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Abstract: Groundwater contamination due to saltwater intrusion (SWI) has an extreme effect on
freshwater quality. Analytical and numerical models could be used to investigate SWI. This study
aims to develop an analytical solution to investigate SWI into coastal aquifers which was applied
to a real case study at the Middle Nile Delta aquifer (MNDA). The study presented a new formula
to predict the difference in depth of freshwater to seawater interface due to a change in boundary
conditions. A Computer Program for Simulation of Three-Dimensional Variable-Density Ground-
Water Flow and Transport (SEAWAT) is used for groundwater flow simulation and SWI and the
results compared with the developed analytical solution. Four scenarios are considered in the study,
including; the sea-level rise (SLR), reduction in recharge, over abstraction, and combination after
50 years (2070). The analytical solution gave good results compared to the numerical one where
Equiline 1 intruded to 103 and 101.66 km respectively at the base case. The results also gave a good
agreement between numerical and the analytical solution for SLR due to climate changes by 52.80 cm
where the Equiline 1 reached to 105 and 103.45 km. However, the reduction in aquifer recharge by
18.50% resulted in an intrusion for the Equiline-1 to 111 and 108.25 km from the shoreline. Over
pumping due to the increase in population by 89% has increased the SWI to reach 121,110.31 km,
while it reached 131 and 111.32 km at a combination of the three scenarios, which represents the
highest threatening scenario. Also, the difference between the two solutions reached 1.30%, 1.48%,
2.48%, 8.84%, and 15.02%, respectively for the base case and four scenarios. For the current case
study, the analytical model gave good results compared to the numerical one, so that the analytical
solution is recommended for similar studies, which could save the time and capabilities of computer
required for the numerical solutions.

Keywords: saltwater intrusion; analytical solution; numerical solution; climate change; Nile Delta aquifer

1. Introduction

Coastal aquifers are the main source of freshwater resources in many countries over
the world [1]. A number of coastal areas around the world are subject to saltwater intrusion
(SWI) which resulted in deterioration of groundwater [2]. SWI is an environmental problem
in coastal areas where more than two third of the world’s population lives. This problem
is mainly due to indiscriminate and unplanned abstraction of groundwater from these
aquifers that are hydraulically connected with the sea [3]. In these aquifers, the denser
saline water tends to remain separated from the overlying freshwater forming a variable
density miscible fluid mixing zone called a transition or dispersion zone [4]. Saline water
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is dynamic flows in a cycle from the floor of the sea to the zone of dispersion and back to
the sea [5].

During the previous century, field measurements showed that the global mean Sea-
Level Rise (SLR) has increased from 10 to 20 mm per year according to the Intergovern-
mental Panel on Climate Change (IPCC) in 1996. By 2100, the SLR is expected to increase at
a rate between 90 to 880 mm per year according to IPCC (2001) [6], while it was estimated
between 180 and 580 mm based on IPCC in 2007. Klein and Lichter [7] showed that the
average rate of SLR in the Mediterranean Sea ranges from 0.50 to 2.5 mm/year while
IPCC (2014) [8] indicated that the SLR changed from 1.70 to 2.30 mm/year over the 20th
century. Also, IPCC (2014) [8] showed that the precipitation has increased since 1901 at the
mid-latitude land areas of the Northern Hemisphere while other latitudes have long-term
positive or negative trends. Moreover, the future changes in rainfall will be variable, the
high latitudes and the wet regions of mid-latitude will have an increase in annual mean
precipitation while the annual mean precipitation in mid-latitude and subtropical dry
regions will be decreased.

