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ABSTRACT
Climate is one of the key parameters in the earth’s environment. The study of the impacts of
climate change on groundwater is a major factor that affects the developing strategic plans.
The Gaza strip coastal aquifer area as one of the semi-arid areas is affected by climate
changes and that absolutely affects all kinds of water resources including groundwater
resource. The purpose of this study is to study the impacts of climate change on groundwater
of the Gaza coastal aquifer and its impacts on general hydrological cycle of the Gaza coastal
aquifer. Baseline period maps have been prepared for temperature and precipitation for mean
values from 1972 to 2002. Fossil energy intensive (A1F1) with high sensitivity is the
emission scenario that was used for the prediction process by SimCLIM climate model. The
median assembly approach was used to get the representative results from multi General
Circulation Model (GCM) outputs. The predicted mean annual temperatures for years 2020,
2050 and 2080 were 20.66 oC, 22.48 oC and 25.08 oC respectively, While 0.85 oC, 2.67 oC and
5.28 oC were the mean annual changes from baseline period for years 2020, 2050 and 2080
respectively. The predicted mean annual precipitation for years 2020, 2050 and 2080 were
294.68 mm/year, 243.70 mm/year and 170.82 mm/year respectively, Hence -7.48, 23.98 and 46.37 mm/year were the predicted mean annual precipitation changes from baseline period
for years 2020, 2050 and 2080 respectively. The mean sea level rise for baseline period was
1.097 cm, in the other hand 9.04 cm, 28.84 cm and 59.85 cm were the predicted mean sea
level rise values for years 2020, 2050 and 2080 respectively.
The water balance computer model (WetSpass) integrated with the GIS was used for
simulating the hydrological cycle for the Gaza Strip coastal aquifer in this study. The mean
annual simulated evapotranspiration were 157.34 mm/year, 156.46 mm/year, 151.85 mm/year
and 131.44 mm/year for baseline, year 2020, year 2050 and year 2080 respectively, While
34.88 mm /year, 32.35 mm /year, 26.73 mm /year and 18.71 mm /year were the mean annual
simulated surface runoff for baseline, year 2020, year 2050 and year 2080 respectively. The
mean annual simulated groundwater recharge were 125.33 mm/year, 105.07 mm/year, 64.44
mm/year and 20.14 mm/year for baseline, year 2020, year 2050 and year 2080 respectively.
The mean simulated interception values were 8.31 mm/year, 7.71 mm/year, 6.41 mm/year
and 4.56 mm/year for baseline, 2020, 2050 and 2080 respectively. The mean simulated soil
evaporation were 92.08 mm/year, 91.41 mm/year, 89.66 mm/year and 85.49 mm/year for
baseline, year 2020, year 2050 and year 2080 respectively, While 57.72 mm/year, 57.52
mm/year, 54.78 mm/year and 40.34 mm/year were the mean annual simulated transpiration
for baseline, year 2020 , year 2050 and year 2080 respectively .
Regional groundwater flow simulations were made by means of the three-dimensional
numerical VISUAL MODFLOW model. The model domain encloses an area of 50 Km x 35
Km. The model was calibrated by adjusting model input parameters until a best fit was
achieved between simulated and observed water levels. Simulated water levels compared
favorably with observe mean water levels measured in observation wells in year 2010.
Seawat groundwater transient model with simulated climate change data input without any
adaption pumping scenario was developed in order to determine the impacts of climate
change on groundwater of the Gaza coastal aquifer. The measured Gaza strip shoreline mean
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chloride concentration was 23364.26 mg/l; this concentration was used as constant
