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Abstract

Groundwater is considered the only source of water in arid climate regions. Additionally, population growth is stressing the groundwater resources in the study area, 
especially in these regions leading to excess groundwater exploitation to meet the demands (domestic, and agricultural). Thus, the groundwater level may decline in the 
future causing a water scarcity problem. In order to overcome this problem, it is worth necessary to perform mitigation measures prior to raising the groundwater level 
by augmenting the groundwater in the hydrogeological system. Mitigation measures might be reducing the abstraction rate and installing new artifi cial recharge sites. 
To assess the potential of these measures, numerical modeling can be applied. Gaza strip aquifer was chosen as a case study due to the following reasons: arid aquifer, 
signifi cantly stressed due to over-exploitation of groundwater. Different researchers have already proposed different management scenarios considering these mitigation 
measures, but most of them considered unreliable management scenarios to predict future groundwater. Some of them reduced the abstraction rate which will lead to 
the loss of agricultural lands. Whereas, the others increased the artifi cial recharge rate which is unfeasible to implement in the study area for the next 20 years. Hence, we 
applied numerical modeling in this article to predict the future groundwater level based on these mitigation measures taking into account reliable management scenarios 
according to the study area’s current situation . The results indicate that combining both reducing the abstraction rate and increasing the artifi cial recharge is so promising 
and they were compared with the latter obtained by the previous researchers. 

Introduction

Water scarcity is the main issue in the Middle East 
particularly in the Gaza strip because it is situated in a semi-
arid environment and over-populated area. Water scarcity 
affects socioeconomic growth and sustainable development. 
Therefore, assessing the main water resources plays a major 
role to secure water for the future generation via future 
sustainable development plans. 

The conventional water sources are limited in the Gaza 
strip, where the main water source is groundwater stored 
in the Gaza strip aquifer. The Gaza strip aquifer is a coastal 
aquifer that is affected by seawater intrusion. Additionally, the 
aquifer is stressed due to groundwater over-exploitation, as the 

water supply doesn’t match the water demand for agricultural 
(around 70%) and domestic activities [1]. 

The over-exploitation affects the groundwater level, 
where the groundwater level has been severely depleted in the 
last decades. According to Hamdan, et al. [2], a defi cit of 50 
Mm3 occurs annually leading to groundwater depletion and 
deterioration. Low groundwater levels may increase the saline 
water fl ux intruding from the sea to the aquifer. Additionally, 
the aquifer is contaminated due to unmanaged irrigation, 
land use, and solid waste effl uent causing groundwater 
deterioration. Therefore, it is worth required that management 
plans should be accomplished to increase the groundwater 
levels prior to preventing the seawater intrusion phenomena 
and replenishing the aquifer to restore the groundwater quality. 
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Different researchers have introduced different management 
strategies to increase the groundwater level owing to restore the 
groundwater quality. Dentoni, et al. [3] assessed the different 
seawater intrusion strategies by modeling the aquifer followed 
by optimizing the pumping rates such that the groundwater 
heads increases by 4.5% and decrease the seawater intrusion 
effects by 5%. Melloul & Collin [4] concluded that high-priority 
management activities should be implemented to reduce 
pollution contamination. It is recommended that mitigation 
measures must be accomplished by injecting water using wells 
and recharge basins via non-conventional resources such as 
desalination and Tertiary Sewage Effl uent (TSE). 

Al-yaqubi [5] introduced the Palestinian Water Resources 
Policy which considered the principal objectives for sustainable 
water resources management: providing quantity and quality 
of water for domestic purposes according to WHO standards, 
supplying water required for agricultural production, 
managing the Gaza coastal aquifer via preventing groundwater 
deterioration. Most researchers considered different 
approaches to augment the groundwater resources in the study 
area. To achieve that, wastewater might be reclaimed, seawater 
could be desalinated, and new water sources (including non-
conventional sources) should be introduced to meet the 
demands and augment the groundwater resources by reducing 
the pumping rate.

Qahman & Larabi [6] introduced 2 pumping schemes 
to predict future changes in groundwater levels and they 
concluded that the aquifer has to be replenished by installing 
artifi cial recharge which may limit seawater intrusion and 
reduce groundwater depletion. Selmi [7] studied groundwater 
management under different scenarios including reducing the 
abstraction rate, and increasing the recharge. She recommended 
that using treated wastewater might increase the groundwater 
level at an affordable cost, whereas the latter water sources are 
unpractical and expensive.