Werner and Simmons [9] simulated the effect of SLR on SWI in coastal unconfined
aquifers using two conceptual models. Abd-Elhamid and Javadi [10] developed a variable
density finite element model to simulate SWI in coastal aquifers and investigating the
possible impact of SLR due to climate change and increasing abstraction rates on SWI.
Abd-Elhamid et al. [11] developed a numerical model for investigating SWI in a Gaza
aquifer, Palestine using variable density finite element model for different scenarios of
SLR and over-pumping. Abd-Elhamid et al. [12] simulated the SWI in the Nile Delta
aquifer, Egypt under the conditions of climate change. The simulation indicated that the
aquifer will be affected by a rise in sea levels and a large quantity of freshwater will be
degraded. Wassef and Schiittrumpf [13] used Finite Element subsurface FLOW system
(FEFLOW) model to assess the impact of SLR on groundwater salinity in the western
delta, Egypt. The results indicated that the areas of low elevation demonstrate a clear
effect with SLR. Between 1980 and 2870 km? of GW will be degraded by two scenarios of
Representative Concentration Pathway: RCP2.6 and RCP8.5 respectively at 2100. Also,
10% of the study area was degraded by the salinity up to 5000 mg/L by increasing the over
pumping of groundwater from 1990 to 2100. Sbai et al. [14] developed a finite element
model for SWI prediction under steady state and transient conditions based on sharp
interface assuming immiscible fluid between the freshwater and saltwater. Marin et al. [15]
applied a quasi-three-dimensional finite-difference solution to simulate groundwater flow
in Karstic aquifer of northwestern Yucatan, Mexico based on sharp interface.

A number of numerical models have been developed and applied to simulate the
freshwater /saltwater interface based on sharp interface assumption in coastal aquifers. This
requires a simultaneous solution of the equations that describe freshwater and saltwater
flow and satisfies the Hubbert equilibrium theory. The solutions of the governing equations
were developed by finite difference, finite element [4]. Numerical models allowing more
complex systems to be characterized than can be characterized using analytical models [16].
Mathematical models consider the continuous variation in concentration between the two
fluids, where the saltwater/freshwater interface is separated by a transition zone of brackish
water and the mixing of two fluids is by hydrodynamic dispersion and diffusion [17].
Todd [18] indicated that the transition zone thickness depends on aquifer abstraction,
structure, variability of recharge, tides and climate change. Sakr [19] showed that the
solute transport in the aquifer occurs by three main mechanisms including; advection
that transports the solute load from one point to another by the average flow velocity,
hydrodynamic process that allows the distribution of the solute due to the irregularity of
flow lines as well as the effect of the molecular diffusion and density differences between
the two fluids.
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In this study a numerical and analytical solutions are developed to investigate SWI in
coastal aquifers with application to a real case study that is suffering from severe SWI at
the Middle Nile Delta aquifer (MNDA). SEAWAT code is used for predicting groundwater
levels at different scenarios of rise in sea levels, decreasing the Nile flow, over-pumping
and their acting in combination. The analytical and numerical solutions are used to predict
the length of saline water intrusion under the same scenarios. Then the new position of
transition zone is identified. Also, the study presents comparisons between the numerical
and analytical solution for the real case study considering different future scenarios.

2. Study Area and Used Data

The selected study area is located at the Middle Nile Delta (MND), Egypt. It covers an
area of 9000 km? in the Northern Region of Egypt and lies between longitudes 30°10" and
31°35’ East and latitude 30°20" and 31°50’ North. The aquifer is located between the two
branches of the Nile River, Damietta branch on the east and Rosetta branch on the west
that form a triangle with its apex at the delta Barrages in the South at Cairo and the base
along the Mediterranean Sea in the North, as shown in Figure 1 [4].
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Figure 1. Configuration of aquifer systems at the Nile delta region [4].

2.1. Meteorological Data of the Study Area

The minimum average daily temperature varies between 17 °C and 20 °C at the
Mediterranean Sea coast, and 25 °C on the south edge of the study area [20]. The average
annual precipitation in the Nile delta is limited and ranges from 250 mm in the north at
the Mediterranean Sea to 200 mm/year in the south and middle parts of the Nile Delta



Water 2021, 13, 995

40f18

(ND) [21]. In Egypt, the Evaporation rates ranges between 7 mm/day in the South of Egypt
to about 4 mm/day in the North of Egypt along the Mediterranean Sea coast [22].