concentration boundary in Seawat groundwater model. The results of groundwater model to
predict the impacts of climate change on groundwater head were -3.48 m, -4.05 m , -7.8 m,
-7.9 m, -8.08 m and -10.71 m below sea level for years 2015, 2020, 2025, 2030, 2050 and
2080 respectively. The mean predicted chloride concentration were 1034.23 mg/l, 1445.05
mg/l, 2109.8 mg/l, 2734.52 mg/l, 4594.51 mg/l and 7737.87 mg/l for years 2015, 2020, 2025,
2030, 2050 and 2080 respectively. From all generated chloride concentration profiles in the
Gaza coastal aquifer, the concentration decreases by the increase of the distance from
shoreline.
An effective management scenario was developed and examined by the same groundwater
transient model. The scenario was generated to adapt with climate change conditions by
developing new water resources and managing pumping rate.
Seawater reverse osmosis Desalination Plant, of 55 Million cubic meters per year is one of
the proposed new water resources, by this quantity of high water quality could suggest
closing number of municipal pumping wells which have high salinity more than 1000 mg/l of
chloride concentration.
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ملخص الدراسة
" دراسة تأثير التغيرات المنا خية على الخزان الجوفي الساحلي لقطاع غزة باستخدام نظم
المعلومات الجغرافية و النمذجة الرياضية"
المناخ هو أحد المعايير األساسية في بيئة األرض و دراسة آثار تغير المناخ على الميا ه الجوفية هو أحد العوامل الرئيسة
التي تؤثر على الخطط اإلستراتيجية .منطقة الخزان ال جوفي الساحلي في قطاع غزة باعتبارها واحدة من المناطق شبه
الجافة تتأثر جدًا بالتغيرات المناخية والتي تؤثر على كل أنواع الموارد المائية بما في ذلك موارد المياه الجوفية .والغرض
من هذه الدراسة هو دراسة آثار تغير المناخ على الخزان الجوفي الساحلي في قطاع غزة  .تم إعداد خرائط فترة خط األساس
لدرجات الحرارة و هطول األمطار و التي كانت عبر حساب القيم المتوسطة منذ عام  2791و حتى عام  .1001سيناريو
الطاقة األحفورية المكثفة ( ) A1F1مع درجة حساسية عالية كان سيناريو االنبعاث المستخدم لعملية التنبؤ بالتغيرات
المناخية و التي تمت بواسطة نموذج المناخ  . SimCLIMتم استخدام نهج القيم الوسيطة للحصول على نتيجة ممثلة من
نتائج (  )GCMمتعددة .توقع متوسط درجات الح اررة السنوية لسنوات عام  1000 ، 1010و  1000هو ، 10.22
 11.20و 10.00درجة مئوية على التوالي ،في حين كانت  0.00درجة مئوية 1.29 ،درجة مئوية و 0.10درجة مئوية
هي متوسط التغيرات السنوية من فترة خط األساس لسنوات عام  1000 ، 1010و  1000على التوالي .كما كان متوسط
هطول األمطار السنوي المتوقع لسنوات عام  1000 ،1010و  1000هو  172.20مم  /سنة 12..90 ،مم  /سنة
و 290.01مم  /سنة على التوالي ،و بالتالي فإن  -23.98 ، -7.48و -46.37مم  /سنة كان توقع متوسط تغيرات
هطول األمطار السنوي من فترة خط األساس لسنوات عام  1000 ،1010و  2080على التوالي .متوسط ارتفاع مستوى
سطح البحر لفترة خط األساس هو  2.079سم ،بينما كان  7.02سم 10.02 ،سم و  07.00سم هو متوسط قيم ارتفاع
مستوى سطح البحر المتوقع لسنوات عام  1010و  1000و  1000على التوالي.
تم استخدام نموذج ( )WetSpassالرياضي والمتكامل مع نظ م المعلومات الجغرافية لمحاكاة الدورة الهيدرولوجية لقطاع
غزة .فكان متوسط التبخر السنوي  209..2مم  /سنة 202.22 ،مم  /سنة 202.00 ،مم  /سنة و 2.2.22مم  /سنة
لخط األساس ،عام  ، 1010عام  1000و عام  1000على التوالي ،بينما كان  .2.00ملم  /سنة .1..0 ،مم  /سنة،
 12.9.ملم  /سنة و 20.92ملم  /السنة هو متوسط الجريان السطحي للمياه لخط األساس ،عام  ، 1010عام 1000
وعام  1000على التوالي .متوسط التغذية السنوية للمياه الجوفية هو  210...مم  /سنة 200.09 ،مم  /سنة22.22 ،
مم  /سنة و 10.22ملم  /سنة لخط األساس ،عام  ،1010عام  1000وعام  1000على التوالي .و كان متوسط القيم
المياه المحجوبة  0..2مم  /سنة 9.92 ،ملم  /سنة 2.22 ،ملم  /سنة و 2.02مم  /سنة لخط األساس1000 ، 1010 ،
و  1000على التوالي .متوسط تبخر مياه التربة هو  71.00ملم  /سنة 72.22 ،مم  /سنة 07.22 ،مم  /سنة و00.27
ملم  /سنة لخط األساس ،عام  ،1010عام  1000وعام  1000على التوالي ،بينما  09.91ملم  /سنة 09.01 ،مم /

