
related to natural and nonconventional water source
management, optimization of water in agriculture, in-
dustrial and mining, and the dynamics of water-dependent
resources.

Once the call for papers was announced in June 2019,
this special issue has attracted attention. In total, 10 man-
uscripts were received. After a rigorous review process, 6
papers have been finally accepted for publication. To gain a
better insight into the essence of the special issue, we offer
brief highlights of the published papers in Section 2.

2. Published Papers

%e paper “A New Clustering Algorithm and Its Application
in Assessing the Quality of Underground Water” [1] in-
troduces a new concept of “epsilon radius neighbours” in
cluster analysis. Based on “epsilon radius neighbours,” a new
clustering algorithm in which the epsilon radius value is
adapted to the characteristics of each cluster in the current
partition is proposed for groundwater quality monitoring.
%rough this application, the authors found that the new
algorithm might provide valuable reference information for
groundwater quality monitoring management.

%e paper “AQUACOAST: A Simulation Tool to Explore
Coastal Groundwater and Irrigation Farming Interactions”
[2] introduces a tool to analyse the impact of apparently
unrelated factors such as the prices of crops, subsidies, or
exploitation costs on the advance of saltwater intrusion, a
great threat to coastal groundwater-dependent irrigation
agriculture systems.%e tool implements a system dynamics
model in Vensim software that considers the integration of
hydrological, agronomic, and economic drivers, and a
Venapp push-button interface that allow users access to a
Vensimmodel without going through the Vensimmodelling
environment.

%e paper “Flow Enhancement of Mineral Pastes to
Increase Water Recovery in Tailings: A Matlab-Based Im-
aging Processing Tool” [3] determines how water content
affects the flow behaviour and depositional geometry of
tailings and silica flour pastes in the mining copper industry.
%e modelling results indicate that the new technique can be
incorporated to determine the proper solid content and
modifiers for a given fluidity requirement. In general, the
techniques are aimed at reducing current high water losses
by evaporation and percolation during mineral recovering
practices.

%e paper “A Statistical Tool to Generate Potential
Future Climate Scenarios for Hydrology Applications” [4]
introduces GROUNDS to generate potential future climate
scenarios in water resources systems of different typology
and size (river basins, aquifers, mountain ranges, and
countries) from historical and regional climate model in-
formation. %e tool generates future series of precipitation,
temperature, and potential evapotranspiration and uses
different approaches and statistical correction techniques to
generate individual local projections and ensembles of them.
%e tool is also useful for quantifying the uncertainties of
future scenarios by combining them with stochastic weather
generators.

%e paper “SAT: A Software for Assessing the Risk of
Desertification in Spain” [5] presents SAT, a decision
support system for assessing the risk of desertification in
Spain. SAT relies on three versions of a generic desertifi-
cation model that integrates economics and ecology under
the predator-prey paradigm. %e models have been pro-
grammed using Vensim, a software to build and simulate
system dynamics models. %rough Visual Basic program-
ming, these models are operated from the Excel environ-
ment. Other specially designed tools have been coupled to
assess the risk of desertification and determine the ranking
of the most influential factors.

%e paper “GIS-SWIAS: Tool to Summarize Seawater
Intrusion Status and Vulnerability at Aquifer Scale” [6]
introduces GIS-SWIAS, an ArcGIS ArcToolbox to analyse
seawater intrusion (SWI) status and vulnerability at aquifer
scale. %e tool uses georeferenced information and provides
results in terms of reports and images of the SWI evolution
over time. Depending on the data coverage, the tool can be
applied to provide an initial picture of historical SWI or a
rational quantification for detailed SWI management. %e
tool enables researchers and technicians to assess SWI dy-
namics and aquifer resilience under different management
scenarios including adaptation strategies to potential future
scenarios.

3. Conclusions

%e guest editors envision that the published papers in this
special issue would be of interest to researchers and prac-
titioners and help identify further research routes. We also
hope that the readers can find the material of this special
issue both interesting and inspiring when exploring the field
of management of water and water-dependent resources.
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In this paper, we introduce GIS-SWIAS, a novel generalized ArcGIS ArcToolbox that helps to analyze seawater intrusion (SWI)
status and vulnerability at aquifer scale (SWIAS). It is a user-friendly tool that can be applied to any aquifer and is fully integrated
in the ArcGIS environment, which is a widely available software tool. It is the first ArcGIS tool with these characteristics focusing
on SWI analyses that we can find in the literature. GIS-SWIAS is able to deal with georeferenced information; it is easy to
introduce the required data (inputs) and to efficiently perform the demanding computational operations required. Its outputs are
in the form of shapes, reports, and images (maps, conceptual cross sections, and time series of lumped indices) to summarize the
magnitude, intensity, and temporal evolution of SWI within an aquifer for specific dates or by showing statistics for a chosen time
period. It can be applied to assess historical SWI dynamic in cases where there is no groundwater flow model. In those cases, the
spatial distribution is assessed by applying simple interpolation techniques. Nevertheless, if we want a rational quantitative
analysis of the sustainability of alternative management scenarios to the SWI problem, the GIS-SWIAS tool requires that in-
formation on hydraulic head and chloride concentration distribution is generated from simulations of their impacts by a
calibrated density-dependent flow model. In such cases, adaptation strategies to potential future scenarios—whose distributed
impacts have to be propagated within the previously calibrated models—could usefully be analyzed and compared using this tool.
Given all these ways that the GIS-SWIAS tool can be applied, it provides a valuable tool for both the researcher and technician to
assess SWI dynamics and aquifer resilience under different scenarios. It can support the decision-making process by helping to
make a rational selection of sustainable management strategies. Its performance for the analyses of historical and potential future
scenarios has been tested and confirmed in two case studies described in previous research works.

1. Introduction

Seawater intrusion (SWI) in coastal aquifers is a worldwide
problem affecting groundwater-dependent ecosystems and
human health. In recent decades, society’s awareness of this
issue has grown and this has been reflected in the legal
framework of many countries. For example, the European
Union’s Water Framework Directive (WFD) requires that
river basin plans address the achievement of a good qual-
itative and quantitative status of groundwater bodies [1]. In
coastal groundwater bodies, intrusion is one of the main
issues that need to be considered to achieve or maintain
good groundwater status.

,e impacts of SWI on groundwater have a heteroge-
neous distribution. Analyses of spatiotemporal distribution
of SWI require salinity or chloride concentration to be
mapped for different dates. Depending on the issue to be
addressed and the available information, SWI can be ap-
proximated using various models. SWI can be mapped ei-
ther by applying simple interpolation models [2, 3] to
existing point data or by simulating the physical processes
using transient density-dependent groundwater flowmodels
[4, 5]. ,e results obtained with these physical process
models can be applied to assess sustainable management
strategies, i.e., strategies that prevent deterioration of the
aquifer resource due to SWI [6]. ,ey can even be employed
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to propagate impacts of potential local climate change (CC)
[7] or global change (GC) scenarios and to identify adap-
tation strategies [8].

Based on the salinity or chloride concentration maps at
different dates, some authors have defined indices to
summarize SWI [9–12]. ,ese indices provide an overview
of the intensity and spatial distribution or percentage SWI at
aquifer scale. Such indices need to offer descriptive and
synthetic results so that the status of SWI in different
aquifers and over different periods can be compared. ,ese
index-methods [9, 13] establish threshold values for chloride
to define the basis of SWI that have been defined in various
ways: by referencing natural background levels and/or by
taking into account the concentrations required to protect
dependent ecosystems or human health [14].

When simple interpolation is used to draw the maps
used to define the indices, analyses must be limited to the
historical period for which there are data. In contrast,
physical process models can be applied to propagate various
potential conditions and so maps can be obtained for dif-
ferent scenarios (e.g., alternative management scenarios or
future potential CC scenarios); in this latter case, the output
can be used to determine the optimum strategy and
therefore support the decision-making process [15].

In addition to the SWI status and dynamics, another
important issue to take into account in identifying sus-
tainable management strategies for coastal aquifers is the
aquifer’s vulnerability to SWI. In the literature we found
various methods for mapping SWI vulnerability, such as the
GALDIT method [16]. ,en, by applying a method to ex-
press vulnerability as an index, we can also get an overview
of the intensity and spatial distribution or percentage of SWI
at aquifer scale [13].

2. Related Works

In the literature we find many tools to assess and analyze
water resource problems [17–19]. ,e success of these
software tools lies in their usability. A user-friendly envi-
ronment and the implementation in commonly used soft-
ware are key factors for their success and popular use. For
example, groundwater studies usually employ Geographic
Information Systems (GIS) since they are powerful, widely
available tools that can deal with large amounts of spatial
georeferenced information [20] and make calculations in an
efficient way to provide quick results [21]. ,e analysis and
mapping of hydrogeological data provide useful spatio-
temporal information to decision makers [22].

GIS tools have been widely used for different purposes
related to groundwater issues [23, 24]. Several authors have
developed different source codes within GIS environment
(Alcaraz et al. [25]; Bhatt et al. [26]) for hydrogeological
modelling. A free and open source module included in
FREEWAT was developed by Criollo et al. [19] to analyze
hydrochemical and hydrogeological data in order to simplify
the characterization of the groundwater bodies at chemical
risk. Almeida et al. [27] coupled a groundwater flow model
into a GIS environment to simulate transient flow in a
confined aquifer. Akbar et al. [28] and Rı́os et al. [29]

presented GIS-based models to simulate contaminants
leaching into groundwater.

In coastal areas, a three-dimensional GIS-based
groundwater flow model was developed [30] to simulate the
aquifer’s response to past climate changes. A new ArcGIS
tool for groundwater flow simulation and visualization of
results was also implemented by [19]. Other authors (De
Filippis et al. [31]) applied a previously developed GIS-based
tool (AkvaGIS), in addition to a groundwater flow model, to
study the impacts of pumping on seawater intrusion in
coastal aquifers in Malta and Italy. ,is tool was used in
other studies (Perdikaki et al. [32]) to analyze hydrochemical
parameters in a coastal aquifer that presented seawater
intrusion problems.

Nevertheless, as far as we know, there is no ArcGIS tool
focusing on analyzing seawater intrusion (SWI) status and
vulnerability at aquifer scale.

In this paper, we describe the development of a new
ArcGIS tool called GIS-SWIAS, which is the implementation
of the index-based method for assessing aquifer status and
vulnerability to SWI proposed by [13, 15]. It helps to analyze
SWI status and/or vulnerability at aquifer scale using a mixed
lumped-distributed analysis. It is a user-friendly ArcGIS®toolbox that performs all the required calculations for specific
dates or temporal periods inside a GIS environment.,e data
inputs to the model are hydraulic head and chloride con-
centration maps. ,e tool provides two options to map these
variables: the first is to use point data by applying interpo-
lation techniques integrated within GIS-SWIAS, while the
second is to take these data from existing external distributed
models. ,e second approach allows different climatic and/or
management scenarios to be assessed and compared. From
those maps, extensive calculations have been fully automa-
tized in GIS-SWIAS to display the results as distributed maps
of affected and nonaffected volumes (at a specific moment or
over a period of time), mean conceptual cross sections, and a
lumped index (Ma and L_Vul) to analyze the global intensity
and the dynamics of SWI.

Although there are many GIS-based tools in the literature
that allow simulating groundwater flow and analyzing
groundwater quality, none of them perform spatial and
temporal analysis on groundwater quality and vulnerability
issues. Moreover, this new tool provides simple pictures that
summarize the proportional affected area within the aquifer
according to a chloride threshold. For this purpose, GIS-
SWIAS has been applied to analyze the seawater intrusion
problem, but this tool could be applied to represent the global
status of an aquifer to any contaminant.,emain objective of
GIS-SWIAS is to provide an easy-to-use tool through a user-
friendly interface that can be used by users at different levels of
expertise to summarize the SWI problem at aquifer scale. It
allows analyzing long time periods with a low computing cost.

3. Description of GIS-SWIAS Tool: Models,
Inputs, and Outputs

GIS-SWIAS is an ArcGIS ArcToolbox that contains the
models required to analyze SWI status and vulnerability at
aquifer scale, according to the methodology described in
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previous works [13, 15]. Figure 1 shows the structure of the
tool, which includes inputs, steps, and models, as well as the
outputs generated.

To determine the overall status of the aquifer, the inputs
to the tool include variables (to characterize the historical
evolution of hydraulic head and chloride concentration) and
parameters (to define aquifer geometry and hydrodynamic
behaviour). Data describing the historical evolution can
come from direct observations (monitoring network) or
other techniques (geophysical applications, etc.). For the
vulnerability assessment, an additional input is required: a
distributed vulnerability index map, which comes from
other intrinsic information (aquifer type, conductivity,
distance from the shoreline, and bicarbonate concentration).

,e results/outputs produced to summarize status and
vulnerability to SWI through visual displays and time series
are as follows: (1) maps of aquifer volumes affected by SWI;
(2) 2D conceptual cross sections (with mean penetration
inland and mean thickness on specific dates, or mean values
over a period of time); (3) lumped index (mass of chloride
that causes the concentration in some areas to exceed the
SWI threshold and lumped vulnerability index) to sum-
marize the global dynamic of SWI within the aquifer.

3.1. Description of the Outputs: /eoretical Background.
In order to assess the maps of SWI-affected aquifer volumes
for different dates, we need to compile (A) maps of chloride
concentration or vulnerability to SWI; (B) maps of
groundwater volumes for specific dates; (C) threshold of
chloride concentration or vulnerability that will be used to
tag which parts of the aquifer are impacted (areas with
chloride concentration or vulnerability index exceeding the
threshold). ,e tool provides two options with respect to the
input maps (A) (chloride or vulnerability maps) and (B),
either calculating the maps internally from point data by
applying interpolation techniques integrated within GIS-
SWIAS or taking the maps from existing external distributed
models; the second option means that various potential
climatic and/or management scenarios can be compared and
assessed. Maps of groundwater volume are calculated by
combining hydraulic head, geometry, and the storage co-
efficient. ,e maps of groundwater volume and chloride
concentration are combined to assess the aquifer volume
affected by using a chloride threshold (Vr). ,is threshold is
assumed to be equal to the natural background level of the
aquifer, or the reference quality standard determined by
authorities in order to maintain a good groundwater status.
,e affected volume is defined as the groundwater volume of
resource whose chloride concentration is above the estab-
lished threshold.

2D conceptual cross section depicts the magnitude of the
intrusion process in the aquifer at a specific moment, or the
mean values in a period of time. ,e cross section is defined
orthogonal to the shoreline. It summarizes the mean ge-
ometry of the affected volume, i.e., the mean thickness and
inland penetration of the aquifer volume with chloride
concentration above the threshold. ,e average affected
thickness Tha(m) and inland penetration P(m) of the

intrusion can be calculated by summing the values in each
cell i of the aquifer mesh where the chloride concentration
exceeds the threshold:

Tha(m) �
 Vi >Vr( )

 Si >Vr( )
,

P(m) �
 Vi >Vr( )

Tha ∗ Lcoast
,

Vi >Vr( ) m
3

  � Si m
2

 ∗ bi(m)∗ αi,

(1)

where Vi(>Vr) is the groundwater volume (m3) in the cell i
with a chloride concentration (or vulnerability) exceeding
Vr; Si is the surface area (m2) of the cell i with chloride
concentration (or vulnerability) exceeding Vr; bi is the
saturated thickness (m) within the cell i with Cl concen-
tration (or vulnerability) above Vr; αi is the storage coeffi-
cient in the cell i; Lcoast is the length of coastline (m).

,e mean chloride concentration (C) of the affected
volume is

C
mg

l
  �

 Ci >Vr( )∗Vi >Vr( ) 

V >Vr( )
, (2)

where Ci(>Vr) is the chloride concentration (mg/l) in cell i;
Vi(>Vr) is the groundwater volumes (m3) in cell i with a
concentration exceeding Vr; V(>Vr) is the total groundwater
volume (m3) of the affected area.

,e increment of chloride concentration (IC) above the
threshold (Vr) in the affected volume is

IC
mg

l
  � C − Vr. (3)

Both variables, the conceptual cross section and IC in-
dex, give an overview of the magnitude and intensity of the
intrusion process per linear metre of coast at a specific
moment in time.

,e lumped index Ma (mass of chloride that causes the
concentration in some areas to exceed the threshold) to
summarize the global dynamic of SWI within the aquifer is
obtained multiplying the increment of concentration (IC) by
penetration (P) and affected thickness (Tha) from (1) and (3).

Ma
kg

m
  � P(m)∗ IC

mg

l
 ∗ 10− 3 ∗Tha(m). (4)

,e vulnerability to SWI (or vulnerability to contami-
nation in general) is assessed and summarized following the
same steps to assess the SWI status. In this case, instead of
chloride concentration values, a distributed map of
groundwater vulnerability has to be generated by applying
any index-based method (e.g., GALDIT) and the threshold
applied to identify the affected area is defined by a specific
vulnerability class (e.g., high or very high vulnerability).

,e affected volume corresponds to the groundwater
that presents vulnerability values above the threshold (e.g.,
very high vulnerability). ,e average affected thickness
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Tha(m) and inland penetration P(m) are calculated by ap-
plying (1).

,e lumped index to assess vulnerability is

L Vul(− )
 Vuli >Vr( ) ∗Vi >Vr( )

V >Vr( )
, (5)

where Vuli(>Vr) is the value of the vulnerability index (-) in
cell i.

,e concept of Ma and L_Vul involves some simplifi-
cations, in accordance with the definition of the conceptual
cross sections. While 2Dmaps and cross sections summarize
the extent and magnitude of SWI and vulnerability in an
aquifer at a specific time, Ma and L_Vul indices show the
lumped intensity and temporal dynamic of the SWI and
vulnerability to SWI at aquifer scale.

3.2. Tool Programming in ArcGIS. GIS-SWIAS is an ArcGIS
ArcToolbox composed of a chain of models programmed in
ModelBuilder. ModelBuilder is a visual programming lan-
guage that allows chaining and sequencing several geo-
processing ArcGIS tools through a user-friendly interface.
ModelBuilder is available within the tool bar in ArcGIS. It
allows the addition of any geoprocessing tool of ArcGIS by
linking and providing its output and transferring it to an-
other tool as input.

Programming in ModelBuilder allows us to automate a
workflow to create a model, which can be documented and
shared as a ArcGIS tool. ModelBuilder contains a script tool
to link with Python scripts and other models. It also allows
iteration of a workflow, so it can be very useful to analyze the
evolution of the historical hydrogeological processes.

,e three models that compose GIS-SWIAS have been
compiled by adding different tools from ArcToolbox to

create shapes from point data, to interpolate, etc. Figure 2
shows the workflow of one of the three models.

Although ModelBuilder is an intuitive and easy-to-use
tool, the integration of lots of geoprocesses in the same
model may be difficult. Because several geoprocesses have
dynamic parameters and the user interaction is necessary,
GIS-SWIAS was divided into three steps (models) that have
to be executed following the workflow shown in Figure 1.

3.3. Description of the Models within GIS-SWIAS.
GIS-SWIAS contains three ModelBuilder models (Figure 2)
that can be applied individually or used sequentially to
produce a complete lumped assessment of the SWI at aquifer
scale. GIS-SWIAS can be shared with other users and it can
be added as a toolbox as shown in Figure 3.,e run sequence
follows the order shown in the workflow (Figure 1):
“Chloride concentration map”, “Hydraulic head map,” and
“Summarizing SWI”. ,ese models can be run within the
ArcToolbox window providing a user-friendly graphical user
interface.

3.3.1. “Chloride Concentration map” Model. ,e “Chloride
concentration map” model generates a classified chloride
concentration shapefile from a point feature table in text
format by using Inverse Distance Weighting (IDW) inter-
polation technique (other interpolation techniques could be
implemented in this tool). It can also import chloride
concentration fields from Visual MODFLOW files. ,e
dialog box shown in Figure 4 is opened by double-clicking
the model tool on the ArcToolbox window.

,e model requires a polygon shapefile of the aquifer
and the workspace containing a text file for each date to be
analyzed. ,e text files have to include X and Y UTM
coordinates that define the locations of the point features

SWI assessment tool: GIS-SWIAS

Model 1
chloride concentration map

or
vulnerability index map

Input data
(model 1)

Input 
parameters
(model 1)

Model 2
hydraulic

head 
map

Input data
(model 2)

Input 
parameters
(model 2)

Model 3
summarizing SWI (status and/or vulnerability)

- Conceptual cross sections
- Temporal series of variables

Input data
(model 3)

Input 
parameters
(model 3)

Outputs
Graphic results

Maps (specific time)
Conceptual cross sections
Graphs (temporal evolution)

Report results
SWI variables at a specific time
Statistics of SWI variables of a time period

Statistics (period of time)
Specific time

Figure 1: Workflow of the GIS-SWIAS ArcToolbox.
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and chloride concentration values (mg/l) in the observation
wells. Text files also have to include column header, as
shown in Figure 4. ,e text filename cannot exceed eight
characters nor include blank spaces or special characters
(underscore can be used as a substitute). It is not necessary
that all points contain data every date of the period to be
analyzed.

,e user has to indicate the fields (columns) in the input
table that contain the X and Y coordinates and the chloride
concentration value for each point (Figure 5). Optional
settings concerning IDW interpolation techniques can be
changed by the user. A reclassification of the values after
interpolation is also required. Finally, the user has to choose
a folder where the output shapefiles will be saved.

When all the required parameters are filled out, the
model can be executed by clicking “OK” at the bottom of the
dialog box. ,e execution screen (Figure 6) shows the
running processes and it can be closed when the execution
has successfully completed.

,e “Chloride concentration map” model provides the
following shapefiles for each date analyzed: (1) point
shapefile of chloride concentration data; (2) raster from data
interpolation; (3) polygon shapefile from interpolation
covering the default extension; and (4) polygon shapefile
from interpolation clipped to the shape of the aquifer.

3.3.2. “Hydraulic Head Map” Model. ,e “Hydraulic head
map” model generates a classified hydraulic head shapefile
from a point feature table in text format. It also generates a
shapefile containing aquifer variables (chloride concentra-
tion and hydraulic head values) and aquifer parameters
(storage coefficient and bottom of the aquifer). ,e dialog
box is shown in Figure 7.

,is model has the same input requirements as for the
“Chloride concentration map” model but focuses on hy-
draulic head data (m.a.s.l.). It also allows hydraulic head
fields to be imported from Visual MODFLOW.,e name of

Input
chloride

concentration
data

points

Iterate
tables 10_1980.txt

Make XY
event layer

P

P

%Name%

%Name%
(2)

Output cell size
for interpolation

Feature class
to shapefile
(multiple)

Power

Search
radius

P

P

P

P

Reclassification

idw_pol_cl_
%Name%.sh

p

cl_%Name%
.shp

r_cl_%Nam
e%

Aquifer shape

Clip

Raster to
polygon

Reclassify

IDW

idw_%Name%

Name
Interpolation field

chloride data

X field
chloride data

P

P

P
P

Y field
chloride

data

Output
workspace

chloride
shapefiles

Figure 2: Workflow of “Chloride concentration map” model.

Figure 3: GIS-SWIAS in the ArcToolbox.
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hydraulic head text files must be the same as the chloride
concentration text files for each time period analyzed.

,e user has to indicate the location of the chloride
shapefiles generated in the previous model (“Chloride
concentration map” model). It also requires polygon
shapefiles of storage coefficient and bottom (m) of the
aquifer as inputs.

,e model generates shapefiles of hydraulic head data in
an analogous way to the “Chloride concentration map”
model. Moreover, it provides a polygon shapefile containing
variables for each date analyzed (chloride concentration and
hydraulic head values) and parameters (bottom and storage
coefficient) of the aquifer. ,is shapefile is named “union_%
name of the hydraulic head text file%_hh.shp”, where “%
name of the hydraulic head text file%” is variable if different
dates are analyzed.

3.3.3. “Summarizing SWI” Model. For the “Summarizing
SWI” model, the methodology proposed in Baena-Ruiz
et al. [13,15] and described in Section 3.1 has been
implemented in the ArcGis environment. ,is tool gen-
erates Excel® tables containing statistics that summarize
SWI at aquifer scale. It also generates conceptual cross
sections (.shp), where the mean affected and nonaffected
volumes are drawn for the aquifer (average values over a
time period or instantaneous values on a specific date). If
different dates are analyzed, it shows graphs representing

the temporal evolution of Pa and Ta variables, percentage
of affected volume, chloride concentration within the
aquifer, and Ma index (or lumped vulnerability index).
,e dialog box for global status assessment is shown in
Figure 8.

,e “Summarizing SWI” model requires the folder path
where the results of the “Hydraulic head model” have been
previously saved to be specified. In this folder, the shapefile
named “union_%name of the hydraulic head text file%
_hh.shp” contains chloride concentration, hydraulic head,
bottom of the aquifer, and storage coefficient fields. ,e user
has to select from the pull-down list the corresponding
column in the input shapefile for each field, as shown in
Figure 9.

,e next required parameter in this tool is the “Chloride
threshold.” It is defined as the chloride concentration value
above which the aquifer is considered to be affected by SWI.
,is threshold may be set as the natural background level of
the aquifer or as the relevant environmental quality stan-
dards. Hinsby et al. [14] proposed a method to calculate
groundwater thresholds values based on these criteria.

,e shoreline length (m) is also required for subsequent
calculations.

X and Y axes establish the coordinate system of the
conceptual cross sections. ,e GIS-SWIAS tool provides
polyline shapefiles for X and Y axes located at (0,0), but the
user can translate them to another coordinate origin or
create new ones.

Figure 4: Dialog box of the “Chloride concentration map” model.
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,e vertical scale factor is used to rescale the vertical
magnitude (Ta) of the conceptual cross section if the factor
Ta/Pa is too small. If vertical scale factor� 1, the conceptual
cross section will maintain the real size ratio.

Finally, two paths where the output results will be saved
are required. “Output workspace statistic” will contain
lumped variables reports in Excel table format for each date
analyzed (Figure 10) and mean statistics for the entire pe-
riod. Four graphs will be also saved in this path: (1) temporal
evolution of Pa and Ta variables; (2) percentage volume
affected; (3) Ma index; and (4) chloride concentration within
the aquifer (mean chloride concentration in the aquifer,
mean chloride concentration in the affected volume, and the

increment of concentration within the affected volume
above the threshold).