2.2. Topography and Land Use of the Study Area

Figure 1 presents the geomorphologic features of the ND. The ground surface levels
of the delta land ranges between 17 m above mean sea level (MSL) at the south to less
than 1 m above MSL at the northern boundary [23]. It is composed of two plain regions
including the foreshore plain characterised by the coastal lakes and their inland extension
into brackish water lagoons, the young alluvial plains cover most of the ND region and
are dominated by cultivated lands [24]. The Nile Delta is divided into three main regions,
including agricultural land, a wetland portion, and a desert portion [4].

2.3. Population Growth and Climate Change in the Study Area

Egypt is the most populous country on the African continent and also the third
most populous in the Middle East. The Nile Delta is considered one of the most densely
populated areas in the world (1500 inhabitants per km?) and which represents 4% of the
total area of Egypt [25]. In 2018, the population in Egypt was 100 Million. The average rate
of population growth is 1.75%. A number of studies have been conducted on the Nile Delta
considering climatic changes including; Agrawala et al. [26], Coastal Research Institute [27],
Sherif et al. [28], and Abd-Elhamid et al. [12,29]. These studies showed that the ND coastal
zone is extremely vulnerable to the impacts of SLR, and the low elevation areas experience
a high risk of flooding and SWI. The increasing rate of SLR is 8.80 mm/year. Moreover,
Sayed et al. [30] indicated that the Nile flow change is very significant due to changes in
temperature and precipitation. Strzepek et al. [31] estimated the Nile flow into the High
Aswan Dam (HAD) could decrease by 10 to 50% in 2020. Ministry of Water Resources and
Irrigation (MWRI) [25] documented that the Nile flow will change by 0.28% per year due
to climate changes.

2.4. Geology of the Study Area

Two main geological components in the ND region are Quaternary deposits and Ter-
tiary deposits. The Quaternary includes the Holocene and Pleistocene sediments. Holocene
deposits are widely spread with maximum thickness of about 77 m [32]. Moreover, the
thickness of Quaternary deposits increases in a northward direction to reach 250 m at the
south and 1000 m at the north [33]. The Tertiary deposits including Pliocene, Miocene,
Oligocene, Eocene and Paleocene sediments. El Shazly et al. [34] revealed that the lower
Pliocene sediments are fluvio-marine and sandy clays. This forms the lower boundary of
the Quaternary deposits. The hydrogeological cross section in the ND area is shown in
Figure 2 [4].

The Quaternary aquifer contains coarse sand and gravel with occasionally clay lenses
and underlies the Holocene top clay layer. The aquifer thickness increases northward,
where the thickness ranges between 150 m in the south and more than 500 m near Tanta to
1000 m near the coast zone. Hydraulic conductivity of these layers increases northward
and eastward and ranges between 50 m/day in the South to more than 100 m/day at the
northward [35]. The Drainage Research Institute (DRI) [36] reported that the downward
leakage towards the aquifer varies from 0.25 to 0.80 mm/day. The abstraction rates for
drinking and irrigation purposes were 3.03 and 4.90 Billion Cubic Meter (BCM) per year
in 1992 and 2008 respectively [37]. The depth of groundwater table in this aquifer ranges
between 1 and 2 m at the North, 3-4 m at the Middle, and 5 m at the South [37,38].
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Figure 2. Hydrogeological cross section in the Nile Delta area [4].

2.5. Hydrogeology of the Study Area

The two Nile branches, Damietta and Rosetta are the main water resources in the
ND. The ND consists of complex irrigation and drainage network, which are hydraulically
connected to the aquifer system [25]. This area has a semi-confined Quaternary aquifer
which covered by semi pervious clay and silt which acts as a cap for the main Quaternary
aquifer [37]. The clay layer thickness varies from 5 to 20 m in the south and the middle
and reaches to 50 m in the North [39]. Research Institute for Groundwater (RIGW) [37]
estimated the average hydraulic conductivity of the clay cap is 2.5 mm/day in vertical
direction and ranges between 50 and 500 mm /day in horizontal direction.

