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Abstract: Seawater intrusion is a vital issue that threatens many coastal aquifers around the world, especially under the current 

conditions of climate change. One of the susceptible regions is the Ain Sukhna area in Egypt, where there are three promising 

aquifers that are mainly relied upon for development. This study investigates the initial condition of seawater intrusion impacts in the 

study area using a 3-D groundwater numerical model that was created and run by MODFLOW and SEAWAT. The model was 

calibrated and validated for both groundwater head and salinity observed values in 2013 in the steady state and dynamic state. The 

results showed a good agreement between the calculated and observed values. The results also clarified that both the medium and 

deep aquifers were affected by the migration of seawater inland more than the shallow aquifer except for the zone having the shale 

layer that obstructed seawater intrusion slightly.  
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1. Introduction 

Seawater intrusion is considered one of the most recent 

issues affecting the quality of groundwater in coastal areas, 

especially arid and semi-arid areas, where groundwater is 

mainly relied upon for development. Ain Sukhna is one of 

the areas exposed to seawater intrusion, as it contains three 

coastal aquifers located on the Gulf of Suez. Due to the 

successive changes in land uses in the region, an increase in 

groundwater abstraction rates was needed especially with 

the development of the Suez Canal Economic Zone and the 

climate change which led to seawater intrusion. 

Many studies were conducted about seawater intrusion 

in Egypt especially for the Nile Delta Aquifer. Abd-Elaty, I. 

et al., [1], developed an analytical solution for saltwater 

intrusion in coastal aquifers considering climate change and 

different boundary conditions.  The aim was to develop a 

new formula to predict the difference in depth of freshwater 

to seawater interface. This numerical solution was applied 

at the Middle Nile Delta Aquifer and compared to a 

numerical solution under different scenarios. The results 

showed a good agreement between both solutions which 

confirmed the qualification of using the analytical model 

for other similar studies. Armanuos, A. M. et al., [2], 

detected the effects of seawater intrusion for three proposed 

scenarios including sea level rise, varied groundwater 

abstraction rates, and a combination of both. The worst-case 

scenario was the third one that was accompanied by the 

most increase in seawater intrusion. El Shinawi, A. et al., 

[3], presented a perspective of seawater intrusion in the Nile 

Delta Aquifer employing a combination of laboratory and 

numerical modeling. It was found that sea level rise was an 

upward force that raised the water table and minimized land 

subsidence while it was increased due to the effect of over-

pumping.  

Similarly, many studies were conducted on seawater 

intrusion worldwide by many authors using numerical 

modeling such as Yang et al., [4], Janardhana and Khairy, 

[5], Ranjbar et al., [6], and Mastrocicco et al., [7] or using 

laboratory experiments such as Brkić and Srzić, [8] or 

combination of them such as Na et al., [9]. 

2.  MATERIALS AND METHODS 

The applied numerical method is the finite difference 

method using the SEAWAT numeric engine as a simulation 

tool to model the processes of groundwater flow and 

transport. SEAWAT combines the flow code (MODFLOW) 

with the solute-transport code (MT3DMS) in a single code 

to solve the coupled flow and solute-transport equations, 

Guo and Langevin, [10]. 

The governing equations of SEAWAT are derived based 

on the concept of equivalent freshwater head that is 

estimated as the freshwater head that replacing the same 

weight of saline water and could be calculated using the 

following Equation (1), Guo and Langevin, [10]: 

   
 

  
  

    

  
                                                       (1) 

Where: 

hf is the equivalent freshwater head, 

ρ is the density of the native aquifer water [ML
-3

],  

ρf is the density of freshwater [ML
-3

],  

and Z is the elevation at the measurement point [L]. 
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Also, for variable-density groundwater flow in terms of the 

equivalent freshwater head, the governing Equation (2), 

Guo and Langevin, [10], is:  
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Where: 

α, β, γ are orthogonal coordinate axes, aligned with the 

principal directions of permeability,  

Kf is equivalent to freshwater hydraulic conductivity [LT
-1

],  

hf is the equivalent freshwater head, 

ρ is the density of the native aquifer water [ML
-3

],  

ρs is the fluid density source or sink water [ML
-3

],  

Sf is equivalent freshwater specific storage [L
-1

],  

t is time [T],  

θ is effective porosity [dimensionless],  

C is solute concentration [ML
-3

],  

and qs is the volumetric flow rate of sources (positive) and 

sinks (negative) per unit volume of aquifer [L
3
T

-1
]. 

The solute transport of contaminants such as salinity in 

groundwater flow is represented by the following partial 

differential Equation (3), Zheng and Wang, [11]: 
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  ∑       (3) 

Where:  

   is the porosity of the subsurface medium, 

C
κ
 is the dissolved concentration of species k [ML

-3
],  

Dij is the hydrodynamic dispersion tensor [L
2
T

-1
],  

vi is seepage or linear pore water velocity [LT
-1

], 

qs is the volumetric flow rate per unit volume of aquifer 

representing fluid sources and sinks [L
3
T

-1
], 

  
  is the concentration of the source or sink flux for species 

k [ML
-3

], 

And ∑   is the chemical reaction term [ML
-3

T
-1

]. 

