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SUMMARY

Climate change (CC), as predicted by several global climate models, is very likely to
have severe impacts in the future, on top of all other global changes. These impacts may
have significant influence on natural resources especially surface and groundwater. This
influence is particularly problematic for the Mediterranean coastal areas, and especially
the northern Nile Delta Aquifer (NDA), where both natural and socio-economic
resources of significant values are located. Moreover, population increase and
development imperatives create additional pressure on the available water resources.
These conditions may eventually lead to insufficient coverage of the needed water
demands for agriculture, domestic usage as well as urban and industrial development,
unless adaptation and mitigation measures are developed ahead of time.

This thesis has a particular focus on salinization of groundwater resources in the NDA
due to saltwater intrusion (SWI). The quality of the groundwater in this area may
strongly be affected by the impacts of the sea level rise (SLR), which will lead to
increasing salinity concentration in groundwater. In addition, the ongoing and future
human activities, especially groundwater extraction will result in the deterioration of the
groundwater resources and consequently bring serious negative social and economic
impacts. The model was setup based on updated data on groundwater salinization for
scattered wells covering the NDA and knowledge of the hydrological, hydrogeological,
geological and hydrochemical characteristics of the groundwater in the NDA.

To assess current conditions and develop future adaptation strategies for the NDA, a 3D
model simulating regional variable density groundwater flow was implemented, using
the SEAWAT code. To identify the representative model for the SWI and salinity
conditions in the NDA in the year 2010, a methodology was applied in which the
aquifer was evoloved from completely fresh to salinized conditions, using different
simulation periods. The model with simulation period that leads to the lowest error in
terms of groundwater salinity concentrations was selected as most representative for the
NDA. The following nine simulation periods were tested: 200, 400, 600, 700, 800, 900,
1000, 1700 and 2600 years. The results of simulation indicate that the model with
simulation period of 800 years captures well the salinity distribution across the NDA.
The findings of the simulation indicate that there is a worrisome SWI process in the
horizontal and vertical directions in the NDA. Consequently, the groundwater quality is
highly deteriorated. Furthermore, the results of the model show that the salinity in the
northern area of the NDA could be attributed to SWI. However, the salinity in the
southern regions of the NDA 1is caused by dissolution of minerals from the rocks
underlying the aquifer. The model enables the assessment of volumes of groundwater
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Summary

per different types in terms of salinity concentration (fresh, light brackish, brackish and
saline), together with their spatial distribution.

The simulated model was applied in NDA for the analysis and prediction of future
groundwater resources conditions within pre-defined scenarios of SLR and groundwater
extraction. These different scenarios were used for the comparative analysis of the
influence of these two factors on the salinization of groundwater resources. Six different
scenarios were designed to be tested with the developed model, such that changes in
available fresh groundwater can be estimated. Five scenarios were representing
conditions in the year 2100, and one was estimating the condition in the year 2500,
without any further changes in the system compared to current conditions.

The results from the scenario estimating the condition in the year 2500 is of significance
because it indicates that even without any changes in the current conditions, the
salinization of the NDA would continue. The results of the other five scenarios show
that the potential impact of human interventions such as unplanned groundwater
extraction is far more significant for the NDA than the expected SLR impact. The model
also allows for more detailed analysis of fresh groundwater availability in different
governorates.

Given the results from the scenario analysis, which indicate that the fresh groundwater
availability will most likely continue to decrease in the NDA, (potentially up to 20 %);
there is a need to investigate possible adaptation measures. Even though the results
presented here are mostly about the NDA as a whole, the overall conditions vary
significantly across this large area. The situation is different in some governorates that
are characterized by larger irrigation areas and larger population density. Consequently,
there are differences in groundwater extraction rates. These differences may influence
the possibility of implementing particular adaptation measures, and therefore their
eventual selection.

The developed model was used for testing the implementation of adaptation measures
for one of the most affected governorates - Sharkeya. The Sharkeya governorate has
been selected because it is characterized with quite extensive groundwater extraction
rate (682 x 10° m%/year), a very large cultivated irrigated area (ranked the third in the
country in terms of crop production) and large variations of salinity concentrations of
groundwater (21 kg/m® - 0.2 kg/m?).

Three different adaptation measures have been selected for testing in the Sharkeya
governorate, well injection using tertiary treated wastewater, extraction of brackish
groundwater, and changing of cropping patterns and irrigation practices. The three
adaptation measures are assumed to be implemented during the same period of analysis
used for the scenarios (till year 2100), and their effectiveness was assessed using
gained/lost fresh groundwater volumes. The results indicate that in terms of increase of
fresh groundwater inside the aquifer the best results can be expected from well
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injection. Regarding extraction of brackish groundwater, it can be said that it does not
bring significant reduction of fresh groundwater volumes in the aquifer in the period till
2100. After desalination, this measures provides additional 9x10° m? of ready-to-use
fresh water over the same period (2010-2100). Changing of cropping patterns and
irrigation practices also do not bring significant changes inside the aquifer, although the
amount of water saved overall can be quite significant. The implementation of this
measure on large scale, however, is a challenging process that may take long period of
time and resources (investments, changes of policies, training of farmers etc.). These
considerations, together with other implementation-related aspects, need to be taken into
account for the final choice of (combined) adaptation measures.
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SAMENVATTING

Klimaatverandering (CC), zoals voorspeld door verschillende mondiale
klimaatmodellen, zal in de toekomst waarschijnlijk ernstige effecten hebben, bovenop
alle andere wereldwijde veranderingen. Deze effecten kunnen een aanzienlijke invloed
hebben op natuurlijke hulpbronnen, met name oppervlakte- en grondwater. Deze
invloed is met name problematisch voor de kustgebieden van de Middellandse Zee, en
in het bijzonder de noordelijke Nijldelta-aquifer (NDA), waar zowel natuurlijke als
sociaal-economische hulpbronnen van grote waarde zijn gevestigd. Bovendien zorgen
bevolkingsgroei en ontwikkelingsverplichtingen voor extra druk op de beschikbare
watervoorraden. Deze omstandigheden kunnen uiteindelijk leiden tot onvoldoende
dekking van de benodigde waterbehoeften voor landbouw, huishoudelijk gebruik en
stedelijke en industriéle ontwikkeling, tenzij van tevoren aanpassingen en
mitigatiemaatregelen worden ontwikkeld.

Dit proefschrift richt zich in het bijzonder op verzilting van grondwaterbronnen in de
NDA als gevolg van zoutwaterintrusie (SWI). De kwaliteit van het grondwater in dit
gebied kan sterk worden beinvloed door de effecten van de zeespiegelstijging (SLR),
wat zal leiden tot een verhoogde zoutconcentratie in het grondwater. Bovendien zullen
de voortdurende en toekomstige menselijke activiteiten, voornamelijk de winning van
grondwater, leiden tot een verslechtering van de grondwatervoorraden en ernstige
negatieve sociale en economische effecten veroorzaken. Het model is opgesteld op basis
van bijgewerkte data over verzilting van grondwater voor verspreide putten die de NDA
bestrijken en kennis van de hydrologische, hydrogeologische, geologische en
hydrochemische kenmerken van het grondwater in de NDA.

Om de huidige omstandigheden te beoordelen en toekomstige adaptatiestrategieén voor
de NDA te ontwikkelen, is een 3D-model geimplementeerd  dat regionale
grondwaterstroming met variabele dichtheid simuleert, gebruikmakend van de
SEAWAT-code. Om  het representatieve model voor de SWI en
saliniteitsomstandigheden in de NDA in 2010 te identificeren, is een methodologie
toegepast, waarbij de toestand in de aquifer evolueert van volledig zoet tot verzilt
water, gebruikmakend van verschillende simulatieperioden. Het model met
simulatieperiode dat leidt tot de kleinste foutmarge met betrekking tot het zoutgehalte in
het grondwater, is geselecteerd als meest representatief voor de NDA. De volgende
negen simulatieperiodes zijn getest: 200, 400, 600, 700, 800, 900, 1000, 1700 en 2600
jaar. De resultaten van de simulatie geven aan dat het model met een simulatieperiode
van 800 jaar de verdeling van het zoutgehalte over de NDA goed vastlegt. De
bevindingen van de simulatie geven aan dat er in de NDA een zorgwekkend SWI-proces
is in horizontale en verticale richting. Hierdoor wordt de grondwaterkwaliteit sterk
verslechterd. Bovendien laten de resultaten van het model zien dat het zoutgehalte in het
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noordelijke deel van de NDA aan SWI kan worden toegeschreven. Het zoutgehalte in de
zuidelijke regio’s van de NDA wordt echter veroorzaakt door het oplossen van
mineralen in de onderliggende rotsen. Het model bemogelijkt het bepalen van het
volume van grondwater per type zoutconcentratie (zoet, licht brak, brak en zout),
inclusief de bijbehorende ruimtelijke distributie.

Het gesimuleerde model is in de NDA toegepast voor de analyse en voorspelling van
toekomstige toestand van grondwatervoorraden binnen vooraf gedefinieerde scenario's
van SLR en grondwaterwinning. Door middel van de scenario’s is de invloed van deze
twee factoren op de verzilting van grondwatervoorraden met elkaar vergeleken. Er zijn
zes verschillende scenario's ontworpen om te testen met het ontwikkelde model, zodat
veranderingen in beschikbaar zoet grondwater kunnen worden geschat. Vijf scenario's
vertegenwoordigden de omstandigheden in het jaar 2100 en €én scenario schatte de
toestand in het jaar 2500, zonder verdere wijzigingen in het systeem in verhouding tot
de huidige omstandigheden.

De resultaten van het scenario dat de toestand in het jaar 2500 schat, zijn van belang
omdat het aangeeft dat de verzilting van de NDA zelfs zonder veranderingen in de
huidige omstandigheden zou doorgaan. De resultaten van de andere vijf scenario's laten
zien dat de potenti€le impact van menselijke ingrepen zoals ongeplande
grondwaterwinning voor de NDA veel significanter is dan de verwachte SLR-impact.
Het model bemogelijkt ook een gedetailleerdere analyse van de beschikbaarheid van
zoet grondwater in verschillende provincies.

Gezien de resultaten van de scenarioanalyse, die erop wijzen dat de beschikbaarheid van
zoet grondwater in de NDA hoogstwaarschijnlijk zal blijven afnemen (mogelijk tot
20%), is het nodig mogelijke aanpassingsmaatregelen te onderzoeken. Hoewel de hier
gepresenteerde resultaten meestal over de NDA als geheel gaan, vari€ren de algemene
omstandigheden aanzienlijk over dit grote gebied. De situatie is anders in sommige
provincies, die worden gekenmerkt door grotere irrigatiegebieden en een grotere
bevolkingsdichtheid. Ten gevolge hiervan, zijn er verschillen in de winningspercentages
van grondwater. Deze verschillen kunnen van invloed zijn op de mogelijkheid om een
bepaalde aanpassingsmaatregel te implementeren en dus op hun uiteindelijke selectie.

Het ontwikkelde model is gebruikt voor het testen van de implementatie van
aanpassingsmaatregelen voor een van de meest getroffen provincies - Sharkeya.
Sharkeya is geselecteerd omdat het wordt gekenmerkt door een vrij significante
grondwaterwinning (682 x 10% m? / jaar), een zeer groot geirrigeerd gebied (derde in het
land in termen van gewasproductie) en grote variaties in zoutconcentraties van
grondwater (21 kg /m? - 0, 2 kg / m%).

Er zijn drie verschillende aanpassingsmaatregelen getest in de Sharkeya provincie,
putinjectie met tertiair behandeld afvalwater, extractie van brak grondwater en de
wijziging van teeltpatronen en irrigatiepraktijken. De drie aanpassingsmaatregelen
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worden verondersteld te worden uitgevoerd in dezelfde analyseperiode die voor de
scenario's is gebruikt (tot 2100) en hun effectiviteit is bepaald aan de hand van verloren
/ gewonnen hoeveelheden zoet grondwater. De resultaten geven aan dat in termen van
toename van zoet grondwater in de aquifer de beste resultaten te verwachten zijn bij het
gebruik van putinjectie. Met betrekking tot de extractie van brak water kan worden
gesteld dat deze in de periode tot 2100 geen significante vermindering van de
hoeveelheden zoet grondwater in de aquifer met zich meebrengt. Na ontzilting levert
deze maatregel in dezelfde periode (2010-2100) 9-x10° m® zoet water, dat klaar voor
gebruik is. De verandering van teeltpatronen en irrigatiepraktijken brengen ook geen
significante veranderingen in de aquifer, hoewel de hoeveilheid water dat bespaard
wordt significant kan zijn. Echter, de implementatie van deze maatregel op grote schaal
is een uitdagend proces dat veel tijd en middelen (investeringen, beleidswijzigingen,
opleiding van boeren, enz.) kan vergen. Deze overwegingen, samen met andere
uitvoeringsaspecten, moeten in aanmerking worden genomen bij de uiteindelijke keuze
van (gecombineerde) aanpassingsmaatregelen.
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Introduction to the study area

1.1 INTRODUCTION TO THE STUDY AREA

Egypt lies in the northeastern corner of Africa with a total area of about one million
km?. It consists of a vast desert plateau crossed by the Nile Valley and the Nile Delta
(ND) that represents about 5 percent of the Egyptian area. The majority of Egypt's
surface area is desert. Most of the agricultural land lies close to the banks of the River
Nile and its Delta [1].

The ND is the food basket of Egypt. It is the most fertile land where about 60% of
Egypt’s population lives. Like most of the deltas around the world, agriculture activities
are dominant in the ND due to the nature of the soil and the presence of an irrigation
system. Consequently, it has a great economical and residential importance to Egypt
(Figure 1.1).
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Figure 1.1. The location map of the Nile Delta

The Egyptian population has increased from 22 million in 1950 to around 100 million in
2019. It is even predicted that the population will increase to more than 120 million by
2050 [2]. This rapid increase of population decreases the water resources allocated per
capita. Currently, the water allocation per capita in Egypt is 720 m®/year [2]. If the
population growth continues with this trend, the water allocated per capita will severely
decline to critical levels. Over the coming years, this declining trend will cause serious
risks.

Nile water alone is no longer sufficient for the increasing water requirements of
different development activities in Egypt and the highly increasing population.
Therefore, groundwater is increasingly being exploited. Extensive extraction of fresh
water from the Nile Delta Aquifer (NDA) intensifies saltwater intrusion (SWI) [3]. An
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emerging problem has a huge impact on the salinization of wells leading to several
undesirable consequences. Moreover, this valuable resource is being threatened by SWI
due to sea level rise (SLR), a common problem for all coastal aquifers around the world

[4].

SLR is one of the expected global warming impacts due to climate change (CC) [5]. The
Egyptian coastal area of the ND is one of the highly sea level rise (SLR)-vulnerable
regions in the world due to its low elevation [5]. The SLR accelerates the SWI into the
NDA and hence affecting the quality of the groundwater. It is predicted that SLR will
directly affect more than 3.8 million capita and an area of about 1800 km? will be
submerged in the ND [6]. This calls for a rapid adaptation and management plan.

The issue of the management of groundwater in the ND has become one of the top
priorities in the Egyptian water agenda, to meet not only the economic needs but also
the social, cultural and environmental needs. While there is almost a consensus that CC
has currently already induced changes in groundwater salinization, it is projected that
they will amplify in the future [5]. There is a gap of knowledge about the deterioration
in groundwater salinization, a situation which is resulting from lack of suitable
hydrological monitoring and modeling systems. In particular, current projections and
adaptation measures for future salinization scenarios are very limited. This stresses the
need to understand and analyze the hydrological conditions and their impact on
groundwater behavior in the NDA, in addition to studying the negative impacts of SLR
and development on the surrounded environment, from a new perspective focusing on
groundwater quality. This could be achieved by simulating the current condition and
predicting the future scenarios with reliable updated hydrological data series.

A concrete adaptation measure could be then built on the output of those realistic
simulations. The approach taken in this study can be applicable for other coastal
aquifers. Whereas Nile Delta is no exception. In spite of differences in geometry and
their hydrological data, most deltaic areas face similar development and climate
stresses.



Objectives and research questions

1.2 OBJECTIVES AND RESEARCH QUESTIONS

The overall goal of this research is to contribute towards ensuring quality and
sustainability of groundwater in the NDA as a strategic and economic source for life and
development. Sustainable groundwater resources development and environmentally
sound protection should be an end goal. Their attainment is closely linked to water
resources planning and management and influenced by economic and social constraints.

Note that a review of the state of the knowledge and related knowledge gaps are
presented in details in chapter 2.

1.2.1 Main objective

The broad objective of this research is to contribute to the development of a framework
for the long term planning for exploitation and sustainable management of groundwater
resources in the NDA. One main contribution to the framework is the developed
variable-density 3D groundwater model that will be used to address the future
groundwater resources development within several scenarios of CC impact (SLR) and
the impact of development (groundwater extraction).

1.2.2 Research questions

1. What is the current knowledge regarding groundwater salinization in the study
area, and where are the knowledge gaps?

2. What is the current situation of salinization in the Nile Delta and its
governorates? What are the recommended locations for extraction from the
current perspective (2010)?

3. What is the impact of saltwater intrusion under the various proposed future
scenarios of climate change (sea level rise) and development (groundwater
extraction) in the whole Nile Delta Aquifer?

4. What are the best locations and the vulnerable ones for groundwater extraction
in the Nile Delta governorates in a long-term perspective?

5. What are the proposed adaptation measures that minimize the loss of fresh
groundwater due to saltwater intrusion, and what are their limitations?
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1.3 METHODOLOGY

This research addresses the impact of SLR and excessive groundwater extraction and
their consequences on the NDA through a number of steps. The following
methodological steps have been followed.
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Figure 1.2. Flow chart of the methodological steps

This chapter provides a general overview over the followed methodology; further
details of methods applied in each study are given in the respective chapters.



Methodology

1.3.1 Data collection

For better management of groundwater resources, it is crucial to have enough reliable
data about the physical, hydrological and hydro-(geo)logical settings of the study area.
Physical settings include land use, meteorological data, topography and soil
classification. The data was collected from different private and governmental entities.
This phase included the following stream of activities:

1. Identifying the general characteristics of the study area.
2. Collecting previous studies, historical data, and field investigations.

3. Reviewing climate trends and scenarios for SLR at the country level based upon
examination of results from recent global climatic models, as well as results
published in scientific literature.

4. Reviewing current salinity control projects that are funded by the government or
international donors, as well as development priorities of Egypt, in order to
determine the degree of attention to potential risks posed by CC on groundwater
sector.

5. Analysis of the collected data and checks for ensuring data quality.

1.3.2 Groundwater model development

Conceptually speaking, the ND region consists of two main aquifer systems, the
Holocene and the Pleistocene aquifers. The Holocene aquifer is composed of medium to
fine-grained sand, silt, clay and peat (Newnile sediments) while the Pleistocene aquifer
is composed of thick layers of quarzitic sand and pebbles [7]. Surface irrigation network
and main branches of the Nile were included to model the exchange between surface
water and groundwater.

In order to develop the conceptual model, the required data was collected, organized
and digitized as follows:

e Contour maps showing the elevation and thickness of different aquifer layers.
e Geological and cross sections maps of the NDA.

e Contour maps of porosity, hydraulic conductivity, groundwater heads, salinity
concentrations in different depths, canals and drains network data.

e Groundwater extraction and observation wells' data.

The system was simulated by using the MODFLOW and SEAWAT codes to determine
the spatial distribution of salinity concentrations in the NDA. The proposed model
combination fits best for the research because it describes the physical processes of SWI
well, it provides wide range of possibilities to simulate groundwater management and
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SLR related scenarios, the model codes have been widely used in the world and most of
the required data are available within the time and resource limits of this study.

In the research, the initial salinity concentration distribution of the model of the NDA is
completely fresh with only saline concentration at the Mediterranean seaside. Our target
is solely to determine the appropriate simulation period, which provides the best match
between the modeled and observed salinity concentration data as, will be discussed in
details in chapter 3. The final goal is to have a regional 3D groundwater salinity model
that confidently represents the present situation (2010) which can be used for future
predictions. We designated the year 2010 as the reference year, as most data are
available for this year.