Rahman, et al. [8] selected the best locations to install the 
artifi cial recharge sites using multi-criteria decision analysis 
and groundwater numerical modeling for the northern part of 
the aquifer. They concluded that the location of the infi ltration 
ponds could be installed near the North Gaza Wastewater 
Treatment Plant. Additionally, they concluded that 50% of the 
study area is suitable for installing artifi cial recharge sites. 

Abualtayef, et al. [9] suggested four management scenarios 
for the groundwater level. The fi rst scenario is considered the 
base scenario where no change in abstraction rate or recharge 
rate occurs. The second scenario is to investigate the Palestinian 
Water Authority (PWA) stormwater plan. The third scenario 
includes the proposed Gaza Emergency Technical Assistance 
program, and the fourth scenario includes the combination of 
both the second and the third scenario. The results show that 
the fourth scenario shows the best enhancement of increasing 
the groundwater level from -15 m to 4 m above the Mean Sea 
level from the year 2020 to the year 2040. 

Ibraheem & Saleh [10] modeled the hydrogeological 
system by reducing the abstraction rate by 50% to eliminate 

the saltwater intrusion problem. Also, he recommended that 
injecting wells along the coast could reduce the salt intrusion 
phenomena in the aquifer. Finally, a cost-benefi t analysis 
should be conducted to check the feasibility of groundwater 
management in the study area taking into consideration the 
social and political issues.

Melloul & Collin [4] found that stringent measures should 
be conducted to secure water resources for domestic purposes. 
The measures include injecting water using wells via fresh 
non-conventional water resources such as desalinated sea, 
and brackish water, and importing freshwater from abroad. 
Additionally, the pumping rate should be managed such that 
the pumping doesn’t cause the up-coning of the saline layers 
from below. Seyam, et al. [11] investigated the infl uence of 
excess pumping on groundwater salinity using three different 
pumping scenarios. The fi rst scenario includes no change in the 
current abstraction rate, the second scenario is to reduce the 
abstraction rate, whereas in the third scenario the abstraction 
rate vanishes.

Qahman, et al. [12] introduced optimization management 
scenarios for the abstraction rates. The results show that 
the optimum abstraction rate should vary from 26% to 34% 
of the total natural replenishment. However, the results are 
unfeasible because the demand is currently very high (more 
than 100% of the natural recharge rate). Weinthal, et al. [13] 
proved that increasing the abstraction rate along the border 
of the strip followed by reducing the abstraction rate within 
the study area would improve the quality of the groundwater. 
Additionally, injecting desalinated seawater extracted from the 
aquifer could remedy the aquifer.

Abd-Elhamid, et al. [14] simulated the seawater intrusion 
into the aquifer using numerical modeling incorporating 
different effects: climate change, sea level rise, and over-
exploitation. It is found that all the factors will result in 
groundwater deterioration in terms of seawater intrusion 
into the aquifer. Redistribution of the pumping fi elds and 
change in agricultural practices could be a solution to mitigate 
seawater intrusion. Abu Al Naeem, et al. [15] conducted an 
integral approach of statistical, geostatistical, hydrogeological, 
and hydrogeochemical techniques to understand the factors 
affecting the groundwater. The main reason for salinization 
is groundwater over-exploitation. The geostatistical method 
demonstrates that the aquifer hydraulic properties (hydraulic 
conductivity) aids the seawater intrusion as the hydraulic 
conductivity is relatively high in the study area. 

From the aforementioned literature, it has been agreed that 
the best groundwater management scenarios are to reduce the 
abstraction rate and inject freshwater into the hydrogeological 
system. However , most of the studies didn’t take into account 
the feasibility of reducing the abstraction rate and injecting 
the water into the system at a reasonable rate in the study 
area. In other words, no certain predicted groundwater levels 
are simulated by the previous studies considering reliable 
groundwater management scenarios according to the study 
area’s current situation. Thus, we tried in this article to fi nd a 
certain future prediction for the groundwater level taking into 
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consideration reliable groundwater management scenarios. To 
achieve this objective, a numerical groundwater fl ow model 
was applied to predict the groundwater level under different 
reliable management scenarios.

