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ABSTRACT 

Water is a vital source supporting all forms of developments all over the world. 

In Gaza Strip, Gaza coastal aquifer is the most precious natural source where it is the 

only source of water for different uses. Groundwater crisis in Gaza includes two major 

folds: shortage of water supply and contamination. The extraction of groundwater 

currently exceeds the aquifer recharge rate. As a result, the Groundwater level is falling 

continuously and by contamination of many pollutants mainly nitrate and salinity. 

Therefore, the overall objective of the research is to analyze and evaluate the current 

stormwater management procedures and the proposed Palestinian water authority 

stormwater infiltration plan and studying their effect on quantitative improving Gaza 

Strip aquifer. Then making improvements and developments on these proposed plans 

according to the result of analyzing the plan and the application of numerical models in 

order to help in bridging the gap in the water resources budget in the Gaza Strip. 

In this respect, the available quantities of rainfall that could be harvested and 

infiltrated from different types of land-use based on existing and planned situations are 

studied using GIS software. Then, developing numerical models for Gaza coastal aquifer 

(GCA) within  V-MODFLOW V. (4.6) environment for simulating and predicting the 

effect of infiltrated storm water on groundwater quantities for each scenario: (I) Existing 

situation (no-action scenario), (II) Proposed Palestinian water authority storm water 

infiltration plan. The management options were tested with the calibrated flow model 

Strip for the target period (2016-2040). 

The simulation results of first scenario show that, there are two well defined 

depression zones. The first one exist in southern part of Gaza strip, which show the 

greatest water level decline occurs in the Gaza strip, from -19 m to -25m below MSL in 

2020, 2040 respectively. The second one, exist in the northern part of  Gaza Strip, where 

the groundwater table decline from - 7 to -11 below MSL in 2020, 2040 respectively. 

The water-level in the middle regions experienced a small decline in groundwater level 

for all the investigated period 

As for the simulation of second scenario indicate that there are two well defined 

depression zones but comparing them with the depression zones in the 1st scenario. It is 

clear, that there is a little enhancement of water-level due to new recharge resources 

proposed by PWA. In the southern part, water-level ranges from -3m to -19 m below 

MSL in 2020, 2040 respectively.  While in the northern part, the water-level range, from 

-1 to - 7 m below MSL in 2020, 2040 respectively.  

Finally, we can come to the conclusion that the proposed artificial recharge 

resources by PWA in GS will have a positive impact on water-level of Gaza aquifer. 

They will decrease the decline in groundwater level that it supposed to happen in case of 

continuous pumping rate without any mitigation measurements taking into account. 

Therefore, it is recommended to implement the proposed Palestinian water authority plan 

as soon as possible In addition to using alternative water resources such as: the artificial 

recharge option, treated wastewater, implementing desalination plants as a means to 

cover the future water demand and stop the deterioration. 
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  الملخص .1

ويعتبر الخزان الجوفي  العالم, أنحاء جميع في التطورات أشكال جميع يدعم حيوي مصدر ھو الماء

: ھي رئيسيتين و نقطتين الجوفية المياه أزمة وتشمل في قطاع غزة والوحيد للمياه طبيعيلا المصدر الساحلي ھو

 الجوفية المياه تغذية معدل عن الجوفية المياه يزداد معد<ت الضخ من والتلوث حيث المياه إمدادات في العجز

زيادة تركيز كل من الملوحة وازدياد التلوث الناتج من  الخزان منسوب في مما أدى الى استمرار ا<نخفاض

 مياه في إدارة ا<جراءات المتبعة حاليا وتقييم تحليل ھو الرسالة ھذه من العام الھدف فإن ولذلك والنترات.

تحسين  على تأثيرھا ودراسة لترشيح مياه ا<مطار المياه الفلسطينية سلطة المقترحة من قبل والخطة اPمطار

غزة، وبناء على تحليل ھذه الخطط من خXل تطبيق النماذج الرياضية سيتم  قطاع منسوب الخزان الجوفي في

  عمل تقييم و اقتراح لتعديل ھذه الخطط من اجل الوصول الى سد الفجوة في الموازنة المائية في قطاع غزة.

و في ھذا الصدد تم حساب كميات مياه ا<مطار المرشحة من خXل ا<نواع المختلفة <ستخدامات 

ومن ثم تطوير  ،(GIS Program)ي لكل من الوضع الحالي والخطط المستقبلية باستخدام برنامج ا<راض

) لمحاكاة V-MODFLOW V. (4.6)نموذج رياضي للخزان الجوفي الساحلي لقطاع غزة باستخدام برنامج (

الوضع الحالي من  حسب سيناريوھين: السيناريو ا<ول وھو الواقع و التنبؤ بتأثير ترشيح كميات مياه ا<مطار

دون أي تدخل، أما السيناريو التاني وھو الخطة الموضوعة من قبل سلطة المياه الفلسطينية لترشيح مياه 

  .2040-2016ودراسة تأثير كل من السيناريوھين خXل الفترة من  ا<مطار،

 الجزء في وجدت ىولاP منطقتين ذات منسوب منخفض، ھناك أن اPول السيناريو محاكاة نتائج وتشير

م  25-  إلى 3- الجوفية حيث تتراوح  المياه منسوبكبير في  انخفاض تظھر والتي غزة، قطاع من الجنوبي

 غزة، قطاع من الشمالي الجزء في فتوجد ثانيةأما ال ترتيب،ال على 2040 ،2020 يعام في تحت سطح البحر

 على 2020،2040 فيم تحت سطح البحر  11-   الى 3-  من الجوفية المياهمنسوب  انخفاض يتراوح حيث

  خXل فترة الدراسة. الجوفية المياه مستوى في طفيف انخفاضفشھدت  الوسطى مناطقاما بالنسبة لل رتيب،الت

بالمقارنة مع  ولكنوجود منطقتين منخفضتي المنسوب  إلى فتشير النتائج الثاني السيناريو لمحاكاة بالنسبة أما

 سلطة قبل من المقترحة برك الترشيح بسبب في منسوب الخزان الجوفي زيادة ھناك أنالسيناريو ا<ول نجد 

 في تحت سطح البحر متر 19- إلى 15- من الجنوبي الجزءحيث يتراوح المنسوب في  الفلسطينية المياه

 عام في سطح البحر تحت متر 7 -  إلى 3- الشمالي تتراوح بين الجزء في بينما رتيبالت على 2020،2040

 الترتيب. على 2040 ،2020

 غزة قطاع في الفلسطينية المياه سلطة قبل من المقترحة خطة سلطة المياه نستنتج أن أن يمكن وأخيرا،

 الجوفية المياه مستوى في الحاد نخفاضا< من قللحيث  منسوب الخزان الجوفي على إيجابي تأثير الھ سيكون

 خطة تنفيذفي  ولذلك يجب ا<سراع للمحافظة على الخزان الجوفي،اجراءات  أي دون الضخاستمرار  حالة في

اعادة حقن : مثل المياه مواردبدائل  استخدام إلى باkضافة ممكن وقت أقرب في المقترحة الفلسطينية المياه سلطة

 لتغطية كوسيلة المياه تحلية محطات وتنفيذ الصحي، الصرف مياهمعالجة و ،مياه ا<مطار للخزان الجوفي

  .التدھور ووقف المستقبل في المياه على الطلب
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Chapter 1 

Introduction 

1.1 Background 

Water is fundamental to our quality of life, to economic growth and to the 

environment. With its booming economy and growing population, Palestine faces 

increasing pressure on its water resources. These pressures are compounded by the 

impact of climate variability and accelerating climate change (PWA, 2011).  

Rainfall in Gaza Strip is the main source of groundwater recharge area. The area is 

located in the semi-arid zone and therefore a detailed knowledge of rainfall regime 

and its distribution is a perquisite for water resources planning and management in 

Gaza Strip. Considering the amount of rainfall quantity is about 110 MCM/year, 

where part of that is feeding the groundwater aquifer through natural recharging 

process. The recharge rate is varying in accordance to the soil porosity and the 

thickness of the unsaturated zone that overlaying the groundwater aquifer. Previous 

studies showed that the recharge rate is about 25% in the low porous area like the 

eastern part of the Gaza Strip, and about 75% in porous area where the sand dunes 

are still found in the north and south of the Gaza Strip. Also the rainfall intensity 

plays an important role in the recharge quantity to the aquifer (CMWU, 2008). 

Over the years, the trend in Gaza Strip has been toward increased urbanization. This 

increasing degree of urbanization and the associated higher public expectations for 

runoff control have been underlying forces in the trend toward the increasing use of 

stormwater management principles. 

The terms "stormwater management" implies a comprehensive approach to the 

planning, design, implementation, and operation of storm water drainage 

improvements. The purpose of the storm water management approach is to develop 

effective drainage systems that balance the objectives of maximizing drainage 

efficiency and minimizing adverse environmental impacts. Stormwater management 

has the advantage of harvesting runoff as a new water resource and decreasing the 

peak flow of street runoff that accumulates in the depressions and blocks the 

movement. In developed countries it is used as a means toward reducing the peak 
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flow to treatment plants that receive both wastewater and stormwater through 

combined sewers (Alberta, 1999). 

Rainwater harvesting has been identified in the Palestinian national water plan as one 

of the strategic options of the water resources management in the form of 

introduction of flood alleviation measures at the source and construction of cisterns 

for domestic, small scale agricultural and industrial supplementary emergency 

supplies. Moreover, it is planned that 7.1 MCM from available storm water in Gaza 

Strip will be artificially recharged to the aquifer in the year 2020 (PWA, 2000), 

which is much less than the potential quantities of available stormwater that reach 28 

MCM every year (Hamdan et al., 2011). The long-term average recharge is 

considered to be 40% of the whole rainfall quantity (PWA, 2005). 

In the Gaza Strip, the quality and quantity of runoff are considered acceptable and 

encouraging for the purpose of stormwater harvesting. The quality of rooftop 

stormwater in Gaza has been shown to be clean and to be close to the limits set by 

WHO for drinking purposes. The quality of road stormwater runoff has also been 

shown to be acceptable for the artificial recharge of groundwater. It is proposed that 

both rooftop and road stormwater runoff are harvested for artificial infiltration to the 

groundwater system to replenish the aquifer (PWA, 2011). 

The available stormwater quantities that flow from the existing urban areas in Gaza 

were calculated to be 22 MCM every year. Since urbanization in the Gaza Strip is a 

continuous process, the flowing stormwater quantities from the planned land-use 

were estimated to be 37 MCM every year. The total stormwater quantities from all 

land-use e.g. urban areas and rural areas are 27.8 MCM in the existing situation and 

expected to reach 42.6 MCM in the planned land-use. This means that 78% of 

stormwater of the existing land-use in Gaza come from the urban areas, and 84% of 

stormwater in planned land-use come from urban areas. Therefore, urban stormwater 

management is crucial issue in the water resources management in Gaza (Hamdan et 

al., 2011). 

The available groundwater system, which is part of the coastal aquifer, showed fast 

response to natural rainfall infiltration. In sites, where sand dune is covering the 

ground surface, the increase of groundwater level was observed to be around 0.6 
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meters in the wet months November 2004 to March 2005. However, in the dry 

season, the decrease in the water table was around 1.5 meters due to groundwater 

abstraction. This means that the supply to the aquifer is much less than the demand 

through abstraction. At the same times, there it gives us an indication that, artificial 

recharge of groundwater with stormwater will have quick positive effect to balance 

the gap between aquifer supply and demand (Hamdan et al., 2011). 

The overall objective of the research is to analyze and evaluate the current 

stormwater management procedures and the proposed stormwater harvesting plan 

and studying their effect on quantitative improving Gaza Strip aquifer. Then making 

improvements and developments on these proposed plans according to the result of 

analyzing the plans and the application of numerical models in order to help in 

bridging the gap in the water resources budget in the Gaza Strip. In this respect, the 

available quantities of rainfall that could be harvested from different types of land-

use based on existing and planned situations are studied by developing numerical 

models such as: flow model for simulating and predicting the effect of infiltrated 

stormwater on groundwater quantities for each scenario of existing situation and 

proposed PWA storm water harvesting and infiltration plans. 

1.2 Problem Statement 

The rainfall data of the Gaza Strip is based on the data collected from 12 rain 

stations. Most of recent studies show the average quantities of annual rainfall which 

varies from 400 mm/yr in the north to 225 mm/yr in the south of the Gaza Strip and 

most of the rainfall occurs in the period from October to March, but there is no any 

recently studies that determine exactly the spatial and temporal distribution of 

rainfall on GS. 

PWA has updated the stormwater infiltration plan. In this scenario, stormwater 

management becomes an integral part of site and building design, rather than an 

afterthought. PWA stormwater infiltration plan aimed at reducing the amount of 

impervious surface on development sites, thus reducing the amount of runoff that 

must be managed. This approach relies on thoughtful site design, decentralized 

stormwater management, landscaping, and small-scale hydrologic controls designed 

to minimize, capture, treat, and infiltrate storm water. In the other hand, this plan 
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lacks of quantifying the exact infiltrated stormwater, and comparing this plan with 

the spatial and temporal distribution of stormwater in Gaza Strip. 

1.3 Aim and Objectives 

1.3.1 Aim 

Analysis and evaluation of the current stormwater management procedures, the 

proposed PWA stormwater harvesting and infiltration plan and their effect on the 

quantitative improvement of groundwater in Gaza Strip. 

1.3.2 Objectives 

The specific objectives of this study are meant at more detailed level as follow: 

− Investigate the potential amounts of available stormwater quantities that 

could be harvested and infiltrated from different types of land-use based on 

existing and planned situations.  

− Determining the groundwater level of the infiltrated stormwater to the 

groundwater for the current situation and proposed PWA plan. 

− Developing numerical models for simulating and predicting the effect of 

infiltrated stormwater on groundwater quantities for each scenario, the 

existing situation and proposed PWA stormwater infiltration plan. 

− Making improvements on these proposed plans according to the analysis 

results of numerical models. 

1.3.3 Output 

Developing a flow model, which is numerical model, for simulating and predicting 

the effect of infiltrated stormwater on groundwater quantities for each scenario of 

existing situation and proposed PWA stormwater harvesting and infiltration plans.  

1.4 Methodology 

The methodology that was followed in this study is mainly based on analyzing and 

evaluating the effect of proposed stormwater harvesting and infiltration plans on 

Gaza Strip aquifer by conducting a numerical model using Modflow software for 

groundwater simulation and by using GIS software for quantifying rainwater 
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recharge according to planned land-use. The research was mainly covers the 

following topics: 

1.4.1 Data collection and analysis 

The following data were collected and analyzed: 

− Data collection includes metrological data (rainfall, temperature, etc.), geology, 

topography, water abstraction, soil and satellite images.  

− Land-use was updated based on recent satellite images and using GIS software 

for quantifying the stormwater in Gaza Strip. 

− Data on current infiltration practices and proposed PWA plan was collected. 

− Data was analyzed for quantifying the amount of stormwater that can be 

infiltrated according to land-use for each scenario of existing and proposed PWA 

storm water infiltration plan.  

− Finally, the results were analyzed and documented. 

1.4.2 Set up a numerical model application to Gaza Strip aquifer to simulate the 

behavior of the groundwater  

In order to study and evaluate the behavior of the quantity of groundwater with the 

application of the proposed stormwater harvesting and infiltration plan, and then be 

enable to investigate the areas that faces problems in groundwater level and making 

the required improvements. The following steps were followed:  

− Numerical model setup: The conceptual model is highly influenced by the 

numerical method applied to solve the governing equation set describing the 

physical system in a complex, time-dependent geometry and with various 

boundary conditions. 

− Model calibration and validation: The model was thoroughly verified using 

various verification test cases covering the targeted application domain in the 

past. Therefore, the model was carefully verified using historical data. The 

benchmark tests allow in most cases a formal comparison with a computed 

results against previous measurements. 
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− Model application: The applied general numerical method is one of the most 

appropriate methods to treat complex geometries. The algorithm structure allows 

a proper treatment of various boundary conditions appearing in nature. 

1.4.3 Results and discussion 

In the results and discussion section, the numerical model results were presented and 

discussed, and then a comparison between all scenarios according to aquifer response 

of improving groundwater quantity was done. Moreover, the compatibility between 

the model and the reality was viewed. 

 
Figure (1.1): Research Methodology 
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1.5 Thesis Structure 

The general structure of the thesis includes six chapters; chapter one introduces 

general information and view about groundwater crisis, problem identification, study 

objectives and methodology. 

Chapter two covers a general literature review of the stormwater and its relationship 

with land-use and soil type, in addition to the existing and proposed stormwater 

management system in Gaza Strip. It includes also some related studies. 

Chapter three takes a glance at the study area from different aspects (physical 

settings, hydrological, geological, rainfall, groundwater situation, land use) includes 

some of the main articles, studies and research that were needed for this research. 

Chapter four include the gathering of data from different sources, identifying the data 

and the process involved and linking the data to build the tool and discusses the 

setting up of the flow model in details. It presents the steady and quasi steady state 

states flow calibration steps and results to provide the calibrated parameters. 

Chapter five include the build of possible scenarios to run the model and compute the 

results by taking into consideration the factors affecting the existing and proposed 

stormwater management system.  

Finally, Chapter six gives conclusions and recommendations about the research.  
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Chapter 2 

Literature Review 

2.1 Introduction 

Water is fundamental to our quality of life, to economic growth and to the 

environment. With its booming economy and growing population, Palestine faces an 

increasing pressure on its water resources. These pressures are compounded by the 

impact of climate variability and accelerating climate change. Hence, stormwater 

harvesting has become an important option for many areas, and in the rural areas in 

the West Bank it has the potential to deliver valuable quantities of water for 

domestic and agricultural use. 

The spread of urbanization, especially in large cities, lead to increasing runoff, 

pollutant loads, pressure on existing systems and a significant economic cost. 

