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AN ABSTRACT OF THE DISSERTATION OF

Grace Kamal Rachid for Doctor of Philosophy
Major: Environmental and Water Resources Engineering

Title: Adaptation to saltwater intrusion along highly urbanized coastal areas: A DSS-
based socioeconomic perspective

Saltwater intrusion (SWI) is a global coastal problem caused by aquifer over-
pumping, land-use change, and potential climate change impacts. SWI is a threat to
coastal aquifers worldwide by rendering groundwater quality not viable for its intended
use. Understanding SWI and its impact is indispensable for informed decision-making
on aquifer management. Despite advances in SWI research, it remains challenging to
detect, quantify and manage. Given the complex pathways that lead to SWI, coastal
urban areas with poorly monitored aquifers are in need of simple, robust, and
probabilistic decision support models that can assist in better understanding and
predicting SWI, while also exploring effective means for sustainable aquifer
management.

This research targets the Eastern Mediterranean, an area highly vulnerable to
increased saltwater intrusion into coastal fresh water aquifers. It examines the main
drivers of SWI, assessing the relative impacts of local anthropogenic activities and
projected global climate change. The research appraises the spatial and temporal
dynamics of SWI and evaluates the associated socio-economic burden related to the
degradation of groundwater resources used for domestic purposes. It attempts to
estimate the risk of SWI through constructing the interplay of natural, anthropogenic
and climatic drivers in view of adaptation and mitigation potentials as well as socio-
economic and political conditions. This research further develops a Bayesian Belief
Network (BBN) to account for the complex physical and geo-chemical processes
leading to SWI while linking the severity of the SWI to the associated socioeconomic
impacts. The BBN is further expanded into a dynamic Bayesian network (DBN), to
assess the temporal progression of SWI and to accurately compound uncertainties over
time. Pilot demonstrations mainly targeted a highly urbanized metropolitan as well as a
densely populated city, a suburb and an agricultural area.

Results exhibited indications of advanced SWI in the pilot areas, albeit with
spatial and temporal heterogeneity. Results also showed that the future impacts of
climate change were largely secondary as compared to the persistent water deficits
hinting towards the importance of demand management. Results highlighted the
socioeconomic burden associated with the different scenarios including costs and
benefits of adaptation strategies. It shows that while supply and demand management
can pause the progression of salinity in the aquifer, the potential for reducing or
reversing salinity is not apparent.

Through building a robust representation of drivers and impacts of SWI and the

socioeconomic implications and policy options, the constructed DBN acts as an
effective decision support tool to aid coastal managers towards sustainable aquifer

Vi



management. While the research results provided valuable outcomes for the Eastern
Mediterranean region, it equally conveyed to the global community lessons learnt on
saltwater intrusion drivers, dynamics, implications and adaptation potential as well as a
modular DBN-based decision support tool easily transferable to other aquifers.

Keywords: saltwater intrusion; dynamic Bayesian network; decision support tool;
climate change; adaptation; socioeconomic burden;
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CHAPTER 1

INTRODUCTION

1.1 Background

Landward seawater intrusion into coastal aquifers, known as saltwater intrusion
(SW1), is primarily caused by aquifer over-pumping and land-use change (Singh, 2014;
Werner et al., 2013). SWI is governed by coastal hydrostatic pressures at the hydraulic
interface between saline and freshwater. Under undisturbed conditions, a state of dynamic
equilibrium between freshwater and seawater is maintained where the hydraulic gradient
pushes freshwater towards the sea. As a result of prolonged changes in coastal groundwater
levels due to pumping, land-use change, climate variations or sea-level fluctuations, this
hydraulic gradient is reversed, resulting in seawater infringement into the aquifer (Bear,
1979; Simmons et al., 2001). Because saltwater is denser and has a higher water pressure, it
can push inland beneath the freshwater, where a zone of transition between the lighter fresh
aquifer water flowing to the sea and the heavier seawater forms (Bear 1979). As drivers of
SWI persist, the transition zone rises, the interface moves landward, and wells located
nearby become saline and unusable (Custodio, 1987).

SWI is a continuously increasing threat to urban coastal communities worldwide
through contaminating freshwater aquifers and impairing their productive as well as
consumptive value (Selmi, 2013; Fatoric & Chelleri, 2012; Park et al., 2012; Zhang et al.,

2011; Standford & Pope, 2010; Sales, 2009; Conrad & Roehl, 2007; Bobba, 2002). Case



studies documenting worldwide occurrence of SWI, albeit with varying intensity, in urban
coastal areas are widely reported i.e. in New Zealand (EnviroLink, 2011), China (Zhang et
al., 2011), Philippines (Sales, 2009), Korea (Park et al., 2012), US (Conrads & Roehl,
2007; Sanford & Pope, 2010), Bangladesh (Rahman, 2010), Taiwan (Lu, 2004), India
(Bobba, 2002) and others. The Mediterranean Basin is no exception where freshwater
aquifers along its northern, southern and eastern coasts are suffering from SW1 that is
affecting groundwater resources rendering them unfit for domestic, agricultural,
recreational or industrial use i.e. in France (de Montety et al., 2008), Italy (Capaccionoi et
al., 2005), Spain (Fatoric & Chelleri, 2012; Duque et al., 2008), Turkey (Alpar, 2009;
Odemis et al., 2006; Demirel, 2004), Syria (Abu Zakhem et al., 2007), Lebanon (El-Fadel
et al. 2017; EI-Moujabber et al., 2006; Saadeh, 2008), Gaza (Selmi, 2013), Israel (Paster et
al., 2006; Sivan et al., 2005), Egypt (EIl Shinnawy & Abayazid, 2011), Tunisia (Kouzana et
al., 2010; Fedrigoni et al., 2001), Libya (EI Hassadi, 2008) and Morocco (El Yaouti et al.,
2009).

Research on SWI processes and biophysical characteristics relies on geochemical
and geophysical methods as well as on laboratory experiments, hydrodynamic techniques
and modeling (Werner et al., 2013; de Montetyet al., 2008; Boluda-Botella, et al., 2008;
Duque et al., 2008). Geochemical techniques target the distinct difference in the chemical
composition between freshwater and seawater to assess the occurrence, dynamics and
intensity of SWI (Stuyfzund, 1989; Howard & LLoyd, 1983; Appolo & Postma, 2005;
Piper, 1944). Distinctive indicators used include single parameter analysis of TDS, EC and
chloride, symptomatic hydro-chemical ratios i.e. Na+/Cl-, ClI-/Br-, Ca2+/Mg2+ in addition

to ionic deltas, base exchange and chloro-alkai indices and hydro-chemical facies that



identify water types and represent SWI affected processes i.e. ion exchange, carbonate
dissolution and sulfate reduction (Wang & Jiao, 2012; Seckin, et al., 2010; Kouzana, et al.,
2009; de Montetyet al., 2008; Stuyfzund, 2008; Yaouti et al., 2009; Pulido-Lebeouf, 2004).
Multivariate analysis, mainly principal component analysis (PCA) and hierarchical cluster
analysis (HCA), geo-spatial analysis, particularly geo-statistical interpolation, and
environmental tracers are often coupled with hydro-geochemical techniques (Zghibi et al.,
2014; Batayneh et al., 2014; Tomaskiewicz et al., 2014; Villegas et al., 2013; Guler, et al.,
2012; Mondal et al., 2010). The use of the GALDIT index, a geospatial numerical ranking
tool based on the DRASTIC index, to assess and map aquifer vulnerability to SWI is
common, relying on the aquifer type, hydraulic conductivity, depth of ground water level,
distance from the shore, existing status of sea water intrusion, and thickness of the aquifer
(Lobo Ferreira et al., 2005; Savariya & Bhatt, 2014; Sophiya & Syed, 2013).

Environmental tracers are relied upon to identify salinity sources and estimate the
water age where the Br-/Cl- and 87Sr/86Sr ratios as well as the 6180, 62H, 3H, 611B and
14C isotopes are most widely used (Alcala & Custodiao, 2008; Bouchaou, et al., 2008;
Han, et al., 2011; Sivan, et al., 2005). Geophysical techniques rely on geo-electrical
methods, primarily the electrical resistivity and the time domain electromagnetic induction
(TEM) methods which measure resistivity, the inverse of electrical conductivity, to indicate
areas of saline water based on the large electrical resistivity contrast between seawater (0.2
Qm) and freshwater (> 5 Qm) (Werner et al., 2013; Kirkegaard, et al., 2011; Yaouti et al.,
2009; Gibnsberg & Levanon, 1976, Bear et al., 1999).

Hydrodynamic and modeling techniques aim to represent and understand SWI

through mimicking the saline-freshwater interface, the multiple physical processes



controlling SWI, the transport of salt and the general hydrological flow in aquifers.
Modeling techniques generally consists of two main approaches: the interface models,
predominantly solved through analytical solutions, and the variable density models, mainly
resolved through numerical solutions (Ghyben, 1888; Herzberg, 1901; Cooper, 1959).
However, ‘only variable density models provide salinity predictions that can then be
compared to field salinity measurements' (Werner et al., 2013); hence they are relied upon
for understanding real world SWI cases as well as future predictions (Koussis et al., 2012;
Abed-ElHamid & Javadi, 2012). Numerous codes, that capture the physical processes to
varying degrees, have been developed combining variable density flow and solute transport
equations where SEAWAT and SUTRA remain the most used codes (Cherubini & Pastore,
2011; Abdullah, et al., 2010; EI-Bihery, 2009; Lin, et al., 2009; Nishikawaet al., 2009; Pool
& Carrera, 2010; Praveena & Aris, 2010).

Nevertheless, the choice of technique(s) used to detect and study salinity is highly
driven by the availability of data needed, the conditions required for reliable results, the
tolerability of the associated uncertainty and error, as well as the objective of interest.
Despite advances in SWI investigations, simulations and predictions, SWI remains difficult
to monitor, examine and manage due to the complex influences of hydro-geochemical
reactions, shoreline geomorphology and aquifer flow among others in addition to the
uncertain effects of the interplay between SWI drivers (Melloul & Goldenberg 1997;
Weneret al. 2013). Thus the need for simple, robust, and stochastic approaches and decision
models that can assist in better understanding and predicting SW1 under data-sparsity and
compounded uncertainty. Accordingly, there is an increasing trend of using Bayesian Belief

Networks (BBN) and similar influence diagrams i.e. neural networks, in the realm of water



management and risk assessment, adaptation planning and management (Phan et al. 2016).
Bayesian networks can model real-world decision problems using theoretically sound
methods of probability theory and decision theory, able to handle uncertainty and lack of
data in ecological modeling, natural resource management as well as water/groundwater
management (Marcot et al. 2019; Alameddine et al., 2011; Ames, 2002; Borsuk et al.,
2004; Bromley et al., 2003); however their use in cases of SWI and management as well as
in climate change adaptation issues is still nascent (Sperretto et al. 2017; Catenacci &
Giupponi, 2013; Molina et al. 2010; 2013; Hall & Twyman, 2005).

Understanding, managing, mitigating or adapting to SWI have become integral to
sustainable coastal development and management with concerns mounting particularly in
view of the synergy between the seemingly inevitable climate change impacts and the ever-
increasing human-induced pressures (Nicholls et al., 2008). Climate change is expected to
exacerbate SWI, induced by the projected sea level rise and aggravated, at times and
locations, with increased temperatures (i.e. increased demand for water) and reduced
precipitation (i.e. reduced surface water available for aquifer recharge) (Kumar et al. 2007,
IPCC, 2007; 2014). The importance of planning to manage and adapt to SWI lies in
protecting the biophysical elements (i.e. subsurface aquifers and groundwater quality) and
curtailing associated socioeconomic burdens on coastal communities (i.e. the impairment of
an important water source, damages to infrastructures, fixtures and water installations, the
reduction in crop productivity and soil salinization as well as costs of groundwater
treatment and alternative water sources and health problems). However, as coastal aquifer
hydrodynamics and climate change impacts remain challenging to predict (Post VEA,

2005; Sanford & Pope, 2010; Werner et al., 2013) and as the interaction between impacts



of global climate change and local environmental impacts (i.e. urbanization and land use
and land cover remains ambiguous) remain difficult to quantify, coastal managers will need
to plan and act under incomplete knowledge, complexity and uncertainty to cope with these
impacts to protect the economic, social, and environmental security of coastal communities
(Tribbia & Moser, 2008).

This research targets the assessment and management of saltwater intrusion along
the Eastern Mediterranean region (Turkey, Syria, Lebanon, Occupied Palestinian
Territories, Gaza, Cyprus and Egypt) with in-depth studies of drivers and the spatial and
temporal distribution of SWI in aquifers under different land use and land cover patterns
and water deficit conditions along the coast of Lebanon. It aims at estimating the risk of
SWI in data-sparse aquifers through constructing the interplay of natural, anthropogenic
and climatic drivers in view of adaptation and mitigation potentials as well as socio-
economic and political conditions. The research builds a robust representation of the drivers
and impacts of SWI and the associated socioeconomic implications as well as policy
options. It develops a modular BBN to account for the complex physical and geo-chemical
processes leading to SWI as well as link the severity of the SWI to the associated
socioeconomic impacts. The BBN is further expanded into a dynamic Bayesian network
(DBN) to assess the temporal progression of SWI and to accurately compound uncertainties
over time which acts as an effective decision support tool to aid coastal managers towards
sustainable aquifer management. The DBN is tested and validated in a pilot aquifer

underlying the highly urbanized water-stressed coastal metropolitan area of Beirut.



1.2 Research Objectives

The overall objective of the research is to develop a platform that facilitates
decision making towards SWI management and adaptation through socioeconomic
evaluation of the impacts of SWI as well of potential policy options for adaptation under
multiple SWI projections. The sub-objectives towards the realization of such a platform
consist of:

1. Appraise the baseline groundwater quality in the study area, the occurrence of SWI
and its spatial and temporal variability.

2. Evaluate the most effective methods and techniques for the assessment of SW1 in
data scarce and resource scarce aquifers.

3. Estimate the risk of SWI in data-sparse aquifers through re-constructing the
interplay of natural, anthropogenic and climatic drivers in simple semi-quantitative
models.

4. Evaluate the relative and synergistic impacts of climatic and anthropogenic drivers
on SWI occurrence and intensification under different land use land cover patterns,
seasonality and water deficit conditions.

5. Develop a Bayesian belief network that links the drivers, processes and impacts of
SWI together with the associated socioeconomic implications as well as policy
options towards probabilistic quantification of relationships and impacts while
accounting for data-scarcity and associated uncertainties.

6. Synthesize the above functionalities into a decision support tool for decision making
on the management of SW1 and overall sustainable aquifer management based on a

Dynamic Bayesian Belief network (DBN).



1.3 Research Innovation

While ongoing SWI research focuses on understanding the process of SWI and
improving SWI simulation capabilities, decision makers, coastal planners and affected
communities alike are left incapable of effective action due to the limited research on
adaptation to and management of SWI. This is mainly due to the multiple layered processes
involved as well as the multilayered associated uncertainties, which is further inflated in
fractured media and data-scarce areas. The proposed research closes the gap between what
scientists know and what coastal planners and decision makers need to know to plan to
adapt to SWI, particularly in data scarce aquifers.

The proposed research constitutes a first attempt of decision making on SWI
lifecycle including adaptation through a decision support tool. It is also a first attempt of
using Bayesian networks, including dynamic BN, to construct, represent, assess and
manage the SWI drivers, process and associated impacts. This research proved that a DBN
can successfully represent the complex and challenging system of SWI multilayered drivers
and impacts while catering for the dynamics and uncertainties associated with the data
sparsity and imperfect knowledge while remaining a user-friendly tool.

The proposed research provides a comprehensive platform for decision makers to
understand the process of SWI and the relative roles of its drivers, quantify and value the
socioeconomic burden of SWI and evaluate the socioeconomic impacts of adaptation, all of
which are fundamental for planning for effective adaptation. Addressing adaption by using
a DBN improves the transparency and accountability of the decision-making process,

which aids in providing an environment conducive to consensus building on adaptation



policy and action plans. Evidently, the potential significance of the proposed research
spreads across several beneficiary stakeholders including the decision maker (relevant
governmental authorities, water establishments, and coastal planners), the end-user (coastal
communities) and end-user/consumer advocates (relevant governmental units, consumer
protection services, etc.). This research presents a tool, the DBN, that is easily transferable

to other aquifers as the underlying conceptual model is developed as a global model.

1.4 Research Framework

The conceptual framework of the proposed research is summarized in Figure 1-1.
The scope of work adopts a multi-disciplinary research methodology combining
quantitative and qualitative approaches aiming to document the existing subsurface water
quality conditions, analyse and interpret the anthropogenic and climatic factors that
influence these conditions, quantify the associated socioeconomic burden under different
conditions, identify and assess current and potential adaptation and mitigation measures
towards the development of a decision support tool based on a dynamic Bayesian network

for adaptation to saltwater intrusion.
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1.5 Dissertation Structure

Chapter 2 explores the occurrence and intensity of SWI along the Eastern
Mediterranean coastline to provide an overview of the current SWI conditions in the region
and depicts findings through an indicative atlas. In addition, it scrutinizes the mitigation
measures and adaptation strategies adopted by East Med countries to manage coastal
aquifers and control SW1 and proposes an inter-country adaptation and mitigation
framework for the management of SWI. Chapter 2 also aims at estimating the risk of SWI
in data-sparse aquifers through constructing the interplay of natural, anthropogenic and
climatic drivers in view of adaptation and mitigation potentials as well as socio-economic
and political conditions in a semi-quantitative Strengths, Weaknesses, Opportunities, and
Threats (SWOT) model that was developed and validated using data from 26 aquifers in the
East Med.

Chapter 3 examines commonly used methods to assess the SWI towards the
development of a SWI assessment framework applicable in coastal data-sparse aquifers
underlying urban areas. A matrix of complexity-functionality criteria was developed to
evaluate the methods and then was validated at the pilot aquifer of the highly urbanized,
highly populated metropolitan of Beirut, Lebanon.

Chapter 4 applies the assessment framework to other pilot aquifers along the
Lebanese Coast to assess the impact of seasonality, water deficit and land use and land
cover on SWI. Additionally, inferential statistics were used to identify principal

components that explain salinity and quantify relations between drivers and impacts.



Chapter 5 examines the relative impacts of anthropogenic interventions and global
climate change on the dynamics of saltwater intrusion (SWI) in highly urbanized coastal
aquifers using a multi-objective 3D variable-density flow and solute transport model.

Chapter 6 presents the development of a modular Bayesian Belief Network (BBN)
to account for the complex physical and geo-chemical processes leading to SWI while
linking the severity of the SWI to associated socioeconomic impacts in data-sparse
aquifers. The BBN is further expanded into a dynamic Bayesian network (DBN) to act as
an effective decision support tool to aid coastal managers towards sustainable aquifer
management. The DBN allows the assessment of the temporal progression of SWI and
uncertainties over time as well as the estimation of socioeconomic burdens associated with
SWI scenarios and adaptation interventions. It was tested and validated in a pilot aquifer
underlying a highly urbanized water-stressed coastal metropolitan area along the Eastern
Mediterranean coastline (Beirut, Lebanon).

Chapter 7 presents a synthesis of the research and concludes with challenges to
address in future work.

Chapter 8 lists the bibliographic citations used throughout the dissertation.



CHAPTER 2

REGIONAL REVIEW OF THE STATUS AND RISK OF

SEAWATER INTRUSION AND THE POTENTIAL FOR

ADAPTATION ALONG THE CASE OF THE EASTERN
MEDITERRANEAN: A SEMI QUANTATIVE SWOT MODEL

2.1 Introduction

Efforts towards the identification, assessment, and management of saltwater
intrusion (SWI) into coastal aquifers have relied on multiple techniques and methods
including geochemical and geophysical analysis, environmental tracers, laboratory
experiments, hydrodynamic techniques, as well as physical modeling (Zghibi et al., 2014;
Batayneh et al., 2013; Tomaskiewicz et al., 2014; Villegas et al., 2013; Guler, et al., 2012;
Mondalet al., 2010; Rachid et al. 2017; Werner et al., 2013; de Montety et al., 2008;
Boluda-Botella, et al., 2008; Duque et al., 2008; Sophiya & Syed, 2013; Cobaner et al.,
2012; El Shinnawy & Abayazid, 2011; Harbor, 1994; Purandara, et al., 2010). In parallel,
groundwater vulnerability assessment models e.g. GALDIT, DRASTIC and EPIC have
been increasingly used to quantify, assess and map the vulnerability of aquifers to SWI
based on data layers covering hydrogeological and hydrochemical characteristics of the
aquifers under study (Moazamnia et al., 2020; Elewa et al. 2013; Gogu et al. 2003; Milnes
2011; Li et al. 2018; Momejian et al. 2019; Fijani et al. 2013; Shirazi et al. 2012; Klassen &
Allen 2017; Shirazi et al. 2012; Rangel-Medina et al. 2004). Yet, almost all of these
techniques are data intensive and require significant resources aimed towards collecting the

needed input data. Unfortunately, these resources are often not readily accessible in data



scarce and under-studied aquifers, especially in developing countries. Due to the multiple
factors, including the biophysical characteristics, the geology and aquifer characteristics,
climatic factors and anthropogenic factors as well as the associated uncertainty and
synergy, that define the scale of SWI at any specific site, the quantification of the risk in
data scarce aquifers remains challenging.

This study proposes a semi-quantitative SWOT model to assess the risk of aquifers
to SWI in data scarce and under-studied aquifers along the Eastern Mediterranean coastline.
The model attempts to account for the interaction of the natural, anthropogenic, and
climatic drivers, while also accounting for the potential impacts of the socio-economic and
political conditions at the local or national levels, all of which define the vulnerabilities and
threats at play at the aquifer level. The model was tested on 26 aquifers along the Eastern
Mediterranean region, an area highly vulnerable to increased SWI due to its heavy reliance
on groundwater resources and its limited adaptive capacity towards management of the
consecutive impacts (WB 2010). The study concludes with a framework to inform decision

making towards sustainable aquifer management and SWI control.

2.2 Methodology
2.2.1 SWI along the East Med: identification of drivers
A comprehensive review and synthesis of the accessible literature on SWI along
the Eastern Mediterranean region was undertaken in order to identify some of the studied
affected aquifers and to be able to characterize the main drivers of SWI (Figure 2-1). The
study area covered the coastal region of Egypt, Israel, Palestine, Lebanon, Syria, Turkey

and Cyprus. We targeted published data for the period between 2000 and 2019 in an



attempt to represent the recent status and drivers of salinization in the study area. The
occurrence and intensity of the reported SWI across the aquifers was assessed and
synthesized into an atlas that provides a generalized comparative representation of salinity
along the entire study area. Given the large variability in the type and quality of the
reported salinity data between the aquifers and by country, we opted to use the widely
recognized salinity indicators (TDS, Cl- and EC) to classify the groundwater quality of the
coastal aquifers into slightly, moderately, highly or very highly saline (Table 2-1). Given
the limited information on the aquifers’ biophysical and geological characteristics such as
domain, boundaries, type, and the location of the seawater-freshwater interface, the spatial
representation of the aquifers was limited to their coastal boundary and as such the maps

may not necessarily refect the exact spatial extent of the aquifer.

Table 2-1 Classification of water based on chloride, TDS, and EC concentrations
(Konikow & Reilly 1999)

Class Cl (ppm) TDS (ppm) EC
Fresh groundwater <100 0-500 <700
Slightly saline groundwater 100 — 250 500-1500 700-2000
Moderately saline groundwater | 250 - 500 1500-7000 2000-10000
Highly saline groundwater 500 -1000  7000-15000 10000-25000
Very highly saline groundwater| 1000 — 10000 15000-35000 25000-45000
Seawater >10000 >35000 >45000
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Globally, research on the main drivers of SWI have identified a number of
anthropogenic and climatic drivers (Safi et al. 2017; Selmi 2013; Cobaner et al. 2012;
Ivkovic et al. 2012; Chang et al. 2011; Ranjan et al. 2006; Scanlon et al. 2005). Population
growth and land development along the coastline are the two main facets of urbanization
and constitute the main anthropogenic inducers of SWI (Safi et al. 2017; Cobaner et al.
2012; Ranjan et al. 2006; Scanlon et al. 2005). Population growth increases water demands
and often intensifies the pressure placed on the available groundwater resources, while land
development can reduce natural groundwater recharge due to land use and land cover
(LULC) changes (Dawes et al. 2012; WB 2010; Ranjan et al. 2006; Doll & Florke 2005).
Moreover, excessive groundwater abstraction can modify local subsurface hydrodynamics
and promote saline water infringement into the freshwater aquifer when abstraction
overcomes the rate at which the aquifer is being replenished (Selmi 2013; Koussis et al.
2012; Cobaner et al. 2012; Sherif et al. 2012; Ergil 2001). In parallel, climatic drivers also
have a strong impact on SWI given their forcings on the water cycle. Note that their
impacts on SWI are expected to be accentuated by climate change due to the projected
changes in precipitation patterns, increase in temperatures, and the rise of sea levels (Bates
et al., 2008; Jackson et al., 2011; Neukum & Azzam, 2012; Doll & Florke 2005). Future
climatic predictions point towards a drier future in the Middle East with decreased runoff
and increased frequency and intensity of drought (IPCC 2013) highlighting an “Extremely
high” risk to climate change in the Eastern Mediterranean (Satta et al. 2017).

To overcome these anthropogenic and climatic drivers, countries worldwide have
implemented a wide range of mitigation measures and adaptation strategies, either at the

country or aquifer level, to halt or reverse SWI and potentially alleviating its impacts



(Abarca et al., 2006; Luyun et al., 2009; Pool & Carrera, 2010; UNFCCC, 2011; 2010;
Masciopinto, 2013). The success of these measures and plans have been shown to be a
function of the governance, policy making, socioeconomic, political, and water resources
management capacities of each country (Saadeh, 2009; Giordana & Montginoul, 2006; El-
Fadel et al. 2000). Accordingly, the identified drivers of SWI, for the purpose of this
research, include the anthropogenic, climatic and natural drivers as well as the adopted or
planned mitigation measures and adaptation strategies in light of the existing

socioeconomic and political conditions within the study area.

2.2.2 SWOT analysis and definition of model parameters

SWOT analysis is a qualitative examination that aims to identify the main factors
at play in a specific environment in order to improve our understanding of the process
under study and to better formulate follow-up strategies (Kajanus et al., 2012; Chang and
Huang, 2006). In this study, the evaluation criteria were determined and categorized into
key internal (strengths and weaknesses) and external (threats and opportunities) factors that
can promote or reduce SWI in coastal aquifers. Internal factors were defined as the efforts,
measures and steps that are taken by the responsible authorities to recognize, prevent,
manage, mitigate and adapt to SWI whereby their presence or absence signifies strengths or
weaknesses, respectively. On the other hand, external factors represented the factors
outside of the control of the responsible authorities but for which they can perceive either
as an opportunity to benefit from in their pursuit for achieving sustainable aquifer
management or as a threat that hinders their aspired management. To further enhance the

SWOT analysis, a semi-quantitative approach was implemented by coupling SWOT with



multi-attribute decision making (MADM) analysis. The use of MADM allows for the
systematic evaluation of the SWOT factors and the commensuration of their intensities
(Kajanus et al., 2012; Kurtilla et al., 2000). Coupling SWOT with MADM analysis has
been increasingly being adopted and has been reported to provide more robust results as
compared to the qualitative examinations of SWOT (Rachid et al. 2013; Svekli et al., 2012;
Gao and Peng, 2011; Amin et al., 2011; Lee and Lin, 2008). In this work, the coupling of
SWOT and MADM consisted of first qualitatively assessing the aquifers based on a set of
defined evaluation criteria that were categorized into internal and external factors. This was
then followed by scoring the aquifers based on a proposed standardized scale that was

defined for each of the evaluation criteria.

2.2.2.1 SWOT Model Development

Based on the literature, the selected criteria for the semi-quantitative SWOT
analysis included the physical, anthropogenic, and climatic drivers as well as the main
socioeconomic indicators and governmental instruments related to the SWI mitigation and
adaptation (Safi et al. 2017; Selmi 2013; Cobaner et al. 2012; Ivkovic et al. 2012; Chang et
al. 2011; Ranjan et al. 2006; Scanlon et al. 2005; Dawes et al. 2012; WB 2010; Doll &
Florke 2005; Sherif et al. 2012; Koussis et al. 2012; Ergil 2001; Bates et al., 2008; Jackson
et al.,, 2011; Neukum & Azzam, 2012; Ferguson & Gleeson 2012; Payne 2010). These
indicators were then defined as either internal or external factors. The internal factors (I)
included (11) physical drivers (geology, groundwater recharge; water stress); (12)
anthropogenic drivers (population growth and density, consumption rate, urbanization, land

use); as well as (I3) government instruments for mitigation and adaptation (supply and



demand management measures, nonconventional resources, integrated planning,
regulations). The considered external (E) factors included (E1) climatic drivers
(precipitation, temperature, sea level rise); and (E2) socioeconomic indicators (GDP per
capita, stability, political will) (Table 2-2). The data for the external factors was only
available at the country level (Table 2-2) due to the nature of the factor (e.g. political will)
or due to limitations in data accessibility and availability (e.g. projected temperature
increase per aquifer), as such aquifers of the same country reported the same score on the
external factors.

For each of the selected indicators, a set of ordinal categories was defined with an
emphasis on highlighting the differences between the aquifers in the study area (Table 2-2).
The scores per indicator ranged between 5 and 20, with 5 representing ‘good standing” and
20 representing major weaknesses and threats (Table 2-2). The definition of the categories
per indicator and the assignment of scores were based on the literature and subjected to an
expert elicitation process where five subject matter experts were consulted to validate the
indicator categories and fine-tune the scoring system. The raw internal and external total
scores for each aquifer were determined separately by summing the scores of their
respective indicators (internal score alone and external score alone). These raw scores were
then centered around the mean values of each of the internal and external factors calculated
across all aquifers. The centered scores were then plotted on a SWOT numerical matrix,
where the x-axis represents the internal assessment (strengths or weaknesses) and the y-axis
represent the external assessment (opportunities or threats). The resultant axes form four
quadrants, with the origin representing a hypothetical aquifer that has an average internal

and external score for the study area. Quadrant I, top right, represents positive scores on
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both internal (strengths) and external (opportunities) factors, reflecting a positive
sustainable environment that is less vulnerable to SWI, hence it is expected to correspond
to fresh aquifers or those with a slight risk of SWI. Quadrant II, top left, reflects positive
scores on the external (opportunities) factors, which is promising as it reflects an enabling
environment if internal factors are also positive, however Quadrant Il reflects negative
scores on the internal (weaknesses) factors, which represent the major drivers of SWI that
the country/aquifer has an ability to influence. Accordingly, aquifers in this quadrant are
considered to represent a high risk of SWI due to the negative scores on the internal factors.
Quadrant 111, bottom left, reflects negative scores on both the internal and the external
factors; hence these aquifers suffer from weak or lack of efforts, measures and steps to
recognize, prevent, manage, mitigate and adapt to SWI and exist in environments that
disable the sustainable management of SWI. Quadrant IV, bottom right, reflects positive
scores on internal factors which indicates that efforts, measures and steps exist to
recognize, prevent, manage, mitigate and adapt to SWI however due to the negative scores
on the external factors, which limits the achievement of sustainable management of SWI,
these aquifers are considered to have a moderate SWI risk. The risk is considered moderate
relative to the risk associated with Quadrant Il and Ill. A radar plot was used to illustrate

the semi-quantitative SWOT results of all aquifers per country

2.2.3 Model Validation and Testing
The proposed semi-quantitative SWOT model was applied to 26 aquifers along the
East Med coastline that are known to be experiencing different levels of SWI. The

performance of the semi-quantitative SWOT model was then assessed by comparing the
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correspondence between the aquifer salinity level (Table 2-1) as reported in the reviewed
literature versus the SWOT quadrant that each aquifer occupied (Table 2-3). Contingency
table analysis was used to assess if the SWOT estimated risk of SWI showed a statistically
significant association with the salinity-level classification (95% confidence level). This
was assessed using both the Chi square and Fischer’s tests as well as the non-parametric
Wilcoxon signed rank test. All statistical analyses were undertaken using XLSTAT

(XLSTAT 2019).

Table 2-2 Alignment of water classification with SWOT quadrants for performance

analysis

Class Cl (ppm) TDS (ppm) EC SWOT Numeric
Quadrant label @

Fresh groundwater <100 0-500 <700 | 1
Slightly saline groundwater 100 - 250 500-1500 700-2000 |
Moderately saline groundwater 250 - 500 1500-7000 2000-10000 v
Highly saline groundwater 500 — 1000 7000-15000  10000-25000 1
Very highly saline groundwater |1000 — 10000 15000-35000 25000-45000 Il 4
Seawater >10000 >35000 >45000 Il

2 Numeric Label for statistical analysis

2.2.4 Framework for sustainable aquifer and SWI management.

Currently practiced mitigation measures and adaptation strategies were examined
both at the country and at the aquifer level along the Eastern Mediterranean coastline in
order to propose a general framework for aquifer management and SWI control at the basin
level. The proposed framework targets land use planning as well as water demand and
supply management, while also highlighting the importance of an integrated approach for

effective SWI control.
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2.3 Results and Discussion
2.3.1 SWI status along the East Med

The synthesis of accessible literature revealed a discrepancy in the number of
studies undertaken by countries (Table 2-4); yet it should be noted that other documents
either in the native language of the country or not published online may be available but
were not accessible. In Lebanon, the studies targeted mostly urban centers, with a focus on
field sampling and saltwater detection (EI Moujabber et al. 2006; Saadeh 2008; EI Chami et
al. 2009; Korfali & Jurdi 2010; Hdeib 2012; Zarour 2017; Rachid et al. 2017). Few studies
targeted SWI1 modeling or adaptive management (Safi et al. 2017; Khadra & Stuyfzand
2014; Kalaoun et al. 2018). In Syria, studies that focused on water quality sampling and/or
management were limited (Al Charideh 2007; Abou Zakhem & Hafez 2007; Allow 2012;
Faour & Fayad 2014; Abou Zakhem & Katta 2017). Aquifers in Turkey were relatively
well characterized with much work focusing on field sampling and modeling along the
southern border (Demirel 2004; Motz et al. 2005; Seckin et al. 2010; Breheme et al. 2011;
Kurunc et al. 2016; EEA, 2005). Similarly, in Egypt, aquifers were well studied,
particularly in the Nile Delta and the Northwestern aquifers; these studies included field
sampling, modeling, resistivity profiling as well as adaptive management (Negm 2019;
Mabrouk et al. 2018; Eissa et al. 2018; Attwa et al. 2016; Nofal et al. 2015; Elewa et al.
2013; Salim, 2012). In Israel and Palestine, several studies were reported for the coastal
aquifers, equally targeting field sampling, modeling and adaptive management (Vengosh et
al. 2005; Mogheir et al. 2005; Baalousha 2006; Amir et al. 2013; Levi et al. 2018; Graber et
al. 2008; Mushtaha et al. 2019). In Cyprus, most studies were generally based on old field

data with a few that provided updates on the current situation (Ergil 2001; Milnes & Renard
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2004; Elkiran & Ergil 2006; Mazi et al. 2014; Papadaskalopoulou 2015; Tzoraki et al.
2018). Note that in Turkey, Lebanon, Palestine, Israel and Egypt, multiple studies targeted
the same aquifer at different time. This allowed for tracking the progression of SWI in

these aquifers.