VI

سنة 02.90 ،ملم  /سنة و 20..2مل م  /سنة هو متوسط النتح السنوي لخط األساس ،عام  ،1010عام  1000و عام
 1000على التوالي.
تم محاكاة تدفق المياه الجوفية اإلقليمية باستخدام النموذج الرياضي  VISUAL MODFLOWالثالثي األبعاد .مجال
الدراسة لهذا النموذج كان مساحة تقدر بـ ـ  00كم ×  .0كم .تم معايرة النموذج الرياضي من خالل تعديل المعايير و
الخصائص المدخلة حتى تم التوصل إلى أفضل تناسب بين مستويات المياه المحاكاة و المقاسه .مقارنة مستويات المياه
الجوفية المنم ذجة مع مستويات المياه الجوفية المقاسه كانت لعام  .1020نتائج النموذج الرياضي الخاص بالتغيرات
المناخية كانت احد أهم المدخالت الخاصة بالنموذج الرياضي  Seawatو دون استخدام أي سيناريو ضخ من أجل تحديد
آثار تغير المناخ على المياه الجوفية الساحلية في قطاع غزة.

كان تركيز أمالح الكلوريد المقاسة لمياه البحر هو

 1..22.12ملغ  /لتر ،وقد استخدم هذا التركيز كأحد م دخالت النموذج الرياضي  . Seawatكانت نتائج نموذج المياه
الجوفية للتنبؤ بتأثير تغير المناخ على مستويات المياه الجوفية هو  ..20-متر  2.00 - ،متر 9.0- ،متر9.7- ،
متر 0.00- ،متر و  20.92-متر تحت مستوى سطح البحر لسنوات عام  ،1020عام  ،1010عام  ،1010عام
 ،10.0عام  1000و عام  1000على التوالي .توقع متوسط تركيز أمالح الكلوريد كان  20.2.1.ملجم  /لتر،
 2220.00ملجم  /لتر 1207.0 ،ملجم  /لتر 19.2.01 ،ملجم  /لتر 2072.02 ،ملجم  /لتر و 99.9.09ملجم /
لتر لسنوات  1000 ، 10.0 ،1010 ، 1010 ،1020و  1000على التوالي .بدراسة جميع مقاطع تراكيز أمالح
الكلورايد في الخزان الجوفي الساحلي و الناتجة عن تدخل مياه البحر تم مالحظة أنه يقل التركيز مع زيادة المسافة المقاسة
من الشاطئ.
وقد تم وضع سيناريو لإلدارة الفعالة و التكيف مع التغيرات المناخية و تم دراسته من قبل نفس النموذج الرياضي السابق،
و تقوم فكرة هذا السيناريو على تطوير موارد مائية جديدة وادارة معدالت الضخ.
محطة تحلية ل مياه البحر باستخدام تقنية التناضح العكسي بقدرة  00مليون متر مكعب سنويا هي واحدة من الموارد المائية
الجديدة المقترحة .بواسطة هذه الكمية من المياه ذات الجودة العالية يمكن أن يتم إغالق عدد من آبار الضخ للبلديات و
التي لها تراكيز أمالح العالية أكثر من  2000ملجم/تر من تركيز أمالح الكلورايد.
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Chapter 1: Introduction
1.1 General Introduction
Gaza Strip is a very narrow and high populated area along the coast of Mediterranean Sea.
The Area of Gaza strip is About 365 square kilometer. Palestinian people depend on the
coastal aquifer to meet there different water needs (Agriculture, demotic, industrial, etc.).This
coastal aquifer in the Gaza strip represents about 20% of a regional coastal aquifer that its
natural boundary extends beyond Gaza strip boarders. The Gaza coastal aquifer at the present
time suffers from water deficit. This water deftest is reflected negative in the water salinity
because of over pumping of the aquifer which is results in sea water intrusion phenomena and
upward movement of saline water (PWA, 2012).
Climate is one of the key parameters in the earth’s environment. Climate is usually defined as
the mean weather and in broad sense; it is the statistical description in terms of the mean and
variability of relevant quantities over a period of time ranging from months to thousands
millions of years (IPCC, 2008). As a result of emission of gases in the atmosphere, the human
activities that could possibly change the climate include, industrial activities, development of
extensive cities, pollution of water ways and cities, creation of thousands of dams and lakes,
conversion of grassland or forest to cropland, and agricultural activities (IPCC, 2008). The
Intergovernmental Panel's4th Assessment Report (AR4) (2007) on Climate Change (IPCC)
provided a global context for climate change, and included the outputs from a number of
Global Climate Models (GCMs) under different greenhouse gas emission scenarios. Global
climate change is interrupting the water circulation balance by changing rates of
precipitation, recharge, discharge, and evapotranspiration. The Intergovernmental Panel on
Climate Change (IPCC, 2007) makes “changes in rainfall pattern due to climate changes and
consequent shortage of Available water resource” a high priority as the weakest part among
the effects of human environment caused by future climate changes. Groundwater, which
occupies a considerable portion of the world’s freshwater resources, is related to climate
change via surface water such as rivers, lakes, and marshes, and direct interactions, being
indirectly affected through recharge (Lee, 2009).
Climate change is of most concern where aquifers are either heavily allocated or particularly
vulnerable to changes in recharge. In these systems, the reduction in water availability due to
climate change may influence groundwater use and entitlements. The impacts of climate
change are also likely to be more profound for unconfined aquifer systems, which may
respond rapidly to changes in the recharge regime. The relationship between climate and
confined aquifer systems is often muted. In addition to consumptive use in many regions, a
rich biodiversity of both national and international significance is associated with
groundwater-dependent ecosystems, which may also be impacted by changes to groundwater
resources because of a changing climate (IPCC, 2008).
Climate change is already beginning to transform life on earth. Around the globe, seasons are
shifting, rainfalls are decreasing, temperatures are climbing so water demands are increasing,
and sea levels are raising causing seawater intrusion. If we do not act now, climate change
will permanently alter the lands and waters we all depend upon for survival (IPCC,
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2008).Seawater intrusion is a common contamination problem in coastal areas. It affects,
mainly, arid and semi-arid zones, where dense population groundwater (Elina, 2006).
1.2 Problem statement
Increasing numbers of scientific communities observing the global climate show a collective
picture of a changing climate and a warming world. Both of the natural and the human
systems are expected to be exposed to direct effects of climatic variations such as changes in
temperature and precipitation variability, as well as frequency and magnitude of extreme
weather events. Similarly, there are indirect effects of climate change such as sea level rise,
soil moisture changes, changes in land and water conditions, changes in the frequency of fire
and changes in the distribution of vector-borne diseases (IPCC, 2001)
The hydrologic system, which consists of the circulation of water from oceans to air and back
to the oceans, is an integral part of the global climate system (Critchfield, 2002). Therefore,
any changes in the climate system not only causes changes in the hydrologic system but also
further modification of the climate itself due to these new changes in the hydrologic system.
The global mean sea level has increased at a rate of 1 to 2 mm/year during the 20th century
due to thermal expansion of sea water and the melting of glaciers and ice sheets (ibid). Such a
projected sea-level rise may threaten the existence of coastal zones and their ecosystems.
(IPCC, 2001).
The estimated quantity of the earth’s total water is about 1.4 x10 9 km3 , but only about 2.5% is
fresh water. About 97% of the world’s water is contained in the oceans. It is salty and not
suitable for direct consumption (Singh and Singh, 2001).Out of the Available fresh water,
about 77% (30x106 km3) is frozen in the polar ice caps and in the glaciers of the world and
the remainder is contained in the lakes, reservoirs, rivers, atmosphere and in the aquifers
under the ground (IPCC, 2001).
The sensitivity of a hydrologic system to climate change is a function of several physical
features and societal characteristics. Some of the physical features most sensitive to climate
change are agriculture and livestock, regions with seasonal precipitation or snowmelt and
topography and land-use patterns that promote soil erosion and flash floods (IPCC, 2001).
Studies show that developing countries such as Palestine are more vulnerable to climate
change and are expected to suffer more from the adverse climatic impacts than the developed
countries (IPCC, 2001).
1.3 Justification
(IPCC,2008) illustrated that in the semi-arid, a humid climate like that of the Gaza strip, there
will be changes in the spatial and temporal distribution of temperature and precipitation due
to climate change. Reduced infiltration rates caused by increased surface runoff will also
reduce aquifer recharge. With the added effect of aquifer Stalinization due to