3. Analytical Solution of SWI in Coastal Aquifers

Analytical models simulate groundwater flow and contaminant transport for simple
physical settings and low accuracy of model predictions [40]. Limitations of analytical
models including flexibility of modeling are limited due to simplifying assumptions includ-
ing isotropy, homogeneity, geometry, and simple initial conditions [41]. The hydrodynamic
balance between freshwater and saltwater depends on shape and movement of mixing
zone between the two fluids. Saltwater/freshwater interface bodies normally consist of
narrow mixing zone. This interface in an intruded aquifer represents a flow line, which
implies no flow across the surface [4].

The first model for SWI was developed by Ghyben [42] and Herzberg [43] which known
as Ghyben-Herzberg model. This simple model draws the sharp saltwater/freshwater
interface due to the hydrostatic equilibrium between the two immiscible fluids that having
different densities of freshwater and saline water as shown in Figure 3a. The derived
formula that discovered by Ghyben-Herzberg is based on an average value of fresh water
and saline water densities (pf = 1000 and ps = 1025 kg/ m?) can be written as:

zo_< i >hf_<3><hf_40><hf )
Ps — Pt

Muskat [44] studied the dynamics of saltwater interfaces and indicated that the
pressure continuity in the flow field must be retained across the assumed interface. The
interface governing equation based on potential function (head) for each fluid under
equilibrium conditions, when saltwater is static or when both fluids are in motion can be
written as following:
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ps - pf ps - pf
V\/here.

Zy is the initial depth, ps is the saline water density (MT™3), ps is the freshwater
density (MT~3), hs is the depth of interface below mean sea level [L]; h; is the height
of the potentiometric surface above the mean sea level (L); G = ps/(ps — ps) =~ 40 for
ordinary saltwater.

A number of analytical models were developed to estimate the saltwater/freshwater
interface under different hydrological conditions based on theory of Hubbert as a foun-
dation and with accurate field description between the two immiscible fluids behavior
in coastal aquifers [4]. Glover [45] developed the movement and discharge of freshwater
toward the sea for sharp interface in coastal aquifers. Also, it was found that freshwater
flows through a thin gap between freshwater/saltwater interfaces and water table outcrops
at the coast when dynamic factors are considered [4].

Cooper [5], indicated that in practice, saltwater/freshwater interface is not sharp
(immiscible fluids) and the saline water merges gradually with the freshwater by mixing
process uses the advection-dispersion equation (miscible fluids), also the study showed the
water particles movement due to tides or variation due to recharge could affect the width
of the dispersion zone [5]. Henry [46] developed the first semi-analytical solution based on
Cooper’s hypothesis considering the mixing process including the effect of dispersion and
density differences on seawater encroachment in confined coastal aquifer. Bower et al. [47]
presented an analytical solution for saltwater upcoming in a leaky confined aquifer. The
model assumed the existence of sharp interface between freshwater and saltwater.

In the current study a new equation is developed to investigate the freshwater/saline
water interface based on Ghyben-Herzberg, considering the changes in boundary con-
ditions (see Figure 3b). Equation (6) is used to calculate the shift in the saline of sharp
interface (AZ) based on the difference in density between the fresh water and saline water
(G), the freshwater difference (Ah¢) and the changes in sea level (Ahg). The equation has
been derived as following:

[ Pf
Zn = h¢, — Ah 3
" (ps_pf> fn (ps_pf) ) ( )
Pt ps Pt
In—2Zo = h¢, — Ahg — h 4
o (ps—pf> fn (ps—pf) ) (pf—pf> fo @
Pt Ps
AZ = he, —hey) — Ah, 5
(Ps—pf>( fn fo) (ps—pf) s ( )
AZ = +G x Ahs — (G + 1) Ahg (6)

where:

Zy is the initial depth of freshwater to sea water interface (L), Z, is the new depth of
fresh water to sea water interface (L), AZ is the difference in depth of fresh water to sea
water interface (L), hy, is the initial height of the potentiometric surface above the mean
sea level (L), hg, is the new height of the potentiometric surface above the mean sea level
(L), Ahg, is the difference height of the potentiometric surface above the mean sea level (L)
it is positive for groundwater head above mean sea level (MSL) and negative where the
groundwater level below MSL, Ah is the difference height of the sea level (L).
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Figure 3. Schematic diagram of freshwater-saltwater interface position for (a) Freshwater-saltwater interface position
(Ghyben-Herzberg) (b) Freshwater-saltwater interface position for incremental changes in the boundary condition.

4. Numerical Simulation of Groundwater Flow and Solute Transport in MNDA

Visual MODFLOW (USGS, USA) is applied to simulate and investigate the groundwa-
ter flow in the MNDA. The study area is divided to 172 rows and 157 columns with cell
area (1 km?) as presented in Figure 4a. The model is divided into 11 layer, the first layer is
clay cap with depth ranged from 20 to 50 m and layers from 2 to 11 are divided into equal
thickness. Two sections in X direction and Y direction are presented in Figure 4b,c.
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Figure 4. Model domain discretization and boundary conditions for the MNDA (a) Areal view,
(b) Cross section in X-direction, (c) Cross section in Y-direction.
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4.1. Model Boundary Conditions

The study area boundary conditions are assigned by a constant head with zero value
at the shoreline of the Mediterranean Sea. Also, in the two Nile branches, in Damietta
branch the head ranged from 13.66 m at the south to 0.50 m at the north. However, in
Rosita, branch the head ranged from 13.17 m at the south to 0.50 m at the north. The canals
were assigned using river packages where the river head ranged from 16.17 m at south to
0.50 m at north above MSL. Also, drains were assigned using drain packages where the
head ranged from 8 at South to 0.25 m at North above MSL, as shown in Figure 4.

4.2. Model Hydraulic Parameters

The hydraulic parameters of Nile Delta (ND) aquifer are shown in Table 1 which are
used as input to the model. The parameters include hydraulic conductivity in horizontal
direction (K},) and vertical direction (Ky), specific storage (Ss), specific yield (Sy), and
total porosity (n). These data collected from previous studies and some calculations [37].
The total abstraction in the study area is about 0.81x10° m3/year in 2008 while the net
recharge ranged from 0.20 to 0.80 mm per day [37]. A value of 250 m is used for the
longitudinal dispersivity («r ) while the lateral dispersivity (cet) and the vertical dispersivity
(oty) are set equal to 25 m and 2.50 m, respectively. The diffusion coefficient is set equal to
10~* m?/day [28].

Table 1. Hydrogeological parameters of the ND aquifer.

. . . Storage Specific Effective

Hydraulic Conductivity Coefficient Yield Porosity
Main Hydraulic Units Layer No K, Ky Ss Sy n
(m/day) (m/day) ) ) %

Clay 1 0.10-0.25 0.01-0.025 103 0.10 50-60

Fins Sand with Lenses of Clay 2,3,4and 5 5-20 0.5-2 5x 1073 0.15 30
Course Sand Quaternary 6,7,8and 9 20-75 2-7.50 250 x 1073 0.18 25
Graded Sand and Gravel 10 and 11 75-100 7.50-10 5x 1074 0.20 20

4.3. Model Calibration

SEWAT is used to simulate groundwater heads in the MNDA. Figure 5a presents the
distribution of observation wells in the study area; also Figure 5b presents the distribution
of groundwater flow in the aquifer at layer 2, where the flow direction changes gradually
from high level at the south to low level along the shoreline of the Mediterranean Sea. The
model calibration is done by trial and error to match between the field and calculated data.
A number of 16 observation wells are used in the current simulation and the calibration
results show that the residual varied between —0.006 and —0.977 m with root mean
square (RMS) of 0.321 m and a normalization root mean square of 3.004% as shown in
Figure 5c. The model was applied to predict groundwater flow under different scenarios.
The predicted heads are used to calculate saltwater intrusion interface using the analytical
solution. Then the model is used to assess the changes in groundwater heads in the MND
aquifer due to different scenarios shown in Table 2.