1.3.3 Analysis of future scenarios

The final developed model results are used as initial conditions in order to simulate
future conditions under several proposed scenarios. These scenarios are prepared to
cover different aspects of SLR and groundwater extraction for the period until 2100.
Extreme conditions are examined together, e.g. high extraction levels and high SLR to
determine the impacts, especially in terms of distribution of different types of
groundwater with regards to salinity concentration and focusing on freshwater
availability. Also, low extraction levels with high SLR are examined in order to make a
comparative analysis of SLR impact on groundwater salinization versus human
interventions. An assessment for the whole NDA and for individual governorates is
carried out with the outputs from the scenarios proposed.

1.3.4 Adaptation measures

The final step is devoted to the proposal of adaptation measures and solutions based on
the model outputs and the overall research work. There are different possible solutions
to control SWI where each measure is studied thoroughly. Three adaptation measures
are discussed in one of the ND governorates (Sharkeya governorate). The three
measures are: well injection, extraction of brackish water and changing of cropping
patterns and irrigation practices Groundwater salinization conditions are assessed with
and without adaptation measures, using model simulations. Each measure of adaptation
is analysed from the obtained results and other considerations. The advantages and
disadvantages of different adaptation measures are discussed in details in chapter 5.
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1.4 STRUCTURE OF THE THESIS

The thesis consists of six chapters as follows:

Chapter 1:

Chapter 2:

Chapter 3:

Chapter 4:

Chapter 5:

Chapter 6:

Presents the general outline of the thesis. It starts introducing the study
area and the problems it faces. The chapter then presents the main
objective of the research, research questions and the methodology
undertaken.

Gives an overview of the previous studies of groundwater management
and SWI modeling in the NDA in Egypt and worldwide.

Presents the development of the groundwater simulation model for salinity
distribution in the NDA and the obtained results for the current conditions
(in year 2010).

Demonstrates the simulation of salinity distribution for the proposed
scenarios for the years 2100 and 2500 in the NDA as a whole, and in the
ND governorates. Comparative analysis between the impact of
groundwater extraction and/or SLR on salinization is also presented.

Presents three adaptation measures to deal with future salinization for one
selected ND governorate.

Finally, this chapter provides conclusions and recommendations for future
research.
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Abstract

2.1 ABSTRACT

Serious environmental problems are emerging in the River Nile basin and its
groundwater resources. Recent years have brought scientific evidence of climate change
(CC) and development-induced environmental impacts globally as well as over Egypt.
Some impacts are subtle, like decline of the Nile River water levels, others are dramatic
like the salinization of the coastal aquifer of the Nile Delta (ND) - the agricultural
engine of Egypt. These consequences have become a striking reality causing a set of
interconnected groundwater management problems. Massive population increase that
overwhelmed the ND region has amplified the problem. Many researchers have studied
these problems from different perspectives using various methodologies and objectives.
However, the researchers all confirmed that significant groundwater salinization has
affected the ND and this is likely to become worse rapidly in the future. This chapter
presents, categorizes, critically analyses and synthesizes the most relevant research
regarding CC and development challenges in relation to groundwater resources in the
ND. It is shown that there is a gap in studies that focus on sustainable groundwater
resources development & environmentally sound protection as an integrated regional
process in the ND. Moreover, there is also a knowledge gap related to the salinization
deterioration of groundwater quality. The chapter recommends further research that
covers the groundwater resources and salinization in the whole ND based on integrated
3D groundwater modeling of the Nile Delta Aquifer (NDA).

2.2 INTRODUCTION

Among all current environmental and social changes, CC will have severe future
impacts in delta areas [1]. There is a wide range of impacts including: sea level rise
(SLR), changes in rainfall patterns, floods and droughts frequencies, salinization levels,
and settlement of land. These impacts may have significant influence on natural
resources, especially water resources - either surface water or groundwater. This is
particularly problematic for the Mediterranean coastal areas, and especially the northern
ND coast in Egypt [2].

The ND in Egypt is occupied by the most populated governorates in Egypt. About 60%
of Egypt’s population lives in the ND region [3, 4]. Agriculture activities are
predominant in the region (around 63% of the total agricultural land of Egypt) due to
the nature of the soil and the irrigation system [4]. The NDA is a vast leaky aquifer that
is located between Cairo and the Mediterranean Sea [5]. The productive aquifer is
bound by an upper semi-permeable layer and lower impermeable rocky layer [5]. The
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aquifer is recharged by infiltration from excess irrigation water and the very limited
rainfall that infiltrates through the upper clay layer [6].

The quality of the groundwater in this area may be strongly affected by the impact of
SLR combined with changes of Nile River flows, leading to an increase in the salinity
levels of groundwater [7]. In addition, the current and future human activities,
especially extensive and unplanned groundwater extraction, are resulting in
deterioration of the available groundwater resources [8]. Serious negative
socioeconomic impacts can follow as a consequence [9]. This situation prompts for
studying and analyzing the problem thoroughly and identifying flexible adaptation
strategies that can not only mitigate the negative effects of CC, but also lead to capacity
development for coping with uncertain future changes.

Many water researchers have been interested in the ND, and their studies tackled it from
different aspects, focusing on either surface water or groundwater. Different tools have
been used to characterize, classify and analyze the groundwater aquifer. Most of the
studies agreed that CC is a significant issue that should be considered with high priority
[1]. A number of researchers investigated the problem of current water quality status of
groundwater, but few studies cover the whole ND e.g. [10]. Also, most of the strategies
for adaptation measures focus only on a limited area and do not take into consideration
the combined effects that may become apparent when studying the ND from a regional
perspective.

This chapter attempts to identify and analyze the findings of most recent studies
regarding CC and development challenges that the ND faces with particular focus on its
groundwater resources. This analysis should serve as the basis for identifying future
research needs. As will be demonstrated, the main drawback of existing research efforts
is their local focus, leading to the need for an integrated approach that takes the whole
ND as a unit for analysis. Furthermore, this chapter proposes research needs for such
approach that should lead to sustainable solutions. The proposed approach focuses
mainly on different hydrological, hydro-(geo)logical, geological and hydro-chemical
characteristics of the groundwater aquifers in the ND and incorporates them in a 3D
groundwater model that can serve as one of the predictive tools for analyzing possible
future sustainable solutions.

The structure of the chapter is as follows: Section 2 provides an overview of the studies
related to CC impacts, particularly SLR, on the ND. Section 3 introduces the NDA and
an overview of the research studies related to identifying its hydro-(geo)logical,
hydrological and salinity characteristics. Existing modeling approaches with SEAWAT
and specific groundwater modeling studies of the ND are introduced in section 4,
followed in section 5 by an overview of studies related to possible adaptation and
mitigation measures. In section 6, the identified knowledge gaps are discussed. The
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chapter ends with a section that proposes further research directions for assessing CC
and development-related impacts on the groundwater resources of the NDA.

2.3 CLIMATE CHANGES AND NILE RIVER

Understanding CC implications in the Nile basin has attracted many researchers
worldwide. The first impact considered is related to potential changes in precipitation
and temperature patterns that may lead to changes in the Nile flows [11]. [12] have
combined six climate models with an aggregated monthly water balance model that use
precipitation fields generated from the climate models. The results of their research that
covers the whole Nile Basin indicated that five of the climate models predicted an
increase in Nile flow at Aswan. On the other hand, [13] studied the Nile flow patterns
using nine representative samples from the full range of CC scenarios. Using water
balance models, the results of eight out of nine scenarios in that research showed a high
tendency for a decrease in Nile flows. [11] discussed a number of studies that dealt with
future CC in the Nile Basin and the recent models applied. The authors highlighted that
the studies of CC and its influence on flow patterns over the Nile Basin provide
conflicting evidence for long term trends. Although, there is no significant change
regarding the overall pattern of flow or precipitation, the trends (increase / decrease) are
highly uncertain. The authors therefore emphasized the importance of further CC impact
studies.

Another significant impact of CC is SLR [1]. Egypt is considered among the most
vulnerable countries, according to [14] and [1]. Fluctuations in MSL will affect delta
regions causing saltwater intrusion (SWI) and shoreline retreat [15]. [16] studied 33
deltas around the world. Their studies found that approximately 85% of the deltas
worldwide experienced flooding which results in temporary submergence. They
concluded that the vulnerability to flooding in delta regions around the world could
increase by 50% under the projected values for SLR in the 21 century. Their studies
attributed the reason behind the sinking of deltas to human activities due to removal of
oil, gas and water in addition to SLR.

The SLR along the Egyptian coast has been studied by many scientists. [17, 18] used
bio-sedimentological indicators and tide gauge data for SLR estimation. [19, 20] used
different climate models to predict SLR. The range of SLR predicted for the coming 100
years, lies between 30 and 150 cm along the Mediterranean Sea. The most common
estimate that is repeated in many reviews is 60 cm [15]. [21] examined the SLR in three
coastal cities, Alexandria, Portsaid and Suez, using five different statistical models:
linear, quadratic, logarithmic, exponential and power models. Their results show that the
SLR is not uniform in the three cities. In Alexandria, the annual rate ranges between
1.94 and 2.22 mm/year, in Port Said, it is between 2.74 and 3.57 mm/year and in Suez
on the Red Sea, it ranges between 0.90 and 1.94 mm/year. It should be mentioned that
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some other studies showed different future SLR and SWI in the coastal zone of the ND
e.g. [22, 14, 23, 24, 25, 26, 27]. [14] predicted that the increase in SLR in the coastal
region of the ND will lead to flooding in the eastern region and a severe damage to
harbors. [24] predicted that a 49 cm SLR by the year 2050 is likely to cause salinization
in the river mouth of 500-800 mg/l. [25] studied the economic and social impact that
could be induced due to SLR. Their studies found that the SLR will lead to the loss of a
large area of touristic villages and harbors that have great economic value to Egypt,
even more than agriculture. These studies were based on less reliable data and assumed
that SLR would be linear in time. However, according to [21], SLR is expected to
accelerate as a function of time.

There are different studies worldwide that have compared between the impact of
extraction and SLR on SWI e.g. [28]. However, limited studies made the assessment
whether SLR is the only responsible factor for increased SWI in the ND or not.
Extensive groundwater extraction is also a very significant factor that increases SWI in
the ND [29]. [30] added that the recycling of sewage water have engendered soil
salinization in the northern ND. Groundwater wells which were beyond salinization
zones in the past are consequently showing up-coning of saline or brackish water [31].
It is in fact considered the most serious reason behind SWI in developing regions [31].
Further research in the ND to assess the impact of CC versus extensive extraction as
another responsible factor for salinization is needed.

2.4 GROUNDWATER IN THE NILE DELTA

2.4.1 Aquifer characteristics in the Nile Delta

The ND was extensively studied from geological, hydro-chemical and hydrological
aspects. Many research studies have been implemented in the ND leading to
identification of the characteristics of the aquifer.

The ND Quaternary aquifer is considered as a semi-confined aquifer [32]. It covers the
whole ND. Its thickness varies from 200 m in the southern parts to 1000 m in the
northern parts [33]. The depth to the groundwater table in this aquifer ranges between 1-
2 m in the north, 3-4 m in the middle and 5m in the south [33]. [34] and [5] studied the
characteristics of the NDA and declared that the top of the Quaternary aquifer is covered
by a thin clay layer, which leads to the characterization of this main aquifer as a semi-
confined aquifer. The thickness of the clay layer varies from 5-20 m in the south and the
middle part of the ND, and reaches 50 m in the north [35]. The thickness and
lithological differences of the clay layer have a great effect on the degree of hydraulic
connection between the groundwater and surface water [36].
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The main aquifer is formed by Quaternary deposits [32]. [5] attributed the variation of
the hydraulic parameters and salinity of the aquifer to the fact that these deposits took
place under different deltaic conditions. These deposits represent different aggradations
and degradation phases that were usually accompanied with sea level changes [35]. The
hydraulic connections among these deposits transformed the Quaternary aquifer to a
large storage reservoir that is supplied directly by the Nile water through the extensive
irrigation networks, especially in the southern part of the ND [36]. On the other hand,
earlier investigations confirmed that there is no definite hydraulic connection between
the Quaternary aquifer and the underlying Tertiary rocky deposits that act as an
aquiclude [37].

Different hydraulic parameters of the main aquifer have been investigated by
researchers. Table 2.1 summarizes the hydraulic parameters estimations of the NDA
made by various authors. The high hydraulic conductivity values are attributed to the
fact that the aquifer is composed mainly of sand and gravel [38]. Some parameters
ranges are quite close across different studies, e.g. porosity. However, other parameter
ranges are quite different, e.g. transmissivity. As indicated in Table 2.1, almost all of the
studies gave an average value of hydraulic conductivity for the whole ND, which was
subsequently used in further studies (including development of groundwater models). A
regional area like the ND is characterized with spatially varying hydraulic conductivity
for different locations and layers, which needs to be taken into account for more
accurate representation of the study area. [5] published that vertical hydraulic
conductivity of the clay layer is 0.0025 m /day while [39] documented it as 0.0011
m/day. With slightly higher values, [40] reported it at 0.0484 m/day and [41] at 0.0046
m/day. On the other hand, [29] used a vertical hydraulic conductivity about 0.67 m/day.
Due to lack of data, subsequent studies used uniform value of vertical hydraulic
conductivity all over the ND, not taking into consideration that the clay characteristics
are spatially varying in the ND.

[42] stated that the average percolation to the Quaternary aquifer is about 0.8 mm/day.
[43] published that the percolation rate ranges between 0.25 and 0.8 mm/day in the
central and southern part of the delta, depending on the type of soil and irrigation and
drainage practices. In the desert areas to the west, percolation rates which dominant
range from 1.0 to 1.5 mm/day for furrow irrigation. They also found that the percolation
rates in fields using drip and sprinkler irrigation ranged from 0.1 to 0.5 mm/day. The
percolation rates ranged between 0.2 mm/day and 5 mm/day in the large reclamation
projects in the eastern parts of the ND due to the subsurface drainage that prevailed [6].
Those percolation rates have been used widely in modeling studies.

Average rainfall in the ND is very small and ranges from 25 mm/year in the south and
the middle part of the ND to 200 mm/year in the north [44]. From literature review, it
can be concluded that the rainfall induced recharge is neglected in almost all
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groundwater modeling studies compared to the recharge from the returned irrigation
flow.

Another significant influence to the recharge of the main aquifer comes from the water
levels in the irrigation canals. These water levels are also a significant factor in
groundwater modeling, because they influence the surface water-groundwater
interaction [8]. The literature review shows that in most modeling studies these were
represented with a constant average water level value along the canals. On the other
hand, water levels of the canals vary from one month to another and throughout
different sectors of the canals, which needs to be taken into account for more accurate
representation of the interactions between the aquifer and the surface water in the ND.

The previous work that has been carried out has provided a better understanding of the
aquifer. It has formed the basis for many researchers that have used the documented
results as valuable input in groundwater modeling and simulation studies for different
environmental problems that face the NDA. However, there is a gap in hydrological
data series in the ND between different water sectors that works in the MWRI.
Therefore, continuous monitoring of hydrological parameter could lead to more reliable
research.

2.4.2 Groundwater salinization studies in the Nile Delta

Many researchers used chemical and isotopic analyses to detect the salinity of the
groundwater aquifer as diagnostic tools for identifying the origin of the dissolved salts.
SWI was the primary cause to explain the increase in salinity of groundwater especially
in the northern parts. However, some other causes such as salinization coming from soil
formations were also documented. [45] analysed the groundwater salinity and found
that the range of groundwater salinity is between 227 ppm and 15,264 ppm. The lower
salinity values are found in the southern parts of the ND region and near the canals of
the Nile River due to soil salinity. His results agreed with the results of [5] that the
northern zone is highly saline due to SWI. [31] analysed the historical records and
concluded that the salinity of groundwater is changing with changing water levels of the
canals. They mentioned that from 1957 till 1984, the groundwater salinity records
showed that it was enhanced and the freshwater was dominating and overcoming SWI.
They found that the groundwater heads were increasing during this period and they
attributed that to the construction of High Aswan Dam because perennial freshwaters
were delivered to the ND throughout the whole year. After 1984, the groundwater
salinity started to increase due to extensive extraction and reduction in the flow of the
Nile [31]. When the Nile water flow increased in 1990, the salinity of groundwater
reduced again to its former levels [31]. However, in 2000, the salinity of groundwater
increased again due to extensive extraction and new reclamation projects [31]. This
interpretation of the historical data provided a clear general picture about the evolution
of the Quaternary aquifer status in the ND.
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The above mentioned researchers where among the pioneers from which a large number
of subsequent researches branched. Chemical analyses by themselves are good tools to
detect salinity in given conditions, but they are insufficient for forecasting future
salinity conditions. Salinization analysis of the aquifer with all the hydrological
dimensions is very complicated. Highly populated regions like the ND faced with a
persisting issue of SWI require aquifer management based on prediction of future
conditions that can be provided by groundwater modeling.

2.5 MODELING OF GROUNDWATER SALINITY

2.5.1 Groundwater salinity modeling studies using SEAWAT

A thorough overview of all aspects of groundwater SWI problems, including modeling
approaches, is provided in the recent article of [46]. Therefore, we will not go in
detailed overview of these modeling approaches, for which the readers are advised to
access the mentioned reference. It is of importance, however, to mention that out of the
two distinct approaches for modeling SWI, namely the sharp interface approach and the
variable density approach, the applicability of the sharp interface approach for the
integrated modeling of the NDA is quite limited. The reason for this is the fact that the
transition zone between salt and fresh water in this aquifer (characterized with varying
density) is quite large and needs to be captured by the intended model. [46] have
tabulated the most widely used variable density codes. They documented the use of
2D/3D FEMFAT, FEFLOW, FEMWATER, HYDROGEOSPHERE, MARUN, MOCDENS3D,
MODHMS, SUTRA, and SEAWAT by researchers. One of the most popular codes in
recent years has been SEAWAT. Many references of usage of SEAWAT are listed in [46].
SEAWAT uses the concept of equivalent fresh water head for simulating density
dependent flows, where the flow calculations are performed by the popular MODFLOW
code and MT3DMS is used for the solute transport [47]. This code has shown very good
results in SWI modeling studies in several different applications. Given its features and
application potential, SEAWAT may be a good candidate code for developing the kind of
integrated 3D model of the NDA that is argued for in this chapter. Some experiences
with applications of SEAWAT are briefly presented as follows:

The original SEAWAT code was written by [47] referred to as version 1. It was applied
to simulate groundwater flow and SWI in coastal environments. It was modified by [38].
[49] presented the formal documentation for version 2 of SEAWAT code. [50]
implemented SWIFT2D coupled with SEAWAT to simulate the hydrological processes in
coastal wetlands. They concluded that the integrated code gave very good results and
could be widely used in SWI problems. Afterward, [51] conducted a study to evaluate
the relation between water-level fluctuations and SWI in Broward County, Florida,
using SEAWAT. The model was used to simulate movement of the saltwater interface
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resulting from changes in precipitation, extraction, sea-level movement, and upstream
canal stage. The results indicated that the canal control structure and sea level have
major effects on groundwater flow. They concluded that SEAWAT code provides very
reliable results. [52] used SEAWAT code to analyze freshwater and saltwater flow. They
found that the subsurface geology greatly affects the position and movement of the
underlying freshwater/saltwater interface. Moreover, the authors concluded that
pumping from large-capacity municipal-supply wells increases the potential of impacts
on surface-water resources that are affected by pumping and wastewater disposal
locations.

These studies indicate that SEAWAT has been successfully used for model-based
analysis of a wide range of SWI problems that have similar characteristics to those in
the NDA. Like with other variable density codes the main problems that researchers
could face when using SEAWAT are in determining the right trade-off between required
complexity that is needed for interpreting the predicted salinity distribution and long
running times, and the efforts needed for model calibration. Nevertheless, such
modeling codes have allowed possibilities for simulating 3D variable-density
groundwater flow and predicting the magnitude and direction of SWI under changed
future conditions.