Alternative approaches are required to develop a sustainable approach to water 

systems in the urban environment. Achieving sustainable urban water systems and 

protecting the quality and quantity of freshwater resources are identified as key 

components of ecologically sustainable development as defined by the United 

Nations Agenda 21 (SSWM, n.d.). 

2.2 Stormwater 

Stormwater is defined as the runoff from pervious and impervious surfaces in 

predominantly urban environments. Impervious surfaces include; roofs, driveways, 

pavements, footpaths, and roads (Patchett and Wilhelm, 1999). 

2.2.1 Relationship between stormwater and land-use 

The quality and quantity of stormwater runoff depend on the types of land use or 

activities in the drainage area. In general: 

1. Natural areas with open vegetated spaces: result in small amounts of runoff 

with few pollutants. 

2. Developed areas: may result in larger volumes of runoff, causing accelerated 

erosion and flooding. 



11 

 

3. Industries, businesses and residential areas: may result in large amounts of 

pollutants in the runoff (Arnold et al., 1993). 

The quantity of stormwater that runs off a parcel of land increases when stormwater 

runs off impervious surfaces such as: compacted soil, roofs, parking lots and roads 

that are created as a result of development. These impervious surfaces prevent 

infiltration of the water into the soil, directly increasing the volume of water flowing 

over the land and into the streams draining the area (Arnold et al., 1993). 

 

Figure (2.1): Relationship between land use and surface runoff (SSWM, n.d.) 

2.2.2 Relationship between Stormwater and soil type  

Soil serves a vital function in infiltration process during hydrological cycle. The 

disturbance, compaction and degradation of soils impacts the soil structure and 

reduces its ability to provide this function.  

The infiltrability (infiltration capacity) of the soil defines: the rate at which the water 

may infiltrate the soil, under condition of a sufficient water supply. The infiltrability 

depends on a number of parameters (Bauwens W. 2016), such as:  

1. The soil type and compaction; 
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2. The initial moisture content; 

3. The surface cover and soil structure; 

4. The viscosity of the water; 

5. The depth of the water on the soil surface. 

For the initial infiltration capacity of dry soils, the data of table may be used.  

Table (2. 1): The initial infiltrability rate of dry soils (Bauwens W. 2016) 

 

Soil type 

Infiltration rate (mm/hrs) 

Min. Max. 

Sand 127 254 

Loam 76 152 

Clay 25 50 

 

Table (2. 2): The final infiltrability rate of soils (Bauwens W. 2016) 

Soil type Infiltration rate (mm/hrs) 

Deep sand & loess; structured loam 7.5 – 11 

Shallow sand & loess; less structured loam 3.8 – 7.5 

Heavy loam 1.2 – 3.8 

Heavy clay; swelling soils 0 – 1.2 

 

The effect of infiltration on the storm runoff is shown on figure (2.2) (rain = rain in 

Belgium; T = 2 years). 

 

minutes 
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Figure (2.2): Infiltration and rainfall (Bauwens W. 2016) 

2.2.3 Stormwater runoff computations 

The physical relationship between precipitation and the rate and amount of runoff is 

very complex. Hence, the computational methods which have been developed are 

empirical. When applying any hydrologic technique, the designer must be aware of 

its basic assumptions and limitations. Experience and good judgment must be used to 

evaluate the results (Bauwens W. 2016). 

In this section, we are going to present one of the most common methods to 

determine rates and volumes of stormwater runoff, which is rational method.  

• Rational Method: 

The Rational Formula is the most commonly used method of determining peak 

discharges from small drainage areas. This method is traditionally used to size storm 

sewers, channels and other stormwater structures which handle runoff from drainage 

areas less than 200 acres (Bauwens W. 2016). The Rational Formula is expressed as: 

Q = C.I.A 

Where: 

1. Q = peak rate of runoff in cubic feet per second (cfs) 

2. C = runoff coefficient, a dimensionless unit 

3. I = average intensity of rainfall in inches per hour (in/hr) 

4. A = the watershed area in acres (ac). 

minutes 
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Components of the rational formula: 

a) The area 

The area, A, draining to any point outlet. Drainage area information should include: 

1. Land use: as it affects percentage of imperviousness. 

2. Character of soil and ground cover: as they may affect the runoff coefficient. 

3. Ground slopes: which will affect the time of concentration along with shape 

of drainage area. 
 

b) The runoff coefficient 

The use of runoff coefficients by the rational method is based on the assumption that 

the (peak) flow rate represents a constant fraction of the rainfall intensity. 

c) Rainfall intensity 

The determination of rainfall intensity, I, to use it in the Rational Formula involves 

consideration of three factors: 

1. Average frequency of occurrence. 

2. Intensity-duration characteristics for a selected rainfall frequency. 

3. The rainfall intensity averaging time, Tc. 

The rainfall intensity averaging time, Tc, is usually referred to the time of 

concentration, which represents the travel time for the water to flow from the most 

remote point in the upstream basin to the design point (Bauwens W. 2016). 

2.2.4 Stormwater basin 

Stormwater basins are permanent structures designed to replace the natural water 

storage of a site and provide some water quality improvement after the site is 

completed. Historically, the primary purpose of stormwater basins was to reduce 

onsite and downstream flooding by controlling the rate of stormwater discharge. 

Secondary benefits include water quality improvement such as: sediment removal, 

aesthetics, and recreational opportunities (SSWM, n.d.). 
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2.3 Stormwater management system  

Stormwater management means to manage surface runoff. Stormwater management 

is essential to prevent erosion of agricultural land and flooding of inhabited urban or 

rural areas. It can be applied in rural areas (e.g. to harvest precipitation water), but is 

essential in urban areas where run-off cannot infiltrate because the surfaces are 

impermeable. Traditional stormwater management was mainly to drain high peak 

flows away. Unfortunately, this only dislocates high water loads. Modern approaches 

aim to rebuild the natural water cycle, i.e. to store runoff water (e.g. retention basins) 

for a certain time, to recharge ground water (e.g. infiltration basins) and to use the 

collected water for irrigation or household supply (SSWM, n.d.). 

In rural areas, the cumulative impact of countryside living subdivisions, roads and 

buildings causes an increase in peak flow rates, and the volume of water that is 

discharged after storm events. This leads to 2 key effects: flooding and stream 

erosion (SSWM, n.d.). 

The traditional model aims the draining of urban runoff as quick as possible with the 

help of channels and pipes, which increases peak flows and costs of stormwater 

management. This type of solution only transfers flood problems from one section of 

the basin to another section (SSWM, n.d.). 

A more sustainable approach is Integrated Urban Water Management (IUWM), 

which refers to the practice of managing freshwater, wastewater, and stormwater as 

links within the resource management structure, using an urban area as the unit of 

management (UNEP, 2009). This integrated system seeks to minimize system inputs 

and outputs in order to decrease the inefficiencies in water resource use that are 

associated with traditional practices of urbanization (SSWM, n.d.). 

New technologies for stormwater development in the sense of IUWM have been 

developed since the 1970s and include detention and retention ponds, permeable 

surfaces, infiltration trenches, surface and subsurface groundwater recharge, and 

other sources control measures (SSWM, n.d.). 
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2.3.1 Stormwater management in Gaza Strip 

The Gaza Governorates are located in a semi-arid region with rainfall generally 

limited to the autumn and winter months. In the past, the porous soils of much of the 

Gaza region easily absorbed most of this rainfall and provided the primary source for 

recharging the groundwater aquifer of the region. The increasing of urbanization area 

during previous years (16% at 1998 to 30% at 2010) increase the rainfall losses. 

According to (PWA, 2011) study, the total amount of rainwater losses due to 

urbanization as surface run-off is estimated 14.5, 20, 35 MCM for the years of 1998, 

2005 and 2015, respectively. 

Recent study conducted by Hamdan, et al. 2010 concluded that, the quality of 

harvested rooftop stormwater runoff in Gaza has proved to be suitable for artificial 

recharge and meets drinking water standards. The harvested stormwater has low 

concentrations of chloride and nitrate. Also, it will improve the quality of existing 

brackish groundwater. 

2.3.2 Existing stormwater drainage system 

According to PWA (2011) the existing stormwater systems in Gaza Strip as 

following: 

1. Northern Gaza (Beit Hanoun, Beit Lahia and Jabalia) 

a) Beit Hanoun: Storm drainage takes normally place in the streets. While all 

new roads are being built with storm drains. No particular problem for 

stormwater drainage has been reported. 

b) Beit Lahia: Storm drainage takes normally place in the streets. No particular 

problem for stormwater drainage has been reported. However, PWA prepared 

a plan for the stormwater collection and disposal schemes for the urban 

communities in Beit-lahia. There are three stormwater infiltration basins that 

have been identified in the area and have been designed. The basins are:   

− Near the main entrance road (Municipality site). 

− Al Manshiah close to the sewage pumping station (Manshiah site). 

− Al Jammia (Jammia site). 
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c) Jabalia: 

Stormwater run-off in Jabalia town is lesser problem than that of Jabalia Camp.  

Jabalya Camp is located in inland catchments with no natural drainage towards the 

sea. Most storm water runoff takes place in the streets; UNRWA and PWA have 

implemented some drains in the Camp. PWA upgraded Abu Rashid pond to 30,000 

m
3
 with improved infiltration capacity, and pumping the collected stormwater for 

groundwater recharge in the dunes close to Beit Lahia WWTP. 

In the case of Jabalia Town there are some local stormwater run-off problems 

reported in areas in the southeast part of Jabalia. Stormwater run-off takes place on 

the streets. PWA prepared a plan for the stormwater collection and disposal schemes 

for the urban communities in the Jabalya. There are 3 stormwater infiltration basins 

that have been identified in the area and have been designed. The basins are: 

− East of Al Saftawi neighbourhood (Nazla site). 

− West of Al Awda road at Khalaf land (Khalaf site). 

− At the vacancy of old cemetery (Cemetery site) 

2. Gaza 

The City of Gaza is divided in two major catchments, the coastal zone and the inland 

zone, the latter being divided in two sub-catchments A-1 and A-2. 

Stormwater in the coastal zone is not a major problem, as the area slopes to the sea. 

Most stormwater runs off in the streets, a few drains exist in the lower areas.  

Catchment A-1 is drained towards Sheikh-Radwan reservoir, with pumping station in 

order to empty the pond. Catchment A-2 is drained towards the smaller Waqf 

reservoir. Also, Al-Tofah pond was built by Gaza. 

− Sheikh Radwan Reservoir 

          It serves its own catchment of about 9000 dunums plus it receives over flow 

from Waqf reservoir, which serves a catchment of 9500 dunums. The storage 

capacity of Sheikh Radwan reservoir is about 560,000 m3. 

 



18 

 

− Waqf Reservoir 

         It is located at a low point in the Asqoula area of the city and receives 

stormwater flows from the adjacent streets and developed areas. Waqf reservoir, 

serves a catchment of 9500 dunums. The storage capacity of this reservoir is about 

34000 m3. 

Municipality as a solution to the stormwater which gathered in El-Mansora Street 

and El-Seqa Street, and the water will be moved by gravity to El- Sheikh Radwan 

pool. 

The existing stormwater drainage system in Gaza city is shown in figure 2.3. 
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Figure (2.3): The existing stormwater drainage system in Gaza city (PWA, 2011)
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3. Middle Area 

Today, there are no facilities for stormwater drainage in the urban areas of the Middle 

area. Until not too long ago the natural drainage system could handle stormwater runoff 

without problem. Rainfall was retained on the vegetation or infiltrated and run off was 

intercepted by streams and wadis. Recent urban development has increased the run off 

ratios and blocked the natural drains. 

The Middle area is divided in five major catchments: 

a) Catchment A: The catchment is situated in the north, close to Wadi Gaza. The 

western part of El-Nusirat is located in catchment A. No major drainage 

problems are reported at present. 

b) Catchment B: The catchment is situated between the central ridge and the 

eastern ridge and drains towards Wadi Gaza. Major parts of El-Nusirat, El-

Bureij and El-Maghazi are situated in the catchment. Flooding occurs regularly 

in El-Nusirat in the now urbanized or cultivated Wadi Gushash.  

c) Catchment C: This small catchment, situated in the north-east, drains to Wadi 

Gaza. No problems are reported in this catchment. 

d) Catchment D: The catchment is situated in the western depression. The town of 

Deir El Balah is located in this catchment. The depression of the catchment has 

no natural outlet to the sea and existing flooding problems are expected to 

increase with the urban development of Deir El Balah. 

e) Catchment E: This is a small inland catchment in the south, including a small 

part of Deir El Balah. No problems are reported at the moment, but with 

increased urbanization, flooding problems are anticipated. 

4. Khanyounis and surrounding villages. 

Stormwater is generally drained by surface run off in the streets or in ditches. 

According to the recommendations for improvements in the stormwater management 

which given in "The Study on Sewerage Development Plan in the Area of Khan 

Younis", United Nation Development Program (UNDP) in cooperation with PWA and 
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Khan Younis municipality constructed a gravity line from the local depression in the 

market area to a 14,000 m³ retention basin at El Katibah, from where water is pumped 

to nearby dunes for Alamal infiltration pond. 

5. Rafah 

The town of Rafah sub-divides in 15 catchment areas; each catchment has a depression 

were stormwater runoff converges. The boundaries between some of the catchments are 

not clearly defined and some depressions have been backfilled, so that larger 

catchments should be considered in some cases. The main stormwater problems in 

Rafah concern catchment 3. Stormwater is here mixed with sewage and floods 

frequently areas in the camp and the town. 

6. Rural locations 

Stormwater control in rural areas is varied and sporadic, with emphasis on storage for 

use in irrigation rather that any flooding problems. Some rainfall collection systems do 

exist, which are privately controlled and sometimes water is sold on local consumers. 
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Figure (2.4): Stormwater facilities in Gaza Strip. (PWA, 2000) 

2.3.3 Current stormwater harvesting practices in the Gaza Strip 

Current conditions in Gaza strip describe a variety of techniques to harvest, reuse and 

reduce pollutants found in urban stormwater runoff. These techniques include porous 

pavement, percolation trenches, dry wells infiltration, infiltration basins, detention 

basins and wetlands. 
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2.3.4 Proposed strategy for stormwater harvesting 

The PWA carried out an assessment study for current and proposed situation of 

stormwater harvesting in Gaza Strip. The PWA (2011) propose different levels of 

strategies for stormwater harvesting in Gaza Strip. There are three levels of strategies 

proposed in this plan which are; at home level, street level and governorate level. There 

are several proposed options for each strategy level. The following table indicates these 

strategies for stormwater harvesting for Gaza Strip. 

Table (2. 3): Proposed strategy for stormwater infiltration (PWA, 2011) 

Strategy level Requirements Activities 

Level 1: 

Separation of stormwater 

from wastewater at home 

level. 

1. The majority of buildings do not 

separate stormwater out lets from 

wastewater outlets. There are no 

relevant Building Regulations 

dealing such issue.  

2. Also the technical problems of 

separation in existing buildings have 

to be identified. 

1. Draft the required regulation. 

2. Conduct a pilot project among 

number of houses to determine the 

most practical separation process and 

the possibility of infiltrating 

stormwater in home yards. 

3. Socio economic survey conducted 

to examine the socioeconomic impact 

of storm-water separation. 

Level 2: 

Stormwater harvesting from 

the streets using soakaway 

system. 

1. The quantities of stormwater that 

cannot be infiltrated into home yards 

will be examined to use streets as 

infiltration land for these quantities 

using soakaway. 

2. The width of roads in Gaza have 

been taken more than 12 m. 

The consultant selected certain places 

in Gaza and construct several 

soakaway systems to examine its 

practicality in Gaza and the impacts on 

groundwater aquifer through 

constructing observation wells. 

Level 3: 

Stormwater harvesting at the 

neighbourhoods using 

stormwater networks with 

reservoirs and infiltration 

basins. 

1. There are many stormwater networks 

in Gaza with storage reservoirs and 

infiltration basins. 

2. The consultant will study the need 

for several infiltrations basins where 

access stormwater is not infiltrated 

through home yards and street soak-

away. 

Infiltration plan with possible 

infiltration basins determined based on 

previous studies. 

The following section presents the details for each strategy level. 

1. Strategy level one: at the house level 

This strategy proposes separation of the stormwater from wastewater systems at home 

level. The strategy proposed two options for stormwater harvesting at this level. These 

options consider the building area and the unpaved area around the building. The first 
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one, is about direct infiltration of stormwater collected from the building’s roof to the 

unpaved area. The second one, considers the establishment of in-situ soak-away 

systems.  

Option One: This option is proposed to drain the collected stormwater from building 

roof to the home yard directly as shown in figure (2.5).  

 

Figure (2.5): Plan and side views for drainage process of collected stormwater to unpaved area 

(PWA, 2011) 

Option Two: Two techniques could be implemented for this option: 

The first technique takes into consideration to construct the soak-away system by gravel 

filling with 30cm of sand filter at the top with attractively landscaped, shallow basins 

retain stormwater and can be aesthetic assets to a site as shown in figure (2.6). 

 

Figure (2.6): Proposed in-site stormwater infiltration system (PWA, 2011) 
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The second technique is to construct the concrete manhole soakaway in several shapes 

and dimensions. The recommended dimension for soak-away width is about 1.2 m and 

the depth could be 3 m. A soak-away with a width of 1.2 m is practically fit in and is 

easy to construct.  

2. Strategy Level Two: at the Street Level 

Street soakaway pits are underground systems used to allow rainfall to infiltrate into the 

ground. The downspout is connected to an underground pit lined with gravel or coarse 

materials. The layers of gravel help to slow down the infiltration rate of water and also 

to clean and purify it naturally.  

The benefits of soakaway are: 

1. Once it is installed below the ground, the system requires minimal maintenance 

and avoids stormwater ponding. 

2. The underground location is ideal for medium size properties as pits are dug deep 

into the ground and take up little surface space. 

