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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 in the coastal Nile Delta Aquifer (NDA) is
also threatening the groundwater resources. The aim of this article 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 on climate change (IPCC), the scenarios
are used to assess the impact of groundwater extraction versus SLR on the seawater intrusion in the
Delta 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.

Keywords: saltwater intrusion; sea level rise; Nile Delta aquifer; fresh groundwater volume;
extraction; Nile Delta governorates

1. Introduction

The Nile Delta in Egypt, along with its fringes, covers an area of approximately 30,000 km? [1].
It is occupied by the most populated governorates in Egypt. About 60% of Egypt’s population lives in
the Nile Delta region. Agriculture activities are predominant in the region due to the nature of the soil
and the presence of an irrigation system [2]. The Nile Delta aquifer (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
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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 Reference [7]. In coastal aquifers, such as the
NDA, the salinity in groundwater is influenced by human interventions through excessive groundwater
extraction, while saltwater intrusion (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 modelling 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 climate change 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
climate change 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
two-dimensional FEFLOW model [16]. This modelling study used many assumptions due to a lack of
available data. A 3D modelling approach was used by [17] to identify the effect of the increasing SLR,
decreasing surface water level and increasing groundwater extraction on SWIin 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 Nile Delta using 3D modelling to predict future scenarios of SWI has been quite
limited. This approach is used in the current article 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 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 Nile Delta governorate
(administrative regions in Egypt), according to their location in the Nile Delta. 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 modelling 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
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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 Nile Delta 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 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
Nile Delta governorates, which can be considered in future plans for the overall development of
groundwater resources in the area.

2. Study Area

The study area is the Nile Delta in the Northern part of Egypt (Figure 1). It is the most fertile
region in Egypt and is surrounded by highly arid desert. The Nile Delta 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 x 103 km?. In the west, it is bounded by the Alexandria governorate and in the east,
by Port Said. The Nile Delta contains 11 governorates that have economic, cultural and agricultural
importance to Egypt. The locations and the names of the Nile Delta governorates are presented in
Figure 1.
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Figure 1. The study area of the Nile Delta.

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 delta fringes in the South. The Pleistocene is the main
aquifer of the Nile Delta [22]. Its thickness varies from 200 in the south to 1000 m in the north. It is
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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].

3. Method

3.1. 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 the Egyptian Ministry of Water Resources and
Irrigation (MWRI).

The model domain is discretized using 100 rows and 150 columns horizontally (grid cell sizes
2 x 2 km?) and 21 modelling 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) modelling layer of the 21 layers represents
the impermeable Pliocene, which underlays the Pleistocene aquifer. This last modelling layer of the
21 layers also contains salinity sources arising from the dissolution of marine deposits present in the
Pliocene [23]. The first (shallowest) modelling layer of the 21 layers represents the Holocene layer
which is specified as having a constant horizontal hydraulic conductivity of 0.25 m/day. For the
next 19 modelling 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 modelling 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 4.9 x 10° m3/year [4]. The wells are distributed according to their depth in the corresponding
modelling 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 Nile Delta 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 Reference [18].

3.2. 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 risen 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
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growth, as presented in Figure 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].
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Figure 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]).

It is expected that climate change will substantially raise the sea level. The Intergovernmental
Panel on Climate Change [19] emphasized the potential significance of SLR and predicted the
global mean 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
article 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
12 x 10° m3/year of groundwater extraction in 2100 (Table 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 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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Table 1. Future scenarios for sea-level rise (SLR) and groundwater extraction.

Scenario (Sc.) SLR (m)  Extraction (10° m3/Year) Time (Year)
Reference 0 49 2010
Sc.1 Long run 0 49 2500
Sc.2 Extreme 15 12 2100
Sc.3 Moderate 1 8 2100
Sc.4 Restrictive 0 49 2100
Sc.5 High ext. 0 12 2100
Sc.6 High SLR 1.5 49 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 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 MWRI in 2100, the government
will have moderate investments in reclamation projects. The groundwater extraction will be
8 x 10° 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 ext.), 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 12 x 10° m3/year by 2100.
This scenario was selected to examine the impact of groundwater extraction alone, so the assumed
SLRis 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 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.
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4. Results and Discussion

4.1. The Whole Nile Delta

The total volume of groundwater in NDA up to the hydrogeological base was estimated to be
approximately 4050 x 10° m> covering an area of approximately 30 x 10> km?2. This agrees with
Reference [15] who estimated the groundwater volume of NDA to be around 3600 x 10° m® but
with a smaller modelled area (24 x 103 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?3,
light brackish has 1-5 kg/m?3, brackish has 5-30 kg/m? and saline water has salinity greater than
30 kg/m3. Figure 3 shows the different proportions of the groundwater types in 2010, together with
their spatial distribution within the Delta. Fresh water accounts for 37%, light brackish 10%, brackish
21% and saline water 32%. The volume of total available fresh water is approximately 1290 x 10° m3
and the volume of light brackish water is about 421 x 10° m>. Table 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.

tom) L

CONC: 1 530

kom) I

CONC: 1 530

kg [
CONC: 1 530

Figure 3. Spatial distribution of different groundwater types in the Nile Delta in 2010 (Concentration
in kg/ m3).