The solute transport model is calibrated by comparing the results with other models
which was developed to simulate the current study area. The model results have been
compared with the numerical models developed by [12,48,49] where good agreement was
obtained between the results. Also, the SEAWAT results showed that the equi-concentration
line 1000 ppm and 35,000 ppm reached to 101.66 and 63.80 km, respectively, as presented
in Figures 5b and 6a. The calibrated results of this case for both groundwater head and
salinity distribution in the MNDA are used as a base case for further scenarios.
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Table 2. Proposed scenarios for different years.

. Year
Scenario
2010 2070
1 Seal level rise (cm) 0 52.80
Reduction in Nile flow (%) 0 —18.50
2 Nile flow (Billion m3/year) 55.50 45.20
Recharge reduction for study area (Million m3/ year) 5,935,800 4,837,677
Population increasing (%) 0 184%
3 Egypt population (Million) 79 225
50% of population increasing (%) 0 92%
Abstraction of study area (Million m3/ year) 2,220,414 4,263,195
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Figure 5. Calibration and results of groundwater flow model in MNDA (a) distribution of observation wells, (b) Areal view
of groundwater head in MND aquifer, (c) Model calibration for calculated versus observed heads.
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Figure 6. Salinity distribution in the MNDA using the numerical model. (a) Areal view, (b) Vertical
cross section.

5. Results
5.1. Simulation of Groundwater Flow in the MNDA

After model has been calibrated, the numerical model has been applied to simulate
groundwater flow in the MNDA. Four scenarios are considered in this study to simulate
groundwater flow. The first scenario is increasing the sea level by 52.80 cm at 2070 due to
climate changes. The results showed that SLR has increased the groundwater head to reach
52.80 cm above the mean sea level (MSL) at the shoreline as presented in Figure 7. The
second scenario is reducing groundwater recharge due to the reduction in the Nile flow by
18.50%. The groundwater head is decreased, and the maximum reduction has reached to
7.4 m above (MSL) at a distance of 100 km from shoreline due to the reduction in aquifer
recharge (see Figure 7). The third scenario is increasing the groundwater abstraction by
92% at 2070 due to the expected increase in population. The results showed that over
pumping has decreased the head to reach 5.2 m above MSL at 100 km from shoreline for the
maximum reduction in water levels (see Figure 7). The fourth scenarios are combination
of three scenarios; rise 52.80 cm in SLR, reduction in Nile flow by 18.50% and increase
in abstraction by 92%. The results showed that this scenario has a greater reduction in
groundwater head at the middle part of the ND which reached to 3.3 m above (MSL) at
distance 100 km from shoreline (see Figure 7).
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Figure 7. Future GWH at different scenarios of SLR, Nile flow rates, abstraction rates and combination
of the three scenarios.

5.2. Simulation of SWI in the MNDA Using Numerical and Anylatical Models

The analytical model is used to determine the vertical distribution of TDS by calculat-
ing the difference in depth of freshwater to sea water interface (AZ) using Equation (6) and
shift the initial depth of freshwater to seawater interface (Z,) by this value to determine
the new depth of fresh water to saline water interface (Z,). SWI distribution in the aquifer
has been predicted using the analytical solution as presented in Figure 8a. Also, numerical
model (SEWAT) is used to simulate the same case and the results are presented in Figure 8b.
The results of both models showed that equiconcentration line 1 moved to a distance of
103 and 101.66 km from the seaside in analytical and numerical models, respectively. The
results gave good agreement between numerical and analytical model for the base case as
shown in Figure 8a,b. Then, both models have been used to simulate SWI in the MNDA
considering four scenarios after 50 years (2070) as described in the following sections.
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Figure 8. Current SWI distribution in the MNDA (base case) (a) Analytical solution (b) Numeri-
cal solution.
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5.2.1. Impact of SLR on SWI in the MNDA