3. The gravel helps to remove fine sediments and pollution. 

4. Minimal maintenance to the pit itself is required. 

5. Inspection by a professional can be performed if the pit is not draining properly. 

The soak-away unit is designed mainly to comprise two manholes connected by a 

transfer pipe. The first manhole is used as grit grease trap and the other one is designed 

to store stormwater for infiltration. The following figure illustrates the details of the 

soak-away unit. The manholes could have different shapes rectangular, square or 

circular. The recommended length of diameter is 3 m in case of circular manhole, and 

1.2 m width in case of rectangular. 
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Figure (2.7): Schematic diagram for soak-away at street level (PWA, 2011). 

The major influencing parameter in the design of the street soak-away unit is the depth 

of the permeable layer above the water table. It is noteworthy that the infiltration scheme 

for the water in soil media has a certain slope. 
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Figure (2.8): Number of proposed street Soakaway units for each governorate (PWA, 2011). 
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3. Strategy Level Three: Infiltration Basins at the governorate Level 

An infiltration basin is a shallow artificial pond that is designed to infiltrate stormwater 

though permeable soils into the groundwater aquifer. This process is believed to have 

high pollutant removal efficiency and can also help in recharging the groundwater. 

Infiltration basins can be challenging to apply on many sites, because of soil 

requirements. In addition, some studies show relatively high failure rates compared with 

other management practices. 

 

Figure (2.9): Infiltration Basin (PWA, 2011) 

2.3.5 Proposed service management plan  

The municipalities in the Gaza Strip are in charge of operation and maintenance of 

water, sewerage and stormwater drainage. These municipalities operate the system 

directly through their existing departments or through CMWU or joint service councils. 

The departments in charge of operation and maintenance are weak in terms of equipment 

and staff. 

The proposed infiltration plan includes constructing of soak-away network in the streets 

and infiltration units at homes. The operation of the proposed systems is similar to the 

operation of sewerage network. It is proposed to empower the existing departments 

within the municipalities and CMWU to enable them to manage these new facilities and 
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to establish cooperation between the maintenance departments and solid waste 

departments establish cleansing programs at the beginning of rainy times. The technical 

staff has to be trained in the following topics: 

1. Operation and maintenance of network facilities 

2. stormwater quality monitoring 

3. Planning and reporting. 

It is proposed that the private sector would be involved in operation and maintenance. 

2.3.6 Legal aspects 

To manage the new facilities, the following legal issues have to be considered and draft 

the required legislations: 

1. Separation of stormwater from wastewater at home levels. 

2. Engineering drawings for constructing a new building have to include 

stormwater drainage and infiltration plan and the building licence which is to be 

issued by the municipality should not be granted before approval from water 

department at the municipality. 

2.4 Artificial Recharge 

Water supply is a challenge. Increasing demands for water along with concerns for 

environmental protection require a variety of new water management tools, such as: 

artificial recharge. Artificial recharge requires some form of man-made structure as 

surface spreading techniques, which involve keeping water at the surface in areas where 

the water can percolate down to a shallow, unconfined aquifer (Margaret, 1986). 

Artificial recharge is defined as any engineered or designed system that puts water on or 

in the ground for the purpose of infiltration and subsequent migration into underlying 

aquifers to augment ground-water resources (Barkmann et al., 2000). 

Artificial recharge and aquifer storage and recovery are valuable water management 

tools that effectively help to offset increased demands for water. The variety of 



30 

 

techniques, methods, and circumstances for these processes is vast and expanding 

(Margaret, 1986). 

Limited freshwater resources in many parts of the world have led to the development of 

artificial recharge techniques for conveying surface water and reclaimed wastewater to 

groundwater reservoirs for later use and for other applications. Other applications 

include: using artificial recharge to create a barrier to saltwater intrusion, reduce land 

subsidence, raise water levels, and improve water quality by using the natural filtering 

capabilities of aquifer systems (Phillips, 2008). 

The advantages of groundwater storage compared to surface storage are: no losses by 

evaporation, reduced construction cost in preparing the surface reservoir, and seasonal 

availability of water, e.g., increasing water in a depleted aquifer, usually accomplished 

during the off-season (Herman, 1996). 

2.4.1 History of artificial recharge 

Artificial recharge applications have been documented from the early 19th century, 

when European countries first attempted to ease the stress on their groundwater supplies. 

The European Environment Agency (Lallana and Krinner, 2001) shows a growing 

increase in artificial recharge noted in several countries such as Belgium, Denmark, 

Finland, Greece, the Netherlands, Poland, Spain and Switzerland. Other countries in 

which artificial recharge schemes are operating include; Australia, Austria, Hungary, 

Iran, Jamaica, Morocco and South Africa. The motivation for artificial recharge is highly 

dependent of the country. While some countries practice recharge to match pre-

development levels, others go beyond these levels to create temporary storage for dry 

seasons. Coastal regions are more concerned about saline water intrusion, and 

industrialized countries might see artificial recharge as an alternative means for treated 

wastewater disposal (Aish A., 2004). 

2.4.2 Purposes of artificial recharge 

Specific purposes for which artificial recharge is practiced are (Walton, 1970): 
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1. Conserve and dispose of runoff and flood waters 

2. Supplement the quantity of groundwater available 

3. Reduce or eliminate decline in the water level of groundwater reservoirs 

4. Reduce or balance salt water intrusion 

5. Store water to reduce costs of pumping and piping 

6. Store water in off-seasons for use during the growing seasons 

7. Conserve energy in geothermal applications 

8. Remove suspended solids by filtration through the ground. 

2.4.3 Methods for artificial recharge 

2.4.3.1 Infiltration basins 

Infiltration basins require a substantial amount of land area with a suitable geology, 

allowing the water to infiltrate into the aquifer and percolate to the groundwater table. 

This method also allows for quality improving processes to take place in the infiltration 

ponds and subsoil. The infiltration from a recharge basin produces a groundwater mound 

above the original water table. The groundwater mound grows over time and once the 

infiltration stops, it decays gradually as shown in Figure (2.10) (Herman, 2002). 

 

Figure (2.10): Typical Infiltration basin (MPCA, n.d.) 
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2.4.3.2 Infiltration Well 

Infiltration wells are used where permeable soils and/or sufficient land area for surface 

infiltration are not available. Infiltration well calls for very high quality of the infiltration 

water if clogging of the well screen and the aquifer in the vicinity of the well is to be 

avoided. The construction is more complicated and costly and restoration of the 

hydraulic conductivity around the wells may be unfeasible, if not impossible. The best 

strategy for dealing with clogging of recharge wells is to prevent it by proper treatment 

of the water before injection. This means removal of suspended solids, organic carbon, 

nutrients like nitrogen and phosphorous, and microorganisms (Herman, 2002). Figure 

(2.11) shows typical infiltration wells. 

 

Figure (2.11): Typical Infiltration wells (MPCA, n.d.) 

2.4.4 Stormwater infiltration and groundwater mounding  

Groundwater mounding can occur in areas where infiltrating water intersects a 

groundwater table and the rate of water entering the subsurface is greater than the rate at 

which water is conveyed away from the infiltration system (Susilo, 2009). Figure (2.12) 

shows a schematic illustrating of groundwater mounding beneath an infiltration BMP 
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Figure (2.12): Schematic illustrating of groundwater mounding beneath an infiltration 

BMP (MPCA, n.d.) 

2.4.4.1 The problem of groundwater mounding: 

The temporary rise of the groundwater elevation caused by mounding will decrease the 

available vadose zone, which may decrease the removal of certain pollutants. If the 

mound reaches the base of the infiltration best management practice (BMP), then the 

hydraulic gradient (direction of water movement) shifts from vertical to horizontal and 

significantly slows the movement of water through the soil. Groundwater mounds that 

significantly widen below the base of an infiltration BMP may damage underground 

utilities, basements and building structures if the mounds are high enough and there is 

not enough separation between the mound and structures (Machusick and Traver, 2009).  
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2.5 Groundwater Modelling 

A groundwater model is a representation of reality and, if properly constructed, it can be 

a valuable predictive tool used for management of groundwater resources (Wang and 

Anderson, 1982). A mathematical model simulates groundwater flow indirectly by 

means of governing equation though to represent the physical processes that occur in the 

system, together with equations that describe heads or flows along the boundaries of the 

model. For time-dependent problems, an equation describing the initial distribution of 

heads in the system is also needed (Anderson and Woessner, 1992). 

2.5.1 Visual MODFLOW 

MODFLOW is a computer program that numerically solves the three-dimensional 

groundwater flow equations for a porous medium by using a finite-difference method. 

Although MODFLOW was designed to be easily enhanced, the design was oriented 

toward additions to the groundwater flow equation. Frequently there is a need to solve 

additional equations; for example, transport equations and equations for estimating 

parameter values that produce the closest match between model-calculated heads and 

flows and measured values (Harbaugh, et al., 2000). MODFLOW is a computer program 

that simulates three-dimensional groundwater flow through a porous medium by using a 

finite-difference method (McDonald and Harbaugh, 1988). 

2.5.2 MODFLOW 

Modflow, "a three-dimensional (3-D) finite-difference groundwater flow model" by 

Michael G. Mcdonald and Arlen W. Harbaugh, is the most widely-used groundwater 

model in the world. MODFLOW is the name that has been given the United State 

Geological Survey (USGS) modular three-dimensional groundwater flow model. 

Because of its ability to simulate a wide variety of systems, its extensive publicly 

available documentation, and its rigorous USGS peer review, MODFLOW has become 

the worldwide standard groundwater flow model. MODFLOW is used to simulate 

systems for water supply, containment remediation and mine dewatering. When properly 
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applied, MODFLOW is the recognized standard model used by courts, regulatory 

agencies, universities, consultants and industry. 

Groundwater flow within the aquifer is simulated in MODFLOW using a block centered 

finite-difference approach. Layers can be simulated as confined, unconfined, or a 

combination of both. Flows from external stresses such as flow to wells, areal recharge, 

evapotranspiration, flow to drains, and flow through riverbeds can also be simulated 

(Harbaugh,et al, 2000). 

2.5.3 General groundwater flow equations 

Differential equations that govern the flow of groundwater flow can essentially represent 

the groundwater flow system derived from the basic principles of groundwater flow 

hydraulics. The main flow equation for saturated groundwater flow is derived by 

combining a water balance equation with Darcy's law, which leads to a general form of 

the 3-D groundwater flow governing equation: 
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Where: Kx ,Ky and Kz, are the hydraulic conductivity components in the x, y and z 

direction (LT-1), h is the hydraulic head (L), R is the local source or sink of water per 

unit volume (T-1), Ss is the specific storage coefficient (L-1) and t is the time (T). 

• Darcy.s law 

In differential form, Darcy.s law is expressed as: 

q = - K . grad (h) 

Where:   

− q is the groundwater flux (LT
-1

 ) 

− K is the conductivity tensor (LT
-1

) 

− Grad (h) is the gradient operator. 
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This equation clearly shows that the cause of groundwater movement is the difference in 

the hydraulic potential. The potential is a function of all three space coordinates, that is h 

= h(x,y,z ), the rate of change of head with position giving the gradient, which multiplied 

by the conductivity yields the groundwater flux (Wang and Anderson, 1982). 

The hydraulic conductivity is represented by a second order tensor that takes into 

account anisotropic conditions. Usually, anisotropy is only considered in the vertical and 

horizontal direction, hence: 
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Where qx, qy, qz are the three components of the flux, and Kx, Ky, Kz the hydraulic 

conductivity values in the horizontal (x,y) and vertical (z) direction. In case of isotropic 

conditions, Kx = Ky = Kz each component of q is the same scalar multiple K of the 

corresponding component of -grad (h), such that the vectors q and -grad (h) both point in 

the same direction (Aish A., 2004). 

2.6 Related Studies  

Several studies have been made to study the impact of stormwater artificial recharge on 

Groundwater, which consider a way to improve the groundwater quality and quantity. 

Al-Ramlawi (2014) studied the impact of stormwater artificial recharge on groundwater, 

Beit Lahia Municipality Infiltration Basin as a case study. His study investigated the 

impact of stormwater that is artificially recharged into the groundwater quantity and 

quality. The simulation of the groundwater flow model showed that the groundwater 

mound beneath the center of the recharge basin can be expected to rise to about 25 cm 

above the present water table in winter, then drop in the summer and so on. This makes 

groundwater level oscillatory near the basin. The model simulations indicate that the 
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water level will be increased in the area and the cone of depression will diminish 

substantially due to the infiltration. The simulation using MT3D showed that the 

concentration of nitrate in the groundwater in the study area is reduced since the 

infiltrated stormwater has less nitrate than that in the groundwater. 

Selmi (2013) studied the water management and modelling of a coastal aquifer – Gaza 

Strip as case study. The study addresses the problems facing the groundwater 

management in Gaza Strip, through development of a 3-D groundwater flow model of 

the Gaza aquifer. By applying the groundwater model to future scenarios, the impacts of 

variable pumping and recharge on the groundwater level in order to control seawater 

intrusion have been quantified and assessed. Results show that groundwater levels 

dropped by as much as 18 meters between 1935 and 2009. This drop is very important in 

the north and south due to over exploitation of groundwater.  

The study discusses also the vulnerability of Gaza aquifer to seawater intrusion by 

applying the GALDIT index method. Based on the developed transient model, 3 

management scenarios were applied in order to study the impact of pumping rates and 

additional water resources on the groundwater level for the next 20 years. The results of 

the first management scenario show that the groundwater level is strongly influenced by 

the over pumping. Two large depression zones are observed in the northern and southern 

Gaza Strip. Results of the second management scenario show an increasing groundwater 

level, by several meters above mean sea level, under the effect of decreasing abstraction 

rates. Results of the third management scenario show an increasing groundwater level, 

by several meters above mean sea level, under the effect of increasing the aquifer 

recharge.  

Al-Nahhal (2009) studied the possible optimum management scenarios for study area 

aquifer by adopting the artificial groundwater recharge options. It address two 

approaches which were used to record the groundwater responses once artificial 

recharge option were imposed. Three different locations for the artificial recharge 

facility were suggested in the study area with changing the recharged quantity with three 

different ones 0.5, 1 and 1.5 MCM/year for each location. 
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Chapter 3 

Overview of the Study Area 

3.1. Location and Physical Geography 

The Palestinian territories consist of the West Bank with approximately 5,800 km
2
 and 

the Gaza Strip with about 365 km
2
. (MOPIC, 1998) Gaza Strip is a strip of land on the 

eastern coast of the Mediterranean Sea, located in the Middle East (at latitudes 31°16’’ 

and 31°45’’N and longitudes 34°20’’ and 34°25’’E) and. It is 41 kilometers long, and 6 

and 12 km wide as shown in Figure (3.1) and it’s divided in five governorates.  

 

Figure (3. 1): Geographic location map of Gaza Strip 
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The Gaza Strip is divided into five Governorates: 1) the North Governorate with total 

area of about 60.98km
2
 and comprises three towns; Jabalia, Bit Hanoun and Bit Lahia, 

2) Gaza Governorate with total area of 73.35 km
2
, 3) Middle Zone Governorate that 

presented a total area of 56.22 km
2
 and has 5 refugees camps; Deir El Balah, Maghazi, 

Burij, Nussirat and Zwaida, 4) Khanyounis Governorate with the total area of 110 km
2
 

and 6) Rafah Governorate with a Total area of 60.48 km
2
 (PWA, 2011). 

The population characteristics of the Gaza Strip are strongly influenced by political 

developments, which have played a significant role in the growth and population 

distribution of the Gaza Strip. The total Palestinian population in Gaza Strip by the end 

of 1997 was approximately 1.02 million. The population will be increased by 39% by 

the year 2007 increasing the total to about 1.42 million with the population density 3.882 

capita/km
2
 of the total build-up area in Gaza strip. This figure classified the strip as one 

of the highest dense populated area in the world. The population is mainly concentrated 

in the cities, small villages and eight refugee camps that contain two thirds of 

population. The people of Gaza Strip are generally young, about 75% of the population 

is under 35 years. (PCBS, 2004). 

Palestinian Central Bureau of Statistics (PCBS) forecasts the population in the Gaza 

Strip to be more than 2.2 million by year 2020 and to more than 3 million with by year 

2030. These projections are based on population characteristics including age structure, 

migration and birth and death rates. The historical population change in the Gaza Strip 

since 1948, as well as the projected future population growth up to 2040 is shown in 

Figure (3.2)  (PCBS, 2007). 
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Figure (3. 2): Population change in the Gaza Strip between 1948-2040 (PCBS, 1998) 

3.2. Physical settings 

3.2.1 Climate 

The Gaza Strip has a semi-arid Mediterranean climate with a long hot and dry summer, 

and short cool and rainy winter.  The climate of Gaza is a transitional one, situated 

somewhere between the arid tropical climate of the Sinai peninsula, Egypt in the south, 

and the temperate and semi-humid climate of the Mediterranean coast in the north, with 

mild winters and dry, hot summers (PWA, 2001). In fact, the arid tropical climate of the 

Sinai Peninsula has an imposing influence on the weather pattern in Gaza. Thus, the 

average annual rainfall varies from 260 mm/yr in the south to 430 mm/yr in the north 

(MOA, 2015). As the potential evaporation in the Gaza Strip is of the order of 1300 

mm/yr, it becomes clear that the direct rejuvenation of water resources in the region is 

rather low or even zero (PWA, 2000).  

3.2.2 Temperature, Humidity and Solar Radiation 

Figure (3.3) shows the annual maximum, minimum and mean of air temperatures as 

observed in the metrological station of Gaza city for the period lasting from 2000 until 
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2010. Temperature gradually changes throughout the year, reaches its maximum in 

August (summer) and its minimum in January (winter), average of the monthly 

maximum temperature range from about 15.6 oC for January to 27.84 oC for August. 

The average of the monthly minimum temperature for January 12.85 Co and 27.6 oC for 

August. (GMS, 2005). 

The daily relative humidity fluctuates between 65% in daytime to 85% at night time in 

summer and between 60% and 80% in winter (GMS, 2005). The mean annual solar 

radiation is 2200 J/cm2/day (MEnA, 2000). There are significant variations of the wind 

speed during daytime, with an average maximum of about 3.9 m/s. On the other hand, 

storms with maximum wind speeds of 18 m/s have been observed in winter (Sirhan H., 

2014). 