2.5.2 Groundwater salinity modeling studies in Egypt

Various numerical techniques were used to assess and simulate the SWI in the ND.
Earlier studies were mainly focused on determining the freshwater thickness of the NDA
using (semi- analytical) models based on the sharp interface modeling approach.
Examples of such studies can be found in [34, 53, 54, 31]. Most of these studies were
rather theoretical in nature as there were not enough records of salinity of the aquifer. As
we have mentioned earlier, in case of the ND the transition zone is relatively large and
characterized by the dynamic relation between fresh and seawater. Consequently, the
variable density numerical models are better suited for simulating the interactions of the
freshwater and seawater in the aquifer. In recent years, such models have been
developed either as 2D vertical models for selected cross sections of the ND, or 2D
horizontal models for parts of the NDA.

In Egypt, extensive unplanned extraction causes the deterioration of the Quaternary
aquifer, especially in the northern coast [31]. Historical records show a continuous
increase in the extraction rates over the last 30 years (during the period of 1980-2010).
In 1980, the Research Institute of Groundwater in Egypt (RIGW) launched a primary
study to estimate the safe yield of the NDA [55]. 2D finite difference models were
applied to determine the effect of extraction on the water levels and the safe yield of the
NDA. However, these models did not take into account the SWI phenomena. The
research declared that the total annual extraction rate in 1980 was estimated at about
1.6x10° m?/year. In addition, the net recharge rate to the Quaternary aquifer was
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estimated to 2.6x10° m*/year. The results from chemical analyses of the groundwater
did not show increase in its salinity, in spite of the reduction in the amount of annual
outflow to the sea and the increase of extraction rates, compared to rates of extraction in
1960. Consequently, the study concluded that both salt and freshwater status was in
dynamic equilibrium. The study recommended that the annual extraction rates should
increase by 0.5x10° m*/year. They attributed this to the need to lower the groundwater
head in order to prevent water logging and soil salinization. [53] used a 2D finite
element model called AQUIFEM1 based on movable sharp interface depending on
extraction. The model results estimated an optimal annual groundwater extraction that
should not exceed 4.8x10° m?/year. Official reports from RIGW confirmed significant
increase in patterns of extraction, which reached around 2.6x10° m*/year in 1991. The
numbers of wells have doubled from 1958 to 1991 [44]. In 1999, a project entitled
"Water Resources Management under Drought Conditions" studied the Nile Valley and
the NDA system using the TRIWACO model code, a finite element variable density
numerical model. They found that, there is an alarming danger that urgently needs a
comprehensive management plan for drought mitigation based on limiting extraction
rates all over Egypt. They noted that the annual extraction reached around 3.02x10°
m?/year in the ND. In 2003, the total annual extraction reached 3.5x10° m?/year” [8]. In
2010, it reached about 4.9 x 10° m?/year [8]. Following the trend of the increase of
extraction in the ND, it can be noticed that it increases linearly by about 0.1x10°
m?3/year, except from the period of 2003 till 2010 where the extraction increases
dramatically by rate of 0.2x 10° m?/year.

A number of modeling studies focused on analyzing the impact of increased
groundwater extraction on the salinization of the NDA [56] used the SUTRA model
code to simulate the behavior of the transition zone of the ND under different
groundwater extraction intensities. He declared that the northern part of the middle ND
is more salinized than the southern part. The model tested the impact of pumping
freshwater and brackish water simultaneously which is known as the scavenger well
scheme. He concluded that a unique saline well could be used in order to control a
number of four or more fresh water pumping wells at a certain distance (circle of
influence) to maintain the transition zone at its equilibrium position. [57] studied SWI
in the NDA under the effect of fresh water storage in the northern lakes of Manzala and
Burullus. The authors simulated the system using SUTRA model and Lake Model. They
confirmed that there is SWI in the northern part where the fresh water of the lakes
minimizes the intrusion around their zone of influence.

Among the scientist that adopted the variable density approach to study SWI were [58,
59, 60, 61, 62]. They outlined the freshwater-seawater interface in the horizontal and
vertical cross sections. [63] studied the impact of CC on the Quaternary aquifer of the
ND and compared it with the coastal aquifer in India. They modeled both aquifers and
assumed three most likely scenarios for SLR. They found that the NDA is more
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vulnerable than the coastal aquifer in India to SLR. They attributed that, to the elevation
of the coastal land in the ND which is very low. In addition, the coastal area is subjected
to land subsidence that could cause more SWI. Most recently, [29] discussed the
concept of equivalent freshwater head in successive horizontal simulations of SWI in
the ND. The authors used FEFLOW, a 3D finite element variable density model.
However, due to the unavailability of data, the simulations were performed as 2D
sequences (vertical layers). Their results clearly demonstrate that the location of the
transition zone moves towards landside as moving down with depth. They found that in
the middle of the ND the SWI reached inland to a distance of 40 km. It is followed by
30 km transition zone. The width of the transition zone reached its minimum value
(about 6 km) in Damanhour city. [64] developed a full 3D model, using 28 vertical
layers, but most of the assumptions about hydrological stresses remained the same as in
their previous work of [18]. However, more research is needed with reliable
hydrological data oriented towards development of a fully 3D variable density model of
the NDA that can serve as a predictive tool for analyzing future mitigation and
adaptation measures

2.6 MITIGATION AND ADAPTATION MEASURES

In case of the ND, existing studies were predominantly focused on adaptation measures.
Very few existing studies have discussed mitigation measures related to groundwater
salinization. Mitigation measures were more studied in relation to the erosion of the
coastal strip of the ND, which is another problem that can be increased in the future due
to SLR and more severe weather events. Table 2.2 summarizes a number of adaptation
and mitigation measures proposed by different researchers and their advantages and
disadvantages.

Most of the work that has been carried out in the above proposed adaptive measures is
directed towards a specific location in the ND. The disadvantage of this is that the
proposed adaptation plan could negatively influence another region of the ND.
Unfortunately, most of the proposed adaptation and/or mitigation measures in the ND
stop at the phase of recommendation. A comprehensive strategy for adaptation measures
that is proposed as a result of model-based analysis and evaluation is missing. Also, the
effect of integrating two or three adaptation methods together has not been studied.
Model-based analysis of such combinations may indicate a possible way forward. In
addition, strong institutional capabilities to implement some of the proposed alternatives
could be a large constraint in Egypt, as the case in many developing countries. The need
for embedding proposed adaptation and mitigation measures in a broader groundwater
management strategy will be further addressed in the following section.
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2.7 DISCUSSION

As we have seen, CC and its impact on the ND was the subject of comprehensive
studies for the past 30 years. Most of the research studies were focused on determining
the impact of CC on precipitation and temperature patterns affecting the Nile basin
flows that are critical for the ND. However, the results from these studies are far from
conclusive and further research is needed. Studies of SLR due to CC have mostly
focused on quantifying impacts on the ND coast and surface water. Integrated
groundwater model of the whole NDA that includes freshwater-saltwater interactions
could serve as a one of the possible tools for the quantification and characterization of
these impacts.

Increased and largely uncontrolled groundwater extractions are potentially more serious
threat to the salinization of the NDA. Historical trends demonstrate continuous increase
of groundwater extractions over the last three decades. Most modeling studies
documented in literature simulated the NDA for studying the deterioration and
salinization of the aquifer due to this already recognized threat. At the same time,
however, the majority of reported modeling studies were of local nature, implemented
in specific regions to analyse the problems of a particular zone and interpret the results
in terms of impacts caused by local cause's extractions. However, all ND parts are
connected and should be integrated together in order to identify their relations and
influences. A comprehensive substantial regional analysis of the whole ND is limited in
the literature.

Past modeling work was mainly carried out using 2D vertical (cross sectional) or 2D
horizontal models. An important restriction of 2D vertical models is that the
representative cross sections should be selected carefully and that results are not
transferable to other areas of the ND. The 2D horizontal models provide spatial results
in horizontal dimensions, but they give less accurate location and shape of the transition
zone between fresh and saltwater in vertical dimension. This situation indicates that
future research should focus on development of fully 3D models, but due to their
complexity, data needs and long computational time, such models are rarely developed
for SWI problems, and no such model has been developed for the whole NDA. Yet,
such models are clearly needed. There are a number of researchers who have
successfully used 3D modeling in a large computational area worldwide and this model
proved to give promising results, e.g. [65] who used MOCDENS 3D to simulate the
coastal lowlands of the Netherlands. They calculated the possible impacts of future
SLR, land subsidence, changes in recharge, autonomous salinization, and the effects of
two mitigation countermeasures with a 3D numerical model for variable density
groundwater flow and coupled solute transport. In addition, [66] successfully used a 3D
simulation of SWI in a case study in the Goksu Deltaic Plain. The 3D modeling helped
them in better understanding the behavior of SWI in the coastal aquifer.
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Consequently, the 3D modeling can be used for hypothesis testing and for better
understanding of the overall system behavior of the NDA in 3D. Moreover, these
models can be used for assessment of the degree of salinization of the whole NDA.
Finally, once fully developed, such models can become central components of future
planning platforms and decision support systems for evaluation of different adaptation
and mitigation measures.

A significant problem that prevents scientists from advancing research in the ND is the
lack of data of sufficient quality. Wells that monitor SWI (especially deep wells) are
lacking [29]. Drilling a number of deep wells that cover the NDA would provide
additional information on the salinity of the deep zone of the aquifer. Such salinity data
are needed for calibration and validation of models and without these data the accuracy
of modeling results remains doubtful.

Data gathering campaigns in Egypt are usually temporary in nature, depending on
available funding for particular projects. Furthermore, as in many other countries,
existing data are available from different agencies and other organizations and their
collection requires considerable effort. It can be argued, however, that the development
of a 3D integrated model for the NDA needs to start using all presently available data.
Even if the quality of such model would be somewhat impaired because of lack of data,
the model itself can be of assistance for designing and implementation of the needed
monitoring system, e.g. by identifying critical, vulnerable areas which require denser
monitoring network.

Identifying hotspots for some parts of the ND has been addressed by few researchers,
either by using modeling results [27] or by GIS analyses of existing data [67]. Although
there is extensive extraction in the ND, little is known in combined influences of SLR
and development-related groundwater extractions.

Regarding adaptation measures, the analysis of previous studies shows that at regional
scale is not addressed. Studies are rarely based on a numerical assessment covering both
natural and associated social and economic changes. In fact, the adaptation measures
need to be analyzed within an integrated regional plan. Various measures proposed (e.g.
hydraulic barrier, physical barrier, air or fresh water injection, etc.) should then be
extensively studied with the view of economic perspective and applicability. For
example, in case of hydraulic injection, the availability and type of injected water, or in
case of extraction of brackish water, the method of disposal of this water without
harming the ecosystem, should be known. A comparative performance study could then
be carried out taking into account the time that each method would take for completing
the mitigation and remediation. Multi-criteria analyses could be carried out by taking
into account the complete economic and environmental feasibility objectives for a
whole set of measures and these results could then be presented to decision makers.
This type of research would link numerical modeling results with socioeconomic
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constraints together with ecosystem interaction as this has been so far highly neglected.
These objectives could be achieved by integrating all required components (data,
numerical models, multi criteria analysis tools) in a comprehensive Decision Support
System (DSS) that can be used by the relevant authorities and stakeholders.

The envisaged groundwater management plan within which the effectiveness and
feasibility of the proposed measures is to be assessed should include additional
measures for controlling the excessive extractions. Although development of legal
regulations and associated strategies (e.g. to restrict development in areas vulnerable to
salinization) should provide the broad framework for this approach, this aspect has not
been addressed in existing research.

2.8 AVENUES FOR FUTURE RESEARCH

We conclude this chapter with several ideas about the possible future research directions
that may provide useful inputs for sustainable management of groundwater resources
from the NDA and prevent further salinization problems. From the previous section it
becomes apparent that the key research activities in future would be reasonable to aim at
developing a regional 3D variable density numerical model of the NDA. It should be
clear that developing a 3D model is only one of the tools that could be used to
understand the behavior of the NDA. The multiple benefits of developing such a model
have been presented in the previous sections. The popular SEAWAT model code, based
on MODFLOW and MT3DMS is a good candidate for setting up such a model.

The proposed model should cover the whole ND. Given the large area of the ND, the
envisaged model would still have rather coarse discretization in horizontal direction (1-
2 km per grid cell). According to the hydrological settings, the aquifer contains two
main layers, the Holocene and the Pleistocene as mentioned before. However,
sufficiently fine discretization in vertical direction is needed for capturing the transition
zone between fresh and seawater (10-30 vertical layers). Such decisions will need to be
made by considering the length of computational time, which is an issue for most SWI
models. It should be noted that, the coarse discretization will not allow for accurate
prediction of salinity at specific sites, however, it will give a regional perspective for the
freshwater and saline water interface. In addition to 3D modeling to the ND, running
simpler models in different governorates in the ND is also advisable. This will give
improved insight of the salinity accurately at local areas.

First step in this research would be collection and synthesis of all existing data. Having
a complete set of data series is especially problematic in Egypt, but it is important that
enough reliable and updated data sets on different physical, hydrological and hydro-
geological variables and parameters are gathered. This will enable the development of
the conceptual and the numerical model of the ND. This model could also be used for
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analysis of future conditions through scenario simulations. In addition to producing a
useful predictive tool, the model development process would contribute to improving
our understanding of the hydro-(geo)logical processes in the NDA and especially of the
processes related to SWI.

Given that the main drivers for further deteriorating impacts on the aquifer are identified
to be CC (SLR) and increased development-driven groundwater extraction, further
analysis with the developed model should be carried out on quantifying changes in
salinity conditions in the aquifer as induced by these two external drivers. Existing CC
scenarios could be used to formulate possible future SLR and hydrological conditions,
while development plans within Egypt could offer information for estimating future
levels and spatial distribution of groundwater extractions.

Special emphasis should be put on extreme conditions/combinations of SLR and
groundwater extractions. The results of the model-based analysis could serve as primary
targets for introduction of possible future mitigation and adaptation strategies.

The possible effects of mitigation/adaptation measures on the basis of the model-
generated results could then be quantified and different measures evaluated. Strategies
for groundwater conditions could be assessed with and without combinations of
adaptation measures. The most appropriate adaptation and/or mitigation scenarios could
then be recommended to be considered for implementation.

These proposed lines of research will contribute to a comprehensive framework for
development of long-term planning for sustainable management of groundwater
resources in the NDA. Once the model is available and its usefulness is confirmed
through the applications described above, further steps could be made towards
development of a DSS for groundwater planning and management in the NDA, as
discussed in section 6. This will encompass many more than, only physical aspects of
groundwater management, for instance, management options for the conjunctive use of
water resources, socio-economic assessment of alternatives etc.

The model proposed for the NDA could also serve as an example for similar areas
around world. New insights provided by this research may lead to application of the
investigated methodologies in other comparable deltas, since the problems that the ND
faces nowadays will very likely be future problems encountered in other deltas
elsewhere in the world [68, 69].
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Table 2.1. Reported hydraulic parameters of the Quaternary aquifer in the Nile Delta

References Transmissivity Hydraulic Conductivity Porosity
(m’ day) (m/day) (%)

[70] 71,800 86 26
[5] 72,000 112 40
[71] 20,000-103,000 55-103 -
(721 - 72—-108 21-30
73 - 119 30
[74] 2,500-25,900 50 25
[6] 10,350-59,800 150 25-30
[44] 15,000-75,000 35-100 25-40
7s1 - 2540 25
76y - 23-65 2540
[77]
southern (ND) 5,000-25,000 50-100 25-30
northern (ND)  ——em- Less than 50 More than 30
[29] 2,000-15,000 36-240 25-40
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Table 2.2. Advantages and disadvantages of different adaptation and mitigation

measures for groundwater salinization in deltas worldwide

Measure Advantage Disadvantage Conclusion
a. Adaptation
1.Rice cultivation  Soil salinization Needs a large amount  Not recommended as

[78, 30]

2. Permitting 10 to
20% of the
freshwater of
irrigation to leach
the soil.

[79]

3. Cultivating salt
tolerant crops. [80]

4. Creating
wetlands in
salinized areas.

[1]

5. Extraction of

saline groundwater.
[81]

6. Increasing land
reclamation. [81]

patterns decrease
considerably

No salt accumulation,
salt export will match
salt import and will
eventually prevent
salt infiltration to
groundwater.
Tolerant crops can
withstand salt
concentration in the
north

Egypt has four lakes
in the northern coast
of the ND which
could be considered
as natural adaptation.

Getting rid of saline
water.

Increase freshwater
recharge

b. Mitigation measures

1. Artificial
recharge
[82, 83, 84]

Increase freshwater
outflow to the aquifer.
The degree of
efficiency of this
method depends on
pumping / injection
rates, depth of the
wells, the coastal
aquifer properties and
the location of the

of water which is
already a scarce
resource.

This could be risky
because it might cause
salt returning to the
root zone again.

Very limited types of
plants.

Only applicable in
low lying parts of the
ND cannot be used in
agriculture

Disposal of extracted
saline water could
cause another
environmental
problem.

Need of land and
fresh water

Needs a large amount
of water, which is
already a scarce
resource.

it is often uneconomic
and not
environemtally
sustainably

Not recommended in
most cases

The salinization will
increase continuously
and this is only a
temporary solution
Recommended to
lower salinization
levels in some parts
of Egypt

Not recommended in
shallow coastal
aquifers

It is recommended, if
resource are available

It is recommended in
case of water
abundance as it is a
highly effective
method.
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Measure Advantage Disadvantage Conclusion

wells.
2.Physical barriers ~ This method It is one of the most Economic feasibility
[85, 81] stabilizes the coast expensive methods is the cornerstone

3.Air injection
[86, 46]

and decreases SWIL.
The height of the
barrier has a very
significant role in the
degree of flushing
rates.

This method
minimizes the aquifer
permeability.

either using sheet
piles or clay trenches.
Nevertheless, it is
only applicable in
shallow aquifer
because of its large
cost

In experimental stage
and not fully
developed.

Further experiments
on bigger scale are
needed
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Abstract

3.1 ABSTRACT

The Nile Delta Aquifer (NDA) is threatened by saltwater intrusion (SWI). This chapter
demonstrates an approach for identifying critical salinity concentration zones using a
three-dimensional (3D) variable-density groundwater flow model in the NDA. An
innovative procedure is presented for the delineation of salinity concentration in 2010
by testing different simulation periods.

The results confirm the presence of saline groundwater caused by SWI in the north of
the NDA. In addition, certain regions in the east and southwest of the NDA show
increased salinity concentration levels possibly due to excessive groundwater extraction
and dissolution of marine fractured limestone and shale that form the bedrock
underlying the aquifer. The research shows that the NDA is still not in a state of
dynamic equilibrium. The modeling instrument can be used for simulating future
scenarios of SWI to provide a sustainable adaptation plan for groundwater resource.

3.2 INTRODUCTION

The Nile Delta ND is the most fertile land in Egypt, inducing extensive agricultural
activities. Since the 1960s, these activities were primarily sustained by surface water
from the Nile. In recent decades however, increasing water demand has brought the
situation that the river can no longer provide sufficient amount of water. Consequently,
the NDA is increasingly being exploited to obtain fresh groundwater. At the same time,
these groundwater resources are being jeopardized by salt water intrusion (SWI), a
common problem for coastal aquifers around the world, even more when groundwater
extraction is substantial [1, 2]. In Egypt, SWI has already led to the salinization of
groundwater extraction wells in coastal cities such as Alexandria [3]. This situation is
expected to become worse; due to combined effects of climate change-induced sea level
rise (SLR) [4], and excessive groundwater extraction for e.g., reclamation development
projects [5], especially in El-Buhaira governorate (Figure 3.1). Overexploitation of fresh
groundwater is also likely to occur in the ND as the rapidly growing population depends
increasingly upon groundwater extraction for domestic water needs [6]. To
counteract/manage/anticipate to these threats, a better understanding of the present
hydrogeological conditions of the NDA is required: its geological condition, its
groundwater dynamics, its relation with the surface water system and its current salinity
concentration distribution.