Sea level rise pushing the freshwater-seawater interface east
The accelerated use of ground-water
Seawater intrusion
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In addition, for that Gaza strip is very poor in water resources, actually there is only one fresh
water resource. It is the groundwater coastal aquifer, and because of that it is very important
to evaluate studies like this one in order to setup the solution for these big problems.
1.4 Objectives
This research aims to study and investigate the risks and effects of climate change on the
groundwater of the Gaza coastal aquifer under possible future conditions and projections. The
main objectives of this research are:
 To investigate meteorological data and hydrological cycle properties in the Gaza strip.
 To obtain projections of future climate change based on the output of one or more
global climate model (GCM). In addition, to downscale projections from the coarsegrid scale of a GCM to a finer scale to be applicable for the Gaza coastal Aquifer area.
 To construct a groundwater model to predict water levels, seawater intrusion, and its
transport time with input of projected future climate changes and recharge time series.
1.5 Research Questions
All of that generated a number of research questions that this study attempted to address. For,
instance:
 What is the future climate change considering the global warming phenomenon on the
Gaza strip area?
 What is the impact of climate change on groundwater recharge in the Gaza coastal
aquifer?
 What is the impact of climate change on groundwater resources in the Gaza coastal
aquifer?
 What is the impact of climate change on seawater intrusion in the Gaza coastal
aquifer?
1.6 The structure of dissertation
The thesis is organized in seven chapters as follows:
 Chapter 1
It offers an introduction along with background information with an overview of the
groundwater investigations, objectives and research questions.
 Chapter 2
It provides the literature review, discussions of the models that will be used in the
research with general literature review about it, discussion of the groundwater
modeling, computational tools, and groundwater flow equations. It highlights the GIS
and its use in hydrologic modeling environment, and discusses methods of integration
GIS and WetSpass with distributed hydrologic modeling and discusses the methods of
integration GIS and SimClim in order to predict the Gaza strip's future climate
changes.
 Chapter 3
Describes the research methodology for this study.
3