2.3.1.1 Spatial distribution and intensity of SWI

Based on the review and analysis of the available and accessible data, an atlas
showing the most recent SWI status per site along the Eastern Mediterranean was
developed (Figure 2-2). The northeastern and eastern coasts of the study area appear to
suffer from moderately to highly saline groundwater, with pockets of very highly saline
groundwater, such as in the Beirut-Lebanon and the Magosa, Cyprus aquifers. The
southeastern section of the coastline suffers from well-advanced SWI as is observed in the
Gaza aquifer and the Coastal Aquifer of Israel as well as in the Nile Delta aquifer and the

northwestern aquifer along the Mediterranean coast of Egypt.
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Table 2-3 Summary of literature review onthe status of SWI along the East Med

Reference Sampling No. Pilot Area Land Use* Formation® Salinity

Year Wells *

Turkey

Kurunc et al. 2016 2009 - 2010 211 Serik plain A QCT 60 — 4170 (EC uS/cm)
Guler et al. 2012 2008 193 Tarsus, Mersin A LR C,T,Q 400 — 3000 (EC uS/cm)
Cobaner et al. 2012 2007-2008 23 Silifke - Gosku A Q 460 — 3300 (EC uS/cm)
Breheme et al. 2011 - 34 Hatay AR Q,C 240 — 890 (EC uS/cm)
Demirel 2010 2006-2008 13 Gosku delta AR QT 480 — 2800 (EC uS/cm)
Seckin et al. 2010 2007/2008 21 Silifke-Goksu A Q 400 — 3400 (EC uS/cm)
Motz et al. 2005 2001-2002 53 Silifke - Goksu Q 100 — 2200 mg/I CI

2001-2003 Mersin Q, mixed 380 — 6800 (EC uS/cm)
Demirel 2004 2001 8 Mersin-Kazanli | Q 700 mg/I CI
EEA 2005 - Southern Turkey Affected aquifers

Syria
Faour & Fayad 2014 2001-2014 Latakia to Tartous AR Q Increase SWI
Abou Zakhem & Hafez 1998/ 2003 23 Latakia AR QCT 1000 — 6700 uS/cm EC
2007 Tartous 600 — 2000 uS/cm EC
Al Charideh 2007 2002 21 Banyas to Amrit Mixed Q,C 380-640 uS/cm EC
Allow 2012 1966-2003 20 Damsarkho A Mixed Active SWI
Lebanon
Zaarour 2017 2013 15 Akkar A Q 220 — 680 mg/I CI
6 Ghadir R, I C 415 — 3800 mg/I Cl

Momejian et al. 2019 2012/2013 29 Jal el Dib Mixed C,Q 400-8000 uS/cm EC
El-Fadel et al. 2017 2013/2014 60 Zahrani A C,Q 350-4000 uS/cm EC
Rachid et al. 2017 2012/2013 113 Beirut R C,TQ 700-65000 uS/cm EC
Saadeh & Wakim 2017 2014 20 Beirut R C,TQ 500 — 24000 mg/l TDS
El Fadel et al. 2015 2013 60 Hadath R, I,A C,T,Q 209 — 3460 mg/l TDS
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Reference Sampling No. Pilot Area Land Use* Formation® Salinity
Year Wells )
Khadra & Stuyfzand 2014 2011 90 Damour A C,TQ 350-2500 mg/l TDS
Tomaszkiewicz et al. 2014  2006/2007 60 Tripoli R CQ 209 — 3460 mg/l TDS
Hdeib 2012 2012 75 Khalde AR I C Q,J 1600 — 3000 uS/cm EC
Dawha 1100 — 4000 uS/cm EC
Jieh 600 — 2600 uS/cm EC
Saadiyat 1500 — 7000 uS/cm EC
Damour 500 — 3500 uS/cm EC
Korfali&Jurdi 2010 2005/2006 120 Beirut R U 900 — 5931 EC pS/cm
30 Tripoli R 500-3700 uS/cm EC
21 Saida R 450-4200 uS/cm EC
El Chami et al. 2009 2006 21 Byblos AR Q 40 — 200 EC uS/cm
Saadeh 2008 2004/2005 22 Beirut R C,TQ 260 — 2400 mg/l TDS
Korfali&Jurdi 2007 2005/2006 73 Beirut U 110 - 3100 mg/l TDS
Masciopinto 2013 2003 44 Choueifat-Jieh Mixed, A U 1000 — 4000 mg/l TDS
El Moujabber et al. 2006 1999/2000 14 Hadath I,R Q 1000-2000uS/cm EC
Rmyle A C 2000 — 5000 uS/cm EC
CAMP 2004 NA 9 Damour A U 500 — 1850 mg/l TDS
Palestine
Abu AlNaeem et al. 2018  Unclear 219 Gaza R, A C,Q 597-30000 uS/cm EC
370- 18000 mg/l TDS
Alagha et al. 2017 1999-2010 22 Gaza R, A C.Q >2000mg/l CL
Dentoni et al 2015 2011 - 2020 Model Gaza R, A CQ Increase average head
Mogheir et al. 2013 - - Gaza CQ 3700 — 6000 uS/cm EC
Vengosh et al 2005 2001 40 Gaza R, A CQ 400 — 3600 mg/l TDS
Israel
Yechieli et al. 2019 2014 - 2015 5 Yarkoun -Taninim C 26000 — 40000 mg/l TDS
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Reference Sampling No. Pilot Area Land Use* Formation® Salinity
Year Wells -

Tal et al. 2017 2014-2015 25 Yarkoun -Taninim Q 1600-11000 mg/I CI

Melloul & Collin, 2003 - - Tel Aviv R U >1000 mg/l CI; 20mg/l/yr

Yechieli et al. 2009 2002-2005 50 Coastal aquifer Q 29- 20000 mg/I CL
Egypt

Eissa et al. 2018 2013 29 Ras el Hekmeh — northwestern U C,T 620-21000 uS/cm E
coast

Eissa et al. 2016 2015 21 Bagoush - northwestern coast AR QT 1000 — 23000 uS/cm EC

Attwa et al. 2016 2014 40 El Sharkia — Eastern Nile Delta A Q,C 370 — 26000 uS/cm EC

Salem et al. 2016 2012 20 Abu Madi area — Eastern Nile A Q 4100 — 12300 uS/cm EC
Delta

Nofal et al. 2015 2013 - Nile Delta A Q, fluvial 4900 - 20000 TDS

Gad & Khalaf 2015 2006 18 North Sinai AR Q 1500 — 4500 mg/l TDS

Masoud, 2014 2011/2012 451 Western Nile Detla R I,A U 2000-24000 mg/l TDS

Elewa et al. 2013 2010 46 Eastern Nile Delta A Q 390 — 32000 uS/cm EC

Salim 2012 2008 - Nile Delta AR, I Q 1000-5000 mg/l TDS

Coastal aquifer C >2000 mg/l TDS
Moghra aquifer C 1000 — 15000 mg/l TDS

Cyprus

Tzoraki et al. 2018 2006 - 2011 9 Ezousa aquifer Q,C ~ 1701 “ri/g;r;c; ~ 174

Ergil 2001 1997 Guzelyurt C,T >5000 ppm salinity

Milnes et al. 2006 2003 66 Akrotiri Q,C 1500 — 5000 EC uS/cm

EEA 2005 - - Cyprus Affected aquifers

Milnes & Renard 2004 2001 78 Kiti Q.C 2000 — 10000 EC uS/cm

Elkiran & Ergil 2006 - - Magosa A Very highly saline, not in use

*Land Use = A: agriculture; R: residential; I: industrial;
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Figure 2-2 Atlas of status of SWI along the Easter Mediteranean

18




2.3.2 Management of SWI along the Eastern Mediterranean

Active attempts to adapt to SWI, through implementation of adaptation strategies and
mitigation measures, were particularly observed in areas suffering most from advanced
salinization or from limited water resources in general. In Turkey, aquifers were found to be
periodically monitored (Gemici et al. 2006) with enforcement of demand and supply side
measures to manage SWI including the use of water quotas and permits as well as an
increased implementation of managed artificial recharge projects (Demirel 2010; Kurunc et
al. 2016) and desalination (Giordana & Montginoul 2006; Kilickaplan et al. 2017). In Syria,
the focus was largely on supply management (dams and occasional inter-basin transfers)
rather than demand management (Wardeh et al. 2005). While several laws have been
promulgated to regulate groundwater exploitation, well permitting and specifications,
protection of recharge zones, pumping schemes, and water resources development,
enforcement appear to be weak (SINC 2010). Similarly, in Lebanon, laws related to
groundwater exploitation and well permitting exist but are not enforced. The most recent
National Water Strategy targeted supply management through dams and promoted
wastewater reuse and artificial recharge with limited emphasis on demand management
(MOEW 2010). The plan is facing social challenges while small scale building-level RO
units and an unregulated water tanker distribution system are proliferating (LTNC 2016). In
Israel, a well-developed system of adaptation strategies and mitigation measures has been in
place with a strong component focusing on demand management including water pricing,
quotas, and taxes (scarcity rents, drought taxes) (Becker, 2015). Moreover a continuous
hydrological monitoring system (Gilmont 2014) is in place and there are clear policies that
aim towards reducing the demand on the natural water supply sources by shifting dependency

to non-conventional sources like desalination (MIT 2015; ITNC 2018; Rosen et al. 2018),
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efficient systems, wastewater reuse (now at 85%) (ITNC 2018) as well as importing water
intensive crops. In the Palestinian Gaza Strip, 90% of the population depends on desalinated
water for drinking purposes (Mogheir et al. 2013) using public or privately-owned
desalination units (Mogheir et al. 2013; Baalousha 2006). While existing hydrological
monitoring systems are war-damaged (Abualtayef et al. 2016), adaptation strategies have
been developed to reduce abstraction rates to promote aquifer recovery through wastewater
reuse, artificial recharge, water transfer, and expansion of desalination capacities (Dentoni et
al. 2015; Abualtayef et al. 2016). Adaptation strategies and mitigation measures have also
evolved in Egypt (Batisha 2015), with monitoring systems installed in most vulnerable
aquifers of the Nile delta (Elewa et al. 2013) and a positive trend towards increasing the
reliance on solar powered desalination units (Salim 2012; El-Sadek 2010) and wastewater
reuse in agriculture (Negm 2019). Yet, groundwater pumping remains unmonitored (Attwa et
al. 2016). In Cyprus, a well-developed integrated water resources management system is in
place targeting both supply management (dams and drainage canals, water transfer, the
importation of water (from Greece particularly during the 2007-2008 drought), rainwater
harvesting, wastewater reuse and a desalination program) and demand management (water
metering, improved water networks as well as water pricing and quotas) (Papadaskalopoulou
2015; Tzoraki et al. 2018). Additional SWI- specific control measures have focused on
artificial recharge such as in the Ezousa aquifer (Tzoraki et al. 2018) and terminating

groundwater extraction as in the Magosa aquifer (Elkiran & Ergil 2006).

2.3.3 Compiling, testing and validation of SWOT model
Table 2-5 summarizes the data collected per aquifer with regards to the pre-defined
internal and external factors for the semi-quantitative SWOT assessment. However, it is

imperative to recognize the potential uncertainties associated with the reported data and the
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inconsistencies in the sampling methods used across studies. Limitations related to the
availability of information also dictated whether data collation was undertaken at the aquifer
or country level. Despite some similarities, each country has its unique loca context, which is
a result of its governance framework, political and economic situation as well as its inherent
natural and biophysical characteristics that affects how governments address SWI.

The results of the semi-quantitative SWOT assessment of the SWI risks in the
Eastern Mediterranean aquifers are depicted in Figure 2-3. Aquifers’ scores on internal and
external factors are detailed in Appendix 1a. It is observed that the aquifers in Cyprus fall in
Quadrant I with established strengths, despite some slight differences among the individual
aquifers, as well as favorable opportunities. This combination of strengths and opportunities
enable the reduction of risks and the proper management of SWI. Aquifers in Turkey seem to
exhibit good strengths, that are comparable to the aquifers of Cyprus, however are subject to
limited opportunities. As such, they appear to have a relatively low to moderate risk for SWI.
This status is critical as the future vulnerability to SWI will be defined by how Turkey foster
more opportunities and deals with threats to better enable sustainable aquifer management. In
Egypt, all aquifers are faced by threats which play a hindering role in the proper management
of SWI. Additionally, the Nile Delta and Ras El Hekmah aquifers also suffer from
weaknesses. This combination of weaknesses and threats puts them at a very high risk of
SWI. In particular, the North Sinai aquifer appears to enjoy better strengths and less
weaknesses than the other aquifers, which infer a moderate risk of SWI. The opposite applies
to the Coastal aquifer in Israel which suffers from considerable weaknesses that increases the
risk of SWI; however enjoys strong opportunities which indicate an enabling environment to
manage these risks, if weaknesses are overcome. Accordingly, the Coastal Aquifer suffers
from high risk to SWI. Aquifers in Lebanon and Syria suffer from hindering threats, albeit at

varying levels, in addition to weaknesses affecting some of these aquifers, hence aquifers are
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distributed over Quadrants I11 (very high risk) and IV (moderate risk). The aquifers of Beirut,
Damour and Tripoli of Lebanon and Damsarkho of Syria are also observed to suffer from
weaknesses relative to the other aquifers which represent an unhealthy environment that
reflects an advanced risk for SWI. The combination of threats and weaknesses jeopardize the
management of SWI and puts these aquifers at a very high risk of salinity. It is to be noted
that the Beirut Aquifer is depicted to suffer from the most weaknesses amongst all aquifers in
Lebanon and thus is the most at risk. The aquifers of Byblos, Akkar and Zahrani in Lebanon
and the Banyas/Amrit in Syria appear to have good established strengths relative to the other
aquifers and thus despite the threats they tend to suffer from a moderate risk to SWI. The
Gaza aquifer is depicted to suffer the most of all studied aquifers. It has considerable internal
weaknesses and is subject to hindering external threats. The aquifer is thus at a very high risk
of SWI with a bleak future in the absence of proper actions to improve the enabling

environment as well as manage the inherent aquifer/area characteristics.
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Table 2-4 Aquifer/ Country data on SWI factors in the East Med
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Aquifer growth density i n Mt s stress Geology Pathwa TS precipitation Temp. sea level rise capita Stability will
per km? (inh/km?) rate (Iic/d) trend (%) index* Y reduction (%) increase (°c) (m) (USD)
Turkey
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IKurunc et al 2016; * Gemici et al. 2006; *Kilickaplan et al. 2017; * TSNC 2018; ° Guler et al. 2012; ® Breheme et al. 2011; Demirel 2010; ’ Cobaner et al. 2012; ® Breheme et al. 2011; ° Fayad & Faour 2014; ° SINC 2010; ** Al Charideh, 2007; Fayad & Faour 2014;*? Allow, 2012; 13 Abou
Zakhem and Katta, 2017; * Zaarour 2017; ** Amir et al. 2018; Kalaoun et al. 2016; *° LTNC 2016; 7 Momejian et al. 2019; 1® El-Fadel et al. 2017; ** Rachid et al. 2017; 2° MOEW 2010; 2! Ayash 2010; % Khadra & Stuyfzand 2014; * Kalaoun et al. 2016;2018); > £l Chami et al. 2009; * Hdeib
2012; %° Abu AlNaeem et al. 2018; Alagha et al. 2017; Dentoni et al 2015; Mogheir et al. 2013; Vengosh et al 2005; >’ PINC 2016; ** Dentoni et al. 2015; Abualtayef et al. 2016; 2° WB 2018; ** UN DESA 2018; ! Yechieli et al. 2009; * MIT 2015; ITNC 2018; Rosen et al, 2018; ** ITNC 2018; **
Eissa et al. 2018; 3° ETNC 2016; *° ETNC 2016; Mabrouk et al. 2018), >’ Attwa et al. 2016; Salem et al. 2016; Nofal et al. 2015; Masoud, 2014; Elewa et al. 2013; Salim 2012; * Gad & Khalaf 2015; > Tzoraki et al. 2018; *° CSNC 2018; ** Milnes et al. 2006; ** Milnes & Renard 2004; ** Ergil 2001;
4 papadaskalopoulou 2015; ** WRI 2013; *°EC Report 2019; */Syria Report 2012; “®SOER 2011;*°Egypt Report 2016; *°EC Report 2019a; *Refer to Table 4; * Refer to Table 4, Q: Quaternary, C: Cenomanian, T: Tertiary.
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Figure 2-3 Semi- quantitative SWOT matrix of aquifers comparing the internal (x-axis) and
external (y-axis) factors affecting risks towards SWI (same color icons represent aquifers of
the same country)

Figure 2-4 shows the semi-quantitative individual SWOT analysis outcome at the
country level. In Israel/Palestine, while the Coastal and Gaza aquifers suffer from weaknesses
with high risk of SWI, the Gaza aquifer also suffer from severe threats that tend to make it
much more sustainable to salinization conditions than the Coastal aquifer. In Syria, the
Latakia/Damsarkho aquifer exhibited the most risk towards SWI given its relatively high
weakness ac compared to the other aquifers. The remaining coastal aquifers in Syria are
almost similar in conditions, with the Banyas-Amrit having the strongest internal factors and
thus the least at risk of SWI. In Turkey, Silifke and Serik aquifers appear to have internal
strengths that appear to reduce their risk towards SWI as compared to Hatay and Mersin,
although the weaknesses in the latter are not alarming. Additionally, it is observed that the
Hatay aquifer has a moderate risk towards SWI, similar to Mersin, but worse than Silifke and
Serik, whereas in reality, it is slightly saline. In Cyprus, all aquifers seem to enjoy well
established strengths as well as an enabling environment (opportunities) which highlights a
relatively low risk to SWI in these aquifers. The case of the Girne aquifer shows well
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established strengths, as compared to the other aquifers, highlighting a lower risk towards
SWI. In Egypt, the North Sinai conditions resemble those of the Silifke-Gosku aquifer in
Turkey while the Nile delta conditions resemble those of the Coastal aquifer of Israel. In
Lebanon, the case of the Beirut aquifer is alarming where strong weaknesses outweigh any
internal strengths or opportunities and hint towards a very high risk towards SWI. On the
other hand, the Akkar and Byblos aquifers appear to share similar good conditions, with the
most established strengths relative to the other aquifers in Lebanon, which makes them less

prone to SWI as compared to the rest of Lebanon aquifers.
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Figure 2-4 SWOT analysis per aquifer per country

The statistical tests conducted to assess the strength of the associations between the

results of the semi-quantitative SWOT model on one hand and the reported SWI status

showed that a strong statistically significant correlation (at p<0.05) existed between the two

(Table 2-5). The results thus show that the semi-quantitative SWOT analysis was effective at

predicting the status of SW1I in the coastal aquifers.
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Table 2-5 Significance of statistical tests of the SWI risk among the reported status and the
modelled results

Reported SWI status /modeled Chi square test (p<0.05)  Fischer test (p<0.05)  Wilcoxon (p<0.05)

Semi-quantitative SWOT <0.016 0.018 0.04

2.3.4 Framework for aquifer management and SWI control

Similar to many locations worldwide, SWI is an evident threat along the Eastern
Mediterranean with reported data stressing the need to control SWI towards sustainable
aquifer management. Regional adaptation strategies and mitigation measures highlight a good
adaptive capacity in Cyprus, Israel and Turkey that is still emerging in Egypt and weak in
Lebanon, Syria, and Palestine. While national communications of all countries to the
UNFCCC have included recommendations for adaptation and integrating potential climate
change impacts in their water resources plans, albeit with heterogeneity in coverage and
intensity (TSNC 2018; LTNC 2016; ETNC 2016; SINC 2010; PINC 2016), the actual
implementation and integration within aquifer management, aside from Cyprus (CSNC 2018)
and Israel (ITNC 2018) remains unclear.

Capitalizing on lessons learnt from regional experiences and recognizing the need
for more systematic and holistic approaches towards the management of SWI, Figure 2-5
outlines a general framework for adaptation strategies and mitigation measures aimed
towards sustainable aquifer exploitation to control SWI. The framework brings together
measures that have proven to be successful in individual countries with an integrated
approach that emphasizes the main pillars of water demand and supply management, while
also attending to the importance of land use planning and interventions of SWI control. It
recognizes awareness as a building block and highlights political will for achievement. While
adaptation and mitigation are indispensable for aquifers vulnerable to or already affected by

salinity, the framework also targets slightly saline and freshwater aquifers. In this context,
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protection efforts towards are equally important to delay and avoid salinization particularly

that once salinization is well advanced, aquifer recovery becomes long and difficult (Safi et

al. 2017; Cobaner et al. 2012; Selmi 2013
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2.4 Conclusion

intrusion using a semi-quantitative SWOT (strengths, weaknesses, opportunities, threats)

analysis. The model encompassed internal and external indicators that depicted the main
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Figure 2-5 Synopsis of Management Framework for aquifer management and SWI risk

siapjoyyers

This study presented a semi-quantitative model for the estimation of risk to seawater

drivers of seawater intrusion including the physical, anthropogenic, climatic as well as

governance and political drivers. The model was tested with data collected from 26 aquifers

along the East Med region. Its effectiveness in identifying aquifers at risk was verified with a

statistically significant correlation with reported seawater intrusion levels. Limitations

associated with the proposed semi-quantitative SWOT model include the availability and

accessibility of information which led to the scoring of some elements at the country level

rather than the aquifer level which might not be representative. Additionally, the assumption

29



that elements sustain equal weights is arguable where the effect of weights per individual
elements on the accuracy of the risk representation merits, further exploration.

Current knowledge on the intensity, spatial and temporal extent of SWI along the
East Med was also illustrated through an indicative atlas. Aquifers in the region appear to be
at different stages of SWI exhibiting signs of highly saline groundwater with alarming rates
at dense population centers (Beirut, Magoza, Gaza and the Nile Delta). Adaptation strategies
and mitigation measures highlighted a relatively strong adaptive capacity in Cyprus, Israel
and Turkey, an emerging capacity in Egypt, while Lebanon, Syria, and Palestine exhibiting
weak capabilities. Saltwater intrusion along the East Med is expected to increase under the
synergistic effect of urbanization and climate change due to potential sea level rise, reduction
in precipitation and aquifer recharge. In turn, increased SWI is expected to exacerbate the
socio-economic burden to this area's vulnerable and fragile local livelihoods. Capitalizing on
lessons learnt from the studied aquifers, a general framework for mitigation measures and
adaptation strategies is presented towards SWI control and sustainable aquifer management.
While adaptation and mitigation measures are indispensable for aquifers vulnerable to or
already affected by salinity, the framework equally addresses slightly saline and freshwater

aquifers.
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CHAPTER 3

TOWARDS A FRAMEWORK FOR THE ASSESSMENT OF
SALTWATER INTRUSION IN COASTAL AQUIFERS

3.1 Introduction

Saltwater intrusion (SWI) is a global coastal threat caused primarily by groundwater
over-exploitation due to population growth, development, and urbanization. The extent of
SWI is expected to exacerbate under potential impacts associated with future climate change
such as sea level rise coupled with increased water demand due to temperature increase and
precipitation decrease. When combined (Figure 3-1), these factors would reduce aquifer
recharge with SWI1 manifesting itself in the mixing of freshwater with seawater, often
rendering groundwater resources non-suitable for domestic, agricultural, industrial or
recreational uses (Zhang et al., 2011; Sales, 2009; Conrads & Roehl, 2007; Sanford & Pope,
2010, Bobba, 2002; de Montety et al., 2008; Capaccionoi et al., 2005; Fatoric & Chelleri,
2012; Duque et al., 2008). The importance of understanding the dynamics and impacts of
SWI lies in the need to plan, manage and adapt towards protecting the biophysical elements
(i.e. subsurface aquifers and groundwater quality) from contamination and curtailing
associated socioeconomic burdens on coastal communities (i.e. the impairment of an
important water source, damages to water fixtures and infrastructure, soil salinization,

treatment cost or alternative water sources, and potential health issues).
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Efforts towards understanding the vulnerability to and the impact of SWI are
widespread and rely on geochemical and geophysical characterization as well as on
laboratory experiments, hydrodynamic techniques, and modeling often coupled with
multivariate statistical analysis, geo-spatial analysis, and environmental tracers (Kumar et al.
2015; Werner et al. 2013; de Montety et al. 2008; Duque et al. 2008). Each SWI assessment
method has its requirements, limitations, as well as advantages and disadvantages which
frames its applicability, use, and implications of associated findings. Most methods are highly
data-driven and prohibitively expensive to apply, affected by environmental noises, and
vulnerable to interactions and interventions from processes that may mask their results
(Werner et al., 2013).

Despite advances in SWI research, it remains challenging to assess and manage its
impact due to influences of complex factors, including hydro-geochemical dynamics,
shoreline geomorphology, biochemical reactions, and aquifer flow and transport processes
among others (Werner et al., 2013; 2012; Melloul & Goldenberg, 1997). This is particularly
the case in fractured, karstic and semi-karstic media, which despite multiple attempts to
characterize, remains poorly studied worldwide (Sebben et al., 2015; Werner et al., 2013;

Cherubini & Pastore, 2011; Papadopoulou et al., 2005; Langevin, 2003). The understanding
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of the heterogeneity, discontinuities, fractures, conduits and faults’ networks as well as the
individual and synergistic effect of these complex features greatly shape how the aquifer
allows and reacts to saltwater intrusion (Papadopoulou et al. 2005; Allen et al., 2002). It
affects the pollutant flow, transport and concentration, here salinity, in the aquifer, hence
defines how saltwater intrusion occurs and advances. This complexity is further aggravated in
data-scarce regions where coastal managers need to plan and act under incomplete
knowledge and uncertainty to delineate impacts and protect coastal communities (Cardenas &
Halman, 2016; Werner et al., 2013; Tribbia & Moser, 2008).

In this study, we identify common techniques, methods and metrics used to assess
the impact of SWI and analyze and appraise their characteristics and differences as well as
their applicability in fractured media. These techniques were tested at a highly exploited but
data-scarce, heterogeneous aquifer to understand the status and progression of saltwater
intrusion in the aquifer. The study presents a first attempt at coupling a quantitative
assessment of the outcomes of various methods with a qualitative comparison of their
inherent characteristics resulting in the development of an assessment framework that
provides a novel platform for informed impact assessment and sustainable exploitation of
coastal aquifers reducing the gap between SWI knowledge on one side and management
needs for practice and implementation on the other. The resulting framework is the first to
apply SWOT and MADM analysis to SWI where ‘fit for purpose’ assessment techniques
were identified based on functionality and simplicity. Such a framework, based on hydro-
geochemical techniques coupling indicators and indices with geo-statistical analysis, is able
to scrutinize the distribution and intensity of SWI and assess its impact on groundwater

quality, applicable to heterogeneous systems.
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3.2 Theory

Saltwater intrusion is governed by coastal hydrostatic pressures at the hydraulic
interface between saline and freshwater. Under undisturbed conditions, a state of dynamic
equilibrium between freshwater and seawater is maintained where the hydraulic gradient
pushes freshwater towards the sea. As a result of prolonged changes in coastal groundwater
levels due to pumping, land-use change, climate variations or sea-level fluctuations, this
hydraulic gradient is reversed, resulting in seawater infringement into the aquifer (Bear,
1979). Studies on saltwater intrusion have focused on the process itself, the measurement of
propagation and concentration, the prediction of intrusion as well as on the management of
vulnerable aquifers (Werner et al., 2013). As the intrusion of saltwater is primarily a function
of the hydrogeological characteristics of the aquifer and its hydrodynamics, and as
uncertainty is always associated with aquifer characterization, there exists an ‘inherent
uniqueness of each case of intrusion” (Werner et al., 2013) which accentuates the need case-
studies of aquifers to build the knowledge. Field data are often inadequate but indispensable
for a proper characterization and assessment of saltwater intrusion. Concurrently, coastal
aquifers worldwide are suffering from variable degrees of salinization, with a need for a
better understanding of the process especially in complex aquifers. Capitalizing on accessible
data in an integrated systematic framework can act as a preliminary assessment tool to inform

decision makers and facilitate aquifer management.

3.3 Materials and Methods
The methodology consisted of a comprehensive analytical approach including: 1)
review and selection of methods commonly used to asses SWI; 2) fieldwork for aquifer

characterization and testing of methods; 3) evaluation of the effectiveness of tested methods
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based on predefined criteria; and 4) development of a SWI assessment framework towards

informed planning and decision-making for improved groundwater management.

3.3.1 Review and Selection of methods for SWI assessment

The selection of methods for SWI assessment represents the first step towards

decision-making whereby alternative methods are analyzed and assessed against clear

criteria. For the purpose of this research, two levels of assessments were undertaken: a

qualitative comparative assessment of families of methods (i.e. geochemical, geophysical,

laboratory, modeling...etc.) followed by a semi-quantitative assessment of individual

alternatives. The assessment of families of methods was based on a complexity-functionality

assessment (CFA), adapted from Faludi et al. (2016) into a high-level qualitative evaluation

because criteria to select methods for SWI assessment have not been reported (Table 3-1).

Table 3-1 Criteria for assessing complexity and functionality

Factor

Criteria

Explanation

Complexity

Level of input data

Relative level of input data required and specialization in
the analysis and interpretation

(i.e. relatively specialized, specialized, highly specialized)

Accessibility and availability

Relative level of accessibility/ availability and feasibility in
terms of requirements for sampling and analysis; challenges

(i.e. feasible/ expensive; readily accessible/ challenging)

Decision Makers friendly

Ease of use by decision makers
(i.e. easy, medium, complex)

Functionality

Output of the method

Level of contribution to understanding the different aspects
of SWI (spatial distribution, geochemical reactions,
hydrochemical facies etc.)

(i.e. limited, varies, wide)

Use for monitoring

Potential to use the method in monitoring i.e. flexibility and
feasibility for spatio-temporal analysis;

(Yes, No, not applicable)

Integration in framework

Potential to integrate method in a framework
(Yes, No)

A wide variability in the complexity, feasibility and accessibility to the required

input data as well as in the utility was observed (Table 3-2) amongst various methods used to

assess the SWI impact. Geochemical techniques were selected for further analysis and field
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testing because of their inherent characteristics of being moderate in complexity, feasible in

terms of data collection and analysis, cover a spectrum of SWi-related outputs, easy to

replicate for monitoring, and popular with decision makers.

Table 3-2 Evaluation of methods' families against the selection criteria

Criteria Level of Accessibility/ Decision Output Use for Integration
Data & availability of data makers (coverage of  Monitoring in
Method analysis friendly SWi framework
aspects)
Geo-chemical Relatively Sampling-based/ usually Relatively Relatively Yes/ Yes
(Fieldwork, lab  specialized accessible/ relatively easy wide continuous
analysis, geo- feasible
chemical
analysis)
Geophysical Highly Noise interference in built-  Complex  Limited (only Not No
(Fieldwork, specialized up areas/ technology- level and applicable
results based/ not readily extent)
interpretation) accessible/ expensive
Laboratory Relatively Challenging in coastal Relatively Varies No No
experimental specialized heterogeneous aquifers/ easy
set-ups not readily accessible/
relatively expensive
Statistical Specialized Accessible/ feasible Level Limited Yes Yes
analysis varies (Correlations;
distribution)
Environmental ~ Specialized Challenging in coastal Medium Limited Not feasible No
tracers (Field heterogeneous aquifers/ ~ complexity  (specialized
work, sampling, tracers and analysis not use)
lab analysis) readily accessible/
relatively expensive
Modeling Highly Challenging in coastal Medium Limited No No
(model set-up,  specialized heterogeneous aquifers/ complexity  (targeted use)
simulations) software-based/ expensive

Commonly used hydro-geochemical techniques rely on the concentrations of

chloride, total dissolved solids, and electrical conductivity which are the first and most

common signs for detecting salinization (Table 3-3) as well as on indicative ratios such as

Na*/Cl, Ca?*/Mg?*, Br/Cl", SO4%*/CI", CI/THCOsand Ca?*/(SO4*+HCO3), the seawater

fraction, ionic deltas, the Base Exchange indices (BEX), the Chloro-Alkaline indicators

(CAI=[(CI - (Na*" +K")]/CI"), and composite techniques that integrate multiple parameters

into single metrics. Composite techniques in particular (Table 3-4) encompass the:
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- Stuyfzand classification method, (Stuyfzand, 1989; 2008), which is used to characterize
the water type and quality to assess the intensity of the SWI impact;

- Generalized groundwater quality index (GQI), that synthesizes water quality data by
indexing them numerically relative to WHO standards, and then used to summarize
water quality with and without indicators of pollution (nitrates and coliforms), and cross-
check or complement aquifer vulnerability assessments (Babiker et al. 2007); and

- GQI specific to seawater intrusion (GQIlswi), developed as a spatial mapping tool that
couples the fresh-saline water mixing (sea fraction) with the piper diagram (Piper, 1953)
analysis into a numerical indicator of the SWI polluting effect (Tomaszkiewicz et al.
2014).

Multivariate statistical analysis, geo-spatial analysis and geostatistical interpolation
(i.e. Ordinary Kriging, indicator kriging, co-kriging...) are commonly coupled with the
hydro-geochemical techniques (Zghibi et al. 2014; Tomaskiewicz et al. 2014; Villegas et al.
2013; Mondal et al. 2010; Abu Zakhem and Hafez, 2007). Geo-statistical analysis and
interpolation is proving highly functional and informative in hydrogeological studies (Triki et
al., 2014; Agoubi et al., 2013; Castrignano et al., 2007) as it allows the interpretation of
spatial and temporal distributions of studied factors, as well as the extrapolation to areas
where data is not available or cannot be collected, based on correlations among the available
data. The inherent feature in geostatistical analysis to recognize and manage uncertainty in
the domain and data through probabilistic approaches to correlations in data and
interpolations through space and time is key in the assessment of SWI (Tomaskiewicz et al.,
2014; Triki et al., 2014).

Given that aquifer analysis is usually constrained by the lack of data, which is more
intricate in heterogeneous aquifers (De Filippis et al. 2016; Khadra and Stuyfzand 2014;

Werner et al. 2013; Mascopianti, 2013), all identified geochemical methods for field
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application were tested for consideration in the assessment framework, coupled with

geostatistical analysis and interpolation.

Table 3-3 Classification of water based on chloride, TDS, and EC concentrations
(Konikow & Reilly, 1999; Rhoades et al. 1992)

Class Cl (ppm) TDS (ppm) EC
Fresh groundwater <100 0-500 <700
Slightly saline groundwater 100 - 250 500-1500 700-2000
Moderately saline 250 - 500 1500-7000 2000-10000
groundwater
Highly saline groundwater 500 — 1000 7000-15000 10000-25000
Very highly saline 1000 — 15000-35000 25000-45000
groundwater 10000
Seawater >10000 >35000 >45000




Table 3-4 Stuyfzund’s method and the generalized water quality indices
(Stuyfzund, 1989; 2008; Babiker et al. 2007; Tomaskiewicz et al., 2014)

Stuyfzund water type method

Code Parameter Description (chloride in mg/l)
Salinity

g Oligohaline 5-30

F Fresh 30-150

f Fresh-brackish 150-300

B Brackish 300-1000

b Brackish-salt 1000-10000

S Salt 10000-20000

H Hypersaline >20000

Alkalinity Alkalinity as HCOs (mg/l)

* Very low <31

0 Low 31-61

1 Moderately low 61-122

2 Moderate 122-244

3 Moderately high 244-488

4 High 488-976

Dominant cation and anion Most important cation and anion
Ca Calcium The most important cations and
v s
Na Sodium for this purpose
HCOs Bicarbonate

Cl Chloride

Mix No anion > 50% sum of
anions

Base exchange
index (BEX) in meq/I

BEX= Na + K+ Mg - 1.0716ClI
BEX= Na+ K -0.8768Cl

indices

GQ'generaIized

C= (X-X)/(X’+X); X’: sample concentration; X: WHO threshold
r = is the rank value calculated as 0.5%C? + 4.5*C +5; N = is the

total number of parameters; w= relative weight of the parameter

GQlswi

GQIswi= (GQlpiper + GQlisea)/2

GQlIpiper(%)= [((Ca®* + Mg?*)/Total cations)
+ (HCO®*/Total anions)]*50 (in molar mass)

GQltsea= (1 — f sa)*100

e Equilibrium 0 (zero) or no BEX (e)
f Freshened >+(0.5 +0.02Cl) or positive BEX (+)
S Salinized <-(0.5 +0.02Cl) or negative BEX (-)
g Code Descriptor Value
% N Neutral pH >6.2
g a Slightly acidic 50-6.2
[}
§ A Acidic <5.0
E‘ M Mixed Redox -
o 0 (Sub)oxic 1-3
E r Reduced (anoxic) 4-5
% D Deeply(anoxic) 6-7
2 GQl = (100 - ((rawa+rawz+...+rawn)/N)
E
(on
3
©
=
©
c
]
e
O
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3.3.2 Pilot aquifer characterization and testing of methods

The pilot aquifer is located along the Eastern Mediterranean (Beirut, Lebanon)
underlying a 20km? peninsula (Figure 3-2) with around 9 km of rocky coastline with patches
of sandy shores and cliffs. The aquifer is overexploited by a large number?! of unregulated
residential wells (SOER, 2011; Saadeh 2008). The subsurface geology belongs to the
Cretaceous (Cenomanian c4 (Sanine), Senonian c¢6 (Chekka), and Turonian (Maameltein)
formations) and Quaternary (deposits of moving dunes and soils) periods with pockets of
Tertiary (Miocene). The main geological units exposed are the Sannine Formation (C4) and
the unconsolidated Quaternary deposits. The aquifer is heterogeneous and characterized by
fractured and semi-karst systems (Masciopanti, 2013; Shaaban et al. 2006) and heavily
jointed and faulted with at least two faults known to run in parallel along the NE to SW
direction from the Eastern coast towards the center (Ukayli, 1971; Peltekian, 1980). The
groundwater is stored in two principal aquifers of carbonate? and sandy? origins, making up
one thick (~700m) and extensive formation consisting mainly of limestone and dolomite, as
well as some intercalations of marl (Khair, 1992). The Cenomanian formation (c4) is
characterized by a dual porosity matrix and by solution enlarged channels and cavities from
joints and fractures. This high porosity enables groundwater to move laterally and vertically
to great depths (Ukayli, 1971) however the Cenomanian- Quaternary formation is underlain

by an aquiclude that separate it from deeper aquifers (Abdel Basit, 1971).