In recent decades, different aspects of the ND have been investigated through research
on geology [7, 8, 9], land subsidence and SLR [10, 11], geochemistry [12, 13], and SWI
processes in the NDA and its hydrogeology [14]. Since the 1980’s, researchers have
used different numerical approaches to delineate fresh and saline groundwater
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interfaces. 2D models have been developed to simulate 2D cross-sections over the ND
by [15, 16], while [17] used 2D models in a horizontal plane for eastern parts of the
NDA.
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Figure 3.1. Location map of different governorates in the NDA

Modeling approaches for simulating 3D variable-density groundwater flow have
recently shown rapid progress. A comprehensive overview of groundwater SWI
situations, including relevant modeling approaches, is given in [2]. For the NDA, most
research on quantifying variable-density groundwater flow processes has been carried
out using 2D models, which cannot capture the full dynamics of the fresh groundwater-
seawater interactions [17]. FEFLOW has been used by [18] to present the concept of
equivalent fresh groundwater head in successive horizontal SWI simulations.
Simulations in 2D were performed in four horizontal model layers representing different
depths of the aquifer. Due to lack of sufficient data, several simplifying assumptions had
to be made in that study regarding hydrological stresses, such as an average recharge
rate over the entire ND. Later, [19] developed a 3D model in SEAWAT, using 28
vertical model layers, but most of the assumptions about hydrogeological stresses
remained the same as in their previous work [18]. Followed by [20], who used
SEAWAT to delineate the fresh and saline groundwater in the ND. They found that
groundwater fluxes in the deep layers of the NDA are approaching the sea, which helps
to retain the old brine in deeper zones. They used measured salinity concentrations as
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initial conditions and high longitudinal dispersivities (more than 1km, whereas normal
values on delta scale are in order of tens of meters or lower). The acceptable bandwidth
of dispersivitiy is comprehensively discussed in [21] as well as previously reported
modeling cases of regional coastal aquifer systems [22, 23, 24]. Later, [25] investigated
and proposed different strategies to protect the eastern NDA from SWI, but did not
study the entire NDA. He found that the extraction of brackish groundwater provides
very high reduction of SWI. However, the combination of decreasing extraction,
increasing recharge, extracting brackish groundwater scenarios provide highest
reduction of SWI.

Although previous studies have shown the applicability of variable-density groundwater
flow modeling as a useful instrument, development of a reliable regional 3-D model for
variable-density groundwater flow coupled with salt transport that can serve as tool for
analyzing future scenarios and potential adaptation measures is still lacking. One
obstacle in this development is the lack of sufficient amount of reliable hydrogeological
data to be used for model setup, as well as for validating model outputs with monitored
conditions of the groundwater resources in the NDA. In this chapter, we present the
development of a 3D variable-density groundwater flow model and coupled with salt
transport for the NDA using existing as well as new, more reliable data that have not
been used before for similar purposes. The model has been developed to capture the
situation in the year 2010 (representing present conditions), since for this year most data
is available. Various types of reliable hydrogeological data have been collected from
different departments and research institutions belonging to MWRI, as well as data from
private sector organizations.

In addition to the contribution regarding the use of a rich dataset for the model
development, the thesis also presents straightforward but innovative modeling
procedure for determining the present 3D salinity concentration distribution (in the year
2010). First, the model is set up with structure and parametrization based on available
data and expert judgment. Assuming that these are representative enough, the procedure
tested nine models with different simulation periods, always starting with a completely
fresh groundwater distribution in the entire NDA. The model that provides the best
match between modeled and observed salinity concentration data in the year 2010 is
then chosen as most reliable. Unlike some previous research aimed at developing full-
fledged transient models e.g. [26, 27, 28], our procedure solely uses transient simulation
models with the objective to capture best the salinity concentration distribution in the
year 2010, without classical calibration approach of testing and adjusting different
parameter values. The developed model can continue to be improved, but the obtained
results indicate that it can already be used to assess the impacts of future SLR and
groundwater extraction. From there, the effectiveness of adaptation and mitigation
measures can be tested in future.
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Physical settings

After this introduction, section two presents an overview of the physical settings of the
NDA. It is followed by section three with a brief description of SEAWAT [29], the 3D
code used in this study. This section includes the model setup, boundary conditions,
hydrogeological parameters, hydrological stresses as well as the innovative procedure to
determine the salinity concentration distribution. In section four, the salinity
concentration distribution and the groundwater characteristics within the NDA are
discussed, followed by a section conclusions and recommendations.

3.3  PHYSICAL SETTINGS

3.3.1 Study area

The modeled area shown in Figure 3.1 covers the ND, which has a triangular shape with
an apex southwards near Cairo and with the Mediterranean Sea at its base. At the apex
of the Delta, the Nile divides into two main branches: Damietta and Rosetta. The Suez
Canal runs to the east of the ND, entering Lake Manzala in the northeast of the ND.
Figure 3.2a shows the different elevations of the study area. The ND is the most
populated region in Egypt, with an average population density of 1724 persons/km?
[30]. It comprises a number of governorates with high economic and agricultural value.

3.3.2 Geology and aquifer characterization

The NDA is a semi-confined groundwater system, containing a huge groundwater
reservoir [9]. It comprises Quaternary deposits that are classified in two main layers: the
Holocene and the Pleistocene [31]. The Holocene deposit is composed of medium to
fine-grained silt, with clay and peat in some regions [32]. It has a thickness of 50 m
close to the sea [10] and vanishes towards the ND fringes in the south (Figure 3.2b).
Groundwater exists in this geological layer at shallow depths ranging from 1.0 to 1.5 m
below ground surface. The specific yield of the Holocene is very low, with low
permeability of the clay and silt formations [31]. It is directly recharged by surface
water infiltration from the River Nile, irrigation canals and drains, and also by excess of
irrigation water. The lithology and the thickness variations of the Holocene affect the
degree of the hydraulic connection between the surface water and groundwater systems.

The Pleistocene is the main aquifer of the entire NDA. It is a highly productive aquifer
covering the entire ND. Its thickness varies from 200 m in the south up to 1000 m in the
north (Figure 3.2¢). The Pleistocene is composed of sand and gravel with occasional
clay lenses. The sand and gravel are more common in the southern and middle regions
of the ND. The clay lenses are more present in the north. Its underlying Pliocene
formations are composed of shallow marine limestone and shale, characterized by low
permeability [31].
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3.4 METHODOLOGY AND MODEL SETUP

3.4.1 Code description

We based the regional numerical model of the ND on the conceptual groundwater
aquifer system, geology and existing hydrological studies and data (Table 3.1). The
computer code SEAWAT [29] is used to simulate the current groundwater and salinity
concentration conditions. It simulates 3D variable-density groundwater flow, coupled
with multispecies solute and heat transport; we used the conservative salt transport
version. SWI is calculated by a variable-density groundwater flow model, [29]. We used
PMWIN (Processing Modflow for Windows, Simcore Software 2010) for pre- and post-
processing. For the governing equations, please consult the official SEAWAT manual
for all relevant information (www.usgs.gov), as well as [29]. We selected SEAWAT as it
had successfully been applied before in modeling numerous previous regional SWI
studies.

SEAWAT, being based on the widely used MODFLOW and MT3DMS families, is
available as free/open source, has a clear structure, and is supported by pre- and post-
processors and additional tools that facilitate the development of models. SEAWAT
supports different numerical methods for solving the solute transport equations such as
TVD, FD, MOC, HMOC and MMOC; for more information see [33]. In this work, the
advection term of the advection-dispersion equation was solved using the third-order
Total-Variation Diminishing (TVD) method, based on the ULTIMATE algorithm
(universal limiter for transient interpolation modeling of the advective transport
equations) [33], while the generalized conjugate gradient (GCG) solver is was used for
the non-advective terms.

Table 3.1. An overview of main data sets and its sources

Category Variable Source
Hydrogeology ~ Hydraulic conductivity MWRI ! (RIGW ?)
Effective porosity Litera3ture review
Salinity concentration CCC
Groundwater extraction wells GAEB
EGSM °
Climate Meteorological data (rain) Literature review
Land use Agricultural zones FAO °
Model boundaries Literature review
Irrigation Main canals and drains MWRI (CDS )
Discharge and water balance component Literature review
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! MWRI: Ministry of Water Resources &Irrigation.

2 RIGW: Research Institute for Groundwater.

3 CCC: Coca Cola Company in Egypt.

4 GAEB: Geotechnical Authority for Educational Buildings
> EGSM: Egyptian Geological Survey and Mining

® FAO: Food &Agriculture organization

7 CDS: Canal Distribution Sector

3.4.2 Model setup

Spatial discretization

The NDA model contains two main geological layers, the Holocene and the Pleistocene.
The thickness of both aquifers is determined based on data collected from 2687 bore
logs located in different governorates [34], combined with existing hydrogeological data
[35]. The topography of the ND is quite flat, varying from 0 m mean sea level (MSL) at
the sea coast to about 3 m MSL in the middle of the ND, and rising to elevations of
about 40-50 m MSL at the southern fringes (Figure 3.2a). In the 3D model, the
topography of the ground surface is specified using a topographic map of the ND on a
scale of 1:50000 [36].

On the horizontal plane, the model is discretized using 100 rows and 150 columns, and
using model cell sizes of about 2x2 km?. The total area of the active model cells covered
by the model is about 35.000 km?. Vertically, the model is discretized with 21 model
layers to simulate the fresh-brackish-saline groundwater dynamics on a regional scale.
The top model layer represents the Holocene, followed by 19 model layers with equal
thickness representing the Pleistocene. The last model layer represents the thin layer of
the Pliocene formation that underlies the Pleistocene. This last model layer is introduced
to make it possible to represent the dissolution of some salts and minerals from the
underlying Pliocene formation (as will be further elaborated in the next section), see
Figure 3.2d.

3.4.3 Boundary conditions

In the northern part of the model area, the Mediterranean Sea is represented as a
constant head and constant salinity concentration boundary. The Mediterranean Sea is
represented by 10 constant head and salinity concentration model cells (over a distance
of 20 km) north from the present coastline (Figure 3.2a). We intentionally insert a
significant portion offshore of the Mediterranean Sea into the model to have better
representation of the boundary condition, as we assume the boundary condition affects
the onshore groundwater system, especially when SLR is considered [37]. The decision
to shift the constant head boundary condition 20 km offshore was determined by a rule
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of thumb: for a semi-confined aquifer the influence of a fixed boundary could be
considered negligible at a distance of three times the leakage factor 4, being:

_ ’DlKth
A= R, (1)

Where D1 is the thickness of the Pleistocene [L], Kn is the horizontal hydraulic
conductivity of the same coastal aquifer [LT'], D2 is the thickness of the Holocene [L]
and K is the vertical hydraulic conductivity of Holocene [LT!] [38]. Assuming average
values of D1=1000 m, D2=25 m and Kv=0.025 m/day, Kn=0.25 m/day, A = 7071 m.
Proper boundary conditions are set when influences from that boundary do not
propagate more than 5 percent into the semi-confined aquifer that is modeled. From the

groundwater flow equation for semi-confined aquifer, which has an exponential form
and includes the leakage factor 4, this condition is met when the distance between the
boundary condition and the area of interest is set to 3 lambda (3A) which is about 21 km
(around 10 model cells) [37, 38].

A constant salinity concentration boundary is also assigned at all model cells
representing the Mediterranean Sea (35 kg/m?®). The eastern boundary of the model
corresponds to the Suez Canal and is considered a no-flow boundary. A no-flow
boundary is also specified at the bottom of the Pliocene, which is the last model layer in
vertical direction from ground surface. This model layer is introduced to represent the
salinity concentration arising from the dissolution of marine deposits that underlie the
Pleistocene aquifer (Figure 3.2d). The locations and actual concentration values
representing these processes are determined based upon a number of isotope studies.
Those studies have consistently agreed that the water type in the assigned locations is
paleo-groundwater from ancient times [39, 40, 41, 42, 43, 44, 45]. Using radioactive
14C isotope, [46] proved the existence of paleo-groundwater in the southeastern region
around the Ismailia canal, and attributed the salinity concentration of the groundwater to
the dissolution of Pliocene minerals. Furthermore, [39, 40] proved, using tritium (3H),
that the southwest region salinity concentration can be attributed to the terrestrial salts
up-coning from the Pliocene formation. To consider this phenomenon in the model, we
assigned to the bottom model layer in the southwest and southeast (locations detected in
the isotopes studies) a constant concentration ranging between 1-4 kg/m? (Figure 3.2d).

3.4.4 Hydro geological parameters

Reports from a number of hydrogeological studies carried out in the ND were used to
determine the hydrogeological parameters [8, 9]. The information required to identify
and characterize the groundwater system was collected from the Research Institute of
Groundwater (RIGW), the General Authority for Educational Buildings [34] and the
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Coca Cola Company (Table 3.1). The primary source for the geological parameters and
the lithological units of the NDA is a geotechnical database containing the results of a
number of pumping tests carried out at different wells allocated throughout the ND
governorates [34]. GAEB used the GWW (Ground Water for Windows) modeling tool
to determine the parameters: hydraulic conductivity, safe yield and efficiency. All
available data is collected and digitized, interpolated, and converted into formats
required by the model. The pumping test data is used as primary source for specifying
the values of horizontal hydraulic conductivity.

The first model layer (representing the Holocene) is specified to have a constant
horizontal hydraulic conductivity of 0.25 m/day [5]. This layer consists predominantly
of silt, mixed with some clay and sand lenses, but due to lack of data about spatially
varying hydraulic conductivity, we have used spatially uniform value. For all the
following nineteen model layers, representing the Pleistocene, horizontal hydraulic
conductivity values vary from a minimum of about 15 m/day in the southwest, through
a gradual increase from 50 m/day near the Mediterranean Sea to 130 m/day [34] in the
middle of the ND (Figure 3.3). At some locations in the middle of the ND and in the
southeast, horizontal hydraulic conductivity even reaches 150 m/day [8]. In the last
model layer, representing the Pliocene, a horizontal hydraulic conductivity of 0.03
m/day [47] and 12.7 m/day [48] were assigned at their pre-determined locations in the
southeast and southwest (shale and fractured marine limestone), respectively. The
vertical hydraulic conductivity is assigned as 10 % of the horizontal hydraulic
conductivity [49]. Spatially varying effective porosity for the Pleistocene is specified in
the range of 12% near the Mediterranean Sea up to 28% in the south [34], with an
average porosity value of 24% [8]. In the Holocene, the porosity is specified with a
constant value of 40%. The porosity values are measured in the Faculty of Engineering
labs, Cairo University, using bulk volume measurements, under the GAEB Project.

3.4.5 Hydrological stresses

Data on hydrological stresses on the NDA are collected from the MWRI and the
national plans for groundwater of each governorate. In this subsection, a summary is
given.
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Methodology and model setup

Irrigation canals and drains

The irrigation and drainage networks in Egypt are extensive. We included the main
canals and the second degree branch canals such as El-Nubariya, Bustan, Ismaillia, El-
Baguriya and El-Mahmudiya, using the river package of MODFLOW/SEAWAT (Figure
3.3b). The water levels and different cross sections of the canals for the year 2010 are
taken from the Canal Distribution Sector, MWRI [50]. All main and branch canals are
divided into four or five segments, according to the measurement points available along
the canal, for more accurate simulation (Figure 3.3b). Moreover, different water levels
are also specified before and after weirs location along the canals. The average water
level, bottom level and conductance are assigned for each segment [50]. To represent
the small branch drains, a mesh representation of drains is specified using the drainage
package, and is incorporated into the model (except for desert areas) in the first model
layer, using a drain conductance of 2000 m?*/day.

Recharge

The main source of recharge in the NDA is infiltration from irrigation canals and excess
agricultural irrigation water. Recharge from actual rainfall is very small, as precipitation
varies from 200 mm/year along the Mediterranean Sea to 25 mm/year near Cairo [51].
In addition, with the high evaporation rate, the precipitation is negligible.

A land use map shows the ND to be covered principally by old traditionally cultivated
land that is very fertile. Rice is the dominant crop in the coastal area. At the eastern and
western fringes of the ND, new land with active reclamation projects is planned. The
recharge values used in the model are based on data of [52], updated by [5]. They were
obtained using hydrological budget calculations of the groundwater system and in situ
measurements using infiltrometer rings in various ND governorates. The ND recharge
rate is classified according to the irrigation type (basin, sprinkler, central pivot and drip
irrigation), crop type (vegetables, barley, alfalfa, maize and fruits), soil type and
structure, availability of artificial drainage and source of irrigation. Later, [5] used multi
temporal Landsat imagery from 1992 TM (Thematic Mapper), 2005 TM and Google
Earth Landsat 2008 of the Nile Region. She linked the image data with field studies,
reports and topographic maps and determined the recharge rate for each governorate.
Figure 3.3c shows the average recharge rates that are used in the model in different
sectors of the ND. It shows that the value of the recharge rate varies from 0.01 mm/day
in the desert to 1.1 mm/day in the south and even 1.9 mm/day in some western areas.
Relatively high recharge rates are measured when irrigation is used in sandy soils:
between 1.0 and 2.5 mm/day. In the northern part of the ND, the recharge rate is about
0.25 mm/day, increasing in the middle of the ND to 1 mm/day. Where drip irrigation is
used, the recharge rates are much lower, ranging from 0.1-0.5 mm/day [5].
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Salinity concentrations canals and recharge

Canal water in the ND is not completely fresh. Dissolved salts are introduced because of
soil salinity and inefficient irrigation methods. The salinity concentration is incorporated
into the model through the sink/source package. The salinity concentration data for the
canals are obtained from a number of studies dealing with surface water quality [53, 54,
55]. Spatially varying salinity of rivers/canals and recharge is specified to the model to
ensure that the groundwater entering the domain of the model has a proper salinity
concentration. This approach has not been used in models developed in previous studies
of the NDA.

Most canal water shows salinity concentrations of up to 0.3 kg/m>. The salinity
concentration of the main river branches, Rosetta and Damietta, start near Cairo with a
value of 0.04 kg/m®. Towards the north, canal water becomes more saline, especially
near the Mediterranean, reaching up to 0.65 kg/m*® where the soil salinity is very high
(Figure 3.3d). Some regions show increased salinity due to irrigation methods e.g.
flood irrigation for rice fields [5]. The salinity concentration in infiltration recharge
ranges from 0.1 to 0.7 kg/m> [54].

Extraction wells

Groundwater extraction from wells is a critical activity in the ND. However, estimating
the extraction amount is difficult. For instance, severe unauthorized extraction activities
took place in the period from 1992-2008 [5]. In fact, overall groundwater extraction
from the entire NDA in the year 2010 is estimated to have been at about 4.9x10°
m?/year compared to 3x10° m?/year in 1992 [5]. The extraction wells used in the model
represent both drinking water supply and irrigation wells. Due to the relatively coarse
grid of this model, each model cell may represent the sum of a number of clustered
wells in that model cell. The wells are distributed in different model layers according to
their depth, which varies from between 45 m and 180 m below ground surface, meaning
that most wells are placed in model layers six to fourteen. We collected extraction wells
data from RIGW, the national plan for the year 2010 for each governorate [34], and the
Coca Cola Company (Technical sheets and field reports 2011).

El Buhaira and Monofeya governorates in the western part of the ND have the
maximum extraction rates, due to the uncontrolled increase in reclamation projects
(Figure 3.4). The western region of the ND is characterized by rapid development in
agriculture using groundwater. These extensive extraction rates are causing severe
lowering of the water table and increased salinity concentration of the extracted
groundwater. In addition, most of the wells north of the ND in Kafr El-Sheikh (30
wells) and Alexandria governorates have already been closed due to high salinity
concentrations [5].
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Solute transport characteristics

Advection and hydrodynamic dispersion processes for conservative salt transport are
considered in the modeling. The longitudinal dispersivity is 1.0 m; the transversal
horizontal dispersivity is 0.1 m and the transversal vertical dispersivity is 0.01 m. These
relatively low values are assigned as acceptable estimates for the longitudinal
dispersivities in the study of [21], as well as previously modeling cases of regional
coastal aquifer systems e.g. [23].

3.4.6 Determining salinity concentration distribution of the year
2010

The constructed 3D model is being used to get a salinity concentration distribution that
best fits the observed salinity concentration data. We designated the year 2010 as the
reference year, as the most data are available for this year. Normally, two approaches are
customarily used to determine the salinity concentration distribution: 1) using all
existing observation wells for salinity concentration, and inter- and extrapolating geo-
statistically the salinity values into a 3D salinity concentration distribution or 2) starting
with a completely saline or fresh distribution and then simulating salt transport for a
very long time until the groundwater system reaches dynamic equilibrium. The first
approach can only be considered when enough data is available, which is seldom the
case. With the second approach, there is more evidence now that especially huge
groundwater systems like the NDA are not in a state of dynamic equilibrium,
considering Palaeo-reconstructions and offshore fresh to brackish groundwater [56, 57,
58, 59, 60]. In our research, we introduced an approach that combines both options. The
initial salinity concentration distribution of the model of the NDA is completely fresh
with only saline concentration (35 kg/m®) boundaries at the Mediterranean seaside.
These boundary conditions might not always be feasible in other deltaic areas around
the world. Our target is solely to determine the appropriate simulation period which
provides the best match between the modeled and observed salinity concentration data.