“Output workspace results” will contain the polygon
shapefiles that allow the (1) mean affected and (2) non-
affected conceptual cross section within the aquifer for each
date analyzed to be drawn, (3) the mean affected and (4)
nonaffected conceptual cross section within a time period,
and the (5) maximum affected cross section for a time
period. ,ese two paths can be the same for all results, but
they have to be different from the output paths of the
previous models.

Figure 11 and Table 1 show the graphical and statistical
summaries, respectively, from the GIS-SWIAS tool.

,e GIS-SWIAS tool can provide results for each date
where information is available; these are obtained by iter-
ative application of the described method. GIS-SWIAS al-
lows historical [13] and future periods [15] to be analyzed if
the hydraulic head and chloride maps come from a density-
dependent flow model. By this means, GIS-SWIAS can be
used to analyze adaptation strategies [15] in terms of re-
ducing SWI, taking into account future potential scenarios
that might include CC and/or GC, also considering pro-
jected land use change scenarios (new urbanized areas, crop
transformations) [15].

Moreover, this tool may be also used to summarize SWI
vulnerability, for any index method applied to assess it. In

Figure 5: Setting options defined by the user.

Figure 6: Execution screen of the model.
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Figure 7: Dialog box of the “Hydraulic head map” model.

Figure 8: Dialog box of the “Summarizing SWI” model.
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this case, instead of the chloride concentration maps, gen-
erated by executing the “Chloride concentration map”
model, polygon shapefiles of the vulnerability index (pre-
viously prepared by the user) would be used as inputs of the
model “Summarizing SWI vulnerability” (Figure 12), which
also will require the “Hydraulic head map” shapefile gen-
erated by the tool, as previously described.

,e vulnerability index maps must be included as nu-
merical fields (values obtained before defining the vulner-
ability classes). In order to generate the conceptual cross
sections that summarize the “affected” aquifer volume, i.e.,
where the vulnerability to SWI is identified, the tool requires
a vulnerability threshold to be input that represents the
reference value chosen to distinguish between affected and
nonaffected volumes. ,is threshold will be also used to
assess the lumped vulnerability index.

Just as in the definition of the Ma index, the lumped
global value of vulnerability in the aquifer on a specific date

is obtained by weighting the vulnerability score in each cell
with its water storage. ,is lumped index also allows an
analysis of the dynamic of SWI vulnerability of the system at
aquifer scale to be performed. ,e lumped index can be also
obtained using different threshold values [13, 15].

4. Discussion

GIS-SWIAS is a user-friendly polyvalent ArcGIS tool that
provides a comprehensive overview of SWI status and
vulnerability at aquifer scale. It integrates three models,
which are documented in order to briefly explain the tool’s
description, its utility, and the data required for each item.
,is tool can be applied by scientists and decision makers,
who may not be advanced users of GIS, to summarize SWI
problems. Many GIS-based tools have demonstrated to be
powerful and cost-effective to analyze groundwater issues
(Criollo et al. and Perdikaki et al. [19, 32]). Moreover, GIS

Figure 9: Selection of chloride field from the input table.

Figure 10: Summary statistics for a date.
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models as ModelBuilder models can be integrated into other
platforms by using the Python script tool (Menezes and
Inyang [33]).

Due to the heterogeneous distribution of seawater in-
trusion, distributed information and assessments are re-
quired to study its impacts [8, 30]. For this reason, the
methods for modelling [34, 35] SWI impacts and the user-
friendly tools developed based on them [36–38] also require
distributed inputs and calculations.,e GIS-SWIAS is a tool
that could be classified as a postprocessing tool to summarize
and help in the analysis of SWI impacts at aquifer scale. ,is
tool produces both distributed and lumped results at aquifer
scale, but, logically, it also requires distributed inputs and

assessments, as described in the previous sections. In this
group of postprocessing tools, we find in the literature, for
example, [39]. GIS-SWIAS is a new tool, in which the
method proposed by [13, 15] has been implemented. A
significant novelty of this method with respect to other
previously developed methods is that the proposed lumped
index to summarize SWI status at aquifer scale is based on a
variable with physical meaning (mass of chloride that causes
the concentration in some areas to exceed the natural
threshold). On the other hand, a novel aspect of this tool is
that, from the distributed information and calculations, GIS-
SWIAS allows easy computation of the affected volume
containing a chloride concentration above a threshold. ,is

Time series of Pa and Ta

Chloride concentration
shapefile

Hydraulic head
shapefile

Conceptual cross section
shapefiles

Figure 11: Graphical output from the GIS-SWIAS tool.
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tool also helps to produce lumped SWI outputs (indices) at
aquifer scale. It produces valuable information that helps
draw conclusions about the dynamic at aquifer scale, in
terms of affected volume and global SWI intensity. ,us, it

also provides insight into aquifer resilience and trends.
,erefore, it will help to identify coastal groundwater bodies
that require new management strategies to be implemented
to achieve a good status.

Table 1: Lumped variables output (Excel® table format) from the GIS-SWIAS tool.

Lumped variables (Excel table)
At a specific moment in time Statistics for a time period
Total aquifer volume Average aquifer volume
Total aquifer affected volume Average aquifer affected volume
Total chloride concentration∗ aquifer volume Average chloride concentration∗ aquifer volume
Total chloride concentration∗ aquifer volume in the affected
volume Average chloride concentration∗ aquifer volume in the affected volume

Total aquifer area Average aquifer area
Total aquifer affected area Average aquifer affected area
Shoreline length Shoreline length
Average aquifer thickness Average aquifer thickness within the period
Average affected aquifer thickness Average affected aquifer thickness within the period

Average orthogonal distance of the aquifer to the shoreline Average orthogonal distance of the aquifer to the shoreline within the
period

Average orthogonal distance of the affected aquifer to the
shoreline

Average orthogonal distance of the affected aquifer to the shoreline within
the period

Average chloride concentration within the aquifer Average chloride concentration within the aquifer within the period

Average chloride concentration within the affected volume Average chloride concentration within the affected volume within the
period

Increment of chloride concentration above the threshold
value

Increment of chloride concentration above the threshold value within the
period

Ma index Average Ma index within the period
Percentage of affected volume Average percentage of affected volume within the period

Figure 12: Dialog box of the “Summarizing SWI vulnerability” model.
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,e identification of SWI (the phenomenon that we want
to analyze) requires a threshold value established that defines
the inflection point beyond which the aquifer begins to
register an impact. Previous research shows that the impact
of SWI is significantly sensitive to the choice of the threshold
value adopted [13]. ,e significant uncertainties around
determining these threshold values [14] and the sensitivity of
whether the aquifer is reported as being impacted by SWI or
not increase the practical interest of the GIS-SWIAS tool: it
is capable of performing the extensive calculations required
to summarize SWI at aquifer scale, for the analyses of both
historical and potential scenarios, considering different
threshold values, which allow the comparison of the results.

With respect to the maps employed as inputs, the tool
allows two options: to generate maps from available data
using different interpolation techniques integrated in the
tool and to take the maps directly from SEAWAT files. ,is
functionality—which allows maps to be generated from
point data or to be loaded from other commonly employed
tools—has also been implemented in other SWI assessment
tools [36, 37]. However, as far as we know, it is not available
in postprocessing tools. In cases where map inputs are taken
from density-dependent models, a comparative assessment
of different scenarios (climatic conditions and/ or man-
agement strategies) could be performed. ,e physical-pro-
cess approach can be applied to propagate and compare
various potential conditions, and so in this case maps can be
obtained and compared for different scenarios (e.g., man-
agement scenarios or future potential CC scenarios); this
means that the output of the tool can support the decision-
making process [15]. In contrast, when the maps employed
to define the indices are obtained by applying simple in-
terpolation approaches, analysis is limited to the historical
period for which the data are available.

,e tool also helps to analyze the vulnerability to sea-
water intrusion at aquifer scale. In the literature, we find
different methods to assess groundwater vulnerability
depending on the drivers of pollution (Aller et al., Vias et al.,
and Baena-Ruiz and Pulido-Velazquez [40–42]), pumping
(Pulido-Velazquez et al. [43, 44]), and SWI [12, 16]. User-
friendly tools have appeared to assist in this assessment;
some of them were developed in a GIS environment [45].
Nevertheless, there are no tools that help in the assessment of
SWI vulnerability with that focus on postprocessing.
,erefore, this is the first postprocessing tool described that
integrates SWI status and vulnerability assessment, which is
very valuable information to help identify the significance of
SWI problems in aquifers and potential sustainable
solutions.

,e GIS-SWIAS tool has been applied to two different
case studies in the Mediterranean area of Spain (Plana de
Oropesa Torreblanca and Plana de Vinaroz), obtaining the
results described in previous papers [13, 15]. In [13], the
process automation to generate the interpolated maps en-
abled authors to analyze SWI status and vulnerability over
an extended time period (1977–2015) and to prove the
sensitivity of results to the chloride threshold value (two
threshold values were analyzed: 250mg/l and 1100mg/l) in
Plana de Oropesa-Torreblanca and Plana de Vinaroz

aquifers. In [15], the impacts of future GC scenarios were
analyzed in Plana de Oropesa-Torreblanca aquifer. ,e
methodology from [13] was adapted to compare six potential
future scenarios including adaptation strategies. ,e his-
torical period came from 1973 to 2010 and the six future
scenarios covered the period 2011–2035.

,e underlying methodology implemented in GIS-
SWIAS was applied in [13] by interpolating chloride maps
and hydraulic head from observation points, whereas the
information to generate the field maps in [15] was loaded
from SEAWAT model. ,e results of these studies for the
Plana de Oropesa-Torreblanca aquifer show differences that
reveal that the physical-process SWI approximations ob-
tained using the density-dependent flow model give a more
accurate representation. Despite these differences, the results
are in the same order of magnitude. Other authors who have
developed indices related to SWI [6, 9] have also proved that
results do not differ considerably by including three-di-
mensional salinity data. Furthermore, the approximation
obtained using interpolation will depend on the number of
observations and the distribution of these points within the
aquifer.

Although this tool has been developed to analyze SWI
problem, it could be applied to study the lumped impact of
any contaminant on groundwater and/or the groundwater
vulnerability by applying any vulnerability index. In this
case, instead of the “Shoreline length” parameter to generate
the cross section, other equivalent lengths (e.g., the aquifer
length orthogonal to the groundwater flow direction) should
be considered. ,erefore, GIS-SWIAS fulfils the require-
ments of flexibility, sturdiness, easy interaction, and user-
friendliness, which make it a useful tool in the decision-
making process. It will allow using them as “share vision
models/tools” to help in the discussion of management
alternatives between stakeholders and administration rep-
resentatives [46]. Many Decision Support Systems tools were
not successful because they were not user-friendly [47, 48].

4.1. Assumptions and Limitations. In this section we sum-
marize the main assumptions/limitations of the GIS-SWIAS
tool and in the implemented methodology.

4.1.1. Underlying Methodology.

(i) ,e methodology implemented [13] provides
lumped results at aquifer scale. An analysis based
exclusively on these lumped results would lose in-
formation about the heterogeneity of SWI in the
system.

(ii) Although the method can be applied in cases where
a distributed flow model is not available, a proper
assessment for a specific date requires sufficient
distributed data about hydraulic head, chloride
concentration, and aquifer bottom. On the other
hand, to generate the required fields from the data, it
needs to apply an interpolation approach whose
parameters influence on the results. It is recom-
mended that the user tests different interpolation
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approaches and parameters in order to obtain re-
sults in agreement with expert opinion.

(iii) In order to assess the dynamic of SWI and the
resilience of the aquifer, there is need to have data
for several dates over a long period.

(iv) If the aim is to assess sustainable management
strategies, appropriate hydrological models to
propagate the impacts are required, not only of the
climatic conditions, but also of the management
strategies.

4.1.2. GIS-SWIAS Tool.

(i) ,is tool has been implemented in ArcGIS and is
licensed GIS software. Future implementations may
be developed in an open environment.

(ii) ,e GIS-SWIAS tool had to be divided into three
models due to some difficulties that arose to im-
plement all the geoprocesses into one model.
Nevertheless, in the future, we plan to combine
these three steps into one, improving the usability of
the model.

(iii) Graphic results are based on a predefined template.
Although graphs in ArcGIS are customizable, there
is not so much potential.

(iv) Output reports are generated automatically in Excel
format and lack a refined style.

5. Conclusions

In this paper we describe a new general tool, GIS-SWIAS. It
is an ArcGIS-based tool, designed to analyze SWI status and
vulnerability at aquifer scale by applying the method pre-
sented by [13, 15]. It is a user-friendly tool that allows
georeferenced information to be dealt with, and it is easy to
introduce the required data (inputs) and to efficiently
perform the demanding computational operations required.
Its outputs are in the form of reports and images to sum-
marize the magnitude, intensity, and temporal evolution of
SWI within an aquifer.

,e GIS-SWIAS tool can be applied to assess historical
SWI dynamic in case studies where we do not have a
previous model. Nevertheless, if we want to analyze in a
rational quantitative analysis of the various alternative
management scenarios to manage SWI in a sustainable
manner, the GIS-SWIAS tool will need to take information
on hydraulic head and chloride concentration distribution
generated from simulations of their impacts by a calibrated
density-dependent flow model. In such cases, adaptation
strategies to potential future scenarios, whose distributed
impacts have to be propagated within the previously cali-
brated models, could usefully be analyzed and compared
using this tool. GIS-SWIAS can be applied to assess not only
SWI status at aquifer scale, but also vulnerability to any
contaminant.

Given all these ways that the GIS-SWIAS tool can be
applied, it provides a valuable tool for both researcher and
technician to assess SWI dynamics and aquifer resilience

under different management scenarios. It can support the
decision-making process in the rational selection of sus-
tainable management strategies. ,e tool’s performance has
been tested and confirmed in two case studies described in
previous research works.

It can be applied to any case study. ,e easy-to-use
workflow and the few input data required facilitate its ap-
plication to a large number of case studies in order to
compare SWI.
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[25] M. Alcaraz, E. Vázquez-Suñé, V. Velasco, and R. Criollo, “A
loosely coupled GIS and hydrogeological modeling frame-
work,” Environmental Earth Sciences, vol. 76, no. 11, p. 382,
2017.

[26] G. Bhatt, M. Kumar, and C. J. Duffy, “A tightly coupled GIS
and distributed hydrologic modeling framework,” Environ-
mental Modelling & Software, vol. 62, pp. 70–84, 2014.

[27] C. N. Almeida, J. Roehrig, and E. Wendland, “Development
and integration of a groundwater simulation model to an
open geographic information system,” JAWRA-Journal of the
American Water Resources Association, vol. 50, no. 1,
pp. 101–110, 2014.

[28] T. A. Akbar, H. Lin, and J. DeGroote, “Development and
evaluation of GIS-based ArcPRZM-3 system for spatial
modeling of groundwater vulnerability to pesticide contam-
ination,” Computers &Geosciences, vol. 37, no. 7, pp. 822–830,
2011.

[29] J. F. Rios, M. Ye, L. Wang, P. Z. Lee, H. Davis, and R. Hicks,
“ArcNLET: a GIS-based software to simulate groundwater
nitrate load from septic systems to surface water bodies,”
Computers & Geosciences, vol. 52, pp. 108–116, 2013.

[30] R. Ali, D.McFarlane, S. Varma,W. Dawes, I. Emelyanova, and
G. Hodgson, “Potential climate change impacts on the water
balance of regional unconfined aquifer systems in south-
western Australia,” Hydrology and Earth System Sciences,
vol. 16, no. 12, pp. 4581–4601, 2012.

[31] G. De Filippis, C. Pouliaris, D. Kahuda et al., “Spatial data
management and numerical modelling: demonstrating the
application of the QGIS-integrated FREEWATplatform at 13
case studies for tackling groundwater resource management,”
Water, vol. 12, no. 1, p. 41, 2020.

[32] M. Perdikaki, R. C. Manjarrez, C. Pouliaris, R. Rossetto, and
A. Kallioras, “Free and open-source GIS-integrated hydro-
geological analysis tool: an application for coastal aquifer
systems,” Environmental Earth Sciences, vol. 79, no. 14, p. 348,
2020.

[33] G. B. Menezes and H. I. Inyang, “GIS-based contaminant
transport model for heterogeneous hydrogeological settings,”
Journal of Environmental Informatics, vol. 14, no. 1, 2009.

[34] M. G. McDonald and A. W. Harbaugh, “A modular three-
dimensional finite-difference ground-water flow model,” U.S.
Geological Survey Techniques of Water-Resources Investiga-
tions, Washington, DC, USA, 1988, p. 586, book 6, chap. A1.

[35] M. Bakker, F. Schaars, J. D. Hughes, C. D. Langevin, and
A. M. Dausman, “Documentation of the seawater intrusion
(SWI2) package for MODFLOW,” U.S. Geological survey

14 Scientific Programming



techniques and methods, Washington, DC, USA, 2013, p. 47,
book 6, chap. A46, https://pubs.usgs.gov/tm/6a46/.

[36] Waterloo Hydrogeologic Inc., Visual MODFLOW User’s
Manual, Waterloo Hydrogeologic. Inc., Waterloo, Canada,
2005.

[37] W. H. Chiang and W. Kinzelbach, 3D-Groundwater Modeling
with PMWIN: A Simulation System forModeling Groundwater
Flow and Transport Processes, vol. 2, Springer, New York, NY,
USA, 2001.

[38] R. B. Winston, ModelMuse: A Graphical User Interface for
MODFLOW-2005 and PHAST, p. 52, US Geological Survey,
Reston, VA, USA, 2009.

[39] R. Criollo, V. Velasco, E. Vázquez-Suñé, A. Serrano-Juan,
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Global warming associated with greenhouse emissions will modify the availability of water resources in the future.
Methodologies and tools to assess the impacts of climate change are useful for policy making. In this work, a new tool to
generate potential future climate scenarios in a water resources system from historical and regional climate models’
information has been developed. )e GROUNDS tool allows generation of the future series of precipitation, temperature
(minimum, mean, and maximum), and potential evapotranspiration. It is a valuable tool for assessing the impacts of
climate change in hydrological applications since these variables play a significant role in the water cycle, and it can be
applicable to any case study. )e tool uses different approaches and statistical correction techniques to generate individual
local projections and ensembles of them. )e non-equifeasible ensembles are created by combining the individual
projections whose control or corrected control simulation has a better fit to the historical series in terms of basic and
droughts statistics. In this work, the tool is presented, and the methodology implemented is described. It is also applied to
a case study to illustrate how the tool works. )e tool was previously tested in different typologies of water resources
systems that cover different spatial scales (river basin, aquifer, mountain range, and country), obtaining satisfactory
results. )e local future scenarios can be propagated through appropriate hydrological models to study the impacts on
other variables (e.g., aquifer recharge, chloride concentration in coastal aquifers, streamflow, snow cover area, and snow
depth). )e tool is also useful in quantifying the uncertainties of the future scenarios by combining them with stochastic
weather generators.

1. Introduction

Adaptation to climate change (CC) is one of the greatest
challenges that humans will face in the coming decades
[1, 2]. )is is related to greenhouse gas emissions, mainly
anthropogenic carbon dioxide emissions [3]. CC is accepted
by the scientific community and most of the society [4]. In
the last decades, unprecedented changes (increment in
temperature (T) of the atmosphere and oceans, changes in
the spatiotemporal variability of precipitation (P) (including
more extreme events), reduction of ice, snow, and
groundwater levels, and rises in sea level) have been ob-
served [2, 5]. )e Fifth Assessment Report (AR5) of the
Intergovernmental Panel on Climate Change (IPCC) [3]

includes four future trajectories of anthropogenic carbon
dioxide emissions for the twenty-first century, called rep-
resentative concentration pathways (RCPs). From these
trajectories, different climate institutes and organizations
develop regional climate models (RCMs) whose data are
coordinated and collected by the World Climate Research
Program (WCRP) through the CORDEX project [6].

Despite the multiple uncertainties related to RCMs, they
provide valuable information that could be used for further
evaluation and policy making [7, 8]. Water systems, which
are essential for life, are and will be one of the most affected
by CC. In general, CC will modify the spatiotemporal
variability of climatic variables. Among them, P and Tare the
main variables that govern the hydrological cycle [9, 10].
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Decision makers should have enough information about
how these systems will change in the future to design ap-
propriate adaption strategies. For this reason, local scenarios
of CC have to be generated from the climatic model sim-
ulations to analyse impacts on water resources (WR)
systems.

Potential local future scenarios of P and T can be used to
propagate impacts of CC on other hydrological variables in
different WR systems, such as river basin [11, 12], aquifer
[13, 14], and mountain range [15, 16]. RCMs include control
and future simulations of P and T among other climatic
variables. However, the RCM simulations cannot be used
directly due to the high amount of uncertainties [17, 18].)e
statistics of the control series can differ a lot from the sta-
tistics provided by historical or observed time series for the
considered baseline period. )erefore, the time series pro-
vided by the RCMs must be corrected [19, 20] before using
them for other applications, generating local series for the
specific WR system.

Different statistical correction techniques can be used,
such as correction of first- and second-order moments or
regression approaches. )ey have different degrees of
complexity and can have different accuracy. )ese correc-
tion techniques can be applied under two conceptual ap-
proaches: bias correction and delta change [21, 22]. RCMs
and/or correction techniques can be evaluated comparing
the control or corrected control simulation series with the
historical information. Equifeasible and non-equifeasible
(defined by giving more weight to the more reliable pro-
jections) ensembles of individual predictions can be
employed to obtain more robust predictions [23]. )e
generation of potential local scenarios, through the cor-
rection of the RCMs simulations, involves several nontrivial
tasks (selection of the RCMs, RCPs, and reference and future
periods and/or level of global warming and application of
the correction approaches and techniques) which should be
addressed before the propagation of the impacts to hy-
drological variables.)erefore, tools and methodologies that
automate the process are valuable for hydrological appli-
cations. Some tools are available to generate local future
climate scenarios. Most of them are focused on the bias
correction approach using different correction techniques
mainly based on the statistical distribution of data (e.g.,
qmap [24] and CMhyd [25]). However, as far as we know,
the application of different correction techniques under the
delta change approach requires generating scenarios for
specific future horizons and/or level of global warming that
have not been included in a tool. On the other hand, these
tools do not include the option of creating non-equifeasible
ensembles of projections with different weights depending
on the reliability of RCMs and correction techniques at-
tending to some basic and/or drought statistics. In this work,
these possibilities are incorporated.

We present a new tool to generate potential future CC
scenarios for hydrology applications. )e GROUNDS
(GeneRation of pOtential fUture CC sceNarios for hy-
Drology applicationS) tool generates distributed future
monthly series of P, T (maximum, minimum, and mean)
and potential evapotranspiration (ETP) using as inputs

historical series and RCM simulations. )is tool integrates
some methodological aspects studied in previous works
[12, 26] (generation of individual projections and creation of
ensembles of them) and new potentialities (identification of
the period of the RCM to be used for a specific local warming
and generation of ETP projections) into an intuitive com-
mand-line interface applicable to any case study. )e main
advantages of the tool are (1) its applicability to any case
study and series of data (RCMs, RCPs, simulation periods,
etc.), (2) it only requires historical data and RCM simula-
tions to generate the potential future scenarios, (3) it allows
using different approaches and statistical correction tech-
niques, and (4) it generates individual local projections and
ensembles, including equifeasible and non-equifeasible ap-
proaches considering the approximation to historical basic
and drought statistics.

)e GROUNDS tool allows different possibilities of
generating future scenarios and can be used for different
purposes depending on the interest of the users:

- Specific level of local warming vs. a specific future
period: users can be interested in studying the avail-
ability of WR under different RCMs or know how the
system will change according to a defined warming.
- Individual projections or ensembles of projections:
based on multicriteria analyses [8], they allow to select
the individual projections that provide the best ap-
proximation to some selected basic statistics (first,
second, and/or third moment) or drought statistics
(frequency, intensity, magnitude, and duration), which
are assessed by applying the Run )eory to the Stan-
dard Precipitation Index (SPI) series for the studied
variable. )ey also allow to define ensembles scenarios
by combining the selected individual projections. )e
first option is indicated to quantify uncertainty by using
several RCMs and the second to obtain more robust
prediction of mean values.
- Different variables according to the preferences of the
user: P, maximum, mean, and minimum T and ETP.

)ese future scenarios are also useful to assess impacts of
CC on the availability of WR in a system by propagating the
climate inputs to other variables with appropriate hydro-
logical models.

2. Description of the Tool: Data, Methods, and
Example Results

Figure 1 shows a flow chart of the methodology imple-
mented in the tool GROUNDS to generate potential climate
scenarios to assess impacts on WR systems. )e tool, which
includes four subroutines, was written entirely in Fortran 90
and can be executed under a command-line interface. )e
description of the inputs, parameters, subroutines, and
outputs of the tool are shown in Figure 2.

)e target is to use historical long enough monthly series
of P and T (maximum, minimum, and mean) to generate
future potential local climatic scenarios of them. It also
includes a subroutine to calculate ETP. Note that monthly
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series should be complete (without gaps) and the quality of
the data should be assessed by the user to ensure that they are
representative of the climatology of the study area. It can be
applied to point series that correspond to gauges mea-
surements (in which gaps have to be previously completed)
or to distributed fields, previously estimated on a grid with
an appropriate method. Note that, in any case, those series
have to cover the adopted historical reference period. )e
individual local series are generated using the subroutine
inpro.exe that requires as inputs the monthly series of the
climatic variables and the parameters L, N, and M which
represent the length of the series (number of months), the
numbers of points or stations considered in the case study,
and the code (from 1 to the number of RCMs considered)
that represents the RCM to be used, respectively. )e his-
torical series should be long enough in order to fulfil the
assumption of stationarity of their statistics. If the series are
not long enough, they might include drought or wet periods
that modify the statistics of the series, making them not
representative of the baseline period. A period of at least 30
years is recommended [12, 27]. With respect to the selection
of the future projections, the tool allows two possibilities: (1)
to fix a future horizon (specific period of time) or (2) to use
an increment in mean T (e.g., local warming of 1°C) with
respect to the value for the adopted historical reference
period. )e second procedure can be done by using the
subroutine search.exe. It requires as input data the future
simulation series of T for each RCM considered for the whole
period available, the adopted longitude (e.g., 30 years) for the

reference period, and the mean increment of T. )is sub-
routine identifies a future period with a longitude equal to
the historical (e.g., 30 years) in which the fixed local warming
with respect to the historical is reached. )e subroutine
calculates a moving average considering an aggregation
window equal to the considered length of the future sim-
ulation series and compares these values with the simulation
series for the reference period. )ese increments of T rep-
resent different levels of local warming.)e Tand P series for
the identified period will be used to perform the statistical
correction of the series to generate the local scenarios that
fulfil the adopted warming criteria.