Materials and methods

Study area description

General description: Gaza strip is a coastal area located 
along the Mediterranean Sea shore with an area of 365 km2 
[16]. It is situated between a latitude of 31o26’ and a longitude 
of 31o22’ (Figure 1). Around 1.94 million inhabitants are living 
in the strip in the year 2017 [2]. The climate is considered semi-
arid where the annual precipitation rate ranges from around 
140 mm to 425 mm [17], whereas the average temperature 
ranges from 13 degree Celsius in winter to around 25 degrees 
Celsius in summer [9].

Geology: Geology is studied by different researchers: Picard 
[18], Bartov & Arkin [19], Frechen, et al. [20], Al-Agha, et al. 
[21], and Galili, et al. [22]. Gaza strip is a coastal plain that is 
gradually sloping towards the coast of the Mediterranean Sea. 
The geological age starts from the Mesozoic to the quaternary 
geological formations. 2 formations are present in the aquifer: 
tertiary formation (Saqiya formation) and quaternary alluvial 
deposits (Kurkar group). 

The coastal aquifer consists of the sand dunes and the 
kurkar group. The Kurkar group consists of sand dunes, 
which are formed during the marine and Aeolian depositional 
environments. Unconformity phenomena took place where 
this layer is placed above the Eocene chalks and limestone. The 
thickness of the Kurkar group ranges from 70 m in the east to 
around 200 m in the west [7]. 

The quaternary layer constitutes intercalated clay deposits 
and is randomly distributed in the area. The quaternary layers 
are hydraulically connected and can be represented as one 
aquifer. Figure 2 shows the hydrogeological cross-section of 
the aquifer. 

Aquifer hydrogeology: Different pumping tests were 
carried out by Qahman, et al. [12] in different areas of the Gaza 
strip. The results show that transmissivity values range from 
700 to around 5000 m2/d. On the other hand, the hydraulic 
conductivity ranges from around 20 m/d to 80 m/d where the 
porous media is considered a medium sand. The estimated 
effective porosity is around 0,25 and the specifi c yield varies 
from 0.15 to 0.3 and the specifi c storativity is around 0.0001 
[12].

Dentoni, et al. [3] conducted a fi eld campaign to determine 
the hydraulic parameters for the Gaza coastal aquifer. The 
hydraulic conductivity for the aquifer layers ranges from 
around 0.00023 m/s to 0.00093 m/s. However, the hydraulic 
conductivity for the aquitard is around 0.00000012. The 
porosity of the sand is around 0.35 and of the clay is 0.4. The 
specifi c storage is around 0.0001. 

Groundwater recharge and discharge: Groundwater 
recharge is highly uncertain because it is spatially variable, 
especially in arid environments and it depends on the different 
climate and anthropogenic factors. Different researchers 
estimated the groundwater using different methods including 
estimating the recharge coeffi cient, water level fl uctuations, 
chloride mass balance, land-use, and soil infi ltration, 
numerical modeling (groundwater, water balance model), and 
soil moisture balance. It is found that the groundwater recharge 
ranges from around 24.5 Mm3 to 64 Mm3. However, Mushtaha, 
et al. [16] calculated the mean annual recharge rate precisely, 
as they used spatial daily rainfall and evapotranspiration from 

Figure 1: Location map of the Gaza strip. The fi gure shows the main governorates and the location in World. 
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the year 1973 till 2016 to predict the recharge in the whole area. 
He found that the long-term mean annual recharge rate is 
around 24.5 Mm3. 

However, the aquifer is not only recharged by rainfall 
but also by agricultural drainage, leakage from water and 
wastewater system, and recharge basins located all over the 
Gaza strip. Additionally, the lateral fl ow enters the Gaza strip 
from the South and ranges from 10 Mm3/yr to 15 Mm3/yr [5]. 
The total annual recharge rate ranges from nearly 56.5 Mm3 to 
62 Mm3 [5]. It is worth noting that the groundwater recharge 
is low in the south causing a decline in the groundwater level.

Regarding the groundwater abstraction rate, 4000 wells are 
located in the Gaza strip, which is privately owned and used 
usually for agricultural purposes. Table 1 shows the estimated 
groundwater abstraction from the Gaza aquifer.