 

Figure (3. 3): Annual mean of maximum, minimum and average temperature (C
o
) for the 

Gaza Strip (period 2000-2010) (PWA, 2011) 

3.2.3. Rainfall  

Rainfall is the main source for the natural recharge of Gaza coastal aquifer, and it is 

affected by climatic variables such as temperature, speed and direction of winds, 

insolation, evaporation and evapotranspiration. As surface runoff is almost negligible, 

recharge is generally estimated as a portion of the effective rainfall. 
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Rainfall is measured in the Gaza Strip at 17 rain gauge stations distributed spatially at 

the whole area and representing all zones from north to south, three stations in the 

Northern area: Beit Lahia, Beit Hanoun and Jablia stations, four in Gaza city: Shati, 

Remal, Moghraga and south Gaza stations, two in the middle area: Nussirate and Deir 

al-Balah stations and three in the Southern area: Khanyounes, Khuzaa and Rafah stations 

Figure (3.4). (MOA, 2015) 

Data at these stations are collected daily by the Ministry of Agriculture (MoA). Table 

3.1 presents the locations of these rainfall stations together with the sizes of their 

Thiessen-polygon-delineated influence areas. Figure (3.5) shows the average, maximum 

and minimum annual rainfall rates of all Gaza rain stations for the time period 1990-

2015. From the figure one may notice, in particular, that the regional rainfall has 

decreased tremendously after the rainy season in 1999 and started to increase after the 

rainy season in 2000, and after this period the regional rainfall has oscillated and 

decreased once again after the rainy season in 2004, 2010. 

 

Figure (3. 4): Rainfall stations with relative Thiessen polygons in the Gaza Strip. 
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Figure (3. 5): Time series of average annual rainfall for all 12 rain stations in Gaza 

between 1990 and 2015 (MOA, 2015) 

Rainfall is sporadic across Gaza. It’s varied from 430 mm/y in the North, 405 mm/y in 

Gaza, 350 in middle governorate, to about 260 mm/y in the south over the last 30 years. 

Table 3.1 show rainfall stations locations and the average and total rainfall for each area 

and Table 3.2 show rainfall values of Northern area, Gaza city area, middle Governorate, 

and Southern area stations for years 1985, 1990, 1995, 2000, 2005,2010, and 2015. 

Table (3. 1): Rainfall stations location, and average and total values (mm/yr) (MOA, 2015) 

Station 

No. 
Station Name 

(X) 

Coordinate 

(Y) 

Coordinate 

Average 

rainfall 

(mm) 

Total 

rainfall 

(mm) 

Thiessen 

Area 

(km
2
) 

1 Beit-Hanoun 106420.00 105740.00 429 663 29 

2 Beit-Lahia 99750.00 108280.00 439 593.6 14.25 

3 Jabalia 99850.00 105100.00 423 615.5 15.5 

4 Shati 97474.78 105428.23 406 539.8 2.25 

5 Gaza-City 97140.00 103300.00 399 611.2 13 

6 Tuffah 100500.00 101700.00 411 480.7 23.25 

7 Gaza-South 95380.00 98000.00 374 442.6 35 

8 Nusseirat 91950.00 94080.00 361 532.2 29.5 

9 D-Balah 88550.00 91600.00 327 427 38.5 

10 Khanyunis 84240.00 83880.00 299 418 83.5 

11 Khuzaa 83700.00 76350.00 243 405 42.5 

12 Rafah 79060.00 75940.00 237 352 38.75 

 Total   362 6080.6 365 
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Table (3. 2): Average rainfall values (mm/yr), (MOA, 2015) 

Year/ Location 85/86 90/91 00/01 05/06 10/11 14/15 
Avg. 

Annual 

Beit Hanon 215.5 442 497.5 368.9 234.2 663.0 429 

Beit Lahia 258 435.5 490.4 363.9 243.9 593.6 439 

Jabalia --- --- 540 345.4 276.0 615.5 423 

Shati 232 446.8 478.9 317.2 258.0 539.8 406 

Gaza city 228.5 365.6 511.9 322.4 293.6 611.2 399 

Tuffah --- --- 533.4 363.5 285.5 480.7 411 

Gaza-south --- --- 563.6 274.4 276.4 442.6 374 

Nussirate 204.5 370.7 558.3 295.0 263.0 532.2 361 

D-Balah 240 324.6 550.5 257.0 244.0 427.0 327 

Khanyounis 301.2 348.6 381 270.5 200.1 418.0 299 

Khuzaa --- --- 284.3 214.0 145.5 405.0 243 

Rafah 150.2 241.5 308 203.0 117.0 352.0 237 

Total Annual 

rainfall(mm/yr) 
1829.9 2975.3 5697.8 3595.2 2837.2 6080.6 --- 

 

3.2.4. Evaporation  

Evaporation measurements, based on a 25-year-long record, indicate that the long-term 

potential evaporation in Gaza strip is of the order of 1300 mm/yr, with the highest 

evaporation rate of 138 mm occurring in months July and August, which are also the 

hottest months of the year in Gaza. Meanwhile, the lowest evaporation rate, with only 63 

mm, is measured in January. Further details of the monthly average evaporation and 

rainfall values for Gaza city are shown in Figure 3.6 and Table 3.2 (Sirhan, 2014). 
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Figure (3. 6): Average monthly rainfall and evaporation in Gaza Strip between 

1980/2005. 

3.3. Topography  

The Gaza Strip topography is characterized by elongated ridges and depression parallel 

to the coastline, dry streambeds and shifting sand dunes. They are narrow and consist of 

"Kurkar" sandstone. The major depressions are filled with alluvial sediments from storm 

water (Aish A., 2004). Land surface elevations range from mean sea level (MSL) to 

about 100 meters above the mean sea level at the eastern areas.  

More specifically, there are four ridges: the coastal ridge (20 m MSL), the Gaza ridge 

(up to 50 m MSL), the El Muntar ridge (80 m MSL), and the Beit Hanoun ridge (90 m 

MSL). These ridges are separated by deep depressions (20-40 m MSL) which are filled 

with alluvial deposits (see Figure 3.7).  A data of 2590 topography points has been 

obtained from local surveyors in Gaza Strip, these points well distributed all over the 

Gaza Strip. A topography map with contour lines every 10 m has been produced using 

GIS program by making interpolation for these points using inverse distance weight 

(IDW). IDW interpolation implements the assumption that things that are close to one 

another are more alike than those that are farther apart. IDW will use the measured 
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values surrounding the prediction location to predict a value for any unmeasured 

location as shown in Figure (3.8) 

 

Figure (3. 7): 3-D topographical map view of the stratigraphy of the Gaza Strip (PWA, 2000) 
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Figure (3. 8): Topography of the Gaza Strip with contour line 

3.4 Soil  

The soil in the Gaza Strip is composed mainly of six types: loess soil, dark 

brown/reddish brown, sandy loess soil, loessial sandy soil, sandy loess soil over loess 

and sandy regosol (PEPA, 1996), (see Figure 3.9). The sandy soil, whose chemical 

composition is mainly quartz and alumina silicate, primarily, feldspar (Al-Agha, 1995), 
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is found in the form of sand dunes all along the coastline. Its thickness varies from 2 m 

to about 50 m, following the hilly shape of the dunes. The sand dunes extend up to 4 to 5 

km inland in the north and south, and to less in the center of the Gaza. Some of these 

dunes are active, especially in the south between Deir El-Balah and Rafah. The more 

inland-located dunes, west of Khan Younis, are older dunes stabilized by vegetation. 

Further inland to the east, the soil becomes less sandy and has more silt, clay, and loess. 

Dark brown (clay) soil can be found in the northeastern part of the Gaza strip, whereas 

the loess soil is located around Wadis, where it reaches a thickness of up to 25 to 30 m. 

Table 3.4 summarizes the classification and characteristics of the different soil types 

found in the Gaza strip. The soil Map was prepared depending on two sources: the first 

one was from previous thesis (Abu Samra, S., 2014) who conducted sampling 

campaigns according to the European soil-sampling guidelines with a total of 100 soil 

samples that collected from the study site for 2 months from October, 2011 to 

November, 2011. These samples were collected from each location about 2 kg of grape 

sample to a depth of 0 - 30 cm. The second source was from the laboratory of material 

and soil at the Islamic University, which consists of 98 samples distributed around Gaza 

Strip as shown in Figure (3.9). 

Table (3. 3): Classification and characteristics of the different soil types in Gaza strip 

(MOPIC, 1997; Goris and Samain, 2001). 

 
Local 

classification 
Location Description Texture 

Loam Loess soil Between the Gaza 

city and the Wadi 

Gaza, along  the 

mid of Gaza Strip 

Loess soils sedimented in Pleistocene 

until Holocene Series. The grain size of 

loess fluctuates from 0.002 to0.068 

mm. Loess has been transported by 

winds and sedimented in loose form in 

the upper part, and in hard form in the 

lower part of the layers. They are 

brownish yellow colored often with 

accumulation of lime concretions in the 

subsoil and containing 8 – 12 % 

calcium carbonate. 

Sandy loam 

(6% clay, silt 

34%, sand 

58%) 
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Local 

classification 
Location Description Texture 

Clay Dark brown 

/reddish brown 

Beit Hanoun, 

Wadi Gaza, and 

east of khanyounis 

These alluvial soils are usually dark 

brown to reddish in color, with a well-

developed structure. At some depth, 

lime concretions can be found. The 

calcium carbonate content can be 

around 15–20% 

Sandy clay 

loam (25% 

clay, 13% silt, 

62% sand) 

Sandy 

Loam 

Sandy loess 

Soil 

Deir-Balah, 

Abasan, and east 

of Khan younis 

This is a transitional soil, characterized 

by a rather uniform, lighter texture. 

Apparently, windblown sands have 

been mixed with loessial deposits. 

Sandy clay 

loam (23% 

clay, 21% silt, 

56% sand) 

Sandy 

clay 

loam 

Loessial sandy 

Soil 

It is found in the 

center, southern 

part of the strip, 

and east of Gaza 

and North area. 

Forms a transitional zone between the 

sandy soil and the loess soil, usually 

with a calcareous loamy sandy texture 

and a deep uniform pale brown soil 

profile. 

The top layer is 

sandy loam 

(14% clay, 

20% silt, 66% 

sand). The 

lower profile is 

loam (21% 

clay, 30% silt, 

49% sand) 

Loamy 

sand 

Sandy loess 

soil over loess 

It is found east of 

Rafah and Khan 

Younis, along the 

coast of  Rafah 

and North area 

It is loess or loessial soils which have 

been covered by a 20 to 50 cm thick 

layer of sand dune 

Sandy loam 

(17.5% clay, 

16.5% silt, 

66% sand) 

Sand Sandy regosol It is found along 

the coast of Gaza 

strip 

Soil without a marked profile. Texture 

in the top meters is usually uniform and 

consists of medium to coarse quartz 

sand with a very low water holding 

capacity. The soils are moderately 

calcareous, very low matter and 

chemically poor, but physically suitable 

for intensive horticulture in 

greenhouses. In the deeper subsurface 

occasionally loam or clay loam layers 

of alluvial found. 

Top layer is 

loamy sand 

(9% clay, 4% 

silt, 87% sand). 

Deeper profile 

is sand (7.5% 

clay, 0% silt, 

92.5% 

sand) 
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Figure (3. 9): Classification of soil map for Gaza Strip 

3.5. Land use 

Land is considered one of the natural resources of the Gaza strip. The major part of the 

Gaza district land is owned by the private sector. The land use and land cover (LULC) 

map of Gaza strip in 2004 and 2010, derived by the analysis of the satellite image and 

integration of ArcGIS/ArcMap Program as shown in Figure 3.12, Figure 3.13.  
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Table 3.4 is illustrated a comparison of calculated LULC total surface and percentages 

for the two years; in 2004, ‘olive orchards’ class is included in ‘mixed agriculture’ class. 

It is obvious that the mixed agricultural area makes up the highest portion, covering 

about 39.7 %, 30.9% of the total area in 2004, 2010 respectively, which shows also the 

importance of the agriculture sector for the national economy. These agricultural lands 

are located in the eastern parts of Gaza, where the population density is low. Further 

important land uses are urban buildup areas with 22.8%, 25 % in 2004, 2010 

respectively, followed by natural resources areas which cover about 11.6 %, 9.7% in 

2004, 2010, respectively. 

Table (3.4): Comparison of calculated LULC total surface area and percentages for 

2004, 2010. 

Classification 
Area 2004   

(ha) 

% Area    

2004 

Area 2010  

(ha) 

% Area      

2010 

Natural vegetation 2424 6.6 1265 3.5 

Built-up Areas 8370 22.8 9151 25.0 

Sand 4263 11.6 3540 9.7 

Mixed Agriculture 14543 39.7 11330 30.9 

Horticulture 2363 6.4 1775 4.8 

Citrus Orchards 3182 8.7 3646 9.9 

Greenhouses 1365 3.7 814 2.2 

Rainfed Agriculture 152 0.4 336 0.9 

Olive Orchards 4806 13.1 

Total 36662 100.0 36662 100.0 

The results of classification of year 2004 satellite image process which are areas and the 

percentage of each land covers/land use are shown in Figure 3.10. Mixed agriculture 

forms the highest category, and Rain-fed agriculture forms the lowest percentage of 

LULC in GS. 



53 

 

 

Figure (3. 10): Shows percentages of each category of LULC classification in year 2004 

The results of classification of year 2010 which are areas and the percentage of each 

land covers/land use are shown in Figure 3.11. Mixed agriculture with 30.9 % forms the 

highest category and Greenhouses with 2.2% is the lowest percentage of LULC in GS. 

In addition, built up areas percentage increased from 2004 to 2010 with 2.2%, this rate 

of increase is matched by a decrease in agriculture and sand rates in 2010.  
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Figure (3. 11): shows percentages of each category of LULC classification in year 2010 

The Regional plan of Gaza Governorates shows that the land is scarce and the pressure 

on it is increasing rapidly for all kind of uses; urban, industrial, and agricultural uses as 

shown in Figure (3.14). It is expected that future expansion will be for the domestic use 

only. 
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Figure (3. 12):  Land use land cover for the Gaza Strip in year 2004 
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Figure (3. 13): Land use land cover for Gaza Strip in year 2010 
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Figure (3. 14): Regional plan for Gaza Governorate 2005-2020, (MoP, 2005) 
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3.6. Geology  

The Geology of Gaza area is a part of the coastal plain geology, which consists of a 

series of geological formations sloping gradually from East towards the west as shown 

in Figure 3.15. These geological formations are mainly from the Tertiary and Quaternary 

eras. The important part of these formations is the coastal aquifer of the Gaza area which 

consists of the Pleistocene age Kurkar Group and recent (Holocene age) sand dunes. The 

Kurkar Group includes marine and eolian calcareous sandstone ("kurkar"), reddish silty 

sandstone ('hamra'), silts, clays, unconsolidated sands, and conglomerates (Alnahal, 

2009). 

The geological components in the area consist of a littoral zone, a strip of dunes from the 

Quaternary era, situated on the top of a system of older Pleistocene beach ridges and, 

more to the east, gently sloping alluvial and loessial plains (EPD/IWACO-

EUROCONSULT, 1994). Most of the Gaza strip is covered by Quaternary soil, whose 

clayey material content is increasing towards the east. Table 3.5 summarizes the 

geological history of the area, as obtained from oil exploitation logs going down to depth 

of up to 2000 m (Sirhan, 2014). 

 

Figure (3. 15): Typical hydrogeological section of Gaza aquifer (Dan, Greitizer, 1967) 
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Table (3. 5): Geology and history of the Gaza aquifer (PEPA, 1994). 

Era Epoch 

Age 10
6
 

(year 

BP) 

Formation 

Depositional 

environment Lithology 
Thickness 

(m) 

Water 

bearing 

character 

Q
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a

ry
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lo
ce

n
e 

0.01 Alluvial Terrestrial 

Sand, Loess, 

Calcareous 

silt and 

gravel 

25 

Locally 

phreatic 

aquifer 

P
le
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n

e
 

1.8 

Continental 

Kurkar 

complex 

Eolian 

Fluvial 

Calcareous 

sandstone 

and loamy 

sand 

100 
Main 

aquifer 

Marine kurkar Near shore 

Calcareous 

sandstone, 

limestone 

(sandy and 

porous) 

100 
Main 

aquifer 

T
er

ti
a

ry
 

P
li

o
ce

n
e 

12 

Conglomerates Near shore 

 

20 

Base of 

the coastal 

zone 

aquifer 

Saqiya 
Shallow 

marine 

Clay, marl, 

Shale 
1000 Aquiclude 

M
io

ce
n

e 

25  Marine 

Marl, 

limestone, 

sandstone 

and chalk 500 

Aquiclude 

alternating 

permeable 

layers 

with 

saline 

water 
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3.7. Hydrogeology of the Gaza Coastal Aquifer 

3.7.1 Description of the Coastal Aquifer  

The coastal aquifer of the Gaza Strip is part of a regional groundwater aquifer system 

that extends north up to Haifa, and south into Sinai coast of Egypt. The coastal aquifer 

consists primarily of Pleistocene age Kurkar group deposits including calcareous and 

silty sandstones, silts, clays, unconsolidated sands, and conglomerates. The coastal 

aquifer is generally 10-15 kilometers wide; the Kurkar group forms a seaward sloping 

plain, which ranges in thickness from 0 m in the east, and about 100 m at the shore in the 

south, and about 200 m near Gaza City. 

At the eastern Gaza border, the saturated thickness is about 60-70 m in the north, and 

only a few meters in the south near Rafah. Near the coast, coastal clay layers extend 

about 2-5 km inland, and divide the main aquifer into three subaquifers, referred to as 

subaquifers A, B1, B2, and C. A conceptual geological cross-section of the coastal plain 

geology is presented in Figure 3.17.The base of the aquifer is marked by the top of 

Saqiya formation (Tertiary age), it is a thick sequence of marls, clay stones and shale 

that slopes towards the sea, with low permeability and approximately 400-1000 m thick 

wedge beneath the Gaza Strip (PWA, 2000; Qahman and Zhou, 2001). 