In this work, we have applied it to a case study, used as an
example to illustrate how the tool generates future series of
climatic variables.)e historical series employed correspond
to a point (located in the province of Granada, south Spain)
(longitude: −4.0877, latitude: 37.3789, and elevation: 1016m
a.s.l.) of the grid used by the Spain02 v04 project [28]. )is
project includes P and T interpolated for continental Spain.
)e CC information was obtained from RCMs from the
CORDEX project [6]. We selected two RCMs (CCLM4-8-17
nested to the CNRM-CM5 and WRF331F nested to IPSL-
CM5A-MR) and the most pessimist scenario (RCP8.5). Both
project use the same grid for Spain (spatial resolution of
12.5 km).

Using the subroutine search.exe, we calculated a 30-year
moving average that allows us to identify when a specific
warming is reached. Figure 3 shows the increment of
temperature with respect to the reference period
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Figure 1: Flow chart of the assessment performed with the tool.

Scientific Programming 3



(1971–2000) for the two RCMs considered and different
future periods.

In this study, we selected the same future period for the
generation of scenarios (2071–2100). Note that if a specific
local warming is selected, different periods (periods in which
the constraint is fulfilled) should be considered for each
RCM. For example, in our case, a local warming of 4°C is
reached for 2071–2100 in the case of CCLM4-8-17 nested to
CNRM-CM5 and for 2064–2093 in the case of WRF331F
nested to IPSL-CM5A-MR (see Figure 3).

)e subroutine inpro.exe uses two conceptual ap-
proaches (bias correction and delta change) and three
correction techniques, defined by a transformation function,
to generate future potential scenarios (see Figure 1).)e bias
correction approach defines a transformation function to
modify the control simulation series to another one whose
statistics are more similar to the historical ones. )e same
function is applied to the future simulation series assuming
that the bias between the historical data and the RCM
simulations will be maintained invariant in the future

[29, 30]. On the other hand, the delta change approach
assumes that the RCMs provide good approximation of the
relative changes between future and control simulations, and
those changes are applied to the historical series to generate
future projections [22, 31]. Note that delta change approach
does not correct the RCM simulations; it only modifies the
historical series to obtain the future series. From the point of
view of the tool, the main difference between bias correction
and delta change is that the first generates corrected control
series for each combination of correction technique and
RCM. )e tool allows using three different correction
techniques: first moment correction (code 1), first and
second moment correction (code 2), and linear regression
(code 3) (see Figure 2). )ese techniques, unlike quantile
mapping techniques, do not assume a specific statistical
distribution of data. )e different correction techniques are
applied at monthly scale. In the first moment correction, the
transformation function is performed considering only the
mean values, while the first and second moment correction
technique considers mean and standard deviation. )e

Figure 2: Flow chart of the GROUNDS tool subroutines.
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transformation function in the linear regression is elabo-
rated through fitting a regression model between historical
data and control simulation in the case of the bias correction
approach and between the control simulation and future
simulation in the case of the delta change approach. Note
that the tool employs the best linear fit and provides the
correlation coefficient (R2) of it. )e user should decide if its
accuracy is enough. For the case study presented in this
work, R2 is above 0.85 for RCM CCLM4-8-17 nested to
CNRM-CM5 and 0.67 for WRF331F nested to IPSL-CM5A-
MR in the case of P. In the case of T, these values are 0.70 and
0.75, respectively. Figure 4 shows the historical data and the
individual projections obtained for P and T for the con-
sidered case study.)e average monthly results for the mean
year have been represented in Figure 5.

)e generated scenarios can be used as individual local
projections or create ensembles of them that could produce
more robust climate scenarios than those based on a single
projection [23]. )e subroutine ensen.exe allows to generate
four ensembles of individual projections. Two of them are
defined by combining, as equifeasible members, all the in-
dividual projections generated by applying delta change or

bias correction approaches (see Figure 2). Two other options
are defined by combining only the noneliminated projec-
tions in the multiobjective analysis for the two approaches
(delta change and bias correction). )e tool allows perfor-
mance of the multiobjective analyses by considering only
basic statistics (mean, standard deviation, and asymmetry
coefficient) or including also drought statistics (duration,
magnitude, and intensity). )e drought statistics are cal-
culated by applying the Run )eory to the corresponding
SPI monthly series [12, 32]. )e drought statistics series are
calculated considering different thresholds of SPI values (it
covers the whole range of negative values of SPI obtained) to
define drought periods. In the calculation of the SPI, the
probability of occurrence of P in the RCM simulations was
obtained by using the parameters calibrated from the his-
torical series to perform an appropriate comparison [12]. In
this analysis, an RCM or a combination of RCM and cor-
rection technique is eliminated (dominated solution in
multiobjective terminology), if another projection has a
better fit to the historical data for all the statistics. )e index
employed to measure the goodness of fit is the mean of the
quadratic difference between simulations and historical
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Figure 3: Local warming reached with respect to the reference period (1971–2000) for the (a) RCM CCLM4-8-17 nested to GCM CNRM-
CM5 and (b) RCM WRF331F nested to GCM IPSL-CM5A-MR.
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series divided by the square of the mean historical value for
each statistic. )is index is applied to each considered
statistic. )e tool also includes a threshold (it can be
modified by the user) that allows us to define when an
approach is considered significantly better than others with
respect to a specific statistic. )is threshold, measured in
percentage of relative difference, allows us to assume that
certain differences in some statistics are not significant. For
the considered example, this threshold has been considered
3%. )e subroutine ensen.exe also generates the files dom-
inated.txt and statistics.txt. )e first indicates the combi-
nations of RCMs and techniques (in the case of bias
correction approach) and RCMs (in the case of delta change
approach) that are dominated solutions. )ese solutions are

eliminated to obtain the non-equifeasible ensembles. )e
second file includes the values of the indices used for the
multiobjective analysis. For the case study, the combination
of the second RCM (WRF331F nested to IPSL-CM5A-MR)
and the first correction technique (first moment correction)
was identified as dominated solution. )e mean values of P
and T obtained with the ensembles and their standard de-
viations for the case study are represented in Figure 6. In the
case of delta change, the equifeasible and the multiobjective
ensembles are equivalent because there is no dominated
solution attending to the two RCMs considered. For the case
study, an important reduction in P (mean of the four en-
sembles of 23.7%) and increase in T (mean of the four
ensembles of 32.6%) are obtained. With respect to the
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Figure 4: Historical data and individual projections of P using the (a) bias correction approach and (b) delta change approach and of Tusing
the (c) bias correction approach and (d) delta change approach generated by using the GROUNDS tool.
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standard deviation, in the case of P, the ensembles show a
lower value with the exception of the autumn where some
ensembles predict an increment of the variability. In the case
of the temperature, the bias correction approaches predict a
lower variability and the delta change approaches a higher
variability.

Finally, the tool also allows calculating historical and fu-
ture ETP series by means of the subroutine ETP.exe. )is
subroutine employs the Hargreaves method [33, 34] and re-
quires as inputs the historical and the future ensembles (or
individual projections) of maximum and minimum T and the
latitude of each location or station considered. )e tool em-
ploys the modified method proposed by Samani [35]. )is
method uses tabulated values (depending on the latitude) to
calculate solar radiation. It is also needed to indicate if the
study area is located in a coastal or noncoastal zone to de-
termine an empirical coefficient, which should be different for
interior regions and for coastal regions [36]. )e mean his-
torical and future ETP for the case study have been repre-
sented in Figure 7. )e mean increment of the four future
ensembles of ETP with respect to the historical data is 31.8%.

3. Utility and Discussion

)e GROUNDS tool allows correcting the future climatic
simulations using the observed series to reduce the uncer-
tainties of the RCMs. )e tool requires complete monthly
series (without gaps) and an adequate assessment of the
quality in order to ensure that they represent the climatology
of the case study. )ese corrected projections are plausible
scenarios that intend to be representative of a period or a
mean increment of T (local or global warming). )e IPCC in
some of its latest reports opts for using a mean increment of
global warming to better reach users and decision makers
(e.g., [37]). Some research works included this approach too
[38, 39]. Multiple future series could be generated for the
same climatic conditions. )e stochastic weather generators
(SWG) provide multiple synthetic time series of weather
data for a location or multiple locations based on the sta-
tistical characteristics of the observed climate at these lo-
cations [40, 41]. A large amount of works employed SWG to
assess the impact of CC [42, 43]. )e tool presented in this
work could be combined with a SWG to generate multiple
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Figure 5: Mean year at monthly scale for the historical data and individual projections of P using the (a) bias correction approach and (b)
delta change approach and of T using the (c) bias correction approach and (d) delta change approach generated by using the GROUNDS
tool.

Scientific Programming 7



120

100

80

60

40

20

0

Month
1 2 3 4 5 6 7 8 9 10 11 12

M
ea

n 
pr

ec
ip

ita
tio

n 
(m

m
)

Historical
Future (bias correction,
equiprobable ensemble) Future (delta change,

equiprobable, and
multiobjective ensemble)

Future (bias correction,
multiobjective ensemble)

(a)

Month
1 2 3 4 5 6 7 8 9 10 11 12

90
80
70
60
50
40
30
20
10

0

St
. d

ev
. p

re
ci

pi
ta

tio
n 

(m
m

)

Historical
Future (bias correction,
equiprobable ensemble)

Future (bias correction,
multiobjective ensemble)
Future (delta change,
equiprobable, and
multiobjective ensemble)

(b)
40

35

30

25

20

15

10

5

0
1 2 3 4 5 6 7 8 9 10 11 12

M
ea

n 
te

m
pe

ra
tu

re
 (°

C)

Historical
Future (bias correction,
equiprobable ensemble)

Future (bias correction,
multiobjective ensemble)
Future (delta change,
equiprobable, and
multiobjective ensemble)

Month

(c)

Month
1 2 3 4 5 6 7 8 9 10 11 12

4.5
4.0
3.5
3.0
2.5
2.0

1.0
1.5

0.5
0.0

St
. d

ev
. t

em
pe

ra
tu

re
 (°

C)

Historical
Future (bias correction,
equiprobable ensemble)

Future (bias correction,
multiobjective ensemble)
Future (delta change,
equiprobable, and
multiobjective ensemble)

(d)

Figure 6: Mean year at monthly scale for the historical data and future ensembles of (a), (b) P and its standard deviation and (c), (d) T
and its standard deviation generated by using the GROUNDS tool for the case study. Note that for the example considered in the case of the
delta change approach, the multiobjective ensembles are equivalent to the equifeasible ensembles because there is not any dominated
solution.
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series of potential future local scenarios of CC which could
feed hydrological models quantifying the uncertainty of the
projections through a Monte Carlo analysis [44, 45].

As pointed in the Introduction section, one of the main
advantages of the GROUNDS tool is its applicability to
different cases studies. In recent years, two subroutines of the
tool (inpro.exe and ensen.exe) have been employed to
generate potential scenarios for assessing CC impacts in
different typologies of WR systems. It has been tested in
cases covering different spatial scales: country [26], basin
[12], aquifer [14, 46, 47], and mountain range [16, 48].
Furthermore, the local scenarios of CC generated by using
the GROUNDS tool have been propagated to different
variables in different case studies: recharge [16, 26], ground
subsidence [47], and snow cover area [48]. )e tool has been
proven to be effective for hydrological applications and
could contribute to the analyses to support decision-making
processes by experts or public participation [49, 50].

All the cited applications correspond to case studies
located in Spain, where important reduction in P and in-
crement in T are expected due to CC. )e tool also allows
quantifying the change in variability of the climatic variables
at seasonal and monthly scale. )is variability in general will
be higher due to CC [51, 52]. For the case showed in this
study, the tool predicts a higher variability of P in autumn. In
the case of T, the delta change ensembles show higher
variability than the historical data (see Figure 6).

We have developed a general tool that uses several
correction techniques (first moment correction, first and
second moment correction, and linear regression). It does
not include correction techniques based on the cumulative
distribution function, which have been employed by other
authors with good results [53, 54]. However, the differences
between these techniques and more simple techniques, as
first and second moment corrections, are not significant for
the hydrological applications where we have tested them
[12]. On the other hand, the tool employs and generates
monthly series. )is could be an inconvenience for some
hydrological applications that use daily data [55–57]. )e
possibility of generating daily data was tested, but if the
second moment correction is applied, it might generate
negative values of P. If these values are moved to zero, the
statistics of the series can suffer modifications and the in-
formation from RCMs can be altered [31]. However, the
monthly series can be transformed to daily series using the
daily pattern of distribution of the monthly historical values
to distribute the generated future monthly values [48].

On the other hand, the local future scenarios can be
propagated through appropriate hydrological models to
study the impacts on other variables (e.g., aquifer recharge or
discharge [26], chloride concentration in coastal aquifers
[46], streamflow, snow cover area, and snow depth [48]).
)ey can be even propagated with other models to assess
nonhydrological physical variables (e.g., subsidence [47]).

4. Conclusions

In this work, the new tool GROUNDS, which generates
potential future local scenarios of CC, has been presented.

)e tool is applicable to any case study and requires his-
torical and RCM simulation information to generate indi-
vidual local projections. )e generated future scenarios can
be used as individual local projections or create ensembles of
them that could produce more robust climate scenarios
taking into account basic and droughts statistics. )e tool
also allows determination of the future simulation period
from a specific increment in mean T (local warming sce-
nario) and propagation the impacts on T to ETP.

For the case study (located in south Spain) used to il-
lustrate the functionalities of the tool, an important re-
duction in P (in mean 23.7%) and an increment in Tand ETP
(in mean 32.6% and 31.8%, respectively) have been obtained.

Two subroutines of the tool have proven to be effective
for different scales of application and spatiotemporal res-
olutions in previous works (see the previous section). )e
tool can be also combined with appropriate hydrological
models to propagate impacts of CC to other hydrological
variables or SWG to assess the uncertainty of the generated
future scenarios in these models.
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Igúzquiza, “An integrated statistical method to generate
potential future climate scenarios to analyse droughts,”
Water, vol. 10, no. 9, p. 1224, 2018.

[13] T. Y. Stigter, J. P. Nunes, B. Pisani et al., “Comparative as-
sessment of climate change and its impacts on three coastal
aquifers in the Mediterranean,” Regional Environmental
Change, vol. 14, no. S1, pp. 41–56, 2014.

[14] L. Baena-Ruiz, D. Pulido-Velazquez, A.-J. Collados-Lara et al.,
“Summarizing the impacts of future potential global change
scenarios on seawater intrusion at the aquifer scale,” Envi-
ronmental Earth Sciences, vol. 79, no. 5, p. 99, 2020.
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and Silvio Martı́nez5

1Instituto Multidisciplinar para el Estudio del Medio “Ramón Margalef”, Universidad de Alicante,
Carretera de San Vicente del Raspeig s/n, 03690 San Vicente del Raspeig, Alicante, Spain
2Departamento de Economı́a Agraria, Estadı́stica y Gestión de Empresas, Universidad Politécnica de Madrid,
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Desertification is a major global environmental issue exacerbated by climate change. Strategies to combat desertification include
prevention which seeks to reverse the process before the system reaches the stable desertified state. One of these initiatives is to
implement early warning tools. ,is paper presents SAT (the Spanish acronym for Early Warning System), a decision support
system (DSS), for assessing the risk of desertification in Spain, where 20% of the land has already been desertified and 1% is in
active degradation. SATrelies on three versions of a Generic Desertification Model (GDM) that integrates economics and ecology
under the predator-prey paradigm. ,e models have been programmed using Vensim, a type of software used to build and
simulate System Dynamics (SD) models. ,rough Visual Basic programming, these models are operated from the Excel en-
vironment. In addition to the basic simulation exercises, specially designed tools have been coupled to assess the risk of de-
sertification and determine the ranking of the most influential factors of the process. ,e users targeted by SAT are government
land-use planners as well as desertification experts. SAT tool is implemented for five case studies, each one of them representing a
desertification syndrome identified in Spain. Given the general nature of the tool and the fact that all United Nations Convention
to Combat Desertification (UNCCD) signatory countries are committed to developing their National Plans to Combat De-
sertification (NPCD), SAT could be exported to regions threatened by desertification and expanded to cover more case studies.

1. Introduction

Desertification is defined as land degradation (i.e., reduction
or loss of the biological or economic productivity of the
land) in drylands (i.e., arid, semiarid, and dry subhumid
areas) resulting from various factors, “including climatic
variations and human activities” [1]. ,e magnitude of
desertification, which was the first major environmental
issue to be recognized as occurring on a global scale [2], was
significant enough to set the United Nations Convention to
Combat Desertification (UNCCD), a degree of importance
only achieved by the Conventions on Biodiversity and
Climate Change.

Drylands occupy 47% of the terrestrial surface [3] and are
home to over 38% of the world human population [4]. Fur-
thermore, 90% of the human settlements in drylands are lo-
cated in developing countries [5]. It is valued that severe
ecosystem degradation is present in 10–20% of drylands, and
its consequences are estimated to affect around 250 million
people in the developing world [6]. Progression of desertifi-
cation worldwide is expected, as deduced from the increased
rainfall variability, frequency of droughts, and persistent dry
conditions foreseen by the future climate change scenarios [7].

Desertification has been recognized as one of the biggest
problems facing the European Mediterranean countries
[8, 9]. UNCCD reserves Annex IV to cope with the special
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features of the region. Two differing mechanisms can trigger
desertification, both associated with the decoupling of
natural resource provision and use [10]. ,e most common
has to do with the overexploitation of natural resources,
while the second, limited to the European case, is related to
rural abandonment [11]. ,ese opposing forces operate
simultaneously and allow us to see that the issue of de-
sertification requires a very fine adjustment in the intensity
of land use. ,e challenge is further complicated by climate
change. Climate projections predict a 5–30% drop in pre-
cipitation in large portions of the drylands in the Medi-
terranean Basin [12, 13] and an increase in aridity [14].

Strategies to combat desertification include mitigation
and prevention. ,e former are applied when desertification
has already deteriorated the territory. ,e main flagship of
these actions is revegetation programmes [15]. ,ey seek to
control soil erosion, carbon sequestration, and even the
reversal of water imbalances, emphasizing that increasing
forest cover raises water yield [16]. ,e second group of
initiatives includes sustainable land management practices
[17] or the development of early warning indicators.,is last
line of action is that addressed in this work, specifically,
through the development of computer tools to assess de-
sertification, as the United Nations promote [1].

Early warning indicators seek to detect signals that warn
the system is heading towards degradation before it reaches
the stable state of “desertification” [18]. Many studies rely on
studying the statistical properties of time series in order to
detect the proximity of a tipping point or a catastrophic
bifurcation point [19, 20]. Different statistical analyses, such
as autocorrelation, have emerged in different fields and have
been applied to different types of transitions [19]. In addition
to studying trends over time, changes in spatial character-
istics of the system can provide early warnings of
approaching transitions as well [21]. In essence, these in-
dicators seek to detect warn signals that a transition from
some initial desired state to a final degraded state is prone to
happen. However, our indicators (described in Section 2.2)
are of a completely different nature because they are con-
ceived for socioecological systems that are currently un-
dergoing transitions, whose initial states could already be
undesired in some senses, and where the question is whether
the final equilibrium states will exceed some critical
thresholds or not.

Spain is one of the countries most affected by deserti-
fication in the Mediterranean region. Drylands occupy 73%
of the country. Overall, 20% of the territory is degraded and
an additional 1% is actively degrading [22, 23]. Following
UNCCD recommendations, the Ministry of Agriculture,
Fisheries and Food of Spain (MAFF) implemented the
Spanish NPCD in 2008 [24], relying on different method-
ological approaches for the monitoring and evaluation of
desertification.

In order to improve its NPCD, MAFF decided to create
an early warning system based on dynamic simulation
models. ,e result is SAT, a computational tool to assess
desertification risk in five hot spots. SAT, the Spanish ac-
ronym for Early Warning System, is a DSS implemented in
Excel that handles SD models performed with Vensim

(Vensim® DSS Version 5.8b) [25]. SAT yields three kinds of
outputs: (i) temporal trends of all the variables contained in
models, (ii) desertification risk assessment as the percentage
of 1,000 simulations in which the values of key variables are
above (or below) certain thresholds, and (iii) a ranking of
desertification factors according to their impact on key
variables.

,is paper is structured as follows: Section 2 provides an
outline of the simulation models that serve as the basis for
the DSS and gives details about the analysis methods
implemented to assess desertification. SAT tool is presented
in Section 3. Finally, discussion andmain conclusions drawn
from the study are summarized in Section 4.

2. Materials and Methods

2.1.AGenericDesertificationModel. SDmodelling [26, 27] is
a methodology that embodies system thinking through the
implementation of differential equation systems. SD is in-
terdisciplinary and is grounded in the theory of nonlinear
dynamics and feedback control developed in mathematics,
physics, and engineering. An SD model consists in a set of
ordinary differential equations that makes a stock-and-flow
representation of the studied system. SD models are con-
ceived as a structure made up of causal feedback loops
including nonlinear relationships and delays.

Agricultural systems and their environmental effects
make up complex systems. ,eir study encompasses so-
cioeconomic variables (demand of raw materials, employ-
ment, and land-use allocation), geochemical and ecological
processes (aquifer exploitation, soil erosion, and biomass
regeneration), and agricultural production techniques
(tillage, supplementary feed, and types of crop). To un-
derstand the interaction of all these elements, a systemic
approach capable of explicitly managing the temporal di-
mension, sustainability conditions, uncertainty, and exter-
nalities is mandatory [28].

,e basis of SAT is a GDM [29] that represents the use of
resources (soil, water, and pasture) by economic agents
(shepherds and farmers) under the predator-prey paradigm
[30, 31]. ,e consideration of human-nature interaction on
the basis of this pattern of biological interaction has been
successfully adapted to study grazing systems [32, 33]. GDM
makes use of this idea and extends it to other land uses. ,e
model highlights the dealings between environmental and
socioeconomic variables, clarifies the processes and drivers
behind land use and desertification, and copes with the
critical gaps of tracking the origins of desertification [34].

GDM is lumped spatially [35] as it does not yield
georeferenced results, and its temporal basis is the year. ,e
analysis is focused on desertification syndromes. ,eir
outputs are not designed to fill pixels’ data but to spot
threatens posed by some land uses. ,e core of the GDM,
outlined in Figure 1, can be described succinctly as follows:
the level of resources depends on their renewal and con-
sumption rates. ,e former relies on the current stock of
natural resources, the physical framework (climate and soil
type), and a limiting factor, the dynamics of which can be
affected by the stock of resources. In fact, soil erosion, soil
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salinization, saltwater intrusion, and others have an inhib-
itory effect on resource regeneration that can be irreversible
once critical thresholds are exceeded [36].

Consumption is linked to the number of economic units in
the area. ,ey are understood as the number of farmers who
make decisions on the size of herds or areas under cultivation.
Decisions depend on their benefits compared to the alternative
profit, i.e., the opportunity cost of farmers [37, 38]. When, on
average, the ratio is above the unit, economic agents intensify
their activity by increasing the number of livestock or the
agricultural area; the opposite is also true.

Profit increases with income, which depends on yield,
production prices, and subsidies. ,e costs, which penalize
the benefit, respond to the use of additional inputs needed
for production (supplementary feed, fertilizers, pesticides,
fuel, etc.) and their price. Note that the amount of inputs
required is conditioned by the stock of natural resources. For
example, water table plummeting increases groundwater
pumping costs, while the loss of soil and/or biomass drives
up the costs of supplementary livestock feed.

,erefore, the deterioration of natural resources has a
negative impact on economic activity that should slow down
the overexploitation of resources. However, the signs of
scarcity fade in an economic context in which certain cir-
cumstances (favourable prices, subsidies, technological
improvements, etc.) generate the certainty—through indi-
cators based on the profitability of the activity—that those
good decisions are being made. For example, if the demand
of some crop is very high, its market price can be high
enough for revenues to offset or even exceed the rising of
pumping costs.

,e main output of an SD model is the time trajectories
produced from numerical scenarios that capture the initial
conditions of the system, i.e., the state in which the model is

started, the values of the form parameters, and the hy-
potheses established by the user. ,e simulation period for
GDM is set at 200 years, an appropriate time horizon when
studying desertification. Indeed, environmental degradation
only emerges when we observe the evolution of “slow
variables” [6].

Time trends, despite their quantitative accuracy, should
not be considered as forecasts. In this sense, it is important
to take the nature of the laws underlying the model
equations into account. Since they belong to the socio-
ecological sphere, i.e., they are not strictly based on physical
laws, it is more rigorous to speak of exploration than of
prediction [39]. Hence, GDM is intended to be a “means of
exploration” [40] for a better understanding of how sys-
tems may behave. In this context, the importance of
simulation relies in the relative results yielded under dif-
ferent scenarios.

2.2.AssessingDesertificationRisk. Ultimately, GDM is a state
and transition model [41] that uses box-and-arrow diagrams
accompanied by data-driven narratives to describe the states
of key variables, i.e., the stock of resources and economic
units. ,ese models address both reversible and irreversible
changes, the details of which are fundamental to under-
standing desertification and communicating it effectively.
,is approach requires the establishment of a state called
“desertified” with respect to another “non-desertified” or
historical/referential state [42].

,e desertification risk assessment is carried out within
the framework of this dichotomy. ,e analysis calculates the
long-term equilibrium of key variables given current con-
ditions. In this way, it attempts to know the effects of current
land-use policies on the system, acting as an early warning
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Figure 1: General overview of GDM.
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system. ,erefore, there are two types of time trends. ,ose
corresponding to stable behaviours are labelled as sustain-
able and those showing extinction of the resource or some
other socioeconomic magnitude are considered desertifi-
cation (Figure 2).