! Four to ten thousands
2 Cenomanian limestone
3 Quaternary with deposits directly overlaying the Cenomanian carbonates in many places
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Figure 3-2 General location and layout of pilot aquifer with sampled wells

The aquifer is poorly studied, generally in terms of its characteristics and
specifically in terms of groundwater quality. Little is reported on the nature of faults and
dislocation conditions and implications on the compartmentalization of the aquifer with no
lithostratigraphic cross-sections within the boundaries of the study area (El-Fadel et al.
2014). As such, information on the degree and spatial distribution of structural and physical
heterogeneity of the aquifer, the underlying water table, the depth of wells, as well as
extracted groundwater volumes are generally limited to non-existent. Additionally, wells are

invariably cased and seldom accessible for water level measurements.

3.3.3 Groundwater Sampling and Quality Analysis
A spatial and temporal sampling and analysis program was implemented to
characterize the groundwater quality and track seasonal changes. In total, 170 wells were

targeted with three sampling rounds undertaken to capture both the dry (early dry - June 2013
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and late dry - October 2013) and the wet (late wet - April 2014) seasons. Parameters analyzed
included TDS, hardness and major ions (HCOs", COs%, NOs", SO+%, Ca?*, Mg?*, CI', Br', Na*
and K*) as well as microbiological indicators (fecal and total coliforms). The analyses were
conducted in accordance with Standard Methods for the Examination of Water and
Wastewater (APHA-AWWA-WEF, 2012) at the American University of Beirut.

The hydro-geochemical data were analyzed for descriptive statistics and correlations
using the Statistical Package for Social Sciences (SPSS 16.0) software. Inferential statistical
analysis, particularly ‘Repeated Measures ANOVA’, was used to assess the significance of
the mean differences of sampled parameters between seasons, and to evaluate possible
correlations amongst parameters. When needed, the parameters were transformed to comply
with the normality condition and a Greenhouse-Geisser correction (i.e. when tests of
sphericity failed). Post hoc tests using the Bonferroni correction were applied to identify the

pairwise difference to boost confidence in the results and control of error rate.

3.3.4 Evaluation of techniques and development of SWI assessment Framework

The assessment of geochemical alternatives can be based on a Strengths,
Weaknesses, Opportunities and Threats (SWOT) analysis, Multi-Criteria Decision Support
(MCDS) or Multi-Attribute Decision Making (MADM) analyses, Analytical Network
Process (ANP) or fuzzy analyses, a Life Cycle Assessment (LCA) approach, or a
combination of methods to compare, weigh and select among alternatives (Faludi et al. 2016;
Baycheva-Merger & Wolfslehner, 2016; Ruiz Padillo et al. 2016; Garing et al. 2013; Rachid
& El-Fadel, 2013; Svekli et al. 2012; Yuksel & Dagdeviren, 2007). In this study, a semi-
guantitative approach was adopted whereby a SWOT analysis is coupled with a CFA and

MADM analysis.
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3.3.4.1 Determination of evaluation criteria for SWOT coupled with CFA

As the objective is to develop a SWI assessment framework, the main measure of
effectiveness is the contribution of a method to the comprehensiveness, reliability and
feasibility of this framework and its responsiveness to interpretation by decision makers.
However, since this effectiveness could come at a prohibitive cost, the complexity of the
method is also considered. As such, criteria for the comparative assessment of the
effectiveness of alternative methods focused on two levels: functionality and complexity.
These are evaluated under the same performance areas defined above and categorized into

internal (1) and external (E) factors (Table 3-5). Internal factors are intrinsic to the method

and present a property or an integral element of the method. These were proposed to include

input data (the scope of data needed to perform the method), interpretation (easiness of

interpretation by decision makers), representativeness (the extent of coverage of SWI traits

by the output), and distinctiveness (the extent of uniqueness of a method). On the other hand,

external factors are those that influence the method or affect how it is interpreted and used.

These were proposed to include independence (whether the method stands alone or requires

supporting elements for proper interpretation), framework integration (the applicability of the

method in a monitoring framework), and interference (the degree of misanalyses of the

results due to interference).
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Table 3-5 Scoring system for assessment of alternatives on pre-set criteria and factors

Scoring range 3 2 1 0

Internal Factors § g

Input Data (C) 7 Limited Low Moderate High g

Interpretation (C) Guidance Need help Need knowledge Specialized

Representativeness (F) Comprehensive Rich Fair Limited

Distinctiveness (F) Integrative Unique Share aspects Redundant

External Factors

Independence (C) Standalone Needs Complementary Dependent
supplementary

Framework (F) Basic block Direct Possible Limited

Interference/Reliability None Minimum Possible High

(F)

C: Complexity; F: Functionality

3.3.4.2 Definition of scores and scoring system

A weighing and scoring system is imperative for a semi-quantitative complexity-
functionality assessment. While SWOT, MADM or any other assessment method that
includes scoring of methods to evaluate SWI impacts has not been reported for
benchmarking, a scoring system was proposed to reflect the functionality and complexity of
alternatives (Table 3-5). The scoring ranged from 0 to 3 with O representing poor
functionality and high complexity while 3 reflects high functionality and low complexity.
The final score of each criterion was derived by summing the performance scores for each
factor after a normalization process based on a benefit-criterion system (Chang and Huang,
2006). The average normalized score of each criterion was used as a benchmark value
allowing a direct comparison among assessment alternatives over a complexity and

functionality numerical scale.

3.3.5 Framework Development
Based on method effectiveness, a framework for the assessment of the impact of
SWI was developed. It consists of several assessment methods to be undertaken in series

and/or in parallel to provide an adequate understanding of the SWI extent towards informed
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aquifer management. The initial selection allows the identification of methods applicable to
the aquifer of interest. Then, the testing of these methods allows the evaluation of the role
and contribution of each method in assessing the impact of SWI. The semi-quantitative
approach sheds light on advantages, disadvantages, limitations and effectiveness of each
method and identify those that should define a framework with minimal complexity, highest
functionality in terms of water quality characterization, spatially able to capture the aquifer

heterogeneity, and easy to understand by decision makers.

3.4 Results and Discussion
3.4.1 Application and testing of metrics

3.4.1.1 Physiochemical Parameters: groundwater quality and spatiotemporal effects

Summary statistics of the physio-chemical characteristics of the groundwater (GW)
in the pilot aquifer are presented in Table 3-6. Groundwater of neutral pH and (sub)oxic
redox potential (having oxidation-reduction reactions at low oxygen levels) dominated during
all seasons. High variability was observed for TDS in and between seasons ranging from 390
ppm (fresh GW) (June) to as high as 32,220 ppm (highly saline GW) (April), with only 21%
of samples showing fresh to slightly saline water quality (<1500 ppm). A statistically
significant increase in TDS values (p<0.001) reaching ~35% was observed in the late dry
sampling (October) round in comparison with the early dry (June) sampling. Similarly, based
on the CI classification, only 14% of groundwater samples reported fresh to slightly saline
quality (<250ppm), whereas the majority of samples exhibited saline to highly saline water

quality.
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Reduced recharge* coupled with continuous groundwater abstraction explains the
increase in EC, TDS and CI"in April 2014, as compared to June 2013. A significant intra-
variability was observed in samples collected in April 2014 where fresh and highly saline
groundwater was reported to exist concurrently but spatially apart. This variability hints
towards the possibility of having two major groundwater hydrosomes, where one has
undergone freshening, probably due to a decrease in abstraction rates that balanced the
reduced recharge driven by the drought, while the other suffered from increased SWI caused
by continuous abstraction driven by the lack of water exacerbated by the drought (Figure 3-
3).

Figure 3 was generated using the geostatistical analysis and interpolation tool within
the GIS. Ordinary kriging was applied to present and analyze TDS and Chloride
measurements at sampled locations and extrapolate concentrations based on correlations
between neighboring observation points to non-sampled locations. The geostatistical analysis
allowed the generation of predictive maps over the entire domain to visually emphasize
hotspots spatially and temporally. An exponential semi-variogram model with nugget of 0.22
and RMSE of 1.2 was used for lognormal transformed TDS data while a spherical model

with nugget of 0.28 and RMSE of 1.5 was used for lognormal transformed chloride data.

“due to an unusually dry 2013/2014 wet season (with total precipitation ~50% lower
than the annual average)
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Table 3-6 Summary of descriptive statistics of physio-chemical parameters, ionic ratios and indices for the pilot aquifer across the three

sampling periods

Season June 2013 (early dry) October 2013 (late dry) April 2014 (late wet) WHO
Min Max Mean SD Min Max Mean SD Min Max Mean SD Threshold
Parameter” (2011)
pH 6.4 8.2 7 0.3 6.5 7.73 7.04 0.31 6.71 8.0 7.1 0.22 6.5-8.5
EC 908 47106 9504 10468 740.6 65047 12008 15905 1550 65565 16391 15666
TDS 560 23320 4610 5088 4257 31460 5943 7709 390 32220 8389 7838 600
Ca% 56 1362 282.7 212.7 32 1190 249 222 14.4 1126 270.7 196 300
Mg? 194 1297 229.9 213 14.8 1129.9 246.8 261 11.9 1883 431.7 430 300
TH 450 8740 1651.5 1267 336 7620 1637.6 1548.2 131 10200 2451.8 2136
Na* 2.27 7000 11325 1519 4.24 10561 1629 2472.5 8.83 9315 2103 2092 200
K* 0.53 212 19.7 35 0.87 328.2 453 76 1.9 638 83.69 104.9 300
CI- 100 13080 2358 2818 105 17670 3203 4312 47.6 19030 44535 4422 300
COs* 0 1 0.019 0.13 0.13 25.6 0.98 4.44 0 0 0 0
HCOs 141.8 493 258.6 65 34.4 460 274.8 737 76.4 490 276.2 69.3
NOs 2 219 39.8 30.6 1.7 66.5 27 16.8 0.8 84.8 30.8 17.12 50
SO4* 7 2200 391 477 7 2900 418.6 606 7 2750 583.8 592 250
lonic Ratios™ (based on meg/l) Criteria™"

Na*/ClI- 0.02 1.09 0.529 0.0227 0.044 0.99 0.617 0.273 0.068 1.65 0.78 0.30 <0.86
CI/HCOs 0.778 122.17 18 1.92 0.508 163 24.38 38.25 0.281 178.5 31.76 36.8 20-50
Mg?*/Ca? 0.078 4.65 1.47 0.88 0.147 5.3 1.74 1.08 0.1758 13 2.5 191 45-5.2
Cl/Br 0.017 0.00014 0.0027  0.0003 0.00445 0.00007 0.00117 0.0007 0.005 0.000018  0.0008 0.0009 0.0015
Ca?*/(HCO3+S04%) 0.315 15.315 1.617 0.146 0.298 10.187 1.3 1.597 0.1778 4.369 0.908 0.638 >1
SOZ/CI 0 0.803 0.14 0.0009 0.0345 0.7 0.13 0.111 0.018 10.5 0.265 0.995 0.103
GQlgeneralized 25.2 83.7 53.6 1.195 21.27 83.36 52.3 15.46 19.74 83.69 46.55 15.46
GQI (w/o NOs~,TC,FC) 20.2 89.6 61.3 1.61 17.79 91.74 60.1 21.53 18.2 91.2 51.36 22.02
fsea 0.005 0.652 0.118 0.011 0.0052 0.879 0.159 0.214 0.0024 0.947 0.222 0.22
GOQlswi 24.1 86 62.7 1.21 11.25 89.53 59 18.65 8.18 86.9 54 17.8 <75

“All values in mg/l except pH and EC (us/cm); ““Parameters in ratios expressed in meg/I;

*kk

Indicators of salinity
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Figure 3-3 Spatial and temporal distribution of TDS (ppm) and CI'(mg/l) in the pilot aquifer
a) early dry season - June 2013, b) late dry season - October 2013 and c) late wet season - April 2014
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3.4.1.2 Correlation analysis, indicator ratios and geochemical processes

The various ionic ratios indicated a wide variability within seasons, particularly in
April, generally indicating an increasing trend of salinity from June to October to April
(Table 3-6). The mean Na*/Cl" ratio, the symptomatic indicator of seawater intrusion, was at
or below 0.86 for all seasons, suggesting well-developed SWI. Figure 4 shows that in June,
samples with TDS <1,000mg/I generally had a Na*/Cl" ratio of <0.6 whereas samples with
TDS >1,000mg/l were scattered around the 0.86 value. The October samples with TDS
<1,000 mg/l migrated upwards on the plot. In April, the samples were divided in two
envelopes: one saline and another fresh suggesting their concomitant existence.

The positive values of the seawater fraction and its wide range suggest considerable
seawater-freshwater mixing within the aquifer (Table 3-6). It also indicates the coexistence of
fresh and highly saline waters. Overall, the mixing rate increased (p=0.001 — Repeated
Measures Anova) from June (11.8%) to October (15.9%), suggesting greater mixing along
this timeline. Inter-elemental correlations showed that in June, TDS was highly correlated to
Cl, Na*, SO4* and Mg?*, suggesting signs of early salinization. In October and April, the
TDS exhibited a stronger correlation with the same ions suggesting further salinization. The
scatter of logTDS as a function of logCl and of logCI- versus logNa* (Appendix 2a) reveals a
strong correlation in all sampling rounds, suggesting that Na* and CI- have the same seawater

origin.
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The ionic changes/deltas for major ions also exhibited spatial and temporal
variability indicating patterns of deficiency and surplus of the same ion over the entire study
area and across seasons (Appendix 2b). While this reflects a groundwater experiencing
mixing with seawater however the complexity of the hydrochemical changes such as the
dissolution of gypsum and carbonate, de-dolomitization, direct and indirect cation exchange,
as well as other potential sources limits clear conclusions from the observed changes in ionic
deltas.

The piper diagram (Figure 3-5) reveals the presence of secondary saline water
(hydrogeochemical domain V i.e. CaCl) as well as primary saline water (hydrogeochemical
domain 1l i.e. NaCl) in June with the predominance of groundwater quality of the CI"-SO4%-
Na*+K*-Mg?*-Ca®* type. In October, the water was of the CI-Na*+K*-Mg?* type. lon
exchange and migration of samples from secondary saline water (domain V) to primary
saline water (domain Il) are observed when the mixed CaMgCl water type (domain 1V) is
detected. In April, three major water types were identified: freshwater (domain 1, i.e.
CaHCO:3), seawater (domain I, i.e. NaCl) in addition to domain IV (i.e. mixed CaMgCl).
This highlights the occurrence of freshening processes in April and also confirms the
occurrence of fresh and saline water concomitantly, albeit with spatial variability (Figures 3
and 6).

Water types as classified by the Stuyfzand method were mapped against the area's
geology to explain potential relationships between spatial and temporal processes at play and
the geological characteristics of the aquifer. Figure 3-6 shows that in October, fresh, fresh-
brackish and brackish waters were observed in the Eastern districts within both the
quaternary and tertiary geological formations, while brackish saline water was observed in
the western districts with selected pockets of saline water. It also illustrates the spatial

heterogeneity of the groundwater quality in April where two main phenomena are observed:
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a) freshening processes occurring in the northeastern part (dilution of brackish and fresh-
brackish water to fresh water) within the Miocene formations, and b) persisting salinization
in the western districts with potential upconing of saline water particularly in the
southwestern part within the Quaternary and Cenomanian formations. The disruption in the
salinization in the eastern flanks of the aquifer coupled with the persistence of pumping in the
2014 late dry to early wet season, support either that 1) the pumping rates during this period
dropped due to increased water supply from the public network, or 2) that groundwater
recharge happens earlier and/or faster in that sector, potentially as a result of lateral flow
from the north-northeastern highlands and/or the Beirut River, or 3) the impact of the degree
of heterogeneity and complexity of fractured networks, or 4) the role of the geology
particularly that the eastern flanks are characterized by an upper Miocene layer, or 5) that the
study area consists of two aquifers responding differently and independently to similar
stimulus. Further aquifer characterization and additional data on recharge, water level and

water supply are needed to ascertain the interpretation of the results.
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Figure 3-6 Water types based on Stuyfzund classification for the western (left) and northeastern(right) parts of the pilot aquifer for late dry -
October (upper) and late wet -April (lower); F:fresh; Fb: fresh-brackish; B:brackish; Bs: brackish-saline; S: saline - Table 3-4
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3.4.1.3 Groundwater quality indices

The generalized GQI (Table 3-6) exhibited average water quality for the three
sampled seasons albeit with spatial heterogeneity. Figure 3-7 shows that the eastern zones
tend to have better water quality under the three indices as compared to the western zones,
with a general trend of degrading quality from June to October to April. This figure was
generated using the geostatistical analysis and interpolation tool within the GIS where
ordinary kriging was applied to the relevant water quality parameters and the GQI indices
were calculated from the predicted concentrations in a multi-step process (Tomaskiewicz et
al., 2014; Babiker et al., 2007) to generate predictive maps of pollution and salinity hotspots
spatially and temporally. When removing the health-based water quality indicators (e.g.
nitrates, total and fecal coliform) (Figure 3-7b), an improvement in water quality is observed
in June suggesting that nitrates and fecal coliforms may be responsible for the low
generalized GQI unlike October that showed no improvement (except in the eastern zones).
This suggests that the reported minimum to average water quality in October under the
generalized GQI is not due to direct anthropogenic pollution (nitrates, FC and TC) but more
likely to SWI.

The GQIswi impact mapping (Figure 3-7c) demonstrates that the SWI is more
developed in October and April, particularly in the western zones. Repeated measures
ANOVA showed that the GQIlswi values differed significantly between seasons whereby post
hoc tests using the Bonferroni correction revealed a statistically highly significant decrease
between June and October (p<0.001) and June and April (p<0.001). The GQIlsw recaps and
confirms the spatio-temporal impacts of SWI, particularly in terms of saline freshwater

mixing dynamics and the hydro-geochemical domains.

55



June 2013 October 2013 April 2014

Figure 3-7 Groundwater quality indices (GQI)
a) Generalized GQI; b) Generalized GQI without NOg3", Fecal and Total Colifrom; c) Specific GQlswi
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3.4.2 Evaluation of methods towards an assessment framework

Table 3-7 summarizes the qualitative SWOT analysis of the methods used to assess
SWI. Table 3-8 summarizes the quantitative scoring of these methods based on their
performance against set internal and external factors for SWOT and visually illustrates the
evaluation on a numeric scale. While most parameters are good indicators of salinity, the
type, scope and reliability of the results vary significantly. The variability was inherent
among parametric versus composite methods in terms of complexity, feasibility, and ability
to represent SWI impacts. However, the specificity of how each method is able to uniquely
represent different aspects of SWI and the supplementary nature of outputs of the various
parametric methods are also perceptible.

Simple indicators such as TDS, CI" and the seawater fraction act as a quick first
screening of salinity while only hinting to its source. Nevertheless, being relatively easy to
undertake, they form good candidates for monitoring and constitute a main building block in
a SWI assessment framework. Hydrochemical ratios and the piper diagram add another layer
of information to ascertain sources of salinity highlighting the impact of SWI, as well as
interpret geochemical reactions to define water types and evolution. lonic deltas, saturation
and BEX/CAI indices provide input on geochemical reactions and their direction; however,
they are data demanding requiring the knowledge of rock formations and on-going reactions
to avoid misunderstandings due to interferences; hence, can only be useful if the aquifer is
well characterized and understood particularly in terms of rock-water interactions.

The Piper diagram, acting here as a surrogate of hydrochemical diagrams, is also
based on individual parameters and delivers multiple layers of information with a visual
aspect that resonates with decision makers. The Stuyfzand hydrochemical classification,
while comparable to the Piper diagram, is more data dependent yet also provide more layers

of information. Being integrative, this composite index can also act as a standalone tool that
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encompasses most aspects of SWI. However, it is complex to undertake and also difficult to
interpret. Nevertheless, its relative complexity is compensated for with a high functionality.
The generalized water quality indicators act as a final layer of confirmation of water
quality serving as a one-stop shop that can be easily plotted to show spatio-temporal
evolution of the quality in general (GQI) and of the impact of SWI in particular (GQlswi) for
informed decision making. While both the GQI and the GQIlswi are similar in their
complexity, the GQlswi is a standalone robust and integrative tool for SWI assessment and
monitoring. The embedded geo-statistical analysis offers the advantage of visual
interpretation coupled with temporal and spatial representation of parameters and processes.
Based on input from the field application and results, the qualitative SWOT analysis
coupled with the semi-quantitative overall assessment, a framework is suggested for the
assessment of SWI impacts in less characterized heterogeneous aquifers. As adopting a suite
of methods to assess the impact of SWI reduces the uncertainty that may obscure the
interpretation of results (Garing et al. 2013; Vengosh, 2003), this framework is based on the
concentrations of chloride, total dissolved solids (TDS) and electrical conductivity (EC), the
seawater fraction (fsea), the piper hydro-chemical diagram, the Stuyfzand’s hydrochemical
classification, and the SWI specific GQIswi.. It requires groundwater sampling and lab
analysis of major ions (HCO3", COs%, SO+, Ca?*, Mg?*, CI', Na* and K*) and TDS/EC.
Measurements of Br- and NOs"ions are optional, though recommended, particularly for
eliminating other potential sources of pollution. TDS and EC are correlated and can be used
interchangeably. They are also correlated with CI". While a high CI" concentration can alone
hint to salinity, this is not true for TDS and EC which represent a suite of all ions and
charges. Nevertheless, CI" coupled with TDS or EC should be a starting point for a SWI
assessment. The seawater fraction is also correlated to CI; however, its unique representation

of the freshwater-saline water mixing differentiates it from the mere measurement of CI
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concentration in groundwater, which might also point to other pollution sources. Here, the
hydrochemical ratios become handy. Ratios will also consist part of this framework,
capitalizing on their high score on simplicity despite their low score on functionality, as they
can give insights on pollution sources and help understand interactions that confirm or

invalidate conclusions of the TDS/EC and CI concentrations.
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Table 3-7 Contribution, advantages and disadvantages of indicators, indices and assessment methods

Method Strengths Weaknesses Opportunities Threats
Factors
TDS, CI, EC - Limited input data - No input on process, source - Integral building block of - Can be misinterpreted if not

concentrations

- Quick first assessment

- Common simple indicator of
salinity

or geochemical reactions

framework
- Useful for monitoring
- Easy test

complemented by other
detailed / advanced analysis

Hydrochemical
ratios

- Low to moderate input data

- Good indicators of reactions,
direction of reactions and
pollution source

- Good indicators of salinity &
SWI

- Weak but could be used in
interpreting geochemical
reactions

- A suite of ratios is needed
for complete representation

- Relies on conservative nature
of CI', Na*, Br

- Relatively easy to test
- Useful for monitoring

Due to overlapping ranges,
values may mask or over-
represent SWI

Can be misinterpreted if rock-
water reactions are not
understood

Seawater - Limited input data - Presents concentration only - Relies on conservative nature - Could be misinterpreted for
fraction - Quick first assessment - Doesn’t represent of CI eSffV\élc{asSoI:‘ gggir:‘é’r;‘i:g;s'der the
- Common simple indicator of geochemical reactions - Easy test reactions
salinity . o
o - High sensitivity to CI-may
- Useful for monitoring overestimate SWI
lonic deltas - Presents geochemical reactions - Require input data and - Useful for understanding - High potential for interference
Saturation and changes prior knowledge rock-water interactions due to multiple pathways for
indices - Indicates paths of evolution rock water interactions
of reactions - Require aquifer understanding
Piper - Graphical representation - Only generally indicates - Visual aid for decision - Focus only on major
(I;_ydrochemlcal - Represent water types reflecting geochemical changes makers parameters
lagrams intensity of salinity - Relatively easy to undertake - Not readily spatially mapped
contamination - Could be misinterpreted
- Indicates paths of evolution of
water types
Stuyfzund - Good indicators of reactions, - Heavily relies on data - Comprehensive - Could be misinterpreted with

hydrochemical
classification

direction of reactions, pollution
source and water type

- Comprehensive integrative
standalone indicator

- Not easy to interpret

representation of water type
- Can be easily plotted
- Translate major parameters

no specialized help
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Method Strengths Weaknesses Opportunities Threats
Factors
into one indicator
GOQI - Good indicators of reactions, - Relies on concentrations of - Easy to calculate and - Presents general groundwater
generalized direction; pollution source all major ions interpret quality but not SWI
- Test pollution by NO3, TC and - Translate major parameters - Needs to be complemented

FC into one indicator

GQlswi - Good indicators of reactions, - Relies on concentrations of - Easy to calculate and - Presents general groundwater

direction; pollution source

- Comprehensive integrative
standalone indicator

- Specific to SWI

all major ions

interpret

- Translate major parameters
into one indicator

quality and SWI
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Table 3-8 Summary of performance of methods against internal and external factors and corresponding scores

Mgthqd Input data Interpretation Independence Representativeness Distinctiveness Integration in Interference
Criteria framework
TDS, EC, CI Limited Guidance Needs Limited Share aspects Basic block Minimum
supplementary
Hydrochemical ratios Low Need help Needs Fair Share aspects Direct High
supplementary
. L . Needs o . . -
Seawater fraction Limited Guidance Limited Unique Basic block Minimum
supplementary
. Need . . .
lonic deltas Moderate knowledge Complementary Fair Share aspects Possible High
T Need . . . .
Saturation indices Moderate Complementary Fair Unique Possible High
knowledge
BEX and CAI Low Need help Complementary Fair Share aspects Direct High
(I;[ydro—chemlcal Moderate Need help Standalone Rich Share aspects Direct Minimum
iagrams
Stuyfzund method High Specialized Standalone Comprehensive Integrative Direct None
GOl Moderate Guidance Dependent Comprehensive Share aspects Possible Possible
GQISWI Moderate Guidance Standalone Comprehensive Integrative Direct Possible
Inference statistics Varies Varies Varies Rich Integrative Limited Possible
Geospatial analyst Varies Guidance Dependent Rich Unique Direct Varies
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Plotting concentrations of major ions on the piper diagram allows direct inference on
the water type and the hydrochemical reactions at each sampling point which is a very
effective visual summary of concentrations, reactions, and water type. Coupling the piper
diagram and the seawater fraction, the GQIsw further validates the salinization progress into
the aquifer as well as allows a spatio-temporal representation of this progress. The
framework’s elements provide a good understanding of the freshwater-saline water mixing
dynamics in the aquifer and can stand alone as a comprehensive assessment tool of the SWI
impact (Figure 3-8). The metrics complement one another as each contributes different input
layers to the analysis of processes, dynamics and impact of SWI within the aquifer. This
ensures that results are double-checked against one another, while optimizing resources, input
data and time. Further, interpretation through the Stuyfzand method, despite its relative
complexity, can lead to additional detailed valuable knowledge about the aquifer of study.
While this method does not necessarily have to be part of the assessment framework to be
effective, it ensures a complete analysis cycle. Since it is a composite method, its main
advantage is in summarizing levels of data and providing a profile of groundwater quality,
and can be easily represented spatially and becomes handier if plotted temporally.

Put to test in a highly exploited heterogeneous coastal aquifer, this framework
allowed the understanding of the spatio-temporal dynamics and impacts of SWI processes,
provided a reliable baseline of the salinization status, and facilitated monitoring of the SWI
impact over spatial and temporal domains while minimizing potential interferences by
triangulating the results. As such, it aided in understanding that the occurrence and intensity
of SWI in the pilot aquifer is shaped by multiple factors including the heterogeneous nature
of the aquifer, the geologic characteristics (faults/flanks), and groundwater abstraction.
Hence, the framework represents a starting point for planning and decision-making in

strategic impact assessment towards improved groundwater management in coastal aquifers.
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3.5 Conclusion

Common methods used in assessing the impact of SWI (saltwater intrusion) were
examined to develop a novel effective assessment framework for managing coastal aquifers
underlying densely populated urban areas. For this purpose, a qualitative assessment of
complexity and functionality was first followed to select alternative methods that were tested
and verified at an overexploited heterogeneous aquifer along the Eastern Mediterranean. A
semi-quantitative CFA (complexity functionality assessment) coupling SWOT (strengths,
weaknesses, opportunities and threats) and MADM (multi-attribute decision making)
analyses was then developed and used to evaluate the effectiveness of various methods in
scrutinizing the impact of SWI based on predefined criteria. Capitalizing on the
characteristics of an indicator-index and its advantages, and complementing it with other
indicators-indices to overcome associated uncertainties, provided a more reliable assessment
framework of the intensity, ubiquity, persistence, and reversibility of SWI impacts. The

framework of hydrogeochemical metrics (chloride, total dissolved solids (TDS) or electrical
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conductivity (EC) concentrations, the seawater fraction (fsea), the piper hydro-chemical
diagram, the SWI specific GQIlswi, and the Stuyfzand’s hydrochemical classification) coupled
with geostatistical analysis was advanced to interpret complex groundwater quality data and
examine the scale and magnitude of the impact of SWI and its dynamics in heterogeneous
aquifers. Such a framework provides a platform for informed impact assessment and
sustainable exploitation of coastal aquifers reducing the gap between SWI knowledge on one
side and management needs for practice and implementation on the other. Efforts are on-
going to further test this framework in other heterogeneous aquifers along the Eastern
Mediterranean, to assess emerging saline aquifers moderately exploited for agricultural or
domestic purposes.

Whilst utilizing well established and commonly used techniques to assess SWI, this
study presented a first attempt at examining these techniques in a systematic, transferable,
repeatable and verifiable process through the development and application of qualitative and
semi-quantitative criteria. Similarly, it is the first to apply SWOT and MADM analysis to
SWI where ‘fit for purpose’ assessment techniques were identified based on functionality and
simplicity. In effect, this study has provided a systematic approach to the assessment of SWI
and developed an effective assessment framework for managing coastal aquifers, including
complex aquifers with data scarcity.

Future development of this work focuses on the management aquifers through
identification and analysis of potential mitigation measures and adaptation strategies.
Hydrogeochemical findings and the aquifer salinization status will be utilized to improve the
characterization of the aquifer through building hydrogeological models, representing its
heterogeneity, in an attempt to simulate and predict saltwater intrusion propagation under
various anthropogenic stressors exacerbated by potential climate change impacts manifested

through sea level rise.
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CHAPTER 4

MANAGEMENT OF SALTWATER INTRUSION IN DATA-
SCARCE COASTAL AQUIFERS: IMPACTS OF
SEASONALITY, WATER DEFICITS, AND LAND USE

4.1 Introduction

Landward intrusion of seawater into coastal aquifers, known as saltwater intrusion
(SW1), is primarily caused by aquifer over-pumping and land-use change (Singh 2014;
Werner et al. 2013). The extent of SWI is governed by coastal hydrostatic pressures at the
hydraulic interface between saline and freshwater. Under undisturbed conditions, a state of
dynamic equilibrium is maintained between freshwater and seawater, where the hydraulic
gradient pushes freshwater towards the sea. Aquifer over-pumping affects SWI by inducing a
hydrostatic imbalance that reverses this hydraulic gradient resulting in seawater infringement
into coastal aquifers (Bear 1979; Werner et al. 2013). Over-pumping is often a function of
population density, water consumption rates, and available surface freshwater resources.
Changes in Land use and land cover (LULC) affect SWI through increasing the intensity of
abstraction from the aquifers (Safi et al. 2018; Cobaner et al. 2012; Sherif et al. 2012;
Ferguson and Gleeson 2012; Ivkovic et al. 2012) or changing the recharge rates of these
aquifers (Payne 2010; Ranjan et al. 2006; Scanlon et al. 2005). Climate change can further
exacerbate the SWI process due to sea level rise aggravated at times and locations, with
increased temperatures (i.e. increased evapotranspiration and water demand) and reduced
precipitation (i.e. less surface water for aquifer recharge) (Kumar et al. 2007; IPCC 2007;

2014).
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While general trends governing the interactions of these drivers are well established®
worldwide, the direction and magnitude of these interactions remain area-specific (Werner et
al., 2013). This complexity is aggravated in fractured, karstic and semi-karstic media (Sebben
et al., 2015, Werner et al., 2013, Cherubini and Pastore, 2011, Papadopoulou et al., 2005) as
well as in data-scarce regions, where coastal managers need to plan and act under incomplete
knowledge and uncertainty to delineate impacts and protect coastal communities (Cardenas
and Halman, 2016, Werner et al., 2013, Tribbia and Moser, 2008).

While many aquifers along the Eastern Mediterranean, particularly in urbanized
settings are reported to suffer from SWI (Seckin et al. 2010; Cobaner et al. 2011; 2012;
Allow 2012; Eissa 2016), they remain largely poorly characterized. Past efforts are often
limited by their spatial extent, sampling frequency , methods of analysis, and a lack of focus
on drivers, determinants and adaptation potentials (Tomaszkiewicz et al. 2014; Selmi 2013;
Seckin et al. 2010; Alpar 2009; Abu Zakhem & Hafez 2007; Paster et al. 2006; Odemis et al.
2006; Sivan et al. 2005).

In this study, we examined the status and occurrence of SWI at four aquifers along
the Lebanon coastline with different land uses and varying intensities of water deficits. The
study aimed at understanding the contribution of land use and urbanization as well as water
demand and deficit on the temporal distribution and intensity of SWI. For this purpose, field
monitoring data coupled with hydro-geochemical techniques as well as multi-variate
statistical analysis were undertaken to identify the main SWI determinants and to better

understand their associated relationships in the aquifers. In light of the results, the study

5 New Zealand (EnviroLink 2011), China (Zhang et al. 2011), Philippines (Sales 2009), Korea (Park et al. 2012), US
(Conrads & Roehl 2007; Sanford & Pope 2010), Bangladesh (Rahman et al. 2011), India (Bobba 2002), France (de
Montety et al. 2008), Spain (Fatoric & Chelleri 2012; Duque et al. 2008), Tunisia (Kouzana et al. 2010; Fedrigoni et al.

2001), Libya (El Hassadi 2008) among others.
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discusses possible adaptation strategies and mitigation measures towards the sustainable

management of the studied aquifers.