Groundwater fl ow model 

General description: MODFLOW is a 3D fi nite-difference 
numerical model developed by MacDonald & Harbaugh [23] to 
simulate the groundwater fl ow in the quasi-steady and transient 
state in the porous media. The form of governing equation used 
for solving the groundwater fl ow problem in the MODFLOW 
model is mentioned in the following equation as described by 
Hamraz, et al. [24]. This equation is a combination of Darcy’s 
law and the law of conservation of mass Hamraz, et al. [24].

 
h h h h

K K K S Rxx yy zz s
x x y y z z t

      
   

      

    
              (1)

Where Kxx, Kyy, and Kzz are hydraulic conductivity in the 
directions of x, y, and z coordinate orthogonal axes respectively 
(parallel to the major axes of hydraulic conductivity) (L/T), h is 
the potentiometric head (L), R is the volumetric fl ux (represents 
source and sink) (L/T), Ss is the specifi c storage (1/L), and t is 
time (T)? This equation can determine the groundwater table 
and groundwater fl ux in the quasi-steady and transient state.

Conceptual model: To build a conceptual model, the 
boundary conditions were identifi ed according to the study 
area. Since the study area is bounded by the Mediterranean Sea 
in the North, thus the northern boundary was assigned as a 

constant head boundary, where the head is equivalent to the 
mean sea level (0 m). The western and eastern border of the 
aquifer is assigned as a no-fl ow boundary (zero fl ux Neumann 
boundary) because the boundaries are nearly perpendicular 
to the equipotential lines (groundwater head) as depicted in 
Figure 3. The southern boundary was assigned as the general 
head boundary (Cauchy boundary), where the groundwater 
fl ux is entering the hydrogeological system from the South 
(estimated around 10 - 15 Mm3/yr) [3,5].

The model domain is discretized into 150 m in the 
horizontal direction and into 8 layers in the vertical direction 
with different thicknesses according to Selmi [7] which are 
represented in Table 2. The aquifer parameters were inserted 
into the model using the values acquired from Selmi [7] 
as initial values, which are the hydraulic conductivity, the 
anisotropy ratio, specifi c storage, specifi c yield, recharge rate, 
and lateral fl ow. However hydraulic conductivity needs to be 
calibrated because it is spatially variable.

Model calibration and validation: The model was 
calibrated using the groundwater level map for the year 1935. 
This map was obtained from Qahman & Zhou [25] (Figure 
4). Additionally, the calibrated hydrogeological parameters 
were acquired from the calibrated model in the steady state 
condition performed by Dentoni, et al. [3] for the year 1935. The 
calibration was conducted by dividing the model domains into 
11 zones derived from the soil type map generated by Hamad, 

Figure 2: Hydrogeological cross-section of the coastal aquifer. (source: Dan & Greitzer [ 29], modifi ed by: PWA/USAID [30]). 

Table 1: Estimated groundwater abstraction from Gaza aquifer.

Abstraction period Abstraction rate (Mm3/yr) Source

1935 – 1949 16 [6]

1949 – 1955 22 [6]

1955 – 1960 55 [6]

1960 – 1969 78 [6]

1969 – 1975 98 [6]

1975 – 1982 107 [6]

1982 – 1990 116 [6]

1990 – 1998 135 [6]

1998 – 2003 150 [6]

2003 – 2009 165 [7]

2011 – 2020 180 [3]
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et al. [26] as shown in Figure 3. Table 3 shows the calibrated 
hydraulic conductivity for the model.

To validate the model, the transient model was run from 
the year 1935 until 2010. The model results (groundwater level) 
were compared with the groundwater level maps for the years 
1970, 1990, 2000, and 2010 acquired by Dentoni, et al. [3]. 
The validation process shows a good agreement between the 
simulated and the observed values.

Management scenarios: Based on the solution proposed 
from the previous studies and the plans adopted by the 
Palestinian Water Authority (PWA) prior to managing the water 
resources in the Gaza strip, the best solutions involve reducing 
the pumping rates and injecting water into the aquifer via 
artifi cial recharge techniques. However, most studies didn’t 
consider the feasibility of the scenarios according to the 
study area situations such as the future possible water supply 
including water and wastewater infrastructure systems. 