In particular, the risk of desertification is associated with
the probability of losing a critical amount of a key resource
within a time frame set by the user. To this end, a thousand
simulations are carried out using randomly generated sce-
narios. Specifically, the RANDOM_NORMAL command
from Vensim has been implemented. ,is returns a random
number that is different on each successive time step. ,is
algorithm considers a normal distribution of the parameter;
in this analysis, some parameters of the scenario are con-
verted into random variables with a mean value and a
standard deviation that allows associating a normal distri-
bution to it. For example, when random values of precip-
itation are used to assess risk, 1,000 precipitation scenarios
are generated where values close to the average value of
precipitation are more likely to appear than extreme values.
After implementing scenarios of different random variables
such as subsidies, prices, or the mentioned precipitation, the
response of the system is analysed. ,e final value of the key
variables is used to assess the risk of desertification. ,is
indicator is defined as the percentage of simulations in which
key resources are exhausted or critical thresholds are sur-
passed. In addition, it records the number of years required
to lose that critical amount of resources.

2.3. Ranking of Desertification Factors. Sensitivity Analysis
(SA) transcends the validation/calibration stage of a model.
It is also a robust technique for obtaining information about
a system.,e objective is to classify factors (i.e., parameters)
and distinguish orders of magnitude from their influences
on system behaviour. Specifically, the Plackett–Burman
Sensitivity Analysis [43] was performed. ,is is a sound
statistical procedure that measures the effects of each pa-
rameter on the target variables in an efficient way in terms of
the number of necessary scenarios. An important feature is
that the effects of every parameter are not measured with the
all-other-things-being-equal assumption but are averaged
over variations made in all other parameters. PBSA also
enables measuring two-way interactions of pairs of pa-
rameters, although this option has not been used in this case.

To apply PBSA, upper and lower values (10% for this
evaluation) must first be assigned to each parameter in the
model.,e next step is to design 2d scenarios, where d is any
multiple of 4 greater than the number of n parameters. Each
scenario is a set of n parameter values that are sampled from
the previously assigned upper and lower values. ,e design
of these scenarios follows the patterns originally proposed by
Plackett and Burman [43]. ,e effects of each parameter are
obtained by adding the 2d outputs of the target variable and
then dividing it by d.

,e evaluation procedure focuses on tailor-made vari-
ables that assess the time needed to lose a key resource.,ese
are “slow” variables, which are appropriate indicators for
assessing the system change in the long term [6].,e positive

sign indicates the fact that incrementing 10%, that parameter
value delays degradation while a 10% decrease accelerates
degradation. A negative impact should be interpreted in the
opposite way.

3. Results

SAT was implemented for five case studies (Figure 3), each
one of them representing a DL identified in the Spanish
NPCD [24]: (DL1) “Woody crops affected by erosion”;
(DL2) “Rainfed herbaceous crops with erosion risk”; (DL3)
“Overgrazed agroforestry-pastoral systems”; (DL4) “Irri-
gated areas with desertification risk”; and (DL5) “Degraded
shrublands and wastelands.”

,e five cases were covered with three versions of GDM
previously developed by the authors:

(i) GDM1 (rangelands): water erosion in rangelands
and shrublands [28, 37, 44, 45] for Dehesas in
Cáceres province (DL3) and Sierra de Los Filabres
in Almeŕıa province (DL5)

(ii) GDM2 (croplands): water erosion in extensive
croplands for olive orchards (DL1) and wheat/
sunflower crops rotation (DL2) in Córdoba prov-
ince [46]

(iii) GDM3 (irrigation agriculture): hydrological models
linked to groundwater-based irrigation agriculture
[36, 47, 48] for Eastern LaMancha aquifer in Ciudad
Real and Albacete provinces apply to DL4

Interaction with simulation models has improved con-
siderably in recent years. However, it can still be difficult for
a non-modelling user to deal directly with programs such as
Vensim. User-friendly interfaces are essential to involve a
broader audience in exploiting and improving models. ,e
Vensim DSS® software [25] includes the possibility of de-
veloping simple Venapps applications to visualize the model
structure, examine its causality, simulate the model be-
haviour, and visualize its results.

Alternatively, it is possible to control Vensim through
other applications. ,is was the option chosen, as one of the
main requirements in the SAT design was to use a platform
to which most users were familiar. SAT is a Vensim

A

B

Time

Threshold

Resource
stock

Figure 2: Basis for SATearly warning indicators. Some simulations
do not exceed the degradation thresholds considered (A), while
others do (B). ,e latter determine the risk of desertification.
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Published Application (vpa) implemented in Excel that is
ready to work with Vensim Model Reader (https://vensim.
com/free-download/). In our case, the vpa consists of a SD
model (SAT.vmf) and a caller (SAT.xls), the true user in-
terface. Around these main files, other ones help to manage
the model outside the Vensim environment (Figure 4).
Table 1 lists all of them, and their interaction is illustrated in
Figure 5.

SAT is organized into three blocks (Figure 6 (top)),
each of which corresponds to a version of GDM. However,
to simplify programming, the three GDM adaptations
have been merged into a single Vensim file (SAT.vmf).,e
Main Menu (Figure 4) is used to go from one case to
another and provides general information about the
project. ,e other parts of the Excel book with which the
user interacts are the scenarios and results. In each of these
spreadsheets, the scenarios are established, the different

indicators are calculated, and the results are presented
(Figures 7 and 8).

Beyond the interface elements, there are hidden struc-
tures where all calculations and operations are executed
(Figure 6 (bottom)). ,ey consist of sheets inside the main
workbook (SAT.xls) and external files that are necessary for
the operation of the Vensim models. ,us, each version of
GDM includes four additional worksheets to organize in-
termediate calculations and store the results and data used.
,ese are as follows: (i) “s1” and “s2” contain the numerical
values of the time trajectories that feed the graph, the “s1”
being also used to store the base scenario values; (ii) the
“risk” sheet stores and processes the results of the 1,000
simulations needed to assess desertification risk; and (iii) in
“pbsa” the scenarios required by PBSA are implemented. In
addition, here, the matrix calculations are executed to es-
tablish the ranking of the factors of desertification.

Desertification landscap:
DL1: woody crops affected by
erosion
GDM version:
GDM2 (croplands): water
ersion in extensive croplands
for olive orchards

Desertification landscap:
DL2: rainfed herbaceous
crops with erosion risk
GDM version:
GDM2 (croplands): water
ersion in extensive croplands
for wheat/sunflower crops
rotation

Desertification landscap:
DL3: overgrazed agroforestry
pastoral systems
GDM version:
GDM1 (rangelands): water
ersion in rangelands and
shrublands for Dehesas

Desertification landscap:
DL4: irrigated areas with
desertification risk
GDM version:
GDM3 (irrigation agriculture):
hydrological models linked to
groundwater-based irrigation
agriculture

Desertification landscap:
DL5: degraded shrublands and
wastelands
GDM version:
GDM1 (rangelands): water
erosion in rangelands and
shrublands for Sierra de Los
Filabres

Spain
Arid: 2,671km2, 0.53%

Semiarid: 282,724km2, 55.93%
Subhumid dry: 87,259km2, 17.26%

Desertified territory: 20%
Active degradation in drylands: 1%

Arid
Semiarid
Sub-humid dry

Figure 3: Drylands (arid, semiarid, and subhumid dry areas) in Spain and location of the five case studies.
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,e additional files to connect the SAT interface with the
model are Excel 4.0 files, the format required by Vensim.
Finally, at the last level is the simulation model, the real core
of the DSS.

,e SAT tool is programmed with Visual Basic. A part of
this code automates tasks in Excel and another one interacts
with Vensim DSS through DLL commands. A dynamic link
library (DLL) is a collection of small programs that can be
loaded when larger ones need them. Each of these programs
is made up of commands, i.e., actions performed by Vensim.
,ey are introduced as a class, followed by the specific
command and the options that allow its customization in the
form class> command|option1|option2....

,e command Vensim_command is the DLL used in
SAT. Actually, a small portion of the available commands is
enough to take control of Vensim from Excel.,ey belong to
three classes (Table 2): (1) MENU commands have essen-
tially the same effect as selecting a command from the
Vensim workbench menu; (2) SIMULATE class allows

controlling simulation input control parameters and also
reads results from other runs to start another simulation;
and (3) SPECIAL commands allow manipulating the
Vensim environment in similar ways to what can be done
from the Control Panel.

Figure 5 illustrates the operation of SAT. In a simple
simulation exercise (which generates time trajectories), the
loop is started after clicking on the “Trends” button
(Figure 7(c)). ,en, the Parameters.xls file is updated with
the parametric values that the user has entered in the sce-
nario. ,ey are automatically converted to Parameters.vdf,
the Vensim format (vdf denotes Vensim data file). ,e
command used for this operation (MENU>XLS2VDF)
involves the file Read.frm. It specifies the import options for
Vensim to read the Excel file correctly.

Once data files are set to be used in the simulation
(SIMULATE>ADDDATA; SIMULATE>DATA), the
model is run (MENU>RUN) under a name given by the
user (Name.vdf) (SIMULATE>RUNNAME). ,e

Figure 4: SAT Main Menu.

Table 1: Files compiled in SAT DSS.

File Type Number Description

SAT.vmf Vensim simulation
model 1 ,e usual extension of a Vensim model is ∗.mdl. However, to be compiled, it must be

saved in binary format (∗.vmf).
SAT.xls Excel file 1 Contains the user interface and works as a caller for the rest of files.
Results.xls Excel file, v 4.0 2 Provides the link between Vensim and Excel.
Parameters.xls Excel file, v 4.0 1 Provides the link between Excel and Vensim.

Name.vdf Vensim Data file n Contains scenario results from a simulation; the name of the exercise is provided by the
user.

Parameters.vdf Vensim Data file 1 Contains data from the scenario of simulation provided through SAT.xls.
List.lst Vensim list 9 List of model variables to export to Excel.
Read.frm Vensim input form 1 Specifies how Excel data are read by Vensim.
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information generated in each simulation includes values for
each variable and for each time step (0.0625 years) for a long
simulation period (200 years). However, only a small part of
this huge amount of data is used in SAT. ,e Vensim data
file (Name.vdf) is converted back to Excel
(MENU>VDF2XLS), generating Results.xls. ,e file List.lst
is used to determine which variables are exported. Finally,
the information in this file is updated in SAT.xls.

For desertification risk assessment, this loop is re-
peated 1,000 times. To determine the ranking of factors,
the number of simulations ranges from 2,400 to 4,800,
since the amount of PBSA scenarios is subjected to the
number of parameters of each GDM version. At each turn
of the loop, the results of a simulation are saved in SAT.xls.
Once the exercise is completed, a set of calculations is
executed to calculate the indicators that the user finally
sees. In addition, they can be saved in ∗.txt format for
consultation.

When the user opens the application, the first screen that
appears is Main Menu (Figure 4). Here the user can find
general background information: a user guide, an overview
of the implemented methodology, and the software credits.
,eMainMenu gives access to the five DLs included in SAT.
After selection, the worksheet is updated with the corre-
sponding baseline scenarios. ,e available options include
(Figure 7): (a) links to the Main Menu and to the supporting
documents on the analysed case; (b) implement new sim-
ulation scenarios; (c) possibility of launching three types of
simulation exercises; (d) files management; and (e) summary
report of the results of the exercises.

,e basic two steps for working with SAT are to fill the
data in the simulation scenario and then to run any of the
three exercises. ,e scenario can be created by changing the

baseline scenario loaded by default. It is also possible to
make use of other scenarios that have been saved previously
or create a completely new one by clicking on the “Clear
scenario” option.

,e “Trends” exercise immediately generates a graph
representing the trajectory (red line) of the variable selected
in the upper combo box. For comparison, an alternative
simulation (blue line) can be loaded.

,e other two exercises take longer (see table in Figure 5),
as thousands of simulations to calculate desertification in-
dicators and rankings are needed. After a few minutes, the
results can be consulted by scrolling down (Figure 8). To-
gether with the simulation scenario, the user has to set the
time horizon of the exercise “Risk” in 100 or 2,000 years.

SAT.vmf

Parameters.vdf Name.vdf

Type of exercise

Trends
Risk of desertification
Rankings

Loop iterations

1
1,000

2,500/4, 100/4, 800

200
100/2,000

2,000

Time frame, years

List.lstRead.frm

Parameters.xls

SAT.xls

Results.xls

Figure 5: SAT basic operation scheme.,e table shows the number
of iterations and time frame for each of the simulation options.

Main Menu (Figure 4)

Rangelands Croplands Irr. agriculture

GDM1 GDM2 GDM3

Hidden sheets
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User interface

Scenario
(Figure 7)

Results
(Figure 8)

Figure 6: Overview of SAT DSS structure (top portion). ,e five
case studies are implemented using only three simulation models.
Each of them forms an independent block (accessible from the
Main Menu) in which the relevant SAT.xls sheets and diverse Excel
and Vensim files specific to the version of the GDM used are
interconnected (see Figure 5). Detailed arrangement of the files for
the Rangeland GDM version is shown (bottom portion).
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By way of illustration, the results for DL1 are shown in
Figure 8(a). ,ey can be interpreted as follows: the risk of soil
thickness falling below a critical threshold for productivity
(set at 5 cm for the user in this example) is estimated at 61%,
and this can occur within 87 years. Together with the main
output, a statistic summary (mean, coefficient of variation,
max, and min) is included. Finally, Figure 8(b) shows the

classification of the parameters. ,e results are interpreted as
follows: a 10% increase in “mean annual precipitation” means
that the “time needed to lose the topsoil layer,” the target
variable for this case, increases by 18.1%.

All simulation exercises are saved by default for later use.
Trends are saved in ∗.vdf format generated by Vensim. From
there, both simulation scenarios and results can be retrieved.

(a) Supporting
documents

(b) Implement
scenarios

Scroll down for more
results (Figure 8)

(c) Launch
exercises(e) Print

report

(d) Management
of files

Desertification
landscapes

Name of
exercise

Figure 7: Screen for one of the cases implemented in SAT DSS.

(a) (b)

Figure 8: Outputs for risk (a) and ranking (b) exercises. Example for landscape DL1 “Woody crops affected by erosion.”

Table 2: Vensim commands implemented in SAT.

Command Function
MENU>XLS2VDF Converts the Excel format file to the ∗.vdf format file
MENU>RUN Runs the model using the current simulation setup
MENU>VDF2XLS Converts the Vensim dataset to an Excel v. 4.0 format file
SIMULATE>ADDDATA Adds a ∗.vdf file to the list of data files to be used in the simulation
SIMULATE>DATA Sets the data file(s) to be used in the simulation
SIMULATE>RUNNAME Sets the name of the simulation run
SPECIAL> LOADMODEL Loads the model
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From the other two exercises, only the final output, i.e., the
desertification risk and the ranking of risk factors, is saved in
∗.txt format, but not the thousands of simulations necessary
for their calculation.

4. Discussion and Conclusions

Prevention and mitigation of desertification includes un-
derstanding its causes, monitoring and evaluating its pro-
gression, and designing and implementing site-specific
management strategies [18]. Given the irreversible nature of
desertification, it is essential to anticipate the problem
[22, 49, 50]. SAT is a software aimed at contributing to this
problematic of the fight against desertification.,emere fact
of constructing a SD model that allows the understanding of
the physical and socioeconomic processes involved is a great
advance to propose sustainable solutions. Furthermore, by
coupling numerical methods such as SA or probability
calculations, we achieve an objective assessment of the risk of
desertification and of the most important factors.

Our early warning system complements the indicators
that the Spanish NPCD [24] already had. ,ese were based
on the methodology of MEDALUS [51], a widely known
technique for assessing desertification in the Mediterranean
area. ,is provided a qualitative evaluation of the risk of
desertification of the territory by analysing each pixel from
basic information that was readily available (estimated
erosion, aridity index, aquifer overexploitation, and recur-
rence of forest fires). Its weakness has been highlighted in the
latest World Atlas of Desertification [52].,emain criticism
of this approach is that land degradation cannot be mapped
by a single indicator or by any arithmetic or modelled
combination of variables [53]. In addition, the dynamics of
the processes are ignored, the importance of which can be
illustrated by the following example. Table 3 shows the time
for soil loss in the case studies included in SAT under two
methodological approaches: (i) a “simple” indicator (second
column) estimates soil loss by dividing the soil thickness by
the average annual rate of erosion (previously converted
from tons/ha to mm through soil bulk density) and (ii) SAT
procedure (third column). ,e percentage of variation
relative to the “simple” indicator appears in the last column.

It is noted that the degradation times for the “simple”
indicator are much longer than the SATresults.,e reason is
due to the static nature of the above indicators. In fact, the
assumption of a constant erosion rate, which implicitly
incorporates the “simple” indicator, is not supported from a
medium-to-long-term perspective. ,is consideration is
essential for desertification, as this process is governed by
“slow variables” [6]. By way of illustration, erosion rates may
change due to fluctuations in vegetation cover—the

literature describes the exponential nature of this relation-
ship [54]— driven by livestock density which, in turn, is
sensitive to price changes in livestock markets [55].

In fact, the differences observed between the two types of
indicators are the result of considering positive feedback in
the soil loss process. Soil erosion exposes layers of higher
apparent density, i.e., deep layers having lower porosity and
lower infiltration rates. Soil crusting prevents seeds from
sprouting and reduces water entry into the soil.,is, in turn,
increases runoff rates and soil erosion. All these mechanisms
are ignored by the “simple” indicators, which consider soil
loss as a linear process.

,ere are also clear limitations in the case of ground-
water-based irrigation agriculture. It could be said that the
sustainable groundwater use implies that the aquifer pie-
zometric level is steady. However, the shift from a steady
state (aquifer under natural regime) to the other state
(aquifer under sustainable use) implies that the recharge-to-
discharge ratio turns less than one for the period in which
the disturbance (the development of irrigation agriculture)
remains. Hence, just like the use of average constant erosion
rates, the implementation of constant recharge-to-discharge
indicators ignores the dynamics (feedbacks and delays) of
the groundwater resource. Actually, a less-than-one ratio is a
necessary, though not sufficient, condition to declare
groundwater overexploitation [56, 57]. Some key questions
arise as follows: What is the expected trend for irrigation
areas? Is it possible that the recharge-to-discharge ratio
returns to one? How long can it take? What would be the
stock of groundwater at the time? It is impossible to get an
idea of the answers to these questions without taking into
account the set of dynamic processes—at least the most
important ones—involved in the use of the groundwater
resource.

Monitoring indicators over time helps to overcome their
static disadvantage. ,e inherent problem with indicators
based on “flash” observations or remote sensing techniques
is that they show the current, actual state of the system. ,is
merit becomes a disadvantage when it comes to inertial
systems. When irreversible thresholds and delays are part of
the system [19, 27, 58], it is imperative to have an idea of the
general trend of the system before the symptoms of de-
sertification become so evident. Otherwise, monitoring re-
sults in a kind of necropsy that records the path to collapse.

,e users targeted by SAT are government land-use
planners as well as desertification experts. ,e former are in
charge of updating the NCPD, and SAT will provide them
with land use trends under different scenarios and their
associated desertification risk.,e latter will contribute their
knowledge and data to improve process modelling and to
refine thresholds and parametric values.

Table 3: Time for soil collapse under two assessment methodologies.

Case study “Simple” soil erosion indicator, years SAT estimation, years Percentage of variation (%)
DL2 200 26 −87
DL1 657 169 −74
DL5 1,045 186 −82
DL3 1,739 349 −80
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,e growing perception of the complex interaction
between the sociocultural, economic, and biophysical
components of systems is the cause of the growing interest in
environmental DSSs [59, 60]. Such platforms play a key role
in the expansion of research results to society. ,ey allow, in
an easy way, to explore modelling and its results and in-
troduce their users to the decision-making process [61]. In
addition, they diminish the resilience of society in dealing
with the problems of desertification [18].

DSS should work in two ways: first, by bringing scientific
research closer to social agents. ,us, when the decision-
making process and the premises on which it is based are
opened to public debate, there is a gain in transparency [62].
Second, this approach can be useful for researchers. In fact,
the participation of non-scentific stakeholders and experts
raises interesting questions as they reflect society’s main
environmental concerns.

On SAT, one of the main tasks of stakeholders and
experts was to agree on degradation thresholds. ,ere were
some difficulties in interpreting the results and defining the
scenarios, as some of the parameters were difficult to un-
derstand. ,is is part of the communication barriers be-
tween scientific research and the real world, and as in [59],
“there is a trade-off between the attempt to simplify the
intrinsic complexity and the need for scientifically robust
approaches and detailed high-quality data.”

An important conclusion after SAT is the need to model
the land-use change (LUC) [42], as these are the main drivers
of global environmental change [63, 64]. Model development
for particular land uses provides a limited perspective on the
causes and consequences of desertification [6, 65]. We agree
with the demand to develop models that cover various land
uses in an increasingly interconnected world (e.g., landless
livestock trigger soybean cultivation). However, GDM and
SAT were conceived under the umbrella of DLs linked to
specific land-uses, nourished by the hotspot concept, i.e., a
sudden increase of economic productivity driven by the in-
tensification and expansion of a certain land-use. What is
more, GDM implicitly considers the most important form of
land conversion, which is the encroachment of arable and
grazing lands on natural ecosystems [63].

,is reason encourages us to includemore case studies in
SAT. In addition, specific land-use modelling is a prelimi-
nary step for its integration into the LUC framework. In-
creasing the collection of models will give us a precise idea of
the desertification risk state in Spain. Even more, the
computational system is ready to be exported to other
countries. GDM has been already adapted to study
groundwater-dependent oases in Morocco [56]; Alcalá et al.
[66, 48], Greek rangelands [37], and Algerian steppe ran-
gelands [50]. Given that all the UNCCD signatory countries
are committed to develop their NPCDs, this kind of tools can
help threatened regions to spot desertification processes in
their initial stages.

Under the increasing climatic and social uncertainties
enveloping the entire planet, SAT pursues—to quote
Abraham Lincoln—not only to know where we are but also
to sketch where we are trending. In that case, we could better
judge what to do and how to do it.
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[29] J. Ibáñez, J. M. Valderrama, and J. Puigdefábregas, “Assessing
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(e rate of growth of mining copper industry in Chile requires higher consumption of water, which is a resource limited in quality
and quantity and a major point of concern in present times. In addition, the efficient use of water is restricted due to high levels of
evaporation (10 to 15 (l/m2) per day), in particular at the north highlandmining sites (Chile). On the contrary, the final disposal of
tailings is mainly on pond, which loses water by evaporation and in some cases by percolation. An alternative are the paste
thickeners, which generate stable paste (70% solids), reducing evaporation and percolation and therefore reducing water make up.
Water is a resource with more demand as the industries are expanding, making the water recovery processes more of a necessity
than a simple upgrade in efficiency. (is technology was developed in Canada (early 80s) and it has widely been used in Australia
(arid zones with similar weather conditions to Chile), although few plants are using this technology. (e tendency in the near
future is to move from open ponds to paste thickeners. One of the examples of this is Minera El Tesoro. (is scenario requires
developing technical capacity in both paste flow characterization and rheology modifiers (fluidity enhancer) in order to make
possible the final disposal of this paste. In this context, a new technique is introduced and experimental results of fluidity modifiers
are discussed. (is study describes how water content affects the flow behavior and depositional geometry of tailings and silica
flour pastes. (e depositional angle determined from the flume tests, and the yield stresses is determined from slump test and a
rheological model. Both techniques incorporate digital video and image analysis. (e results indicate that the new technique can
be incorporated in order to determine the proper solid content and modifiers to a given fluidity requirement. In addition, the
experimental results showed that the pH controls strongly the fluid paste behavior.

1. Introduction

(e growth rate of the copper mining industry in Chile
requires a greater water consumption, a resource with
limited availability whose industrial use is a major concern
nowadays [1, 2]. (e recovery of water from thickened
tailings in mining results in an important benefit eco-
nomically speaking, although it gets more difficult to de-
water tailings if they have fine particles [3].

In addition, the efficient use of water is restricted due to
the high levels of evaporation (10 to 15 (l/m2) per day) [4],
particularly on the sites of the mines located in the northern
highlands. (e use of paste thickeners for water recovery

proves to be a very efficient method to prevent water loses in
tailings depositions, taking into account the large volume of
water lost to evaporation [5].

In the case of waste materials from the flotation process
(tailings), they range between 95–98% [4] by weight of the
treated material, which are disposed in tailings dams in pulp
form. Its transport is carried out by pipeline with an ap-
proximate solids consistency from 40% to 60% [4], to
prevent the line from getting stuck and to reduce energy
consumption during pumping [6]. Given the large volumes
of water handled, part of the water is recovered and recir-
culated to the flotation stage after the solids are settled in the
tailings dam. Alternatively, another option to increase the
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water recovery is to thicken the pulp up to 75%, which is
then available as a paste, using new technologies, such as
thickened tailings disposal (TTD) [7].

(e use of new technologies or “Paste Technology” [8]
was firstly utilized at the end of the year 1980 [9] and since
then it is used to describe the disposal of paste with a high
content of fines (silt or clay) and low contents of water in the
filling material that can be transported through distribution
pipes (10 to 20 cm in diameter). (is “Paste,” unlike the
filling sludge, does not separate in different phases (solid and
liquid) at low speeds in transport pipes. (e transport of
pastes by pipes requires that enough fine material (20 [µm]
or less) is contained within the mixture so that the lubri-
cation of the pipe walls creates a state of piston flow. Tailings
can be transported for filling uses or, given their high
surface, in a tailings management facility.

(is natural abundance of fine-grained materials is
not exclusive in tailings from mines, and it is also
common in waste streams from other industries, which
are transported as pastes by pipes and are located in
places without producing particle segregation. (e po-
tential use of paste technology has expanded in recent
years [3, 5] because it is recognized as a low-cost, en-
vironmentally superior technology with technologically
controllable methods for transporting and allows com-
mercializing certain waste streams from materials with a
low water content and high density. An example of the
economic impact of implementing this technology is the
comparison made by JRI Engineering, for the Codelco
Norte Division, where it is concluded that paste tech-
nology yields up to 15% savings, compared to the con-
ventional alternative [10]. Rheology control in pastes has
various possible effects or consequences. (e nature of
the paste facilitates the mixing of one or more secondary
waste materials, which allows all waste materials to be
transported by pipes. (e increase in density decreases
the ratio of supernatant/treatment, reduces mobilization
of contaminants, hydraulic conductivity, and oxygen/
reactivity of water through encapsulation within the paste
matrix [8]. Due to these effects, among others [11–15], it
is proposed to set up a laboratory with characterization
tests, which determines yield stress and angle of repose in
pastes. Additionally, taking into account that the use of a
more automatic control system allows increasing the
efficiency of the procedures in different areas [16–19], it is
proposed to develop a technique based on digital video
and image processing using Toolbox Image Processing-
Matlab, system widely utilized to facilitate the analysis of
data for different types of processes [20–23].