Chapter 4
Describes the study area, discusses the soil and hydrogeology of the Gaza coastal
aquifer. Also in this chapter, there is a brief description of the groundwater quality for
the Gaza strip.
Chapter 5
 Discuses Climate change modeling results, scenarios, sea level rise projection,
and the Future climate changes for the Gaza strip.
 Water balance model, in this chapter we will Discuss and illustrate the output
of Wetspass model and the impacts of all the projection climate change on the
hydrological cycle.
 Also in this chapter we will Illustrates the analytical solution of groundwater
modeling and numerical modeling of the Gaza coastal aquifer and provide a
modeling approach for the Gaza coastal aquifer. It also illustrates the seawater
intrusion and provides modeling approach of Seawat for the Gaza coastal
aquifer.
Chapter 6
Gives conclusions and recommendations about the research work described in this
dissertation and outlines of future work in similar research direction.
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Chapter 2: Literature Reviews
2.1 Climate change
Climate is usually defined as the “mean weather”, or more precisely, as the statistical
description of the weather in terms of the means and variability of relevant quantities over
periods of several decades (typically three decades as defined by WMO). These quantities are
most often surface variables such as temperature, precipitation, and wind, but in a wider
sense, the “climate” is the description of the state of the climate system (IPCC, 1997).
Climate has a profound influence on life on Earth. It is a daily experience of human beings
and is essential for health, food production, and well-being. Any change in the climate,
especially that induced by humans is a matter of concern. There has been scientific evidence
that human activities may already be influencing the climate (IPCC, 1996).
According to (IPCC, 1997) the climate system consists of the following major components:
 The atmosphere
 The oceans
 The terrestrial
 Marine biospheres
 The cryosphere (sea ice, seasonal snow cover, mountain glaciers and continental
scale ice sheets)
 The land surface
These components interact with each other, and through this collective interaction,
they determine the Earth’s surface climate. These interactions occur through flows of
energy in various forms, through exchanges of water, through flows of various other
radioactively important trace gases, including CO2 (carbon dioxide) and CH4
(methane), and through the cycling of nutrients. The climate system is powered by the
input of solar energy, which is balanced by the emission of infrared (“heat”) energy
back to space. Solar energy is the ultimate driving force for the motion of the
atmosphere and ocean, the fluxes of heat and water, and of biological activity (IPCC,
1997).

Figure 2. 1: Schematic picture of the climate system (IPCC, 1997)
5

Figure 2.1 presents a schematic picture of the climate system, showing the key interactions
between the various components and the component properties, which can change (IPCC,
1997).
The components of the climate system influence global and regional climate in a number of
distinct ways:





By influencing the composition of the Earth’s atmosphere, thereby modulating the
absorption and transmission of solar energy and the emission of infrared energy back
to space.
Through alterations in surface properties and in the amount and nature of cloud cover
which has both regional and global effects on climate.
By redistributing, heat horizontally and vertically from one region to another through
atmospheric motions and ocean currents.

Climate change; caused by human activities, such as the emission of greenhouse gases or
land-use change, may be partly predictable, particularly on the larger, continental and global,
spatial scales. However, there are limitations on accurately predicting population change,
economic change, technological development, and other relevant characteristics of future
human activities. Thus, climate projections should be made based on carefully constructed
human behavior scenarios. Climate is determined by the atmospheric circulation and by its
interactions with the large-scale ocean currents and the land with its features such as albedo,
vegetation, and soil moisture. To understand the climate of the Earth and its variations, and to
understand and possibly predict the changes of the climate brought about by human
activities, one should consider factors that influence the radioactive balance, such as the
atmospheric composition, solar radiation or volcanic eruptions.
2.1.1 Anthropogenic perturbation of the atmospheric composition
The amount of greenhouse gases in the atmosphere remained relatively constant for about a
thousand years before the Industrial Revolution. Since then, the concentration of various
greenhouse gases has increased (Miller, 1990).
The amount of carbon dioxide, for example, has increased by more than 30% since preindustrial times and is still increasing at a mean rate of 0.4% per year, mainly due to the
combustion of fossil fuels and deforestation. The fact that this increase is anthropogenic can
be verified by the changing isotopic composition of the atmospheric CO 2 , which betrays the
fossil origin of the increase. The concentration of other natural radioactively active
atmospheric components, such as methane and nitrous oxide, is increasing too due to
agricultural, industrial and other activities (IPCC, 2001a).
The changes in greenhouse gases are expected to result in warming of the atmosphere but at
the moment their effects are being countered by the effect of aerosols, which tend to cool
down the atmosphere, especially in the northern hemisphere. Thus, global changes in
temperature, precipitation and other climatic variables are expected to bring about change in
the soil moisture, increase in global mean sea level, and there is a prospect of floods and
droughts in some places (IPCC, 1997).
6