4.2 Methodology
4.2.1 Study Area

Four pilot aquifers located along the Eastern Mediterranean coast of Lebanon and
overlain with different LULC patterns were monitored (Figure 4-1). Aquifer A (Tripoli)
underlies a highly urbanized and densely populated city (Table 4-1). Aquifer B (Jal Eldib) is
located below a moderately populated suburb of Beirut city. It is largely residential with few
light to medium industries and a diminishing agricultural sector (Table 4-1). Aquifer C
(Beirut) underlies a very highly urbanized and densely populated metropolitan with severe
water shortages (Table 4-1). Aquifer D (Zahrani) underlies an agricultural plain with no
urbanization (Table 4-1). All four aquifers are largely data-deficient, with little to no
information on water levels, the location of the seawater-freshwater interface, pumping rates,
well screen depths, and basic aquifer characteristics. In each of the four aquifers, operating
wells were first identified through field visits. Then, a random sample of these wells were
monitored at least once in the dry season and once in the wet season. The number of sampled
wells ranged from 29 in Jal eldib up to 170 wells in Beirut (Table 4-1). All sampled wells are
within 100 m from the ground surface and generally targeted the formations defined in Table

4-1.
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Figure 4-1 Pilot study areas along the Eastern Mediterranean
A: Tripoli city; B: Jal Eldib suburb; C: Beirut city; D: Zahrani Plain
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Table 4-1 Pilot study areas with overall sampling program

Recharge Sampling Sampled
Aquifer Description Land Use potential® Geology Hydrogeology season Wells
Tripoli® — Area of 45 km? — Highly urbanized — Limited — Quaternary (alluvial — Miocene limestone — Dry -
) — Max elevation 200m asl — Residential (rjelziﬁatr o deposits) aquifer Sregt(;eongb 0
. o . g — Cenomanian — Shallow Quaternary clays
— ~ 5km shoreline — Limited agricultural parcels .
— Aquifer . . - Wet -
. . . — Pockets of Tertiary — Eocene limestone
— Rocky coastline — Residents (> 80,000) replenishmen . clud June
) i i t through (Miocene) aquiclude 2007
— Low rainfall (700mm) — Estimate of 4000 lightly used small .
o lateral flow — Semi Kkarst
. - building scale wells
— Medium water deficit _ Faulted
(limited to dry season)
Jal Eldib® — Area of 2 km? — Moderately urbanized — Aquifer — Quaternary deposits — Carbonate (Cenomanian — Every 2
B . TS, L . i i 2
® — Max elevation 100m — Residential with light to medium industries ﬁﬁ:ﬁﬂ;nmen — Cretaceous limestone) g]e(t)a/tgesn o
— 1 km shoreline — Estimate of 150 wells direct (Cenomanian) ~ Quaternary October
— Low rainfall (~800 mm) — Few wells supply water tankers for Beirut recharge and  — Multiple fractures 2012 and
city lateral flow October
— Low water deficit 2013
(groundwater supplements
network only in dry season)
Beirut? — Peninsula of 20 km? — Very highly urbanized — Limited — Cretaceous (Cenomanian ~ — Carbonate - Cenomanian - Wet - 170
© _ Max elevation 250 m asl _ Residential permeable C4 & Senonian Sg) and Q_u._aternary (sands June
pockets — Quaternary (movin depositing over the 2013
— 5 km shoreline — Population density exceeding 20,000 . v 9 Cenomanian) forms one
2 — Direct dunes and soils) ; ; — Dry -
. person/Km . thick (~700m) extensive
— Cliffs, rocky and sandy recharge is _ Pockets of the Tertia formation October
coastline. — Conservative estimate of >5000 heavily negligible (Miocene) ry 2013
. used small building scale wells — Mainly limestone and
— Low rainfall (~800mm) — Lateral Flow i-k lomi
) o is limited — Semi-karst systems _do omllte,_and s?me |
— ~350,
High water deficit of ~35% — Fractured, heavily jointed intercalations of mar
& ~58% in winter & summer
. and faulted
seasons respectively
Zahrani® — Coastal area of 40 km?, — Not urbanized — Aquifer — Cretaceous (Cenomanian ~ — Cenomanian -Turonian - Wet— 61
(D) _ Max elevation 250m asl _ Agricultural plain replenishmen C4, Turonian C5, Limestone aquifer May
t through Senonian) . 2014
. - . — Eocene Limestone
— 20 km shoreline — Estimate of 150 wells direct - .
. . . rechargeand Tertiary (Miocene & — Quaternary aquifer - Dry-
— Rocky and sandy coastline — Major crop banana (Musa ascuminata). Eocene outcrops) ' October
lateral flow 2014

Low rainfall (700 mm)

Low water deficit
(groundwater supplements

surface water in dry season)

Vegetables in greenhouses

Fruits in orchards.

— Surface water for irrigation in wet season

Quaternary deposits
Semi-karst

Heavy fissures and faults

aDue to lack of data, it was not possible to quantify and account for lateral flow in the analyses of the pilot sites. ® MOEW/UNDP 2014; Kalaoun et al. 2016; Tomaskiecz et al. 2014
cWalley 1997; El Fadel et al. 2015; 4 Ukayli 1971; Peltekian 1980; Khair 1992; Rammal 2005; Shaaban et al. 2006; Saadeh 2008; Ayash, 2010; SOER 2011; Masciopanti 2013; ¢ Dubertret 1961; Canaan 1992
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4.2.2 Assessment of saltwater intrusion
The assessment of SWI at the four pilot aquifers followed a framework that
combined field monitoring results with hydro-geochemical techniques with descriptive and
inferential statistics (Rachid et al. 2017). The analysis targeted both the wet and dry seasons
at each pilot area, with samples collected during the period of May/June to capture the wet
season effect and in the month of October to capture the dry season effect. Identification and

classification of salinity was based on the EC, TDS and CI- levels (Table 4-2).

Table 4-2 Classification of water based on chloride, TDS, and EC concentrations
(Konikow & Reilly 1999)

CI TDS
Class (ppm) (ppm) EC
Fresh groundwater <100 0-500 <700
Slightly saline groundwater 100 - 250 500-1500 700-2000
Moderately saline groundwater 250 - 500 1500-7000 2000-10000
Highly saline groundwater 500 — 1000 7000-15000 10000-25000
Very highly saline groundwater 1000 — 10000 15000-35000 25000-45000
Seawater >10000 >35000 >45000

4.2.2.1 Hydrogeochemical methods

The Piper diagram (Figure 4-2), which is the standard hydro-geochemical diagram to
graphically illustrate the chemistry of water, was constructed seasonally for each site. It
consists of two triangles that represent the distribution of cations and anions of water
samples, which are then projected onto a diamond that summarizes the geochemical
processes and pathways, the dominant ions, hydro-chemical facies and the types of the water
under study (Piper 1953). Additionally, the SWI Generalized groundwater quality index
(GQIlswi) (Table 4-3) was computed for each site. The GQIlswi is an index that spatially maps
SWI by coupling the fresh-saline water mixing (sea fraction) with the piper diagram
(Tomaszkiewicz et al. 2014; Babiker et al., 2007). Note that the seawater fraction (fsea)

depicts the direction and extent of saltwater-freshwater mixing (Table 4-3).
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Figure 4-2 Water types and geochemical pathways as explained by the Piper
hydrogeochemical diagram (adapted from Tomaskiewicz et al. 2014)

Table 4-3 Generalized water quality indices (adapted from Babiker et al. 2007;
Tomaskiewicz et al. 2014)

GQlgeneralized GQI = (100 — ((rawa+rawa+...+rawn)/N)
C=(X’-X)/(X’+X); X’: sample concentration; X: WHO threshold
r = is the rank value calculated as 0.5%C? + 4.5*C +5; N = is the total number of parameters; w=
relative weight of the parameter

GQlswi GQIswi= (GQlpiper + GQlysea)/2

GQIpiper(%)= [((Ca®* + Mg?*)/Total cations) + (HCO3*/Total anions)]*50 (in molar mass)

Groundwater quality
indices

fsea = Seawater fraction/ mixing ratio = (Cl sample — CI~ freshwater) / (Cl seawater — Cl fresh)

4.2.2.2 Statistical analysis

The principal component analysis (PCA), a multivariate technique, was performed to
identify the most important components contributing to the data structure and to identify the
inter-relationships between the different SWI variables (Mondal et al. 2010; Yaouti et al.,
2009). It was used to reduce the dimensionality of the data and to check if the salinization
processes were captured by the principal components (PCs). The logarithmically transformed
hydro-geochemical data for the dry season at each pilot site were used in the PCA analysis as
it is expected to represent the worst-case conditions. Rotation of PCs was carried out using
the varimax method, where both Kaiser criterion (eigenvalues smaller than 1 are considered
insignificant) and Cattell scree plot were used to determine the number of PCs that should be
retained. In this study, if the first PC explained salinity, then it was concluded that it would
be associated with the key salinity indicators i.e. CI-, TDS, Na*, K*, SO4%. When the first PC

did not capture the salinity related indicators, it was considered that the aquifer was less

73



vulnerable to salinization. The variables used in the PCA included field measured parameters
such as pH, EC, TH, Na*, K*, Ca%", Mg?*, CI-, HCO3", SO4% and NO3". Additionally, seasonal
differences in TDS, CI', and GQIsw: levels, the main indicators of water quality and salinity,
were assessed using inferential statistical analyses. Statistically significant (95% confidence
level) seasonal changes were assessed using a paired t-test of the logarithmically transformed
data collected for each well. All statistical analyses were undertaken using SPSS Statistics
(1IBM 2018).

4.2.3 Understanding the impact of LULC and water deficit on SWI

As described in Table 4-1, the four pilot aquifers are inherently different. Aquifer A
(city of Tripoli) has different geological formations as compared to Beirut and Jal eldib
(Aquifers B and C). While Aquifer A is highly urbanized as Aquifer C (Beirut); however, it is
less dependent on groundwater resources due to the availability of surface water sources,
hence Aquifer A suffers from medium water deficit mainly manifested in the dry season only
(Table 4-1). Aquifers B (Jal eldib) and C (Beirut) share similar geological formations;
however, Jal eldib is moderately urbanized and groundwater resources are only used to
augment municipal water sources during the dry season, hence it suffers from a low water
deficit (Momijian et al. 2019). In contrast to the uncontrolled spread of wells tapping into the
Beirut aquifer (>5000 wells), about 150 wells only were estimated to operate in Jal eldib.
Accordingly, Aquifer C (underlying the Beirut metropolitan) is heavily used to supply water
to bridge the gap of the high-water deficit in the very highly urbanized overlaying surface
with large imbalances between abstraction and recharge. The aquifer has a limited recharge
capacity due to the high urbanization that curtails rainfall infiltration and limited lateral
inflow from surrounding areas due to the aquifer hydrogeology. In Aquifer D, on the other
hand, the use of groundwater is mainly for agricultural purposes with conjunctive use of
surface water for irrigation. Few farmers depend completely on wells throughout the year

with most relying on an irrigation surface canal throughout the year and only a few relies on
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wells occasionally during the dry season or when flow in the canal is low (El-Fadel et al.
2017). In addition, the absence of urbanization in the plain allows for direct aquifer recharge
during the winter, keeping the seawater freshwater mixing in balance.

Accordingly, the direct quantification of the LULC impact and groundwater
abstraction on SW1 is challenging due to this interplay of hydrological, climatological, and
anthropogenic forcings along with seasonal changes. Faced with this challenge, the
relationship between LULC and water deficit coupled with the groundwater quality data
during the dry season was assessed using Analysis of Variance (ANOVA) on the salinity
indicators TDS, Cl and GQlswi. Samples from the four pilot sites were compiled in one set
for which the water quality variables were log-transformed. The land use at each site was
categorized into 4 classes: very highly, highly, or moderately urbanized and non-urbanized
agricultural area (Table 4-1). The water deficit® was classified into three categories: low,
medium, high based on the reliance of each area on groundwater to meet its existing deficit in
water supply (Table 4-1). Post hoc t-tests with the Bonferroni and Tukey corrections were
conducted in the event that the null hypothesis was rejected to identify the groups with

statistically significant difference in their means.

4.2.4 Sustainable management of aquifers

Based on the results of the research, possible management measures for
implementation at the studied sites are discussed. A series of site-specific adaptation

strategies and mitigation measures are explored towards sustainable aquifer management.

6 Low, medium and high deficit represent deficits of 5-15%, 15-25% and 25-55% of demand, respectively.
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4.3 Results and Discussion
4.3.1 Occurrence and intensity of salinity in pilot aquifers — impact of seasonality

The overall assessment of SWI showed that the four pilot areas exhibited signs of
salinization, albeit with great heterogeneity between seasons and among locations. Table 4-4
presents the physiochemical analysis of samples collected during the wet and dry sampling
campaigns for comparative assessment. The results indicate that Aquifer A (urbanized
Tripoli) showed early signs of salinization particularly along the western coastline during the
dry season (Table 4-4). The physiochemical analyses of the aquifer are synthesized in the
Appendix 3a. TDS levels ranged from 200 ppm (fresh GW) to as high as 3,460 ppm
(moderately saline GW), with less than 6% of samples exhibiting saline water quality (>1500
ppm). The average Cl- concentration across both seasons was indicative of “slightly saline”
water (Table 4-2). The Piper diagram for the dry season showed that groundwater was mostly
of the CaHCO3 type (Domain |, freshwater), with a few samples exhibiting the CaMgCl type
(Domain IV, mixed waters) as well as the limited NaCl type (Domain I, primary saline
seawater). This indicates the concurrent presence of freshwater, mixed, and primary saline
waters within the aquifer. In the wet season, the water type shifted and was dominated by the
freshwater type (Domain 1), whilst maintaining the mixed CaMgCl type (Domain IV) in some
areas (Figure 4-3). These results point to slight salinization as confirmed with the GQISWI
(Table 4-4), which predicted that the area has freshwater in the dry (mean GQISWI=79.5)
and wet seasons (mean GQISWI=82.8). The change in TDS concentrations between the dry
and wet seasons was not significant (p=0.420) (Table 4-5), however seasonal changes in CI-
and GQISWI values were statistically significant, pointing towards slight salinization in the

dry season.
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Table 4-4 Comparative assessment of the mean values of the physiochemical parameters
in the four pilot sites in simultaneous sampling campaigns

Season
Drinking

“Parameter Wet season (June) Dry season (October) water

Tripoli#  Jalel Beirut® Zahran, Tripoli  Jalel Beirut  Zahrani | Threshold

(2007) Dib®  (2013) id (2006) Dib (2013)  (2013) WHO

(2013) (2014) (2013) (2011)

pH NA 6.9 7 6.95 NA 6.85 7.0 6.9 6.5-8.5
Electric Conductivity EC NA 1905 9504 1159 NA 1823 12008 1005
Total Dissolved Solids 631 1427 4610 903 657 1367 5944 1075.6 600
Ca* 121 169.5 2827 126.1 140 136.8 249.3 158.3 300
Mg?* 43 1015 2299 535 16.8 98.1 246.8 71.9 300
Total Hardness TH 480 8405 16515 535.2 419 745.1  1637.6 691.1
Na* 58 189.9 11325 732 115 520.4  1629.3 152.5 200
K* NA 55 19.7 5.0 NA 5.3 45.3 3.6 300
CrI 212 477.9 2358 156.3 | 225.5 546.5 3203 293.8 300
CO3* NA 0 0.019 0 NA 0 0.9 0.21
HCOz NA 306.7 258.6 318 NA 293.2 274.8 282.3
NOz 34 19.2 39.8 38 34.8 18.4 27 80.6 50
SO4* 50.7 98.6 391 89.2 65.2 123.8 418.6 100.1 250
lonic Ratios SWI Criteria
Na*/CI 0.5 0.6 0.5 0.9 1.14 1.49 0.6 1.0 <0.86
CI/HCOz NA 2.7 18 0.8 NA 3.2 24.4 1.8 20-50
Mg?*/Ca?* 0.6 1.0 15 0.8 0.20 2.57 1.74 0.96 45-5.2
Br/ClI- NA 0.001  0.003 0.004 NA 0.001 0.001 0.002 0.0015
Ca?*/(HCO3+S04%) NA 1.2 1.62 0.9 NA 15.8 1.3 1.3 >1
SO4Z/CI 0.2 0.1 0.1 0.4 0.3 0.19 0.13 0.3 0.103
G QI generalized 88 61.7 53.6 67 87.2 57.5 52.3 62
Seawater fraction fsea 0.01 0.02 0.12 0.01 0.01 0.03 0.2 0.01
GQIsaitwater Intrusion 82.8 74.4 62.7 82.2 79.5 67.9 59 75.8 <75

2 Highly urbanized city; ® Suburb/ lightly urbanized; ¢ Very highly urbanized city; ¢ Agricultural plain/not urbanized;
All values in mg/l except pH and EC (us/cm); Parameters in ratios expressed in meg/l;

See Appendix 3 for full results.
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Water quality in Aquifer B (the suburb of Jal el Dib North of Beirut City) exhibited

early signs of moderate salinization. The TDS levels ranged from a minimum of 380 ppm

(fresh GW) to a maximum of ~4000 ppm (moderately saline GW). The CI- concentrations

ranged from a low of 115 ppm (fresh GW during the wet season) to ~2400 ppm (moderately

saline GW in the dry season). Around 90% of the samples were experiencing moderate

salinization year-round. Seasonal differences in the SWI indicators were statistically

significant (Table 4-5). The hydro-geochemical analysis showed that water in the aquifer was

mostly of the mixed CaMgCl type (Domain IV) in the wet season and shifted to the NaCl

type (Domain Il, primary saline seawater) in the dry season, whilst maintaining the mixed

CaMgCl type in some areas (Figure 4-3). This salinization trend was further confirmed by the

GQISWI (Table 4-4) that showed that while ~80% of the wells were freshwater during the

wet season only 60% were still considered to be fresh in the dry season. This reflects the

active intrusion of seawater into the relatively fresh aquifer with areas closer to the sea

presenting higher salinization levels as compared to inland areas. Appendix 3b presents the

results of the full physiochemical analysis for the aquifer underlying the suburb pilot area.

Table 4-5 Significance of paired t-test of the observed change in

groundwater quality between the dry and wet seasons

Study areas selmplling 22 e p:}/glsue p(\BI?QIlIJe P \glllue ggﬁ!ﬁ

Urban city (Aquifer A) Dry 2006 — Wet 0.42 <0.001 0.04 0.02
2007

Suburb (Aquifer B) Wet - Dry 2013 < 0.0001 0.000 0.033 < 0.0001

Highly urbanized (Aquifer C) Wet - Dry 2013 < 0.0001 0.006 < 0.0001 0.026

Agriculture (Aquifer D) Wet - Dry 2014 0.583 0.004 0.979 0.810

“Paired sample t-test with significance level o= 0.05

The physiochemical characteristics of Aquifer C (underlying the very highly

urbanized metropolitan of Beirut) showed significant SWI (Table 4-4) albeit with high

variability within and between seasons. TDS levels ranged from as low as 390 ppm (fresh
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GW) in the wet season to as high as >31,000 ppm (highly saline GW) in the dry season, with
only 21% of samples indicating fresh to slightly saline water quality (<1500 ppm). Based on
Cl- concentrations, the majority of the samples also exhibited saline to highly saline water
quality. Statistically significant seasonal deterioration in the water quality was apparent
(Table 4-5), where an increase in TDS and Cl- and a decrease in the GQISWI were observed
between the wet and dry seasons (Table 4-4). Furthermore, the hydro-geochemical analysis
revealed the presence of secondary (domain V of CaCl type) and primary saline water
(domain 11 of NaCl type) in the wet season with the predominance of groundwater quality of
the CI--SO42--Na+-K+-Mg2+-Ca2+ type (Figure 4-3). The water type shifted to primary
saline water i.e. seawater (domain Il of NaCl type) in the dry season. During the wet season,
fresh-brackish, brackish and saline water persisted along the western flank of the aquifer
(Cenomanian and quaternary formations) whilst fresh water dominated in the eastern zones
within the Miocene tertiary formations. The full analysis is presented in Appendix 3c.
Finally, in Aquifer D (underlying the agricultural plain of Zahrani) early signs of
salinization were noted. The aquifer is reported to be generally fresh to slightly saline (Table
4-4). The TDS ranged from a low of 375 ppm (fresh GW) to a high of 3,110 ppm (moderately
saline GW) in the dry season, with only 10% of samples exhibiting saline water quality
(>1500 ppm). Chloride concentrations ranged from a low of 32 ppm (Fresh GW) to a high of
835 ppm (saline GW) (Table 4-2). Note that no statistically significant change was observed
between the wet and dry season in terms of TDS, CI" or GQIswi (Table 4-5) hinting to limited
freshening-salinization of groundwater. The seawater fraction (Table 4-4) confirmed a low
seawater-freshwater mixing rate in the dry and wet seasons at ~1%. The full analysis is
presented in Appendix 3d. The water types in the agricultural aquifer of the Zahrani plain
(Aquifer D), consisted mainly of domain IV (mixed CaMgCl water type) and domain V

(CaCl, secondary saline water type), with a couple of wells only showing domain Il type
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(NaCl, primary saline seawater) in the dry season. Water types shifted to domain | (CaHCO3
freshwater) in addition to domains V (CaCl, secondary saline) and 1V (CaMgCl, mixed) in
the wet season ascertaining that groundwater is fluctuating from freshwater to secondary
saline waters (Figure 4-3). The worst GQIsw in Zahrani was observed during the dry season
with a mean GQlswi of 75% indicating signs of early mixing of fresh and saline water whilst
during the wet season the GQIlsw pointed towards less mixing and the dominance of
freshwater in the aquifer (Table 4-4). This presents a dynamic aquifer slightly subject to SWI
with signs of early intrusion in specific areas albeit with a potential seasonal flushing due to
the low urbanization and moderate abstraction rates as a result of the concomitant use of

surface water.
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Not urbanized, agricultural plain
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Figure 4-3 Piper Diagrams showing seasonal hydro-geochemical facies of pilot aquifers
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4.3.2 Principal Components Analysis of salinity

The The PCA results are summarized in Table 4-6 in terms of the two main principal
components (PCs) along with their associated eigenvalues, factor loadings, and the percent
variability explained. In Aquifer A (Tripoli), three PCs with eigenvalues above 1 explained 79%
of the total variability. The first PC (PC1) which explained 67% of the variability, exhibited a
strong positive association with CI-, EC, TDS, Na* and SO+ and a strong negative association
with GQIswi. The presence of all variables associated with salinity in PC1 strongly indicates that
this component represents the intrusion of saltwater in the aquifer. Similarly, in Aquifer B (Jal
Eldib), three PCs with eigenvalues above 1 explained 79% of the total variability. Yet, the first
PC was only able to explain 49.3% of the variability. It showed a strong positive association with
Cl', TDS, EC, SO+* and an equally strong negative association with GQIswi. This indicates that
the first PC represents the intrusion of saltwater into the aquifer, however, it also hints that
salinity is not the main factor responsible for the variability in the aquifer given its relatively low
explaining power. In Aquifer C (Beirut), three PCs with eigenvalues above 1 represented 86.6%
of the total variability. The first PC explained 56.8% of the variability and had a strong positive
association with CI, TDS, EC and Na* as well as a strong negative association with GQlsw.
Accordingly, the first PC strongly represents the SWI into the aquifer. It also hints that salinity
explains the majority of the variability in the aquifer, where SW1 is well advanced. In Aquifer D
(Zahrani), four factors with eigenvalues above 1 represented 74% of the total variability. The
first PC which explained only 34.5% of the variability observed, was found to be only strongly
associated with Total Hardness and TDS and to a lesser extent with CI-, Ca?* and Mg?*. This
indicates active geochemical processes and ion exchange; yet there are no clear signs of

salinization. Overall, the conclusions from the PCA concurred with those from the hydro-
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geochemical based approach, thus providing another layer of confirmation about SWI at the four
pilot aquifers. It reaffirmed that while salinity was not a major process in Aquifer D (Zahrani), it
was detected in Aquifer B (Jal EIDib) and was the dominant process in Aquifer C (Beirut) and

Aquifer A (Tripoli).

Table 4-6 Principal component analysis (PCA) at the four pilot sites

Aquifer (B) Jal Aquifer (C) Aquifer (D)
elDib Beirut Zahrani
Aquifer (A) Moderately Very highly Not urbanized,
Tripoli urbanized urbanized agricultural
Aquifer Urbanized city ~ suburb metropolitan plain
Loadings” PC1 PC2 PC1 PC2 PC1 PC2 PC1 PC2
Cl 0.982 0.917 0.182 0.903 0.7 0.22
Ca 0.863 0.321 0.857 0.725 0.556 0.692 -0.136
Mg 0.855 -0.2 0.238 -0.908  0.453 0.508 0.618 0.271
TH 0.947 0.78 0.4 0.764 0.568 0.91
HCOs 0.897 0.118 0.347 -0.111
EC 0.988 0.951 0.209 0.944 0.255 0.483
TDS 0.988 0.951 0.209 0.944 0.255 0.812 0411
NOs -0.337 0.794 0.135 -0.2
S04 0.952 0.923 -0.192  0.743 0.264 0.25
Na 0.93 0.106  0.405 0.791 0.908 0.102 0.936
pH -0.182  -0.563 0.196 0.163  -0.322
GQlswi -0.959 -0.59 -0.7 -0.947  0.145 -0.294 -0.912
Eigenvalues 8.071 1.3 5.9 2.2 6.8 15 4.1 1.9
Variability 67.3% 10.9% 49.3% 18% 56.75 128% 345% 16.2%
Explains SWI Yes Yes Yes No No

*loadings based on Rotated Component Matrix with Varimax rotation

4.3.3 Impact of land use and land cover (LULC) and water deficit on SWI
The ANOVA analysis revealed the impact of the LULC and the water deficit on salinity
levels, measured as GQIswi, ClI"and TDS. For GQIswi, both factors, LULC and water deficit,

were found to be statistically significant (F(3,216) = 40.2, p<0.000 and F(2,217) = 66.6,
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p<0.000, respectively). Post hoc paired-wise tests with the Bonferroni and Tukey corrections
showed that the GQIsw differed between the various categories of land use (very highly, highly,
moderately urbanized and agriculture). Only the GQIsw for the moderately urbanized (Aquifer
B) and the agricultural aquifers (Aquifer D) were not statistically different. The post hoc tests
also showed statistically significant differences (at a=0.05) in GQIlsw between the high (Aquifer
C) and low deficit (Aquifers B and D) regions as well as between moderate (Aquifer A) and low
deficit (Aquifers B and D) areas but no statistically significant difference was observed between
the aquifers with high (Aquifer C) or moderate (Aquifer A) water deficits. Similar deductions
were reached when the analysis was repeated with CI” and TDS, as a measure of SWI instead of
GQIswi. In terms of CI™ analysis, ANOVA results showed that the land use and water deficit,
were statistically significant (F(3,217) = 64.3, p<0.000 and F(2,218) = 89.4, p<0.000,
respectively). Similarly for TDS, the ANOVA results showed the land use and water deficit, to
be statistically significant (F(3,217) = 45.3, p<0.000 and F(2,218) = 71.45, p<0.000,
respectively). Post hoc paired-wise tests with the Bonferroni and Tukey corrections showed that
the TDS and CI" levels statistically differed between the various categories of land use (very
highly, highly, moderately urbanized and agriculture) except for the moderately urbanized
(Aquifer B) and the agricultural aquifers (Aquifer D) which were found to be not statistically
different. The post hoc tests also showed statistically significant differences (at a=0.05) in TDS
and CI" between the various categories of water deficit (high, low and moderate) except between
the aquifers with high (Aquifer C) and moderate (Aquifer A) water deficits which was observed
to be not statistically significant. Note that while the LULC and the state of the water deficit can

interact, the assessment of the statistical significance of such an interaction was not possible
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because the limited number of pilot sites, which does not allow for all possible combinations
between these two factors to be statistically observed.

The ANOVA results showed that the water deficit and the land use are the contributing
factors in the occurrence and intensity of SWI. While water deficit directly drives groundwater
abstraction, leading to seawater intrusion, establishing and quantifying a direct relationship
between water deficit and SWI is challenging due to the multiple other factors at play including
the availability of other water sources (i.e. tankers, bottled waters...etc.), abstraction rates, and
the proliferation of wells. Similarly, while agricultural and non-urbanized areas are expected to
allow more aquifer recharge, this relationship is also dependent on other factors including the
level of urbanization, soil saturation, rainfall, aquifer characteristics, topography, as well as
groundwater extraction. Nevertheless, urbanization played a surrogate for lower infiltration rates
(land use) and higher pressures (water deficit) on groundwater aquifers as the factors associated
with urbanization (i.e. less permeable areas with less recharge and more development with more

pumping) tended to be associated with significant levels of salinity in the pilot areas.

4.3.4 Measures for Sustainable Management
The management of water deficits and seasonality requires a holistic understanding of
the drivers of such deficits to enable decision making towards effective solutions. Management
through increased water tariffs, metering, water quota as well as regulations on water uses (car
washing, patio washing, smart water installations, well permits...etc.) targets the control of the
demand on water, hence decreasing the gap between supply and demand through addressing the

demand-driven water deficit. Management through water reuse and recycling (grey water

systems), inter-basin transfer and rainwater harvesting projects, water storage, unconventional
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water resources (desalination) as well as groundwater recharge aim to supply additional water to

meet the demand, hence decreasing the supply-driven water deficit. In Aquifers B and D,
selective measures targeting demand only such as strict regulations on permits (well location,
number, quotas), metering and water tariffs could be adequate as a long-term sustainable plan.
Whereas in Aquifers A and C, both supply and demand measures are required to reinstate control
on the water resources and manage aquifer usage.

Land use management is equally a core component of an aspired holistic approach to
decrease the water deficit (e.g. recharge provides supply and less urbanized land uses induce less
demand). In Aquifers B and D for instance, coastal planning and growing less water intensive
crops could maintain the balance between the urbanized and non-urbanized areas whereas in
Aquifers A and C, a full-fledged landscape approach to land use management is needed to
integrate green infrastructure in urbanized areas to avoid further urbanization sprawl. Green
infrastructure (green roofs, bioswale channels, planters and trenches, rainwater harvesting,
sunken public spaces) boosts the resilience of urban centers by focusing on decentralized
systems of intertwined green and gray infrastructure (Biswas et al., 2019). It slows runoff,
captures rainfall and allow aquifer recharge while concomitantly decreasing the urban heat island
effect (i.e. indirectly less stress on water demand).

Irrespective of the current status of salinity, a holistic approach to water management is
imperative for decision making towards ensuring sustainable management of resources. While
concerns and interests in managing SW1 usually target aquifers already at risk (e.g. Aquifers A
and C), protection of relatively freshwater or moderately saline aquifers (e.g. Aquifers D and B)

is of equal priority. Beyond the selection of measures, monitoring of relevant indicators (e.g.

86



salinity levels, water table, water consumption, green cover, wells proliferation, urbanization

rates ...etc.) is key for continuous periodical evaluation.

4.4  Conclusion

In this study, the temporal dynamics of saltwater intrusion (SWI) under differing land
use and land cover (LULC) patterns and water deficit conditions was assessed in four aquifers
along the Eastern Mediterranean coast of Lebanon. While the aquifers exhibited signs of
salinization, significant differences in the observed SWI were evident as a result of the interplay
between various groundwater demand and supply factors operating under different LULC
patterns. The current state of the aquifers ranged from being slightly saline (TDS < 1500 ppm) to
highly saline (15,000 < TDS < 31,000 ppm). The overall assessment showed that the strength of
the SWI signal was correlated to the dominant LULC at each aquifer and that the extent of the
water deficit at each aquifer played a dominant role in explaining the occurrence and intensity of
the observed SWI rates. Strong seasonal differences in SWI were observed, especially at the
urbanized aquifers, which is believed to follow the water deficit dynamics between wet and dry
seasons. The study suggests a synergistic effect of high water demands (water deficit) and
increased urbanization (land use) on the SWI in aquifers. It also hints to a bleak future awaiting
the aquifers underlying the suburbs of highly urbanized cities if water shortages are not
alleviated and urbanization rates continue at the same rate. These findings reflect an increasing
salinization challenge along the Eastern Mediterranean. Without proper mitigation measures,
SWI is expected to further increase under the synergistic effect of climate change (i.e. sea level
rise, reduction in precipitation, and increase in urbanization), exacerbating the associated socio-

economic burdens to this region’s vulnerable and fragile communities. Consorted efforts towards
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the implementation of the proposed adaptation strategies are equally imperative for sustainable

aquifer management that aim to alleviate the impacts of SWI.
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CHAPTER 5

SYNERGY OF CLIMATE CHANGE AND LOCAL PRESSURES
ON SALTWATER INTRUSION IN COASTAL URBAN AREAS:
EFFECTIVE ADAPTATION FOR POLICY PLANNING

5.1 Introduction

Landward intrusion of seawater into coastal aquifers, known as saltwater intrusion
(SW1), is primarily caused by aquifer over-pumping and land-use change (Singh, 2014; Werner
et al., 2013). SWI is invariably an increasing threat to urban coastal communities worldwide by
contaminating groundwater and impairing its productive and consumptive value (Selmi, 2013;
Fatoric & Chelleri, 2012; Park et al., 2012; Zhang et al., 2011; Standford & Pope, 2010; Sales,
2009; Conrad & Roehl, 2007; Bobba, 2002). Climate change is expected to further exacerbate
SWI due to potential sea level rise coupled with increased temperatures (that translates into an
increase in water demand) and reduced precipitation (that translates into a decrease in surface
water available for aquifer recharge). (Kumar et al. 2007; IPCC, 2007; 2014).

The importance of planning to adapt to SWI lies in protecting the biophysical elements
(i.e. subsurface aquifers and groundwater quality) and curtailing associated socioeconomic
burdens on coastal communities (i.e. the impairment of water resources, damages to soil, plants,
and infrastructure, etc...). However, as coastal aquifer hydrodynamics and climate change
impacts remain challenging to quantify and predict (Post VEA, 2005; Sanford & Pope, 2010;
Werner et al., 2013) and as the interaction between impacts of global climate change and local

anthropogenic impacts remains ambiguous, coastal managers remain in dire need to plan and act
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under incomplete knowledge to cope with these impacts and protect the economic, social, and
environmental security of coastal communities (Tribbia & Moser, 2008). In this context, drivers
of saltwater intrusion have often been assessed using mathematical simulations that account for
major hydrogeological inputs as well as temporal and spatial variations in groundwater recharge
and discharge and sea level fluctuations, through mass balance, and numerical analysis (Sophiya
& Syed, 2013; Cobaner et al., 2012; El Shinnawy & Abayazid, 2011; Harbor, 1994; Purandara et
al., 2010).

While groundwater overexploitation is strongly associated with lowering the water table
and the advancement of the seawater front (Ergil, 2001; Cobaner et al. 2012; Koussis et al. 2012;
Selmi, 2013; Sherif et al. 2012), the ability of flushing a saltwater contaminated aquifer by
stopping or reducing pumping rates or managed aquifer recharge is not evident. Concurrently,
the impact of sea level rise exhibits different responses in confined and unconfined aquifers with
rising seas generally believed to first lift the entire aquifer, which would help alleviate the
impacts of saltwater intrusion, before intrusion overrules again (Carretero et al. 2013; Chang et
al. 2011; Werner et al. 2012). While the trends governing the physical, geological and chemical
processes of the interaction between the drivers of SWI are generally similar, the rate and
magnitude of these interactions remain highly context-specific (EI Shinnawy & Aba Yazid,
2011; Melloul & Collin, 2006; Conrads et al. 2010; Dausman & Langevin, 2005; Niang et al.
2010; Oude Essink, 2001; Ranjan et al. 2006) confirming the need for local examination towards
informed management and adaptation strategies. Similarly, studies that examined opportunities
for adaptation, albeit limited, showed that their effectiveness is variable and site-specific (Abarca
et al. 2006; Ergil, 2001; Fatoric & Chelleri, 2012; Frank & Boyer, 2014; Georgpoulou et

al.2001; Kaleris & Ziogas, 2013; Masciopinto, 2013).
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This study examines the additional factor of climate change impacts in comparison to
local anthropogenic interventions on the occurrence and intensification of SW1 along urban
coastal aquifers using a multi-objective 3D hydrogeological model responsive to the dynamics of
population growth, recharge and climatic stresses. In parallel, it assesses the potential role of
planned adaptation strategies in alleviating saltwater intrusion in an attempt to inform policy

making on sustainable management of urban coastal aquifers.

5.2 Methodology

The methodological framework consisted of three interrelated components: first, the
characterization of the pilot aquifer study area; second, the identification of scenarios that
account for local anthropogenic interventions, climate change, and planned adaptation strategies;
and third, the assessment of these scenarios on saltwater intrusion dynamics using a multi-

objective 3D variable-density flow and solute transport model.