(e results allow to quantitatively evaluate the effect
of pH on the fluidility and angle of repose in the test
pastes. With respect to the additive used, sulfuric acid
acts as a dispersant increasing the fluidity and decreasing
the angle of repose in the pastes; in the case of the
technique implemented, it is concluded that this allows to
analyze the dynamic behavior and the profile of the paste
throughout time, making the rheological study in pastes
possible.

2. Materials and Methodology

2.1. Designs of Slump Test Equipment. Slump and flume test
equipment are designed and constructed based on the cri-
teria and methodologies developed in previous investiga-
tions [24, 25]. In the slump test, the height of the paste is
measured over time, to determine the corresponding yield
stress. Analysis models have been developed to relate the
slump value to the value of the corresponding yield stress
and to predict the slump behavior of the material. Slump
models are derived from the first principles with the model
variables expressed in dimensionless form. (us, the slump
is not an empirical model and provides the independent
matter with a unique relationship between the yield stress
and the slump height.

(e slump test, which is usually performed on conical
geometries, was adapted to a cylindrical geometry for the
alumina industry. (is is due to the fact that there is a
relationship between the slump height and the flow behavior
in the bauxite waste, correlation which is adaptable to the
case of copper mining pastes due to similar physical
characteristics.

Figure 1 shows the comparison between the cone and
cylinder models, both the theoretical results and those ob-
tained in the laboratory. It can be clearly seen that the
experimental results when using the cylinder model are quite
close to the theoretical model, unlike the cone model that
shows a significant deviation compared to the empirical
results. Taking this information into account, it is decided to
use the cylindrical model, as it predicts more precisely the
yield stress in pastes.

(e results are expressed in terms of dimensionless
variables to allow the generalization of the slump test model
and are defined as follows:

Cylinders′ � 1 − 2τy
′ 1 − ln 2τy

′  , (1)

where τy
′� τy/ρgH dimensionless creep limit. s′� s/H di-

mensionless drop height. h0′� h0/H dimensionless paste
height without deformation. h1′� h1/H dimensionless de-
formed paste height.

Figure 2 determines that, for the cylinder test, the di-
ameter that obtained a lower value of deviation (<10%
between the theoretical-experimental curves) was the ge-
ometry with diameter of 200 mm, with a value in the di-
ameter-height ratio of 1. From this it is concluded that the
diameter of the cylinder to be used in the experimentation
will be 200 mm.

To determine the yield stress in the slump test, a series of
assumptions are used, which are analyzed in more detail in
reference [24]:

(a) It is assumed that no deformation of the paste occurs
in the removal of the cylinder in the drop test.

(b) Only the effort acts on the test paste and is assumed
as a vertical effort associated with the weight of the
paste itself.

(c) (e test paste is supposed to behave like an elastic
solid so that the maximum shear stress that can be
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applied to a body when a “P” pressure is applied in a
normal direction which is equal to half the pressure.

(d) At some point along the height of the cylinder, the
test paste experiences a tension that is greater than
the creep limit and the paste flows until the tension is
again reduced to the creep limit and remains
motionless.

(e) In the process of falling, it is assumed that the in-
terface layer between the paste that exhibits an elastic
and inelastic behavior is a horizontal surface that
moves down as the test paste flows below it.

(f ) (e flow occurs until the cross section increases the
area so that the effort required to support the weight
of the paste above any given plane is reduced to the
creep limit. (us, the product of the tension and the
cross section is proportional to the weight of the
paste on the plane.

(e manufacturing material is acrylic to ensure a ho-
mogeneous and complete filling of the geometry. To achieve
good video quality, the geometry must have a contrasting
base and background surface, in addition to good lighting.

2.2. Designs of Flume Test Equipment. (e flume test, used to
determine the angle of repose in mineral pastes [25], was de-
veloped considering the characteristics of the paste under study.
To determine the angle of repose of the paste, equation (2) is
used. A schematic diagram is presented in Figure 3.

θ1 � tan−1 H1 − H2

L
 . (2)

(e equipment is built in acrylic to observe the profile of
the paste over time, and the geometry used is rectangular
and similar to a flume with a feeding chamber with a sliding
door. (e representation of the equipment is shown in
Figure 4. To achieve good video quality, the geometry must
have a contrasting base surface and background lighting.

2.3. Designs of Technique for Video Monitoring of Pastes.
For analyzing results and image processing and recording tools,
Matlab® Toolbox Image Processing and Free Video to Jpg.
Converter softwarewere used. Formoving pastes, a digital video
camerawith 720× 480 video resolution and color depth of 8 bits
per pixel (256 colors) is used. (e videos are recorded in.wmv
format. (e videos captured in the camera are edited with the
software Camtasia Studio 6 to remove the time slots that are not
considered in the image processing.

(e original set of captured images (video) is separated
into 30 frames per second with Free Video to JPG Converter
software. (ese individual images or frames correspond to a
series of points (pixels) capable of storing a color intensity
ranging from 0 to 255, using the RGB color model (red,
green, and blue); thus, the extensive combination of in-
tensities that each pixel can store is the product of the
mixture of primary colors at different intensities, with white
being a mixture of maximum intensity (256, 256, 256) and
black a combination of minimum intensity (0, 0, 0).

From the original image that can be seen in Figure 5, the
black and white image shown in Figure 6 is extracted, which
allows defining the contour surface and making measure-
ments in the tests. In addition, Toolbox Image Processing
allows defining the contour surface of the test in white or
black so that from now on the combination of black test
surface will be used for the results images.

When working with the RGB color model and using the
image processing software tools contained in Matlab’s
Toolbox Image Processing, it is possible to separate only one
color intensity in the frame (red, green, or blue), depending
on the contrast surface used in the experience and that better
reflects the contour surface for a treatment of the image in
binary colors (white or black).

2.4. Description of Operational Parameters and Procedures.
Powdered quartz is used, with an approximate granulometry
of 100% under 400 Tyler meshes (<33 mm). (e selection of
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the reagents used in the experimentation is based on the
effect produced by a polymer and a pHmodifier on the paste,
considering quantifying the effect that these additives pro-
duce on the pastes at different concentrations of solids, the
polymer in 75% solids and the pH modifier in 72% solids. In
the case of the polymer, 1 ppm of a polyacrylamide was used
with a cationic derivative of acrylic acid, Clarisol, and in the
case of the pH modifier, 1 ppm of sulfuric acid was used.

For the slump test of 70% solids by weight, the test paste
is prepared without adding sulfuric acid, the video camera is
installed and configured, and the pH is measured. (en, the
recording begins and the paste is emptied into the geometry
of the cylinder. If the paste contains a large quantity of solids,
the filling is done in two steps with compaction of the paste
to eliminate the dead zones; otherwise, the filling is per-
formed in only one step. Once the entire surface of the
geometry is completely filled, the cylinder is lifted, the paste
is allowed to flow and the recording stopped in the stationary
state of the paste. (e paste is then collected and concen-
trated sulfuric acid (98%) is added in a ratio of 0.0018 g of
sulfuric acid/ton of dry solid, the pH is measured, and the

same specifications described in the first paragraph of
Section2.3 are followed from the paragraph where the re-
cording begins. (e experiences are repeated twice and one
video is selected for image processing.

In the case of the slump test for the paste of 75% solids by
weight, the paste is prepared without adding cationic
polymer, Clarisol; then, the same procedure for the paste
with 70% solids is followed and only the additive used as a
rheology modifier changes, using a cationic polyacrylamide
concentrated at 10% w/w at a ratio of 0.001 g of Clarisol/ton
dry solid.

In the case of the flume test for 75% solids by weight, the
paste is prepared without adding flocculant, Clarisol; then,
the same procedure for the paste with 70% solids is followed
and only the additive used as a rheology modifier is changed,
this time using a concentrated cationic polyacrylamide at
10% w/w in a ratio of 0.001 g of Clarisol/ton dry solid.

(e characteristics that the video camera must fulfill are
to remain in a fixed position, parallel to the test plane, and at
a distance (L) that covers the entire surface of the geometry.
In addition, it must have manual brightness adjustment so
that there are no automatic adjustments during video re-
cording and image recording quality must be 720× 480
pixels.

3. Results and Discussion

3.1. Effect of Sulfuric Acid with 70% Solid in Slump Test.
(e image capture was made in time intervals of 1/30 s
without sulfuric acid, with a total duration of 1.97 s.(e final
ratio between the width of the cylinder and the spread of the
paste was 2.76. With the use of 0.0018 g of sulfuric acid/ton
dry solid and with a total duration of 1.97 s, the final ratio
between the width of the cylinder and the spread of the
sludge was 3.26.

When measuring the spread length of the paste with and
without the addition of sulfuric acid, it can be observed that a
change in the spread velocity of the paste occurs in both
tests, being higher in the case with sulfuric acid as presented
in Tables 1 and 2 and Figure 7. (e graph shows that the
addition of acid achieves higher spread velocities at the
beginning of the test and that at the end of both tests the
velocities obtained were similar.

3.2. Effect of Sulfuric Acid with 70% Solid in Flume Test.
For the first case without the use of sulfuric acid, the image
capture was made at 1/30 s time intervals with a total du-
ration of 5.37 s, for which the angle of repose of the paste
decreases in 2.3°. For the test with 0.0018 g of sulfuric acid/
ton dry solid, the image capture was performed in time
intervals 1/30 s, with a total duration of 1.97 s the angle of
repose of the paste decreases 3.47°.

When measuring the length and height of the spread of
the paste with and without the addition of sulfuric acid, the
angle of repose is calculated to quantify the variation of the
angle of repose in time, showing lower values in the paste
sequence 70% solid with acid sulfuric. (is parameter on an
industrial scale means that the solid with these

L
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H1 θ1
H2

Figure 3: Relation schematic diagram of the flume test, where
θ1 � angle of repose, H� Initial height (cm), H1 � highest height of
the paste (cm), H2 � lowest height of the paste (cm), and L� travel
length (cm).
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characteristics needs less energy to be transported. Graph-
ically the results are reflected in Figure 8 and the data is in
Tables 3 and 4. From Figure 8, it can be seen that the flume
test of 70% solids with the addition of sulfuric acid causes a
decrease in the angle of repose of the paste and shorter
spread time.

3.3. Effect of Cationic Polymer Clarisol with 75% Solids in
SlumpTest. (e slump test with 75% solids does not present
variations in height, as shown in Figure 9, which represents
the initial, intermediate, and final images of the test at times
0, 1.07 and 1.63 s, respectively. It us worth mentioning that
without the addition of cationic polymer; the high

250
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Figure 6: Example of binary image: (a) original image and (b) binary image.

Table 1: Slump test without sulfuric acid, cylinder.

Length (cm) Real length (cm) Ratio L/C Time (s) Real length increase Spread velocity (cm/s)
4.74 20.00 1.00 0 0 0
5.50 23.21 1.16 0.13 3.21 24.05
7.30 30.80 1.54 0.30 10.80 36.01
8.15 34.39 1.72 0.47 14.39 30.83
9.40 39.66 1.98 0.63 19.66 31.05
10.10 42.62 2.13 0.80 22.62 28.27
10.98 46.33 2.32 0.97 26.33 27.24
11.36 47.93 2.40 1.13 27.93 24.65
11.80 49.79 2.49 1.30 29.79 22.91
12.40 52.32 2.62 1.47 32.32 22.04
12.62 53.25 2.66 1.63 33.25 20.36
12.80 54.01 2.70 1.80 34.01 18.89
13.10 55.27 2.76 1.97 35.27 17.94

Table 2: Slump test with sulfuric acid, cylinder.

Length (cm) Real length (cm) Ratio L/C Time (s) Real length increase Spread velocity (cm/s)
4.53 20.00 1.00 0 0 0
7.28 32.14 1.61 0.13 12.14 91.06
11.35 50.11 2.51 0.30 30.11 100.37
12.90 56.95 2.85 0.47 36.95 79.19
14.15 62.47 3.12 0.63 42.47 67.06
14.24 62.87 3.14 0.80 42.87 53.59
14.38 63.49 3.17 0.97 43.49 44.99
14.62 64.55 3.23 1.13 44.55 39.31
14.65 64.68 3.23 1.30 44.68 34.37
14.76 65.17 3.26 1.47 45.17 30.79
14.76 65.17 3.26 1.63 45.17 27.65
14.76 65.17 3.26 1.80 45.17 25.09
14.76 65.17 3.26 1.97 45.17 22.97
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concentration of solids would prevent the movement of the
test paste. (e sequence of images is performed at 1/30 time
intervals s with a total duration of 1.63 s.

When adding Clarisol cationic polymer (0.001 g Clarisol/
ton dry solid), agglomeration of particles is observed. (is
way, an increase in the apparent viscosity of the paste is

inferred, as shown in Figure 10, which represents the initial,
intermediate, and final image of the test, at time 0, 1.43 and
2.87 s, respectively. (e image sequence is performed at 1/30
time intervals (s) with a total duration of 2.87 s.

For both tests, with and without addition of polymer, no
changes in the fluidity of the paste occur. Another obser-
vation made when comparing the tests is the increase in the
time it takes to remove the cylinder during the experiment,
from 1.63 s without additive to 2.87 s with additive, so the
effect that the polymer produces on the test paste would not
be favorable for the objectives set out in this investigation.

3.4. Effect of Clarisol Cationic Polymer with 75% Solids in
Flume Test. (e flume test with 75% solids and without
added Clarisol does not present variations in height and
length. (is is reflected in Figure 11, which represents the
initial, intermediate, and final image of the test at times 0,
1.90, and 3.83 s, respectively. (e sequence of images is
performed at 1/30 time intervals (s) with a total duration of
3.83 s.

In the case of the flume test with 75% solids and with
0.001 g Clarisol/ton dry solid, there are no variations in
height and length, which is reflected in Figure 12, which
represents the initial, intermediate, and final image of the
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Table 3: Flume test without sulfuric acid, cylinder.

Height (cm) Length (cm) (H1/L) Degrees Time (s)
— — — — 0.00
0.91 9.10 0.10 5.71 0.17
0.88 9.10 0.10 5.52 0.33
0.88 9.20 0.10 5.46 0.50
0.86 9.40 0.09 5.23 0.67
0.83 9.50 0.09 4.99 0.83
0.81 9.50 0.09 4.87 1.00
0.81 11.30 0.07 4.10 3.03
0.81 11.45 0.07 4.05 3.20
0.79 11.45 0.07 3.95 3.37
0.75 12.00 0.06 3.58 5.03
0.73 12.05 0.06 3.47 5.20
0.72 12.10 0.06 3.41 5.37

Table 4: Flume test with sulfuric acid, cylinder.

Height (cm) Length (cm) (H1/L) Degrees Time (s)
— — — — 0.00
0.53 5.83 0.09 5.19 0.13
0.53 6.00 0.09 5.05 0.30
0.55 8.57 0.06 3.67 0.47
0.53 10.10 0.05 3.00 0.63
0.52 11.18 0.05 2.66 0.80
0.46 12.40 0.04 2.12 0.97
0.43 13.30 0.03 1.85 1.13
0.43 13.67 0.03 1.80 1.30
0.42 13.67 0.03 1.76 1.47
0.42 13.67 0.03 1.76 1.63
0.42 13.67 0.03 1.76 1.80
0.41 13.67 0.03 1.72 1.97
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test at times 0, 2.43 and 4.87 s, respectively. (e sequence of
images is performed at 1/30 time intervals (s) with a total
duration of 4.87 s. In summary, for the flume tests with 75%
solids, with or without addition of cationic polymer Clarisol,
no changes in the fluidity of the paste are produced.(e time
it takes to remove the sliding gate from the flume increases
from 3.83 s without additive to 4.87 s with additive.

4. Conclusions

4.1. Software Utilized. For analyzing results and image
processing and recording tools, Matlab® Toolbox Image
Processing and Free Video to Jpg.Converter software were
used.(e videos captured in the camera were edited with the
software Camtasia Studio 6 to remove the time slots that are

10 [cm]

(a) (b) (c)
10 [cm] 10 [cm]

Figure 9: Dynamic monitoring with 75% solids, slump test without cationic polymer. (a) t� 0 s. (b) t� 1.07 s. (c) t� 1.63 s.

10 [cm]10 [cm]10 [cm]

(b) (c)(a)

Figure 10: Dynamic monitoring with 75% solids, slump test with cationic polymer. (a) t� 0 s. (b) t� 1.43 s. (c) t� 2.87 s.

20 [cm]20 [cm]20 [cm]

(b) (c)(a)

Figure 11: Dynamic monitoring with 75% solids, flume test without cationic polymer. (a) t� 0 s. (b) t� 1.9 s. (c) t� 3.83 s.

20 [cm]20 [cm]20 [cm]

(b) (c)(a)

Figure 12: Dynamic monitoring with 75% solids, flume test with cationic polymer. (a) t� 0 s. (b) t� 1.9 s. (c) t� 3.83 s.
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not considered in the image processing. In addition, Toolbox
Image Processing allows defining the contour surface of the
test in white or black so that the combination of black test
surface is used for the results images. It us recommended to
use the tools and techniques of Matlab® Toolbox Image
Processing to analyze, quantify, and compare the effect of the
additives over time.

4.2. Novelty and Advantages of the Technique. A technique
based on digital video and image processing was developed
through the implementation of a laboratory for the char-
acterization of pastes including slump and flume tests. (e
relevance of implementing image analysis by video should be
noted, since it allows to quantify the dynamic behavior in
pastes. Regarding the type of rheology modifier used, it is
concluded that sulfuric acid meets the objectives, allowing to
recover water by increasing fluidity. It is worth mentioning
that the use of this technology generates significant savings
in water resources compared to current processes, which not
only means an economic benefit, but an important step in
favor of the sustainable development that is so much needed
in these times.

4.3. Limitations. On the contrary, it was not possible to
analyze the effect of the polymeric and pH modifier in
tailings pastes, and it was possible to analyze and quantify
the effect of a chemical additive as a rheology modifier in
pastes of fine granulometry (<38 μm) and basic pH.

4.4. Future Work Ahead. It is recommended to modify the
dimensions of the flume, specifically the length through
which the test paste flows, since the dimensions considered
do not allow to evaluate the effect that the addition of more
acid produces on the paste. To observe and quantify the
behavior of the test pastes throughout time and using image
processing, it is recommended to work with percentages of
solids comprised between 70% and 74% in the cylinder and
flume test.
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In the framework of coastal groundwater-dependent irrigation agriculture, modelling becomes indispensable to know how this
renewable resource responds to complex (usually not conceptualized nor monitored) biophysical, social, and economic in-
teractions. Friendly user interfaces are essential to involve nonmodeling experts in exploiting and improving models. Decision
support systems (DSS) are software systems that integrate models, databases, or other decision aids and package them in a way that
decision makers can use. )is paper addresses these two issues: firstly with the implementation of a System Dynamics (SD) model
in Vensim software that considers the integration of hydrological, agronomic, and economic drivers and secondly with the design
of a Venapp, push-button interfaces that allow users access to a Vensim model without going through the Vensim modelling
environment. )e prototype designed, the AQUACOAST tool, gives an idea of the possibilities of this type of models to identify
and analyze the impact of apparently unrelated factors such as the prices of cultivated products, subsidies or exploitation costs on
the advance of saltwater intrusion, and the great threat to coastal groundwater-dependent irrigation agriculture systems.

1. Introduction

A large proportion of the world’s population depends on
groundwater resources [1]. Groundwater accounts for as much
as 33% of the global freshwater demand and is increasing [2].
)is resource is especially crucial in regions where the surface
water network does not cover a fraction of the freshwater
demand at least, such as in many coastal drylands [3]. In these
areas, aquifers play a critical role in sustaining the economy and
the environment [4], but water scarcity has led to high
groundwater abstraction rates to supply the increasing urban,
tourism, industrial, and agriculture demands, thus adding stress
to groundwater bodies [5, 6]. )e cases with alarming signs of
groundwater quantity depletion and quality degradation do not
stop increasing [7].

Groundwater degradation in coastal drylands is often the
result of complex interactions between global driving forces

and human-induced actions [8, 9]. Global climate scenarios
forecast high evaporation rates and lower high-salinity
aquifer recharge rates [10]. Some human-induced actions
may contribute to this initial “climatic” groundwater sa-
linity, such as pumping inducing saltwater intrusion and
mobilisation of brines [4, 11], high-efficiency irrigation
systems producing high-salinity, low irrigation return rates
[12], and misuse of fertilizers and agrochemicals, among
others. For instance, the resulting groundwater salinity in
many southern Europe coastal drylands exceed the stan-
dards of quality that the European DrinkingWater Directive
[13] recommends for human consumption and health, crop
production, and survival of the ecosystems biodiversity [12].

In this context, agriculture has invariably had the highest
freshwater demand [14, 15], contributing at growing of local
societies, but accounting for 70% of withdrawals [16, 17].
)e exposition of coastal aquifers to saltwater intrusion
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(SWI) after disruption of natural conditions [18, 19] had
reduced crop surface and therefore profit in many regions,
with dramatic consequences for food production and social
inequality. Users often forget that seawater is another water
balance component. An unplanned exploitation is the cause
behind the alteration of the fragile freshwater-saltwater
equilibrium with typical consequences such as freshwater-
saltwater mixing zone displacement inland and reduction of
crop production. )ese anticipated negative indicators may
end with abandonment of land devoted to irrigated crops.

Understanding coastal groundwater and irrigation
farming interactions is a challenge because the equilibrium
between sustainable pumping and agricultural profit is
subjected to a fragile threshold determined by the crop-
limiting salinity. )is paper aims to contribute to this topic
by means of a user-friendly programming tool that com-
bines hydrological, agronomic, and economic components
of the system [20, 21]. )is multidisciplinary tool must deal
with the complex network of variables that conform feed-
backs loops subjected to delays and nonlinear relationships.
For this, SD modelling is a very suitable approach. When the
scope of the study goes beyond the academic field and aims
to involve stakeholders and land-use planners, it is essential
to link these models to DSS. )ese are software systems that
integrate models, databases, or other decision aids and
package them in a way that decision makers can use [22].

)e perception of the complex interaction between the
sociocultural, economic, and biophysical components of the
systems is the cause of the growing interest in environmental
DSSs [22–24]. )is paper presents a Vensim application
(Venapp) for the AQUACOAST simulation model, which
aims to evaluate the sustainability of coastal groundwater-
dependent agriculture. As described, the great threat to
coastal aquifers is saltwater intrusion triggered by excessive
freshwater pumping. Analyzing under what scenarios such a
disaster may occur is the purpose of this simulation tool.

2. Materials and Methods

2.1. System Dynamics Modelling. SD modelling [25] is an
ideal framework to integrate variables coming from different
disciplines because it is based on a holistic view of the system
under study and considers the model structure as a whole.
SD modelling embodies system thinking through the
implementation of differential equation systems. It is
grounded in the theory of nonlinear dynamics and feedback
control developed in mathematics, physics, and engineering.

A SD model is a stock-and-flow structure of first-order
differential equations, which is commonly deterministic and
used to generate the time trajectories of the model variables
under different simulation scenarios. )e model structure is
made up of causal feedback loops, which include nonlinear
relationships and delays, and constitute a holistic and easily
overlooked because of its behavior [26].

Strong points of SD may be summarized as follows [27]: (i)
SD models are useful learning tools that help improve system
understanding and foster system thinking skills and knowledge
integration for modelers and end users. )is is true even for
their first stage of development, i.e., as conceptual models. (ii)

Advances in the development of high-level dynamic modelling
software platforms have made computational SD modelling
more accessible. (iii) SD literature has made rich contributions
to approaches informing on the modelling process, including
data collection methods, knowledge elicitation/mapping tech-
niques, and policy analysis.

)e integrated models that allow the implementation of SD
are essential to address environmental problems [28–30]. )e
degradation of the environment is forged by the imbalance
created between the natural rate of regeneration of resources
and their rate of exploitation, which is due to socioeconomic
factors. In order to understand how economic systems are
decoupled from natural ones and to seek sustainable solutions,
it is essential to analyze the dynamic interactions between
economic and natural biophysical systems [21, 31].

Advances in the development of high level dynamic
modelling software platforms, such as i)ink (isee systems,
http://www.iseesystems.com), Vensim (Ventana Systems,
http://www.vensim.com), and Powersim Studio (Powersim
Software AS, http://www.powersim.com), have rendered
computer SD models very accessible (even with minimal
technical background). )ese applications are often
designed as communication layers: user interface, stock-
flow, mathematical equations, and programming code [27].

)e important feature of these modelling tools is that
they allow the user to write a model, even a complex one,
without writing a single equation. )e advantage is that the
model diagram is focused on the relationships among the
different variables and processes in the system and can be
understood by a person with a good background in the
problem domain of the model, but with little knowledge of
mathematics. Models are designed “visually” by connecting
blocks and aggregating them at different levels of resolution
[22] what makes these tools very useful in the model pro-
totyping phase and for educational purposes.

From all available options, we chose Vensim [32]. Al-
though the software lacks certain possibilities, for example,
does not support spatial treatment and its graphical interface
is improvable [33], it is very suitable for the purpose we aim,
to understand the typical functioning complexity of a coastal
groundwater-dependent agricultural system subjected to
different water-competing sectors and land-use policies.
Complexity departs from the lack of data in many
groundwater systems [34], thus complicating numerical
modelling. )ere may be unknown essential information,
such as the actual groundwater stored in an aquifer. In
addition, cause and effect are separated in time and space
which adds difficulty in conceptualizing basic hydrological
processes. For instance, aquifer recharge may take place tens
to hundreds of kilometers from the discharge area and may
occur months to years before this water is pumped [4, 8].

2.2. Vensim Applications: Venapps. Interaction with simu-
lation models has improved considerably in recent years.
However, it can still be difficult for a nonexpert user to deal
directly with programs such as Vensim. Friendly user in-
terfaces are essential to involve nonmodeling experts in
exploiting and improving models. )e VensimDSS® software

2 Scientific Programming

http://www.iseesystems.com
http://www.vensim.com
http://www.powersim.com


[35] includes the possibility of developing simple Venapps to
visualize the model structure, examine its causality, simulate
the model behavior, and visualize its results [36–38].