3.7.2 Hydrogeological stratification  

The larger Gaza coastal aquifer (GCA) covers an area of about 2000 km2 and extends 

along some 120 km of the Mediterranean coastline from the Gaza strip in the south, 

where its width is about 20 km, to Mount Carmel in the north, with a width of only 3-10 

km (Figure 3.16). Under natural conditions, the groundwater flow in the Gaza Strip is 

generally directed from east to west towards the Mediterranean Sea (Mercado, 1968). 

This means that a large portion of the recharge of the Gaza section of the aquifer occurs 

on the territory of Israel in the east. This horizontally directed subsurface flow into the 

Gaza aquifer is known as lateral and its amount from the upstream Israeli side varies 

from year to year. As a matter of fact, it has been reported to have decreased over time. 
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Figure (3. 16): Coastal aquifer with groundwater flow regime (adapted from PWA, 2003). 

PWA (2000) estimated the amount of inflow to be in the range of 15 and 30 MCM/year, 

whereas Ba’lousha (2005) give a values 26 million m
3
 for year 1990. Actually, in this 

study the lateral flow was estimated at 21 MCM for year 2000 and projected to reduce to 

12 MCM for year 2010. This large decrease of the lateral inflow over a timespan of only 

20 years can only be seen as a sign of “stealing” of groundwater by excessive pumping 

at the Israeli side of the eastern Gaza strip border. 
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Figure (3. 17): Hydrogeological EW-cross section of the GCA (Dan, Greitizer, 1967) 

Figure 3.17 shows a hydrogeological EW- cross section of the Gaza aquifer system. 

Near the coast in the west this aquifer is subdivided into 4 separate sub-aquifers: A, B1, 

B2, and C, which together form a largely unconfined and confined/unconfined multi-

aquifer system (PEPA, 1996). Marine clay layers with a thickness of 20 meters that act 

as aquicludes and which are sloping slightly towards the sea separate these sub-aquifers 

within a distance of about 2-5 km inland from the shoreline. These clay layers then 

pinch out further in the east, so that over most of the rest of aquifer cross section in the 

east only a single phreatic (unconfined) aquifer with a thickness of 80-100 m is defined. 

Referring to Fig 3.17, the aquifer system can be described more specifically as follows: 

� Upper sub-aquifer A: 

The uppermost aquifer which is classified as sub-aquifer A and extends from the 

shoreline to the east up to 2 km. This aquifer is bounded from the top by the water table 

and at the bottom partly bounded by the first aquitard of silty clay. The thickness of this 

aquifer varies between 10 to 30 meters. 
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� Middle sub-aquifers B1 and B2: 

These two sub-aquifers, classified as B1 and B2, consist mainly from Kurkar and micro 

conglomerate. 

They are considered as partly confined/unconfined aquifers, as the separating semi-

permeable clay layer made up of clay with chalk and silty sand extend about 5 km to the 

east. Thicknesses of these sub-aquifers range between 40 and 50 m. 

� Lower sub-aquifer C: 

The lower sub-aquifer, classified as C, is again a confined layer with an EW-extension 

of about 5 km. Its main constituents are sand and chalk with some conglomerate in the 

middle. The sub-aquifer is partly bounded by the second semi-permeable layer at the top 

and by the clay Saqiya group formation at the bottom which forms also the base of the 

aquifer. The latter goes down to a depth of 1900 m near the coastline but wedges out 

gradually in eastward direction. 

Although the EW- cross section of the hydrogeological stratification of the Gaza aquifer 

is very representative for the aquifer system as a whole and Gaza aquifer as a part, there 

are differences across the study region. Thus the maximum thickness of the coastal 

aquifer is in the northwest close to the coast and decreases gradually towards the east 

and southeast. 

In the Gaza strip itself, the main characteristics of the aquifer as well as its structure and 

thickness vary significantly from north to south as follows: 

• In general, the average thickness of the Gaza aquifer is about 150 m, it is only 80- 

100 m in the north of the eastern boundary (near the Gaza-Israel border). Moreover, 

the thickness decreases up to few meters at the end of the whole aquifer boundary 

including Israel (see Fig. 3.18). 

•  In the southeast section of the eastern border of the Gaza strip the aquifer thickness 

decrease to less than 10 m. 
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•  The structure and the thickness of the aquifer vary significantly from north to south 

in the Gaza strip. Thus, whereas in its northern section, the aquifer thicknesses in the 

western and central areas are 180-200 m, they decrease to 140 - 160 m in the central 

Gaza strip, and reach only 100 - 120 m and in its southern part. 

• Although along the north-south trans-sect no change in the basic structure of the 

subaquifer division along the coast is observed, but the thickness of the lower sub-

aquifer C decreases significantly (Vengosh et al., 2005). 

• The depth from the ground surface to the water table ranges from about 8 m in the 

west near the shore to 90 m in the east of the Gaza district. 

 

Figure (3. 18): Schematic general hydrogeological SE-NW cross section of the coastal 

aquifer along northern area (Vengosh et al., 2005). 

3.7.3. Hydraulic aquifer properties 

Important hydraulic aquifer parameters have been obtained from pumping tests, which 

were carried out in different municipal wells as a part of the project of CAMP-2000 and 

under the monitoring of the PWA. The results of these aquifer tests indicate that the 

transmissivity values T range between 700 and 5,000 m
2
/day, whereas the corresponding 

values of the hydraulic conductivity K were estimated to lie in a relatively narrow range 

of K = 20-80 m/day, i.e. K = 2.31 x10-4 – 9.26 x10-4 m/s (PWA, 2000b). 
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Values for the specific yield for the unconfined aquifer were found to be in the range of 

0.15–0.30, while the specific storage for the confined units turns out to be about 10−4 

m- 1. Table 3.6 summarizes these initial aquifer hydraulic parameters. 

Table (3. 6): Range of hydraulic parameters obtained from aquifer tests, (PWA, 2000b). 

Parameter Value 

Transmissivity (m
2
/d) 700-5000 

Hydraulic conductivity (m/d) 20-80 

Specific yield 0.15-0.30 

Storativity (m
-1

) 10
-4

 – 10
-5

 

 

3.8. Water Resources  

Groundwater is the main natural resource in the Gaza Strip. In fact, the Mediterranean 

coastal aquifer of the Gaza Strip is the only source of water supply. Although there is a 

limited water resource of surface water system in the Gaza strip consisting of wadis, the 

latter are completely dry for most of the time. This is why it is assumed in this study that 

groundwater resource is the only available resource in the Gaza area. 

3.8.1. Surface water 

The surface water system in the Gaza strip consists of valleys, which are locally named 

wadis. These wadis are completely dry in summer and flood occasionally for short 

periods during winter. The major wadi is Wadi Gaza which originates in the Negev 

Desert and crosses the Gaza Strip in its central part. Its length is about 105 km, out of 

which only 9 km are within the Gaza district, and its catchment area is 3500 km2 (Fig. 

3.20).  

Wadi Gaza has two main sources: Wadi Al Sharia, which collects water from the 

Hebron Mountains in the west Bank and Wadi Al Shallala, which collects water from 

the height of the northern Negev desert. In 1994 the average annual runoff was estimated 

at 40 MCM, unfortunately, nowadays this rate has gone down to 2 MCM. This large 
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reduction in runoff entering the Gaza strip is due to the Israeli practices of diverting 

large amounts of Wadi water into a dam for storage projects in Israel, just before it 

reaches Gaza. Another problem is the pollution of the Wadi Gaza by sewage collected 

from towns and camps in the central areas of the Gaza Strip. 

 

Figure (3. 19): Wadi Gaza catchment area and boundaries (Aliewi, 2009). 

Other small and insignificant wadis in the Gaza strip are Wadi El-Salqa near Deir El- 

Balah town with a catchment area of 20 km2 and Wadi Beit-Hanon in the north which 

crosses the northeastern border of the Gaza strip and flows out again across the northern 

border to Israel. Its catchment area is similar in size to that of Wadi Selqa. Actually, the 
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flow from these two wadis are not stored or used. In fact, surface water resources are 

presently not used at all in the Gaza district (MEnA, 2000). 

3.8.2. Groundwater  

Groundwater is actually the only fresh water source available in the Gaza strip. The 

annually sustainable yield of the coastal aquifer underlying Gaza is dependent upon the 

climatic conditions. At present, the GCA is a dynamic system with continuously 

changing inputs and outputs. High rates of urbanization and increased municipal water 

demand, as well as extended agricultural activities have led to an overexploitation of this 

aquifer. This has nowadays created a negative balance where more water is pumped out 

the aquifer than is replenished by natural recharge. In consequence, this has led to a 

decline in the net storage and a lowering of the ground water levels. 

 

Figure (3. 20): 3-D representation of water-balance components for the Gaza aquifer 

(PWA, 2000). 

To come up with a first estimate of the water balance for the GCA the following 

fundamental equation is used: 
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Balance = Sum (inflows) – Sum (outflows)                                                  (3.1) 

Where inflows and outflows comprise all water inputs and outputs to the aquifer body, 

respectively. Thus the inflow components consist of the effective recharge as direct 

infiltration of rainfall, lateral inflow from the Israeli side, total return flow from 

irrigation and leaked water, as well as saline seawater from the sea, the latter being a 

result of seawater intrusion. Outflows represent all external stresses on the aquifer, and 

consist mainly of agricultural and municipal abstractions, in addition to a small amount 

of groundwater discharge to the sea (Figure 3.21). 

Table 3.7 shows the existing and projected inflow and outflow components for the Gaza 

aquifer system within the period 2000-2020 under the conditions that there are no new 

water resources available to recover the sustainability of the Gaza aquifer and Figure 

3.22 illustrates the overall aquifer balance for the current situation and the future 

projections. One may notices from this figure that there has been a water balance deficit 

of about 68.35 MCM in year 2010 which is expected to reach more than 89.5 MCM by 

year 2020. 

 

Figure (3. 21): Estimated Gaza aquifer balance deficit for 2000-2020 time period. 
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Table (3. 7): Estimated water balance of the Gaza strip for time period 2000-2020 (PWA, 2000). 

Year 2000 2005 2010 2015 2020 

INFLOW 

Rainfall and lateral Recharge (MCM) 65 64 62.1 62.1 61.2 

Irrigation return (MCM) 22.75 22.5 21.25 20 20 

Domestic return flow (MCM) 11.2 15 18.8 21.41 24.8 

Wastewater return flow 8.5 8.5 8.5 8.5 8.5 

Total (MCM) 107.45 110 110.65 112.01 114.5 

OUTFLOW 

Municipal abstraction (MCM) 56 75 94 107 124 

Agricultural abstraction (MCM) 91 90 85 80 80 

Total (MCM)  147 165 179 187 204 

Deficit -39.55 -55 -68.35 -75 -89.5 

 

3.8.3 Groundwater levels 

Groundwater levels are an important parameter for monitoring a groundwater system. 

Under natural conditions, groundwater flow in the Gaza strip is towards the 

Mediterranean Sea.   

Hydrological data has revealed that the GCA has been overexploited over the last 

decades to meet increasing municipal and agricultural demands. Thus the groundwater 

extraction rate increased from 136 MCM (million cubic meters) in year 2000 to 187 

MCM in year 2015. As this increased demand cannot be balanced anymore by natural 

aquifer replenishment from precipitation the water levels across most of the coastal 

aquifer have dropped significantly, with values going up to more than 19 m below mean 

sea level in some areas as shown in Figure. 3.22. Such large groundwater level declines 

have led to increased sea water intrusion and a subsequent deterioration of the 

freshwater quality. 
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Based on the water level records during the year 2015 the water level contour map has 

been prepared (Figure 3.22), indicating clearly continuous water level decline in most of 

the monitoring wells as a result of the intensive groundwater pumping during the last 

years, and as a result the natural groundwater flow pattern has significantly been 

disturbed. Two large cones of depression have occurred in the Northern and Southern 

parts of Gaza Strip. 

Generally, the water level varies from 12 m above sea level (msl) in the Southeastern 

side of Gaza Strip to about -19 m below msl in Rafah area, which is considered as the 

maximum water level decline. There is another noticeable cone of depression located in 

the Northern area of Gaza Strip with a maximum water level decline of -6 m below msl. 

On the other hand, the water level in Gaza and middle governorates ranges from 2 m 

above msl to -4 m below MSL (PWA, 2015). 

 

 

Water Level 2007 

Gaza Strip 
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Figure (3. 22): WL level contour map 2000, 2007 and 2015 (PWA, 2000/2015) (CMWU, 2007). 

3.8.4 Groundwater quality 

Groundwater quality is well documented in many parts of Gaza Strip by PWA and 

CMWU. Most recent published reports about Gaza ground water quality indicate a 

noticeable chemical and biological deterioration. Several contaminants are present in the 

groundwater, and many chemical elements like chloride, nitrate, sulfate, and fluoride 

show concentrations exceeding the maximum contaminant levels adopted by the PWA 

and WHO for drinking water standards. The chloride Cl and nitrate NO3 concentration is 

extremely high than the Palestinian drinking water standard and world health 

organization drinking standards which are 250 mg/l as a maximum concentration for the 

chloride and 50 mg /l as a maximum concentration for the nitrate. 

The groundwater quality assessment is based on the chemical analysis results of 249 

domestic wells in Gaza Strip in 2015. Chloride (Cl) concentration is used as a reference 

for salinity in the coastal aquifer, therefore this parameter has been evaluated in terms of 

concentration and its trend with time in all domestic wells. The chemical analysis results 
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indicated clearly that the Cl has increased in most of the wells during 2015. Those wells 

are located mainly in the western side of Gaza Strip along the coastal line as a result of 

accelerating seawater intrusion. Generally, the Cl increase rate in 2015 ranges between 

150 mg/l mainly in the wells of continuous attitude trend and more that 2,500 mg/l in the 

wells of dramatically increase trend. 

The chloride concentration map for 2015 (Figure 3.25) shows the areas which was 

affected previously by seawater, which mainly occurred in the north-west of Gaza City, 

south-west of Rafah and west Deir El-Balah. That expansion is due to the continuation 

of the intensive pumping from the surrounding domestic wells.  

On the other hand, the Nitrate (NO3) concentration map for year 2015 (Figure 3.26), 

shows that most of the Gaza Strip has NO3 more than WHO recommended limit (50 

mg/l). It is generally in the range of 100-200 mg/l and is mainly occurred beneath the 

residential areas reflecting the percolation of the wastewater from the sewerage system 

and stretched to new areas in the northern area and southern part of Rafah. 

 

Figure (3. 23): Chloride Contour Map, 2015 

 

Figure (3. 24): Nitrate Contour Map, 2015 
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Chapter 4 

Groundwater Modeling 

4.1 Introduction 

In general and in practical life problems, numerical methods are appropriate tools to 

simulate reality compared to the analytical methods which require many assumptions 

and simplifications. The three dimensional USGS Module Modflow has been applied to 

simulate groundwater conditions.  

The flow model for GCA is constructed within V-MODFLOW V. (4.6) environment, 

which is a numerical engine based on finite difference grid. It was applied in three 

consecutive steps: 

1. The flow model calibration step: the estimation of hydraulic conductivity was 

applied under steady state conditions, the specific yields were calibrated under 

quasi steady state conditions. 

2. The water level calibration step. 

3. The simulation step: the calibrated flow model was applied to analysis and 

evaluate various management scenarios of the current storm water management 

practices and the proposed PWA storm water harvesting and infiltration plan and 

their effect on the quantitative and qualitative improvement of groundwater in 

Gaza Strip. 

In this chapter, the setting up of the flow model will be discussed in details. The steady 

and quasi steady states flow calibration steps will be discussed in the following sections 

in this chapter providing the calibrated parameters.  

4.2 Modeling Code and Principles 

The VMODFLOW Pro. Computer code was applied for simulation of 3-Dimensional 

flows for Gaza coastal aquifer. The full version of VMODFLOW Pro is an integrated 

package combines MODFLOW, MODPATH, Zone Budget and MT3D with a powerful 

available graphical interface. (Waterloo Hydrogeologic, 2011). 
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The flow processes require specific information about the finite-difference grid such as; 

column widths, row heights, and the top and bottom of each layer or layer thicknesses. 

4.3 Data Management 

The development of the flow model required a lot of data as mentioned before. The 

collected data for GCA should be added to the model data base. This applies to historical 

and future data.  

The collected data was obtained from many local sources. The main source was PWA 

and the MoA. Much of the available data required validation, modifications, and 

sometimes assumption of missing data. Some of data that used in the model: 

1. Geological maps and cross sections, which show the vertical and horizontal 

extend and the boundaries of the aquifer. 

2. Topographic maps, which depict the ground surface elevations, the bases and the 

thickness of the aquifer, and surface water bodies. 

3. Water level measurements. 

4. Historical rainfall data from all rainfall gauges among Gaza Strip. 

5. Spatial and temporal distribution of groundwater recharge. 

6. Collection of wells properties in the study area. 

7. Land use maps. 

8. Stormwater basins and soakaways data. 

4.4 Model Construction 

It is well known that the coastal aquifer in Gaza Strip is subdivided into sub-aquifers at 

the coast due to the presence of several marine clay layers. However these clay layers 

pinch out after 2-4 kilometers from the coast resulting in one single free surface aquifer. 

The top surface of the model represents the ground surface topography and the bottom 

surface represents the top surface of the underlying impervious formation SAQIYA. 

The Gaza strip is surrounded by 4 physical boundaries; the Green Line with Israel in 

1948 on the north and east, Egypt on the south and the Mediterranean Sea on the west. 
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Figure 4.3 illustrates the physical boundaries of the model domain for the Gaza coastal 

aquifer. 