5.2.1 Aquifer characterization

The pilot area consists of a fractured, heterogeneous aquifer underlying Beirut city and
its suburbs, a highly urbanized metropolis recognized for water shortage challenges and high
dependence on groundwater resources. The study area stretches midway along the Eastern
Mediterranean with a 16.5 km of diverse shorelines including rocky beaches, sandy shores and
cliffs over a total area of ~44 km? (Figure 5-1). Its hydrogeology belongs to the Cretaceous and
Quaternary periods with restricted exposures of the Tertiary periods (Abdel Basit, 1971;
Peltekian, 1980). The Cenomanian-Quaternary system (carbonate-sand) is considered as one
thick aquifer, ~700m, consisting mainly of hard and compact limestone and dolomite

interbedded with chert, and intercalations of marl (Khair, 1992) overlain by quaternary recent
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deposits. The aquifer is characterized by accessibility and relatively high transmissivity and low
storativity, particularly in the Cenomanian formations, and high infiltration rates due to the
presence of weak or partial cementation between the grains of sand in the quaternary deposits
allowing for moderate permeability (Khair, 1992). It is characterized by fractured and karst
systems (Masciopanti, 2013; Shaaban et al. 2006) and is heavily jointed and faulted (Ukayli
1971). Nearly 4500 small building scale wells are reportedly tapping into this aquifer (SOER,

2011; Saadeh 2008) complementing network water supply to nearly 1 million individuals (CAS

2008).
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Figure 5-1 Location and surface geology of the pilot aquifer
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5.2.2 Development of scenarios

Abstraction and sea level rise (SLR) scenarios were developed for the near future
(2012-2032), as proxies for local anthropogenic interventions and global climate change.
Groundwater abstraction was estimated based on domestic water demand rates using population
growth and per capita consumption rates. Two growth rates were examined: an average of 1.75%
(MoEW, 2010) and a high of 2.50% (WB, 2009). Total population estimates were based on the
year 2010 with ~1.2 million inhabitants in the study area (CDR / DAR 2014). Similarly, a
constant average consumption rate of 180 liters per capita per day (I/c/d) (MoEW, 2010) and a
variable high rate of 200 I/c/d increasing linearly to 300 I/c/d (including network losses) were
tested (El-Fadel et al., 2000; Korfali and Jurdi, 2010; Saadeh 2008).

Table 5-1 presents levels of input variables for scenario development with a total of 11
scenarios simulated over the period 2012 to 2032. Recognizing that water demand and
availability vary between wet and dry seasons, this variation was considered in the scenario
development, where fewer surface water supplies are expected to be available in dry seasons
when the demand for water is at its highest. Assessment of the impact of sea level rise was based
on estimations for the Eastern Mediterranean reported at 12 — 25 cm by 2030 and 22 — 45 cm by
2050 (Cazenave & Jaber, 2001) or 30 — 60 cm by 2040 (SNC 2011). Accordingly, both a low
(20cm) and a high (65cm) SLR by 2032 were assumed using rates of 1.00 and 3.25 cm/yr,
respectively. The cumulative impact of SLR and abstraction on the dynamics of saltwater

intrusion was analyzed for the baseline scenario (S1) as well as the worst-case scenario (S4).
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Table 5-1 Simulated scenarios with corresponding input parameters
Population ~ Consumption

Scenario growth rate Description and details
(%) (I/c/d)
S1 1.75 180 Baseline
S2 1.75 200 - 300 Most likely
S3 25 180 Modified baseline
S4 25 200 - 300 Worst case
S1A 1.75 180 Groundwater demand is reduced by 230,000 m3/d as a result of
SIA 175 200 - 300 adoption of adaptation/mitigation measures starting 2019
S3Al 25 180 Groundwater demand is reduced by 350,000 m3/d as a result of
SAAL 25 200 - 300 adoption of adaptation/mitigation measures starting 2019
S4A2 25 200-300 Abstraction is halted as demand is met as a result of
adaptation/mitigation measures starting 2019
S1L 1.75 180 Sea level rise is included at 1 cm/yr i.e. rise of 20 cm by 2032
S4L 25 200 - 300 Sea level rise included at 3.2 cm/yr i.e. rise of 65 cm by 2032

Based on the understanding of the aquifer response to drivers, potential adaptation
strategies for soothing the saltwater intrusion were analyzed under different scenarios. Given that
the excessive spread of wells and the indiscriminate withdrawal of groundwater are necessitated
by deficits between the water supply and demand, adaptation strategies focused on reducing
abstraction by reducing the demand on groundwater in general as well as reducing the deficit
between supply and demand. In line with the national plans (MoEW 2010), three levels of
adaptation were evaluated to analyze for effectiveness and informed decision making towards
sustainable aquifer management. The scenarios tested were based on the 10 year plan of the
Ministry of Energy and Water (MOEW) which consisted of a) water conservation practices
tailored towards reducing network losses, currently estimated at ~50% (MOEW 2010); b) the
injection of treated wastewater for artificial aquifer recharge and c) a series of infrastructure

projects including the conveyance of water from inland to the urban area under study through a
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phased dam-lake project (Beirut Awali Conveyor project) (MOEW 2010). In line with the
methodology which is based on groundwater abstraction that is defined by demand, the selected
adaptation strategies targeted the groundwater demand and adopted the projected additional
supply to Beirut from several planned projects. Adaptation scenario (A) adopted an additional
water supply of ~230,000 m®/d projected under Phase | (2.5 - 3m®/s) of the conveyor project
(MOEW 2010) whereas scenario (A1) adopted an additional supply to Beirut of ~350,000 m?/d
projected under Phase 11 (4.5 - 6m®/s) of the same project. Adaptation strategy A2 assumes the
adoption of unconventional water supplies i.e. desalination so that the entire demand is met
through desalinated water with no groundwater abstraction needed. All adaptation measures were

assumed to start in 2019.

5.2.3 Model set-up and simulations

A multi-objective 3D variable-density flow and solute transport model using SEAWAT
(Langevin et al., 2008) was set for the target domain. Initial and boundary conditions, and sub-
surface characteristics were assigned to the mesh following the digitization of the study area. The
boundary to the north and west is a specified head boundary condition corresponding to the
monthly stage of the sea level. Two rivers bound the domain from the northeast and the south
(Figure 1). The southern river is dry with occasional flow from storm water runoff and
groundwater influx, whereas the northeastern river acts as a drain downstream and a river
upstream. The influx to the system is has been assumed to be primarily through recharge/runoff
due to rainfall (Peltekian, 1980). During the last few decades, the rise in urban and suburban
development in and around Beirut city resulted in a significant amount of impervious surfaces.

Therefore, aquifer recharge from the surface runoff was considered nil in the model simulations.
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A Dirichlet boundary condition was used to specify the average salinity level of the seaside
boundary with a TDS concentration of 35 g/l (Figure 5-2). The complex hydrogeology of the
subsurface environment is not well documented. Therefore, assumptions on the aquifer’s
hydrogeological characteristics were made in the design of the model. Spatial heterogeneity of
groundwater abstraction and the number of supply wells (~2500 wells) tapping into the aquifer
were assumed constant over time (from 2012 to 2032). The boundary to the east (between the
two rivers) was set as a no-flow boundary due to its vicinity to the middle Cenomanian formation
(C4b) which encompasses a low hydraulic conductivity. Nevertheless, the only opening in the
Cenomanian formation in the eastern domain was characterized by a flux boundary condition
with a low influx rate. Storativity was set at a constant of 0.3 for yield storage and 10E-6 for
specific storage. The measurements of head and salinity field observations were considered

reliable.
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Figure 5-2 Model cells, boundary conditions and licensed wells in the Beirut aquifer (vertical
magnification equals 4)

The model comprised a transient stress period (i.e. the computational time interval for a
simulation, here taken at one month) of twenty-years subdivided into 240 sub-periods of one-
month duration (from June 2012 to June 2032) that undergoes both steady state and transient
conditions. The first stress period (June 2012) was specified as steady state with the aim of
providing a stable head distribution at the beginning of the transient period. Monthly averaged
head observations over the period of June 2012 to March 2014 were used in the transient model
calibration within the Groundwater Modeling System (GMS-Version 10). The model used the
advanced pilot-points parameterization coupled with PEST (Doherty, 2007) to characterize

spatial heterogeneity of hydraulic conductivity. The final results of model calibration suggested a
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range of 8 to 81 m/day for the hydraulic conductivity in the first numerical layer containing the
Quaternary, Cenomanian and Miocene formations. The value of hydraulic conductivity in the
second and third layers varies between 5.02 to 182 m/day. Although the calibration results were
generally satisfactory with a low level of model-to-measurement misfit error in terms of
hydraulic head observations however, the existing geologic data were not sufficient to validate
the model calibration results of hydraulic conductivity. Therefore, expected uncertainty in
estimation of hydraulic conductivity values is recognized as a limitation of the model.

For model verification, salinity data collected during a 2013/2014 groundwater monitoring
campaign were used (Rachid et al., 2015). A steady-state MT3D model coupled with the steady-state
head results of MODFLOW for June 2012 was run using the standard finite difference method with
central-in-space weighting scheme through SEAWAT. The purpose of this steady-state simulation
was to adjust the salinity distribution with the hydraulic head to estimate the initial saltwater wedge
profile that would exist in the system prior to stressors (Figure 5-3). The salinity distribution was
derived through kriging interpolation using 91 salinity measurements (in the range of 416 to 21,485
mg/lit) collected during the groundwater monitoring program. However, the salinity data were not of
sufficient number in depth to delineate a three-dimensional distribution within the aquifer. Since the
knowledge of vertical distribution did not exist, the two-dimensional distribution was interpolated
with the initial saltwater wedge profile (in 2012) produced by forecasting a historical model (which
represents the water level in 1969) into 2012 (present water level). The saltwater-freshwater interface
associated with the historical model was assumed to be under the non-intrusion condition when

saltwater and freshwater were in balance.
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Figure 5-3 Salinity distribution in the pilot aquifer in June 2012

Analysis of saltwater intrusion dynamics under the various scenarios focused on the
mass encroachment of saltwater into the fresh groundwater aquifer as well as the volumetric
displacement of the saltwater-freshwater interface over the 20 years simulation. The volumetric
extent of saltwater intrusion was computed using the areal extent of intrusion through vertically
active cells overrun by salinity of greater than 7,000 mg/l equivalent to the threshold of brackish
water. The volume of the interface with the iso-line > 7,000 mg/L was estimated by multiplying
the number of cells at a salinity > 7,000 mg/L with the cells’ volumes (length*width*depth). The
mass of salinity in the entire model domain was then calculated by multiplying the volume with

the porosity and salinity > 7,000 mg/L.
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While two main mechanisms of saltwater intrusion are expected to take place’, the geologic
layer in the pilot aquifer was divided into two numerical zones to characterize the dominant
mechanism of intrusion: an upper zone where supply wells are tapping and a lower zone where the
toe of the interface is located.

As a measure of the relative impacts of model variables (i.e. water consumption rate,
population growth and adaptation level) on the magnitude of intrusion, a Prediction Scaled
Sensitivity (PSS) was conducted on scenarios of groundwater abstraction (s1A, s2, s2A, s3Al, s4 &
s4A1l). The PSS was defined as the percent change in the model prediction (i.e. mass of salinity and
volumetric displacement of the interface) given a change in the rate of groundwater abstraction on
the basis of the change in the water consumption rate, population growth and adaptation level as

expressed in Equation 1 (Hill & Tiedeman, 2007):

0yij
pss,, = (ﬁ) (b,/100)(100/3,) )

Where (ai’—”) is the derivative of the mass encroachment or volumetric displacement to
ij

the derivative of abstraction rate evaluated at the it scenario from the jw baseline scenario

(mg/l/m3/yr or m3/m3fyr); y; is the magnitude of mass encroachment of salinity or volumetric
displacement of the interface at the ji baseline scenario (mg/l or m®) ; dy;; is the derivative of

(change in) the mass encroachment or volumetric displacement in the it scenario from the jin

7 Lateral encroachment of recent seawater due to the high degree of heterogeneity in addition to upconing
due to the high vertical velocity of water as a result of low storativity
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baseline scenario; b; is the abstraction rate at the ji baseline scenario (m3/yr); ab;; is the

derivative of (change in) the abstraction rate in the it scenario from the ji baseline scenario; i
corresponds to scenarios (S1A, s2, s2A, s3A1, s4 & s4A1) and j is the associated baseline
scenarios (s1 & s3 for s2 & s4, respectively, and s1, s2, s3 & s4 for adaptation A & adaptation
Al). For instance, if the abstraction rate increases from 10 to 12 Mm? (17% increase) and
consequently the salinity mass increases from 2000 to 2200 tonnes (10% increase), the PSS
value is estimated (200 tonnes / 2 Mm?®) * (10 Mm?®/100) (100/2000 tonnes) = 0.5. Note that the
PSS values are dimensionless. The PSS was calculated for both the mass encroachment of

salinity and the volumetric displacement of the interface under seasonal conditions.

5.3 Results and Discussion

5.3.1 Impact of abstraction

The model results indicate that under the baseline scenario (S1), the saltwater-

freshwater interface moves landward, indicating increased salinization of the aquifer with ~15%
mass encroachment of salinity and ~20% volumetric displacement of the interface occurring in
the upper zone of the aquifer within a depth of 100 m below sea-level (where most wells are
tapping). Concurrently, there is >80% encroachment occurring in the lower zone of the aquifer,
where the toe of the interface is located. Figure 5-4 illustrates the estimated abstraction per year
over the whole simulation period for all scenarios in the absence of any adaptation measure. The
results show that higher water consumption per capita rates results in a greater increase in
abstraction (S1 vs. S2 & S3 vs. S4) as compared to that associated with population growth rates

(S1vs. S3 & S2 vs. S4) (Figure 5-4). Increasing the rate of water consumption from 180I/c/d to
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200-300 I/c/d under S2 (the most likely scenario) increases the total rate of abstraction by ~63%
which is translated into ~60% increase in mass encroachment of SWI and a 70% additional

displacement of the interface in 20 years (by October 2031) as compared to S1 (Figure 5-4).
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Figure 5-4 Groundwater abstraction in MCM: Variation under main simulated scenarios

The volumetric displacement of elevated concentrations at the end of the dry season for
the current state of salinity (October 2015), the beginning of adaptation scenarios (October 2019)
and the end of simulation period (October 2031) are displayed in Figure 5-5 across scenarios of
groundwater abstraction. Simulations of the S3 scenario suggest that raising the rate of
population growth from 1.75% (in S1) to 2.5% (in S3) increases the abstraction rate by 14.7%
with ~12.8% exacerbation in salinity intrusion as compared to S1 suggesting that salinity

encroachment is more sensitive to the existing rate of water consumption than the rate of
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population growth. The coupled impact of increasing both the population growth and the water

consumption rates under S4 (the worst case scenario) led to a 78% increase in mass

encroachment, which translated into a 90% increase in the landward displacement as compared

to S1. Under the scenario S4, the simulated landward displacement is 5% more than the

combined predicted impact of increased population growth (S3) and consumption rates (S2) due

to the synergistic impact of both S2 and S3 scenarios on the dynamics of saltwater intrusion

(Figure 5-6).
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Figure 5-5 Volumetric extent of >7g/l salinity intrusion over the simulation period
(showing October 2015 (end of the dry season), October 2019 (beginning of adaptation

scenarios) and October 2031 (end of simulation period)
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Figure 5-6 Percent change in abstraction and mass encroachment during 20 years simulation
under various groundwater abstraction scenarios relative to the corresponding baseline scenarios

In the absence of adaptation measures (scenarios S1, S2, S3, and S4), it is expected that
the upper zone now exhibiting saltwater intrusion with elevated salinity concentrations (>7000
mg/l) will experience a volumetric intrusion that is slightly reduced from the current rate of 20%
(Figure 5-7). Since elevated concentrations are encountered mainly inside the transition zone, the
diminishing volumetric percentage of intrusion in the upper zone suggests that the dominant

mechanism of temporal intrusion is due to lateral encroachment in the lower zone. Since
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groundwater abstraction increases under scenarios S2 and S4 in comparison to S1 (baseline), the
volumetric percent of intrusion in the upper zone further drops (Figure 5-7) while that of the
lower zone increases thus demonstrating that the movement of the interface toe is sensitive to
abstraction rates. Hence, managing the abstraction rates is imperative for managing the lateral

encroachment and potentially reversing the intrusion of saltwater.
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Figure 5-7 Percent volumetric extent of >7g/l salinity intrusion in upper layer of aquifer (100 m
thickness)

5.3.2 Impact of Sea Level Rise
The simulation of a 1.00 cm/yr SLR (20 cm by 2032) (S1L) applied to the baseline
scenario (S1) resulted in a slight increase in the mass encroachment of salinity, which is
equivalent to the impact resulting from a 1% increase in groundwater abstraction over the

simulation period (i.e. 20 years) under similar conditions. This suggests that a sea level rise of 20
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cm by 2032 has a relatively insignificant impact on saltwater intrusion dynamics relative to
groundwater abstraction in the study area. Similarly, a high SLR (S4L) of 3.2 cm/yr (65 cm by
2032) applied to the worst-case scenario (S4) resulted in an additional mass encroachment
equivalent to the impact of only 1.7% increase in groundwater abstraction, reconfirming that the
impact of a 65 cm SLR by 2032 will largely be masked by the overwhelming impact of over-
abstraction. While under the analyzed scenarios of groundwater abstraction (S1, S2, S3 & S4), a
SLR of 1.00 cm/yr seems to be of minimal concern due to lower magnitude of intrusion in S1
than other scenarios (S2, S3 & S4), the impact of an additional 2.20 cm/yr SLR (SLR of 3.20
cm/yr) on S1 is equivalent to the impact of a 2% increase in groundwater abstraction for the
same scenario (S1). Accordingly, any adaptation strategy or management measure to alleviate
saltwater intrusion must focus on controlling abstraction, which remains the main driver of
saltwater intrusion. Note that SLR may cause potential changes to the shape of the interface,

which may increase the possibility of upconing near the coastline.

5.3.3 Impact of adaptation scenarios

Figure 8 depicts the monthly change in the magnitude of saltwater intrusion upon
considering adaptation scenarios throughout the simulation period (up to 2032). Both the mass
and volumetric encroachment trends corresponding to scenarios 1A and 4A1 suggest that
adaptation strategies under these scenarios helped reduce the demand for groundwater in the
majority of years as compared to 3A and 6A1, where the demand for groundwater remained
greater than that available supply defined in the adaptation strategies of those scenarios. For
instance, S3A1 exhibited a 60% reduction in volumetric encroachment as compared to S3,

suggesting that a reduction in demand of 350,000 m*/d can reduce pumping rates to nil in the wet
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season (for a couple of years). Note however that while total abstraction rates decrease under
various adaptation strategies (strategies A and Al), the salinity still exhibits an increasing trend,
as expected, due to the higher rate of groundwater depletion as compared to the available
replenishment particularly in the dry season. Nevertheless, adaptation strategies A and Al
proved to be effective in decreasing the total abstraction rates and simultaneously halt the
intrusion for a significant duration before abstraction takes over again (S2A and S4A1). Across
the scenarios S2A & S4A1, the largest reduction in mass encroachment of salinity occurred
during the wet season (November to April) as the groundwater abstraction (in some years)
decreased to almost nil. In contrast, the minimal reduction were as expected during dry season
(mostly in October, the driest month of the year) because the adaptation strategies could not meet

freshwater demands.
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Figure 5-8 Changes in mass encroachment under adaptation scenarios

S1A & S2A: Reduction in groundwater abstraction by 230,000 m®/d starting 2019;

S3A1 & S4A1: Reduction in groundwater abstraction by 350,000 m%/d starting 2019.

The optimistic adaptation strategy whereby groundwater abstraction ceases by 2019

(with the demand being met through unconventional water resources - desalination) was tested
under the worst-case scenario (S4) associated with assuming the highest abstraction rate and
mass encroachment after 20 years (by 2032). While the simulation results showed that the mass
encroachment of salinity decreased by 47% (from S4 to S4A2) over a period of 13 years (from
2019 to 2032) (Figure 5-8), the total mass of salinity in 2032 was still significantly higher

(250%) than that in 2012. This asserts that while halting abstraction helps in freshening the

aquifer system, a recovery period of 13 years did not revert the damage caused by 7 years of
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abstraction under the worst-case scenario (S4) since longer time is needed to aid the aquifer in

recharge.

5.3.4 Sensitivity analysis

The sensitivity analysis suggests that the volumetric displacement of the interface,
rather than the mass encroachment, is sensitive to changes in abstraction rates (Figure 9).
Volumetric encroachment is only associated with landward displacement of elevated
concentrations (> 7000 mg/l) while mass encroachment involves concentrations in the full TDS
range of 0 — 35000 mg/I (seawater concentration), indicating that saltwater intrusion in the
aquifer is governed by concentrations of greater than 7000 mg/I. Furthermore, the results show
that salinity encroachment exhibits a higher sensitivity to water consumption rates in comparison
to population growth rates (S2 & S1 (Volumetric PSS = 1.08, Mass PSS = 0.94) vs. S3 & S1
(Volumetric PSS = 1.04, Mass PSS = 0.87)) (Figure 5-9). In parallel, the baseline scenarios (S1
and S3) exhibited more sensitivity to adaptation strategies (S1A & S1 (Volumetric PSS = 1.13,
Mass PSS = 0.95) vs. S3A1 & S3 (Volumetric PSS = 1.1, Mass PSS = 0.95)) than S2 and S4
(S2A & S2 (Volumetric PSS = 0.97, Mass PSS = 0.91) vs. S4A1 & S4 (Volumetric PSS = 0.98,
Mass PSS =0.92)), where S1A and S3A1 highlighted a large decrease in the magnitude of
intrusion with reduced water abstraction, particularly during the wet season. Nevertheless, the
response to adaptation strategy A1 (reduction of groundwater demand by 350,000 m®/d) showed
higher sensitivity than with adaptation A (reduction of groundwater demand by 230,000 m?),
despite the fact that Al is applied to scenario S3 which involves 15% more abstraction than S1.
On the other hand, further increases in water consumption (under S2A and S4A1) reduced the

impact of adaptation (S2A & S2 (Volumetric PSS = 0.97, Mass PSS = 0.91) vs. S4Al & S4
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(Volumetric PSS = 0.98, Mass PSS = 0.92), particularly after a period of time where the increase

in groundwater demand dominates again.
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Figure 5-9 Simulated Scaled Sensitivity of various scenarios on mass and volumetric
encroachment of intrusion
S1: Baseline scenario with 180 I/c/d water consumption rate and 1.75% population growth;
S2: Most likely scenario with 200 - 300 I/c/d water consumption rate and 1.75% population growth;
S3: Modified baseline scenario with 180 I/c/d water consumption rate and 2.5% population growth;
S4: Worst case scenario with 200 - 300 I/c/d water consumption rate and 2.5% population growth;
S1A & S2A: Reduction in groundwater abstraction by 230,000 m%/d starting 2019;
S3A1 & S4A1: Reduction in groundwater abstraction by 350,000 m%/d starting 2019;
S4A2: Abstraction in S4 is halted as demand is met as a result of adaptation/mitigation measures starting 2019;
S1L: Sea level rise is included at 1 cm/yr i.e. rise of 20 cm in S4 by 2032;
S4L: Sea level rise included at 3.2 cm/yr i.e. rise of 65 cm in S4 by 2032.

The seasonal sensitivity results indicated that the impact of adaptation strategies
increased during the dry seasons when the aquifer undergoes maximum intrusion (Figure 5-10).
Since the aquifer does not suffer from excessive intrusion during the wet season under the

baseline scenario S1, the system exhibited the least sensitivity to the adaptation plan during the
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wet season (Wet PSS=0.56). This highlights the potential role of storing the excess water during
the wet season for later usage during the dry season as a potential adaptation strategy to be
further examined. However, the impact of adaptation on mass encroachment of salinity during
the dry season was most effective under the baseline condition S1 when the PSS increased nearly
four times from wet (0.56) to dry (1.73). The high sensitivity of the mass encroachment to the
adaptation scenario S4A1 during the wet seasons indicates the vulnerability of the aquifer during
the wet-season to increases in the population and water consumption rates (PSS=0.9). While this
higher sensitivity to population growth (PSS=0.9) rather than water consumption (PSS=0.8)
during the wet seasons (S3 vs. S2) is in contrast to the yearly sensitivity analysis results (where
PSS is 0.87 for S3 & 0.94 for S2), it is due to the fact that water consumption varies per season
but population growth mainly carries a constant ratio over a given year. This highlights the need
for seasonal/monthly simulations to address the impact of seasonal change in the rates of
groundwater abstraction on the seasonal state of SWI for proper analysis of the impact of

adaptation or mitigation strategies aimed at halting the intrusion.
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Figure 5-10 Seasonal PSS of simulated scenarios on the mass encroachment of intrusion
S1: Baseline scenario with 180 I/c/d water consumption rate and 1.75% population growth;
S2: Most likely scenario with 200 - 300 I/c/d water consumption rate and 1.75% population growth;
S3: Modified baseline scenario with 180 I/c/d water consumption rate and 2.5% population growth;
S4: Worst case scenario with 200 - 300 I/c/d water consumption rate and 2.5% population growth;
S1A & S2A: Reduction in groundwater abstraction by 230,000 m®/d starting 2019;
S3A1 & S4A1: Reduction in groundwater abstraction by 350,000 m3/d starting 2019;
S4A2: Abstraction in S4 is halted as demand is met as a result of adaptation/mitigation measures starting 2019;
S1L: Sea level rise is included at 1 cm/yr i.e. rise of 20 cm in S4 by 2032;
S4L: Sea level rise included at 3.2 cm/yr i.e. rise of 65 cm in S4 by 2032.

5.3.5 Adaptation / mitigation framework
While adaptation strategies can be very successful in slowing saltwater intrusion even
under scenarios of high population growth rates, high water consumption rates must be
controlled for this purpose. Scenarios of high consumption rates render adaptation strategies

ineffective after an average period of 14 years as the increase in demand for groundwater masks
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the benefits of the adaptation. In this context, adaptation strategies should be planned together
with mitigation measures in a comprehensive framework for effective saltwater intrusion control
and sustainable aquifer management. While only three adaptation strategies were simulated,
designing the adaptation framework necessitates examining all measures that can potentially
reduce the water deficit, which is the main driver for groundwater abstraction, through targeting
both demand and supply management options incorporated in national water plans in close
coordination between relevant institutional and community stakeholders (Figure 5-11). In this
context, the Ministry of Energy and Water (MoEW) and its Regional Water Establishments
(RWE) are the main entity governing the water sector in coordination with other regulatory
bodies such as the Ministries of Public Health (MoPH) and Environment (MoE) that are
responsible for health and environmental protection and setting standards for water quality
monitoring. The Ministry of Interior and Municipalities (MoIM) is involved in executing and
monitoring of small-scale municipal works that relate to water infrastructure as well as enforcing
regulations / penalties levied by other institutions. In practice, these ministries are also supported
at times by the Council for Development and Reconstruction (CDR) through funding large-scale
water supply projects such as dams from international organizations (MoE/UNDP/ECODIT
2011) and the Ministries of Finance (MoF) and Economy and Trade (MoET) through setting

tariff structures and ensuring consumer protection.
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Figure 5-11 Adaptation framework
MOoEW: Ministry of Energy & Water RWE: Regional Water Establishments
MoPH Ministry of Public Health MoE: Ministry of Environment (MoE)
MoIM Ministry of Interior & Municipalities CDR: Council for Development and Reconstruction
MoF: Ministry of Finance MoET Ministry of Economy and Trade

Smart metering, tariff restructuring, promotion of water conservation practices as well
as incentives for water saving appliances are important demand side management measures
indispensable for sustainable water consumption and proper resource management. On the other
hand, reducing unaccounted-for-losses in the water supply network, currently estimated at 50%
(MoEW, 2012), remains a priority supply management measure that can minimize groundwater
abstraction as well as save invaluable surface water resources. Rainwater harvesting, benefiting
from surface runoff (storm water) along coastal areas, as well as reuse of treated gray water and
wastewater, despite associated sensitivity in terms of social acceptance, can also be incorporated
in the framework. Other supply management methods, discussed in the national plans (MoEW,
2012), including the construction of a series of dams as well as conveying water from rural areas,
could prove viable in the medium to long term when population growth and high consumption

rates require boosting of available water resources. The latter should be considered in parallel to

demand management strategies and other supply management measures such as unconventional
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sources (i.e. desalination, water harvesting, and water reuse etc.). This framework should be
managed concomitantly with a monitoring program that continuously assesses the response of
the aquifer system to groundwater extraction. Naturally, the framework needs to be implemented
in a wise and timely manner where different measures are gradually undertaken at critical
milestones to support and boost strategies that may grow ineffective and maintain aspired

performance.

5.4 Conclusion and Way Forward

The impact of global environmental change and local anthropogenic interventions on
the intrusion of saltwater in a coastal urban aquifer was analyzed using a multi-objective variable
density model through analysis of groundwater abstraction and sea level rise scenarios. The
results of annual simulations showed that while the aquifer system is highly sensitive to both
water consumption rates and population growth rates, a ~50% increase in the rate of water
consumption leads to at least four times more volumetric displacement of the interface than a
similar increase in population growth rate after 20 years. Interestingly, coupling of both has a
synergistic effect that aggravates the displacement beyond the sum of the individual impacts. On
the other hand, the aquifer system revealed a relatively limited sensitivity to sea level rise
(induced by climate change) whereby the impact on saltwater intrusion of a 65 cm rise by 2032
is masked by 2% increase in abstraction rates under the baseline scenario although other climate
change impacts. Note however that the additionality factors associated with the decrease in
precipitation and increase in temperature (hence increase in the net water demand) induced by

climate change, is indirectly embedded in water consumption rates.
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The analysis of adaptation strategies indicated considerable effectiveness in the ability to
slow the rate of saltwater intrusion. While the adaptation strategy of halting abstraction could not
cause system-recovery or reverse the saltwater intrusion damage, it succeeded in stopping the
intrusion. The effectiveness of adaptation strategies to secure the aspired results is hinged on proper
planning in terms of timing, duration, capacity and context. This underlines the importance of
understanding the aquifer system and its seasonal response as well as its interaction with drivers,
before selecting an adaptation strategy for successful and sustainable aquifer management.

This study contributed to the understanding of the response of coastal aquifer systems to
local and global stresses as well as the role of adaptation strategies in alleviating saltwater intrusion.
It forms a platform for effective local adaptation planning, providing informed policy and decision

making for sustainable aquifer management.
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CHAPTER 6

DYNAMIC BAYESIAN NETWORKS TO ASSESS
ANTHROPOGENIC AND CLIMATIC DRIVERS OF
SALTWATER INTRUSION: A DECISION SUPPORT TOOL
TOWARDS IMPROVED MANAGEMENT

6.1 Introduction

Saltwater Intrusion (SWI) has been reported in various coastal zones around the world
such as New Zealand (EnviroLink, 2011), China (Zhang et al., 2011), Philippines (Sales, 2009),
Korea (Park et al., 2012), US (Conrads et al. 2010; Sanford and Pope, 2010), Bangladesh
(Rahman et al. 2014), and India (Bobba, 2002). The Mediterranean basin is no exception, with
SWI reported along its northern, southern and Eastern sections (e.g. France (de Montety et al.,
2008), Italy (Capaccioni et al., 2005), Spain (Fatoric & Chelleri, 2012), Turkey (Cobaner et al.
2012), Syria (Allow 2012; Abu Zakhem & Katta 2017), Lebanon (Saadeh & Wakim, 2017;
Rachid et al. 2017; Zaarour 2017), Israel (Levi et al. 2018; Mushtaha et al. 2019), Gaza (Selmi,
2013), Egypt (Eissa et al. 2016; Attwa et al. 2016), Tunisia (Kouzana et al., 2010), Libya (El
Hassadi, 2008) and Morocco (El Yaouti et al., 2009)).

Complex coastal aquifer hydrodynamics and the uncertainties associated with future
climate change limit our abilities to quantify and predict SWI (Sanford & Pope, 2010; Werner et
al., 2013). Moreover, interactions between global climate change and local environmental drivers
(e.g. urbanization with land use and land cover) remain poorly characterized. As such, the ability
of coastal cities to manage and adapt to SWI is constrained by the complexity of the process, the
limited data availability, and the associated high uncertainties (Tribbia & Moser, 2008). In this

context, Bayesian networks (BNs) can be ab attractive decision support tool for risk analysis and
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management (Marcot & Penman, 2019; Li et al., 2018; Gonzalez-Redin et al. 2016; Fenton &
Neil 2012; Barton et al. 2008). BNs are models that link variables of different states with
probabilities in a directed acyclic graph and use probability theory, based on Bayes Theorem, to
quantify interactions, calculate posterior probabilities of outcome states, and propagate
uncertainties (Marcot, 2012; Pearl, 1986). They are effective in accommodating incomplete data,
accounting for uncertainty, and integrating knowledge-based and expert-based information
(Marcot & Penman, 2019; Eurie Forio et al. 2015; Aguilera et al., 2011). BNs also allow for
forward and backward propagation of information as new information is made available
(Aguilera et al., 2011). BNs are also attractive as decision support tools given their legible
graphical interface that is user-friendly for the non-technical users. Additionally, they can
incorporate both decision and utility nodes to form Bayesian decision networks. Traditionally,
BNs have been run as standalone models that are static with respect to time. Recent
developments have expanded the capabilities of traditional BN to allow them to be linked to
other networks to produce Object-Oriented Bayesian Networks, while time slicing has permitted
the development of Dynamic Bayesian Networks (DBNs) for temporal analysis and predictions
of future states (Molina et al., 2013).

Given these advantages, bayesian decision networks have been successfully used to
manage surface water resources and groundwater abstraction as well as to model catchments and
irrigation needs (Keshtar et al. 2013; Molina et al. 2010; Sadoddin et al. 2005). BNs were also
used in ecological modeling, natural resources management, water quality assessment, and
water/groundwater management (Alameddine et al., 2011; Newton 2009; Borsuk et al., 2004;
Bromley et al., 2003). However, their application in climate change related studies and

adaptation management remains limited (Catenacci & Giupponi, 2013; Cuddy et al., 2007; Hall
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& Twyman, 2005) and their use towards assessing saltwater intrusion is lacking. In this study, a
conceptual DBN framework is developed and presented as an environmental management tool
with applicability to semi-arid coastal areas affected by SWI with the aim of improving our
understanding about the interaction between local anthropogenic drivers and global climatic
determinants responsible for SWI in data-scarce and poorly monitored urbanized coastal
aquifers. Additionally, we assess the socioeconomic implications of SWI that are associated with
the projected changes in the physical environment and/or in the implementation of different
policy drivers, while ensuring that the associated uncertainties in the data are accounted for and
propagated transparently. The DBN is then used to compare between a set of proposed demand
and supply management scenarios by assessing their abilities towards limiting/reversing SWI

under projected climatic changes and socio-demographic transformations.

6.2 Material and Methods
6.2.1 Study area

The study area consists of the highly urbanized metropolitan (Beirut) located on a
relatively flat triangular shaped-peninsula extending westward into the Mediterranean Sea
(Figure 6-1). It has a surface area of 44 km2 with a 5 km shoreline and diverse features including
rocky beaches, sandy shores and cliffs. Topographically, the study area starts at sea level then
gains elevation along the south-west and north east directions to reach a maximum of 95m asl
(Abdel Basit, 1971). Its population is nearly 1.2 million (CDR/ DAR 2014) residing in about
18,000 buildings (SOER, 2011) at a density of around 20,167 person/Km2 (Ayash, 2010). The
population growth has been reported to range from 0.4 to 2.5% per year (CAS, 2008; WB 2009;

MOEW, 2010; El Fadel et al., 2000). The study area has witnessed rapid urbanization, at a 111%
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increase between 1963 and 2005 (Faour & Mhawej, 2014). With increased urbanization, the
natural terrain of the study area was converted rapidly to impermeable surfaces; with an
estimated 1 tree remaining for every 33 inhabitants as compared to 4 and 34 trees per inhabitant
in Berlin and Abu Dhabi (ESCWA, 2005). The annual rainfall in the city ranges from 700 to 900
mm/yr (Peltekian, 1980; Atlas Climatique du Liban, 1977; EI-Samra et al., 2016) with an
average annual temperature of 20.9 °C (tu.tiempo, 2016; Atlas Climatique du Liban, 1977).
Climatic predictions point towards a drier and warmer future as well as to a rising sea level at a
rate of 20 mm/yr, which may reach up to 30-60 cm by 2040 (SNC 2011; TNC 2016).