Venapps are simplified, push-button interfaces that al-
low users access to a Vensim model without going through
the Vensimmodelling environment. A Venapp uses a model
and a set of rules for interacting with the model to give users
simplified access to that model. To the user, the Venapp
appears as a series of buttons, menus, or a sequence of
screens allowing him or her to use and analyze the model in
straightforward and meaningful way.

)e goal of these interactive simulators is to provide the
user with the following tasks: examine the model structure,
establish simulation scenarios, simulate the model, and an-
alyze the impact of decisions on the behavior of the system
under study. )e VensimDSS environment includes an ex-
tension called Vensim application (VenappTM) which allows
the creation of graphical user interfaces in the file format
“vpa” (Vensim packaged application). Both model and
Venapp can be run with the software “VensimModel Reader”
which can be downloaded from the Vensim® homepage for
free (http://www.vensim.com/freedownload.html).

3. AQUACOAST Model

3.1. Overall Description. )e AQUACOAST model imple-
ments the two-dimensional saltwater-freshwater interface
(SFI) analytical solution proposed in [39] for an idealized
unconfined (i.e., its upper boundary is the fluctuating water
table) coastal aquifer, which is horizontal, enough thick, and
overlying an impervious bedrock, isotropic, and hydrauli-
cally homogeneous with steady inflow (aquifer recharge)
and outflow (aquifer discharge) rates (Figure 1). )e vari-
ables and parameters of the AQUACOAST model con-
cerning irrigation practices, groundwater hydrology, and
groundwater allotment for agriculture have been added to
the schematization of Verruijt [39]. In the steady schema of
Verruijt [39], the SFI position is reached automatically

depending on the fresh groundwater flow. AQUACOAST
modifies this hypothesis by introducing delays in order to
reach the equilibrium described by Verruijt, which mag-
nitude differs, which differ for the intrusion phase (minor
delay) and the freshening phase (longer delay) [40].
Groundwater allotment for agricultural use is the main flow
component. )e model focuses on determining critical
distances of agronomic interest from the shoreline, such as
the current and equilibrium freshwater and salinization
boundaries or the irrigation farming abandonment
boundary (Figure 1).

AQUACOAST is a lumped spatial model [27], and thus,
its variables represent either totals or averages over the entire
area modelled. For the sake of illustration, the simulation
period is 50 years, an appropriate time horizon when
studying environmental degradation that can only be de-
tected when observed the evolution of “slow variables” [41].
Variables and parameters use the SI units, capital letters
being variables, whereas small letters denote parameters.
Tables 1 and 2 include the notation, units, and adopted
values for variables and parameters, respectively, after data
from [4, 8, 20, 21, 40, 42, 43] and references therein. )e
AQUACOASTmodel uses 26 straightforward formulations
divided into seven sections as follows.

3.2.NetAquiferDischarge. One of themain hypotheses of the
AQUACOAST model is that fresh groundwater flow moves
towards the sea and discharges at the shoreline in natural
regime. Net aquifer discharge (TDFW) is expressed as dif-
ference in inflow and outflow water balance components and
is measured per unit thickness of the aquifer. In a disturbed
regime, the model assumes that TDFW decreases due to
groundwater pumping and the SFI displaces inland. )e
depth and extent of the SFI determine the fraction of usable
fresh groundwater. )e time-zero TDFW responds to initial
pumping. )is initial TDFW can be used to set other initial
states in the AQUACOAST model. TDFW is expressed as

TDFWt �
appt · (1 − cfro) − aaet − PUMPt · (1 − cfrf)  · lgth

365
+

lttf · 103( 

(wdth · 365)
, (1a)

TDFW0 �
appt · (1 − cfro) − aaet − PUMP0 · (1 − cfrf)  · lgth

365
+

lttf · 103( 

(wdth · 365)
, (1b)

where TDFW� net aquifer discharge, PUMP� groundwater
pumping, appt� annual precipitation, cfro� runoff coeffi-
cient, aaet� annual actual evapotranspiration, cfrf� return
flow coefficient, lgth� coastal aquifer length, lttf� lateral
groundwater transference from others aquifers,
wdth� coastal aquifer width, t� state of the system at a given
time, and 0� time zero.

3.3. Saltwater and Freshwater Boundaries Dynamics.
Verruijt [39] arrives at the formulae giving the depth of the
SFI below sea level (hS) and the height of the free
groundwater surface (FGS: water table) (hF) as functions of
the shoreline distance along x-axis, TDFW, and three
constants: hydraulic conductivity (cfpm), freshwater density
(dtfw), and saltwater density (dtsw). Note that x, hS, and hF,
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Salinization boundary (SB)
Abandonment boundary (AB)
Freshwater boundary (FB)

Equilibrium distance of the SB
Equilibrium distance of the FB

Figure 1: )e AQUACOASTmodel added to Verruijt’s schematization for an idealized unconfined coastal aquifer. hF is the height of the
free groundwater surface (FGS: water table) above sea level (it is not a model parameter), hS is the depth of the saltwater-freshwater interface
(SFI) below sea level (it is not a model parameter), hght is the average height of land surface above sea level, vtmz is the vertical thickness of
the mixing zone, dpwl is the depth of pumping wells below sea level, CDSB is the current distance of the SB from the shoreline, CDAB is the
current distance of the AB from the shoreline, CDFB is the current distance of the FB from the shoreline, EDSB is the equilibrium distance of
the SB from the shoreline, EDFB is the equilibrium distance of the FB from the shoreline, lgth is the coastal aquifer length, slfw is the
freshwater salinity, S is the mixing water salinity along the x-axis distance from the shoreline (CDSB≤ x≤CDFB), slmz is the actual average
salinity across a line segment connecting FB and AB (CDAB≤ x≤CDFB), slcl is the crop-limiting salinity, and slsw is the saltwater salinity.

Table 1: Notation for variables used.

Variable Equation Definition Units1

ARIR 15, 26 Current irrigated area m−2·day−1

ARPI 11, 13 Potential irrigated area m3·ha−1·year−1

ARTI 13, 15 Target for the irrigated area €·year−1

CDAB 8, 11, 14, 19 Current distance of the AB from the shoreline m3·ha−1·year−1

CDFB 5, 7, 8, 19 Current distance of the FB from the shoreline €·ha−1·year−1

CDSB 3, 6, 7, 8, 14 Current distance of the SB from the shoreline €·m−3

CHFW 10, 20 Current average height of the FGS above sea level m
CSTW 20, 21, 24 Water cost per cubic meter m
EDFB 4, 5 Equilibrium distance of the FB from the shoreline m3·ha−1·year−1

EDSB 2, 3, 6, 14 Equilibrium distance of the SB from the shoreline m3·ha−1·year−1

EHFW 9, 10 Equilibrium average height of the FGS above sea level km
EXPF 13, 22 Expected profit per irrigated farm km
EXWX 23, 25 Expected water requirement for profit maximization km
IRDS 17, 21, 23, 26 Irrigation dose from groundwater km
PFTH 21, 22 Profit per hectare km
PPIR 16, 17, 23 Contribution of direct precipitation to irrigation year−1
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Table 1: Continued.

Variable Equation Definition Units1

PUMP 1, 26 Groundwater pumping dmnl
RAIA 14, 15 Rate of abandonment of irrigated area ha
S(x) 7, 18 Salinity of mixing water along the x-axis distance from the shoreline, CDSB≤ x≤CDFB kg·m−3

SLFT 17, 18, 19, 24 Salinity factor ha
TDFW 1, 2, 4, 9 Net aquifer discharge ha
TMBE 3, 5, 6, 14 Time for the SB and FB to achieve equilibrium year
WRXP 24, 25 Water requirement for profit maximization mm·year−1

YLDH 17, 21 Crop yield per surface unit kg·ha−1·year−1

1 – dmnl � dimensionless; ha � hectare; € � EU Euros.

Table 2: Notation for parameters used.

Parameter Equation Definition Units1 Value2

aaet 1 Annual actual evapotranspiration mm·year−1 200
appt 1, 16 Annual precipitation mm·year−1 300
arfr 15, 22 Area of one farm ha 2.84
cdap 7, 8, 19 Calibration parameter to represent nonlinear variations in salinity dmnl 3
cfpm 2, 4, 9 Hydraulic conductivity m·day−1 10
cfrf 1 Return flow coefficient dmnl 0.2
cfro 1, 16 Runoff coefficient dmnl 0.2
cwot 20 Costs of water other than energy €·m−3 1.4
dpwl 2, 4 Depth of pumping wells below sea level m 100
dtcp 2, 4, 9 Density contrast parameter dmnl 0.025
dtfw 2, 4, 9 Freshwater density kg·m−3 1.000
dtsw 2, 4, 9 Saltwater density kg·m−3 1.025
efir 21, 24, 26 Irrigation system efficiency dmnl 0.8
egcm 20 Energy required to pump one cubic meter one meter kwh·m−4 0.017
expf 22 Initial expected profit per irrigated farm €·year−1 23,000
hght 20 Average height of land surface above sea level m 100
idqt 23 Irrigation quota m3·ha−1·year−1 20,000

lgth 1, 2, 4, 9, 11, 14, 19,
26 Coastal aquifer length km 10

lttf 1 Lateral transference from other aquifers hm3·year−1 7.9
oaag 16 If 1, then open-air agriculture else under plastic agriculture dmnl 0
ocfm 13 Average opportunity cost for a farmer €·yr−1 23,000
ocfv 13 Coefficient of variation of the opportunity cost for a farmer dmnl 0.29
octh 21 Other costs per hectare €·ha−1·year−1 40,053
prcp 21, 24 Crop price €·kg−1 0.76
preg 20 Price of energy €·kwh−1 0.05

pxys 23 If 1, then farmers seek economic optimum else they seek agronomic
optimum dmnl 1

pycm 17, 24 Potential marginal yield per cubic meter of water kg·m−3 30
sfmz 19 Average salinity factor across a line segment connecting the FB and AB kg·m−3 imp
slcl 8, 18, 19 Crop-limiting salinity kg·m−3 2
slfp 18, 19 Crop-specific calibration parameter kg·m−3 0.5
slfw 7, 8, 19 Freshwater salinity kg·m−3 0.15

slmz 19 Actual average salinity across a line segment connecting FB and AB,
CDAB≤ x≤CDFB kg·m−3 imp

slsw 7, 8 Saltwater salinity kg·m−3 35
subh 21 Subsidies per hectare €·ha−1·year−1 0
tfex 15, 22, 25 Time for farmers to adjust expectations year 3
tmbf 6 Time for current SB and FB to achieve equilibrium, freshening phase year 10
tmbi 6 Time for current SB and FB to achieve equilibrium, intrusion phase year 5
tmhe 10 Time for the FGS to achieve equilibrium year 5
vtmz 4 Vertical thickness of the MZ m 20
wdth 1, 11, 26 Coastal aquifer width km 4
wrao 17, 23, 24, 25 Water requirement for agronomic optimum yield m3·ha−1·year−1 7500
subscript 0 Time zero, initial state of the system year unt
subscript s Time step year 0.0078125
subscript t State of the system at a given time year unt
1 – dmnl � dimensionless; ha � hectare, 104 m2; € � EU Euros; 2 – imp � intermediate modelling parameter; unt � undefined time start or span.
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as such, are not variables of the AQUACOASTmodel despite
that they are included in Figure 1 for illustrative purposes.

As a convenient simplification, the model assumes that
the depth of all the pumping wells below sea level (dpwl) is
the same (Figure 1). In real aquifers, pumping wells may
show substantial differences in depth. In this case, dpwl will
adopt the depth of the deepest one or the depth of other
shallowest ones as the SFI rises due to progressive pumping.

Let us call salinization boundary (SB) the line, in theory
parallel to the shoreline for an isotropic and hydraulically
homogeneous aquifer (whose projection in Figure 1 is a
point) where the SFI intersects the horizontal plane that

connects the bottom of pumping wells (whose projection in
Figure 1 is a line). It may be thought that the distance of the
SB from the shoreline could be obtained by equaling Ver-
ruijt’s hS to dpwl and solving for x. However, this would
entail assuming that the SFI moves instantaneously, which is
not the case in real aquifers. )erefore, it is assumed that the
expression obtained as mentioned gives the equilibrium
distance from the shoreline that the SB would reach given
the TDFW (EDSB) as in Figure 1. )is expression includes a
MIN function that avoids EDSB to be greater than the
coastal aquifer length, as follows:

EDSBt � MIN lgth,
dpwl2 · cfpm · dtcp · (1 + dtcp)

2 · TDFWt( 
  −

TDFWt · (1 − dtcp)

(2 · dtcp · cfpm)
   · 10− 3

 , (2a)

EDSB0 � MIN lgth,
dpwl2 · cfpm · dtcp · (1 + dtcp)

2 · TDFWt( 
  −

TDFW0 · (1 − dtcp)

(2 · dtcp · cfpm)
   · 10− 3

 , (2b)

dtcp �
(dtsw–dtfw)

dtfw
, (2c)

where EDSB� equilibrium distance of the SB from the
shoreline, TDFW� net aquifer discharge, lgth� coastal
aquifer length, dpwl� depth of pumping wells below sea
level, cfpm� hydraulic conductivity, dtcp� density contrast
parameter, dtsw� saltwater density, dtfw� freshwater den-
sity, t� state of the system at a given time, and 0� time zero.

)e AQUACOAST model assumes that the SB moves
towards equilibrium following an exponential fitting. )us,
the current distance of the SB from the shoreline (CDSB) is
given by a first-order linear negative feedback. As deduced,
no pumping wells whose distance from the shoreline is less
than CDSB take saltwater (Figure 1). It is assumed that,
initially, the system is in the equilibrium associated with
initial TDFW as follows:

CDSBt+s � CDSBt + s ·
EDSBt − CDSBt( 

TMBEt
 , (3a)

CDSB0 � EDSB0, (3b)

where CDSB� current distance of the SB from the shoreline,
EDSB� equilibrium distance of the SB from the shoreline,
TMBE� time for the SB and FB to achieve equilibrium, t� state
of the system at a given time, 0� time zero, and s� time step.

)e AQUACOAST model represents the mixing zone
(MZ) between the interface and the freshwater body (at left
of the interface in Figure 1). )e MZ has a constant vertical
thickness (vtmz) (Figure 1). Let us call freshwater boundary
(FB) the line, in theory parallel to the shoreline for an
isotropic and hydraulically homogeneous aquifer, where the
upper-inland surface of the MZ intersects the horizontal
plane connecting the bottom of pumping wells (Figure 1).
)e distance of the FB from the shoreline in the equilibrium
associated with the current TDFW (EDFB) results from
substituting dpwl by dpwl + vtmz in equations (2a)–(2c) as
follows:

EDFBt � MIN lgth,
(dpwl + vtmz)2 · cfpm · dtcp · (1 + dtcp)

2 · TDFWt( 
  −

TDFWt · (1 − dtcp)

(2 · dtcp · cfpm)
   · 10− 3

 , (4a)

EDFB0 � MIN lgth,
(dpwl + vtmz)2 · cfpm · dtcp · (1 + dtcp)

2 · TDFW0( 
  −

TDFW0 · (1 − dtcp)

(2 · dtcp · cfpm)
   · 10− 3

 , (4b)

where EDFB� equilibrium distance of the FB from the
shoreline, TDFW� net aquifer discharge, lgth� coastal
aquifer length, dpwl� depth of pumping wells below sea
level, vtmz� vertical thickness of the MZ, cfpm� hydraulic

conductivity, dtcp� density contrast parameter, t� state of
the system at a given time, and 0� time zero.

Again, the AQUACOAST model assumes that the FB
moves towards equilibrium following an exponential fitting.
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)us, the current distance of the FB from the shoreline
(CDFB) is given by a first-order linear negative feedback.
)e two surfaces limiting the MZ would move at the same
velocity, so equations (3a) and (3b) for CDSB and equations
(5a) and (5b) for CDFB use the same average adjustment
time. As deduced, no pumping wells whose distance from
the shoreline is greater than CDFB take freshwater (Fig-
ure 1). It is assumed that, initially, the system is in the
equilibrium associated with the current TDFW as follows:

CDFBt+s � CDFBt + s ·
EDFBt − CDFBt( 

TMBEt
 , (5a)

CDFB0 � EDFB0, (5b)

where CDFB� current distance of the FB from the shoreline,
EDFB� equilibrium distance of the FB from the shoreline,
TMBE� time for the SF and SB to achieve equilibrium,
t� state of the system at a given time, 0� time zero, and
s� time step.

)e time needed for SB and FB to achieve equilibrium
(TMBE) differs when saltwater is encroaching (intrusion
phase) and when freshwater is rinsing the salinized aquifer
(freshening phase) [40]. In real aquifers, the freshening
phase is quite longer than the intrusion phase. )is is the
reason why saltwater encroached during the last global sea-
level maximum may still remain in some coastal aquifers
[4, 44]. )e TMBE expression includes a conditional
function to reflect this difference as

TMBEt � IF EDSBt >CDSBt THEN tmbi ELSE tmbf ,

(6)

where TMBE� time for the SB and FB to achieve equilib-
rium, EDSB� equilibrium distance of the SB from the
shoreline, CDSB� current distance of the SB from the
shoreline, tmbi� time for current boundaries to achieve
equilibrium, intrusion phase, tmbf� time for current
boundaries to achieve equilibrium, freshening phase, and
t� state of the system at a given time.

3.4. Water Salinity. Verruijt’s analytical solution assumes
that water salinity in the FB (at distance CDFB from the
shoreline) equals freshwater salinity (slfw), whereas water
salinity in the SB (at distance CDSB from the shoreline)
equals saltwater salinity (slsw). )e AQUACOAST model
defines the water salinity as the mass fraction of total dis-
solved solids relative to the sample weight: pristine coastal
fresh groundwater is around 0.2 kgm−3 [10, 45], fresh
groundwater in yielded coastal aquifers is typically in the
0.2–0.5 kgm−3 range [46], saltwater is 35 kgm−3 [47], and
crop-limiting irrigation water is 2 kgm−3 [43]. Let us assume
that mixing water salinity (S) along the x-axis distance from
the shoreline (CDSB≤ x≤CDFB) connecting SB and FB
(Figure 1) is given by slsw and slfw as

S(x) � slfw +(slsw − slfw) ·
(CDFB − x)

(CDFB − CDSB)
 

cdap

,

(7)

where S�mixing water salinity along the x-axis distance
from the shoreline (CDSB≤ x≤CDFB), slfw� freshwater
salinity, slsw� saltwater salinity, CDFB� current distance of
the FB from the shoreline, CDSB� current distance of the SB
from the shoreline, and cdap� calibration parameter to
represent nonlinear variations in salinity.

Once defined S and slfw, the distance of the abandon-
ment boundary (AB) (CDAB) from the shoreline (Figure 1)
is obtained by equaling equation 7 to the crop-limiting
salinity (slcl), i.e., the maximum water salinity for crop
production, and then solving for x. Note that no pumping
well whose distance from the shoreline is less than CDAB
(i.e., slfw ˃ slcl) can use groundwater for irrigation (Figure 1).
CDAB is expressed as

CDABt � CDFBt − CDFBt − CDSBt(  ·
(slcl − slfw)

(slsw − slfw)
 

(1/cdap)

,

(8)

where CDAB� current distance of the AB from the
shoreline, CDFB� current distance of the SB from the
shoreline, CDSB� current distance of the SB from the
shoreline, slcl� crop-limiting salinity, slfw� freshwater sa-
linity, slsw� saltwater salinity, cdap� calibration parameter
to represent nonlinear variations in salinity, and t� state of
the system at a given time.

3.5. FreeGroundwaterSurface. )eFGS (water table) is not a
horizontal plane in Verruijt’s conceptualization (Figure 1).
However, the AQUACOAST model only makes use of its
average height above sea level. )e expression giving such an
average FGS in the equilibrium associated with the current
TDFW (EHFW) results from integrating the water table
height above sea level between 0 and the coastal aquifer
length (lgth) and then dividing the result by lgth as

EHFWt �
8 · dtcp · TDFWt · lgth · 103

(9 · cfpm · (1 + dtcp))
 

(1/2)

, (9a)

EHFW0 �
8 · dtcp · TDFW0 · lgth · 103

(9 · cfpm · (1 + dtcp))
 

(1/2)

, (9b)

where EHFW� equilibrium average height of the FGS above
sea level, TDFW� net aquifer discharge, lgth� coastal
aquifer length, cfpm� hydraulic conductivity, t� state of the
system at a given time, and 0� time zero.

Once again, the current average height of the FGS
(CHFW) is assumed to move towards equilibrium following
an exponential fitting as

CHFWt+s � CHFWt + s
EHFWt − CHFWt

tmhe
 , (10a)

CHFW0 � EHFW0, (10b)

where CHFW� current average height of the FGS above sea
level, EHFW� equilibrium average height of the FGS above
sea level, tmhe� time for the FGS to achieve equilibrium,
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t� state of the system at a given time, 0� time zero, and
s� time step.

3.6. IrrigatedArea. )e potential irrigated area (ARPI) is the
land area over the coastal aquifer where a pumping well with
depth dpwl below sea level would take fresh groundwater
whose salinity does not exceed the crop-limiting salinity, i.e.,
the area covered by distance lgth-CDAB (Figure 1). ARPI is
expressed as

ARPIt � wdth · lgth − CDABt(  · 102, (11)

where ARPI� potential irrigated area, CDAB� current
distance of the AB from the shoreline, wdth� coastal aquifer
width, lgth� coastal aquifer length, hekm� hectare-to-
square-kilometer conversion parameter, and t� state of the
system at a given time.

Let us assume that a number of people own equally sized
pieces of agricultural land over the coastal aquifer. )ese
persons consider entering or leaving irrigated farming by
comparing the average expected profit per irrigated farm
(EXPF) with the returns from other alternative economic
activities, i.e., with their respective opportunity costs.
However, it takes some time for them to decide and carry out
their plans. Additionally, suppose that the opportunity cost
follows a generalized Rayleigh distribution across farmers,
which is commonly used to analyze skewed data [48]. )e
cumulative distribution function of this distribution is ge-
nerically expressed as

P(X≤ x) � 1 − EXP
−x2

A2 C2 + 1(  
 . (12)

In equation (12), X is the opportunity cost of a farmer
and A and C are the mean and the coefficient of variation of
the opportunity cost across farmers, respectively. Note that
P, X, x, A, and C, such as, are not variables of the
AQUACOAST model. In this way, P(X≤EXPF) is the
fraction of owners whose opportunity cost is less than the
average expected profit per irrigated farm, i.e., the fraction of
owners that regard irrigation as profitable. But, given that
farms are equally sized, P(X≤EXPF) is also the fraction of
the potential irrigated area where irrigation is seen as
profitable. Multiplying this fraction by the potential irrigated
area, the target for the irrigated area (ARTI) is obtained as

ARTIt � ARPIt · 1 − EXP
−EXPF2t

ocfm2 · ocfv2 + 1  

⎧⎨

⎩

⎫⎬

⎭
⎡⎢⎣ ⎤⎥⎦,

(13)

where ARTI� target for the irrigated area, ARPI� potential
irrigated area, EXPF� expected profit per irrigated farm,
ocfm� average opportunity cost for a farmer,
ocfv� coefficient of variation of the opportunity cost for a
farmer, and t� state of the system at a given time.

If irrigated farms are uniformly distributed over the
coastal aquifer (excluding the coastal fringe CDAB where
slfw ˃ slcl), the rate of abandonment of irrigated area (RAIA),
because pumping wells take groundwater whose salinity
exceeds the crop-limiting salinity, equals the rate of saltwater

encroachment. )us, the expression of RAIA results from
dividing the velocity of the SB displacement inland by the
length of the potential irrigated area. RAIA will equal zero in
the freshening phase, i.e., when EDSB<CDSB. )e RAIA
expression is

RAIAt � MAX 0,
EDSBt − CDSBt 

TMBEt · lgth − CDABt(  
 , (14)

where RAIA� rate of abandonment of irrigated area,
EDSB� equilibrium distance of the SB from the shoreline,
CDSB� current distance of the SB from the shoreline,
TMBE� time for the SB and FB to achieve equilibrium,
CDAB� current distance of the AB from the shoreline,
lgth� coastal aquifer length, and t� state of the system at a
given time.

)e current irrigated area (ARIR) approaches towards
the target for the irrigated area (ARTI) following an ex-
ponential fitting though some irrigated area is simulta-
neously abandoned when saltwater is encroaching, i.e., when
RAIA> 0. )e AQUACOAST model assumes that there is
only one irrigated farm pumping from the aquifer at time
zero. ARIR is expressed as

ARIRt+s � ARIRt + s ·
ARTIt − ARIRt( 

tfex
− RAIAt · ARIRt ,

(15a)

ARIR0 � arfr, (15b)

where ARIR� current irrigated area, ARTI� target for the
irrigated area, RAIA� rate of abandonment of irrigated area,
tefx� time for farmers to adjust expectations, arfr� area of
one farm, t� state of the system at a given time, and 0� time
zero.

3.7. Profit per Irrigated Farm. )e parameter oaag allows the
user to define whether the AQUACOASTmodel represents
an open-air (oaag� 1) or an under plastic agricultural system
(oaag≠ 1). In the former case, precipitation contributes to
irrigation, whereas, in the latter, it does not. )e contri-
bution of precipitation to irrigation (PPIR) is expressed as

PPIRt � IF oaag � 1 THEN appt · (1 − cfro) · 10 ELSE 0 ,

(16)

where PPIR� contribution of precipitation to irrigation;
oaag� if 1, then open-air agriculture else under plastic ag-
riculture; appt� annual precipitation; cfro� runoff coeffi-
cient; mmhe� cubic-meter-to-millimeter-per-hectare
conversion parameter; and t� state of the system at a given
time.