In this approach, all simulations initially start without groundwater extraction. However,
as groundwater extractions during the last 50 years have increased spectacularly, we
took them into account assuming linear increase over this period. Thus, each simulation
starts without groundwater extraction, but the last 50 years (assuming to represent 2060-
2010) include linearly increasing groundwater extraction, from 0 to the value of 4.9x10°
m?/year. All other hydrogeological stresses are kept constant in the model simulations.
We have carried out model simulations for nine simulation periods varying from 200 to
2600 years, in order to determine the best match of the salinity distribution compared to
the year 2010. This approach also allows checking whether the NDA has reached the
state of dynamic equilibrium.
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Results and discussion

3.5 RESULTS AND DISCUSSION

All nine simulation periods showed as expected that the salinity front from the sea is
rapidly progressing towards the southern NDA. Starting from an initial fresh
groundwater distribution, the volume of saline groundwater increased with time in all
simulated models. The larger the length of the simulation period, the longer the model is
simulating SWI from the Mediterranean Sea, the more groundwater becomes salinized.

3.5.1 Comparing modeling results and observed salinity data
for different simulation periods

To choose the best simulation period for the model, we compare the model results for
salinity concentration with the observed salinity concentration data, and calculate the
Root Mean Square Error (RMSE) for all nine models' simulations with different
simulation periods. The comparison between modeled and observed salinity
concentration is based upon observed concentration data from 2010 of 155 wells located
throughout the NDA. We then determine as most reliable the model with the lowest
RMSE value. Figure 3.5 shows the different RMSE values for all nine simulations'
periods. The model with a simulation period of 800 years produces the lowest RMSE
value. Hence, the salinity concentration distribution at the end of this simulation period
with this model is selected.

Figure 3.6 shows some limited transient results (for the period that data is available) of
modeled salinity concentrations results of six observations wells that are selected per
regions as follows: two in the north, two in the middle and two in the south of the NDA.
For each region, one point with best results is selected and another point with worst
results. These results are presented for the period 1980-2010. A comparison between the
values of the observed salinity concentration data with different simulation periods also
indicates that the 800 years simulation period provides the best results. This is further
confirmed with the results presented in Table 3.2 containing modeled and observed
salinity concentrations for these six points in the year 2010.
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Table 3.2. The salinity modeled concentrations values in kg/m’ for six points (SI, S2,
M1, M2, NI and N2) in 2010 compared to their observed salinity concentration values
for different simulation periods

Time interval of Salinity modeled concentration in 2010
model simulation periods
(years) S1 S2 Ml M2 N1 N2
200 0.18 0.49 0.59 1 11 12.68
400 028 0.54 0.05 1.5 153 239
600 03 0.6 1.116 1.8 229 27.15
700 035 0.7 2.9 2 254 29
800 0.5 0.8 7 2.7 27 318
1000 0.6 0.89 8 5.5 32 35
1700 0.7 093 9 7 34 36
2600 0.8 0.96 10 10 38 385
Observed salinity concentration 043 0.83 6 3.2 28 33

The simulations show that at present the NDA has not yet reached a state of dynamic
equilibrium, as indicated by the gradient of the salinity concentration lines in Figure 3.6.
This might be attributable to the substantial size of the groundwater system of the ND,
which needs a very long time to achieve steady state conditions. On top, stresses such as
the increasing rate of groundwater pumping cause additional non steady-state
circumstances. The large size of the NDA in combination with Holocene characterized
with lower permeability retards the interaction between the groundwater and the surface
water system. In addition, the fact that salt transport is a slow process causes that the
present state of the NDA is in non-equilibrium from a salinity concentration point of
view. This condition has also been postulated by [19].

Figures 3.7a and b show the modeled versus observed salinity concentrations for the
model with a simulation period of 800 years. The southern/middle part (a) and the
northern part (b) are separated into two figures for clearer presentation. The absolute
salinity concentration values are very small in the southern and middle parts of the NDA
and large in the northern part. Figure 3.8 shows the frequency of the differences
between modeled and observed concentration values. It shows that most of the
frequency differences are between -0.75 and -0.5 kg/m’. This implies that the
differences are overall quite small, which increases the reliability of the results of the
simulation.
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Figure 3.7. Modeled versus observed salinity concentrations in (a) The southern and the
middle parts of the NDA (RMSE=0.8, Abs. Diff. =0.52, Stan Dev.=0.61kg/m?). (b) The
northern parts of the NDA year 2010 (RMSE=0.2, Abs. Diff. =0.14, Stan
Dev.=0.11kg/m’).

The RMSE values in the south are smaller than the RMSE values in the north, because
the RMSE depends on the absolute values of differences between observed and modeled
values. Modeled for fairer comparison of these values, Figure 3.9 shows the frequency
of relative error (in percentage) of modeled salinity concentration. Although for most
observations the relative error is relatively low (up to 30 %), it is clear that for about one
third of observations the relative error is quite high (30%-45%). It should be noted,
however, that when we further analyse these results together with results presented in
Figures 3.7, 3.8 and 3.10 (see below), most of these high relative errors are for
observations in the south and middle of NDA, where the absolute values of saline
concentrations are very low. Figure 3.10 shows the relative error for observations in
modeled different model layers. Note that observations from different layers are brought
together to give better visualization of the distribution of the relative error. The dark
blue dots represent observations belonging to the class of highest relative error (36% -
45%). Most of the dark blue dots in Figure 3.10 are scattered in the south, where the
concentration of the infiltrated water varies significantly, and where absolute salinity
values are very small, not exceeding 1 kg/m®. In the north (which is very sensitive to
SWI), the absolute values of salinity go up to 30 kg/m’. In that part the relative error
never exceeds 10% as it is shown in Figure 3.10 (represented by the distribution of
yellow dots). This indicates that the large volume of reliable hydrogeological data used
for the model set up results in low RMSE in this part of the model and in more reliable
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salinity distribution. Considering the regional scale of the NDA model and the wide
range of salinity concentration values (0.045-35) kg/m®, it can be concluded that these
obtained relative errors are within acceptable range, but the model simulates the impact
of SWI in the northern part better compared to the middle and the southern part.

The water budget terms have also been also analysed for the model. The huge irrigation
network in the ND has had a great influence on the groundwater system. The main
components of inflow are the net recharge due to excess irrigation water (around
5.3x10° m?/year). Downward infiltration of surface water from the Nile and the main
canals are minor in comparison: about 0.2 x10°m?/year. There is additional recharge in
some regions due to groundwater recharge in reclamation areas, such as in El-Buhaira
governorate in the western ND. The main outflow component is the extensive
groundwater extraction (around 4.9x10° m?/year), especially in the southern part of the
eastern ND.
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3.5.2 Salinity concentration distribution

Figures 3.11a and b show the salinity distribution results for horizontal and vertical
directions in the variable-density groundwater flow model with the simulation period of
800 years. Figure 3.11a presents the final salinity distribution in horizontal direction in
model layers 1 and 21 at the end of the simulation period (representing the situation in
the year 2010). We also presented how SWI increased with the progress of simulation
time in a vertical cross-section across all model layers by using several selected time
steps (Figure 3.11b). The new reliable data included in the model improved its
performance and more reliable salinity distribution maps were obtained, when
compared to previous studies. The south eastern region of the ND has been adequately
represented and this is reflected clearly in the salinity distribution results and the RMSE
values, unlike former studies that always showed this region as completely fresh [18].

These results initially indicate that the salinization process takes a long time. However,
fingers of saline groundwater infiltrate rapidly into the fresh NDA (although with the
model cell sizes only lumped vertical saline plumes can be simulated). Regarding the
results obtained at the end of the simulation period, which represent the situation in the
year 2010, it is clear that groundwater quality has already deteriorated. The salinity
concentration varies from higher than 30 kg/m? to 10 kg/m® in the north. It decreases to
about 1 kg/m® in Gharbeya governorate in the middle of the NDA (see for its location
Figure 3.1 again). The salinity concentration in the southern region is very low, with
values of less than 0.05 kg/m>. The saline groundwater has spread in the north and
northeast more widely than in the northwest, possibly because of the presence of a
geological formation with higher hydraulic conductivities. Groundwater in the southern
and middle regions is virtually fresh, being far distant from SWI introduced at the
Mediterranean Sea boundary. All of the above results have been obtained due to the use
of the 3D modelling approach, which when compared to previous 2D models [17] of the
same area gives a clear overall salinity distribution in different layers of the NDA and
captures the full dynamics of the fresh groundwater-seawater interactions.

The region in the east around the Sharkeya governorate contains light brackish
groundwater (see salinity concentration contour of 1 kg/m? in Figures 3.11 a, b). This
also occurs in the southwest around El- Buhaira governorate. Although the model
results at individual points in this region are with larger errors, the overall higher
salinity is still captured. As the infiltration rate has a lower value (0.01 mm/year) than
other governorates, the source of saline groundwater in this region is probably coming
from dissolution of deeper marine deposits, i.e. fractured marine limestone and shale,
which was included in the last modelling layer. Isotope analysis and age dating tests
discussed before have confirmed that water samples taken from those two regions
contain paleo-water, probably from the underlying Pliocene formation [44]. This is
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however, combined with severe abstraction due to extensive reclamation activities in El-

Buhaira governorate increases the salinity concentration of water drawn up from the

deeper parts of the NDA.
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Figure 3.11. (a) The salinity concentration distribution in kg/m> in first and last layers
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3.6 CONCLUSIONS AND RECOMMENDATIONS

Earlier research on the fresh and saline groundwater system in the NDA under the
pressure of SWI using numerical models has mainly focused on 2D simulations, which
does not fully imply the complex nature of the NDA in three dimensions. 3D numerical
modelling studies have been executed before, but lacked sufficient hydrogeological data
or with different parametrization. In this research, a fully 3D variable-density
groundwater flow model is constructed to simulate the current situation of salinization
in the NDA. This NDA model incorporates hydrogeological data from many sources.
An innovative procedure is performed without classical calibration. It uses physically
sound model parameters, starting from completely fresh ground water in the NDA and
sets up several different simulations periods to obtain the best salinity concentration
distribution in the year of 2010. After simulation, the 3D fresh-saline distribution that
fits best the observed salinity data is chosen. Future studies need to address the
influence of different parametrization on modeling results in combination with the
proposed approach here. This is beyond the scope of the current paper but could be
done within existing frameworks for sensitivity and uncertainty analyses of
groundwater models. The developed 3D model represents well the salinity distribution
in the NDA. The comparison between numerous (spatially varying) groundwater
salinity concentration observations and modeled results shows that the model is capable
of representing the current salinity distribution in the NDA, taking the year 2010 as the
reference year. Therefore, we believe the model can be used with increasing confidence
for future predictions. The model can be considered reliable but that there are areas in
the south where the error is always quite high. When performing forecasting
simulations, it may be useful to further improve the model by means of a validation
process based on new data collected. The validation process with data collected after
2010 could also confirm the innovative procedure used.

The model results indicate that specific regions in the east (Sharkeya governorate) and
southwest (El-Buhaira governorate) likely suffer from salinization due both to
dissolution of marine deposits and excessive extraction. Both governorates have great
economic agricultural value in Egypt, especially in commodities export. Further study
on the fresh water needs and methods of extraction in these governorates might affect
both conservation efforts and economic development planning with a view to
conservation of the fresh groundwater resources in the NDA.

The model serves as a tool for assessing areas of the groundwater system vulnerable to
salinization due to combined stresses, such as increased groundwater extraction,
different irrigation practices, and SLR. It can be used to track the movement of fresh,
brackish and saline groundwater in the NDA, and for testing future
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adaptation /mitigation measures for the NDA. Such effective use of the model, however,
critically depends on data availability. More salinity concentration data are especially

needed, especially from greater depths. Future monitoring campaigns must also better
control the salinity sampling process due to its effect on observed sample biases. Multi-
level monitoring samplers should be used, especially when lateral SWI and up-coning
processes are taking place. These aspects have not been sufficiently controlled past
sampling procedures, which may affect modelling results and consequently future
predictions. Although collecting reliable monitoring data is costly, monitoring programs
are strongly recommended for deep wells, as fresh groundwater resources are of
eminent importance for Egypt. Fortunately, faster and more reliable salinity monitoring
techniques have become more efficient in the last decade. The Airborne
Electromagnetic (AEM) geophysical methods look especially promising [61, 62, 63, 64,
65]. The availability of more data will be a keystone for further development in the
potential of this model, and will extend the horizon of research in the NDA for different
water perspectives.

Finally, the experiences from the developed model, and from the procedure proposed for
obtaining more reliable model setup, could also be used and tested in aquifer system in
different deltas of the world where groundwater resources are deteriorating due to SWI.
In spite of differences in geometry and their hydrological parameters, most deltaic areas
face the similar development and climate stresses.
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Abstract

4.1 ABSTRACT

As Egypt’s population increases, the demand for fresh groundwater extraction will
intensify. Consequently, the groundwater quality will deteriorate, including an increase
in salinization. On the other hand, salinization caused by saltwater intrusion (SWI) in
the coastal Nile Delta Aquifer (NDA) is also threatening the groundwater resources. The
aim of this chapter is to assess the situation in 2010 (since this is when most data is
sufficiently available) regarding the available fresh groundwater resources and to
evaluate future salinization in the NDA using a 3D variable-density groundwater flow
model coupled with salt transport that was developed with SEAWAT. This is achieved
by examining six future scenarios that combine two driving forces: increased extraction
and sea level rise (SLR). Given the prognosis of the intergovernmental panel (IPCC) on
CC, the scenarios are used to assess the impact of groundwater extraction versus SLR
on the saltwater intrusion in the Nile Delta (ND) and evaluate their contributions to
increased groundwater salinization. The results show that groundwater extraction has a
greater impact on salinization of the NDA than SLR, while the two factors combined
cause the largest reduction of available fresh groundwater resources. The significant
findings of this research are the determination of the groundwater volumes of fresh
water, brackish, light brackish and saline water in the NDA as a whole and in each
governorate and the identification of the governorates that are most vulnerable to
salinization. It is highly recommended that the results of this analysis are considered in
future mitigation and/or adaptation plans.

4.2 INTRODUCTION

The ND in Egypt is occupied by the most populated governorates in Egypt. About 60%
of Egypt’s population lives in the ND region [1]. Agriculture activities are dominant in
the region due to the nature of the soil and the presence of an irrigation system [2]. The
NDA is a vast aquifer located between Cairo and the Mediterranean Sea [3]. The NDA
was formed by Quaternary deposits with a wide variety of hydrogeological
characteristics and spatially varying salinity levels [4]. These deposits represent
different aggradation and degradation phases that were usually accompanied by sea
level changes [5]. Recent years have brought scientific evidence of increased
groundwater salinization in NDA, predominantly driven by increased groundwater
extraction [4].

Salinity in groundwater is a major quality hazard that limits its usage and affects the
productivity of agricultural areas that depend on irrigation from groundwater wells [6].
The nature and properties of salinity were reviewed with a view to its management in
[7]. In coastal aquifers, such as the NDA, the salinity in groundwater is influenced by
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human interventions through excessive groundwater extraction, while SWI induced by
sea-level rise SLR is also anticipated [8].

In north Kuwait, a freshwater aquifer polluted by saline seawater was modelled using a
3D numerical model [9]. The researchers declared that solute transport modeling has
become a significant tool for analysing the groundwater quality, as it can provide insight
into past and present behaviour and predict water quality management scenarios. It was
also highlighted that CC is likely to lead to multiple stresses in the groundwater sector
[10]. This research emphasized the need for the development of management models
that simulate SWI in aquifers and the assessment of future compound groundwater
challenges. Open challenges and uncertainties regarding the influences of CC in coastal
aquifers were identified in Reference [11]. In Kish Island, Iran, the combined impacts of
SLR with the associated land inundation and climate-induced variation of natural
recharge to the aquifer system were analysed [12]. The results showed that the
combined impact of SLR-induced land inundation and recharge rate variation is more
significant compared to SLR impacts alone. A review of SLR impacts on SWI in coastal
aquifers together with other factors, such as recharge rate variation, land inundation due
to SLR, aquifer bed slope variation and changing landward boundary conditions [13],
concluded that the impacts of these combined factors on SWI need to be further
investigated. The NDA, like other coastal aquifers, is subjected to salinization threats.

Regarding NDA, [14] focused on a stretch between Ras El Bar and Gamasa along
Egypt’s northern coast. They found that the effect of SLR will be salinization of the
NDA and they proposed artificial recharge through injection wells as a mitigation
strategy. Further analysis of the impacts of SLR on SWI in the NDA was done by [15].
They concluded that large coastal areas will be totally submerged by SLR and that the
shoreline will be shifted several kilometres inland. The research utilized a 2D FEFLOW
model [16]. This modeling study used many assumptions due to a lack of available data.
A 3D modeling approach was used by [17] to identify the effect of the increasing SLR,
decreasing surface water level and increasing groundwater extraction on SWI in NDA.
They found that under a combined scenario of increased groundwater extraction rates by
100%, an increased SLR by 100 cm and a decreased surface water level by 100 cm
would cause the SWI to extend 79.5 km in the west and 92.75 km in the east from the
shoreline by 2100.

While these studies have addressed some aspects of the SWI problem in the NDA,
research covering the whole ND using 3D modeling to predict future scenarios of SWI
has been quite limited. This approach is used in the current chapter to analyse the
combined impact of SLR and excessive groundwater extraction in the NDA. Unlike
previous studies that mainly presented the landside shift of the shore boundary and the
dispersion zone due to SLR, the advantage of using a 3D model for this analysis is that
it allows the determination of the full spatial distribution of SWI and the analysis of
volumes of available fresh groundwater under different future scenarios. This enables a
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comparative analysis of the available volumes of different groundwater types (fresh
water, light brackish, brackish and saline water) under different scenarios for the whole
NDA. Moreover, for the first time, the volumes of each groundwater types are analysed
per ND governorate (administrative regions in Egypt), according to their location in the
ND. This may lead to more location-driven recommendations for mitigation and
adaptation measures that could be implemented at the governorate level.

To carry out this analysis, a 3D variable-density groundwater flow model coupled with
salt transport developed using the SEAWAT modeling system [18]. Because this is a
regional model that is focused on freshwater resources in the NDA, it does not consider
the dynamic coastline or the local coastal flooding processes. Thus, it is assumed that
the horizontal position of the hydraulic head boundary at the coast is fixed. The model
was calibrated by the groundwater salinity conditions in 2010, the year that serves as a
baseline model and reference condition for future scenarios because most of the data
required for a reliable analysis is sufficiently available for that year. This analysis
proposes six scenarios to assess the impact of SLR versus groundwater extraction in the
ND and determines which factor is causing increased groundwater salinization. The
values assumed for the SLR and groundwater extraction rates are based on IPCC reports
[19] and the Egyptian National Plan, as will be discussed later, in detail. In the first
scenario (Sc.1), the model run until the year 2500 with no increase in SLR or
groundwater extraction (same values as in 2010) to test the influence of time only on the
complex groundwater system in the NDA (as SLR will not stop after 2100) and to
investigate the natural autonomous salinization process [20]. The comparative analysis
for the remaining five scenarios is carried out by running the model until the year 2100
with varying SLR and groundwater extraction rates. This analysis leads to a proposal of
future groundwater extraction, levels for different ND governorates, which can be
considered in future plans for the overall development of groundwater resources in the
area.

4.3 STtuDY AREA

The study area is the ND in the northern part of Egypt (Figure 4.1). It is the most fertile
region in Egypt and is surrounded by highly arid desert. The ND begins approximately
20 km north of the Cairo governorate in the south and extends to the Mediterranean Sea
in the north, covering an area of about 30 x10° km?. In the west, it is bounded by the
Alexandria governorate and in the east, by Port Said. The ND contains 11 governorates
that have economic, cultural and agricultural importance to Egypt. The locations and the
names of the ND governorates are presented in Figure 4.1.