Developing a model for the groundwater system in the 

study area requires the following: 

a. Defining the hydraulic boundaries of the study area. 

b. Knowing the hydraulic properties of the aquifers 

including the hydraulic conductivity, transmissivity, 

and storage coefficient values. 

c. Detecting the aquifer main recharge resulting from the 

two sources in the study area (rainfall and floods of 

wadis). 

d. Gathering data of wells including groundwater level 

measurements, groundwater salinity measurements, 

discharging rates of the wells and design of wells, and 

borehole logs from reports of drilling wells.  

3. STUDY AREA 

The study area lies in the northwestern part of the Gulf of 

Suez and covers an area of about 400 km
2
. It is enclosed 

between latitudes 29° 31' 03" and 29° 46' 04" N and 

longitudes 31° 58' 58" and 32° 24' 51" E. Mountain ranges 

are bounding the study area westward which extending 

from Mount Ataka at the far north of the Gulf of Suez to 

Mount El-Galala El-Bahariya in the south. As shown in 

Figure (1), four wadis exist on the western side between 

mountains, which are Wadi Hommath, Wadi Hagoul, Wadi 

Bada, and Wadi Ghweiba. 
 

 
FIGURE (1). A Map of the Wadis of Study Area, EL-HAZEK et al., [12]. 
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The study area consists of three main geomorphological 

units including flat areas at the main streams of the wadis 

and its tributaries as well as the delta of wadis and terraces as 

discrete zones at the middle and northern parts of the study 

area. Mountainous areas extend to northern western, north, 

and southern parts of the study area. The geologic 

characteristics of the study area involve different lithological 

units with different ages varying from the Quaternary to the 

lower Cretaceous time.  

The study area contains three different aquifers in 

addition to a shale layer that lies between the second and 

third aquifers. The first aquifer is the shallow one and 

belongs to the Quaternary age and consists of coarse sand, 

gravel, silt, some intercalations of clay, and fine to medium 

sand. The second aquifer in the middle belongs to both the 

Miocene and Eocene ages and contains limestone, some 

intercalations of clay, sand, and gravel. Finally, the third 

aquifer is the deep one that belongs to the Cretaceous age 

and consists of sandstone with some intercalations of shale. 

4. ANALYSES OF DATA 

Visual MODFLOW software was used to develop the 

model for the study area using the gathered data, as 

illustrated in Figure (2). The bottom levels of boreholes in 

the study area were interpolated as well as interpolation of 

ground level values obtained from Aster GDEM v.2 

worldwide elevation data (1 arc second resolution). 

 

FIGURE (2). The Model of the Study Area. 

 

The classification of boundary conditions and their 

equivalent mathematical representations were discussed by 

Anderson and Woessner, [13], and Reilly, [14]. Only three 

types of boundary conditions were represented in the study 

area, as shown in Figure (3). The Gulf of Suez in the eastern 

direction was assigned as a constant head boundary, while 

the northwest-southwest and western directions on the 

opposite side were assigned as no-flow boundary. At the 

outlet of the wadis in the study area, a specified flow 

boundary was assigned. 

The model domain was divided into 46 zones of initial 

hydraulic conductivity values for the three aquifers where 

the values ranged between 1.35 m/d to 15.20 m/d. The 

average values were assigned to each zone and these values 

depended on previous studies in the study area, WRRI, [15], 

and El Osta et al., [16]. 

 

FIGURE (3). Hydraulic Boundaries of the Study Area. 

 

There are two main resources of groundwater recharge in 

the study area: the rainfall and the floods in the wadis. The 

initial recharge values from these sources were estimated 

using two methods. These methods are the Soil Conservation 

Service curve number (SCS) method, NRCS, [17], and 

Cronshey, [18], and the Water Balance method, Gomaa et 

al., [19]. The initial recharge rate from rainfall was 1.10 x10
-

5
 m/day and the flow rate values from the floods of wadis 

were 21.23, 32.82, 92.00, and 416.55 m
3
/day for wadis 

Hommath, Hagoul, Bada, and Ghweiba, respectively, EL-

HAZEK et al., [12]. 

The model was calibrated and validated for two phases: 

(1) steady-state condition using MODFLOW and PEST 

numeric engines and (2) dynamic state condition using 

SEAWAT numeric engine.  

In the first phase, the steady state calibration was done 

using an automated parameter estimation code (PEST) as 

well as MODFLOW, where the initial values of hydraulic 

conductivity were adjusted to have calculated values close to 

the observed ones. The model was calibrated with 9 

observed head values measured in 2013 and validation was 

done using additional 7 observed head values in the same 

year. The calibrated values of hydraulic conductivity for the 

three aquifers ranged between 0.17 m/d to 25 m/d. 

The second phase included the dynamic state calibration 

using the SEAWAT numeric engine. This variable density 

numerical model was run for 400 years to reach the 

equilibrium condition between freshwater and seawater in 

the mixing zone. The model was calibrated with 7 observed 

head values measured in 2013 and validation was done using 

additional 6 observed head values in the same year. 