)e crop yield per hectare (YLDH) is related to the sum
of the irrigation dose from groundwater (IRDS) and the
contribution of precipitation to irrigation (PPIR) by means
of a logistic or parabolic function. )e function involves a
salinity factor that measures the negative effect of water
salinity on crop yield and ranges between zero and one. It
can be proved that, for any nonnull value of the salinity
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factor, crop yield is maximized when IRDS+PPIR equals the
water requirement for agronomic optimum yield (wrao) as

YLDHt � pycm · SLFTt · IRDSt + PPIRt( 

· MAX 0, 1 −
IRDSt + PPIRt( 

(2 · wrao)
  ,

(17)

where YLDH� crop yield per surface hectare, SLFT�sa-
linity factor, IRDS� irrigation dose from groundwater,
PPIR� contribution of precipitation to irrigation,
pycm� potential marginal yield per cubic meter of water,
wrao�water requirement for agronomic optimum yield,
and t� state of the system at a given time.

)e expression of the salinity factor (SLFT) combines
two values of another salinity factor, the one given by [49].
)is factor is generically expressed as

SLFT � MAX 0, 1 − MAX
0, S − slfp 

(slcl − slfp)
 , (18)

where SLFT�salinity factor generically expressed,
S�mixing water salinity along the x-axis distance from the
shoreline (CDSB≤ x≤CDFB) as in equation 7, slcl� crop-
limiting salinity, slfp� another crop-specific calibration
parameter, and t� state of the system at a given time.

)e first value of SLFT is one, its length is lgth–CDFB
(Figure 1), and it corresponds to the freshwater zone where
pumping wells take fresh groundwater. )e second value of
SLFT corresponds to the inland part of the MZ where
pumping wells take salty groundwater still useful for crop
production (slcl≥ slfw), and its length is CDFB–CDAB
(Figure 1). Integrating equation 7 between CDAB and CDFB
and then dividing the result by CDFB–CDAB gives the
actual average salinity across the line segment connecting FB
and AB (slmz). )us, the value of SLFT in the second zone
(sfmz) results from using slmz instead of S in equation (19).
Finally, SLFT is a weighted average of the two mentioned
values of SLFT, where the weights are the lengths of the
respective zones. Note that, in doing so, (1) the crop yield per
hectare (YLDH) is also a weighted average of the crop yields
corresponding to both zones, and (2) if salinity increased
linearly along the line segment between CDAB and CDFB,
i.e., if cdap� 1, slmz would be the simple average of the crop

limiting (slcl) and the freshwater (slfw) salinities. SLFT is
expressed as

SLFTt �
lgth − CDFBt(  + sfmz · CDFBt − CDABt(  

lgth − CDABt( 
,

(19a)

sfmz � MAX 0, 1 − MAX
0, slmz − slfp 

(slcl − slfp)
 , (19b)

slmz � slfw +
(slcl − slfw)

(cdap + 1)
, (19c)

where YLDH� salinity factor, CDFB� current distance of
the FB from the shoreline, CDAB� current distance of the
AB from the shoreline, lgth� coastal aquifer length,
sfmz� average salinity factor across a line segment con-
necting the FB and AB, slmz� actual water salinity across a
line segment connecting the FB and AB
(CDAB≤ x≤CDFB), slfp� calibration parameter to repre-
sent nonlinear variations in salinity, slcl� crop-limiting
salinity, slfw� freshwater salinity, and t� state of the system
at a given time.

)e cost of water per cubic meter (CSTW) combines the
cost of the energy needed to pump groundwater, which
depends on the FGS (water table) depth and the price of
energy and other costs as

CSTWt � egcm · hght − CHFWt(  · preg + cwot, (20)

where CSTW�water cost per cubic meter, CHFW� current
average height of the FGS above sea level, egcm� energy
required to pump one cubic meter one meter, hght� average
height of land surface above sea level, preg� price of energy,
cwot� costs of water other than energy, and t� state of the
system at a given time.

)e profit per hectare (PFTH) is the difference in in-
comes and costs per hectare. Incomes come from the selling
of agricultural production and from subsidies. )e costs per
hectare are the cost of water and other costs. )e former
results from multiplying the water cost per cubic meter
(CSTW) and the actual irrigation dose from groundwater
(IRDS). )is product tries to reach the desired irrigation
dose over the efficiency of the irrigation system. Other costs

Table 3: Files compiled in the AQUACOAST Venapp.

File Type Number Description

AQUACOAST.vmf Simulation
model 1 )e usual extension of a Vensim model is ∗.mdl. However, for Venapp programming, it

must be saved in binary format (∗.vmf).
AQUACOAST.vcd Venapp 1 Vensim application.

Intro.vmf Simulation
model 1 Simulation model to explore Vensim options.

Intro.vcd Venapp 1 Vensim application.

Intro.vgd Vensim graph
data

Customized graphs that allow displaying more than one variable, with more than one
scale, on a single graph.

∗.vdf Vensim data file n Contains results from a simulation, including scenario values; the name of the exercise
(∗) is provided by the user.

Default.vdf Vensim data file 1 Contains results from a default simulation, including scenario values.
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per hectare are aggregated into a single model parameter
(octh). PFTH is expressed as

PFTHt � prcp · YLDHt + subh −
CSTWt · IRDSt( 

efir − octh
, (21)

where PFTH� profit per hectare, YLDH� crop yield per
hectare, CSTW�water cost per cubic meter,
IRDS� irrigation dose from groundwater, prcp� crop price,
subh� subsidies per hectare, efir� irrigation system effi-
ciency, octh� other costs per hectare, and t� state of the
system at a given time.

)e expected profit per irrigated farm (EXPF) results
from multiplying the profit per hectare (PFTH) and the
area of one farm (arfr). )e AQUACOAST model im-
plements the expectation about such a profit is a moving

average of observed past profits where weights expo-
nentially decrease over time. )is is the well-known
exponential smoothing, which can be expressed as a first-
order linear negative feedback [26] as

EXPFt+s � EXPFt + s ·
arfr · PFTHt − EXPF

tfex
 , (22a)

EXPF0 � expf , (22b)

where EXPF� expected profit per irrigated farm,
PFTH� profit per hectare, arfr� area of one farm,
tfex� time for farmers to adjust expectations, expf� initial
expected profit per irrigated farm, t� state of the system at a
given time, 0� time zero, and s� time step.

(a)

(b)

Figure 2: (a) Welcome screen of the AQUACOAST Venapp; (b) main menu screen.
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3.8. Groundwater Pumping. )e AQUACOAST model
includes the parameter pxys that allows the user to define
whether farmers seek to maximize the profit per irrigated
farm (pxys � 1) or crop yield (pxys ≠ 1). Note that the
water requirement for each of these goals is different. In
the latter case, the water requirement is given by the
parameter wrao as in equation (17). )e expression of the
expected water requirement for profit maximization
(EXWX) will be given later. Whatever the case, the ir-
rigation dose from groundwater (IRDS) is the difference
in water requirement and contribution of precipitation to
irrigation. )e resultant irrigation dose cannot be greater
than the irrigation quota, if any. )e expression of the
initial value of IRDS simply considers EXWX �wrao.
IRDS is expressed as

IRDSt � MIN idqt,MAX 0, IF pxys � 1THENEXWXt

ELSEwrao} − PPIRt,

(23a)

IRDS0 � MIN idqt,MAX 0,wrao − PPIRt  , (23b)

where IRDS � irrigation dose from groundwater;
PPIR � contribution of precipitation to irrigation;
EXWX � expected water requirement for profit maximi-
zation; idqt � irrigation quota; pxys � if 1, then farmers
seek economic optimum else they seek agronomic opti-
mum; wrao �water requirement for agronomic optimum
yield; t � state of the system at a given time; and 0 � time
zero.

)e water requirement for profit maximization (WRXP)
results from calculating the partial derivative of equation
(21) to deduce profit per hectare with respect to the irri-
gation dose, equaling it to zero, and then solving for the
irrigation dose as

WRXPt � wrao ·
1 − CSTWt

efir · prcp · pycm · SLFTt( 
 , (24)

where WRXP�water requirement for profit maximization,
CSTW�water cost per cubic meter, SLFT�salinity factor,
wrao�water requirement for agronomic optimum yield,
efir� irrigation system efficiency, prcp� crop price,
pycm� potential marginal yield per cubic meter of water,
and t� state of the system at a given time.

For the current year, farmers cannot know the water
requirement for profit maximization because many of the
factors involved are unknown a priori, e.g., crop and energy
prices, or the incidence of salinization. However, farmers
can form an approximation of such a water requirement for
the current year (EXWX) by learning from past experiences.
)is learning process would follow an exponential fitting to
the true water requirement for profit maximization. In the
AQUACOASTmodel, the initial value of EXWX is taken to
be the water requirement for agronomic optimum yield, a
technical parameter which is easier to grasp by farmers.
EXWX is expressed as

EXWXt+s � EXWXt + s ·
WRXPt − EXWXt( 

tfex
 , (25a)

EXWX0 � wrao, (25b)

where EXWX� expected water requirement for profit maxi-
mization, WRXP�water requirement for profit maximization,
tfex� time for farmers to adjust expectations, wrao�water
requirement for agronomic optimum yield, t� state of the
system at a given time, 0� time zero, and s� time step.

Groundwater pumping (PUMP) results from multiplying
the current irrigated area (ARIR) and the actual irrigation dose
(IRDS) and then dividing by the coastal aquifer area as

Figure 3: “Coastal aquifer dynamics” view of the AQUACOAST model.[[parms resize(1),pos(50,50),size(200,200),bgcol(156)]]
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PUMPt �
ARIRt · IRDSt

wdth · lgth · efir · 103( 
, (26a)

PUMP0 �
ARIR0 · IRDS0

wdth · lgth · efir · 103( 
, (26b)

where PUMP� groundwater allotment for irrigation,
ARIR� current irrigated area, IRDS� irrigation dose from
groundwater, wdth� coastal aquifer width, lgth� coastal

aquifer length, efir� irrigation system efficiency, t� state of
the system at a given time, and 0� time zero.

4. AQUACOAST Venapp

4.1. Overall Description. )e Vensim® DSS extension
Venapps™ was utilized to program the user-friendly in-
terface of the above described formulations. To use
AQUACOAST, it is necessary to install Vensim Reader and

Figure 4: Simulation setup screen, including setting up and simulation scenarios.

12 Scientific Programming



the folder with all the necessary files (Table 3) on the
computer.

After opening the AQUACOAST file, the welcome
screen will appear (Figure 2(a)). Here is brief information
about the model and its authors. Clicking on the “Continue”
button takes the user to the main menu (Figure 2(b)). From

this point, it is possible to (i) review the model structure, (ii)
access the screen from which the simulation scenarios
configured themodel is executed, and (iii) analyze the results
using different tools of Vensim. )e bottom part of the
screen gives the option to explore the possibilities offered by
Vensim (button “Find Out More about Vensim”), which is

(a)

(c)(b)

Figure 5: (a) “Analysis of the results” screen including three blocks: analysis control, results, and causal tracing; (b) for the “result” block,
menu of available graphs; (c) temporal trends of the main variables for the default optional scenarios, in this example, “irrigated area.”
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supported by the Intro.vmf model file (Table 3) and is part of
the Vensim examples, or leave the simulator (button “Exit
Model Reader”).

4.2. Exploring the Structure of the Model. One of the main
purposes of SD is to understand how a system works. To do
this, Vensim offers multiple tools. )e first allows studying
the model structure. For this to be practical, the model must
be split into different screens or “Views” by clicking the
button “Review Model Structure” as in Figure 2(b) so that
the user can gradually assimilate the relationship between
the variables involved. Figure 3 shows one of these screens as
an example. )e button captions themselves explain the
available utilities.

4.3. Running theModel. )e button “Simulate the Model” as
in Figure 2(b) enables the model to be executed. In this part
of the Venapp (Figure 4), the simulation scenarios are set.
For the former, the “New scenario. . .” button opens a dialog
box to select an existing simulation or create a new one. After
that, the “Make changes. . .” button will show all the model
parameters and their default values; by modifying them,
alternative scenarios will be created.

)ese changes are not permanent, for it would be
necessary to access the model through a commercial
license of Vensim® DSS and change them. )erefore, if
the model is simulated without any modification, the user
will obtain the results contained in the Default.vdf
simulation file (Table 3). After setting the scenario, the

model is ready to be simulated. After clicking on the
button to execute Vensim “Simulate the Model,” a blank
screen will appear on which the user has to click to move
on to the next stage, which consists of visualizing and
analyzing the results.

4.4. Analyzing Results. After clicking button “Analyze
Simulation Results” as in Figure 2(b), this stage offers
three blocks of possibilities: analysis control, results, and
causal tracing (Figure 5(a)). )e “Analysis Control” block
allows the user to manage simulations, select variables,
and compare scenarios. )is is an useful option when
starting to accumulate simulations. In that case, it is hard
to remember what changes from one scenario to another.
Using the “Load, unload. . .” button, this option details
which parameters change (and how much) between the
two previously selected simulations.

)e “Results” block displays predesigned graphs
showing the temporal evolution of the most important
variables of the model (Figure 5(a)). Clicking on the
button “Display a predefined...,” a list will appear with the
available graphics (Figure 5(b)). In all of them, the results
of the default scenario will be included, as well as the
results of the simulation that appear in the first position
of the list of loaded simulations, which are managed from
the “Load, unload, or reorder. . .” button, as in
Figure 5(c).

)e “Causal Tracing” block (Figure 5(a)) enables the use
of Vensim’s own analysis tools, as shown in Figures 6–8.)e
tree diagram tool creates a graphical representation of the

Figure 6: “Trace underlying causes with Trees” screen. Example of the underlying causes of “Crop yield per hectare” variable using trees.
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structure of a model associated with the selected workbench
variable; the currently active variable is displayed at the top
left of the screen. )e tree diagram tool provides an easy-to-
read, graphical representation of the causes and uses of
variables. )is is a convenient way for displaying structural
relationships and therefore information about a complex
structure in a relatively small space.

)e causal structure of the model can be explored
using trees or charts, whereas the uses of each variable can
only be analyzed using trees by displaying the tree of
variables affected by the selected one. Figure 6 shows the
screen that appears after clicking the button “Trace un-
derlying causes using Trees.” At the top is the causal tree
of the currently active variable. It is possible to select

Figure 7: “Trace underlying causes with Graphs” screen. Example of the underlying causes of “Crop yield per hectare” variable using graphs.

Figure 8: “Trace the Uses of a variable” screen. Example of the underlying causes of “Crop yield per hectare” variable.
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other variables using the “Select a new variable...” button
or, interactively, by clicking on any variable in the same
causal tree. In addition, the user can (i) access to the
model equations through the button “Definition...” and
(ii) see its temporal trajectory according to the last
simulated or loaded scenario. )e rest of the buttons
allow the user to scroll to other screens, as their own
caption indicates. In this way, all the options of using the
tree diagram tool are interconnected.

Clicking the button “Trace underlying causes using
Graphs” (Figure 5(a)), the graphical option to study the
causal tree of a variable can be used (Figure 7). In this case,
only first-order variables, i.e., those directly affected by the
selected variable, are shown. On the right side of the screen,
the temporal trajectories of the variables included in the
performance equation can be observed, as well as the value of
the parameters involved.)e definition of the variable is also
presented in the box on the left. )e rest of the options allow

Saltwater intrusion

Data available

No data

Outside data
coverage

Figure 9: Southern Mediterranean European groundwater bodies affected by saltwater intrusion due to overexploitation (modified from
[55]).
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the user to navigate between the screens related to the di-
agram tool.

)e third analysis option offered by this Venapp
(Figure 5(a)) is to “Trace the Uses of a variable” (Figure 8).
Again, it is possible to see its definition and scroll to other
analysis screens. Finally, it is important to highlight the
interactivity of the tree diagram tool. Any of the outputs it
generates allows the user to select a new variable by clicking
on it. )is option is designed to make it easier to explore and
study the model, one of Vensim’s hallmarks.

5. Discussion and Conclusions

5.1. Global Relevance of Coastal Groundwater Resources.
Groundwater is one of the more strategic renewable re-
sources, especially in coastal drylands [4]. Over two billion
people rely on groundwater as their primary potable
freshwater source [50], whereas half or more of the irrigation
water used for food production has also this source [17].
Groundwater also acts as the key strategic reserve in times of
drought [51] and to set population in drylands with sparse
economic options except agriculture [8, 20].

Soaring water withdrawal worsens water scarcity already
prevalent in those coastal drylands having limited surface water
resources. A consequence of the aquifer overexploitation to
cope with water requirements is saltwater intrusion, which
threats the sustainable food production and economic devel-
opment in an increasing number of countries [15, 52, 53].

)e use of SDmodelling in water management has a long
tradition due to the complex nature of the problems
addressed [54]. However, few models consider the inter-
action between terrestrial water fluxes and human activities
and associated uses, and even fewer are the models intended
to coastal groundwater-dependent irrigation agriculture
[15]. )e AQUACOAST tool is a contribution to fill this gap
of knowledge.

)e AQUACOAST is a global application tool despite
that the Mediterranean region is postulated as a main
scenario in which to apply. Coastal aquifers in this area
support strong groundwater pumping rates for crop pro-
duction, and saltwater intrusion has extended in most of
them (Figure 9). For instance, in Spain, this problem affects
most of the Mediterranean coastal aquifers, so they were
considered one of the “desertification landscapes” in the
National Program to Combat Desertification [56, 57]. Our
immediate purpose is to apply AQUACOAST to coastal
aquifers of the Mediterranean arc where tourist and agri-
cultural pressure has triggered problems of marine intrusion
such as Campo de Daĺıas, Campo de Nı́jar, Vélez River and
Verde River in Spain, Mart́ıl-Alila and Smir inMorocco, and
Nador and Tipaza in Argelia.

5.2. Using SD for Modelling Coastal Groundwater-Dependent
Irrigation Systems. SD models express in mathematical lan-
guage (the most precise way that exists) the dynamic processes
that take place in a given field of study. )e academic and
scientific value of understanding how many variables relate,
determining what is cause and what is effect, making explicit

feedback loops of a system, and, finally, translating them into a
set of operative differential equations is very high.

However, it is important to make an additional effort so
that this information reaches the less specialized public
involved in decision-making processes. In order to do this,
the use of DSSs is essential. An example taken from
AQUACOAST can help us understand the value of pro-
gramming an application aimed at a wider audience. Fig-
ure 10 shows the causal diagram drawn up for purely
academic use as an indecipherable amalgam in the eyes of
someone other than the modeler. Variables are represented
by acronyms, and it is difficult to follow the path of causality
in the complex web of causal relationships. However, a
careful edition of the model, expliciting the full name of each
variable and splitting the diagram into five screens (Figure 3
shows one of them), allows the user to create a much more
user-friendly version.

)e precision of mathematical language should not
confuse us about the nature of the SD models. In reality,
when confronted with socioecological systems, we lack
universal physical or chemical laws that allow us to talk
about predictions. Socioecological systems require input
from a wide range of sources and types of knowledge [58].
)is includes qualitative and quantitative pieces on infor-
mation from various stakeholder groups such as scientists,
policy makers, and community members. To collect, syn-
thesize, and use these datasets in useful ways, integrated
assessment and modelling needs to utilize and combine
different methods (i.e., conceptual, numerical, and partici-
patory) in appropriate methodological designs that best fit
the project’s context, objective, and constraints, in the latter
case including resource availability [27, 33].

)e AQUACOASTmodel is not intended for prediction
or forecasting, even though they provide outputs over
variable time periods. )is is because there are not enough
data to validate the models for such purposes; remember, for
example, the lack of some essential information such as the
initial groundwater storage or similar others like past
weather data or former land uses. )us, the aim is to get
qualitative rather than quantitative outputs, answering the
“what if” questions, which helps to compare simulation
scenarios that address different hypotheses.

System understanding and experimentation also constitute
important goals of the models, as well as social learning, though
this is limited to those cases where the assessment shows a
special risk of degradation. Since degradation usually proceeds
slowly, stakeholders are not sufficiently aware of its conse-
quences, nomatter how they value the water and land use being
degraded [59]. )us, the AQUACOASTmodel is intended as a
“means of exploration” [60, 61] for helping them to better
understand how a coastal groundwater-dependent agricultural
system may behave.

5.3. Ce AQUACOAST Venapp. Just as there are several SD
modelling platforms, DSS can be built using a wide range of
possibilities. Venapps offer clear advantages when the
software chosen is VensimDSS. )e construction is very fast
since there are templates that with few modifications allow
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the user to implement the main options of a DSS: config-
uration of scenarios, simulation, and visualization of the
results and their analysis.)e use of the tool is simple since it
only requires to install the free version of VensimDSS
(Vensim Reader) and to copy the Vensim files provided by
the modeler.

)e main problem is the graphical limitation of Vensim,
which prevents the use of images or figures or the imple-
mentation of options such as global sensitivity analysis or
risk estimation. More complex DSS based on Vensim can be
built using various programming languages (e.g., Visual
Basic) and platforms (e.g., Excel), such as the application
designed by authors to study desertification risk in Spain,
which combined some hotspots such as soil erosion,
grassland overgrazing, and aquifer overexploitation [57].
However, the choice of the type of DSS depends, as does the
construction of a model, on its purpose.

Since the AQUACOAST tool is aimed at (i) facilitating
the study and understanding of coastal groundwater-de-
pendent irrigated agriculture systems and (ii) creating an
application whose installation and use are very simple,
Venapp is a perfect ally since it makes available to the user, in
a very simple way, all the analysis tools of Vensim.

Since Meadows et al. [62] presented the revolutionary
best-seller “Limits to growth,” for which they used systems
thinking and SD concepts in order to explain how short-
term development policies can lead to “overshoot and
collapse” behavior of socioecological systems, SD has shown
its potential as a tool to help understand complex socio-
ecological systems and is still regarded as a valuable resource
for thinking about sustainable futures [33, 63]. )e
AQUACOAST tool is in line with these principles and aims
to highlight the fragility of such a strategic renewable re-
source as groundwater. As long as the model describes
reality with a certain accuracy, the modelling process and its
outcomes can be used to improve our understanding of the
problem of excessive pumping under the increasing food
production needs a necessary step towards affecting sus-
tainable and effective change [64].
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Cluster analysis, which is to partition a dataset into groups so that similar elements are assigned to the same group and dissimilar
elements are assigned to different ones, has been widely studied and applied in various fields. ,e two challenging tasks in
clustering are determining the suitable number of clusters and generating clusters of arbitrary shapes. ,is paper proposes a new
concept of “epsilon radius neighbors” which plays an essential role in the cluster-forming process, thereby determining both the
number of clusters and the shape of clusters, automatically. Based on “epsilon radius neighbors,” a new clustering algorithm in
which the epsilon radius value is adapted to the characteristics of each cluster in the current partition is proposed. Recently,
clustering has been widely applied in environmental applications, including underground water quality monitoring. However, the
existing studies have simply applied conventional clustering techniques, in which the abovementioned two challenging tasks have
not been solved already.,erefore, in this paper, the proposed clustering algorithm is applied in assessing the underground water
quality in Phu My Town, Ba Ria-Vung Tau Province, Vietnam. ,e experimental results on benchmark datasets demonstrate the
effectiveness of the proposed algorithm. For the quality of underground water, the new algorithm results in four clusters with
different characteristics.,rough this application, we found that the new algorithmmight provide valuable reference information
for underground water management.

1. Introduction

Cluster analysis is to discover the underlying structure of a
dataset by partitioning the data into groups so that similar
elements are assigned to the same group and dissimilar
elements are assigned to different ones [1–5]. Recently, along
with the development of big data, cluster analysis has been
extensively studied and widely applied in various fields, such
as physics, biology, economics, engineering, sociology, and
data mining. [6]. For solving the problem of clustering,
several approaches have been proposed in the literature,
which includes: nonhierarchical clustering (k-means, k-
means ++, etc. [7, 8] and other variances), hierarchical
clustering [9], clustering for probability functions [1], or

fuzzy clustering [10]. Among the abovementioned ap-
proaches, k-means clustering is the most well known and
widely applied in various fields. However, the k-means al-
gorithm and its extensions usually require a user-defined
number of clusters that is often unknown in practice. (i)
Furthermore, the k-means algorithm constructs spherical
clusters, which is unsuitable for arbitrary-shaped clusters.
(ii) ,e above two problems have been the major drawbacks
of clustering so far, which lead to many difficulties and
challenges in solving this problem [6].

For (i), to determine the suitable number of clusters, the
most commonly used approach is running the clustering
algorithm several times with different number of clusters
each time, and evaluating them based on a number of
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internal validity measures, such as S-index, F-index, Dunn
index, and Xie-Beni index [11–14]. ,is approach can in-
vestigate the suitable number of clusters, but it repeats the
clustering process many times to find the best number of
clusters, thereby increasing the amount of time and space
required, according to [6]. Moreover, the abovementioned
evaluation indices are distance-based measures; therefore,
they can only evaluate the qualities of spherical clusters and
cannot be used for arbitrary-shaped clusters. In [15],
Mavridis et al. proposed the algorithm PFClust (Parameter
Free Clustering). ,e term “parameter free” means that the
algorithm can automatically determine the number of
clusters without requiring any user-defined parameters. For
this purpose, PFClust performs an agglomerative algorithm
on many subdatasets that are randomly sampled several
times. Given an internal validity measure and a set of
threshold corresponding to the number of clusters, the
suitable threshold is then chosen based on the distribution of
the given internal measure for all possible clustering results.
In comparison to other conventional clustering algorithms,
PFClust can result in a little better performance; however, it
repeats the process of sampling and evaluating internal
measures of the given thresholds in several times. Conse-
quently, PFClust tends to be more time-consuming and
expensive than other clustering methods. References [16–18]
found the optimal partition by combining the metaheuristic
optimization method and the clustering. ,ese studies used
the abovementioned internal validity measures as objective
functions that need to be optimized to find the best clus-
tering solution. It is well known that the metaheuristic
optimization method, e.g., the genetic algorithm, results in
an extreme computational cost, which reduces the efficiency
of the algorithm. Furthermore, in spite of outputting the
number of clusters and partitioning automatically, the
metaheuristic optimization method requires a few of its own
user-defined parameters that have effects on the optimal
solution. As a result, avoiding the challenge of specifying the
number of clusters, k leads to the challenge of specifying
many other parameters. In [19], an automatic clustering
algorithm was conducted using a function of force that can
control the movements of the objects. ,e farther the dis-
tance, the weaker the force between two objects. In the end,
each object converges to the center of the cluster it belongs
to. Since the computing of force also requires a user-defined
parameter denoted λ and the value of λ also has effects on the
number of clusters, the attempt to overcome the problem of
[16–18] of this algorithm is not too significant.