The NDA is a large, semi-confined aquifer. It has Quaternary deposits that are classified
into Holocene and Pleistocene strata [21]. The average thickness of the Holocene is 25
m. It reaches around 50 m close to the sea and vanishes towards the ND fringes in the

72



Method

south. The Pleistocene is the main aquifer of the ND [22]. Its thickness varies from 200
in the south to 1000 m in the north. It is composed of sand and gravel with occasional
clay lenses and it is underlain by a Pliocene layer composed of marine limestone and
shale [2, 3, 21].
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Figure 4.1. The study area of the ND
4.4 MEeTHOD

4.4.1 Numerical model

A 3D variable-density groundwater flow and coupled salt transport model for the NDA
was developed using SEAWAT [18]. The model captures the situation in the year 2010,
since for this year, most data is available. It includes a large amount of different types
of hydrogeological data collected from several sectors and research institutions within
MWRI.

The model domain is discretized using 100 rows and 150 columns horizontally (grid
cell sizes 2 x 2 km?) and 21 modeling layers in the vertical direction, which enables
sufficiently detailed simulations of salinity variations to be carried out under different
conditions. The Mediterranean Sea is represented as a constant head and constant
salinity boundary. The Suez Canal in the east is considered to be a no-flow boundary.
The last (deepest) modeling layer of the 21 layers represents the impermeable Pliocene,
which underlays the Pleistocene aquifer. This last modeling layer of the 21 layers also
contains salinity sources arising from the dissolution of marine deposits present in the
Pliocene [23]. The first (shallowest) modeling layer of the 21 layers represents the
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Holocene layer which is specified as having a constant horizontal hydraulic
conductivity of 0.25 m/day. For the next 19 modeling layers, the horizontal hydraulic
conductivity values vary from 15 to 150 m/day. The anisotropy of hydraulic
conductivity is considered to be 10% [24]. The effective porosity for the Holocene is
specified as having a constant value of 40% and it varies from 12% to 28% in the
Pleistocene. The main source of recharge in the NDA is the excess irrigation water at
the agricultural zones. This spatially varying recharge, together with spatially varying
water levels and salinity concentrations in the main irrigation canals, was specified to
the model to ensure proper characterization of the groundwater entering the modeling
domain. The majority of canals have water with a maximum salinity of 0.3 kg/m® but in
some locations, the salinity concentration reaches 0.65 kg/m® and this is even greater
towards the Mediterranean. The overall groundwater extraction in 2010 was estimated
to be about 4.9x10° m*/year [4]. The wells are distributed according to their depth in the
corresponding modeling layer.

The model was calibrated with observed salinity data coming from 155 observation
wells. The calibration results provided a Root Mean Square Error (RMSE) of 0.2 kg/m?.
The absolute difference and the standard deviation between the simulated and the
observed concentrations of the salinity in the ND were calculated to be 0.14 kg/m? and
0.11 kg/m3, respectively. These values are quite small, so the developed model is
considered to be sufficiently reliable for future analyses. Further details about the model
development and calibration results are available in [18].

4.4.2 Future scenarios

One of the most important factors that control the development scenarios is the
population growth rate, as it represents the main condition that directly affects future
economic and social progress. According to the Egyptian Central Authority for Public
Mobilization and Statistics [25], the population in Egypt has raised by approximately
from 52 million capita in 1990 to 84 million capita in 2010. The growth rate decreased
from 2.75% per year in the period 1976-1986 to 2.02% per year during the period
1996-2006. The total population is predicted to reach 200 million capita in 2100 [26].
These population growth rates have led to corresponding increases in water needs for
different water-consuming sectors. Moreover, in the future, the ascending gap between
water demands and supply will result in more tension in negotiations over
transboundary water projects on the Nile [27]. Groundwater extraction rates are likely to
increase over time too, assuming the continuation of the almost linear trend of increase
in groundwater extraction that follows population growth, as presented in Figure 4.2.
This trend of increased groundwater extraction was constructed based on data collected
from the past, starting in 1980 and then projecting until 2100 [4].

It is expected that CC will substantially raise the sea level. The Intergovernmental Panel
on CC [19] emphasized the potential significance of SLR and predicted the global mean
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SLR by the year 2100 to be in the range 0.26—0.82 m compared to the earlier foreseen
0.18-0.59 m [28]. It was reported in Reference [29] that melting processes in Antarctica
could contribute to a SLR of 1.05 + 0.3 m by 2100 under RCP 8.5. A probability density
function of global SLR in 2100 was constructed in Reference [30]. It was found that the
probability of having a SLR of more than 1.8 m is less than five percent, with a median
probability of 0.8 m. Their findings were based on process models combined with
experts’ opinions. They also stated that other lines of evidence are needed to justify any
higher estimates of SLR for 2100. Recently, the probability density functions for
extreme scenarios of global SLR in 2100 based on extreme mass loss from ice sheets
using numerical simulations with a process-based model have been provided [31]. The
median of their probability distribution was 0.73 m. All these high SLRs will lead to
severe impacts on SWI in coastal aquifers.

Future salinization of the groundwater resources in the NDA is a complex process and
its prediction has a high degree of uncertainty. Consequently, different scenarios are
proposed in this chapter to identify a wide spectrum of possible future adaptation
strategies. These scenarios cover extreme projections to estimate future changes in the
NDA in terms of the salinity distribution over the next hundred years as a function of
SLR and groundwater extraction rates. Our estimated 12x10° m®/year of groundwater
extraction in 2100 (Table 4.1) is consistent with the projections in the future scenarios
of the MWRI national plan. Regarding the SLR, the selected ranges in the future
scenarios (see again Table 4.1) were chosen by considering the SLR reported in
Reference [19] and the median of the probability density functions for extreme
scenarios of global SLR in 2100 reported in the literature review stated above.

Sc.1 (long run) is different from all of the other proposed scenarios. There is neither a
SLR, nor an increase in groundwater extraction (the same values as in 2010 are used).
This scenario analyses the impact of time only (until 2500), focusing on the autonomous
salinization process, as it is known that the salinity distribution in coastal groundwater
systems lags behind the current boundary conditions [20, 32, 33]. Thus, this scenario is
not used for comparisons with the other scenarios. The remaining five future scenarios
are combinations of different SLR and groundwater extraction rates.
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Figure 4.2. Population and groundwater extraction in the NDA as a function of time:
current trend to 2010 (solid lines) and projections to 2100 (dashed lines) [26]

Table 4.1. Future scenarios for SLR and groundwater extraction

Scenario (Sc.) SLR (m) Extraction (10° m3/year) Time (year)
Reference 0 4.9 2010
Sc.1 Long run 0 4.9 2500
Sc.2 Extreme 1.5 12 2100
Sc.3 Moderate 1 8 2100
Sc.4 Restrictive 0 4.9 2100
Sc.5 High extraction 0 12 2100
Sc.6 High SLR 1.5 4.9 2100

Sc.2 (extreme) was selected to show the impact of the combined effect of a large SLR
and extreme groundwater extraction on the NDA. The proposed population will reach
200 million per capita [26]. As the population growth continues with no birth control, a
significant increase in groundwater extraction rate is expected 12 x 10° m*/year to fulfil
the high water demands (Figure 4.2). No control over groundwater extraction is
assumed. In this scenario, the SLR is assumed to be 1.5 m, which is also considered

extreme based on the analyses in the literature review presented earlier.

Sc.3 (moderate) takes birth control and a reduced population growth rate into account. It
is associated with moderate control of groundwater extraction. The population is
estimated to be about 146 million capita [26]. According to the national future plan of
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MWRI in 2100, the government will have moderate investments in reclamation
projects. The groundwater extraction will be 8x10° m®/year. The government will
control the unplanned groundwater extraction and benefit from the solar desalination
plants that are planned to be constructed. A moderate SLR of 1 m is also assumed.

Sc.4 (restrictive) is a very optimistic scenario as it assumes that no increase in
groundwater extraction will occur, due to control by high financial penalties for any
non-authorized groundwater extraction. In this scenario, the government depends on
water resources other than groundwater. This scenario was selected to show the results
of completely prohibiting groundwater extraction Also, it is assumed that there will be
no SLR. In fact, this scenario has same conditions as Sc.1 (long run) but it is analysed
until 2100.

In Sc.5 (high extraction), the government encourages investments and land reclamation
which leads to a dramatic increase in groundwater extraction and hence, increases
groundwater salinization. In this scenario, the groundwater extraction rates are proposed
to reach again 12x10° m?/year by 2100. This scenario was selected to examine the
impact of groundwater extraction alone, so the assumed SLR is 0 m.

On the contrary, the objective of Sc.6 (high SLR) is to measure the impact of SLR only.
The groundwater extraction rate is same as now (2010) and a SLR of only 1.5 m is
assumed. Scenarios 5 and 6 help to identify which is the main driving factor in the SWI
process: SLR or groundwater extraction

All six scenarios consider that the Egyptian policy towards cooperation with the Nile
basin countries will continue to be the same and consequently, water levels in canals
and water use for agriculture will remain constant. The increase of groundwater
extraction in different scenarios is without any spatial variation compared to 2010. This
study analysed how the NDA will develop in the future with current spatial distribution
of wells. Each existing well field will gradually increase the groundwater extraction
until 2100. Further studies may investigate different spatial distributions of groundwater
extraction. The initial conditions of the model were taken from the calibrated model’s
results for 2010. The model was run for 90 years for scenarios 2, 3, 4, 5 and 6 to predict
the future SWI in 2100. For Sc.1, the model was run for 490 years to predict the SWI in
the year 2500.

4.5 WATER SHARING ARRANGEMENTS

4.5.1 The whole Nile Delta

The total volume of groundwater in the NDA up to the hydrogeological base was
estimated to be approximately 4050x10°m> covering an area of approximately 35x10?
km?. This agrees with Reference [15] who estimated the groundwater volume of the
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NDA to be around 3600x10° m? but with a smaller modeled area (24x10° km?).
According to [34], groundwater can be classified into different types with respect to the
salinity level. Fresh water has a salinity of 0—1 kg/m?, light brackish has 1-5 kg/m?,
brackish has 5-30 kg/m? and saline water has salinity greater than 30 kg/m>. Figure 4.3
shows the different proportions of the groundwater types in 2010, together with their
spatial distribution within the ND. Fresh water accounts for 37%, light brackish 10%,
brackish 21% and saline water 32%. The volume of total available fresh water is
approximately 1290x10° m* and the volume of light brackish water is about 421x10°
m3. Table 4.2 provides estimates of the groundwater volume in x10° m® occupied by
the four groundwater types for the current conditions in 2010 and for the six analysed
scenarios.
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Figure 4.3. Spatial distribution of different groundwater types in the ND in 2010
(concentration in kg/m?)
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Table 4.2. Groundwater volume in x10° m? in the NDA for the four groundwater types

Gw.  Current Sc.1 Sc.2 Sc.3 Sc.4 zslc(.)% Zslc(.)%
Types 2010 2500 2100 2100 2100 High High
3 . .
kg/m Ref. Long Run Extreme Moderate Restrictive Ext. SLR
VFV’:;Z'; 1290 893 1049 1119 1190 1090 1147
o1 —31% ~187%  —133%  —77%  —15.5% —11.1
brI;‘fli‘itsh . 436 434 432 431 433 432
e +3.6% +3% 2.7%  424%  +2.9%  +2.8%
Brackish o o 1051 900 888 886 894 890
5-30 +26.8% +8.5% +71%  +6.9%  +7.9%  +7.4%
fva;igf 1513 1734 1691 1600 1548 1631 1611
+14.6% +11.7% +5.7% +2.2% +7.7%  +6.4%

>30

It is clear from Table 4.2 that when only the influence of time is considered, the
groundwater system becomes saltier. In Sc.1, the fresh groundwater volume decreases
significantly by 31%, while the light brackish, brackish and saline groundwater volumes
have corresponding increases. In this case, because of the long simulation period, the
changes in salinization volumes are large in comparison with the other scenarios. The
significance of the results from this scenario is that they demonstrate that even without
any SLR or increased groundwater extraction, the salinization of the NDA will
continue. It was shown by [18] that the NDA has not reached equilibrium yet and that
this complex groundwater system is characterized by slow hydrogeological variations
that bring significant impacts only after a long period of time [24]. For this reason, this
scenario, in fact, raises a warning alarm. It shows the need for the planning of
continuous adaptation strategies that prevent the accumulation of inland groundwater
salinization. There are a number of adaptation strategies that could be applied in the ND
[10], for example, artificial recharge, the extraction of saline and brackish groundwater
and the modification of pumping practices through the reduction of withdrawal rates or
adequate relocation of groundwater extraction wells.

For Scenarios 2 to 6, the models were run up until 2100 with different SLR rates and/or
groundwater extraction rates. For Sc.2 (extreme), the fresh water decreased significantly
by 18.7% in 90 years, while the saline volume increased by approximately 12%. These
values are the highest among Scenarios 2 to 6, because Sc.2 shows the combined effect
of an extreme SLR and groundwater extraction rate. Sc. 3 (moderate) shows modest
values for fresh water volume loss (—13.3%) and saline groundwater gain (+5.7%).

Under very optimistic conditions, Sc.4 (Restrictive) has a small saline groundwater
volume increase (+2.2%). The fresh groundwater loss (—=7.7%) is the lowest among all
other scenarios. To achieve this, however, very rigid control of groundwater extraction
is necessary. Alternative, unconventional sources of water are required, possibly in
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combination with water saving and planting of crops that are more resistant to salt.
Figure 4.4 shows the percent of change in different scenarios for the analysed
groundwater types with respect to the 2010 baseline values.

In Sc.5 (high extraction), the fresh water volume decreases by about 15.5%. That
decrease is second in severity after Sc.2 (extreme) with approximately 18.7%. This is
also demonstrated in Figures 4.5 and 4.6 below, indicating that the largest part of the
decrease in volume comes from groundwater extraction, not SLR.

Table 4.2 shows a decline in fresh water in Sc.6 (high SLR) to about 11%. This value is
less than that in Sc.5 discussed above, meaning that SLR has a smaller effect on the
groundwater volumes in the whole NDA compared to groundwater extraction.

Figure 4.5 shows different cross-sections of the NDA for Scenarios 2, 5 and 6. It is clear
that the salinity front advances the most in Sc.2 (extreme) followed by Sc.5 (high
extraction) and Sc.6 SLR. The scenarios have the same ordering with respect to the size
of the dispersion zone.

30
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-10 -

-20 4

Percent of change of groundwater volume

-30

B Fresh water M Light brackish

Brackish M Saline water

-40

Figure 4.4. The percent of change of groundwater types in different scenarios, with
respect to the 2010 baseline values
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Sc.2
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Figure 4.5. Cross-sections in the middle of the ND with different salinity distributions in
different scenarios in the year 2100

4.5.2 The Nile Delta governorates

As stated in the study area section, the ND management system is organized into a
number of governorates. The Egyptian governorates are administrative divisions. They
are the second tier of the country’s jurisdiction hierarchy, below the national
government. Each governorate is administered by a governor, who is appointed by the
President of Egypt [35]. The groundwater sector in Egypt is managed jointly by the
MWRI and the governor in each governorate. Consequently, it is necessary to study
salinization patterns with respect to each governorate, because each governorate has
different hydrogeological parameters and more importantly, different agricultural and
water resource management activities (groundwater extraction and irrigation) and thus,
different groundwater type and salinization patterns.

Some of these governorates are coastal (e.g., Alexandria, Damietta), while others are far
away from the zone where brackish and saline groundwater are present.
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It is clear from Table 4.3 that El Buhaira, Gharbeya and Sharkeya governorates have the
highest freshwater volumes in all six scenarios (see Figure 4.1 for the locations of the
governorates). On the other hand, coastal governorates have no fresh groundwater. Kafr
El Sheikh and Ismailiya governorates have the lowest fresh groundwater volumes. The
volume of fresh groundwater in each governorate is dependent on its location and
distance from the coast, as well as the thickness of the aquifer, the governorate’s area,
the reclamation projects and the number of groundwater extraction wells. Here, again, it
is clear that Sc.2 (extreme) has the highest impact of the governorates on salinization in
2100, followed by Sc.5 (high extraction) and Sc.6 (high SLR).

Table 4.3. The fresh groundwater volume in 10° m* with respect to different scenarios in
all governorates of the ND

Area Ext.
103 2010 2010 Se.d Sc.2  Sc3 Sc4  Sc.5 Sc.6
Governorate 2 6
km 10
m?/year

El-Buhaira 10.130 1931 258 180 228 253 250 234 243

Daghleya 3.5 114 160 62 100 135 143 118 127
Damietta 1.029 362.5 0 0 0 0 0 0 0
Gharbeya 1.942 291.7 306 200 274 289 294 279 286
Ismailiya 2.10 163.8 31 8 16 26 28 20 24
Kafr El
Sheikh 3.437 0.9 24 0 11 19 20 16 18

Monofeya  2.543 791.5 120 105 113 117 118 114 116

Qalyobeya 1.124 408.2 66 51 54 61 63 56 60
Sharkeya 4.18 681.5 318 210 276 295 302 281 290
Alexandria 2.679 2.4 22 5 7 14 15 9 13
Portsaid 1.351 154.2 57 96 45 50 51 46 49

Figure 4.6 shows that for all scenarios, the fresh groundwater decreases at a lower rate
in the southern governorates, like Qalyobeya and Monofeya, compared to the northern
governorates, like Kafr El Sheikh. This is mainly because these governorates are far
from the coastal zone. Meanwhile, the volume of fresh groundwater decreases at a high
rate in the governorates Sharkeya and El Buhaira, which suffer from the combined
effect of excessive groundwater extraction and SLR. The analysis of the spatial
distribution of salinity indicates that in these governorates, the northern parts are already
in a critical condition, while some continued groundwater extraction can still be allowed
in the southern regions. As we can see from Figure 4.6, Ismailiya governorate shows a
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significant drop of the (relatively small) fresh groundwater volume in all different
scenarios. This governorate is already stressed by severe groundwater extractions, so
future scenarios further intensify its criticality regarding available fresh water resources.
In Dagahleya, the drop is also significant, although the absolute volume of fresh
groundwater is larger. Coastal governorates (Kafr El Sheikh, Damietta and Alexandria)
are very vulnerable to SLR. Damietta already has no fresh groundwater, while Kafr El
Sheikh shows a severe reduction of fresh groundwater in the future in all scenarios.

Figure 4.7 shows the distribution of different groundwater types for selected
governorates in the current situation (2010) and in 2100 under Sc.2 (Extreme). The
Monofeya governorate has no saline or brackish groundwater, while the coastal
governorates, for example, Kafr El Sheikh and Damietta, contain mainly brackish and
saline groundwater.
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Figure 4.6. Block diagrams representing the fresh groundwater volume for different
scenarios in selected governorates
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Figure 4.7. Proportional distribution of the different groundwater types for selected
governorates in the current situation and under Sc.2

4.6 CONCLUSIONS AND RECOMMENDATIONS

This chapter presented an assessment of the impacts of SLR and groundwater extraction
on SWI in the NDA. Six scenarios of different combinations of SLR and groundwater
extraction from the NDA were proposed. The analysis was carried out using a 3D
variable-density groundwater flow model coupled with salt transport. The groundwater
salinity conditions were analysed by using the change in volume for the four
groundwater types in the whole ND and for each ND governorate separately. The results
clearly demonstrate that the effect of groundwater extraction is more severe than the
SLR. However, SLR is linked to CC, which is beyond the direct control of the Egyptian
government and imposes an extra burden on the groundwater system of the NDA,
especially when it is combined with excessive groundwater extraction. Salinization will
intensify in the future if adaptation and mitigation measures are not implemented.

It is recommended that groundwater extraction is banned in northern coastal
governorates that are very sensitive to SLR and groundwater extraction. No
groundwater extraction or investment in agriculture should be made in the coastal
governorates Ismailiya and Dagahleya due to their shortage in fresh groundwater. In the
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southern governorates, like Qalyobeya and Monofeya, the groundwater extraction of
fresh water can continue, as the results indicate that these governorates have only fresh
and light brackish water and do not have any brackish or saline water in all future
scenarios. Groundwater extraction can be allowed only in the southern parts of the
Sharkeya and El Buhaira governorates, because their northern parts are already in a
critical condition. Table 4.4 summarizes the recommended locations for future
groundwater extraction in different governorates of the ND.