 

Figure (4. 1): Physical boundaries of the model domain of the GCA (PWA, 2000) 

A uniform grid size of 300 m x 300 m (Fig. 4.3), resulting in 157 rows and 50 columns, 

with a total cell number of 54,950. In addition to making more refinement for the grids 

in the location of stormwater basins. The reasons behind choose 300 m x 300 m cell size 

and grids refinement, firstly, that there are some areas (such as; infiltration basins) in the 

model have a larger effect on the groundwater level than other area. Second reasons, 

that, to let infiltration basins areas in the model consistent with the real.  

The model domain is about 16 km by 47 km. It consists of vertically seven stratified 

layers as shown in figure (4.1) and (4.2). Three out of seven layers are clay layers, while 

the rest of the layers are considered an aquifer media (i.e; sand, sand stones and 

Calcareous).  
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Figure (4.3) shows 2-Dimensional numerical head boundaries of the Gaza costal aquifer; 

constant head along the Mediterranean Sea and no flow boundary along south border. 

The north and south boundaries are defined as no flow boundaries based on the 

groundwater level contour maps where ground flow is perpendicular to the sea shore 

line. For the eastern boundary which assumed as no flow boundary, the flow from the 

east is assigned as recharge wells along the eastern border. 

 

Figure (4. 2): Vertical cross section through model, (row 55). 
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Figure (4. 3): Model domain for the Gaza aquifer. 

4.5 Internal Hydrologic Stresses 

The groundwater flow equation is basically a differential water balance equation for all 

in- and outflows into a finite model domain of the aquifer, with well-known internal 

hydrologic sources and sinks. The sources include; recharge, mainly from rainfall, return 

flow and infiltration basin, while the sink sources include; groundwater extraction from 

both municipal and agricultural pumping wells.  

Figure (4.5) depicts all relevant water balance components for the Gaza coastal aquifer, 

which will be explained in more details in the following subsections. 
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Figure (4. 4): Water-balance components for the Gaza aquifer (PWA, 2000). 

4.5.1 Recharge from rainfall  

Rainfall recharge accounts for most of the renewable resources of the Gaza costal 

aquifer. A fraction of rainfall infiltrates and replenishes the aquifer system (effective 

recharge), and the remainder is lost to evapotranspiration and runoff. Recharge from 

rainfall is perhaps the most difficult parameter to quantify in the Gaza Strip due to all of 

potential factors that affect infiltration of rainwater. This include land use, soil type, as 

well as other influencing factors (PWA, 2000). As previously shown in chapter 3, 

monthly total rainfall for Gaza Strip stations were utilized to estimate the total rainfall 

recharge. 
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The recharge was calculated using the GIS model Figure (4.5) includes the following 

parameters rainfall (month), soil type, agricultural return and land use; the recharge 

maps (month) is presented in Figure (4.8). Values of total rainfall were simply 

multiplied by certain coefficients (Fig 4.7) reflecting mainly the effect of soil type and 

land uses plus the agricultural return to calculate the amount of infiltrated rainfall to 

groundwater according to the following equation: 

Recharge (month) = (Rainfall (month) x soil rate x land use rate) + agriculture 

return 

The sequence functions that were used in computation of monthly recharge rates for 

each zone area for the period from 2000 to 2014 are as follows: 

Inputs: 

� Monthly rainfall database files for each station for the period from 2000-2014. 

Functions: The recharge layer is being created as follow procedures: 

� Make XY event layer: Creates a new point feature layer based on x and y coordinates 

defined in a rainfall table.  

� Create Thiessen polygon: Creates thiessen polygons for each rainfall station from 

point features. 

� Polygons to Raster: Converts the thiessen polygon features to a raster dataset. 

Extract by Mask: Extracts the cells of a raster of thiessen polygons map that 

correspond to the areas defined by a mask of Gaza boundary. 

� Raster Calculator: Builds and executes a single Map of recharge using Algebra 

expression,  

Recharge (month) = (Rainfall (month) x soil rate x land use rate) + agriculture 

return 

� Zonal Statistics: Calculates statistics on mean values for a raster within the zones of 

another dataset. 
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� Int: Converts each cell value of a raster to an integer by truncation 

� Raster to Polygon: Converts a raster dataset of recharge to polygon features 

� Dissolve: Aggregates features based on specified attributes as zonal areas. 

� Table to Excel: Converts a table to a Microsoft Excel file. 

Outputs: 

� Recharge Map(shape file). 

� Recharge file (excel sheet). 

Detailed values for all hydrological variables used for the computation of the effective 

recharge for all zones across Gaza represented by detailed values for all hydrological 

variables used for the computation of the effective recharge for all zones across Gaza 

Strip. 
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Figure (4. 5): The GIS recharge model 
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Figure (4. 6): Recharge coefficient according to soil type and land uses (PWA, 2000) 

 

Figure (4. 7): Actual Recharge for (December) 2001, 2005, 2010 respectively 

(mm/month). 
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4.5.2 Recharge from infiltration basins 

Table (4.1) illustrates the quantity of stormwater (m/d) infiltrate from existing 

infiltration basins to groundwater among Gaza Strip. 

Table (4. 1): Existing stormwater basins in Gaza Strip (PWA, 2011) 

No. Name 
(X) 

Coordinate 

(Y) 

Coordinate 

Area 

(m2) 

Capacity 

(m3) 
Basin Type 

Infiltration 

(m/d) 

1 
Um Al 

nasser Basin 
104133.17 107279.67 13074.07 16,000 Infiltration 1.50 

2 
Haboub 

Basin 
102876.98 105891.89 3519.31 9,000 Infiltration 1.50 

3 
Khalaf 

Basin 
102883.26 105270.35 5,000 15,000 Storage, boreholes 0.50 

4 
Abu Rashed 

Pond 
102181.66 105092.88 13432.30 30,000 Retention Basin 0.00 

5 

Al Shiekh 

Redwan 

Basin 

99907.24 104223.74 68571.35 600,000 
Storage/Infiltratio

n 
0.50 

6 

American 

Palestinian 

Friendship 

Pond 

100312.01 102492.73 37523.30 57,000 Infiltration 1.50 

7 Asqula pond 98717.02 101231.26 22667.40 36,000 Retention Basin 0.00 

8 
Barcelona 

Basin 
96001.91 101205.88 

15,000 12,000 
Infiltration Basin 1.50 

10 Rafah Basin 77350.73 79873.01 1134.85 12000.00 Infiltration 1.50 

12 
Al Amal 

pond 
83541.82 85760.62 102419 120,000 

Storage & 

Infiltration 
0.50 

13 Beit Lahia 103314.54 105639.22 952.77 9000.00 boreholes40 0.50 

14 
Al Katiba 

Basin 
83868.59 85031.87 4384.94 6300.00 Infiltration 1.50 
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4.5.3 Lateral inflow 

The groundwater flow in the Gaza Strip is generally directed from east (high water 

level) to west (low water level). Lateral subsurface inflow into the GCA arises from the 

Israeli eastern side of the model domain. Lateral subsurface inflow is represented in the 

model by a series of injection wells with specified recharge rates placing along Israeli 

eastern side. These wells are specified with top and bottom screen depths consistent with 

the bottom and upper elevations of the aquifer.  

The amount of inflow varies for each year, depending on the head variation computed by 

Darcy’s law at the eastern border of the Gaza strip. (PWA, 2000), state the amount of 

lateral inflow to be within the range of 15-30 MCM/yrs. Similar to recharge, the exact 

amount of this lateral inflow has to be determined during the calibration of the 

groundwater flow model. Thus, for year 2000, the amount of lateral flow turns out to be 

20 MCM. 

4.5.4 Wells abstraction 

Pumping wells (both municipal and agricultural wells) considers the main internal 

hydrologic stresses acting on the Gaza aquifer system. About 4000 water wells across 

the Gaza strip have been dug over the recent decades to meet both the domestic and 

agriculture demand Figure (4.9).  

Figure (4.10) shows the total yearly amount of groundwater abstraction from all of these 

wells for the 2000-2015 time periods. One may notice that the abstraction has been 

increasing steadily over the last 15 years from 136 MCM in 2000 to 187 MCM in 2015 

(PWA, 2015).  
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Figure (4. 8): 4000 municipal and agricultural wells distributed among Gaza Strip (PWA, 2000) 

 

Figure (4. 9): Total yearly wells abstraction from the Gaza aquifer from 2000 to 2015. 

(PWA, 2015) 
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4.5.3.1 Municipal and agricultural wells 

In 2001, according PWA, there are around 91 municipal wells within the Gaza strip. The 

estimated municipal abstraction totals about 54 MCM/yr. In addition to 91 municipal 

wells, they are 3680 legal and illegal agricultural wells among Gaza strip according to 

MOA in 2001. The total average annual abstraction for agricultural wells was 

approximately 82 MCM/yr.  

The collected data contained partial data set of all known wells in the period between 

2001 and 2014, including wells location, coordinates, screens depths, abstractions and 

water quality parameters. The collected data was obtained from a survey conducted by 

PWA. Limited information for illegal wells are available, such as; how many they are 

and pumping readings. It is suspected that there are an additional existing illegal wells 

after the year 2001. A summary of an approximate number and total abstraction of wells 

in the model domain is presented in Table (4.2) and they are located in the model as 

shown in Figure (4.9). 

Table (4. 2): Pumping wells according to their type within the model domain in year 2001 (MoA, 2001). 

Well classification Number of wells Total abstraction (MCM) 

Municipal 3680 82 

Agricultural 91 54 

Total 3771 136 

 

4.5.5 Return Flows 

In Gaza strip, there are three primary sources of return flow: irrigation return flow, 

leakage from municipal water distribution system and wastewater return flows. 

1. Irrigation return flow 

Following the Gaza Department of Agriculture (GDA), the total amount of annual 

agricultural abstraction ranges between 80-100 MCM/year, while the amount of 

Irrigation return flow has been estimated to be about 25% of the total agricultural 
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abstraction (PWA, 2000), this means that about 22 MCM/year of return flow infiltrates 

back into the Gaza aquifer. 

2. Leakage from municipal water distribution system 

Another source of return flow into the aquifer is leakage from the rather poorly 

maintained water distribution networks. According to the Palestinian Water authority, 

the leakage from municipal water distribution system was estimated from 10% - 50% of 

the total abstraction. It is depend on network system efficiency in each municipality 

(PWA). 

Accurate monthly pumping records for municipal wells abstraction indicate that for year 

2000 the total domestic water demand is about 57 MCM (PWA, 2010a).  

 

Figure (4. 10): Municipal water production and consumption for time period 2000-2015. (PWA, 2015) 

Figure (4.10) depicts the yearly water wells production and consumption. The most of 

the water consumed in Gaza comes from the numerous municipal wells, also from the 

agricultural wells.  

As it is shown in figure, it is clearly shown that the production rate continuously 

increase over time, from 55 MCM/yr in 2000 to 87 MCM/yr in 2015. Also, it is noticed 

that there is a consistent discrepancy between the two, which is an indication of the large 

degree of water leakage from the drinking water networks. 
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3. Wastewater return flow 

The amount of wastewater leakage in the Gaza strip is also significant. Wastewater 

returns flows have been estimated to be about 100% from North Gaza WWTP, 24% 

from Gaza WWTP and 42% from Rafah WWTP.  

In this study, the amount of wastewater return flow for year 2000 is estimated as 8.5 

MCM, and includes leakage from the sewer system network, septic tanks, infiltration at 

the Wadi Gaza area, and infiltration from the Biet-Lahia wastewater treatment plant, in 

portions as listed below: (Sirhan H., 2014) 

• Leakage from sewer system network: 2.5 MCM per year. 

• Leakage from septic tanks or cesspits: 2 MCM per year. 

• Infiltration at Wadi Gaza area: 2 MCM per year. 

• Infiltration from North WWTP: 2 MCM per year. 

4.6 Initial Conditions 

In the present flow model for Gaza coastal aquifer, the initial water level was taken from 

the observation wells for 2000 year. The simulated water levels for year 2000, as 

obtained during the steady-state calibration of the model, are assigned as initial 

condition for the quasi steady state simulation. 

4.7 Groundwater Flow Model Calibration 

Calibration is the iterative process of adjusting the parameters in the model, such as 

hydraulic conductivity, transmissivity and dispersivity. So, the model adequately 

represents the real groundwater system.  

Every model must be calibrated before it can be used as a tool for predicting the 

behavior of a considered system (EPA, 1992). This is accomplished by comparing the 

model results to a set of field observations. The calibration data set should include 

measurements over the lateral and vertical extent of the model area. For a flow model, 

the data will use consist of water level measurements from monitoring wells and 

piezometers. 



90 

 

Calibration is evaluated by analyzing the residuals, or differences between observed and 

simulated values, at specific locations. Calibration may be conducted by trial and error, 

changing the values of parameters until a good correlation is obtained between observed 

behavior of the groundwater regime and the model results. 

Model calibration consists of successive refinement of model input parameters. The 

numerical model was calibrated and tested against both steady state and quasi steady 

state. Two sets of target conditions were selected for calibration purposes, steady state 

conditions in year 2001 and quasi steady state conditions within 2001-2014. 

Calibrations of the groundwater flow models are carried out in order to check that the 

final model can reasonably well emulate the observed groundwater flow system. 

Following the usual approach in groundwater flow modeling, both steady-state and quasi 

steady state calibrations of the model are carried out, using as calibration target heads 

observed on a monthly time-scale in the time period 2000-2014 at 115 (steady-state 

calibration) and 50 (quasi steady state calibration) observation wells distributed across 

the model area. 

4.7.1 Steady State Calibration 

Calibrated groundwater levels for year 2000 condition are shown in Figure (4.12). 

Average water levels of year 2001 for 115 wells within the model domain were used as 

calibration targets.  

As shown in figure (4.13), the residual values range from -2.535 m to 0.016 m. The 

calculated residual mean error and absolute mean error are about -0.385 (m) and 0.744 

(m), respectively, with a correlation coefficient for the model domain of 0.92.  
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Figure (4. 11): Simulated groundwater level for year 2000. 

 

Figure (4. 12): Calculated versus measured groundwater levels at the end of year 2000 
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The reason behind choosing 2000 year as a representative for groundwater level, that 

2000 year represents a year when rainfall records were close to the long-term average 

which as a result has produced an appreciable recharge and groundwater recovery to the 

coastal aquifer system. Though it is not truly steady-state, the quasi-steady state 

conditions could be assumed as a result of the high recovery of groundwater in this year. 

In the steady-state calibrations, the average observed hydraulic heads for the year 2000 

are taken to calibrate the hydraulic conductivity, as well as for getting an estimate of the 

aquifer’s water balance. The model was run several times, for different values of 

hydraulic conductivity distributed over the domain. Hydraulic conductivity parameters 

were adjusted by trial-and error to reduce the differences between simulated and 

measured values. The calibrated hydraulic conductivity in sandstone layers (sub 

aquifers) was found to be 30 m/d in all areas, while it was 0.1 m/d for the three aquitards 

(clay layers). The vertical hydraulic conductivity was assumed 10% of the 

corresponding horizontal values. 

4.7.1.1. Calibrated Mass Balance 

With reference to the various water-balance components of the Gaza aquifer conceptual 

model as shown in Figure (4.5), Table 4.3 lists the results of the water budget analysis 

obtained with the steady-state calibrated model for year 2000. 

It should be noted here that the total groundwater abstraction rate assigned to the wells 

across the region represents the net abstraction for both municipal and agriculture wells. 

Table 4.3 shows that the steady-state water budget for year 2000 is in balance, which 

provides another evidence of the quality of the steady-state calibration. Figure (4.14) 

illustrates the percentage contribution of each component of the water balance. The table 

indicates, in particular, that the pumping well abstraction is balanced only by about 68% 

from sustainable surface water recharge and up gradient lateral inflow, namely from 

Israel. 

As the simulated water balance shows practically a 0% discrepancy between inflow and 

outflow, this gives some more support for the goodness of the steady-state calibration, 
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whose results are going to be used in the subsequent quasi steady state model 

calibrations. 

 

 

Figure (4. 13): Volumetric water balance (%) for the steady-state calibrated model 

Table (4. 3): Summary of simulated year -2000 water balance components. 

Net inflows Quantity (MCM/yr) Percent of total (%) 

− Recharge 48.83 45.67 

− Lateral inflow 23.73 22.19 

− Sea intruded 34.37 32.14 

− Total 106.93 100 

− Net outflows Quantity (MCM/yr) Percent of total (%) 

− Wells 106.29 99.41 

− Discharge to the sea 0.64 0.59 

− Total 106.93 100 

46%

22%

32%

Input
Recharge Lateral inflow Sea intruded

99.4%

0.59%

Output

Wells Discharge to the sea
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4.7.2 Quasi Steady State Calibration 

There are 41 observation wells among Gaza Strip, as shown in Figure (4.15), were used 

as target points for the quasi steady state situation extending from 2000 through 2014. 

 

Figure (4.14): Distribution of head observation wells within the model area 

The groundwater levels for GCA were conducted over 14 years, starting in 2000 and 

ending in 2014, for quasi steady state calibration. Different data sources are used during 

quasi steady state calibration, such as; the agricultural abstraction data, municipal wells, 

yearly precipitation and recharge data. The initial conditions of the quasi steady state 

period were taken from the steady-state output of the year 2000 to ensure the setting of 

calibrated hydraulic parameters.  
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The quasi steady state calibration aimed to calibrate some parameters such as; specific 

yield and specific storage of the aquifer. The model was also run 3 times, for different 

values of specific yield and specific storage distributed over the domain. Specific yield 

and specific storage parameters were adjusted by trial-and error to reduce the differences 

between simulated and measured values. Table (4.4) summarizes the results of calibrated 

parameters. It is noticed, that all calibrated values are within the range of literature 

values given for Gaza aquifer. 

Table (4.4): Summary of the adjusted calibrated parameters for target period (2001-

2014). 