Hence, it is necessary to collect data related to the capacity 
of different water and wastewater infrastructure systems and 
the required water demand in the study area to calculate the 
feasible abstraction and recharge rate for the study area. It has 
been found that water infrastructure in the study area includes 

desalination plants and recharge basins, where desalinated 
water and storm water could be used for domestic purposes 
instead of using groundwater. However, wastewater treatment 
plants could be applied such that sewage effl uent could be used 
to recharge the aquifer. Table 4 shows the water supply in the 
study area Table 5. 

Based on the available water supply in the study area 
(desalinated water, stormwater, purchased water), the 
abstraction of the groundwater for domestic purposes could 
be reduced to 30 Mm3 by the year 2030. Thus, the reliable 
abstraction rate could be reduced to around 145 Mm3 instead of 
215 Mm3 (the groundwater abstraction rate would be reduced 
by 70 Mm3). Regarding the artifi cial recharge, the tertiary 
sewage effl uent could be utilized to recharge the aquifer, where 
the artifi cial recharge rate could reach around 50 Mm3 (around 
half of the treated wastewater).

Four management scenarios were proposed to increase the 
groundwater level based on the future demand and supply in 
the study area. The time horizon for modeling the future period 
was specifi ed from the year 2020 to the year 2040. These 
management scenarios are developed based on a plan adopted 
by the Palestinian Water Authority (PWA). The scenarios are 
demonstrated in Table 6. The simulated groundwater level in 
the year 2040 is represented in the results section.

Scenario 1 simulates the groundwater level from the year 
2020 until the year 2040 without any change in the current 
situation including reducing the pumping rate (abstraction 
rate = 215 Mm3) or injecting the artifi cial recharge to the 
aquifer (artifi cial recharge rate = 0 Mm3). In scenario 2, the 
groundwater abstraction rate will be decreased from the year 
2020 until the year 2040 such that the abstraction rate would 
reach 145 Mm3/yr based on the aforementioned calculations. 
However, in scenario 3, it has been purposed to install 
artifi cial recharge wells and recharge basins along the aquifer 

Figure 3: Hydraulic conductivity zones divided by Dentoni, et al.  [3] (Note: the fi gure shows the boundary conditions assigned to the conceptual model). 

Table 2: Aquifer thickness as specifi ed by Selmi [7].

Layer number Type Thickness range

1 Aquifer 50-100

2 Aquitard 1-10

3 Aquifer 30-40

4 Aquitard 1-10

5 Aquifer 30-40

6 Aquitard 1-10

7 Aquifer 60-70
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distributed all over the study area. The total artifi cial recharge 
rate is around 50 Mm3/yr, where the source of the recharge 
would be Tertiary Sewage Effl uent discharged after treatment 
from the current Wastewater treatment plants in the study 
area. However, scenario number 4 combines both scenario 2 
and scenario 3.

Results and discussions

Model results

Scenario 1: The fi rst scenario simulates the impact of no 
reduction of the pumping rate on the groundwater level. It is 
clearly perceived that 2 cones of depression take place. The fi rst 
one is located in the northern part of the study area, whereas 
the second is located in the southern portion. The results 
show that (as shown in Figure 5) the groundwater level will 
be declined until the year 2040 reaching respectively around 
-21 m and -9 m below mean sea level for the southern and 
northern parts of the study area. The results are different from 
the latter found by Abualtayef, et al. [9], where the groundwater 
level will be decreased in 2 depression cones reaching -24 m 
and -12 m respectively. The reason for this is that the increase 
in abstraction rate was considered in Abualtayef, et al. [9], 
however, it wasn’t considered in this study. As Abualtayef, et 
al. [9] estimated an annual increase in pumping rate by 3.8 % 
using the assumption proposed by PBCS [27].

Figure 4: Model calibration showing the observed and simulated contour lines (groundwater level map obtained from Qahman & Zhou [25]).

Table 3: Calibrated hydraulic conductivity values by Dentoni, et al. [3].

Zone Horizontal Hydraulic conductivity [m/d]
Vertical Hydraulic conductivity 

[m/d]

1 19.87 8.64

2 8.64 0.86

3 27.22 8.64

4 14.69 1.65

5 8.64 0.86

6 23.84 6.63

7 36.98 8.64

8 24.11 0.86

9 8.64 1.36

10 38.71 0.86

11 8.64 2.72

Clay 0.04 0.008

Table 4: Water supply of the Gaza strip for the year 2030. 