Table 4.4. A Summary of the recommended groundwater extraction locations in the ND

governorates
Governorate Recommendation Reason
-Coastal governorates Ban groundwater -Limited or no fresh groundwater
Kafr El Sheikh extraction -Sensitive to SWI
Alexandria Search for alternatives
Damietta
Port Said
-Middle governorates Extraction in the -Fresh water is decreasing rapidly
El Buhaira southern region -Suffer from combined effects of
Gharbeya excessive groundwater extraction
Sharkeya and SLR
-Have the highest fresh water
volumes

Ismailiya No groundwater -A huge drop of fresh water volume
Dagahleya extraction between different scenarios

No investment in -SWI and extraction that intensify

agriculture that relies  the criticality of its small fresh

on groundwater water volume
-Southern governorates ~ Groundwater -Fresh water is decreasing slowly
Qalyobeya extraction is -Far from SWI
Monofeya recommended

For strategic planning of groundwater management in Egypt until 2100, it is
recommended that future groundwater extraction distribution is adjusted. The
vulnerability of governorates in terms of the available fresh groundwater volume (under
stress) should be taken into consideration when designing future water management
adaptation plans. Taking serious measures, such as closing illegal wells, implementing
full control of new authorization permits for groundwater extraction in the NDA and
giving strict fines for any violation of groundwater extraction regulations, will be
required to reduce the salinization problem. Additionally, future innovations and
technologies, such as wastewater reuse, crop management and desalinization, should be
actively pursued. Moreover, immediate initialization of development projects that could

&5



Conclusions and recommendations

protect groundwater salinization is needed, for instance, desalination and rain harvesting
projects in the northern coastal region.

Finally, it should be recognized that SWI is a long-term process which may led to the
future deterioration of fresh groundwater resources in the NDA, even beyond 2100. Sc.1
which runs until 2500 indicates that time alone can bring further SWI into the NDA. If
uncontrolled development of groundwater resources continues while control and
adaptation measures are not taken into account, this valuable fresh groundwater
resource will be impaired to an extent that negatively affects the overall socioeconomic
development of the country.
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Abstract

5.1 ABSTRACT

Nile Delta (ND) region is highly vulnerable to climate change (CC) impacts. Potential
impacts on groundwater salinization may be very significant, because of the associated
sea level rise (SLR). In combination with increased groundwater extraction, this may
put large pressures on the fresh groundwater resources available in the Nile Delta
Aquifer (NDA). This calls for an immediate planning of potential measures for dealing
with these negative impacts.

The main objective of this research is to analyse different adaptive measures to
groundwater salinization using a groundwater salinity model developed with the
SEAWAT code. The model has been developed for the whole NDA, but the analysis is
carried out for the Sharkeya governorate only.The research examines three adaptive
measures techniques to retard or prevent the impact of saltwater intrusion (SWI) in the
ND: well injection, brackish water extraction and changing of cropping patterns and
irrigation practices. The main criterion used for comparison between the different
adaptation measures is in terms of the overall freshwater availability Changing of
cropping patterns and irrigation practices to more water-saving options seems to be very
promising measure from a freshwater quantity point of view. However, the complexity
of the problem requires likely implementation of a combination of such measures, with
further analyses of appropriate locations for particular measures and agro-economic
considerations.

5.2 INTRODUCTION

CC is expected to continue to take place over the next century and to exacerbate
existing environmental problems in many countries [1]. In particular, coastal aquifers all
over the world are expected to suffer from the impacts of SLR as a consequence of CC.
However, it is important to recognize that impacts of SLR must be considered in
relation to impacts of development, e.g. excessive extraction of groundwater [2]. Most
coastal aquifers will be affected with groundwater salinization due to these combined
effects and the NDA in Egypt is no exception. A number of economically important
governorates in the ND, where most fertile land exits, will be exposed to these adverse
impacts [3].

Excessive extraction started in the NDA during the 1980-ies, while the illegal and
unplanned extraction increased intensively in the 1990-ies [4] stressing the scarcity and
salinization of this valuable resource. These persisting problems need a proper
adaptation management plan that could control and protect the NDA. That plan should
be well designed to sustain that valuable resource against salinization threats, before it
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becomes too late to take adaptation measures against future expected negative impacts
[2]. The sooner the adaptation activities begin, the lower the likely impacts.

Research on different CC adaptation measures for groundwater salinization has been
published worldwide. [5] used analytical solutions to assess the interface between
freshwater-seawater resulting from subsurface barrier partially embedded in a coastal
aquifer. It was found that subsurface barrier can be only applied in areas with limited
hydraulic gradients. [6] studied the impact of subsurface dams and found that they
prevent SWI and reduced the salinity already existing due to SWI in the coastal aquifer.
Well injection has attracted many researchers as it is considered a suitable adaptation
measure to reduce SWI. [7] studied the effectiveness of recharging wells. Despite the
negative drawbacks of this method related to the reduction in permeability in the
injected area due to well clogging, it has been practiced in different countries around the
world [8]. In 1985, [9] studied the freshwater-saltwater interface movement using
multiple recharging wells. However, his solutions cannot be applied at the toe or within
the saltwater wedge but only on the landward side of the interface. It was discovered
that at those positions the effect of recharging wells is minimal for reducing
groundwater salinization. [10, 11] used a series of injection wells on the freshwater-
saltwater interface using a sharp interface finite element model. This study proved that a
range of 60-90 percent of the prevention of SWI could be achieved depending on the
number and spacing between the injection wells. [12] used SUTRA for simulation of
SWI. They proved that injection wells method is a very effective adaptation measure.
Their simulations results proved that it reduces the extent of SWI and seepage
velocities. They declared that the system is closer to steady state conditions rather than
the no remedial action by using injection wells.[13] recommends land reclamation, thus
creating a foreland where a freshwater body may develop causing a delay to inflow of
saline groundwater.

In Egypt, [14] studied the socioeconomic impact of SLR in Alexandria and Port Said
governorates to assess the need and importance of adaptation. They concluded that the
NDA region is highly vulnerable to SWI. They highlighted that the impact on
agricultural resources is significant and the losses of cultural heritage cannot be
estimated and calls for immediate serious adaptation plan. [15] designed an adaptation
measure for the agricultural sector in the western region of the ND. Their study
concluded that traditional knowledge compatible with local development requirements
could be the gateway for using simple and low cost adaptation measures to meet local
conditions. They found that making inexpensive adjustment such as increasing the water
use efficiency of an agricultural system, appropriate soil drainage, land management
and crop alternatives use will lessen the potential negative salinization impact on
agriculture. [16] presented different mitigation methods for a strip of 15 km in the
northern coast of the ND. These mitigations include artificial recharge through injection
wells, impervious barriers, constrains on groundwater extraction and implementation of
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local monitoring network. They found that using injection wells will enhance the
salinity in the injection zone and that regarding the impervious barrier, it will not be
effective in long term simulations.

There is very limited research in the NDA dealing with adaptation to the increased
salinization threats using numerical analysis. The research on adaptation in Egypt
included only general recommendations without giving any concrete methodology. This
calls the need for analysis that can provide adaptation measures to prevent or reduce
groundwater salinization. Such analysis should be based on a reliable numerical model
that can simulate most likely future salinization scenarios. The model will allow testing
of different adaptation measures before salinization risks due to SLR and future
extraction become unmanageable.

In this research, we examine three different adaptation measures: well injection,
extraction and treatment of brackish water and changing of cropping patterns and
irrigation practices To carry out this analysis, a 3D variable-density groundwater flow
model was developed using the SEAWAT modeling system for the NDA [2]. The model
was developed to represent the groundwater salinity conditions in 2010. For this year,
most of the data required for reliable analysis were sufficiently available and a baseline
model was developed to represent the salinity distribution in the NDA as a reference
condition. The model was then used to simulate different future scenarios (till year
2100) consisting of combinations of SLR and increased groundwater extraction [17]. .
The developed model was carried out for the whole NDA, but here, the same model is
used to test the three proposed adaptation measures in one selected governorate —
Sharkeya. It is characterized with high agricultural activities and large range of salinity
concentration values in the aquifer. The results from the proposed adaptation measures
are compared in terms of fresh groundwater availability.

5.3 STUDY AREA

The study area is the Sharkeya governorate in the eastern ND region (Figure 5.1). It has
a population of about 6 million capita in an area of 4.18x10° km? [18]. It is considered
as the third governorate in the net return from crop production in Egypt; it has the
highest cultivated area in the ND and the highest water consumption rates [19]. The
groundwater extraction rate is 681.5 Mm?/year (the second highest governorate in the
ND).
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Figure 5.1. Study area chosen from the Nile Delta (Sharkeya governorate)

The Sharkeya governorate suffers from combined effects of excessive extraction and
SLR due to its location [2]. Figure 5.2 shows the salinity distribution in the last layer of
the aquifer. It is important as it shows that the Sharkeya governorate has a wide range of
salinity concentration distribution that ranges from 0.2 to 21 kg/m®. The northern part is
rarely cultivated because the groundwater has high salinity. As shown from Figure 5.2,
the extraction increases in 10th of Ramadan and EI Salhia cities.

We chose the Sharkeya governorate for several reasons: the large amount of different
types of hydro (geo) logical data to support our research of the groundwater system; the
economic agricultural value of that governorate and the critical salinization distribution
that reflects the urgency to adapt to (possibly even increasing) salinization risks [2].
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Figure 5.2. The salinity distribution in the last layer of the aquifer; the numbers indicate
the observation wells

5.4 METHODOLOGY

5.4.1 Numerical model

A 3D variable-density groundwater flow was developed for the NDA [2]. The model
was developed using large amount of different hydrogeological data gathered from
various sectors and research institutions within MWRI, and from the private sector. It
represents the salinity distribution in the NDA for year 2010.

In the vertical direction, the modelling domain was represented with 21 computational
layers for simulation of the flow and salt transport processes in vertical and horizontal
direction to show clearly the SWI and salinity variations under different conditions.
Each model layer was discretized with 100 rows and 150 columns. The total area of the
active cells covered by the model is about 35,000 km?. The grid element size is
approximately 2 km by 2 km covering the whole modeled area.

The top layer represents the Holocene clay layer. This layer is followed by 19
computational layers that represent the Pleistocene aquifer. The last computational layer
represents the Pliocene Formation that underlays the Pleistocene aquifer. This last
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computational layer is needed to represent the dissolution impact of some salts and
minerals from the underlying Pliocene Formation [20].

The horizontal hydraulic conductivity of the first modeling layer is specified as 0.25
m/day. For the next 19 modeling layers, the horizontal hydraulic conductivity values
vary from 15 to 150 m/day. The anisotropy of hydraulic conductivity is considered to be
10% [8]. The effective porosity varies from 12% to 28% in the Pleistocene while it is
specified as 40% in the Holocene layer. The main source of recharge in the NDA is the
excess irrigation water as the rain water is almost neglected. The recharge rate ranges
from 0.25 to 1.8 mm/day. This spatially varying recharge, water levels and salinity
concentrations in the main irrigation canals, was specified to the model to ensure proper
characterization of the groundwater entering the modeling domain.

The majority of the canals have a maximum salinity of 0.3 kg/m® but in some locations,
the salinity concentration reaches 0.65 kg/m® towards the Mediterranean Sea. The
RMSE is 0.2 kg/m®. The absolute difference and the standard deviation between the
simulated and the observed concentration of the salinity in the ND were calculated to be
0.14 kg/m® and 0.11 kg/m>, respectively. These values are quite small, so the developed
model is considered to be sufficiently reliable for future analyses. For further details on
the model development and its verification, see [2]. Since the ND model used contains
a rich data set for all hydraulic parameters, it is suitable for more detailed analysis on
different ND governorates.

5.4.2 Adaptation method proposed

In this research, the SEAWAT code was used to study groundwater flow and different
groundwater salinity concentrations in the Sharkeya governorate. Three adaptation
measures are suggested to delay or prevent the impact of SWI in the NDA: well
injection, brackish extraction and changing of cropping patterns and irrigation practices.

The adaptation measures proposed are based on the most likely moderate future
scenario. This scenario assumed an increase in the extraction rate to reach 8 x10°
m?/year and SLR of 1 m. The values assumed for the SLR and groundwater extraction
rates are based on [1] and the Egyptian National Plan, respectively. With the most likely
future moderate scenario considered the current available fresh water volume in the
Sharkeya governorate of 322x10° m? in 2010 will be decreased to 295x10° m® in 2100,
which indicates a loss of fresh groundwater volume in the aquifer of about 27x10° m?
after 90 years. The three adaptation measures are then assumed to be implemented
during the same period and the lost /gained fresh groundwater volumes are reported.

The main points of comparison between the different adaptation measures are in terms
of the available amount of freshwater in the aquifer, gain/loss in available freshwater,
and additional freshwater outside the aquifer (which may be obtained with some of the
adaptation measures). Salinity concentration (before and after adaptation measure)
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applied in the model is obtained, from which the fresh groundwater availability is
assessed (with salinity concentration 0—1 kg/m?). Advantages and disadvantages of each
method are then discussed for initial comparison of the proposed measures. The
economic feasibility of each adaptation measure should be further investigated in light
of the benefits gained in reducing the SWIL.

The required water for the proposed adaptation methods could be available through two
methods:

1 Well injection

Well injection is a very popular adaptation measure that could mitigate or minimize
SWI in coastal aquifers [13, 21, 22]. Use of tertiary treated water as a source for
artificial recharge has been practiced in several countries, such as the USA, Australia,
the Netherlands and other European countries [23, 24, 25, 26]. It is increasingly being
considered in other countries facing water scarcity, such as those from the Middle East
and the MENA region [27, 28]. The main target of proposing this adaptation measure is
to create a hydraulic barrier by raising the piezometric head of the NDA, which will
prevent the SWI. In this research, we carried out numerical simulations to determine the
effect of application of this measure.

One of the important considerations when using injection wells for aquifer recharge are
wells' number and spatial distribution, because they influence the effectiveness of the
measure. Most effective results are achieved when the injection takes place in the fresh
groundwater body, close to the interface with brackish groundwater, but many different
injection wells configurations still need to be tested on actual implementation sites. This
is a problem that can be addressed by coupled simulation-optimization approach, in
which groundwater models are coupled with optimization algorithms for determining
optimal management strategies [29].

In this analysis, different schemes of injection rates and distribution schemes of the
wells were tested and evaluated with the model. After several trials, the most promising
scheme for salinity concentration adaptation and hydraulic head was by proposing of 66
wells at a distance of 2 km between the wells. The depth of the wells is about 300 m.
The injection rate is 2000 m>/day for a period of 90 years. The total injected recharge
through the whole scheme is around 50x10° m3/year which represents about 60% of the
available tertiary treated wastewater (Figure 5.4).

The amount of the overall collected sewage in the Sharkeya governorate is estimated at
148x10° m3/year. The treated tertiary sewage water is 81x10° m?/year [16]. There are 29
plants for production of treated sewage water that are distributed all over the
governorate (Figure, 5.3). The overall cost for the production of 1 m® of treated tertiary
sewage water is around 2-3 EGP (equal approximately to 10-15 cent in 2020) [18]. The
treated sewage water cannot be used directly in agriculture due to the environmental
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regulations and laws of the Ministry of Environment in Egypt [Law no 4, 1994] and the
parliament decision [Decree no 603, 2002]. Consequently, huge amount of treated water
could be reused and injected by wells into the NDA.
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Figure 5.3. The distribution scheme of the injection wells in the Sharkeya govenerate
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Figure 5.4. The sewage treatment plants in the Sharkeya
2 Extraction of brackish water

Desalination became very common lately in Egypt. It is considered as a viable option in
water scarce regions. The main target of proposing this adaptation measure is to benefit
from the brackish water and transfer it to a freshwater resource. The choice of extraction
of brackish water rather than saline water from the NDA is to minimize the cost of
desalination and environmental implications. Moreover, the effluent of the desalination
unit can be safely released into the sea, as the residual water salinity will be almost with
the same range of the Mediterranean Sea. So, this approach requires less energy and it is
more beneficial with respect to disposal of the treatment effluent - the brine. Usage of
pumped and treated brackish water has already been implemented nowadays in Egypt
with reasonable cost, but large extraction of brackish groundwater from coastal aquifers
has not been practiced [30].

As long as the extracted groundwater has concentration below 17.5 kg/m?, (50% of the
salinity of seawater), desalination treatment can produce fresh water quantities, which
are about 50% of the brackish water inflow, with brine concentration below 30 kg/m?,
which can safely be discharged into the sea without affecting the marine environment.
The main gain of this measure is the extracted groundwater, which can directly be used
after desalination treatment.
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For the case of the Sharkeya governorate, several trials were performed. One option was
selected to be presented here with 274 extraction wells located at different depths in the
brackish zone, with extraction of 2000 m?/day each, pumping a total of about 200x10°
m?/year of brackish groundwater, or about 18x10° m® in the considered period of 90
years (Figure, 5.5). Assuming 50% efficiency after desalination treatment, this would
result in about 9x10° m? additional fresh water available over the same period.

A desalination unit could be built in the Sharkeya governorate. The main objective of
the desalination plant is to desalinate brackish water not saline water. This will lessen
the overall cost and the negative environmental impacts of production of concentrated
brine from desalination of saline water. The output salinity concentration of the effluent
after desalination process will be less in case of using brackish water. The overall cost
including maintenance per 1 m® of desalinated water in Egypt is 4-6 EGP (equal
approximately 20-30 cent in 2020) using vapour compression method. Evaluation of
desalination and water transport costs is available in [31].

Changing of cropping patterns and irrigation practices

Cultivating crops with low irrigation requirements and more efficient irrigation practice
could be a good adaptation measure. Such measure has been promoted and implemented
in many water scarce regions [32]. It can be a cost-effective measure with large savings
of fresh water, but it is associated with changing farming practices that have to be
carried out over long periods. Combining incentives for farmers with effective
education and training programs is required to realize the required changing of cropping
patterns and irrigation practices [33]. This measure can result in usage of smaller
amounts of water for irrigation, which will have consequently impact groundwater
availability in the NDA (change of extraction and recharge). The assumption is that the
increase in irrigation efficiency translates to real water savings, and additional water
resources are not use for alternative uses (e.g., increase of irrigated area, increase of
cropping density, non-agricultural uses etc.). Shifting to maize cultivation with lower
water requirments instead of rice could reduce water for irrigation by 50% [34].
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Figure 5.5. The distribution scheme of the extraction wells in the Sharkeya

For the Sharkeya governorate, this adaptation measure was tested by reducing the
recharge by 50%, as consequence of implementing this measure, and simultaneous
reduction of groundwater extraction from existing wells by 50%. This approach is very
difficult to apply as it requires strict monitoring of the farmers and introduction of a
concrete agricultural plan that the farmers follow. An intensive cooperation between
(local) authorities and water users is essential to control the extraction. Beside
investment in infrasture, educating, training, informing the water users and participation
of water users in regular decisions could be very effective in achieving lower water use.
In addition, groundwater extraction could be restricted through a system of permits.

5.5 RESULTS AND DISCUSSIONS

5.5.1 Injection wells

The application of injection wells indicates that there is a marked increase in fresh
groundwater volume. The hydraulic head around the wells has increased. It should be
noted that the aquifer gains about 8.5 x10° m* with this measure (Table 5.1). This
increase is attributed to the fact that the increased volumes of fresh groundwater in the
aquifer push the brackish and saline groundwater out and does not allow as much
intrusion as would be occurring without that measure. Of course, if that available
groundwater is further used for additional extraction these conditions would also
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change. One of the key issues in getting such results is the continuous maintenance and
strict control to ensure sustainability over long time. Figure 5.6 shows the difference
between the situation in 2100 with and without the adaptation measure (well injection)
and the hydraulic head in both cases.