The underlying geology of the study area belongs to the Cretaceous and Quaternary
periods with pockets of the Tertiary periods (Figure 6-1). Groundwater occurs mainly in two
principal aquifers of sand and carbonate (Abdel Basit, 1971). Available water resources to the
city consist mainly of the water supplied through the public water network from nearby basins
and groundwater wells (El Fadel et al., 2000; Acra et al., 1997; Saadeh, 2008; Nasr et al., 2012).
The daily supplied volume is estimated at 183,000 and 283,000 m3/d for the summer and winter
seasons respectively; whilst the demand is estimated to exceed 303,000 m3/d (Saadeh, 2008). As
a result of this deficit, the residents rely heavily on tapping into subsurface aquifers to fulfill their
unmet water needs (Ayash, 2010; Acra et al, 1997). According to CAS (2008), out of the 18,200
buildings in Beirut at least 5,000 operate a private well with a total yield of more than 14 MCM

(million cubic meters) per year (MOEW 2010; SOER, 2011; Saadeh 2008; Peltekian, 1980).
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Figure 6-1 Location and geology of the study area

6.2.2 SWI along the Beirut coastal aquifer

Signs of SWI in Beirut were observed as early as 1969, through geo-electrical processing that
confirmed SWI through tectonic fractures (FAO 1997). Since then chloride concentrations
steadily rose from 340 mg/L in 1970 to over 4,200 mg/L in 1985 (Khair, 1992). In a more recent
study, Rachid et al. (2017) analyzed 170 wells between 2012 and 2013 and reported that the
aquifer suffers from advanced salinity (average chloride concentration = 4600mg/L) albeit with
significant spatial and temporal heterogeneity. While these high levels of chloride are mostly
driven by increased water demand and groundwater over extraction, they are expected to further

intensify in the future under the synergy of climate change impacts and population growth.
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6.2.3 Conceptual Model Development and parameterization

Anthropogenic and climatic drivers will influence the propensity of SWI in coastal
aquifers. Studies have generally focused on three main drivers, namely groundwater abstraction,
aquifer recharge, and sea level rise (SLR) (Safi et al., 2018; Sophiya & Syed, 2013; Cobaner et
al., 2012; El Shinnawy & Abayazid, 2011; Purandara, et al., 2010; Harbor, 1994). Population
growth and increased urbanization are the main anthropogenic inducers of SWI, as they increase
water demands and reduce natural groundwater recharge (Selmi, 2013; Koussis et al. 2012;
Cobaner et al. 2012). In addition, the daily water consumption rate plays an important role in
determining the total water demand for a given area. The rate is known to differ geographically
and temporally and as a function of affluence (Whitcomb, 2005). When the supply is short of the
demand, groundwater extraction and SWI increase, especially when monitoring and enforcement
are weak.

Climate change is another driver of SWI through multiple routes including the reduction
in precipitation, the increase in ambient temperature and evapotranspiration, and the rise of sea
level (Sherif et al. 2012; Abdel Hamid, 2010). A decrease in precipitation is expected to reduce
the recharge and negatively affect available freshwater resources. On the other hand, an increase
in ambient temperature is associated with a greater water demand (Jarboo & Al-Najar 2015;
Goodchild, 2003) and evapo-transpiration (Bates et al., 2008; Jackson et al., 2011; Neukum &
Azzam, 2012). The rise in sea level is expected to imbalance the saline-freshwater hydrostatic
pressure and enhance the lateral seawater intrusion (Carretero et al., 2013; Werner et al., 2013;
Conrads et al. 2010; Chang et al. 2011; Reilly & Goodman, 1985). While the general trends

governing the physical, geological and chemical interactions between these drivers and the
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intensity of SWI are common, the direction and magnitude of these interactions are highly
context-specific (Ferguson and Gleeson 2012; Ivkovic et al. 2012; Loaiciga et al. 2011).

As groundwater salinity levels increase, it becomes unusable for most purposes. Hence,
salinization is associated with an economic burden in terms of incurring "avoidance costs"” such
as tapping into alternative resources, purchase of water, or the treatment of the salinized water to
acceptable levels prior to use (Catenacci & Giupponi, 2013; Connor et al., 2012; Characklis et al.
2005). Moreover, consuming high salinity waters shortens the useful lives of piping systems,
fixtures and appliances (water heaters, coolers, faucets, clothes washers, and dishwashers) and
damages the infrastructure. These in turn result in increased expenditures on maintenance and
repairs (Alameddine et al. 2018; Connor et al. 2012; Howitt et al. 2009; Ragan et al. 2000;
Wilson, 2004). Additionally, the consumption of high salinity water has been associated with
adverse health impacts (UrRahman et al. 2017; Talukder et al., 2016; Frank & Boyer, 2014).
Overall, the scale of these damages is expected to intensify in view of the synergies between the
seemingly inevitable impacts of climate change and the ever-increasing human-induced
pressures (Nicholls et al., 2007).

For the study area, the available literature, exploratory data analysis and experts'
judgment were used to formulate a conceptual framework for SWI (Phan et al. 2016; Kragt,
2009; Giordano et al. 2013; Keshtkar et al. 2013). Figure 6-2 depicts the framework of SWI
along coastal aquifers representing the drivers, their effects or impacts, their potential

interactions, and their implications.
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Figure 6-2 Conceptual framework for the main drivers of saltwater intrusion and their impacts

Transforming the conceptual framework into a BN model requires the identification of
variables representing the parent and child nodes as well as establishing the conditional
relationships between them (Phan et al. 2016; Catenacci et al. 2013; Keshtar et al. 2013; Kragt,
2009). Starting with the conceptual framework (Figure 6-2), the structure and variables of the
SWI Directed Acyclic Graph (DAG) were developed in an iterative process involving reviews
and feedback from domain experts. While most nodes in the conceptual framework were directly
represented as variables in the SWI DAG (e.g. temperature, rainfall, population growth rate,
consumption rate, aquifer salinity, freshwater recharge ...etc.), others were captured by a set of
variables (e.g. avoidance costs, lateral flow, etc.) as detailed below.

The final SWI DAG (Figure 6-3) consisted of multiple variables categorized into four

components, namely a climate component, a hydro-geological component, a demographic
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component and a socio-economic component. The climate component accounts for the current
conditions of temperature, rainfall and evapotranspiration as well as their projected future
changes as defined by the RCP 4.5 and RCP 8.5 scenarios (IPCC 2014). Note that while the
impact of SLR on aquifer salinity was initially included as a node in the conceptual framework,
it was omitted due to the inconclusive nature in the direction and intensity of the relationship
between SLR and salinity (Werner et al. 2013; Carretero et al. 2013; Chang et al. 2011; Reilly &
Goodman 1985). The main route by which SLR affects salinity is through the advancement of
the freshwater-seawater mixing zone and the interface toe, the dynamics of which can only be
described through a spatially distributed numerical model specific for the aquifer. In this context,
Safi et al. (2018) reported that the impact of SLR on salinity levels was negligible when
compared to the magnitude of existing anthropogenic drivers. The demographic component of
the model relates the current population and its potential growth over time along with the water
consumption rates to estimate water demands. The hydrogeological component was divided into
two sub-components, namely lateral flow and salinity. The lateral flow sub-component
characterizes the recharge area outside the aquifer domain that contributes freshwater into the
study area. It links the infiltration, pervious area and abstraction rates in the mountainous
recharge area overlooking the city to the net freshwater recharge inflowing into the study area.
Thus, it represents the total lateral flow. On the other hand, the salinity sub-component defines
the relationships governing how the drivers of SWI (freshwater recharge, rainfall infiltration,
pervious area, abstraction and safe yield) affect the salinity levels of the aquifer. Finally, the
socioeconomic component relates the resulting salinity levels to the direct and indirect costs

incurred by the targeted population as a function of avoidance costs that included the cost of
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treatment (e.g. reverse osmosis), damages to installations, or costs of using alternative sources
(i.e. trucking water).

As the DBN is intended to be used as a decision support tool, a management component
was included to explore the implications of potential or planned mitigation measures and
adaptation strategies (i.e. demand and supply management options). Figure 6-3 illustrates the
resultant DAG including the nodes and links associated with the multiple model components.
Full details on the model set up and its components are presented in the Appendic 4a.

The definition of the states for each node was based on reported literature, empirical
data, field surveys and stakeholders’ elicitation (Sperotto et al. 2017; Phan et al. 2016; Keshtkar
et al. 2013). The number of states was kept as low as possible to account for the need to populate
the conditional probability tables (CPTs) (Eurie Forio et al. 2015; Chen & Pollino, 2012). As
some nodes are continuous, discretization was necessary. Based on Fienen et al. (2013), natural
thresholds evident from the physical environment were used first in addition to meaningful
ranges reported in the literature. This was followed with an iterative process of fine-tuning the
discretization process to ensure the generation of meaningful bins that are able to provide
insights on the data and reflect changes. For example, the discretization of aquifer salinity
followed the groundwater quality categorization into slightly, moderately, highly and very highly
saline based on the six salinity bins of Konikow and Reilly (1999). These bins were then further
examined where the first two very low and the last two very high extreme bins were compressed
into 1 very low and 1 very high bin while the middle broad bins were each divided into two in
order to capture the salinity changes within each category. The evaluation of the impact of the

discretization method on the accuracy and computational efficacy, albeit recognized (Lucena—
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Moya et al. 2015; Rahman et al. 2014; Nojavan, 2014; Alameddine et al. 2011; Aguilera et al.
2011; Uusitalo, 2007), was out of scope of this study.

Populating the prior probabilities of the parent nodes as well as the subsequent CPTs
was based on available data, reported literature, official statistics, field surveys, outputs from
other models, and expert elicitation and interviews (Table 6-1) (Nojovan et al. 2017; Rahman et
al. 2014; Catenacci et al. 2013; Chen and Pollino, 2012; Kragt et al. 2009; Kjaerulff and Madsen,
2008; Pollino et al. 2007; Nyberg et al. 2006; Cain 2001). For example, the probabilities for the
nodes on RO price, RO penetration rate, well penetration rate, and the water tanker prices were
populated based on field surveys (El-Fadel et al. 2015; Constantine et al. 2017) and expert
interviews. Elicitation was undertaken through the direct fixed value elicitation approach
(Kashuba, 2010; Winkler, 2003; Morgan & Henrion, 1990; Clemen, 1991). Additionally, a set of
CPTs were populated based on functions representing mass balances and regression equations
(Table 6-1). Note that the time span of the DBN was defined between 2013 and 2034, with a
time step of one year. The baseline year was set at2013/2014. While the states, prior probabilities
and conditional probability tables were populated with data relevant to the pilot area, yet the
model is easily transferable to other coastal cities with similar settings. Table 6-1 summarizes the
developed DBN by highlighting the type of nodes used, their states and the basis for
parameterization of their CPTs. The DBN was implemented in the HUGIN EXPERT 8.3
(HUGIN EXPERT 2019). Full information on the model parameters including the definition of

the nodes' states and parameterization of CPTs are provided in the Appendix 4.
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Table 6-1 DAG Parameterization: nodes, states and CPT references

Node Name @ Unit @ States Parameterization
CC scenarios (P) (C) RCP 45,85 Output from global
circulation models
g . Output from dynamic
- 3. 3 _ .
- Temperature increase °clyr 8 05(')%)%00?;72'5)(10 0.0208; downscaling model (WRF @
S ' ' HiRAM 2 model) b¢
c
] . <350; 350 - 550; 550-750; 750 -950; . be
g Actual rainfall (C) mm/yr 950 - 1100 Literature & data
8 Output from dynamic
2 Rainfall reduction Y%lyr 0.006-0.01; 0.01-0.015; 0.015-0.02 downscaling model (WRF
= HiRAM model) ¢
= Evapo-transpiration Yoivr 0 - 4.97x10%; 4.97x10* - 9.91x10%; Output from PRECIS model
© reduction oy 9.91x10* — 3.85x10 on
3 - -
/6 pervious area in the % 1-10; 10-30; 30-50 Data & Literature ¢
lateral recharge zone (P)
= Infiltration volume in the P -
E lateral recharge zone MCM/yr 0-1;1-2;2-3 Equation
T 5 Infiltration rate in the o
o - 0 -20° 20-30" 30-
g K lateral recharge zone (P) %lyr 10-20; 20-30; 30-60 Expert interviews
—_ C - -
g)) < Abstraction in the lateral MCM/yr 0-0.6: 0.6-1.6 Equation”
S recharge zone
=4 g 5 Lateral flow into the study MCM/yr 0-1; 1-2; 2-3 Equation” — mass balance
T O @ area
Fg{’“'a“on growthrate (P) g, 0.2-12;1.2-2.2: 2.2-3.2 Data & Literature ¢
Actual population (C) Million 1-1.2;1.2-1.4;1.-1.6;1.6-2.2 Data & Literature f
2 i - 702100° 100-200- 200- Equation”
= E Consumption rate (C) I/c/d <70; 70-100; 100-200; 200-300 Data & Literature 9
© S 10-E0- EO- . _ . _
§’ § Water demand MCM/yr ;51,8 10-50; 50-100; 100-150; 150 Equation”
€ E . 1_E- . . .
&S Water Deficit MCM/yr (2)'2% 1-5;5-10; 10-40; 40-140; 140- Equation”
Etfective infiltration in MCMiyr  0-0.2;0.2-0.4; 0.4-0.6 Equation” [Eq. 1]
study area
2 Pervious area decrease (P) %lyr 0-0.2; 0.2-0.5; 0.5-1 E;(pert elicitation Literature
c
E Freshwater recharge MCM/yr 0-0.5; 0.5-2.5; 2.5-4.5; 4.5-8 Equation”
é Network supply MCM/yr 30-50; 50-110; 110-180; 180-240 Official data
§_ Groundwater abstraction MCM/yr 25% 1-5;5-10; 10-40; 40-140; 140 Equation™
S . 1_E . . .
3 Safe yield MCM/yr (2),:__)% 1-5;5-10; 10-40; 40-140; 140- Equation”
[
= Groundwater abstraction % of
% rate (as a function of previous 10-50; 50-60; 60-75; 75-100 Expert elicitation
g aquifer salinity) year
g 1000-4000; 4000-7000; 7000-10000; Equation” - Mass balance
> Salinity in aquifer (C) ppm 10000-15000;15000-25000;25000- 4
I [Eq. 2]
35000
3 -
RO penetration % of 0-5; 5-10; 10-20; 20-40 Field survey + Expert
o buildings elicitation
g = RO price $/m3 0-0.3; 0.3-0.5; 0.5-1; 1-2 Expert interviews
c
3 g RO cost (at the city level) MUSD/yr 0-0.8;0.8-10; 10-320 Equation”
8
S E Installation damages (at the ) ) Equation” - Regression
(8} - — —
88 city level) MUSDiyr  0-1;1-25,25-5 Model [Eq. 3]
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Node Name @ Unit @ States Parameterization
Water tankers (market % of 5-25; 25-35; 35-55; 55-80 Field survey
penetration) buildings
Tanker price (price of water 3 aa . i
delivered by tankers) $/m 3-8;8-12 Literature
Cost of tankers (annual cost MUSD
of water delivery by tankers 0-5; 5-10; 10-60; 60-200; 200-900 Equation”
. $lyr
at the city level)
Annual socioeconomic
: MUSD 0-5; 5-10; 10-50; 50-100; 100-500; I
I(S\/Ee?)) burden (at the city $iyr 500-1000: 1000-2400 Equation
0-5; 5-2000; 2000-3000; 3000-4800;
Cumulative SES burden (C) MUSD $ 4800-7000; 7000-10000; 10000- Equation”
24000
Cumulative SES (over 0-250; 250-500; 500-1500; 1500-
roject life) per capita $/capita 2500; 2500-5000; 5000-10000; Equation”
proJ per cap 10000-24000
GBWSP Phase | MCM/yr 0-30-60 Official data
£ . | GBWSPPhase Il MCM/yr 0-30-60 Official data *
(<5}
£ é Desalination MCM/yr 0-60-120 Literature !
g ‘éi Avrtificial recharge MCMir  0-35 Official data ¥
©
S 3 | Demand Management (P) o 0-50; 50-150; 150-300 Data & Literature ™
(increase in tariff)

* Equations detailed in Appendix 4b.

a (P) parent node; (C) temporal clone node; (RCP) Representative Concentration Pathways; (MUSD) Million US dollars; (MCM) Million Cubic
Meters; (GBWSP) Greater Beirut Water Supply Project; (WRF) Weather Research and Forecasting model; (HIRAM) High Resolution
Atmospheric Model

b El-Samra et al., 2016; ¢ Atlas Climatique du Liban, 1977, SNC 2011, TNC 2016; d Faour & Mhawej, 2014; e CAS, 2008, WB 2009, MOEW,
2010, El Fadel et al., 2000; f CDR/DAR 2014, Ayash 2010, SOER 2011; g WB 2009, SOER, 2011, MOEW, 2010, Comair, 2010, Saadeh, 2008,
Peltikian, 1980, El-Fadel et al. 2000; h El-Fadel et al. 2015; i MOEW 2010, Saadeh, 2008, SOER 2011, j Constantine et al. 2017; k MOEW 2010,
WB 2017; | Saidy 2016; m MOEW 2010; n PRECIS Model, Met Office Hadley Center (2010)
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Figure 6-3 Proposed Directed Acyclic Graph for the Saltwater Intrusion Dynamic Bayesian Network. Cloned node: are select
variables that represent the interface between two successive time slices in the DBN allowing for the modeling of time series

130



6.2.4 Dynamic Bayesian Network

While a BN is an effective decision support tool, it is limited in its capacities to
propagate information through time. As such, the BN model was further developed into a DBN.
The latter has been applied in various fields including clinical (Orphanou et al., 2014) and
environmental studies (Uusitalo et al., 2018; Molina et al., 2013). DBNs allow for the modeling
of time series by generating a BN for each time slice and allowing the realization of selected
variables at a given time to be dependent on the state of the system at past times while
maintaining the same DAG and node relationships throughout the time slices (Marcot &
Penman, 2019; HUGIN EXPERT 2019). These select variables are known as temporal clones
that represent the interface between two successive time slices in the model (HUGIN EXPERT
2019). As such, simulations of the BN at any time slice will result in updates to the probabilities
of states for all nodes including the clone nodes at that time slice. These clone nodes will then
communicate their updated states to their clone in the next time slice so that the BN of the next
time slice will estimate the updated probabilities of all nodes accounting for the carried input
from the previous time slice. In this study, 7 out of 37 nodes were designated as clone nodes
(refer to Table 1). In total the DBN had 20-time steps (time step = 1 year) starting with the base
year of 2014 and ending in 2034.

Several diagnostic metrics (e.g. receiver operating characteristic curves, k-fold cross-
validation, confusion tables, and performance indices have been developed to assess the
performance of BN models (Speretto et al. 2017; Marcot 2012; Farmani et al. 2009; Newton
2009; Ticehurst et al., 2007; Borsuk et al., 2004); yet their application to our model was

constrained by the unavailability of cases or data against which to test and validate the model.
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Accordingly, the accuracy of the model predictions was only assessed using the Area Under the
Receiver Operating Characteristic (ROC) Curve (AUC) metric (Marcot 2012; Nojavan et al.,
2014; Newton 2009). The ROC curve plots the percent true positives (“sensitivity”) as a function
of their complement percent false positives. The AUC, which represent the overall performance
of the model, typically ranges between 0 and 1, whereby a model that consistently provides false
predictions has an AUC of 0 while an AUC of 1 indicates a model with perfect predictions. For
this purpose, the analysis wizard of HUGIN was used to simulate a total of 10,000 cases (with
5% missing values based on MCAR (missing completely random)) to test the model accuracy.
Model diagnosis was assessed on the first time-slice of the model only as analysis is not possible
on the DBN. In addition, the model results from the 20-year run of the DBN were compared with
the results of a 3D variable-density flow and solute transport model developed by Safi et al.

(2018) for the same aquifer. The results of the AUC (Appendix 4g) were found to be satisfactory.

6.2.5 Model simulations
The DBN was used to assess the relative importance of the projected changes in

climatic forcing versus those associated with anthropogenic drivers on SWI, through a set of
scenarios (Table 6-3) by comparing their marginal probabilities on the target nodes (i.e. the
salinity of the aquifer and the ultimate socioeconomic burden). A base line scenario (S1) was
defined under RCP 4.5 to represent the most probable situation in the study area. The impact of
climatic variability was assessed in scenario (S2) under RCP 8.5. The worst-case scenario (S3)
coupled RCP 8.5 with a higher consumption rate of 200-300 I/c/d (instead of 100-200 I/c/d).
Note that for all three scenarios, no changes were considered to the existing demand and supply

management.
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Several supply management scenarios were then defined and run under RCP 4.5 and 8.5
(Table 6-3). Based on governmental plans (MOEW 2010), S1-Sa and S3-Sa use 60 MCM of
additional water by year 2019 and scenarios S1-Sb and S3-Sb use another 60 MCM starting
2025. In an effort to capture the urgency of implementing the proposed governmental supply
projects, two scenarios (S1-Sc and S3-Sc) were proposed to capture the impact of delaying
project execution. These scenarios assumed that the 120 MCM additional supply volume will be
only made available for use starting 2025 onwards. On the other hand, scenario S1-MAR was
defined to quantify the potential of Managed Aquifer Recharge (MAR) to limit the salinity in the
aquifer by examining the impact of injecting ~3.5 MCM/year of freshwater (MOEW/UNDP
2014)) into the Beirut aquifer under RCP 4.5. Finally, the impact of implementing demand
management (S1-D and S3-D) was tested under both the Most Probable (S1) and the Worst Case

(S3) scenarios by introducing a 150 % increase in the water tariff.
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Table 6-2 Scenarios assessed including driver variabilities and management decisions

Population growth rate

Municipal Supply

Scenario Scenario definition RCP | Consumption rate l/c/d -
% Projects
No management scenarios
S1 Most probable 4,5 100-200 1.2-2.2 0
S2 Worsening climatic conditions 8.5 100-200 1.2-2.2 0
S3 Worst case 8.5 200-300 2.2-32 0
Management scenarios
Supply management Year 2
................ S1-Sa 2019 4.5 100-200 12-22 60 MCM
2019 60 MCM (2019)
_ StS - Mostprobable 205 *° 100-200 1222 +60 MCM (2025)
S1-S¢ 2025 4,5 100-200 1.2-2.2 120 MCM
................ S3-Sa 2019 8.5 200-300 2.2-3.2 60 MCM
Worst case 2019 60 MCM (2019)
e 205 ®° 200-300 2232 +60 MCM (2025)
S3-S; 2025 8.5 200-300 2.2-3.2 120 MCM
S1-MAR Mosgfp?f%bﬁ/?(':e,\; A'/\fAR 2025 45 100-200 1222 0
Demand management
............... S1-Ds ~ Most probable + 2019
S1-D Demand Management 2025 4.5 | 100-200 (rate at base year) 1.2-2.2 0
b (150% tariff increase)
............... S3-D,  Worst case + Demand 2019
) Management (150% 8.5 | 200-300 (rate at base year) 2.2-3.2 0
S3-Dy tariff increase) 2025

Year 2 indicates the year at which the MAR, Demand Management or Supply Management projects will be initiated
RCP: Representative Concentration Pathways; MAR: managed aquifer recharge; MCM: million cubic meters
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6.3 Results and discussion
6.3.1 Climatic forcing and anthropogenic drivers under the no-action scenarios

Simulation of the Most Probable Scenario (S1) showed that while in the base year
(2014) there was a 99% probability that the aquifer’s average salinity is in the slightly to
moderately saline category (1000 -7000 ppm), the probability that the average salinity level by
the end year (2034) will exceed the 10,000 ppm level exceeded 90%. This reflects a significant
increase in the average salinity of the aquifer (Figure 6-4). Under RCP 8.5 climatic forcing (S2),
the probability that the average salinity of the aquifer in 2034 will exceed 10,000 ppm (highly
saline) increased to 96%, with a 75% chance that the salinity will even exceed the 15,000 ppm
(very highly saline). On the other hand, the results from the Worst-Case Scenario (S3) showed
that the probability that by 2034 the aquifer’s salinity will exceed the 10,000 or 15,000 ppm was
99% and 89% respectively (Figure 6-4).

Naturally, this projected increase in aquifer salinity was associated with an increase in
the socio-economic burden on the community. The model projected that the burden per year will
not exceed 2500 USD/capita/year (around 18% of the current average annual income per capita
in Lebanon, estimated at 14,000 USD (MOF/UNDP 2017)) at any given year over the whole
simulation period and across all scenarios (Figure 6-4). Under S1, it was projected with 53%
probability that the burden is <250 USD/capita/year (around 2% of the current average annual
income per capita) at the end year, 2034 (initially 70% probability at the start year 2019) as
compared to a 44% probability that the burden in 2034 is 500 to 1500 USD/capita/year (around
3.5 and 10% of the current average annual income per capita) under S3. In parallel, the model

projected a probability of 94% that the cumulative cost burden from avoidance costs and
135



damages to installations (over 20 years) will exceed 1500 USD per capita which represents about
double the cost per capita at the end year of the implementation of mega supply projects,
estimated at a 820 USD/capita. The probability that the cumulative costs will exceed 5000 USD
per capita (around 35% of the current average annual income per capita) was 60% under S1
(Figure 6-4). The drastic increase in aquifer salinity projected under the Worst-Case scenario
(S3) was also associated with an equally sharp increase in the cumulative socio-economic burden
to the community projected at a 90% probability to exceed the 5000 $ per capita (around six
times the estimated implementation cost of mega water supply projects at 820 USD/capita at end
year) (Figure 6-4). Under the conditions defined for S2, this probability was estimated at 76%
(Figure 6-4).

These findings indicate that even under RCP 4.5 conditions, the aquifer is heading
towards unfavorable salinity conditions if no demand or supply management interventions are
implemented. Interestingly, the major pathway through which the climatic drivers affected
salinity was through the increase in the water consumption rate due to the rise of temperature.
Note that the impact of the reduction in precipitation is diminished by the low infiltration
potential due to urbanization in the area. The findings also show that under the Worst-Case

Scenario (S3) there is a risk that the aquifer will become unusable within a period of 20 years.
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Figure 6-4 Probability of aquifer salinity (in ppm x1000) and socioeconomic burden (yearly in USD per capita/yr and cumulative in
USD/capita) under S1: Most Probable; S2: Climatic forcing; S3: Worst Case scenarios
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6.3.2 Projections with water management options

6.3.2.1 Managed aquifer recharge under the most probable conditions

Under the S1-MAR defined scenario, MAR exhibited little effect on reducing the
probability that the aquifer salinity will exceed the 10,000 or 15,000 ppm marks by 2034. The
drop in probability reached 8% and 4% respectively as compared to the probabilities estimated
under S1 (Figure 6-5). Moreover, MAR did not reduce the socio-economic burden significantly
(Figure 6-6). The effectiveness of MAR may improve under greater availability of recharge

volumes albeit the karst nature of the aquifer remains a challenge.

6.3.2.2 Supply management scenarios

The S1-Sa simulations (Figure 6-5) show that the supply of an additional 60 MCM
starting 2019 can reduce the probability that the aquifer salinity will exceed the 15,000 ppm
(very highly saline) in 2034 from 63% (under S1) down to 32%. This also translates into a
significant decrease in the associated socioeconomic burden. The probability that the cumulative
socioeconomic burden will exceed the 5,000 USD per capita dropped from 60% under S1 to 25%
under S1-Sa (Figure 6-6). Yet, this improvement comes with a significant investment cost
(capital, maintenance and operation) adding a financial burden on the community equivalent to
~430 USD per capita (where the end year’s (2034) population is estimated at 1,600,000 under
the Most Probable Scenario for the calculation of cumulative cost per capita). Increasing the
supply under the S1-Sb scenario, reduced the probability that the aquifer’s salinity will be exceed
the 15,000 ppm level from 63% under S1 down to 15% (Figure 6-5). Similarly, this reduction in

salinity translates into a reduction in associated socio-economic burdens, whereby the probability
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that the cumulative burden by the end of the simulation period (i.e. by 2034) will exceed 5,000
USD per capita was reduced to 8% as compared to 60% under S1 (Figure 6-6). Nevertheless,
these benefits come at the cost of implementing such mega projects, which has been estimated at
a cumulative cost of around 820 USD per capita. This scenario seems to be very promising in
terms of delaying the deterioration of the aquifer and alleviating the socio-economic burden.
Comparing the actual cost of supply projects with the observed decrease in the projected salinity
levels and the societal relief from salinity-induced burdens, highlights the cost effectiveness and
worthiness of this project. The provision of additional water supply to reduce groundwater
abstraction contributes also to the protection of the aquifer with ecological benefits.

Under worst-case conditions of climate and demand, supplying 60 MCM starting 2019
(S3-Sa) can reduce the probability that salinity will exceed the 15,000 ppm (very highly saline)
by 15% as compared to the Worst-case Scenario (S3) without management actions. This slight
improvement translates into a minor decrease in the cumulative socio-economic burden, with a
21% reduction in the probability that the burden will exceed 5,000 USD per capita (Figure 6-6).
Under S3-Sb (Figure 6-5), the estimated probability that the average aquifer salinity in 2034 will
exceed 15,000 ppm was 53%, which represents a 40% reduction in probability as compared to
the no action Scenario under worst-case conditions (S3). The associated socio-economic burden
was also reduced, whereby the probability that the cumulative burden per capita by the end of the
simulation period will exceed 5,000 USD was around 40% as compared to 90% under S3 (a
decrease of 55%) (Figure 6-6). These benefits however come with a high investment in supply

projects, which translate into a cumulative cost per capita of 650 USD by 2034.
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6.3.2.3 Demand management scenarios

Simulation of the impact of demand management in terms of increasing the water tariff
by 150% under the conditions defined under the Most Probable scenario (S1) showed an 85%
reduction in the probability that the average aquifer salinity exceeds 15,000 ppm as compared to
S1 (Figure 6-5). The projected reductions in salinities minimized the socio-economic burden
significantly (Figure 6-6). Even under worst-case conditions of climatic change and population
increase, the increase in tariff resulted in a 66% reduction in the probability that the average
aquifer salinity will exceed 15,000 ppm by 2034 as compared to S3 (Figure 6-5). Additionally,
the probability that the cumulative cost burden (over 20 years) will exceed 5,000 USD per capita
by 2034 was projected to decrease by 80% as compared to S3 (Figure 6-6). Increasing the tariff
targets the water consumption rate in order to reduce the demand on water. However, while this
directly affects the demand for both the network supply and groundwater abstraction, the caveat
is that people might shift to other alternative sources (either recommended alternatives like
greywater collection, rain harvesting ...etc. or potentially unsustainable alternatives like water
tankers, bottled water...etc. both associated with an additional cost) to meet the deficit. Hence,
ensuring the success of demand management measures remains a challenge requiring awareness

as well as cultural and behavioral shifts.

6.3.2.4 Value of time

The value of time was examined by delaying the implementation of supply and demand
management projects by 5 years under the S1 (most probable) and S3 (worst case)scenarios. For
the supply management scenarios, the S1-Sc scenario (supply of 120 MCM starting 2025)

showed an increase in the aquifer salinity as compared to Scenario S1-Sb (supply of 60 MCM
140



starting 2019, additional 60 MCM starting 2025) (Figure 6-5). As for the cumulative
socioeconomic burden, it was estimated to exceed 5,000 USD per capita, at the end year, by a
probability 0f17% as compared to the 60% probability projected under S1 and 8.5% under S1-Sb
(Figure 6-6). These results reconfirm the benefits of an earlier intervention (Year 2019) and
highlight the costs associated with these delays (Year 2025). Similar trends were observed under
the worst-case conditions. The results from the S3-Sc scenario, reflected a 17% increase in the
probability that the aquifer salinity will exceed 15,000 ppm (very highly saline) by 2034 as
compared to the S3-Sb Scenario (Figure 6-5). On the other hand, the delay in project execution
increased the probability that the cumulative socio-economic burden by 2034 will exceed the
5,000 USD per capita mark from 40% under S3-Sb to 51% (Figure 6-6).

Delaying the implementation of demand management by 5 years under the Most
Probable scenario (S1-Db) increased the probability that the aquifer average salinity levels will
exceed 15,000 ppm (very highly saline) from 38 % under S1-Da to 74 % (Figure 6-5). The delay
also eroded the reductions in the socio-economic burden. The probability that the cumulative
socio-economic burden per capita will not exceed the 5,000 USD mark dropped from 96 % if the
project is initiated in 2019 to 76% if enforcement was delayed to 2025 (Figure 6-6). The delay of
demand management under the worst-case conditions (S3-Db) resulted in even more significant
losses. The probability that the salinity levels will exceed 15,000 ppm (very highly saline) by
2034 reached 67% as compared to the 30.5 % if the tariffs were reformed starting in early 2019.
Additionally, the probability that the cumulative cost burden (over 20 years) will exceed 5,000
USD per capita by 2034 decreased by 34% as compared to S3, while the reduction reached 80%
when the project was initiated in 2019. In short, time has a significant toll on the performance

and success of both demand and supply initiatives.
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Figure 6-5 Probability of aquifer salinity (in ppm x 1000) at end year (2034) under base cases, MAR, demand and supply management
scenarios; S1: Most Probable; S2: Climatic forcing; S3: Worst Case; Sa: 60MCM supplied in 2019; Sb: 60 MCM supplied in 2019 and

additional 60 MCM supplied in 2025; Sc: 120 MCM supplied in 2025; MAR: Managed Aquifer Recharge in 2025; Da: demand

management starts in 2019 ; Db: demand management starts in 2025
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Supply Management on Most Probable Scenario

Cumulative Sociceconomic Burden (USD/capita)

Supply Management on Worst-Case Scenario
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Figure 6-6 Probabilities of the cumulative socioeconomic burden (in USD per capita) at end year (2034) under MAR, demand and
supply management scenarios; S1: Most Probable; S3: Worst Case; Sa: 60MCM supplied in 2019; Sb: 60 MCM supplied in 2019 and
additional 60 MCM supplied in 2025; Sc: 120 MCM supplied in 2025; MAR: Managed Aquifer Recharge in 2025; Da: demand
management starts in 2019 ; Db: demand management starts in 2025
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6.4 Conclusion and way foreward

A first attempt at developing a decision support tool for the management of and
adaptation to SWI using Bayesian networks is presented. The DBN proved effective in analyzing
complex systems, while catering for the dynamics and uncertainties associated with data sparsity
and imperfect knowledge. Its application on the lifecycle of SWI provided a valid representation
of the interaction of multilayered factors and impacts with corresponding uncertainties and
interdependence. It exhibited robustness in accommodating a series of scenarios with and
without management options confirming its suitability as a decision support tool. Furthermore,
its simulation results were consistent with those from a mechanistic 3D variable-density flow and
solute transport model for the same aquifer (Safi et al. 2018) while offering the advantage of
flexibility and transferability under an integrative platform able to compete with a data and
simulation intensive 3D model to represent complex processes and reliably inform decision
making in data-scarce aquifers.

The DBN results showed that while the impacts of the projected future climate change
significantly increased aquifer salinity and socioeconomic burden, they proved to be secondary
when compared to anthropogenic stressors (Figure 6 -7). While demand and supply management
options exhibited promise in halting the progress of SWI, none could bring the system to full
recovery. Demand management options promise better potential outcomes than supply scenarios
but their implementation is challenging as they require much awareness as well as cultural and
behavioral shifts to ensure that the poor are not disproportionately disadvantaged. Meanwhile,
supply scenarios provide a faster engineered fix that often requires greater investments. As such,

a combination of balanced supply and demand measures is inevitable to control SWI but in either
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case, implementation delays were shown to significantly reduce the cost-effectiveness of any
intervention.