Governorate

Capacity [m3/yr]

Imported water 
from outside

Rainfall 
harvesting

Wastewater 
treatment plant

Desalination 
Plant

Rafah 3.65  

Khanyounis 9.49

Middle 43.8 56.94

Gaza 32.85

North Gaza 12.77 4.38

Sum 20 22.9 102.57 61.32

Source: [16,30]

Table 5: Demand for Gaza strip for the year 2030. 

Domestic Demand [Mm3/
yr]

Agricultural Demand [Mm3/
yr]

Total Demand [Mm3/yr]

135 115 250

Source: [30].

Table 6: Scenarios adopted to model the groundwater level.

Scenario No. Description

1 No reduction of abstraction rate / No artifi cial recharge

2 Reduction of abstraction rate to 145 Mm3

3 Increase of artifi cial recharge rate to 50 Mm3

4 Combining Scenario 2 and Scenario 3
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level would occur reaching respectively -18 m and -3 above 
mean sea level for the southern and northern depression cones. 
However, Selmi [7] proposed in this scenario to stop pumping 
from the regions where the depression cone is present. In this 
situation, the groundwater level could be increased above the 
mean sea level. Although this assumption solved the problem, 
it is considered an unrealistic solution, as it is unfeasible to stop 
pumping where the water demand is not already met such as 
for agricultural practices and municipal purposes. This solution 
might be impractical because in the future the demand may 
reach around 260 Mm3 [7]. Therefore, it is worth important to 
fi nd other water sources to cope with the defi cit that occurs due 
to this scenario such as using treated wastewater in agriculture 
and desalinating brackish water.

The result quite agrees with the latter obtained by Selmi [7] 
stating that the groundwater table will decrease to more than 
-16 m below mean sea level in the southern portion and around 
-9 m in the northern portion. A study conducted by Qahman 
& Larabi [6] indicates that this scenario causes intruding 
seawater into the hydrogeological system by a volume of 72 
Mm3.

Scenario 2: The results of the second scenario as shown in 
Figure 6 indicates that reducing the pumping rates to around 
145 Mm3/yr until the year 2040 will result in increasing the 
groundwater level such that the groundwater level at the 2 
depression cones are -18 and -6 m. There isqa an agreement 
between this result and the results obtained by Abualtayef, et al. 
[9]. The result indicates that enhancement in the groundwater 

Figure 5: Results of scenario 1.

Figure 6: Results of scenario 2.
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In this scenario, it was assumed that groundwater 
exploitation will be reduced to around 145 Mm3. However, 
Qahman, et al. [12] used a simulation-optimization approach 
to predict the optimum pumping rate that could achieve high 
groundwater levels and low seawater intrusion into the aquifer. 
The results show that the safe yield of the pumping rate ranges 
from 26% to 34% of the natural replenishment (15 Mm3 to 20 
Mm3). This result is considered unfeasible because the pumping 
rates are not matching the demand needs. Weinthal, et al. [13] 
suggested that pumping the saline water along the aquifer 
boundary combined with a decrease in pumping might improve 
the groundwater quality. The reduction of the pumping will 
result in a reduction of seawater fl ux to the aquifer by 40 Mm3 
as calculated by Qahman & Larabi [6].

Scenario 3 : This scenario indicates installing the artifi cial 
recharge without reducing the pumping rate to increase the 
recharge rate entering the hydrogeological system. As shown 
in Figure 7, it is clearly noticed that 2 depression cone areas 
are present in the southern and northern portions of the study 
area. The groundwater level in these 2 cones is -14 m and 
-6 m below the mean sea level respectively. The results are 
quite different from that obtained by Abualtayef, et al. [9]. The 
depression cone for the southern and northern portions are -18 
and -3 m respectively. The reason for the difference could be 
due to the difference in the artifi cial recharge rate estimated 
by Abualtayef, et al. [9] and this study. It has been inferred 
that the aquifer is responsive to artifi cial recharge where the 
hydraulic conductivity is high for injection purposes.

Scenario 4: This scenario follows the PWA plan for restoring 
the groundwater level and remediating the groundwater quality. 
As shown in Figure 8, the results show that the groundwater 
level will be increased above the mean sea level. However, only 
a depression cone will be situated in the southern part of the 
study area, where the groundwater level is reaching around -6 
m. The results are different from that acquired by Abualtayef, 

et al. [9], where the groundwater level is above the mean sea 
level in the systems. The reason might be that the storage 
coeffi cient used in this study is different from the ones used 
in Abualtayef, et al. [9]. This scenario was based on the Coastal 
Aquifer Management Plan (CAMP) adopted by PWA for the next 
20 years. 