In this scenario an increase in the sea level by 52.80 cm at 2070 due to climate changes
has been applied. The results showed that SLR has increased the intrusion length in both
analytical and numerical models. A new position of the equi-concentration line 1 was
detected in land direction. SWI was predicted and the intrusion changed with small values
from the shoreline due to increasing the seawater level where intrusion reached 105 km
in analytical model and 103.45 km for numerical model. Also, equiconcentration line
35 reached 65.03 km for the numerical model. The results showed that the two models’
results are very close, as shown in Figure 9a,b.
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Figure 9. SWI distribution in the MNDA due to SLR (a) Analytical solution (b) Numerical solution.

825000 570000

5.2.2. Impact of Decreasing the Nile Flow on SWI in the MNDA

The analytical and numerical models have been applied to study the reduction in
Nile flow on SWI in the MNDA by 18.50% from base case. The intrusion of equicon-
centration line 1 for analytical model reached 111 km and 108.25 km from shoreline for
numerical model as presented in Figure 10a,b. The intrusion reached 66.90 km for the
equiconcentration line 35 by the numerical model.

5.2.3. Impact of over Abstraction on SWI in the MNDA

In this scenario the abstraction from the aquifer has increased to 92% after 50 years
(2070) from base case due to increase in population. The intrusion length of equiconcen-
tration line 1 reached 121 km and 110.30 km from shoreline for analytical and numerical
models respectively as shown in Figure 11a,b. The intrusion reached 65.33 km for equicon-
centration line 35 in the numerical model. The difference between the two models is due to
that over pumping abstracted saline water in the numerical model and the intrusion rates
is decreased to reach 65.33 km at this case compared to 66.90 km at reduction in recharge.
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Figure 10. SWI distribution in the MNDA due reduction in recharge. (a) Analytical solution,
(b) Numerical solution.
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Figure 11. SWI distribution in the MNDA due increasing abstraction rates. (a) Analytical solution,
(b) Numerical solution.
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5.2.4. Impact of Combination of Scenarios 1, 2 and 3 on SWI in the MNDA

This scenario presents the combination of the previous three scenarios; SLR, decrease
in Nile flow and increasing the abstraction rates from the ND aquifer. In this case, the intru-
sion length of equiconcentration line reached 131 km for analytical solution and 111.66 km
for numerical solution respectively as shown in Figure 12a,b. The equi-concentration line 35
reached 68.94 km in the numerical model. The higher intrusion in the analytical solution is
due to neglecting the abstraction force for saltwater compared with the numerical solution
considering over pumping.
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Figure 12. SWI distribution in the MNDA due to combination of three scenarios. (a) Analytical
solution, (b) Numerical solution.

6. Discussion

In this study analytical model and numerical model (SEAWAT) have been used to
simulate groundwater flow and solute transport in coastal aquifers and then applied to
a real case study at the MNDA. SEAWAT code is used to simulate groundwater flow
in the MNDA considering four scenarios. The sea level by 52.80 cm has increased the
groundwater head to reach 52.80 m above MSL at shoreline. The reduction in the Nile flow
by 18.50% decreased the head to 7.4 m above (MSL) at distance 100 km from shoreline. The
increase of groundwater abstraction by 92% decreased the head to reach 5.2 m above MSL
at 100 km from shoreline. However, the combination of the three scenarios resulted in more
reduction in groundwater head in the middle part of Nile delta to reach 3.3 m above (MSL)
at distance 100 km from shoreline.