Future work will examine the sensitivity of the results to the discretization process with
additional testing when new temporal data sets are available. Transfer to aquifers with no or
early signs of salinization and/or under different use patterns (i.e. agricultural) cab also ensure

wider applicability of the model.
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Most Probable Scenario - S1
End year
2034 o

63% probability that salinity exceeds 15000 ppm
60% probability that SES/capita exceeds $5000

. Climatic Variability - 52 (RcP 8.5)

EEEEEEEEEEEEEEEEEIEEEEEIEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEE,

Worst Case — S3 (Climate Variability + Population
Growth + increased water consumption)

« 15% increase in probability that salinity exceeds
15000 ppm as compared to S1

* 26% increase in probability that SES/capita exceeds
$5000 as compared to S1

« 41% increase in probability that salinity exceeds
15000 ppm as compared to S1

* 50% increase in probability that SES/capita exceeds

$5000 as compared to S1

AN NN NN NN EEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEmEEnmne’

Climate Change significantly worsens the problem.
If combined with increased consumption and population growth, the negative impacts get amplified.

Mitigation/Adaptation under climate change

\ Price of time (5 year delay)

Supply Management (Sb) under Most Probable (S1)

15000 ppm as compared to 51
* 86% decrease in probability that SES/capita exceeds
$5000 as compared to 51

+ 77% decrease in probability that salinity exceeds [>

Supply Management (Sc) under Most Probable (S1)

15000 ppm as compared to S1
* Only 71% decrease in probability that SES/capita
exceeds $5000 as compared to 51

+ Only 58% decrease in probability that salinity exceeds

Supply Management (Sb) under Worst Case S3

* 40% decrease in probability that salinity exceeds
15000 ppm as compared to 53

+ 55% decrease in probability that SES/capita exceeds I:>
$5000 as compared to 53

Supply Management (Sc) under Worst Case (53)

15000 ppm as compared to S3
+ Only 39% decrease in probability that SES/capita
exceeds 55000 as compared to S3

+ Only 28% decrease in probability that salinity exceeds

Demand Management (Da) under Most Probable (S1)

* 85% decrease in probability that salinity exceeds
15000 ppm as compared to S1 [>
= 92% decrease in probability that SES/capita exceeds
$5000 as compared to 51

Demand Management (Db) under Most Probable (S1)

15000 ppm as compared to 51
* Only 60% decrease in probability that SES/capita
exceeds $5000 as compared to 51

* Only48 % decrease in probability that salinity exceeds

Demand Management (Da) under Worst Case (S3)

* 66% decrease in probability that salinity exceeds
15000 ppm as compared to 53 |;'>

* 80% decrease in probability that SES/capita exceeds
$5000 as compared to 53

Demand Management (Db) under Worst Case (S3)

15000 ppm as compared to 53
+ Only 34% decrease in probability that SES/capita
exceeds 55000 as compared to 53

* Only 25% decrease in probability that salinity exceeds

Managed Aquifer Recharge under Most Probable (S1)

* 4% decrease in probability that salinity exceeds
15000 ppm as compared to S1

* 0% decrease in probability that SES/capita exceeds
$5000 as compared to S1

MAR is not an effective mitigation measure for the aquifer.
Both supply and demand management proved effectivein
reducing the salinity levels and associated economic
burdens. Demand management presented better results
under both 51 and S3. Note that supply projects have large
capital costs that ultimately have to be borne by the
community.

Delays in implementation reduces the effectiveness of the
different proposed interventions. Note that supply projects
have large capital costs that ultimately have to be borne by

the community.

Figure 6-7 Summary findings of probability % change as compared to S1 (Most Probable

Scenario)
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CHAPTER 7

SUMMARY AND CONCLUSION

7.1 Summary and findings

This research is driven by the need to better understand, quantify, and predict the
combined effect of climate change and anthropogenic impacts on SWI into freshwater
coastal aquifers in semi-arid regions. It examines a) the quantification of the intensity,
as well as the spatial and temporal extent, of SWI in aquifers along the Eastern
Mediterranean, an area highly vulnerable to increased SWI, b) the evaluation of the risk
of SWI due to anthropogenic drivers, taking into account current salinization rates
caused by overexploitation, as well as the assessment of additional risks posed by
climate induced SWI, ¢) the identification of currently practiced mitigation measures
and adaptation strategies, d) the evaluation of the socio-economic burdens resulting
from increased groundwater salinity, and e) the development of a decision support tool
based on a Dynamic Bayesian Network to assess and project salinity based on
anthropogenic and climatic drivers as well as to quantify the associated socioeconomic
burden and evaluate potential management options.

The review of SWI along the East Med showed that aquifers are in different
stages of SWI exhibiting signs of saline groundwater throughout the region with
alarming rates in several eastern and south-eastern aquifers underlying dense population
centers e.g. Beirut, Lebanon; Magoza, Cyprus; Gaza, Palestine and the Nile Delta,
Egypt. The current status of SWI along the East Med was depicted in an illustrative

atlas based on the readings of salinity indicators e.g. CI, TDS and EC. In addition, the
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overview of adaptation strategies and mitigation measures to face SWI in the region
highlighted a relatively strong adaptive capacity in Cyprus, Israel and Turkey, an
emerging capacity in Egypt while Lebanon, Syria, and Palestine have weak capabilities.

A semi-quantitative Strengths, Weaknesses, Opportunities and Threats (SWOT)
model was developed to estimate the risk of SW1 in data scarce aquifers through
characterizing the interplay of the main natural, anthropogenic, and climatic drivers in
conjunction with the potential adaptation and mitigation measures and their socio-
economic impacts. The model was tested with data collected from 26 coastal aquifers
with varying degrees of SWI severity along the Eastern Mediterranean. The semi-
quantitative SWOT model was effective in identifying aquifers at risk where the
modelled results showed a statistically significant correlation with the reported seawater
intrusion levels.

A framework for the assessment of SWI in coastal aquifers was developed based
on the review and assessment of reported methods using a complexity-functionality
matrix. The proposed framework was then applied at a pilot aquifer underlying the
densely populated metropolitan of Beirut city (Lebanon) and tested by coupling the
SWOT model with Multi-Attribute Decision Making (MADM) analyses to evaluate the
effectiveness of the methods and identify elements of the framework. The latter
consisted of hydrogeochemical metrics (CI', TDS and EC levels, the seawater fraction,
the piper hydro-chemical diagram, the SWI specific GQIlswi, and the Stuyfzand’s
hydrochemical classification) coupled with geostatistical analysis to interpret complex
groundwater quality data and examine the scale and magnitude of the impact of SWI
and its dynamics in heterogeneous aquifers. It proved functional in synthesizing
parametric results, assessing the dynamics of SWI and quantifying its potential impact,
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as well as providing an effective platform for informed impact assessment and planning
for sustainable exploitation of coastal aquifers.

The framework was then applied at three pilot aquifer areas along the Lebanese
coastline namely Tripoli, a highly urbanized and densely populated urban fabric with a
small agricultural sector, Zahrani, an agricultural coastal plain and Jal elDib, a
moderately urbanized suburb, besides the Beirut aquifer, where the temporal dynamics
of SWI under the differing land use and land cover (LULC) patterns and water deficit
conditions were assessed. While the aquifers exhibited signs of salinization, significant
differences in the observed SWI were evident due to the interaction between various
groundwater demand and supply factors operating under different LULC patterns. The
strength of the SWI signal was correlated to the dominant LULC at each aquifer and the
extent of the water deficit at each aquifer played a dominant role in explaining the
occurrence and intensity of the observed SWI rates while a synergistic effect of high
water demands (water deficit) and increased urbanization (land use) on the SWI was
detected.

The relative impacts of anthropogenic interventions and global climate change on
the dynamics of SWI were then assessed at the Beirut highly urbanized coastal aquifer
for the near future using a multi-objective 3D variable-density flow and solute transport
model. The results of annual simulations showed that while the aquifer system is highly
sensitive to both water consumption rates and population growth rates, a ~50% increase
in the rate of water consumption leads to at least four times more volumetric
displacement of the freshwater-seawater interface than a similar increase in population
growth rate after 20 years. Coupling of both, however, has a synergistic effect that
aggravates the displacement of the freshwater-seawater interface beyond the sum of the
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individual impacts. Findings also showed that the sea level rise associated with climate
change has less influence on the encroachment of salinity as compared to the
anthropogenic abstraction. While the adaptation strategy of halting abstraction could not
achieve a system-recovery or reverse the SWI damage, it succeeded in stopping the
intrusion.

Placing all the puzzle pieces together, a Dynamic Bayesian Network (DBN) was
then developed to account for the complex interaction of climatic and anthropogenic
processes leading to SWI, while linking the severity of the SWI to the associated
socioeconomic impacts and possible adaptation strategies. The objective of the DBN
was to offer a simpler and reliable alternative to numerical distributive models for
aquifers with data scarcity. The DBN, allowing the assessment of the temporal
progression of SWI while accounting for the compounding associated uncertainties over
time, was tested in the Beirut aquifer. The results show that the future impacts of
climate change were largely secondary as compared to the persistent water deficit
hinting towards the importance of demand management. The model shows that while
both supply and demand management could halt the progression of salinity in the
aquifer, the potential for reducing or reversing the salinity is still not apparent. The
results also highlighted the indirect socioeconomic burden associated with adaptation
strategies. Through building a robust representation of the main drivers of SWI and
linking them to expected socioeconomic burdens as well as proposed management
options, the developed DBN acts as an effective decision support tool that is
fundamental for proper adaptation planning and can promote sustainable aquifer
management. The developed DBN model also has the advantage of guaranteeing easy
transferability to other similar aquifers with minimum, if any, modifications.
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This research reflects an increasing salinization challenge along the Eastern
Mediterranean. It hints to a bleak future awaiting the aquifers underlying the suburbs of
highly urbanized cities if water shortages are not alleviated while urbanization rates
continue to increase. Evidently, SWI along the Eastern Mediterranean is expected to
increase under the synergistic effect of urbanization and climate change (due to
potential sea level rise, reduction in precipitation and aquifer recharge). Increased SWI
Is expected to exacerbate the socio-economic burden to this area's vulnerable and fragile
local livelihoods. Consorted efforts towards the implementation of adaptation strategies
and mitigation measures are imperative for an integrated water resources management
that alleviate the impacts of SWI towards sustainable aquifer management. This
research contributed to the understanding of the response of coastal aquifer systems to
local and global stresses as well as the role of adaptation strategies in alleviating SWI. It
forms a platform for effective local adaptation planning, providing informed policy and

decision making for sustainable aquifer management.

7.2 Limitations

The overarching limitation of this research is the data scarcity with limited
knowledge about the complex hydrogeology, the aquifer characteristics, the saltwater-
freshwater interface area, the depth of the water table, the abstraction rate...etc. This
limitation, however, was turned into an incentive to ‘do more with less’ where realistic
assumptions were drawn supported by literature and domain experts and where multiple
approaches were undertaken to confirm and validate results. Specific limitations related

to the data available, methodologies used, and models developed, include:
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- Field work: field work was only limited to 3 sampling campaigns in Beirut and
Zahrani aquifers targeting 2 seasons but included 7 sampling campaigns in Jal el
Dib targeting all seasons. The sampling campaign in Beirut and Zahrani
happened in year 2013/2014 when Lebanon was subject to a dry spell. This
might have presented the SWI situation as more severe than it actually is. While
such a snapshot of the SWI situation was sufficient for the purpose of this
research, however it is not indicative of the long-term dynamics of the aquifer.
In addition, fieldwork was limited by the accessibility to households and wells,
where some well users prevented access in subsequent campaigns, as well as
with the limited data that could be collected per well (depth, flow rate, year of
operation...etc.).

- Data Assumptions: due to the absence of data or the inconsistency of data,
assumptions were proposed and validated by domain experts at multiple
instances including data related to geology and hydrogeology, water
consumption rates, population and population growth rates, infiltration rates,
number of wells, RO penetration rate... etc. while other parameters were
recognized but scoped out of the research e.g. environmental externalities, costs
associated with health impacts and agricultural impacts... etc.

- Impact of space and time: related to the limitation posed by the absence of data,
it is also important to highlight that the work done on the East Med and on the
Lebanese coastline, albeit with repeated sampling campaigns, represents a
snapshot of the salinity status where the trend in salinity was not necessarily
constructed over time and the aquifers’ inherent distinctions were not

considered.
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- Discretization: As some nodes in the conceptual model are continuous,
discretization was necessary. The evaluation of the impact of the discretization
method on the results was recognized but scoped out of the study. To mitigate
any shortcomings, discretization generally followed natural thresholds and
thresholds reported in the literature which were later subject to an iterative
process of fine-tuning so as to ensure the generation of meaningful bins able to
provide insights on the data and reflect changes.

- The nomenclature of ‘Dynamic’ Bayesian Network used in the HUGIN software
to refer to a Bayesian network with related variables over time slices is observed
to be misleading. It can be mistakenly understood to infer that changes to CPTs
and relationships are being undertaken through the time steps to predict the
future while in fact these relationships and CPTs remain largely fixed.
Accordingly, this is observed as a limitation of the HUGIN model where the use
of the term ‘dynamic’ is to be revised to ensure a clearer distinction between the

temporal progression in DBN and dynamic modeling.

7.3 Recommendations for future work

Recognizing the limitations and uncertainties associated with the assumptions put
forward and the models used, and while all efforts were invested to fill the data gaps,
overcome the limitations and validate the results through multiple approaches, future

efforts to improve the current work and complement its findings include:

- Continuous aquifer Monitoring is indispensable along the East Med, in general,
and in Lebanon, in particular, for spatial and temporal changes in groundwater
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quality and SWI status. Monitoring provides a better understanding of aquifers
and sufficient data for model calibration, as well as analyses to inform and
ensure effective management.

Due to dynamic geochemical interactions that can be mis-interpreted in the
absence of sufficient datasets, it is important to confirm the status of SWI
through different means e.g. electro-sensitivity and resistivity analysis,
environmental tracers i.e. isotopes, carbon source ... etc.

Better understanding of the hydrogeology is needed to guide and support future
analysis of SWI. The understanding of the boundaries and the characteristics of
aquifers, of the water flow within and in-between as well as the water bearing
strata is indispensable to confirm our understanding and interpretation of the
geology.

The DBN could be updated to integrate the impact of sea level rise on SWI,
when possible, as well as the associated impacts on community health and on
the agricultural plains and produce.

Future work could target the study of the sensitivity of the results of the
Dynamic Bayesian Network to the discretization process used in order to
confirm the robustness of the results in view of the selected discretization
approach.

Future work should consider backward propagation of input within the DBN, a
limitation inherent to the current licenses of DBNs , which would assist in
identifying the states to be targeted in order to manage salinity at an acceptable

level in the future.
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- The integration of decision nodes in the DBN, not possible under the current
license of HUGIN, is important, once possible, to deliver an all-inclusive
temporal decision support system for coastal managers.

- Future work could validate the flexibility and practicality of the transferability

of this DBN to other aquifers.

Finally, the essence resides in the implementation. As this research was driven by
the need to understand, quantify, and manage SW1 in data scarce heterogeneous
aquifers, embracing the DBN and using it to guide and inform potential decision making
on coastal groundwater management puts it to the challenge and churns potential future
amendments. A holistic approach to water resources management with integration of
adaptation strategies and mitigation measures remains indispensable for a better future

to vulnerable coastal communities.
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Appendix 1A .SWOT scoring

Factors Internal External
Water . Projected Project Project Internal External
Pop Pop. Urbaniz S GDP
. growth density Con_sum ation Dominant land Water Recharge Management pre_clpltat ed ed sea per Stabilit Political score score
Aquifer . ption . Geology ion Temp. level f . centered centered
per (inh/km trend Use+ stress index Pathway measures . . . capita y will
Km? 2 rate %) reduction increas rise (USD)
(I/c/d) (%) e (m)
Turkey
Monitorg;
high stress Enforcemen;
4 9% 190 2.04 urban; (overexploitation ~ Q,C,T rainfall; Demand & 20 3-4 - 10500 Stable Strong
Serik Plain agriculture ) inflows Supply
measures;
Desalination
5 5 15 15 15 15 15 10 5 15 15 15 15 10 5 11.6 -0.9
Monitorg;
. Enforcement
urban; high stress . .
29 110 190 2.04 agriculture; (overexploitation QCT R’I?]'fr;;?N" DeSnJanId & 20 3-4 - 10500 Stable Strong
Mersin industrial meaESrZS'
Desalination
10 5 15 20 15 15 15 10 5 15 15 15 15 10 5 16 -0.9
Monitorg;
. Enforcement
high stress .
urban; o rainfall; Demand &
silifke 11 44 190 2.04 agriculture (overexploitation QCT infiltration Supply 20 3-4 - 10500 Stable Strong
Goksu measures;
Desalination
10 5 15 20 15 15 15 10 5 15 15 15 15 10 5 16 -0.9
Monitorg;
. Enforcement
. high stress. Rainfall, Demand &
Hatay - 2 250 190 2.04 agriculture (overexploitation Q.C inflow Supply 20 3-4 - 10500 Stable Strong
Dortyol measures;
Desalination
5 10 15 15 10 15 10 10 5 15 15 15 15 10 5 16.6 -0.9
Syria
Supply
urban; high stress (16% rainfall; management ~ R 06 — War Compromis
Tart 9 500 150 14 agriculture GW deficit) Q.cT inflows Weak 5-6 1-22 13 2000 zone ed
artous enforcement
5 10 15 10 15 15 15 10 15 5 10 15 20 20 10 16 -10.9
. . rainfall; Supply .
Banyas — urban; high stress (16% . . 0.6 — War Compromis
N 4 300 150 1.4 . -~ Q.C inflows; management 5-6 1-22 2000
Amrit agriculture GW deficit) infiltration Weak 13 zone ed
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Factors Internal External
Water . Projected Project  Project Internal External
Pop Pop. Consum | Urbaniz : precipitat ed ed sea cbP - . score score
Aquifer growth density tion ation Dominant land Water Geolo Recharge Management ion Tem level per Stabilit Political centered centered
q per (inh/km P trend Use+ stress index 9y Pathway measures . remp. . capita y will
Km? 2 rate %) reduction increas rise (USD)
(I/c/d) > (%) e (m)
enforcement
5 10 15 10 10 15 10 5 15 5 10 15 20 20 10 16.6 -10.9
Supply
urban; high stress (16% rainfall; management R } 0.6 — War Compromis
D «h 195 550 150 14 agriculture GW deficit) QeT infiltration Weak 5-6 1-22 13 2000 zone ed
amsarkno enforcement
20 15 15 10 15 15 15 10 15 5 10 15 20 20 10 -18.4 -10.9
Supply
urban; high stress (16% rainfall; management ~ R 0.6 — War Compromis
Al Hamidiah 870 500 150 14 agriculture GW deficit) QcT inflows Weak 5-6 1-22 13 2000 zone ed
coast enforcement
20 10 15 10 15 15 15 10 15 5 10 15 20 20 10 110 (1.6) -10.9
Lebanon
Weak
enforcement
. rainfall; Regulations
4 419 200 0.75 aerlec[i:Ilil']:e medium stress oc inflow; exist; No 4-11 1-3 0(536- 8050 U”Se‘ab' Weak
Akkar 9 infiltration monitoring; :
No metering;
Plan in place;
10 10 15 5 15 10 10 5 15 10 15 10 15 15 15 95 (16.6) -5.9
Weak
enforcement
urban; . X Regulations
150 500 200 0.75 agricultur; high stress ac rainfall; exist; No 4-11 1.3 03- g5 Unstabl Weak
N . N inflows S 0.6 e
Jal el Dib industrial monitoring;
No metering;
Plan in place;
15 10 15 5 15 15 10 10 15 10 15 10 15 15 15 110 (1.6) -5.9
Weak
enforcement
. . rainfall; Regulations
2 510 200 0.75 Medium low to medium Q.C  infilration; exist; No a1 1.3 08~ gg5p  Unstabl Weak
. agriculture stress . P 0.6 e
Zahrani inflows monitoring;
No metering;
Plan in place;
10 15 15 5 15 10 10 5 15 10 15 10 15 15 15 100 (11.6) -5.9
Weak
enforcement
. Regulations
Beirut 510 20000 200 0.75 urban m’g{p;'_g{zg“gh Q.CT Limited exist; No 4-11 1-3 0636 8050 Unsetab' Weak
monitoring; !
No metering;
Plan in place;
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Factors Internal External
Water . Projected Project Project Internal External
Pop Pop_. Consum Urb_anlz . precipitat ed ed sea GDP - . score score
Aquifer growth density tion ation Dominant land Water Geolo Recharge Management ion Tem level per Stabilit Political centered centered
d per (inh/km prate trend Use+ stress index 9y Pathway measures reduction incregls rise capita y will
2 2 0/
km ) (Vcfd) (%) (%) e m  (UsD)
20 20 15 5 20 20 15 20 15 10 15 10 15 15 15 134354()- -5.9
Weak
enforcement
X . . Regulations }
17 990 200 075 urban; high stress Qct ranfal exist; No 4 1.3 08 goso UMDl yyeq
Damour agriculture infiltration monitoring; 0.6 e
No metering;
Plan in place;
10 15 15 5 15 15 15 10 15 10 15 10 15 15 15 120 (-8.4) -5.9
Weak
enforcement
. . X Regulations
107 205 200 0.75 urban extremely high Q.c rafall exist; No 4-11 1.3 030 gosp UMl Weak
Tripoli monitoring; !
No metering;
Plan in place;
15 5 15 5 20 20 10 10 15 10 15 10 15 15 15 115 (-3.4) -5.9
Weak
enforcement
. . Regulations
urban; low to medium rainfall; A R } 03- Unstabl
Byblos ' 870 200 0.75 agriculture stress Q inflows m?r:isttér’;‘:g‘ 4-1 1-3 0.6 8050 e Weak
No metering;
Plan in place;
5 10 15 5 15 10 10 10 15 10 15 10 15 15 15 95 (16.6) -5.9
Weak
enforcement
. Regulations
urban; . rainfall; A 0.3- Unstabl
Khalde to 10 594 200 0.75 agriculture High stress QCT inflows mec:(r:isttér’?r?g- 4-11 1-3 06 8050 e Weak
Jiyeh No metering;
Plan in place;
5 15 15 5 15 15 15 10 15 10 15 10 15 15 15 110 (1.6) -5.9
Israel and Palestine
Regulations
extremely high . exist; 15- War
R 142 4500 90 3 urban stress Q,C rainfall damaged 15-20 25 - 3000 zone Weak
aza infra
15 20 5 15 20 20 10 15 15 10 10 15 20 20 15 o 4()‘ 35,9
Demand &
. rainfall; Supply
ioﬁ?g 19 1010 250 15 urban extre;]rzls); high Q,C inflows managemen; 10-20 15 - 40000 s\t/:brl{e Strong
q MAR monitoring;
Desalination
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Factors Internal External
Water . Projected Project Project Internal External
Pop Pop. Consum | Urbaniz : precipitat ed ed sea cbP - . score score
. growth density X ation Dominant land Water Recharge Management ; per Stabilit Political
Aquifer - ption . Geology ion Temp. level - . centered centered
per (inh/km trend Use+ stress index Pathway measures . . . capita y will
Km? 2 rate %) reduction increas rise (USD)
(I/c/d) (%) e (m)
145 (-
10 20 20 10 20 20 10 5 5 10 10 15 5 5 5 33.4) 241
Egypt
Demand &
. . Supply 0. 1.3- 2400 -
Ras el 271 109 280 2 urban Medium CT rainfall measures: 20- 36 22 0.59 6000 Stable Strong
Hekmeh Desalination
20 5 20 15 15 10 15 15 5 10 10 20 15 10 5 120 (-8.4) -5.9
Demand &
urban; . rainfall; Supply 0. 13- 2400 -
Nile Delt 50 1000 280 2 agriculture Medium Q infiltration measures; 20-36 22 0.59 6000 Stable Strong
fle Delta Desalination
15 15 20 15 20 10 10 10 5 10 10 20 15 10 5 112354()- 5.9
Demand &
. . Supply 0. 1.3- 2400 -
North Sina 44 15 280 2 urban Medium Q rainfall Mmeasures; 20- 36 29 0.59 6000 Stable Strong
0 inai Desalination
10 5 20 15 15 10 5 15 5 10 10 20 15 10 5 110 (1.6) -5.9
Cyprus
Demand &
. rainfall; Supply
37 130 200 0.75 . ‘r‘{fjrt‘&re high stress Qc inflows; management 0-10 1-25 - 25000 S‘t’:g{e Strong
Ezousa 9 MAR monitoring;
Desalination
10 5 20 5 15 15 10 5 5 5 10 15 5 5 5 100 (11.6) 29.1
Demand &
. rainfall; Supply
10 130 200 0.75 a l:{fj?&re high stress Q.C inflows; management 0-10 1-25 - 25000 S\t/;t;{e Strong
Akrotiri 9 MAR monitoring;
Desalination
10 5 20 5 15 15 10 5 5 5 10 15 5 5 5 95 (16.6) 29.1
Demand &
. infall: Supply
urban; . rainfall; 25000 Very
it 10 130 200 0.75 agriculture high stress Q.C inflows r:%nnai%g?:;t 0-10 1-25 - Stable Strong
Desalination
10 5 20 5 15 15 10 10 5 5 10 15 5 5 5 95 (16.6) 29.1
Demand &
. infall- Supply
0.2 130 200 0.75 agf;’clJLJalrt]ﬁre high stress CT :ilfTCf)i\llls management 0-10 1-25 - 25000 S\t/aelglye Strong
Guzulyurt monitoring;
Desalination
5 5 20 5 15 15 15 10 5 5 10 15 5 5 5 105 (6.6) 29.1
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Factors Internal External
Water . Projected Project Project Internal External
Pop Pop. Consum | Urbaniz : pre(J:ipitat eJd ed Jsea cbP - . score score
. growth density X ation Dominant land Water Recharge Management ; per Stabilit Political
Aquifer - ption . Geology ion Temp. level - . centered centered
per (inh/km trend Use+ stress index Pathway measures . . . capita y will
Km? 2 rate %) reduction increas rise (USD)
(I/c/d) (%) e (m)
Demand &
. infall: Supply
2 130 200 0.75 . ‘:{é’:&re high stress CT :‘;'frl‘;i'v's management ~ 0—10  1-25 ; 2000 Ve Strong
Girne 9 monitoring;
Desalination
5 5 20 5 15 15 15 10 5 5 10 15 5 5 5 110 (1.6) 29.1
Total Score 2901.8 1926.8
Mean Score 111.607 74.1071
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Appendix 2A. Statistics for Beirut Aquifer

Summary statistics for ionic changes and other indices

June (early dry) October (Late dry) April (Late wet)

Min Max Mean Min Max Mean Min Max Mean
feea 0.005 0.652 0.118 0.0052 0.879  0.159 0.0024 0.947 0.222
ANa* -1632.0 7236  -297.6 | -1398.2 611.0 -271.2 | -37449 957.3 -529.9
AMg?* -275.9 652.7 28.0 -289.9 3341 -122 -368.7 11063 88.1
ACa?* -36.3 1126.3  155.4 -58.9 8748 1079 | -103.1 893.2 1084
AK* -276.9 9.0 -37.4 -157.0 275 -30.2 -183.3 310.0 -205
ASO4* -489.4 333.2 -64.8 -2606.9 9154  -157.4 | -1621.9 984.1 -151.7
AHCO3 -197.3 155.2 -59.9 -295.8 1432  -36.0 -255.8 1536  -23.3
CAl -0.114 1.2 -3.5 -0.424  0.947  0.368 | -1.94556 0.8 0.18
BEX -46.3 43.8 -35 -40.3 38.3 -4.2 -140 53.7 -5.3
cE;(I)_:I())(mV\ilgh -62.4 46.4 -9.5 -53.3 43.1 -7.1 -139.6 70.1 -16.4
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Appendix 3A. Descriptive statistics for the highly urbanized city — Tripoli Aquifer A

Season Wet season (June) 2007 (n=60) Dry season (October) 2007 (n=60) Threshold
“Parameter Min Max Mean SD Min Max Mean SD (WHO 2011)
pH NA NA NA NA NA NA NA NA 6.5-8.5
Electric Conductivity EC NA NA NA NA NA NA NA NA
Total dissolved Solids TDS 209 3420 631 517 270 3460 657.4 573.3 600
Ca? 47 425 121 65 47 471 140 86 300
Mg?* 14 146 43 22.75 0 132 16.78 19.68 300
Total Hardness TH 224 1661 480 239 172 1720 419 277.4
Na* 17 166 58 44.3 25 1099 115 175.3 200
K* NA NA NA NA NA NA NA NA 300
cI 29 1610 212 2445 33 1950 2255 352 300
COs* NA NA NA NA NA NA NA NA
HCOs NA NA NA NA NA NA NA NA
NOs 6.4 87 34 16.8 9.9 98.4 34.8 19.26 50
SO 0 370 50.7 67.8 1 580 65.2 87.82 250
lonic ratios Criteria
Na*/CI 0.159 2.84 0.52 0.37 0.1805 13.04 1.137 1.617 <0.86
CI/HCOs NA NA NA NA NA NA NA NA 20-50
Mg?/Ca? 0.172 1.526 0.64 0.288 0 1.017 0.205 0.18 45-5.2
Br/CI NA NA NA NA NA NA NA NA 0.0015
Ca?*/(HCO3+S04%) NA NA NA NA NA NA NA NA >1
SO4Z/CI 0 0.82 0.173 0.153 0.0136 2.68 0.338 0.438 0.103
GQlgeneralized 60.3 95.4 88 7.19 58.2 95 87.15 9
GQI (w/o NO3™,TC,FC) 57.57 87.57 74.7 8.35 44.6 86.99 67.5 9.78
fsea 0.00144 0.08 0.0105 0.0122 0.0016 0.097 0.0112 0.0175
GQIsaltwater Intrusion 70 95 82.8 2.67 60 90 79.5 3..88 <75

All values in mg/l except pH and EC (us/cm); Parameters in ratios expressed in meg/l; @Misstear et al. 2006; ® NA = Not available.
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Appendix 3B. Descriptive statistics for the highly urbanized city — Jal Dib Aquifer B

Dry season (October) 2012 (n=25) Wet season (June) 2013 (n=29) Dry season (October) 2013(n=27) WHO Threshold
“Parameter/Season Min Max Mean SD Min Max Mean SD Min Max Mean SD (2011)
pH 6.84 7.29 7 0.111 6.63 7.22 6.9 0.145 6.57 7.44 6.85 0.1788 6.5-8.5
Electric Conductivity EC 767 5370 2090 990.2 666 5820 1905 940 816 4970 1823.4 985.63
Total Dissolved Solids TDS 384 2690 1044.5 496.36 545 4024 1427.3 637.196 659 3486 1369.59 676.39 600
Ca% 73.74 176.35 114.2 26.03 80.96 248.5 169.47 43.636 20.04 388.776 136.865 955 300
Mg?* 18.94 98.17 50 20.9 26.97 245.43 101.48 40.132 9.23 177.39 98.082 41.125 300
Total Hardness TH 287 844 491.1 123.4 313 1630 840.45 219.57 500 1010 745.11 144.78
Na* 56.13 913.99 286.85 185.36 9.48 1034 189.95 212.89 8.15 1737.98 520.44 510.03 200
K* 3.2352 18.525 6.795 3.021 1.4 24.13 5.53 3.999 1.4146 14.623 5.281 2.545 300
Cl 145 24425 630.7 439.65 115 182 477.9 324.09 180 1670 546.481 327.01 300
COz* 0 0 0 0 0 0 0 0 0 0 0 0
HCOs 239.8 339 310.35 20.34 238.4 3718 306.75 30.208 268.8 3394 293.23 13.54
NOs 10.2 255 16.39 3.267 8 52.4 19.17 8.68 11.2 45 18.38 7.506 50
SO# 12 240 93.92 41.4 5 300 98.61 70.7118 32.5 330 123.79 59.9 250
lonic Ratios Criteria
Na*/CI 0.4935 1.2119 0.7137 0.2022 0.03 2.93 0.61 0.58 0.0393 5.922 1.493 1.4812 <0.86
CI/HCOs 0.778 14.542 3.545 2.6302 0.65 9.83 2.67 1.759 1.0484 9.681 3.205 1.9219 20-50
Mg?*/Ca?* 0.3731 1.8481 0.7443 0.3444 0.38 2.13 1.04 0.4238 0.0296 13.743 2.5733 3.0272 4.5-5.2
Br/CI 0 0.0156 0.00247 0.00291 0.0002 0.0027 0.0012 0.0005 0 0.00287 0.00143 0.00068 0.0015
Ca?*/(HCO3+S04%) 0.543 1.088 0.8088 0.1487 0.74 2 1.22 0.3252 1.843 29.853 15.853 8.8317 >1
S04Z/CI- 0.0612 0.1719 0.1183 0.03013 0.03 0.36 0.15 0.084 0.0843 0.5136 0.1873 0.0851 0.103
GQlgeneralized 47.147 78.9 61.23 6.53 48.73 77.54 61.7 6.837 42.86 69.8 57.529 7.713
GQI (w/o NO3™,TC,FC) 56.365 91.27 76.21 7.068 51.12 91.44 76.28 8.195 56.31 85.93 73 9.193
fsea 0.0071 0.12 0.0314 0.02188 0.0057 0.0906 0.0238 0.0161 0.00895 0.0831 0.0271 0.0162
GQlsaitwater Intrusion 52.81 80.695 66.183 5.1087 58.02 85.93 74.39 6.834 55.869 81.76 67.895 7.763 <75

All values in mg/l except pH and EC (us/cm); Parameters in ratios expressed in meg/l; ®Misstear et al. 2006; ® NA = Not available.