5. RESULTS AND DISCUSSIONS 

5.1 Groundwater Head 

The calibrated values of hydraulic conductivity for the 

three aquifers ranged between 0.17 m/d to 25 m/d. The 

calibration results showed a good agreement between the 

calculated (Xcal) and observed (Xobs) heads where the 

maximum and minimum difference between them obtained a 

Root Mean Square (RMS) of 0.187 m. The normalized RMS 



    Vol.53, No2 April 2024, pp: 212-219         Alaa Nabil EL-HAZEK et al   Engineering Research Journal (ERJ) 

 

 
 
215 
 

was 3.66%, and the correlation factor between the calculated 

and observed groundwater levels was 0.995, as shown in 

Figure (4).  

Three contour head maps for the three aquifers in the 

steady state were obtained, as represented in Figures (5), (6), 

and (7). 

 
FIGURE (4). Calculated vs. Observed Groundwater Head for the Calibration Process.  

 

 
FIGURE (5). Calculated Groundwater Head for the Shallow Aquifer. 

 

 
FIGURE (6). Calculated Groundwater Head for the Medium Aquifer. 
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After the calibration process, a validation process was 

done in the steady state to ensure the accuracy of the 

calibrated model. The results confirmed a good agreement 

between the calculated and observed heads where the 

maximum and minimum difference between them obtained 

an RMS of 0.24 m. The normalized RMS was 12.8%, and 

the correlation factor between the calculated and observed 

groundwater levels was 0.97, as shown in Figure (8). 

5.2 Groundwater Salinity 

The calibration in the dynamic state depends mainly on 

dispersivity which is one of the most affecting parameters on 

forming the mixing zone in the model. Dispersivity was 

calibrated manually until the equilibrium was reached 

between freshwater and saltwater where the values equaled 

200 m, 20 m, and 2 m for longitudinal dispersivity, 

transverse dispersivity, and vertical dispersivity, 

respectively. Another affecting parameter is the molecular 

diffusion coefficient, which was taken as 1x10
-9

 m
2
/s, 

Hussain and Javadi, [20]. The calibration results showed a 

good agreement between the calculated and observed values 

where the maximum and minimum difference between them 

obtained an RMS of 799 mg/L. The normalized RMS was 

10.83%, and the correlation factor between the calculated 

and observed groundwater salinity values was 0.95, as 

shown in Figure (9).  

Three contour salinity maps for the three aquifers in the 

dynamic state are represented in Figures (10), (11), and (12). 

A vertical cross-section showed the mixing zone of the 

study area where the salinity contour line 10000 mg/L 

intruded up to distances of 1.06 km for the shallow aquifer 

and 2.26 km for both the middle and deep aquifers measured 

from the coastline in landward. It was concluded that the 

medium and deep aquifers were affected by seawater 

intrusion more than the shallow one. It was also found that 

the shale layer which existed between the medium and deep 

aquifers obstructed seawater intrusion slightly explaining the 

curved contour lines of salinity towards the sea at depths 

from 250 m to 350 m, as shown in Figure (13). 

 

 
FIGURE (7). Calculated Groundwater Head for the Deep Aquifer. 

 

 
FIGURE (8). Calculated vs. Observed Groundwater Head for the Validation Process. 
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 FIGURE (9). Calculated vs. Observed Groundwater Salinity for the Calibration Process.  

 

 
FIGURE (10). Calculated Groundwater Salinity for the Shallow Aquifer. 

 

 
FIGURE (11). Calculated Groundwater Salinity for the Medium Aquifer. 
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After the calibration process, a validation process was 

done in the dynamic state to ensure the accuracy of the 

calibrated model. The results confirmed a good agreement 

between the calculated and observed values of salinity where 

the maximum and minimum difference between them 

obtained an RMS of 1131.5 mg/L. The normalized RMS was 

14.14%, and the correlation factor between the calculated 

and observed salinity values was 0.946, as shown in Figure 

(14). 

 

 
FIGURE (12). Calculated Groundwater Salinity for the Deep Aquifer. 

 
 

FIGURE (13). Cross-section of the Mixing Zone of the Study Area. 

 

 
FIGURE (14). Calculated vs. Observed Groundwater Salinity for the Validation Process.  
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6.  CONCLUSIONS 

The main objective of this study was the investigation of the 

initial condition of seawater intrusion in the Ain Sukhna 

area, Egypt. Visual MODFLOW software was used to 

develop a model. Calibrating and validating the developed 

model for both the steady state and dynamic state were 

performed employing the numeric engines included in 

Visual MODFLOW software: PEST, MODFLOW, and 

SEAWAT. 

The calibration and validation processes were done for both 

groundwater head and salinity observed values measured in 

2013. The results showed a good fit between the observed 

and calculated values, giving a simulation for the initial 

condition of the seawater intrusion in the study area. Also, it 

was concluded that both the medium and deep aquifers were 

affected by the migration of seawater inland more than the 

shallow aquifer except for the zone where the shale layer 

was located, which obstructed seawater intrusion slightly. 
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