Scenario evaluation

Table 7 evaluates the system under different proposed 
scenarios. The table demonstrates that scenario 4 is the best 
scenario that could be adopted to restore the groundwater 
level and improve the groundwater quality. As the system 
defi cit would be reduced from 260 % to nearly 30 % and the 
groundwater level will be increased by around 15 m at the 
depression cones. Thus, Scenario 4 could be adopted due to 
its best performance in recovering the system to its stable 
condition. However, the groundwater level is still less than 
the mean sea level, leading to intruding seawater into the 
hydrogeological system. To avoid the seawater intrusion 
phenomena, the groundwater level should be greater than 0 
m (stable condition). To restore the groundwater level, it is 
necessary to reduce the defi cit such that it reaches 0 %. This 
could be possible after the year 2040 when more wastewater 
treatment and desalination plants might enter the service. 

Conclusion

Gaza strip aquifer is a hydrogeological system that is 
dynamically affected by different natural factors (seawater 
intrusion, natural replenishment) and anthropogenic factors 
(over-exploitation, agricultural pollution). However, the 
system is in an unstable condition for the past 50 years due 
to the over-exploitation of groundwater to meet agricultural 
and domestic needs. Therefore, four reasonable management 
scenarios were adopted to ensure a steady state balance. To 
assess the management scenarios, the groundwater level was 

Figure 7: Results of scenario 3.
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simulated from the year 2010 to the year 2040. The results 
are compared with the previous results conducted by several 
researchers in the study area. 

The results show that combining both reducing the 
abstraction rate and increasing the artifi cial recharge to the 
hydrological system might lead to restoring partially the 
groundwater level to its natural balance by the year 2040. The 
results are agreeing with the CAMP plan adopted by PWA for 
the next 20 years to augment the groundwater resources and 
remediate the groundwater from different pollution sources 
such as seawater intrusion and agricultural pollution. 

To apply the selected scenario, different water sources 
could be utilized: desalinated seawater treated wastewater, 
and imported water from outside. Additionally, to reduce the 
pumping rate, it is preferred to increase the pumping rate 
around the aquifer boundary to extract the seawater and reduce 
the pumping rate inside the aquifer. It is clearly noticed that 
other non-conventional water resources can substitute the 
groundwater resources in the study area in case the artifi cial 
recharge is considered infeasible in terms of cost.

Some limitations are not considered in this study. These 
limitations include that this study didn’t take into account the 

Figure 8: Results of scenario 4.

 Table 7: Evaluating the system under different scenarios.

 
Scenario 

1
Scenario 

2
Scenario 

3
Scenario 

4
Perfect 

Scenario

Abstraction rate [Mm3/yr] 215 145 215 145

Artifi cial Recharge Rate 
[Mm3/yr]

0 0 50 50

Natural Recharge Rate 
[Mm3/yr]

60 60 60 60

Defi cit [%] 258 142 95 32 0

Maximum groundwater 
decline [m]

-21 -18 -14 -6 0  

effect of sea level rise on the groundwater and the effect of 
climate change projection on the natural replenishment of the 
aquifer. Additionally, this study didn’t take into consideration 
the main contaminants affecting the groundwater such 
as Chlorine and Nitrate. A cost-benefi t analysis should be 
conducted to study the feasibility of installing artifi cial and 
securing water sources for the system. 

Besides applying the CAMP plan by the PWA, stringent 
environmental guidelines, legislation, regulations, and 
enforcement should be imposed and practiced to ensure 
applying the plan in an effective and effi cient way. Different 
measures have to be considered including achieving a safe 
yield in most pumping wells in the study area including the 
private wells owned by the farmers. Thus, monitoring should 
be accomplished on regular basis.

Since Groundwater is the only source in the Gaza strip 
aquifer and it is in an unstable condition, therefore, it is highly 
recommended to conduct investments to monitor the applied 
scenario including installing monitoring wells to observe the 
groundwater levels and concentration of different chemical 
species such as Chlorine and Nitrate. 
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