Conductivity  Kxx Kyy Kzz Ss Sy ɸ n 

Sub-aquifer 30 30 3 1E-04 0.25 0.25 0.3 

Aquitard 0.1 0.1 0.01 1E-05 0.1 0.3 0.45 

 

Calibrated groundwater levels versus measured groundwater levels for the years 2000, 

2005, 2010 and 2014 are done with correlation coefficient above 92% as shown in 

Figures (4.16). 
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Figure (4. 15): Calculated versus measured groundwater levels at 2000, 2005, 2010 and 2014 respectively. 

Figure (4.16) show observed and calculated heads versus time for 6 different well 

distributed over the flow model of Gaza aquifer (well M8, P48A1, F68B, L47, S28, and 

E45). 
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Figure (4.16): Observed and calculated heads versus time for well M8, P48A1, F68B, 

L47, S28, and E45 

4.8 MODEL Validation: 

The calibrated model was examined under 2015 period in order to validate our model. 

Figure (4.17), shows the water level of Gaza aquifer in 2015 based on the field 

measurement done by PWA, while figure (4.18) shows the water level of Gaza aquifer 

as estimated from Modflow model. It is noticed that, based on figure (4.15), we can 

conclude that, our model is well calibrated, as it almost have the same water levels 

values as indicated in the map published by PWA.  
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    Figure (4. 17): Water level of Gaza aquifer in 2015(PWA, 2015)                                       Figure (4. 18): Water level of Gaza 

aquifer from Modflow model
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Chapter 5 

Management Scenarios of Stormwater System 

5.1. Introduction: 

The sustainable management of groundwater resources has gained increased attention in 

recent times, especially in the arid and semi-arid areas. Artificial recharge of 

groundwater is one of the important tools towards achieving the sustainability of 

groundwater reservoir. Artificial recharge also has been practiced for the number of 

years in many countries and for a wide variety of ground resources management 

purposes (Zubliller et al., 2002). 

This chapter includes the simulation model results for the existing and predicted 

scenarios of adopting the artificial recharge techniques based on the proposed PWA 

stormwater artificial recharge system. This proposed strategy can alleviate the 

groundwater from probable deterioration by seawater intrusion in case of current 

pumping pattern continued unmanaged. 

5.2. Management Scenarios: 

The management options were tested with the calibrated flow model. The advantage of a 

calibrated groundwater model is that it can be applied to investigate ‘what-if’ scenarios 

and answer planning questions and predict impact of aquifer management decisions 

(PWA, 2000). 

The model was reflected by two scenarios for groundwater level in Gaza Strip for the 

target period (2016-2040):  

1. The first scenario, the existing conditions (no-action scenario) that simulates the 

continuation of the existing situation without any management.  

2. The second scenario is to investigate the impact of current interventions by 

PWA. The second scenario is to determine the feasibility of management 

solutions for water scarcity by using additional water resources in the future.  
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The development of scenarios generally begins with the characterization of the current 

situation (Gallopin, 2002), which is the impact of continuous pumping on the 

groundwater level without upgrading and rehabilitation of the existing stormwater 

facilities. In addition, to study the impact of continuous pumping on the groundwater 

level taking into account the additional water recourses proposed by PWA.  

Simulation of the flow for the study area groundwater aquifer was mainly accomplished 

to obtain a clear image for the existing situation of the aquifer, besides this, executing 

management model could help the decision makers to build their decisions to well 

manage this important source. 

5.2.1 Assumptions for All Scenarios 

• Target period for prediction is from (2016-2040). 

• All calibrated physical and hydro-geological parameters from the flow model were 

used.  

• For the period (2016-2040), rainfall and recharge was set to the flow model as 

constant annual for simplicity. Also, recharge coefficients were kept the same as 

being used in the baseline flow model. 

• According to the Palestinian Central Bureau of Statistics (PCBS) report which 

published in 2006, the growth population rate of 3.8% was assumed in these years to 

estimate the future municipal well abstractions. 

• The average abstraction rates for agricultural wells remained the same as in basic 

flow model. 

• Land use distribution was set as in the previous years without any change. 

5.3. First Scenario: Existing stormwater management 

  5.3.1. Set up of first Scenario 

The first model scenario is basically a time-extension of the quasi steady state simulation 

for the upcoming years up to year 2040 to check the impacts on the water table 

elevations of Gaza Strip aquifer. We assumed that the groundwater abstraction rate from 
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the aquifer mainly due to municipals well will increase continuously for the upcoming 

years to comply with increasing of population growth. We also assumed that the existing 

stormwater facilities remained the same as in quasi steady state simulation without any 

rehabilitation or upgrading. Figure (5.1) show the distributed of existing stormwater 

basins by PWA within Gaza Strip. 

 

Figure (5. 1): Existing Stormwater facilities in Gaza Strip 

5.3.2. Impacts on regional groundwater levels 

The first scenario simulate the impact of continuous increasing of pumping rates from 

aquifer. Taking into account that the current stormwater facilities will not go under any 

upgrading and rehabilitation for the target simulation period until 2040.  
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Figures (5.1) show the simulation results for years 2020, 2030, and 2040 respectively. 

These figures reflect the aquifer behavior under continuously increasing pumping rates 

for the next 25 years. The simulation results indicate that continuous pumping without 

upgrading and rehabilitation of the existing stormwater facilities would decrease 

obviously the groundwater level. 

  

Figure (5. 2): Head contour 2020, 2030 and 2040 respectively 

As shown in figures (5.2), it is clearly noticed that, there are two well defined depression 

zones. The first one exist in southern part of Gaza strip, which show the greatest water 

level decline occurs in the Gaza strip, from -3 m to more than -19 m below MSL in 
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2020; from -5 m to more than -21 m below MSL in 2030 and from -7 m to more than -

25 m below MSL in 2040.  

The second depression zone, exist in the northern part of  Gaza Strip, where the 

groundwater table decline from -3 to more than - 7 m below MSL in 2020; from -3 to 

more than - 9 m below MSL in 2030 and from -5 to more than - 11 m below MSL in 

2040.  

The two depression zones in the southern and northern part of the Gaza strip represent a 

realistic concern in the future management of Gaza aquifer. The depression zones in the 

south and north of the Gaza strip are characterized by a high potential for sea water 

intrusion risk for the upcoming years. Hence, the GCA should be managed sustainably 

to control sea water intrusion. One of the most practice tools to control the sea water 

intrusion, is artificial recharge, which will be applied in the 2
nd

 scenario.  

It is worth to mention that, the groundwater level in the middle regions of the Gaza strip 

experienced a small decline in groundwater level for all the investigated period (2020, 

2030 and 2040) due to high pumping rates. The small decline in groundwater level may 

be due to the fact that the population in the middle regions is less populated than south 

and north. In addition, the middle region characteristic by agricultural areas, hence, the 

infiltration rate is high. Also, it characteristic by loam and sand-loam soil type, which 

have a high infiltration rate compare with clay sand type. 

5.4. Second scenario: Proposed PWA stormwater artificial recharge system 

  5.4.1. Set up of Second Scenario 

The second management scenario investigated the proposed stormwater basins and 

soakaways as a source of artificial recharge to the aquifer. It is supposed that the 

proposed stormwater basins and soakaways, will have positive impacts on groundwater 

level of GCA. Table (5.2) show the proposed stormwater basins by PWA plan taking in 

consideration the operation date will be after 201 6 at least. The total number of proposed 
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soakaways 1382 with average infiltration rate 1. 53 m/d in both household level and 

street level as shown in figure (5.3). 

Table (5. 1): Proposed Stormwater basins by PWA (PWA, 2011) 

Gover

norates 
Name 

Area 

(m
2
) 

Basin Type 

Recharge after 

rehabilitation 

(m/day) 

Operation 

date after 

upgrading 

North 

Khalaf Basin 5,000 Boreholes 1.2 2013 

Abo Rashed Pond 13,500 Retention Basin 0.0 2016 

Baer El Naja 2,000 Infiltration-Boreholes 1.2 2018 

Aslan 2,000 Infiltration 1.4 2018 

Gaza 

AlShiekh Redwan 

Basin 
68,000 Storage-Infiltration 1.2 2016 

ASqula pond 20,000 Storage-Infiltration 1.2 2016 

Sheikh Ejleen 2,000 Storage-Infiltration 1.4 2018 

Khan 

younis 

Al-Amal pond 100,000 Storage-infiltration 1.0 2016 

Hamad city Basin 4500 Boreholes 0.1 2018 

Al Majadleh 2,000 Retention Basin 0.0 2018 

Al Qarara 8300 Boreholes 1.8 2018 

Abu Reesh pond 2,000 Infiltration  Basin 1.4 2018 

Rafah 

Jnaina Basin 30,000 Retention Basin 0.0 2016 

Nijili Basin 2,000 Retention Basin 0.0 2018 

Gomezet El Sabel 2,000 Infiltration  Basin 1.4 2018 
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Figure (5. 3): Number of proposed street Soakaway units for each governorate (PWA, 2011) 

5.4.2. Impacts on regional groundwater levels 

The second scenario simulate the impact of continuous pumping on the groundwater 

level taking into account both the existing and proposed infiltration basins and 

soakaways. 
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Figures (5.4) show the simulation results for years 2020, 2030, and 2040 respectively. 

The simulation results indicate that continuous pumping taking into account upgrading 

and rehabilitation of the existing stormwater facilities would alleviate the decreasing of 

groundwater level among Gaza Strip. 

  

Figure (5. 4): Head contour 2020, 2030 and 2040 respectively 

As shown in figures (5.4); it is clearly noticed that, there are two well defined depression 

zones, which they consider pre-exist depression zones as a result of over pumping in the 

previous years. But, comparing them with the depression zones which shown in figure 

(5.1) for the 1
st
 scenario. It is clear, that there is a little enhancement of groundwater 

level due to new recharge resources proposed by PWA. In the southern part of Gaza 
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strip, groundwater level range, from -3 m to more than -15 m below MSL in 2020; from 

-3 m to more than -17 m below MSL in 2030 and from -3 m to more than -19 m below 

MSL in 2040.  

While in the northern part of Gaza Strip, the groundwater level range, from -1 to more 

than - 3 m below MSL in 2020; from -1 to more than - 3 m below MSL in 2030 and 

from -3 to more than - 7 m below MSL in 2040.  

Generally speaking, the proposed artificial recharge resources by PWA in Gaza Strip, 

will have a positive impact on groundwater level of GCA. They will decrease the decline 

in groundwater level that it supposed to happen in case of continuous pumping rate 

without any mitigation measurements taking into account. On average, the lowest water 

table in southern part of Gaza Strip in 2040 will be -19 below MSL in 2
nd

 scenario 

instead of -25 m below MSL in 2040 in case of 1
st
 scenario (i.e; 8 meter gain in water 

table of GCA).  That is can be interpreted as a results of the new infiltration basins 

proposed beside the rehabilitation process for the existing infiltration basins in the south 

of Gaza Strip. The infiltrations basins runs on the 2
nd

 scenario in the model are; Hamad 

city basin, Al majadleh, Al Qarara and Abu-Reesh pond in Khan-younis Governorates. 

In addition to, Nijili Basin and Gomezet El Sabel in Rafah Governorate. 

The same applied on the northern part of Gaza Strip, the groundwater level will enhance 

about 6 meter in 2040 as a result of the proposed infiltration basins in North 

Governorate. The infiltrations basins runs on the 2
nd

 scenario in the model are; In Baer 

El-Naja and Aslan. It will be -7 below MSL in 2
nd

 scenario instead of -11 m below MSL 

in 2040 in case of 1
st
 scenario. 

In the middle area, the groundwater level will also enhance about 2 m on average in the 

2
nd

 scenario. 
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Chapter 6 

Conclusion and Recommendations 

6.1 Conclusion  

− The PWA plan for storm water management has improved the situation of 

groundwater level. It is not adequate though to cope with the deterioration of ground 

water level of Gaza Strip, which is attributed to the over pumping  of the Gaza Strip 

aquifer. 

− In southern area, due to the low amount of stormwater and the presence of thick 

clay lens that reduces the infiltrated rainwater, the groundwater level severely 

decrease to –25m. 

− The groundwater level in the middle area experienced a small decline in 

groundwater level for all the investigated period (2020, 2030 and 2040). This small 

decline in groundwater level may be due to the fact that the population in the middle 

regions is less populated than south and north. In addition, the middle area 

characteristic by agricultural areas, hence, the infiltration rate is high. Also, it 

characteristic by loam and sand-loam soil type, which have a high infiltration rate 

compare with clay soil type. 

− According to the management scenarios explained in chapter 5, the simulation 

results of first scenario indicate that continuous pumping without upgrading and 

rehabilitation of the existing stormwater facilities would severely decrease the 

groundwater level. While the simulation results of second scenario indicate that 

continuous pumping taking into account upgrading and rehabilitation of the existing 

stormwater facilities would alleviate the decreasing of groundwater level among 

Gaza Strip. 

− It is noticed that using soakaway as a method or technique of infiltration type within 

PWA plan of stormwater management has not a significant effect on raising the 

groundwater levels during the investigated period 2016-2014. But it is considered as 

a means to reduce the burden of huge quantities that reach the stormwater 

infiltration basins. In addition to that, it reduces the risk of flooding in roads. 
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6.2 Recommendations 

− The groundwater situation in the Gaza Strip is very pitiful, so there is an urgent 

need for any interventions which can restore and/or maintain the sustainability of 

the Gaza groundwater system for now and more so for the near future, when this 

adverse situation will inevitably become more disastrous. This could be done by the 

following points: 

1. Using alternative water resources such as: the artificial recharge option, 

such as storm water and reclaimed wastewater which could partially control 

the problem of aquifer contamination by seawater intrusion. 

2. Increasing the number of storm water infiltration basins, especially in the 

two depression zones of groundwater level in the north and south area of 

Gaza Strip. 

3. Publicity campaigns should be carried out at the national level to convince 

people and farmers to accept the use of treated wastewater for irrigation and 

other reuses, and to protect and use water more efficiently. 

− Implementation of large-scale seawater/brackish desalination plants are 

recommended as these plants can be used for domestic uses, which lead to reduce 

the pumping from the aquifer. Also, it is recommended that future studies should 

take into consideration the estimated costs for any planned project that could be 

either artificial recharge (using injection wells or infiltration basins) or desalination 

plants. 

− There aren’t any infiltration basins in the middle area. So it is highly recommended 

to construct infiltration basins as it characteristic by agricultural areas, and loam and 

sand-loam soil type, which have a high infiltration rate. 

− It should be promoted an integration of different water management strategies, 

which the first one should be lowering pumping rates in the area; these strategies 

should involve not only hydrogeologic but also socioeconomic considerations, as 

the water demand has been detected to be the main human-induced stress on the 

aquifer system.  
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APPENDIX 1: Sampling soil points used in producing soil map. 