The use of the well injection measure to control SWI is an expensive measure with high
operation and maintenance costs. Some disadvantages have also been reported including
well clogging that causes a reduction of permeability around the well [8]. A serious
investment in understanding the system is required (much better characterization of the
geological conditions, estimation of the fresh-brackish-saline distribution), while an
intensive, monitoring is required too.

Despite these drawbacks, this adaptation measure is considered to be a viable solution
and has long been practiced worldwide (especially in Israel) to control SWI. This
adaptation measure is feasible due to the availability of external water resources. The
increase of freshwater and light brackish water keeps injection wells as a promising
solution.
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5.5.2 Extraction of brackish water

Regarding the extraction of brackish water adaptation measure, the results show that the
brackish water zone has been reduced intensively due to groundwater extraction as
depicted in Figure 5.7. However, it provides additional 9x10° m® after desalination,
which is ready for usage (Table 5.1).

The readily available water for use from the desalination plants and the fact that no
extra water is required are the advantages of this measure. However, it is also a measure
that requires investment in desalination plants and distribution network and an
appropriate continuous monitoring network of the aquifer conditions to check the status
of water type (brackishness within certain limits). Furthermore, additional analyses are
certainly required regarding spatial spreading of saline groundwater and the general
depletion of the NDA. Monitoring groundwater quality on a regular continuous basis is
important. A network of observation wells around the brackish extraction well groups
should be carried out and groundwater samples analysed. These well groups should be
located at different depths and at such a distance that in case of salinization the progress
of the saline water can be detected in appropriate time. In deeper layers where saline
water is present, observation wells will also be required, below the extraction wells, and
deep enough to detect early upconing.

5.5.3 Changing of cropping patterns and irrigation practices

For the third adaptation measure, according to Figure 5.8, the decrease in the recharge
rate does not bring significant changes inside the aquifer in terms of available fresh
groundwater in 2100 (gain of about 0.5x10° m*) compared to the most likely scenario.
Simultaneous changes in both recharge and extraction may lead to limited changes
inside the aquifer in terms of fresh/brackish/saline groundwater distribution, but the
overall savings in terms of fresh groundwater can be quite significant. However, the
amounts of water saved under the assumptions of 50% reduction of irrigation water and
consequent recharge, in combination with 50% reduction of groundwater extraction
from the wells for irrigation, are quite significant over the same period of 90 years.
Therefore, considering these savings, it seems that this adaptation measure may be
promising. Note that these savings in fact do not include additional reductions in intakes
of surface water for irrigation.

However, as mentioned earlier, implementation of this measure on large scale (here
assumed to take place across the whole governorate) is a challenging process that may
take a long period. It should also be noted that the water quality of the desalinized water
in the extraction of brackish water adaptation measure is higher than the irrigation
water. These considerations, together with other implementation-related aspects need to
be taken into account for the final overall choices regarding best adaptation measures.
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These initial results demonstrate that with the considered adaptation measures, the
conditions of the NDA in the Sharkeya governorate can be improved. Further analyses
need to take into account combination of measures and more detailed (agro-economic)
analyses of the suitability of different locations for implementing different measures.
These further analyses can be performed with the developed model (possibly using a
finer grid resolution locally to better reproduce saline groundwater upconing processes).

Table 5.1 shows the comparison among the three proposed adaptation measures for the
likely future scenario with respect to the available water the NDA, the loss/gain of
freshwater in the aquifer and the additional freshwater available over a period of 90
years. These results indicate that in terms of fresh groundwater inside the aquifer the
best results are found with well injection adaptation measure, followed brackish water
extraction and changing of cropping patterns and irrigation practices. However,
changing of cropping patterns and irrigation practices gives the highest gain in total
available freshwater.
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Figure 5.7. a: Cross section A-B without adaptation measure. b: Cross section A-B in case of
extraction of brackish in 2100(the vertical scale 1cm:400m)
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Table 5.1. Comparative results for the three proposed adaptation measures in case of the

Sharkeya governorate

Current Mostlikely  Well Brackish Changing
Parameters / conditions  scenario injection groundvsfater cropping
conditions assessed 2100 extraction patterns &
2010 2] 2100 2100 irrigation
practices
2100
Available fresh
water in the
aquifer in  the
. . 9 322 295 303.5 296 295.5
given year in 10
m3
Loss/gain of
freshwater in the
aquifer in 10° m’ 0 -27 -18.5 -26 -26.5
Additional
freshwater
available over
period of 90 years i i i ? 10.5
(2010-2100)
Total loss of
freshwater (2010 - -27 -18.5 -17 -16
2100)
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Figure 5.8.a: Cross section A-B without adaptation measure b: Cross section A-B in case of

changing of cropping patterns and irrigation practices in 2100 (the vertical scale 1cm:400m)
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5.6 CONCLUSIONS AND RECOMMENDATIONS

SLR and severe groundwater extractions are very likely to cause significantly increasing
salinization impacts in the NDA. To assess current and future conditions of the NDA, a
3D regional variable-density groundwater flow model was developed using the
computer code SEAWAT. The representative model for year 2010 was used as a
predictive tool for assessing future fresh groundwater resources under SLR and
extraction scenarios. The Sharkeya governorate was chosen as a case study and three
adaptations measures were proposed. The possible measures include injection wells,
extraction of brackish water, and changing of cropping patterns and irrigation practices.
The results of testing the three potential adaptation measures were presented. From
freshwater quantity point of view, changing of cropping patterns and irrigation practices
could to be a promising measure. However, the complexity of the problem requires
likelythe implementation of a combination of different measures, accompanied with
detailed analyses of best locations for particular measures and agro-economic
considerations.

Most of the adaptation measures appear to be expensive and need strict monitoring.
However, the value of mitigating the salinization hazard in the NDA before it is too late
is invaluable. Besides technical adaptation measures, an intensive cooperation between
governmental authorities and water users in the Sharkeya governorate is necessary to
control groundwater extraction. Involving stakeholders in decision-making could be
effective in managing water use. Minimizing agricultural activities, shifting to other
governorates, a system of fines for violation of extraction caps and using salt tolerant
crops could lessen groundwater extraction [22]. As agriculture is the main water-
consuming sector, shifting to industrial or service sectore activities as alternatives would
also decrease the pressure on water resources.
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Conclusions and recommendations

Water scarcity is one of the main challenges that Egypt faces. Population growth and
unfulfilled development requirements intensify the extraction of groundwater to meet
the deficiency in fresh surface water. On the other hand, SWI is a significant threat to
coastal aquifers e.g. NDA. In recent years, groundwater quality in the ND shows an
increase in salinity concentrations that exceeds acceptable limits. This degradation in
groundwater quality is attributed to SWI and extensive extraction in the NDA causing a
serious limitation to the utilization of that valuable resource and imposing critical
challenges on agricultural sector. Nevertheless, the ND is considered the most fertile
land in Egypt. These conditions stress the need to understand and analyze the
hydrological conditions and their impact on groundwater behavior in the NDA.

This research contributes to clear understanding of the current situation of the NDA
based on updated reliable data on groundwater salinization and concrete knowledge of
the hydrological, hydrogeological, geological and hydrochemical characteristics of the
NDA, which will enable the decision makers to manage this valuable but vulnerable
resource properly.

A 3D model simulating regional variable density groundwater flow was carried out,
using the SEAWAT code to assess the current situation of groundwater salinization in
the NDA and develop future adaptation strategies. A method for the identification of the
most representative model has been used, based on testing different simulation periods
during which the NDA has ‘evolved’ from completely fresh groundwater conditions to
conditions representative for the year 2010, for which most data on salty groundwater
conditions were available.

This model was then applied to test the NDA conditions under several pre-defined
scenarios of SLR and groundwater extraction. This analysis indicates that impacts from
further extractions of groundwater on fresh groundwater availability in the NDA are
more significant compared to those from SLR.

Three different adaptation measures and their impacts in the Sharkeya governorate were
initially tested, indicating that changing of cropping patterns and irrigation practices to
water saving options seems to be a promising measure; in terms of the quantity of fresh
water, when compared to artificial recharge of the aquifer with injection wells or
extraction and usage of brackish groundwater after desalination treatment.

In the following, the posed research questions in the beginning of this thesis (Chapter 1)
are addressed based on the findings from this research.
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1 What is the current knowledge regarding groundwater salinization in the
study area, and where are the knowledge gaps?

As we have seen in chapter 2, CC and its impacts on the NDA were the subject of many
comprehensive studies for the past 30 years. Recent years have brought scientific
evidence that SLR and excessive extraction are affecting the quality of the groundwater
in the NDA. Many researchers have studied these impacts from different perspectives
and confirmed that significant groundwater salinization has affected the NDA and that it
will rapidly become worse in the future.

Serious negative socioeconomic impacts can follow as a consequence. This situation
prompts for the studying and analyzing of the problem thoroughly and identifying
flexible adaptation measures that can not only mitigate the negative effects of CC, but
also lead to capacity development for coping with uncertain future changes.

Previous research shows that there is a gap in the studies that focus on sustainable
groundwater resources development and environmentally sound protection as an
integrated regional plan in the ND. The reason that prevents scientists from advancing
research in the ND is the lack of data of sufficient quality. Having a complete set of data
series 1is especially problematic in Egypt.

For the NDA, most research on quantifying variable-density groundwater flow
processes have been carried out using 2D models, which cannot capture the full
dynamics of the fresh groundwater-SWI. The majority of reported modeling studies
were of local nature, implemented in specific regions to analyze the problems of a
particular zone and interpret the results in terms of impacts caused by local causes.
However, NDA should be integrated together in order to identify their relations and
influences. Recently, some studies have shown the applicability of variable-density
groundwater flow modeling as a useful instrument. However, there is still a need to
develop a reliable regional 3D model that can serve as a tool for analyzing future
scenarios and potential adaptation measures, which the approach was taken in this
research.

Moreover, although there is extensive extraction in the ND, little is known in the
combined influences of SLR and development-related groundwater extractions. Special
emphasis should be put on research dealing with critical conditions/combinations of
SLR and groundwater extractions. In addition, few researchers have addressed
identification of hotspots for salinization hazards in groundwater for some regions of the
ND using modeling results. Existing CC scenarios could be used to formulate the
possible future SLR and hydrological conditions, while development plans within Egypt
could offer information for estimating future levels and spatial distribution of
groundwater extractions.
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Regarding adaptation and mitigation measures, the analysis of previous studies shows
that very limited number of studies addressed these issues. There is also a need for that
type of research linking numerical modeling results with socioeconomic constraints in
an integrated approach.

2  What is the current situation of salinization in the Nile Delta and its
governorates? What are the recommended locations for extraction from the
current perspective (2010)?

A fully 3D variable-density groundwater flow model to simulate the current situation of
salinization in the NDA as discussed in chapter 3 was developed to answer this research
question. The model has been developed using a large data set available from different
private and public organizations in Egypt.

An innovative procedure is performed. It starts from completely fresh ground water in
the NDA and sets up several different simulations periods to obtain the best salinity
concentration distribution that represents the year of 2010. After the simulation, the 3D
fresh-saline distribution that best fits the observed salinity data is chosen. The
developed 3D model represents the salinity distribution in the NDA well. The results
clearly demonstrate that salinization patterns are extensively invading the groundwater
resources of the NDA. The comparison between numerous spatially varying
groundwater salinity concentrations observed and modeled results shows that the model
is capable of representing the current salinity distribution in the NDA, taking the year
2010 as the reference year. Therefore, we believe that the model is as reliable as
possible given data constraints, and it can be used with confidence for future
predictions.

Regarding the results obtained at the end of the simulation period, which represent the
situation in the year 2010, the saline groundwater has spread in the north and
northeastern more widely than in the northwestern, possibly because of the presence of
a geological formation with higher hydraulic conductivities. The salinity concentration
varies from higher than 30 kg/m® to 10 kg/m® in the north. The groundwater in the
southern and middle regions is virtually fresh, being far distant from SWI introduced at
the Mediterranean Sea boundary. The salinity concentration in the southern region is
very low, with values of less than 0.05 kg/m®. The total volume of groundwater in the
NDA up to the hydrogeological base was estimated to be approximately 4050x10° m>.

The thesis discusses in detail the recommended locations in the ND for future extraction
activities. The results show that the middle part of the Delta is less vulnerable to SWI
than its fringes. Therefore, the government should prohibit extraction at both sides of
the ND (eastern and western). The model results indicate that specific regions in the east
(Sharkeya governorate) and southwest (El-Buhaira governorate) are likely to suffer
from salinization due to both natural (geological) reasons, dissolution of marine deposits
and man-made (excessive extraction of groundwater). Both governorates have great
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agricultural and economic value in Egypt, especially in the export of commodities.
Further studies on the fresh water needs and methods of extraction in these governorates
might impact both conservation efforts and economic development planning with a
view to conservation of the fresh groundwater resources in the NDA.

3 What is the impact of saltwater intrusion under the various proposed future
scenarios of climate change (sea level rise) and development (groundwater
extraction) in the whole Nile Delta aquifer?

The usage of the developed model has been demonstrated by developing a set of six
possible future scenarios considering further increase of groundwater extraction in the
NDA and possible SLR in the Mediterranean Sea due to climate change. The
groundwater salinity conditions were analysed by using the change in volume for the
four-groundwater types in the whole ND and for each ND governorate separately. The
total volume of groundwater in the NDA up to the hydrogeological base was estimated
to be approximately 4050x10° m?

The first scenario runs until 2500 with no SLR or extra extraction. It shows that time
alone can bring further SWI into the NDA. For scenarios 2 to 6, the models were run up
until 2100 with different SLR rates and/or groundwater extraction rates. The results
show that the in scenario 2, fresh water volume decreased significantly by 18.7% in 90
years, while the saline groundwater volume gain by approximately 12%. These values
are the highest among scenarios 2 to 6, because Sc.2 shows the combined extreme effect
of SLR and groundwater extraction rate. Sc. 3 (moderate) shows modest values for
freshwater volume loss (—13.3%) and saline groundwater gain (+5.7%). Under very
optimistic conditions, Sc.4 (Restrictive) has a small saline groundwater volume increase
(+2.2%). The fresh groundwater loss (—7.7%) is the lowest among all other scenarios.
To achieve this scenario conditions, very rigid control of groundwater extraction is
necessary. In Sc.5 (high extraction), the freshwater volume decreases by about 15.5%.
That decrease is the second in severity after Sc.2 (extreme) with approximately 18.7%.
A decline in freshwater in Sc.6 (high SLR) reaches about 11%. This value is less than
that in Sc.5 confirming that SLR has a smaller effect on the groundwater volumes in the
whole NDA compared to groundwater extraction.

This thesis indicates that impacts from further extraction of groundwater on fresh
groundwater availability in the aquifer are more significant compared to those from
SLR. The thesis highlights that if uncontrolled development of groundwater resources
continues while adaptation measures are not implemented, this valuable fresh
groundwater resource will be impaired to an extent that negatively affects the overall
socioeconomic development of the country. Therefore, management of groundwater in
the ND and adaptation measures to salinization threats should become one of the top
priorities in the Egyptian water agenda.

119



Conclusions and recommendations

4 What are the best locations and the vulnerable ones for groundwater
extraction in the Nile Delta governorates in a long-term perspective?

Scenario analysis per governorate that was discussed in chapter 4 answers this question.
The most suitable locations for extraction in terms of salinity and permissible drawdown
limits are the in middle regions of the NDA, as the aquifer is almost in steady conditions
with no significant change under different proposed scenarios.

Coastal governorates (Kafr El Sheikh, Damietta and Alexandria) are very vulnerable to
SLR. Damietta already has no fresh groundwater, while Kafr El Sheikh shows a severe
reduction of fresh groundwater in all the future scenarios. It is recommended that
groundwater extraction is banned in the northern coastal governorates that are very
sensitive to SLR and groundwater extraction. No groundwater extraction or investment
in agriculture should be made in the coastal governorates due to their shortage in fresh
groundwater.

The fresh groundwater volume decreases at a lower rate in the southern governorates, as
Qalyobeya compared to the coastal governorates. Under the Long Run scenario (2500),
Qalyobeya governorate fresh groundwater volume will decrease from 66 to 51x10° m?
compared to Kafr el Sheikh fresh groundwater volume that will be diminished.

Meanwhile, the fresh groundwater volume decreases at a high rate in the Sharkeya
governorate which suffers from the combined effect of excessive groundwater
extraction and SLR. The ground water volume under the Long Run scenario will
intensively decrease from 318 to 210x10° m®. The analysis of the spatial distribution of
salinity indicates that in this governorate, the northern parts are already in a critical
condition, while some continued groundwater extraction can still be allowed in the
southern parts. Ismailiya governorate shows a significant drop of the (relatively small)
fresh groundwater volume in all different scenarios. The groundwater volume under the
Long Run scenario is predicted to decrease from 31 to 8 x10° m®.

In the southern governorates, like Qalyobeya and Monofeya, the groundwater extraction
of fresh water can continue, as the results indicate that these governorates have only
fresh and light brackish water and do not have any brackish or saline water in all future
scenarios. Groundwater extraction can be allowed only in the southern parts of the
Sharkeya and El Buhaira governorates, because their northern parts are already in a
critical condition.

For strategic planning of groundwater management in Egypt until 2100, it is
recommended that future groundwater extraction distribution is adjusted. The
vulnerability of governorates in terms of the available fresh groundwater volume (under
stress) should be taken into consideration when designing future water management
adaptation measures.
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5 What are the proposed adaptation measures that minimize the loss of fresh
groundwater due to saltwater intrusion, and what are their limitations?

The thesis proposes three adaptation measures: well injection, extraction of brackish
water and changing of cropping patterns and irrigation practices, which were tested with
the model in the Sharkeya governorates as a study case.

The increase of freshwater and light brackish water keeps injection wells as a promising
solution. The aquifer gains about 8.5x10° m? with this measure. One of the key issues in
getting such results is the continuous maintenance and strict control to ensure
sustainability over time. One of the advantages of this measure is that this practice has
been implemented worldwide to control SWI.

For the second adaptation measure; extraction of brackish water, the loss of fresh
groundwater in the aquifer is 26x10° m® instead of 27x10° m® without adaptation.
However, it provides an additional 9x10° m® after desalination, which has a very high
quality and does not have to be treated. The water from the desalination plants is readily
available for use and the fact no extra water would be required are the advantages of this
measure. However, it requires investment in desalination plants and a continuous
monitoring of the aquifer conditions.

For the third adaptation measure, the decrease in the recharge rate does not bring
significant changes inside the aquifer in terms of available fresh groundwater in 2100
(gain of about 0.5x10° m*) compared to the most likely scenario. However, the amounts
of water saved under the assumptions of 50% reduction of irrigation water and
consequent recharge, in combination with assumed 50% reduction of groundwater
extraction from the wells for irrigation, are quite significant over the same period of 90
years. Therefore, considering these predicted savings, it seems that this adaptation
measure may be the most promising measure from a fresh water quantity point of
view, when compared to the other two adaptation measures.

However, as mentioned earlier, implementation of this measure on a large scale (here
assumed to take place across the whole governorate) is a challenging process that may
take a long time and require investments (more efficient irrigation technology) and
capacity building. It should also be noted, that the water quality of the desalinized water
in the extraction of brackish water adaptation measure is higher than the irrigation
water.

The complexity of the problem likely requires the implementation of a combination of
such measures, with further analyses of appropriate locations for particular measure,
including agro-economic and social considerations.
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Concluding remarks and general recommendation

In conclusion, the developed model can serve as a useful tool for further studies within
the water-food nexus configuration in the ND. It could serve as a tool for assessing
areas of the groundwater system vulnerable to salinization due to combined stresses,
such as increased groundwater extraction and SLR. It can be used to track the
movement of fresh, brackish and saline groundwater in the NDA, and for testing future
adaptation measures for the NDA. It could also be used and tested in aquifer systems in
various deltas around the world where groundwater resources are deteriorating due to
SWI. In spite of differences in geometry and their hydrological data, most deltaic areas
face similar development and climate stresses. Such significant use of the model,
however, critically depends on data availability.

This thesis recommends further research and analysis for various model applications in
different governorates of the ND (small scale) to study the impact of extraction on the
depletion of groundwater resources accompanied by a detailed adaptation plan for
groundwater salinization for each governorate. It should be noted, that socioeconomic
studies for the impact of SLR in the ND are lacking although they are considered very
important.
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