165



Appendix 3C. Descriptive statistics for the highly urbanized city — Beirut Aquifer C

Wet season (June) 2013

Dry season (October) 2013

Wet season (April) 2014

X Season _ (n=92) _ (n=71) _ (n=113) (\;/Heosgglfl)
Parameter/ Min Max Mean SD Min Max Mean SD Min Max Mean SD

pH 6.4 8.2 7 0.3 6.5 7.73 7.045 0.313 6.71 8.03 7.11 0.223 6.5-8.5
Electric Conductivity EC 908 47106 9504 10468 740.6 65047 12008 15905 1550 65565 16391 15666

Total Dissolved Solids TDS 560 23320 4610 5088 425.7 31460 5943.8 7709.9 390 32220 8389 7838.5 600
Ca** 56 1362 282.7 212.7 32 1190 249.3 2222 14.4 1126.3 270.7 196.11 300
Mg?* 19.4 1297.6 229.9 2134 14.82 1129.95 246.8 261 11.9 1883.3 431.7 430.3 300

Total Hardness TH 450 8740 1651.5 1267 336 7620 1637.6 1548.2 131 10200 2451.8 2136

Na* 2.27 7000 11325 1519 4.24 10561 1629.3 24725 8.83 9315 2103.3 2092.4 200
K* 0.534 212.3 19.7 35 0.877 328.2 453 76 1.9 638.3 83.69 104.9 300
CI 100 13080 2358 2818.7 105 17670 3203 4312.3 47.65 19030 44535 4422.1 300
COz* 0 1.02 0.019 0.132 0.13 25.6 0.98 4.44 0 0 0 0

HCOs 141.8 493 258.6 65 34.4 460.4 274.8 73.7 76.4 490 276.15 69.3

NO3z 2 219 39.8 30.6 1.7 66.5 27 16.85 0.8 84.8 30.8 17.12 50
SO 7 2200 391 477 7 2900 418.6 606.2 7 2750 583.85 592 250
lonic Ratios Criteria
Na*/CI 0.02 1.09 0.529 0.0227 0.044 0.99 0.617 0.273 0.068 1.65 0.7875 0.30 <0.86
CI/HCOs 0.778 122.17 18 1.92 0.508 162.8 24.38 38.25 0.281 178.5 31.76 36.8 20-50
Mg?*/Ca?* 0.078 4.65 1.47 0.886 0.147 53 1.74 1.08 0.1758 13 25 1.91 4.5-5.2
Br/CI 0.017 0.00014 0.0027 0.0003 0.00445 0.00007 0.00117 0.0007 0.005 0.000018 0.0008 0.0009 0.0015
Ca?*/(HCO3+S04%) 0.315 15.3153 1.6168 0.146 0.298 10.187 13 1.597 0.1778 4.369 0.908 0.638 >1
S04Z/CI- 0 0.803 0.14 0.0009 0.0345 0.7 0.13 0.111 0.018 10.5 0.265 0.995 0.103
GQlgeneralized 25.2 83.67 53.63 1.195 21.276 83.364 52.26 15.46 19.74 83.69 46.55 15.46

GQI (w/o NOs", TC,FC) 20.24 89.63 61.27 161 17.794 91.747 60.1 21.53 18.2 91.18 51.36 22.02

fsea 0.005 0.652 0.118 0.011 0.0052 0.879 0.159 0.214 0.0024 0.947 0.222 0.22

GQl saltwater Intrusion 24.13 86.084 62.74 1.212 11.252 89.526 59.01 18.65 8.184 86.9 54 17.82 <75

All values in mg/l except pH and EC (us/cm); Parameters in ratios expressed in meg/l; ®Misstear et al. 2006; ® NA = Not available.
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Appendix 3D. Descriptive statistics for the highly urbanized city — zahrani Aquifer D

Dry season (October) 2013 Wet season (May) 2014 (n=60) Dry season (October) 2014 Irrigation WHO
(n=59) (n=55) Threshold® Threshold

Parameter / Season Min Max Mean SD Min Max Mean SD Min Max Mean SD
pH 6.58 7.55 6.93 0.2 6.37 7.38 6.95 0.183 6.8 7.67 7.11 0.19 6.5-8.4 6.5-8.5
Electric Conductivity ECw 353 2510 1005 408.4 506 4288 1159 603 470 2506 1,054.6 469.0 700
Total Dissolved Solid 552 3111 1075.65 416.84 375 2530 903 434.66 409 2250 789.5 304.6 600
Ca? 42.48 685.36 158.32 95.49 46.49 642.88 126.1 78.88 47.29 607 138.1 83.8 NA (b) 300
Mg?* 8.505 303.75 71.96 55.64 19.2 376.65 53.52 47.84 7.53 103 37.8 15.9 NA 300
Total hardness TH 283 1990 691.1 336.83 279 1876 535.15 289.6 267 1726 500.3 2233 NA
Na* 8.77 584.51 152.47 167.7 4.07 279.81 73.2 59.8 5.04 149.23 34.3 29.6 69 200
K* 041 33.29 3.615 4.853 0.66 39.12 5.0 6.3 0.77 18.76 37 35 NA 300
CI 82 835 293.86 159.2 82 820 156.3 140.5 325 667 168.2 142.9 107 300
Cco3 0 12.4 0.210 1.614 0 0 0 0 0 0 0 0
HCO3 166.2 403.4 282.31 41.97 213.2 463.8 318 43 225.8 385.4 277.2 36.0 91.5
NOs 0.8 123.6 80.6 290.32 14 97 38 414.46 3.1 119.3 453 26.3 5 50
SO 1 1800 100.14 238.64 3 1675 89.22 214.7 9 1200 81.5 158.2 NA 250
Br- 0 3.9 1.13 0.804 0 3.35 0.9 0.536 0.18 27.14 2.9 3.8 Na
lonic ratios Criteria
Na*/CI 0.0587 6.2 0.98 1.29 0.0348 4.7 0.91 0.69 0.1036 1.5776 0.4 0.32 <0.86
CI/HCOs 0.445 5.545 1.81 0.992 0.1727 5.3 0.86 0.844 0.216 4.328 1.057 0.933 20-50
Mg?/Ca? 0.0963 5.507 0.965 0.975 0.17 4.84 0.81 0.654 0.0694 1.736 0.55 0.3128 4.5-5.2
Br/CI 0 0.0078 0.0021 0.0017 0 0.0198 0.00374 0.00326 0.0012 0.082 0.00948 0.01217 0.0015
Ca?*/(HCOz+S04%) 0.3069 3.928 131 0.71 0.3538 2.343 0.94 0.349 1.0723 13.4 7.236 3.657 >1
SO4ZICI 0.0027 5.53 0.3166 0.7469 0.029 2.41 0.445 0.4623 0.0353 13.813 0.666 1.8476 0.103
GQlgeneralized 46.36 81.49 62.01 6.82 52.91 78.38 67.06 6.65 51 85.26 64.85 7.113
GQI (w/o NO3, TC,FC) 62.01 90.55 80.8 6.23 57 95.18 87.25 6.32 69.06 94.39 87.25 5.13
fsea 0.0041 0.0415 0.01462 0.0079 0.0014 0.04 0.01 0.0069 0.001617 0.0332 0.0083 0.00712
GQl saltwater Intrusion 64.34 85.49 75.8 5.12 69.31 92.81 82.17 5.385 72.83 90.8 82.22 4.545 <75

All values in mg/l except pH and EC (us/cm); Parameters in ratios expressed in meg/l; ®Misstear et al. 2006; ® NA = Not available.
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Appendix 4A. DBN Model Components

Climate change component: Climatic change scenarios from global circulation
models (IPCC 2013) particularly the RCP 4.5 (developed by MiniCAM modeling team
(Clarke et al., 2007)) and the RCP 8.5 (developed by MESSAGE modeling team (Riahi et
al., 2007)) were defined in this component. Data from downscaled climate change models,
relevant to the study area, including the PRECIS (Providing Regional Climates for Impacts
Studies) model (SNC 2011; TNC 2016) as well as the dynamically downscaled HIRAM-
WRF model outputs (EI-Samra et al. 2016) were used to populate the nodes for
precipitation, temperature and evapotranspiration.

Demographic component: The relationships in this component are based on the
direct associations between the population and its growth rate. These two nodes were used
to estimate water demand as a function of the per capita consumption rate. The volume of
water deficit per year was estimated by subtracting the demand from the available supply.
The node representing the consumption rate was defined by two factors, namely demand
management (i.e. tariff restructuring) and ambient temperature. The impact of each factor
on the consumption rate was assumed to be independent. Changes in consumption as a
function of the variations in both factors (tariff and temperature) was based on the available
literature. Several studies have reported that the average elasticity of water consumption
ranges between -0.39% to -0.1 for every 1% increase in tariff rate (Whitcomb, 2005,
Herrington, 2006). We assumed an elasticity of -0.245% for every 1% increase in tariff. On
the other hand, an average increase of 2% in water consumption was assumed for every 1°C
increase in temperature (Jarboo & Al-Najar 2015; Goodchild 2007; Dowing et al. 2003;
Herrington, 1996).

Hydrological component — freshwater recharge: This component represents the
total recharge of freshwater incoming into the aquifer. Recharge can occur either through
direct infiltration from the overlaying surface or from lateral flow from nearby aquifers. The
direct infiltration was estimated by multiplying the ‘effective infiltration’ with the ‘pervious
area’ of the study area. The ‘effective infiltration’ was thus estimated as the difference
between the rainfall and the sum of the runoff and the evapotranspiration (assumed at 20%

and 35% of rainfall respectively based on data concurred by expert interviews) (Eq. (1)).

Re = Ra— Ev— Ru*PA (Eq. 1)
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Where Re is the recharge in m*yr, Ra is the rainfall in mm/yr, Ev is the evapotranspiration

in mm/yr, Ru is the runoff in mm/yr, and PA is the pervious area in m?.

With regards to lateral flow, it was defined by the balance between the available
stock, recharge, and abstraction at the aquifers that are hydrogeologically connected to the
study area. Previous studies have reported that the lateral flow to the Beirut aquifer was
limited to the Hazmieh aquifer, which is located along the south eastern boundary of the
study area; yet the volume of recharge has not been quantified (Safi et al. 2018; El-Fadel et
al. 2015). For this purpose, a mass balance model was constructed for the Hazmieh aquifer
to quantify the volume of the lateral flow. The model accounted for population growth,
changes in pervious areas, water consumption and demands as well as the abstraction rates
in the contributing aquifer. The resultant lateral flow volume was assumed to be the
difference between recharge to and abstraction from the Hazmieh aquifer. The related
parameters were based on the work undertaken by El-Fadel et al. (2015). The lateral flow
model was refined with feedback from expert interviews. Similarly, prior distributions on
the contributing recharge area, infiltration rate, and the abstraction rate were based on
expert interviews. The population growth rate and the consumption rates in the Hazmieh

Aquifer were assumed to be similar to Beirut.

Hydrological component — salinity: The salinity in the aquifer was estimated based
on a black box solute mass balance model constructed to represent the combined impacts of
recharge, abstraction, and storage on the salinity of the Beirut aquifer. The mass balance
equation is presented in Eq. (2).

Co = (G V; + Cp# Vg — G * Vo + G+ V) /(V; + 1000)  (Eq. 2)

where C; is the aquifer salinity at the end of a time step; Ci is aquifer salinity in the previous
time step; Cr is the salinity of the recharged water (fixed at 6 mg/l); Cs is the salinity of
seawater (fixed at 35,000 mg/l of TDS); Vi is the aquifer volume; Vr is the recharge
volume; Va is the abstracted volume of groundwater; and Vs is the volume of seawater
inflow. All concentrations are in mg/l (ppm) of TDS and all volumes are in MCM. V; was
calculated based on the aquifer characteristics i.e. area of the aquifer, thickness (limited to
the top 100 m, as this is the zone tapped by wells) and a porosity of 0.3 (Ukayli, 1971). Va
was estimated as the volume to meet the deficit in demand after accounting for alternative
supplies (i.e. the volume of water provided through water tankers). Hence, Va is calculated

as the difference between the total water deficit and the volume of water being transported
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by water tankers. The volume delivered by water tankers was defined to be dynamic in time
by allowing for changes in the “groundwater abstraction reduction” node. This node was
defined to reduce pumping as the salinity in the aquifer increases. Abstraction reductions
have been observed in the study area with people abandoning their wells and switching to
the purchase of water tankers when the salinity of their wells increased above a certain
threshold. Abstraction reduction was not allowed to reach 100%, as certain segments of the
population maintain their pumping rates and invest in expensive treatment options. Note
that the ‘abstraction rate’ node is presented as a function of the previous salinity of the
aquifer based on field survey data and further validation. Vs was estimated as the difference
between Vr and Va; thus it assumes that any volumetric deficit in the water within the

aquifer will be replenished by intruding seawater.

Socioeconomic component: The socioeconomic burden on the community was
calculated as the sum of the costs associated with the use of advanced water treatment
technologies (mainly reverse osmosis (RO)), the purchase of water through tankers as an
alternative water source, and the damages incurred to installations due to the use of saline
water. The socioeconomic burden was expressed both at the city level (cumulative burden
in USD) and in terms of cumulative burden per capita (USD/capita). The cumulative
socioeconomic burden per capita expresses the burden to the population by the end year
(2034) over the whole simulation period. The cost (USD) of adopting RO in Beirut was
assumed to be a function of the RO treatment cost (in USD/m®) and the volume (m°®) of
water being desalinated. Treatment cost was defined to be a function of salinity level, while
the volume of water that is desalinated was defined as a function of the RO penetration rate
in the city (i.e. % of buildings with RO) and the volume of groundwater abstracted. RO
penetration itself was defined to be a function of the RO price and the salinity levels. This
reflect that a household’s decision to invest in RO will probably be a function of its ability
to tolerate the elevated salinity and the affordability of treatment. The cost (USD) of water
tankers was defined as a function of the tanker price (in USD/m?) and the volume (m®) of
water supplied by tankers; the latter is a function of the water tankers’ penetration rate and
the existing water deficit. The probabilities on the RO price, RO penetration rate, well
penetration rate, and the tanker price nodes were populated based on field surveys and
expert interviews. The installation damages node was defined as a function of the aquifer
salinity and the percentage of people using the saline water without RO treatment. The

relationship between salinity and installation damages was based on a linear regression
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model developed by Alameddine et al. (2018) based on field data collected in the study area
and modified for purpose of this BN to reflect the salinity interval between 1000-35000
ppm, Eq. (3). No damage was assumed to happen below 1000 ppm:

DC = 23.5*log S — 140.4 1000 < S < 35000 ppm  (Eq. 3)
Where DC is the damage cost in MUSD/yr, S is the salinity in ppm.

Management component: This component accounts for the adaptation strategies and
mitigation measures that could be taken by the government to properly manage supply and
demand in Beirut city. It also accounts for the associated costs of these interventions. We
accounted for the adaptation strategies and mitigation measures that were proposed by the
government (MOEW 2010). These include a set of supply management projects that aim to
provide additional “new out of basin” water to the study area. These include the Greater
Beirut Water Supply Project (GBWSP) (Phase | of expected to augment Beirut with 60
MCM starting 2019 and Phase Il that will provide an additional 60 MCM starting 2025) and
a managed aquifer recharge scheme through the injection of (3.5 MCM/yr) treated
wastewater in the aquifer of interest. The demand management intervention was solely
assessed in terms of increasing water tariffs in order to reduce consumption. In addition to
these projects, we assessed the option of constructing a central desalination plant at the city-
scale with an output equivalent to the 120 MCM supply expected by the GBWSP. Data
(costs, capacities, timeline) on the planned infrastructure supply projects were collected
from official reports by governmental and international institutions and published studies
(WB, 2017, MOEW 2010; Ray 2005; Yamout & Fadel 2005). The costs include the annual
and cumulative costs in USD/m? and the cumulative cost per capita of the construction,
installation, operation and maintenance of the government proposed projects as detailed in
Table 1 (Saidy 2016; Ray 2005). The cumulative cost per capita expresses the cumulative
cost to the population at the end year (2034) from the cumulative costs of the project over
the whole simulation period. All projects are associated with environmental externalities,
which further increase their costs. Such externalities differ between desalination plants
(brine disposal, land use, intensive energy use) and inter-basin infrastructure projects (social
displacement, high capital investment costs, long execution period, lack of immediate
benefits, potential negative impact on the survival and livelihoods of inhabitants in the
affected area, cross-governate competition over available water resources, ecological
modification of the river, obstructed development in downstream communities) (Dar Al

Handasah, 2014). All adopted costs, except for desalination, excluded the cost of
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environmental externalities and were adjusted to year 2014, assuming a 3% annual inflation
rate. As the cost per cubic meter of the construction and operation of the supply
management projects are known as shown in Table 2, the projects’ costs were directly
quantified per scenario to calculate the cumulative cost and the cumulative cost per capita

over the whole simulation period (Appendix 4a).

Management Component - Supply management projects

Project Description Cost (USD/md)
Greater  Beirut  Water It is the Beirut Water Conveyor Project (BUWC) to transfer 0.760)
Supply Project Phase 1® water from the Litani Basin to Beirut comprising a 24 km

tunneled aqueduct and a treatment plant to supply 60 MCM/yr

to Beirut
Greater  Beirut ~ Water It is an extension of Phase | comprising of the construction of 1.16®
Supply project Phase 111D the Bisri Dam and lake to supply an additional 60 MCM/yr to

Beirut
Wastewater reuse and  Treatment of sludge effluent and injection into coastal aquifers 1.40)
Managed Artificial  (estimated at 3.5 MCM/yr® for study area)
recharge®
Desalination City level desalination plant with capacity of 120 MCM/yr 0.8 (including

environmental
externalities)
Demand Management A 150% tariff increase Not quantified

(OMOEW 2010; ®MOEW/UNDP, 2014; ®WB 2017; Ray 2005; Yamout & Fadel 2005; ¥ Saidy 2016; Ray 2005.
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Appendix 4B. DBN Relationships

Node Name 2

Equation (Refer to Appendix 4a)

Infiltration volume in
the lateral recharge
zone

Abstraction in the
lateral recharge zone
Lateral Flow into the
study area

Water demand

Water Deficit

Effective infiltration
Freshwater Recharge

Consumption rate

GW Abstraction

Safe Yield
Salinity in aquifer (C)

RO cost (at city level)

Installation damages
(at the city level)

Cost of Tankers
(annual cost of water
delivery by tankers at
the city level)
Socioeconomic (SES)
Burden (annual at the
city level) (C)
Cumulative SES (over
project life) (C)
Cumulative SES
USD/capita

Supply Project Cost

Cumulative supply cost
(over project life) (C)
Cumulative Supply
USD/capita

Recharge Area Infiltration (MCM/yr) = (Actual Rainfall (mm/yr) 0.001 (m/mm)*
(Recharge Area Infiltration Rate/100)*8E+006* (Recharge Area Pervious/100)*1E-006)

Recharge Area Abstraction (MCM/yr) = (1400 + 1400 * (Population Growth Rate/100) *
Consumption Rate (I/c/d) * 365 * 0.001/1E+006

Lateral Flow (MCM/yr) = Net Freshwater recharge (MCM/yr) = Recharge Area
Infiltration (MCM/yr) — Recharge Area Abstraction (MCM/yr)

Water Demand (MCM/yr) = Actual population * Consumption rate (I/c/d)* 365 *
0.001/1E+006

Water Deficit (MCM/yr) = Network Demand (MCM/yr) — Water Supply (MCM/yr)

Recharge (m?/yr) = ((Rainfall (mm/yr) - Evapotranspiration (mm/yr) - Runoff (mm/yr)) *
0.001 (m/mm) * pervious area (m?)) [Eq. 1]

Fresh Water Recharge (MCM/yr) = 3.5 + Effective Infiltration (MCM/yr) * (2E+006 -
2E+006 * Pervious Area Decrease) * 1E-006 + Lateral Flow (MCM/yr)

Consumption Rate (I/c/d) =

If T (0 —0.0025%) then (Previous Consumption Rate + Previous Consumption Rate * (-
0.2345 * Demand Management)/100) * 1.005

If T (0.0025 — 0.0208%) then (Previous Consumption Rate + Previous Consumption Rate
* (-0.2345 * Demand Management)/100) * 1.046

If T (0.0208 — 0.037%) then (Previous Consumption Rate + Previous Consumption Rate *
(-0.2345 * Demand Management)/100) * 1.074

GW Abstraction (MCM/yr) = GW Abstraction Reduction Rate * (Water Deficit
(MCM/yr) — Water Deficit (MCM/yr) *Water Tankers (%)

Safe Yield (MCM/yr) = GW Abstraction (MCM/yr) — FW Recharge (MCM/yr)

Salinity in Aquifer (ppm) = 1000 *Previous Aquifer Salinity *1386 + 6000 * FW
Recharge — Previous Aquifer Salinity * 1000 * GW Abstraction + 3.5E+007 * Safe
Yield)/ 1.386E+006

Based on mass balance equation:Ct = (Ci * Vi + Cr * Vr - Ci * Va+ Cs * Vs)/(Vi *
1000)[Eq.2]

RO Cost (M USD) = 1.6 *GW Abstraction *RO Penetration *RO Price *10"6

Installation Damages (M USD) = (23.463 * logio * Salinity Aquifer — 140.44) * (Wells
Penetration (%) — Wells Penetration (%) * RO Penetration Rate (%)) * (Actual
Population/ 4)

Based on regression model: Damage Cost = (23.462*logi/o}Salinity-140.44) [Eq. 3]

Cost of Tankers (M USD) = Tanker Price ($) * Water Deficit (MCM/yr) * Water Tankers
(%) * 106

SES (M USD) = RO Cost (M USD) + Installation Damages (M USD) + Cost of Tankers
(M USD)

Cumulative SES (M USD) = SES (M USD) + Previous SES (M USD)

Cumulative SES/capita (USD/c) = Cumulative SES over project duration (M USD) /
Actual Population at end year

Supply Project Cost (M USD) = (BWC Phase | (MCM/yr) * 0.76 ($/m3) + BWC Phase Il
(MCM/yr) * 1.16 ($/m?) + Desalination (MCM/yr) *0.8 ($/m3) + 3.5 (MCM/yr) * 1.4
($/m3)) *1E+006

Cumulative SES (M USD) = SES (M USD) + Previous SES (M USD)

Cumulative Supply Cost/capita (USD/c) = Cumulative Supply Cost over project duration
(M USD) / Actual Population at end year
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Appendix 4C. Full DBN network with temporal clones
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Appendix 4D. Full DBN in run mode (hugin Educational 8.6)
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Appendix 4E. Full DBN in run mode with probability Tables
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Appendix 4F. DBN conditional probability tables

Table 1 — Conditional Probability Table for Node — T CC Scenarios (clone) (T refers to clone node)

T CC Scenarios

State Probability
RCP 4.5 0.6
RCP 8.5 0.4

Table 2 — Conditional Probability Table for Node — CC Scenarios

CC Scenarios

State Probability

T CC Scenarios RCP 4.5 RCP 8.5
RCP 4.5 1 0

RCP 8.5 0 1

Table 3 — Conditional Probability Table for Node — ET Reduction
Evapotranspiration Reduction (%/yr)

State Probability

CC Scenarios RCP 4.5 RCP 8.5
0 —0.000497 0.5 0.1
0.000497-0.000991 0.5 0.2
0.000991 — 0.003855 0 0.7

Table 4 — Conditional Probability Table for Node — Temperature Increase
Temperature Increase (°c/yr)

State Probability

CC Scenarios RCP 4.5 RCP 8.5
0-0.0025 0.5 0
0.0025 - 0.0208 0.5 0.5
0.0208 — 0.037 0 0.5

Table 5 — Conditional Probability Table for Node — Rainfall Reduction
Rainfall Reduction (%/yr)

State Probability

CC Scenarios RCP 4.5 RCP 8.5
0.006 — 0.01 0.5 0
0.001-0.015 0.4 0.6
0.015-0.02 0.1 0.4

Table 6 — Conditional Probability Table for Node — T Actual Rainfall (clone) (T refers to clone node)
T Actual Rainfall (mm/yr)

State Probability
0-350 0.1

350 — 550 0.21

550 — 750 0.38

750 — 950 0.21

950 - 1100 0.1

Table 7 — Conditional Probability Table for Node — Actual Rainfall
Actual Rainfall (mm/yr)
T_Actual_rainfall - T_Actual_rainfall * Rainfall_Reduction

Expression

Table 8 — Conditional Probability Table for Node — Effective Infiltration in the study area

Effective Infiltration in study area (MCM/yr)
Expression Actual_rainfall - (0.2 * Actual_rainfall - 0.2 * Actual_rainfall * ET_Reduction) -
Actual_rainfall * 0.3) * 0.001
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Table 9 — Conditional Probability Table for Node — Lateral Flow into the study area

Lateral Flow into the study area (MCM/yr)

Expression If (Infiltration Volume in lateral recharge zone — Abstraction in lateral recharge zone <0, 0,
Infiltration Volume in lateral recharge zone — Abstraction in lateral recharge zone)

Table 10 — Conditional Probability Table for Node — Freshwater Recharge
Freshwater Recharge (MCM/yr)

Artificial Recharge Operational Non- Operational

Expression 3.5 + Effective_infiltration * (2E+006 - Effective_infiltration * (2E+006 - 2E+006
2E+006 * pervious_area_decrease) * 1E-006 * pervious_area_decrease) * 1E-006 +
+ Lateral_Flow Lateral_Flow

Table 11 - Conditional Probability Table for Node —Infiltration Rate in Lateral Recharge Zone
Infiltration Rate in Lateral Recharge Zone (%/yr)

State Probability
10-20 0.1
20-30 0.6
30-60 0.3

Table 12 - Conditional Probability Table for Node — % pervious area in lateral recharge zone
% pervious area in lateral recharge zone (%l/yr)

State Probability
1-10 0.05

10 -30 0.2

30-50 0.75

Table 13 - Conditional Probability Table for Node — Pervious Area Decrease
Pervious Area Decease (%0/yr)

State Probability
0-0.2 0.99
0.2-05 0.005
05-1 0.005

Table 14 - Conditional Probability Table for Node —Abstraction in the Lateral Recharge Zone

Abstraction in the Lateral Recharge Zone (MCM/yr)

Expression (14000 + 14000 * (Population Growth Rate / 100)) * Consumption Rate * 365 * 0.001 /
1E+006)

Table 15 - Conditional Probability Table for Node —Infiltration volume in the lateral recharge zone

Infiltration Volume in the lateral recharge zone (MCM/yr)

Expression Actual Rainfall * (Infiltration Rate in lateral recharge zone / 100) * 0.001 * 8E+006 *
(%Pervious in lateral recharge zone / 100) * 1E-006

Table 16 - Conditional Probability Table for Node — Population Growth Rate
Population Growth Rate (%/yr)

State Probability

T_Population Growth Rate 02-12 12-22 22-32
02-12 1 0 0
12-22 0 1 0
22-32 0 0 1

Table 17 - Conditional Probability Table for Node — T Population Growth Rate (clone) (T refers to clone node)
T Population Growth Rate (%/yr)

State Probability
02-12 0.6
12-22 0.3
22-32 0.1
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Table 18 - Conditional Probability Table for Node — T Actual Population (clone) (T refers to clone node)
T Actual Population

State Probability

T Population Growth Rate 02-12 12-22 22-32
1000000 — 1200000 0.7 0.05 0.05
1200000 — 1400000 0.2 0.7 0.05
1400000 — 1600000 0.05 0.2 0.2
1600000 - 2200000 0.05 0.05 0.7

Table 19 — Conditional Probability Table for Node — Actual Population

Actual Population

Expression if (T_Actual_Population + T_Actual_Population * (Population_Growth_Rate / 100) > 2.2E+006,
2.2E+006, T_Actual_Population + T_Actual_Population * (Population_Growth_Rate / 100)

Table 20 — Conditional Probability Table for Node - Consumption Rate
Consumption Rate (l/capita/day)

State Probability

Temperature Increase 0-0.0025 0.0025 — 0.0208 0.0208 - 0.037

(%)

Expression If If ((T_Consumption_Rate + if ((T_Consumption_Rate +
((T_Consumption_Rate + T_Consumption_Rate * (- T_Consumption_Rate * (-
T_Consumption_Rate * 0.2345 * 0.2345 *
(-0.2345 * Demand_Management / Demand_Management /
Demand_Management / 100)) * 1.046 > 300, 300, 100)) * 1.074 > 300, 300,
100)) * 1.005 > 300, 300, (T_Consumption + (T_Consumption_Rate +
(T_Consumption + T_Consumption_Rate * (- T_Consumption_Rate * (-
T_Consumption_Rate * 0.2345 * 0.2345 *
(-0.2345 * Demand_Management / Demand_Management /
Demand_Management / 100)) * 1.046 100)) * 1.074
100*1.005

Table 21 — Conditional Probability Table for Node — T Consumption Rate (clone) (T refers to clone node)
T Consumption Rate (l/capita/day)

State Probability
<70 0.001

70 - 100 0.1

100 - 200 0.898

200 - 300 0.001

Table 22 — Conditional Probability Table for Node — Safe Yield
Safe Yield (MCM/yr)
Expression if (GW_Abstraction - FW_Recharge < 0, 0, GW_Abstraction - FW_Recharge)

Table 23 - Conditional Probability Table for Node — Groundwater Abstraction
Groundwater Abstraction (MCM/yr)
Expression Abstraction Rate * (Water Deficit — Water Deficit * Water Tankers

Table 24 — Conditional Probability Table for Node — T Aquifer Salinity (clone) (T refers to clone node)
T Salinity Aquifer (ppm)

State Probability
<1000 0.0001
1000 - 4000 0.4995
4000 - 7000 0.5

7000 — 10000 0.0001
10000 — 15000 0.0001
15000 — 25000 0.0001
25000 - 35000 0.0001

Table 25 - Conditional Probability Table for Node — Salinity Aquifer

Salinity Aquifer (ppm)

Expression If ((1000*T Salinity Aquifer *1386 + 6000*FW Recharge — T Salinity Aquifer*1000*GW
Abstraction + 3.5E+007 *Safe Yield)/ 1.386E +006>= 35000, 35000, (1000 *T Salinity Aquifer
*1386 + 6000*FW Recharge — T Salinity Aquifer*1000*GW Abstraction + 3.5E+007 *Safe
Yield)/ 1.386E +006
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Table 26 - Conditional Probability Table for Node — Groundwater Abstraction Rate
Groundwater Abstraction Rate (% of previous year)

State Probability

T_Salinity <1000 1000- 4000-7000 7000- 10000- 15000- 25000-
Aquifer 4000 10000 15000 25000 35000
0.1-05 0.001 0.001 0.001 0.01 0.1 0.5 0.75
0.5-0.6 0.001 0.001 0.001 0.09 0.25 0.2 0.15
0.6-0.75 0.001 0.001 0.108 0.3 0.25 0.15 0.05
0.75-1 0.997 0.997 0.89 0.6 0.4 0.15 0.05

Table 27 - Conditional Probability Table for Node — Water Deficit
Water Deficit (MCMl/yr)
Expression If (Water_Demand - Network_Supply < 0, 0, Water_Demand - Network_Supply)

Table 28 — Conditional Probability Table for Node — Water Demand
Water Demand (MCM/yr)
Expression Actual_Population * Consumption_Rate * 365 * 0.001 / 1E+006

Table 29 — Conditional Probability Table for Node — Wells Penetration
Wells Penetration Rate (%6)

State Probability
0.25-05 0.009
0.5-0.65 0.99

0.65-0.75 0.001

Table 30 — Conditional Probability Table for Node — Network Supply

Network Supply (MCM/yr)

Expression if (40 + Desalination + BWC_Phase_II + BWC_Phase_I > 239, 239, 40 + Desalination +
BWC_Phase Il + BWC_Phase

Table 31 — Conditional Probability Table for Node — RO Price
RO Price (USD/m3)

State Probability

Salinity Aquifer =~ <1000  1000-4000  4000-7000  7000-10000  10000-15000  15000-25000
0-0.3 1 1 1 0.5 0.1 0

0.3-05 0] 0 0 0.5 0.7 0.5

05-1 0] 0 0 0 0.2 0.5

1-2 0 0 0 0 0 0

Table 32 — Conditional Probability Table for Node - RO Penetration Rate (% of buildings)
RO Penetration Rate (1)

State Probability

RO Price 0-03

Salinity Aquifer =~ <1000  1000-4000  4000-7000  7000-10000  10000-15000  15000-25000
0-0.3 0.2 0.05 0.05 0.05 0.005 0.05
0.3-05 0.7 0.05 0.05 0.05 0.005 0.05

05-1 0.05 0.2 0.1 0.1 0.1 0.3

1-2 0.05 0.7 0.8 0.8 0.89 0.6

RO Penetration Rate (2)

State Probability

RO Price 0.3-05

Salinity Aquifer <1000  1000-4000  4000-7000  7000-10000  10000-15000  15000-25000
0-0.3 0.2 0.05 0.05 0.05 0.05 0.15
0.3-05 0.7 0.05 0.05 0.05 0.05 0.15

05-1 0.05 0.2 0.2 0.1 0.1 0.35

1-2 0.05 0.7 0.7 0.8 0.75 0.45
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RO Penetration Rate (3)

State Probability

RO Price 05-1

Salinity Aquifer <1000  1000-4000  4000-7000  7000-10000
0-0.3 0.1 0.05 0.05 0.05
0.3-05 0.5 0.05 0.05 0.05

05-1 0.2 0.45 0.45 0.56

1-2 0.2 0.45 0.45 0.34

RO Penetration Rate (4)

State Probability

RO Price 1-2

Salinity Aquifer <1000 1000-4000  4000-7000  7000-10000
0-0.3 0.55 0.45 0.45 0.45
0.3-05 0.15 0.15 0.3 0.35

05-1 0.2 0.3 0.15 0.1

1-2 0.1 0.1 0.1 0.1

Table 33 — Conditional Probability Table for Node — Artificial Recharge
Avrtificial Recharge (MCMl/yr)

State Probability

Operational 0.0001

Non- Operational ~ 0.9999

Table 34 - Conditional Probability Table for Node — BAWC Phase |
BAWC Phase | (MCM/yr)

State Probability
0 0.9999

30 0.00005

60 0.00005

Table 35 — Conditional Probability Table for Node — BAWC Phase 11
BAWC Phase 1l (MCM/yr)

State Probability
0 0.9999

30 0.00005

60 0.00005

Table 36 — Conditional Probability Table for Node — Desalination
Desalination (MCM/yr)

State Probability
0 0.9998
60 0.0001
120 0.0001

Table 37 - Conditional Probability Table for Node — Demand Management

Demand Management (% tariff increase)

State Probability
0-1 0.95

1-50 0.025

50 - 150 0.02

150 - 300 0.005

Table 38 - Conditional Probability Table for Node — Socioeconomic Burden

Socioeconomic Burden (M USD/yr)
Expression Cost RO + Installation Damages + Cost Tankers
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0.005

25000-35000
0.39

0.5

0.1

0.01

25000-35000
0.6

0.394

0.005
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Table 39 — Conditional Probability Table for Node - T_ Cumulative Socioeconomic Node (clone) (T refers to clone
node)

T Cumulative Socioeconomic Burden (M USD)

State Probability
0 - 5000000 0.999
5000000 - 2000000000 0.0005

2000000000 - 3000000000 0.0001
3000000000 - 4800000000 0.0001
4800000000 - 7000000000 0.0001
7000000000 - 10000000000 0.0001
10000000000 - 24000000000  0.0001

Table 40 - Conditional Probability Table for Node - Cumulative Socioeconomic Node

Cumulative Socioeconomic Node (M USD)

Expression If (Socioeconomic Burden + T Cumulative Socioeconomic > 2.4E+010, 2.4E+010,
Socioeconomic Burden + T Cumulative Socioeconomic)

Table 41 — Conditional Probability Table for Node — Socioeconomic Burden per Capita
Socioeconomic Burden per capita (USD/capita)
Expression Cumulative Socioeconomic Burden / Actual Population

Table 42 — Conditional Probability Table for Node — RO Cost
RO Cost (MUSD/ yr)
Expression 1.6 * GW Abstraction * RO Penetration Rate * (RO_price * 10 " 6)

Table 43 - Conditional Probability Table for Node — Installation Damages

Installation Damages (MUSD/ yr)

Expression if (Salinity Aquifer <1000, 0, (23.463 * log (Salinity Aquifer) - 140.44) * (Wells Penetration —
Wells Penetration * RO Penetration)*Actual Population/40)

Table 44 - Conditional Probability Table for Node — Cost Tankers

Cost Tankers (MUSD/yr)

Expression If (10 ~ 6 * Tanker price * Water Deficit * Water Tankers > 1.9E+009, 1.9E+009, 10 * 6 *
Tanker price * Water Deficit * Water Tankers)

Table 45 - Conditional Probability Table for Node — Water Tankers
Water Tankers (MCM/yr)
Expression 0.8 — Abstraction Rate * Wells Penetration

Table 46 - Conditional Probability Table for Node — Tanker Price
Tanker Price (USD/m3)

State Probability
3-8 0.99
8-12 0.11
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Appendix 4G. DBN Model Validation

Component Node Name? c AU
Climatic CC scenario 0.99
Temperature Increase 0.8
. 0.99
Actual Rainfall 8
Rainfall Reduction 0.8
Evapo-transpiration Reduction 3 0.71
Hydrogeological % pervious area in the lateral 0.59
Lateral Flow recharge zone
Infiltration volume in the lateral 0.97
recharge zone 6
Infiltration rate in the lateral 0.58
recharge zone
Abstraction in the lateral 0.76
recharge zone
Lateral flow into the study area 0.99
9
Demographic Population Growth Rate 9 0.99
Actual Population 0.99
Consumption Rate 1 0.99
Water demand 8 0.99
Water Deficit 9 0.99
Wells Penetration 7 0.92
Hy(_:ir_ogeologlcal Effective infiltration 0.97
Salinity 4
Pervious Area decrease 0.65
Freshwater Recharge 0.87
Network Supply 0.99
Groundwater Abstraction 9 0.99
Safe Yield , 0.99
Groundwater Abstraction rate 1 0.94
Salinity in aquifer 0.7
Socioeconomic RO penetration . 0.87
RO price 6 0.98
RO cost 0.91
Installation damages 0.95
Water Tankers 0.76
Tanker price 0.74
Cost of Tankers 0.99
Socioeconomic Burden 0.99
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Cumulative Socioeconomic 0.99
burden
SES USD/c 0.7
Management BWC Phase | 0.99
BWC Phase 11 0.99
Desalination 0.98
Artificial Recharge 0.73
Demand Management 0.64
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