2.1.2 Emission scenarios
The Intergovernmental Panel on Climate Change (IPCC) developed long-term emissions
scenarios in 1990 and 1992. These scenarios have been widely used in the analysis of
possible climate change, its impacts, and options to mitigate climate change. After evaluation
of a decision by the IPCC Plenary in 1996 to develop a new set of emission scenarios (IPCC,
2000).
Future greenhouse gas (GHG) emissions are the product of very complex dynamic systems,
determined by driving forces such as demographic development, socio-economic
development, and technological change. Their future evolution is highly uncertain. Scenarios
are alternative images of how the future might unfold and are appropriate tool with which to
analyze how driving forces may influence future emission outcomes and to assess the
associated uncertainties. They assist in climate change analysis, including climate modeling
and the assessment of impacts, adaptation, and mitigation. The possibility that any single
emissions path will occur as described in scenarios is highly uncertain (IPCC, 2000).

Figure 2. 2: Schematic framework representing impacts of and responses to climate
change, and their linkages (IPCC, 2000).
Four different narrative storylines were developed to describe consistently the relationships
between emission driving forces and their evolution and add context for the scenario
quantification. Each storyline represents different demographic, social, economic,
technological, and environmental developments, which may be viewed positively by some
people and negatively by others (IPCC, 2000).
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The scenarios cover a wide range of the main demographic, economic, and technological
driving forces of GHG and sulfuremissions2 and are representative of the literature. Each
scenario represents a specific quantitative interpretation of one of four storylines. All the
scenarios based on the same storyline constitute a scenario “family” (IPCC, 2000).
The scenarios do not include additional climate initiatives, which means that no scenarios are
included explicitly assume I an implementation of the United Nations Framework
Convention on Climate Change (UNFCCC) or the emissions targets of the Kyoto Protocol.
However, GHG emissions are directly affected by non-climate change policies, which are
designed for a wide range of other purposes. Furthermore, government policies, to varying
degrees, can influence the GHG emission drivers such as demographic change, social and
economic development, technological change, resource use, and pollution management. This
influence is broadly reflected in the storylines and resultant scenarios (IPCC, 2000).

Figure 2. 3: Illustration of SRES scenarios (IPCC, 2000).
Figure 2.3 illustrate of SRES scenarios. Four qualitative storylines yield four sets of scenarios
called “families”: A1, A2, B1, and B2. The storyline of each scenario family describes one
possible demographic, politico-economic, societal, and technological future. Within each
family, one or more scenarios explore the global energy industry and other developments and
their implications for greenhouse gas emissions and other pollutants (CARA, 2006).
2.1.2.1 A1 family
The A1 storyline and scenario family describe a future world of very rapid economic growth,
global population that peaks in the mid-21st century and declines thereafter, and the rapid
introduction of new and more efficient technologies. Major underlying themes are
convergence among regions, capacity building, and increased cultural and social interactions,
with a substantial reduction in regional differences in per capita income. The A1 scenario
family has three groups that describe alternative directions of technological change in the
energy system:
 A1FI: fossil energy intensive
 A1T: non-fossil energy sources
 A1B: is a balance across all sources, a future world of very rapid economic
growth, low population growth, and rapid introduction of new and more
efficient technology.
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Major underlying themes are economic and cultural convergence and capacity building, with
a substantial reduction in regional differences in per capita income. In this world, people
pursue personal wealth rather than environmental quality. Energy supply is balanced among
fossil fuel and non-fossil energy sources (CARA, 2006).
2.1.2.2 A2 family
The A2 storyline and scenario family describe a very heterogeneous world. The underlying
theme is self-reliance and preservation of local identities. Fertility patterns across regions
converge very slowly, which results in continuously increasing population. Economic
development is primarily regionally oriented and per capita, economic growth and
technological change are more fragmented and slower than other storylines (CARA, 2006).
2.1.2.3 B1 family
The B1 storyline and scenario family describe a convergent world with the same global
population that peaks in mid-century and declines thereafter, as in the A1 storyline, but with
rapid change in economic structures toward a service and information economy, and with
reductions in material intensity and the introduction of clean and resource-efficient
technologies. The emphasis is on global solutions to economic, social and environmental
sustainability, including improved equity, but without additional climate initiatives (CARA,
2006).
2.1.2.4 B2 family
The B2 storyline and scenario family describe a world in which the emphasis is on local
solutions to economic, social and environmental sustainability. It is a world with
continuously increasing global population, at a rate lower than A2, and with intermediate
levels of economic development, and less rapid and more diverse technological change than
in the B1 and A1 storylines. While the scenario is oriented around environmental protection
and social equity, it focuses on local and regional levels (CARA, 2006).
“A1FI leads to the highest atmospheric CO2-concentrations, while B1 gives the lowest
“(CARA, 2006).
The SRES scenarios do not include additional climate initiatives, which means that no
scenarios are included explicitly assume implementation of the United Nations Framework
Convention on Climate Change or the emissions targets of the Kyoto Protocol (CARA,
2006).
2.1.3 Climate sensitivity
The equilibrium climate sensitivity is a measure of the climate system response to sustained
radioactive forcing. It is defined as the equilibrium global mean surface warming following a
doubling of CO2 concentration. Direct emission of water vapor (a greenhouse gas) by human
activities makes a negligible contribution to radioactive forcing. However, as global mean
temperature increases, tropospheric water vapor concentrations increase and this represents a
key positive feedback but not a forcing of climate change. Water vapor changes represent the
largest feedback affecting equilibrium climate sensitivity. Warming reduces terrestrial and
ocean uptake of atmospheric CO2 , increasing the fraction of anthropogenic emissions
9