Then both numerical and analytical models applied to simulate salinity distribution in
the MNDA considering different scenarios. The results of all scenarios for both analytical
and numerical models are presented in Table 3. Figure 13 shows a comparison between
results for equi-concentration 1 from numerical and analytical models for different scenarios
in 2070. The results of the base case for the two models gave a good agreement where the
intrusion reached to 103 and 101.66 km measured at the base of the aquifer for the analytical
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and numerical solution respectively. The increase in sea levels by 52.80 cm at 2070 increased
the intrusion in the two models where the SWI reached 105 and 103.45 km for analytical
and numerical models respectively. Also, the reduction in recharge by 18.50% increased
the intrusion for the two models where the SWI reached 111 and 108.25 km for analytical
and numerical solution respectively. Over pumping has increased the intrusion to reach
121, 110.31 km for the two models while the combination of the three scenarios increased
the intrusion to reach 131 and 111.32 km for analytical and numerical models respectively.

The difference percentage between the analytical and numerical models for different
scenarios has been determined using the following relation:

The differences (%) = (XTa — XTN)/XTa (7)

where, XT, is the intrusion length for the analytical solution and XTy is the intrusion
length for numerical solution.

The calculated percentage for the base case and the four scenarios are 1.30%, 1.48%,
2.48%, 8.84%, and 15.02%, respectively, as presented in Table 3. From the results a good
agreement obtained between the two models in most of the cases. The results revealed that
the analytical model is capable of simulating such large cases studies with high accuracy.

Table 3. Intrusion length of Equiline 1 for analytical and numerical model.

Scenario Analytical Numerical
Model Model The Differences
Intrusion Intrusion (%)(XTp — XTN)/XTA
No Case Value Length (km) Length (km)
Equiline 1 Equiline 1 Equiline 1
1 base - 103 101.66 1.30
2 Seal level rise (cm) 52.80 105 103.45 1.48
3 Reduction in Nile flow (%) —18.50 111 108.25 2.48
4 Over pumping 92% 121 110.31 8.84
5 Combination of scenariol, 2 and 3 Combination of values in 1,2 and 3 131 111.32 15.02
140
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Figure 13. Comparison between results of numerical and analytical solution for different scenarios
at 2070.

The main limitation of this study was the lack of updated data for such case studies
which was addressed by the authors through some field data and literature review.

7. Conclusions

Saltwater intrusion into coastal aquifers could have a great effect on freshwater quality
in these aquifers. Analytical and numerical models could be used to simulate SWI in such
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cases. In the current study, analytical and numerical models are developed to simulate
groundwater flow and saltwater intrusion in the MNDA. This aquifer is subject to changes
in boundary condition due to rise in sea level, changes in freshwater heads in landside
due to reduction in recharge, increase in the abstraction rates and decrease in the Nile
flow. The analytical and numerical models are used to simulate SWI in the study area
considering different scenarios including; sea level rise, reduction in the Nile flow, over
abstraction, and combination scenarios after 50 years (2070). The groundwater heads were
predicted using Visual MODFLOW to be used in the analytical solution to determine SWI
for different scenarios. In this study a new formula is developed to determine the changes
in freshwater/saline water interface due to changes in boundary conditions. The analytical
results compared with the numerical. The result with the base case is very close in the two
models, where the intrusion for equiconcentration lines 1 reached to 103 and 101.66 km for
the two models, respectively. Also, the investigated intrusion at 2070 and equiconcentration
lines 1 reached 105, 111, 121, and 131 km in the analytical solution and 101.66, 103.45, 108.25,
110.31, and 111.32 km in the numerical simulation for the four scenarios including; sea level
rise by 52.80, reduction in Nile flow by 18.50% cm due to the expected climate changes,
increasing in abstraction by 89% due to over population and combination scenarios. The
developed analytical model for the current real case study gave good results compared
with the numerical model as the difference between the two solutions reached to 1.30%,
1.48%, 2.48%, 8.84%, and 15.02% for the base case and the future four scenarios considered
in this study. The analytical solution is recommended for similar studies which save time
and capabilities of computers required in the numerical solutions.
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