For (ii), DBSCAN [20], a density-based algorithm, is the
most well-known method to construct arbitrary-shaped
clusters. ,e algorithm utilizes two connectivity functions
termed as density-reachable and density-connected, and
each data instance is indicated as either a core point or a
border point. ,e algorithm works to expand core points to
form a cluster around itself. A drawback of DBSCAN is that
when clusters of different densities exist, only particular
kinds of noise points are captured [21]. Besides, two user-
defined parameters regarding the minimum size of clusters
and the radius need to be carefully turned. ,e other ap-
proaches, such as kernel k-means [22] and spectral

clustering [23] can construct arbitrary-shaped clusters; these
methods, however, also require a predefined number of
clusters.

Because of the abovementioned drawbacks, an investi-
gation of a new clustering method which can automatically
determine the number of clusters and the clusters’ shape is
necessary. ,is paper proposes a new clustering method
based on a new definition called “ε-radius neighbors” of a
given point x0. ε-radius neighbors play a key role in con-
structing clusters with arbitrary shapes. When any new
ε-radius neighbor is not found, the algorithm stops pro-
cessing the current cluster and thereby the number of
clusters is automatically determined. Furthermore, the ra-
dius ε can be adapted to specific cluster density, which is an
advantage of the proposed methods in comparison with
DBSCAN.

,e quality of underground water depends on various
factors, such as climate, characteristics of aquifers, pH, al-
kalinity, redox potential of the geological environment,
initial sources, contamination due to human activities, and
biological processes. ,e conventional methods of assessing
the quality of groundwater are usually based on comparing
the parameters representing water quality, which are col-
lected by sensors, with the permitted standards. Clustering
can help explain complex data matrix, analyze the simi-
larities in water quality characteristics, and group them into
clusters, thereby showing their general characteristics, as
well as the causes that affect water quality. ,erefore,
clustering has been widely applied in environmental ap-
plications, including underground water quality monitoring.
Some studies, for example, [24–28], have applied clustering
in order to classify the water qualities in the whole region
and design a future spatial sampling strategy in an optimal
manner, which can reduce the number of sampling stations
and associated costs. However, the abovementioned studies
simply applied conventional clustering methods, such as
hierarchical clustering with Ward distance, and k-means
clustering. ,ese methods, in general, have encountered the
disadvantages, as mentioned in the previous parts. ,ere-
fore, in this paper, the proposed clustering algorithm is
applied in assessing the underground water quality in Phu
My Town, Ba Ria-Vung Tau Province, Vietnam. ,is ap-
plication is expected to produce more reliable and valuable
information so that the administrators can monitor un-
derground water behavior.

,e remainder of this paper is organized as follows. Section
2 presents the study area, the data collection, and the proposed
method.,e results and discussion are presented in Section 3 in
which Section 3.1 is the validation of the proposed algorithms for
different datasets and Section 3.2 is the application in assessing
the underground water quality in Phu My Town, Ba Ria-Vung
Tau Province, Vietnam. Finally, Section 4 is the conclusion.

2. Materials and Methods

2.1.�eProposedClusteringMethod. Let X � x1, x2, . . . , xn ,
xi ∈ Rd be a set of n points, x0 ∈ Rd be a given point, and ε
be an arbitrarily positive integer. A set S⊆X is called as
ε-radius neighbors of x0 if
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S � xi ∈ X: d xi, x0( ≤ ε , (1)

where d(xi, x0) is the Euclidean distance between xi and x0.
Obviously, ε-radius neighbors of x0 are located in a

hypersphere of radius ε around x0. As a result, a cluster can
be extended by searching on the dataset and adding new
objects pertaining to any hypersphere of radius ε around the
current objects. ,is process still depends on the value of ε.
,is parameter plays a role which is the same as the pa-
rameter ε in the well-knownDBSCAN algorithm.,e choice
of this parameter has effects on the clustering result. A fixed
value of ε has low generalization ability because different
datasets and clusters with different densities in a dataset
could require different values of ε. A natural strategy is
simply to adapt ε using the current cluster density. For the
sake of presentation, the set of pairwise distances in the
current cluster is called the set of “historical extending.”
Based on the set of “historical extending” in the current
cluster (samples), we can estimate the maximum “extend-
ing” of the entire cluster (population). In this case, two basic
principles are as follows:

(1) We know that if data has the normal distribution
with mean μ and standard deviation σ, then 95% of
the data values belong to the interval μ ± 2σ. If the
two abovementioned parameters are unknown and
data is enough large, we can estimate them from the
sample data. For example, the mean and the adjusted
standard deviation of the sample can be selected as
alternatives for μ and σ, respectively. ,erefore, to
estimate the maximum extending of the cluster
(population), we can use the following formula:

ε � maxD � d + 2sd, (2)

where d and sd are the mean and adjusted standard
deviation of “historical velocities” in the current-
processing cluster (sample). Obviously, about 97.5%
of the extending pertaining to the true cluster
(population) must be less than the extending esti-
mated by formula (2), and thus, this formula can be
used to approximate the maximum extending of the
true cluster (population).

(2) Let n be the sample size or the number of objects in
the current-processing cluster and d and sd be the
sample mean and adjusted standard deviation, re-
spectively. Assuming that the value of n is large
enough or d has the normal distribution with the
mean μ(d) and the variance s2d/n. Consequently, with
a significant level of 0.05, the mean of d belongs to
the interval d ± (1.96sd/

�
n

√
). As a result, the max-

imum of the mean extending can be directly esti-
mated using the following formula:

ε � d +
1.96sd�

n
√ . (3)

,e maximum value of the confidence interval is then
used as the representative extending of the cluster.

It can be observed from formulas (2) and (3) that, in the
earlier processing stage, when the sample size is too small,
the standard deviation and the adaptive extending must be
large.,erefore, we can avoid unreasonable extending in the
earlier processing stage when the current sample is not a
good representation of the population. Meanwhile, in the
later stage, the number of objects in the current-processing
cluster or the sample size is large enough for maintaining a
stable adaptive extending.

Based on formulas (2) and (3), we propose a new
clustering method called adaptive radius clustering for au-
tomatically determining the number of clusters and clusters
shapes. Let X � x1, x2, . . . , xn , xi ∈ Rd be an original
dataset of N objects. ,e new clustering algorithm is pre-
sented as the following pseudocode and in Figure 1.

Initialize Cold
1 � ∅, Cnew

1 � ∅, and centroidnew � ∅,
where Cold

1 and Cnew
1 are current-processing cluster obtained

before and after an update, respectively.

Step 1. Get the first three objects of the cluster using the
formulas below:

v1 � argmin
xi∈X



n

j�1
d xi, xj , (4)

v2 � argmin
xi∈X/ v1{ }

d xi, v1( ,
(5)

v3 � argmin
xi∈X/ v1 ,v2{ }

d xi, v1( ,
(6)

which subject to

d v2, v1( ≤ d v3, v1( <
2

n
 

− 1


i≠ j

d xi, xj . (7)

Update

C
old
1 � v1, v2, v3 ; C

new
1 � v1, v2, v3 . (8)

In formulas (4), (5), and (6), argument “arg” of a
function is the value that must be provided to obtain the
function’s result; hence v1 � argminxi∈X 

n
j�1 d(xi, xj) is a

point xi in X such that the sum of distances between it and
other points is the minimum. In other words, v1 is the
centroid of the current dataset. Similarly, v2 is the nearest
point of v1 and v3 is the nearest point of v1 when excluding
v2. Formula (7) is defined to overcome the problem of bad
initialization. For example, if v2 and v3 are two nearest
neighbors of v1, but the corresponding distances are larger
than the average of pairwise distances between points in the
current dataset, then v1 will be considered as a single cluster
and the current extending process will be stopped.

In the abovementioned formulas, d is the Euclidean
distance between any two d-dimensional points. In some
illustration below, for the sake of visualization, x will be
chosen as a 2-dimensional point (x1 and x2) so that we can
draw the scatter plot of data. In fact, x1 and x2 not only can be
the coordinates but also can be other informations such as
height, weight, Ca2+, Mg2+, and Na+. Furthermore, x can be a
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d-dimensional vector, in general. Certainly, we can calculate
Euclidean distance between two d-dimensional points x and
y using the following formula:

d(x, y) �

�����������



d

i�1
xi − yi( 

2




. (9)

In addition, because variables measured at different
scales do not contribute equally when calculating the dis-
tance, the data are normalized into [0, 1] interval using the
following formula:

zij �
xij − mini xij 

mini xij  − mini xij 
, (10)

where xij is the value of variable j (j � 1, d) at the point i
(i � 1, n), zij is the normalized value of variable j at point i
and mini(xij) and maxi(xij) are the minimum and maxi-
mum value of variable j, respectively.

Step 2. For each vi ∈ Cnew
1 , compute the adaptive ε-radius

and the corresponding ε-radius neighbors Si using

Definition 1 and either formula (2) or formula (3); update
Cnew
1 and centroidnew by the following formulas:

C
new
1 :� C

new
1 ∪ Si,

centroidnew :�
centroidnew

vi

.

(11)

In this step, formulas (2) and (3) are utilized to compute
the adaptive ε-radius and the corresponding ε-radius
neighbors Si. Note that, the two abovementioned formulas
are now just some options that need to be tested. In the
numerical results, after applying both, the best option will be
selected in the application.

Step 3. If Cnew
1 /Cold

1 ≠∅, then Cold
1 : � Cnew

1 and
centroidnew: � centroidnew ∪Cnew

1 /Cold
1 . Repeat Step 2 and

Step 3 until centroidnew � ∅, then stop the current-processing
cluster.

Step 4. Repeat the three steps above until all objects are
assigned to their clusters.

,e main idea of the proposed algorithm is that from a
number of points initialized using formulas (4), (5), and (6)

Start

Initialize data, C1
new = Ø, I = 1

Get v1, v2, v3 by formulas (4), (5), (6)

Formula (7) is true

C1
new = {v1, v2, v3}

Yes

C1
new = {v1}No

Expand C1
new using their є-radius neighbors computed by formula (2) or (3)

C1
new has new-radius neighbors

Yes

CI := C1
new, I := I + 1, data := data\C1

new
No

data = Ø

Stop the algorithm and result the clusters
Yes

No

Figure 1: ,e flowchart of proposed algorithm, where I is the number of iterations.
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subject to (7), the cluster can automatically expand based on
formulas (2) or (3). When the cluster does not extend more,
the abovementioned process will repeat over the rest of the
data until all points in the data are assigned to a specific
cluster. With formulas (2) or (3), the ε-radius neighbor can
adapt to different cluster densities; hence, the proposed
algorithm can determine the number of clusters and find
clusters of arbitrary shapes in cases of both balanced and
imbalanced cluster densities. ,is is an advantage of the
proposed algorithm in comparison to conventional
methods, such as k-means, k-medoids, and DBSCAN.

2.2. Study Area and Data Used. ,e clustering method
proposed above will be applied in assessing the underground
water quality in Phu My Town, Ba Ria-Vung Tau Province,
Vietnam. ,e study area and data used are described as
follows.

2.2.1. Study Area. Phu My town has a natural area of 33,825
hectares and a population of 137,334 people. To the east, it
borders Chau Duc district, Ba Ria-Vung Tau province. To
theWest, it borders Can Gio district, Ho Chi Minh City, and
Vung Tau City, Ba Ria-Vung Tau province. To the South, it
borders Ba Ria City, Ba Ria-Vung Tau province, and to the
North is the Long ,anh district, Dong Nai province. Phu
My town is located in the climate region of the Southern
Delta, Vietnam, with a tropical climate and is influenced
mainly by the northeast and southwest monsoon. ,ere are
two distinct seasons in a year, dry season and rainy season.
,e first lasts from December to April with an average
annual temperature of 26.3 Celsius, and the second is be-
tween May and November with an average annual rainfall of
1356.5mm.

Phu My town is the most concentrated industrial area
and is one of the most developed areas in Ba Ria-Vung Tau
province, Vietnam. To serve economic development, the
demand for water in this area is quite high, but the sources of
surface water from rivers and lakes do not meet the demand.
According to the 2012 survey data of the Department of
Natural Resources and Environment of Ba Ria-Vung Tau
province, the total volume of underground water exploi-
tation in this town had accounted for 18,608,430m3/year
(mainly from Phu My-My Xuan water station and Toc Tien
Water Plant). Groundwater exploitation has been reported
to bemainly in the Pleistocene aquifer, which is composed of
coarse-grained soil of Cu Chi Formation, ,u Duc For-
mation, and Trang Bom Formation with the main minerals:
fluorite-apatite, feldspar, gypsum, tourmaline, montmoril-
lonite, ilmenite, and some other impurities.

2.2.2. Data Used. ,e dataset has been provided by the
Department of Natural Resources and Environment of Ba
Ria-Vung Tau Province. ,e groundwater samples in the
Middle-Upper Pleistocene (qp2–3) aquifer and Upper
Pleistocene (qp3) aquifer, which consist of 11 variables, have
been collected from 17 monitoring wells. ,e locations of 17

monitoring wells are shown in Figure 2, and the detailed
dataset is presented in Table 1.

In this study, the contribution of variables is the same
when calculating distance, that is, the proposed method
considers the equal importance for each chemical parameter.
In case in which some chemical parameters are more im-
portant than the others, the proposed method can be per-
formed by using the weighted Euclidean distance instead of
using the standard Euclidean distance. Also, note that, in this
application, well’s location is not considered as a variable,
that is, the wells will only be grouped by their chemical
parameters.,e algorithm thereby will not be too focused on
location, but more on chemical properties. Naturally, if wells
in the same region have the same chemical properties, they
will be assigned to the same cluster. As a result, we have wells
sorted by locations. In contrast, through the clustering re-
sults, we can still identify wells that are in the same region,
but have different chemical properties, or wells that are in
different regions, but have similar chemical properties. In
such cases, the corresponding explanation will also be
provided.

3. Results and Discussion

3.1. Numerical Example. In this section, a simple dataset is
used in order to illustrate the proposed algorithm in detail.
,e dataset consists of 20 bivariate points presented in
Table 2; the normalized data points are presented in Figure 3.

Using formulas (4), (5), and (6), we found the three
initial points v1, v2, and v3 of the first cluster, which are
represented by red in Figure 4. It can be seen from Figure 4
that the distance between these three points is really small in
comparison with the distance between all points; therefore,
condition (7) is satisfied and we can use these three points
for extending the cluster.

Now, we use the points in the processing cluster to build
up the cluster itself. For example, in Figure 5, starting from
the green point, v2, using formula (3), we calculate the
adaptive radius and determine the three new ε-neighbors,
based on the circle formed. After that, the processing cluster
will be extended by adding these three new points, and the
point v2 will no longer be used to extend the cluster in the
next steps. Using another point in the processing cluster, for
example, the green point in Figure 6, we also calculate the
adaptive radius and determine the new ε-neighbors, based
on the circle formed.

Repeat the abovementioned process until the processing
cluster cannot be extended more, that is, all points in the
processing cluster have been used for the extending process
and we cannot find any new points linked to them, as shown
in Figure 7.

Figure 7 completely determines the first cluster; we can
repeat the abovementioned process for the remainder of the
dataset and obtain the final partition, as shown in Figure 8.

3.2. Experiments inBenchmarkDatasets. Section 3.1 step-by-
step illustrated the proposed algorithm. In this section, to
test the partitioning performance of the proposed algorithm
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and compare it with other methods, and the proposed al-
gorithm is implemented on different datasets with different
characteristics.

,e tested datasets can be downloaded from (https://cs.
joensuu.fi/sipu/datasets/), which include

(i) Spiral: a dataset with spiral-shaped clusters

(ii) Aggregation: a dataset with different cluster shapes

(iii) Compound: a compound dataset with different
cluster shapes and densities

(iv) Gauss: a dataset simulated in [6] with three
Gaussian clusters

,e tested algorithms include

(i) ARC1: the proposed method with the adaptive
radius defined according to formula (3).

(ii) ARC2: the proposed method with the adaptive
radius defined according to formula (4).

(iii) k-mean, DBSCAN: two popular clustering algo-
rithms. ,e k-means requires an initial number of
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Figure 2: ,e position of wells.

Table 1: Concentration of chemical parameters (mg/l) collected at wells.

ID Na+ K+ Ca2+ Mg2+ NH +
4 Al3+ HCO −

3 Cl− SO4
2− NO −

3 NO −
2

NB3A 4.19 1.47 17.03 0.61 0.00 0.00 54.92 8.15 2.40 1.20 0.00
NB3B 6.56 3.85 2.00 0.49 0.00 0.00 6.10 17.73 2.40 0.64 0.00
QT5B 6.57 4.07 17.03 0.61 0.00 0.08 54.92 10.64 9.61 1.49 0.00
QT7B 192.73 9.00 22.04 19.46 2.31 8.51 0.00 375.77 81.65 1.15 0.00
NB2C 8.29 2.90 35.07 1.82 0.00 0.00 103.73 17.73 7.20 11.24 0.00
NB1B 4.14 2.32 1.60 0.24 0.00 0.00 12.20 7.80 2.40 0.41 0.00
VT4B 277.65 17.60 26.05 31.62 2.24 1.67 0.00 514.03 115.27 1.44 0.00
VT6 33.79 7.25 10.02 0.61 0.00 0.00 24.41 49.63 19.21 2.88 7.77
NB4 11.00 1.44 21.04 0.61 0.24 0.00 67.12 14.18 9.61 0.91 0.01
QT5A 10.43 1.22 1.40 0.36 0.00 0.00 6.10 16.66 2.40 7.91 0.00
QT7A 644.44 57.90 100.20 118.56 36.10 0.00 494.26 946.52 528.33 6.23 7.28
NB1A 5.00 5.38 2.00 0.49 0.00 0.00 18.31 8.86 2.40 0.59 0.00
NB2A 3.86 3.61 11.02 0.97 3.72 0.00 48.82 7.09 3.84 0.85 0.32
VT4A 82.73 5.76 54.11 21.89 3.65 0.00 85.43 223.34 31.22 0.81 0.00
QT11 4.89 1.65 1.00 0.24 0.00 0.00 12.20 7.80 0.96 1.32 0.00
VT2B 6.88 1.94 9.02 0.61 0.11 0.00 24.41 12.41 2.40 15.14 0.01
VT2A 4.33 2.14 5.61 1.09 0.04 0.00 18.31 8.15 3.36 11.34 0.01
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clusters and results in the spherical clusters, while
the DBSCAN is a density-based clustering algo-
rithm that is suitable for clusters of arbitrary shapes.

(iv) SU: an automatic clustering algorithm recently
presented by [19] for determining the number of
clusters, automatically.

In this paper, the Adjusted Rand Index, ARI [29, 30], is
employed to evaluate the performance of the five compared

methods. ARI is an external measure that can make the
comparison between the partition produced by a clustering
algorithm (P) and the actual partition (Q), where “ground-
truth” labeling is known. Particularly, given P and Q, the
formulation of ARI is defined as follows:

Table 2: Illustrated data.

Data X1 X2 Data X1 X2

1 42 72 11 41 58
2 44 71 12 41.5 59
3 46 73 13 42.5 59
4 47 72 14 43 60
5 49 71 15 45 61
6 51 71 16 45.5 61
7 52 70 17 47 61
8 54 69 18 48 61
9 55 68 19 49 61
10 57 67 20 50 60
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Figure 3: Illustrated data points.
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Figure 4: ,e initial prototypes.
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Figure 5: Determining the adaptive radius and new neighbors.
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Figure 7: Determining the first clustering.
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Table 3: ,e clusters formed the by the tested algorithms.
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ARI �
a − (a + c)(a + b)/(a + b + c + d)

((a + c) +(a + b))/2 − (a + c)(a + b)/(a + b + c + d)
,

(12)

where a is the number of pairs of elements in the same cluster
in P and Q, b is the number of pairs of elements in the same
cluster in P, but in different clusters in Q, c is the number of
pairs of elements in a different cluster in P, but in the same
cluster in Q, and d is the number of pairs of elements in a
different cluster in both P andQ.,e closer the ARI is to 1, the
better the clustering result is (it can be seen from formula (12)
that when P and Q are the same, b� c� 0 and ARI� 1).

Table 3 intuitively presents the clustering results of the
five tested algorithms on the four used datasets.

Remarks:

(i) For the nonspherical clusters, the performance of
the DBSCAN is better than that of SU and k-means
algorithms. ,is result is reasonable because
DBSCAN can easily group the data points into
arbitrary shape clusters, based on the density and
the connection rather than the distance between
them. ARC2 algorithm, in general, is quite efficient
in terms of ARI and outperforms the DBSCAN on
two of the three datasets. Meanwhile, the ARC1
achieves the largest ARI values, which indicates
the best performance in terms of clustering
accuracy.

(ii) For the spherical or Gaussian clusters, most of the
methods render good performance, in which ARC1,
SU, and DBSCAN are the proper methods. ,e k-
means algorithm also provides the best result, for
k� 3; however, when k is randomly changed and
does not satisfy k� 3, this method shows poor
performance. Tables 3 and 4 also show that the
ARC2 performs better than the k-means; however, it
is not good enough for the Gaussian clusters.

(iii) In summary, it can be claimed that ARC1 is an
effective algorithm. Specifically, the ARC1 can au-
tomatically determine the number of clusters and
has notably larger ARI values or notably better
clustering results for any given dataset.

3.3. Application for Underground Water Quality Assessment.
In this section, we cluster the samples of groundwater quality
parameters provided by the Department of Natural Re-
sources and Environment of Ba Ria-Vung Tau Province.,e
study area and data used have been presented in Section 2.
,e clustering results in Figure 9 showed that the 17
monitoring wells are classified into 4 groups based on the
water quality characteristics:

(i) Cluster 1: NB3A, QT5B, NB4
(ii) Cluster 2: NB3B, NB1B, NB1A, QT11
(iii) Cluster 3: QT7B, NB2C, VT4B, VT6, QT5A, NB2A,

VT4A, VT2B, VT2A
(iv) Cluster 4: QT7A

A comparison of some parameters among clusters is
shown in Figure 10. We have the following remarks:

(i) Cluster 4 consists of only 1 well, QT7A, with very
high parameter values. ,is result demonstrates
that the water quality in this well is really bad
compared to the remaining clusters. In addition, it
can be seen from Table 1 and Figure 10(a) that
QT7A has more salt ions (Mg2+, Na+, K+, Ca2+,
HCO −

3 , NH
+
4 , Cl

− , SO4
2− , and Nitrite) compared to

the remaining clusters. According to National
Technical Regulation on Groundwater Quality of
Vietnam, the permitted standard for Cl− is 250mg/l
and for SO 2−

4 is 400mg/l. ,erefore, the Cl− and
SO4

2− values of QT7A exceed the permitted stan-
dards 3.78 and 1.3 times, respectively. ,is dem-
onstrates that QT7A may be overaffected by saline
intrusion because this well is located near the saline
boundary. Additionally, it can be seen in Figure 9
that two wells QT7A and QT7B are located in the
same region, but they belong to different clusters.
Actually, they are both contaminated wells, but they
have different depths, representing separate aquifers.
As a result, QT7A exhibits a higher level of con-
tamination than QT7B.

(ii) For the three remaining clusters, it can be seen
from Figures 9 and 10(b) that Cluster 1 consists of
three wells, with high HCO3

− values. To our
knowledge, the two wells, NB3A and QT5B, are
located near My Xuan B1 industrial zone, and the
well NB4 is located near Toc Tien landfill. As a
result, those wells may be contaminated by the
waste discharge process of the abovementioned
industrial zone and landfill.

(iii) Cluster 2 consists of four wells with relatively good
quality. In this cluster, most of the parameter values
are lower than those of other clusters and are within
safe ranges. It can be concluded that the wells of
Cluster 2 are not affected by agricultural activities as
well as saline intrusion.

(iv) Cluster 3 consists of eight wells with higher values of
Mg2+, Na+, K+, Ca2+, Cl− , and SO4

2− compared to
those of Cluster 1 and Cluster 2. Especially, Cl−
value exceeds the permitted standard at 2/8 wells.
,is indicates a number of wells in Cluster 3, which
are located near the coast as well as salinity
boundaries, are capable of being affected by salinity
intrusion. In addition, as shown in Figure 10(b), in
Cluster 3, the average value of NO −

3 is higher than
that of Cluster 1 and Cluster 2. ,is demonstrates

Table 4: ,e ARI of the comparative methods on the four datasets.

Spiral Aggregation Compound Gauss
ARC1 1.0000 0.8089 0.9438 1.0000
ARC2 0.9253 0.8035 0.9438 0.7034
k-means 0.0924 0.5906 0.5890 0.6968
SU 0.0000 0.5638 0.7257 1.0000
DBSCAN 1.0000 0.7338 0.7568 1.0000

Scientific Programming 9



that agricultural activities taking place around the
monitoring area served as large contributors to the
underground water quality of this cluster. In

particular, well NB2C, VT2B, and VT2A are located
near the industrial planting area. Meanwhile, well
VT6, which is located near the aquaculture area,
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Figure 10: Comparing the parameters among clusters. (a) Cluster 4 and the remaining clusters. (b) Cluster 1, Cluster 2, and Cluster 3.
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Figure 9: ,e clustering result for 17 wells.
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may be seriously affected by organic matter from the
residual feed; therefore, the NO −

3 value reaches 7.77
times higher than the permitted standard.

4. Conclusion

Based on the definition of epsilon radius neighbors, this
paper has proposed a new clustering algorithm that can
automatically determine the number of clusters and can find
clusters with different sizes, shapes, and densities.,e radius
or extending is adapted to the current-processing cluster and
has good generalization ability. ,e proposed algorithm is
tested on benchmark datasets and is then applied to un-
derground water quality assessment in Phu My Town, Ba
Ria-Vung Tau province, Vietnam. For the experiments with
many datasets, the ARC1 algorithm exhibits a better per-
formance than the other tested algorithms in terms of the
Adjusted Rand index. ,e ARC2 algorithm performs better
than the conventional clustering algorithms in the case of
nonspherical clusters but worse in the case of spherical
clusters. For the underground water quality assessment in
Phu My Town, Ba Ria-Vung Tau province, Vietnam, the
proposed algorithm indicated that there are four clusters of
water quality that represent different source contributions.
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