remaining in the atmosphere. This positive carbon cycle feedback leads to larger atmospheric
CO2 increases and greater climate change for a given emissions scenario, but the strength of
this feedback effect varies markedly among models (climsystem, 2011).
The low and high climate sensitivities for the climate variables correspond to the 2-σ
(standard deviation) values, covering 95% of the range of the GCMs (climsystem, 2011).
The SRES emission scenarios and the climate sensitivity represent two sources of uncertainty
that can be manipulated independently to assess their impact on the range of the projections
of future climate change. In a typical approach, A1FI-high would be selected as the scenario
combination to assess the highest possible impacts. Frequently, A1B-mid is selected as the
“business-as-usual” scenario, although it no longer fits that bill: current climate responses
(global main sea level, global main temperature, atmospheric CO2 concentrations) point to
the world following the A1FI mid to high path (climsystem, 2011), as shown in figure 2.4.

Figure 2. 4: Total global cumulative CO2 emissions (GtC) from 1990 to 2100 and
histogram of their distribution by scenario groups (source: IPCC, 2000).
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2.1.4 Global climate Models (GCM)
Numerical models (General Circulation Models or GCMs), representing physical processes in
the atmosphere, ocean, cryosphere and land surface, are the most advanced tools currently
Available for simulating the response of the global climate system to increasing greenhouse
gas concentrations; While simpler models have also been used to provide globally- or
regionally-meand estimates of the climate response. Only GCMs, possibly in conjunction
with nested regional models, have the potential to provide geographically and physically
consistent estimates of regional climate change which are required in impact analysis (IPCC,
2011). GCMs depict the climate using a three dimensional grid over the globe (Figure 2.5),
typically having a horizontal resolution of between 250 and 600 km, 10 to 20 vertical layers
in the atmosphere and sometimes as many as 30 layers in the oceans. Their resolution is thus
quite coarse in relation to the scale of exposure units in most impact assessments (IPCC,
2011). Moreover, many physical processes also occur at smaller scales, such as those related
to clouds, and cannot be properly modeled. Instead, their known properties must be meand
over a larger scale in a technique known as parameterization. This is one source of
uncertainty in GCM-based simulations of future climate. Others relate to the simulation of
various feedback mechanisms in models concerning, for example, water vapor and warming,
clouds and radiation, ocean circulation and ice and snow albedo. For this reason, GCMs may
simulate quite different responses to the same forcing, simply because of the way certain
processes and feedbacks are modeled (IPCC, 2011).

Figure 2. 5: GCMs a three dimensional grid over the globe.
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2.1.5 Baseline Period
Changes in climate are calculated in reference to a baseline period and this reference baseline
period is a necessity in developing climate scenarios. It serves to characterize the sensitivity
of the exposure unit to present-day climate and usually serves as the base on which data sets
that represent climate change are constructed. According to (IPCC, 1994), baseline period
should be representative of the present-day or recent mean climate in the study region and of
a sufficient duration to encompass a range of climatic variations, including several significant
weather anomalies (e.g., severe droughts or cool seasons). The WMO defines a very popular
climatological baseline period of 30 years that encompasses the period of 1961 – 1990 as a
'normal' period. This period provides a standard reference for many impact studies. However,
observations during this time period in some regions may exhibit anthropogenic climate
changes relative to earlier periods. Sources of baseline data include a wide variety of
observed data, a combination of observed and model-simulated data (reanalysis data), control
runs of GCM simulations, and time series generated by stochastic weather generators.