ID Soil Type X Y 

1 Clay 89529.90 86953.18 

2 Clay 89151.84 86797.51 

3 Clay 88729.30 86686.31 

4 Clay 88351.24 86397.21 

5 Clay 88284.53 85996.91 

6 Clay 87928.71 85440.94 

7 Clay 87773.03 84929.45 

8 Clay 88284.53 84996.16 

9 Clay 88818.26 84840.49 

10 Clay 89240.80 84884.97 

11 Clay 89307.51 85374.22 

12 Clay 88529.15 85374.22 

13 Clay 88729.30 85618.85 

14 Clay 89040.65 86085.87 

15 Clay 88684.83 86152.58 

16 Clay 89307.51 86463.93 

17 Clay 97824.99 97427.67 

18 Clay 97402.45 97160.81 

19 Clay 96646.33 96916.18 

20 Clay 95979.16 96449.16 

21 Clay 94689.31 97160.81 

22 Clay 94244.54 98183.79 

23 Clay 95045.13 98695.29 

24 Clay 98047.38 96849.46 

25 Clay 96735.28 96160.06 

26 Clay 96890.96 97716.78 

27 Clay 95334.24 97538.87 

28 Clay 107676.79 105233.50 

29 Clay 106498.13 104833.21 

30 Clay 105764.25 103965.89 

31 Clay 104719.03 103054.10 

32 Clay 103673.80 102876.19 

33 Clay 102628.58 102942.90 

34 Clay 101360.96 102698.28 

35 Clay 100048.87 102297.98 

36 Clay 99114.84 102253.50 

37 Clay 106609.33 106523.36 

38 Clay 106186.79 105767.24 

39 Clay 106809.48 103387.68 

40 Clay 105853.21 102698.28 

41 Clay 104652.31 102231.26 

42 Clay 102673.05 100919.17 

43 Clay 103540.37 102120.07 
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ID Soil Type X Y 

44 Clay 108032.61 104922.16 

45 Clay 93600.00 95550.00 

46 Clay 93155.00 99693.00 

47 Clay 100750.00 109100.00 

48 Clay 104058.00 108119.00 

49 Clay 102250.00 109380.00 

50 Clay 102390.00 109221.00 

51 Clay 106750.87 104280.90 

52 Clay 103625.50 101513.90 

53 Clay 107260.21 106140.88 

54 Clay 108219.00 106024.00 

55 Clay 107750.00 106000.00 

56 Clay 95441.11 99609.54 

57 Clay 104580.00 107340.00 

58 Clay 107010.76 104373.64 

59 Clay 100423.23 99698.12 

60 Clay 100969.11 100338.71 

61 Clay 102756.87 102177.60 

62 Clay 105424.54 105093.48 

63 Clay 106697.21 105723.20 

64 Clay 93085.86 99728.80 

65 Clay 97512.45 96252.93 

66 Clay 94840.09 95933.71 

67 Clay 96084.21 97782.09 

68 Clay 95058.48 93655.70 

69 Clay Loam 102333.51 101937.52 

70 Clay Loam 104481.52 104049.34 

71 Clay Loam 98751.38 97973.03 

72 Clay Loam 95947.42 97925.00 

73 Clay Loam 93681.57 95575.12 

74 Clay Loam 88438.89 90096.16 

75 Clay Loam 90328.18 90521.76 

76 Loam 96290.51 94803.49 

77 Loam 96001.40 94158.56 

78 Loam 95756.78 93691.55 

79 Loam 95378.72 93380.20 

80 Loam 94733.79 94114.09 

81 Loam 95067.37 95003.64 

82 Loam 95067.37 94358.71 

83 Loam 95512.15 94447.67 

84 Loam 95378.72 95270.51 

85 Loam 95956.93 95559.61 

86 Loam 100560.36 101386.19 

87 Loam 99782.01 101408.42 

88 Loam 98870.21 101564.10 



122 

ID Soil Type X Y 

89 Loam 98158.57 101653.05 

90 Loam 97691.55 101141.56 

91 Loam 96890.96 100541.11 

92 Loam 96757.52 99762.75 

93 Loam 96668.57 99229.02 

94 Loam 97446.93 98472.90 

95 Loam 98403.20 98250.51 

96 Loam 99048.12 98183.79 

97 Loam 99759.77 98650.81 

98 Loam 100449.17 98850.96 

99 Loam 101272.01 99362.45 

100 Loam 101783.50 100029.62 

101 Loam 101516.63 100696.78 

102 Loam 100004.39 101097.08 

103 Loam 98847.97 101008.13 

104 Loam 97980.66 100385.44 

105 Loam 97713.79 99495.88 

106 Loam 98692.30 99095.59 

107 Loam 99870.96 99873.94 

108 Loam 99715.29 100407.68 

109 Loam 98803.50 100029.62 

110 Loam 99337.23 99451.41 

111 Loamy sand 87217.06 84773.77 

112 Loamy sand 86416.46 84440.19 

113 Loamy sand 85771.54 84217.80 

114 Loamy sand 85437.96 83773.03 

115 Loamy sand 85349.00 83128.10 

116 Loamy sand 85437.96 82105.11 

117 Loamy sand 85460.19 81237.80 

118 Loamy sand 85771.54 80125.86 

119 Loamy sand 86260.79 79703.32 

120 Loamy sand 86327.51 79102.87 

121 Loamy sand 85749.30 78257.80 

122 Loamy sand 85460.19 77968.69 

123 Loamy sand 84904.22 77234.81 

124 Loamy sand 84392.73 76434.21 

125 Loamy sand 83080.64 75522.42 

126 Loamy sand 82013.17 74966.45 

127 Loamy sand 80812.28 73965.70 

128 Loamy sand 79900.49 73209.58 

129 Loamy sand 80011.68 72653.61 

130 Loamy sand 80078.40 71986.44 

131 Loamy sand 80300.78 71230.32 

132 Loamy sand 81056.90 71853.01 

133 Loamy sand 82124.37 72675.85 
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ID Soil Type X Y 

134 Loamy sand 82947.21 73053.91 

135 Loamy sand 84059.15 73898.98 

136 Loamy sand 84993.18 74521.67 

137 Loamy sand 85993.93 75655.85 

138 Loamy sand 86638.85 76500.93 

139 Loamy sand 87350.50 77368.24 

140 Loamy sand 88573.63 78057.65 

141 Loamy sand 89018.41 78280.03 

142 Loamy sand 89418.71 80637.35 

143 Loamy sand 89507.66 81437.95 

144 Loamy sand 88484.68 79947.95 

145 Loamy sand 87795.27 80970.93 

146 Loamy sand 86727.81 81326.75 

147 Loamy sand 86394.23 82327.50 

148 Loamy sand 86349.75 83016.91 

149 Loamy sand 86794.52 83861.98 

150 Loamy sand 87661.84 83150.34 

151 Loamy sand 88417.96 81971.68 

152 Loamy sand 87550.65 82149.59 

153 Loamy sand 86950.20 78457.94 

154 Loamy sand 86060.64 77368.24 

155 Loamy sand 85037.66 76078.39 

156 Loamy sand 83947.95 75010.93 

157 Loamy sand 82635.86 74277.04 

158 Loamy sand 81257.05 73031.67 

159 Sand 102272.76 104788.73 

160 Sand 101005.14 104744.25 

161 Sand 100004.39 104833.21 

162 Sand 98714.54 104810.97 

163 Sand 97913.94 104588.58 

164 Sand 97246.78 104343.95 

165 Sand 96490.66 103521.11 

166 Sand 95890.21 102542.61 

167 Sand 95645.58 101541.86 

168 Sand 94511.40 100674.54 

169 Sand 93844.24 99851.71 

170 Sand 94867.22 100163.05 

171 Sand 95423.19 100429.92 

172 Sand 96468.42 101430.66 

173 Sand 96890.96 101919.92 

174 Sand 98180.81 102787.23 

175 Sand 98781.26 103143.05 

176 Sand 99915.44 103276.49 

177 Sand 100916.19 103565.59 

178 Sand 99782.01 104054.85 
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ID Soil Type X Y 

179 Sand 98158.57 103476.64 

180 Sand 97002.15 102698.28 

181 Sand 100493.65 106145.30 

182 Sand 101538.87 107257.24 

183 Sand 103117.83 106189.77 

184 Sand 103495.89 108658.29 

185 Sand 86839.00 91779.01 

186 Sand 90352.74 96160.06 

187 Sand 81234.82 84151.09 

188 Sand 80901.23 83194.82 

189 Sand 79833.77 82038.40 

190 Sand 78410.48 80859.74 

191 Sand 78054.66 81793.77 

192 Sand 77165.11 81615.86 

193 Sand 103450.00 107300.00 

194 Sand 81900.00 80840.00 

195 Sand 84940.00 88370.00 

196 Sand 84380.00 88930.00 

197 Sand 76900.00 82350.00 

198 Sand 77850.00 81150.00 

199 Sand 79000.00 84050.00 

200 Sand 79800.00 83250.00 

201 Sand 81700.00 85100.00 

202 Sand 82450.00 86250.00 

203 Sand 84050.00 87250.00 

204 Sand 83382.00 87893.00 

205 Sand 86350.00 89650.00 

206 Sand 89000.00 94350.00 

207 Sand 99250.00 107300.00 

208 Sand 99900.00 106700.00 

209 Sand 100850.00 107900.00 

210 Sand 101300.00 11010.00 

211 Sand 102350.00 109400.00 

212 Sand 85450.00 90500.00 

213 Sand 78300.00 82800.00 

214 Sand 76150.00 81500.00 

215 Sand 77050.00 80650.00 

216 Sand 85560.00 87650.00 

217 Sand 84951.00 89850.00 

218 Sand 81150.00 85100.00 

219 Sand 78400.00 79850.00 

220 Sand 80750.00 85850.00 

221 Sand 84150.00 77950.00 

222 Sand 94540.00 99400.00 

223 Sand 104547.00 105884.00 
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ID Soil Type X Y 

224 Sand 102910.00 107963.00 

225 Sand 100133.00 109038.00 

226 Sand 101500.00 108600.00 

227 Sand 100738.10 107771.80 

228 Sand 101800.00 108480.00 

229 Sand 101080.00 108032.00 

230 Sand 100260.00 107370.00 

231 Sand 103600.00 105400.00 

232 Sand 100784.00 109036.00 

233 Sand 104500.00 106150.00 

234 Sand 103278.00 105433.00 

235 Sand 83745.00 87488.00 

236 Sand 104700.00 104200.00 

237 Sand 105450.00 102900.00 

238 Sand 105600.00 104350.00 

239 Sand 106539.77 36.32 

240 Sand 106565.20 103835.00 

241 Sand 95506.65 99565.52 

242 Sand 16349.40 104067.50 

243 Sand 96324.24 99231.15 

244 Sand 95221.15 99860.30 

245 Sand 96307.08 99486.21 

246 Sand 106434.87 103833.35 

247 Sand 95200.00 96000.00 

248 Sand 97300.00 95800.00 

249 Sand 97000.00 95200.00 

250 Sand 95700.00 95300.00 

251 Sand 102000.00 105500.00 

252 Sand 102000.00 106300.00 

253 Sand 106949.24 104296.75 

254 Sand 104420.00 107060.00 

255 Sand 104600.00 107350.00 

256 Sand 103990.00 107140.00 

257 Sand 104400.00 107140.00 

258 Sand 104440.00 106950.00 

259 Sand 107203.92 104260.65 

260 Sand 103500.00 101300.00 

261 Sandy Clay 98329.00 105799.00 

262 Sandy Clay 88250.00 92100.00 

263 Sandy Clay 95600.00 98250.00 

264 Sandy Clay 92960.00 91900.00 

265 Sandy Clay 93220.00 98090.00 

266 Sandy Clay 95365.87 99547.54 

267 Sandy Clay 107269.08 104314.67 

268 Sandy Clay 107139.00 104222.29 
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269 Sandy Clay 107302.00 104237.43 

270 Sandy Clay 107167.76 104117.08 

271 Sandy Clay 103500.00 101600.00 

272 Sandy Clay 102700.00 101800.00 

273 Sandy Clay 95106.73 101801.98 

274 Sandy Clay 93739.75 97416.48 

275 Sandy Clay 95329.52 97903.91 

276 Sandy Clay 92811.84 94815.33 

277 Sandy Clay 83583.03 77610.81 

278 Sandy clay loam 91642.59 92223.78 

279 Sandy clay loam 91642.59 91556.62 

280 Sandy clay loam 92198.56 91223.04 

281 Sandy clay loam 91776.02 90733.78 

282 Sandy clay loam 91353.49 90222.29 

283 Sandy clay loam 90819.75 89555.12 

284 Sandy clay loam 90241.54 88732.29 

285 Sandy clay loam 89863.48 88176.32 

286 Sandy clay loam 89151.84 87953.93 

287 Sandy clay loam 88573.63 87509.15 

288 Sandy clay loam 87483.93 86930.94 

289 Sandy clay loam 87617.36 86286.02 

290 Sandy clay loam 87083.63 86019.15 

291 Sandy clay loam 85326.76 85285.27 

292 Sandy clay loam 84326.01 84951.69 

293 Sandy clay loam 83258.55 84951.69 

294 Sandy clay loam 84348.25 85463.18 

295 Sandy clay loam 84837.51 85907.96 

296 Sandy clay loam 85882.73 86286.02 

297 Sandy clay loam 85638.11 86797.51 

298 Sandy clay loam 86216.31 88131.84 

299 Sandy clay loam 86460.94 88821.24 

300 Sandy clay loam 88395.72 88554.38 

301 Sandy clay loam 89730.05 90133.33 

302 Sandy clay loam 88506.92 90733.78 

303 Sandy clay loam 87461.69 89666.32 

304 Sandy clay loam 87773.03 88220.79 

305 Sandy clay loam 91153.34 90956.17 

306 Sandy clay loam 92954.68 93157.82 

307 Sandy clay loam 92954.68 92713.04 

308 Sandy clay loam 84103.63 84151.09 

309 Sandy clay loam 83080.64 83773.03 

310 Sandy clay loam 83792.28 83083.62 

311 Sandy clay loam 84303.77 81571.38 

312 Sandy clay loam 83903.48 79881.23 

313 Sandy clay loam 83703.33 78658.09 
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ID Soil Type X Y 

314 Sandy clay loam 82591.38 77079.14 

315 Sandy clay loam 81568.40 76434.21 

316 Sandy clay loam 83214.07 78013.17 

317 Sandy clay loam 80367.50 75411.22 

318 Sandy clay loam 79589.14 74410.48 

319 Sandy clay loam 79144.36 75900.48 

320 Sandy clay loam 78721.83 76856.75 

321 Sandy clay loam 78277.05 78569.14 

322 Sandy clay loam 79388.99 79258.54 

323 Sandy clay loam 79655.86 76234.06 

324 Sandy clay loam 80878.99 77412.72 

325 Sandy clay loam 82391.24 80103.62 

326 Sandy clay loam 81790.79 78880.48 

327 Sandy clay loam 83503.18 81371.23 

328 Sandy clay loam 82391.24 82082.88 

329 Sandy clay loam 80300.78 79480.93 

330 Sandy clay loam 84237.06 80681.83 

331 Sandy Clay Loam 101596.65 101126.26 

332 Sandy Clay Loam 101896.06 101580.01 

333 Sandy Clay Loam 103549.47 103561.85 

334 Sandy Clay Loam 103829.26 103942.61 

335 Sandy Clay Loam 98483.71 106568.35 

336 Sandy Clay Loam 102626.38 107969.86 

337 Sandy Clay Loam 94372.21 101259.54 

338 Sandy Clay Loam 92521.62 99116.47 

339 Sandy Clay Loam 91931.80 98524.33 

340 Sandy Clay Loam 99270.23 98523.90 

341 Sandy Clay Loam 98463.51 97158.91 

342 Sandy Clay Loam 96042.81 97172.53 

343 Sandy Clay Loam 94844.81 96586.78 

344 Sandy Clay Loam 95363.25 97042.10 

345 Sandy Clay Loam 97067.78 98852.93 

346 Sandy Clay Loam 93134.71 97082.74 

347 Sandy Clay Loam 94674.07 97816.61 

348 Sandy Clay Loam 94372.21 96167.74 

349 Sandy Clay Loam 91970.50 94180.69 

350 Sandy Clay Loam 91121.78 93339.93 

351 Sandy Clay Loam 90393.87 92522.71 

352 Sandy Clay Loam 89732.52 91718.33 

353 Sandy Clay Loam 89006.35 91030.92 

354 Sandy Clay Loam 87898.80 89268.76 

355 Sandy Clay Loam 87191.27 88328.51 

356 Sandy Clay Loam 86516.82 87258.30 

357 Sandy Clay Loam 86174.69 85761.88 

358 Sandy Clay Loam 85615.10 84924.78 
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ID Soil Type X Y 

359 Sandy Clay Loam 82152.10 81389.47 

360 Sandy Clay Loam 80086.66 77976.22 

361 Sandy Clay Loam 79578.05 77299.77 

362 Sandy Clay Loam 86656.19 90531.62 

363 Sandy Clay Loam 85590.76 91325.26 

364 Sandy Clay Loam 75945.42 81893.64 

365 Sandy Clay Loam 79949.38 73966.69 

366 Sandy Clay Loam 81128.17 75143.10 

367 Sandy Clay Loam 82200.01 75749.48 

368 Sandy Clay Loam 83572.80 76370.10 

369 Sandy Clay Loam 93948.90 93521.82 

370 Sandy Clay Loam 93489.15 92416.35 

371 Sandy Clay Loam 92251.14 92167.16 

372 Sandy Clay Loam 90832.64 91450.45 

373 Sandy Clay Loam 89320.51 88982.67 

374 Sandy Clay Loam 87848.47 87587.04 

375 Sandy Clay Loam 86436.11 85732.07 

376 Sandy Clay Loam 89522.24 79479.53 

377 Sandy Clay Loam 88980.44 78855.01 

378 Sandy Clay Loam 88228.54 78768.82 

379 Sandy Clay Loam 87708.27 79443.74 

380 Sandy Clay Loam 86802.15 80313.58 

381 Sandy Loam 93888.71 94002.89 

382 Sandy Loam 93688.56 94825.73 

383 Sandy Loam 93088.12 94336.47 

384 Sandy Loam 91309.01 94514.39 

385 Sandy Loam 90330.50 94136.32 

386 Sandy Loam 89040.65 93535.88 

387 Sandy Loam 89285.27 92668.56 

388 Sandy Loam 89974.68 93313.49 

389 Sandy Loam 91553.64 95915.43 

390 Sandy Loam 92220.80 96916.18 

391 Sandy Loam 92332.00 96360.21 

392 Sandy Loam 92976.92 95982.15 

393 Sandy Loam 89329.75 84284.52 

394 Sandy Loam 88240.05 84262.28 

395 Sandy Loam 88417.96 83617.36 

396 Sandy Loam 89351.99 82794.52 

397 Sandy Loam 89552.14 83439.44 

398 Sandy Loam 88973.93 83773.03 

399 Sandy Loam 85282.28 79636.60 

400 Sandy Loam 84948.70 79503.17 

401 Sandy Loam 84770.79 79125.11 

402 Sandy Loam 85171.09 78724.81 

403 Sandy Loam 85638.11 79147.35 
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404 Sandy Loam 85638.11 79458.69 

405 Sandy Loam 85171.09 79191.83 

406 Sandy Loam 99483.96 107873.25 

407 Sandy Loam 100115.06 108672.88 

408 Sandy Loam 101594.85 110778.66 

409 Sandy Loam 101508.61 109652.65 

410 Sandy Loam 99348.60 105845.00 

411 Sandy Loam 93700.40 100340.79 

412 Sandy Loam 91403.85 97828.62 

413 Sandy Loam 91104.60 97344.11 

414 Sandy Loam 84826.53 84142.79 

415 Sandy Loam 82894.78 82670.63 

416 Sandy Loam 81795.01 80472.13 

417 Sandy Loam 81214.03 79654.27 

418 Sandy Loam 80593.29 78763.61 

419 Sandy Loam 89432.28 95561.70 

420 Sandy Loam 88336.55 94269.55 

421 Sandy Loam 84410.83 90198.30 

422 Sandy Loam 83181.45 89102.93 

423 Sandy Loam 81743.42 87550.39 

424 Sandy Loam 80336.39 86111.99 

425 Sandy Loam 78843.23 84661.21 

426 Sandy Loam 77526.15 83364.32 

427 Silt 85300.00 90650.00 
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Distribution of Sampling soil points over Gaza Strip 
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APPENDIX 2: Calculation of Agriculture return flow 

Agriculture Area (m
2
) irrigation 

(m/yr/m
2
) 

irrigation 

(mm/yr) 

25%Return flow 

(mm/yr) 

Horticulture 17792100 0.35 6227.235 1556.80875 

Mixed Agriculture 113301900 0.35 39655.665 9913.91625 

Citrus Orchards 36413100 0.9 32771.79 8192.9475 

Olive  Orchards 48126600 0.55 26469.63 6617.4075 

Greenhouses 8172000 0.55 4494.6 1123.65 

Total 2.24E+08 
 109618.92 27404.73 
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APPENDIX 3: Calculated vs Observed Head (2000-2014) 
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