It is clear from Table 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
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groundwater salinization. There are a number of adaptation strategies that could be applied in the Nile
Delta [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.

Table 2. Groundwater volume in x10° m® in the Nile Delta aquifer (NDA) for the four
groundwater types.

Groundwater Current Sc.1 Sc.2 Sc.3 Sc.4 Sc.5 Sc.6
Types 2010 2500 2100 2100 2100 2100 2100
kg/m3 Reference = Long Run Extreme Moderate  Restrictive High Ext.  High SLR

Fresh water 1290 893 1049 1119 1190 1090 1147
0-1 —31% —18.7% —13.3% —7.7% —15.5% —11.1%

Light brackish 1 436 434 432 431 433 432
1-5 +3.6% +3% +2.7% +2.4% +2.9% +2.8%

Brackish 829 1051 900 888 886 894 890
5-30 +26.8% +8.5% +7.1% +6.9% +7.9% +7.4%

Saline water 1513 1734 1691 1600 1548 1631 1611

>30 +14.6% +11.7% +5.7% +2.2% +7.7% +6.4%

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 combination with water saving and planting of crops that
are more resistant to salt. Figure 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 ext.), 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 5 and 6
below, indicating that the largest part of the decrease in volume comes from groundwater extraction,
not SLR.

Table 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 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 ext.) and Sc.6 (SLR).
The scenarios have the same ordering with respect to the size of the dispersion zone.
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Figure 4. The percent of change of groundwater types in different scenarios, with respect to the 2010
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Figure 5. Cross-sections in the middle of the Nile Delta with different salinity distributions in different

scenarios in the year 2100.
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Figure 6. Block diagrams representing the fresh groundwater volume for different scenarios in
selected governorates.

4.2. The Nile Delta Governorates

As stated in the study area section, the Nile Delta 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.

It is clear from Table 3 that El Buhaira, Gharbeya and Sharkeya have the highest freshwater
volumes in all six scenarios (see Figure 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 ext.) and Sc.6 (high SLR).

Figure 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
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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 6, Ismailiya governorate shows a 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.

Table 3. The fresh groundwater volume in 10° m?® with respect to different scenarios in all governorates

of the Nile Delta.
Extraction Sc.1 Sc.5 Sc.6
Governorate ?rkea 2 2010 Current Long Sc.2 Sdc.3 Sc..4 . High High
10° km’ 10° m3/year 2010 Run Extreme  Moderate Restrictive ext. SLR
El-Buhaira 10.130 1931 258 180 228 253 250 234 243
Daghleya 35 114 160 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 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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w3 ]
s Mediterranean Sea |
|
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Figure 7. Proportional distribution of the different groundwater types for selected governorates in the
current situation and under Sc.2
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5. Conclusions and Recommendations

This article presented an assessment of the impacts of sea-level rise (SLR) and groundwater
extraction on saltwater intrusion (SWI) in the Nile Delta aquifer (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 Nile Delta and for each Nile Delta governorate separately. The results
clearly demonstrate that the effect of groundwater extraction is more severe than the SLR. However,
SLR is linked to climate change, 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 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 summarizes the
recommended locations for future groundwater extraction in different governorates of the Nile Delta.

Table 4. A summary of the recommended groundwater extraction locations in the Nile Delta governorates.

Governorate Recommendation Reason

-Coastal governorates
Kafr EI Sheikh

. Ban groundwater extraction -Limited or no fresh groundwater

Alexandria . " . .
. Search for alternatives -Sensitive to SWI (saltwater intrusion)
Damietta
Port Said
-Middle governorates -Fresh water is decreasing rapidly
El Buhaira Extraction -Suffer from combined effects of excessive
Gharbeya in the Southern region groundwater extraction and SLR
Sharkeya -Have the highest fresh water volumes
. -Ah f fresh 1
o1 No groundwater extraction uge leop ot fres wz%ter votume
Ismailiya ¢ - . between different scenarios
No investment in agriculture that . . P
Dagahleya . -SWI and ext. that intensify the criticality of
relies on groundwater .
its small fresh water volume
-Southern governorates . . .
Qalyobeya Groundwater extraction -Fresh water is decreasing slowly
4 is recommended -Far from SWI

Monofeya

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 waste water reuse, crop management and desalinization, should be actively pursued. Moreover,
immediate initialization of development projects that could protect groundwater salinization is needed,
for instance, desalination and rain harvesting projects in the Northern coastal region.

Finally, it should be recognized that salt water intrusion 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
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until 2500 indicates that time alone can bring further saltwater intrusion 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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