2.1.6 SimCLIM As climate Change model
SimCLIM is a flexible software package that links data and models in order to simulate the
impacts of climatic variations and change, including extreme climatic events, on sectors such
as agriculture, health, coasts, or water resources. SimCLIM is a user-friendly “openframework” system that can be customized and maintained by users. It contains tools for
importing and analyzing both spatial (monthly, seasonal) and time-series (hourly, daily or
monthly) data (Climsystem, 2011).
SimCLIM-for-ArcGIS add-in enables ArcGIS users to produce spatial images of climate
change in a very easy, quick, straight-forward process. The add-in is based on 20 years of
development of the standalone SimCLIM tool, marketed by CLIM systems, uses outputs
from global climate models, produced for the IPCC (Intergovernmental Panel for Climate
Change), more specifically for the 4th assessment report1. The add-in allows for evaluating
uncertainties stemming from different emission scenarios, different climate sensitivities, and
different climate change models. Projections of future climate, and changes compared with
the baseline climate can be produced (Climsystem, 2011).
In our study we will use SimClim for ArcGIS with the included (GCM) and the following
Annexes tables A-5, A-6 List of GCMs providing patterns for SimCLIM-for-ARCGIS,
Available from the CMIP3 database which is managed by the Program for Climate Model
Diagnosis and Intercomparison (PCMDI) (Climsystem, 2011).
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2.2 Water Balance Model (WetSpass)
WetSpass stands for Water and Energy Transfer between Soil, Plants and Atmosphere under
quasi-Steady State (Batelaan and De Smedt, 2001). It is a physically based model for the
estimation of long-term mean spatial patterns of groundwater recharge, surface runoff and
evapotranspiration employing physical and empirical relationships. Regional groundwater
models used for analyzing recharge-discharge relations are often quasi-steady and need longterm mean recharge input that accounts for the spatial variability of the recharge. Thus, they
can use the recharge output from WetSpass for their computations. WetSpass is specially
suited for studying long-term effects of land-use changes on the water regime in a watershed.
It is handy in that it allows easy new definition of climatic as well as land use types.
WetSpass was built on the foundations of the time dependent spatially distributed water
balance model called "WetSpa" (Batelaan et al., 1996; Wang et al., 1997)
WetSpass was completely integrated in GIS Arc View as a raster model, coded in avenue.
Inputs for this model include grids of land use, groundwater depth, precipitation, potential
evapotranspiration, wind-speed, temperature, soil, and slope where by parameters such as
land-use and soil types are connected to the model as attribute tables of their respective grids.
The spatially distributed recharge output of WetSpass model can improve the prediction of
simulated groundwater level and the locations of discharge and recharge areas for a steadystate groundwater models (Kassa at al, 2001).

2.3 Water Balance components
Since the model is a distributed one, the water balance computation is performed at a raster
cell level. Individual raster water balance is obtained by summing up independent water
balance for vegetated area, bare soil area, open- water bodies, and impervious area (eq. 2.1 –
2.3). The total water balance of a given area is thus calculated as the summation of the water
balance of each raster cell.
2.3.1 Water Balance calculation per raster cell
The water balance components of vegetated, bare-soil, open-water, and impervious surfaces
are used to calculate the total water balance of a raster cell (Figure 2.6) as briefly mentioned
earlier,
ETraster= avETv + asEs + ao Eo + aiEi

(2.1)

Sraster = avSv + asSs + aoSo + aiSi

(2.2)

Rraster = avRv + asRs + aoRo + aiRi

(2.3)

Where ET raster, Sraster,Rraster are the total evapotranspiration, surface runoff, and groundwater
recharge of a raster cell respectively each having a vegetated, bare-soil, open-water and
impervious area component denoted by av, as,ao, and ai respectively. The computation of each
component's water balance is discusses in the preceding sections.
Precipitation event is taken as a starting point for the computation of the water balance of
each of the abovementioned components of a raster cell, the rest of the processes (runoff,
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interception, Evapotranspiration, & recharge) follow in an orderly manner. This order
becomes a prerequisite for the seasonal time scale with which the processes will be
quantified. The water balance for the different components is given as follows.
2.3.2 Vegetated area
The water balance for a vegetated area depends on the mean seasonal precipitation (P),
interception fraction (I), surface runoff (Sv), actual transpiration (Tv), and groundwater
recharge (Re) all with the unit of [LT -1], with the relation given below:
P = I + Sv+ Tv + Rv

(2.4)

Interception
Depending on the type of vegetation, the interception fraction represents a constant
percentage of the annual precipitation value. Thus, the fraction decreases with an increase in
an annual total rainfall amount (since the vegetation cover is assumed to be constant
throughout the simulation period).
Surface runoff
Surface runoff is calculated in relation to precipitation amount, precipitation intensity,
interception and soil infiltration capacities. Initially the potential surface runoff (Sv-pot) is
calculated by the following formula:
Sv-pot = Csv(P-I)

(2.5)

Where, Csv is a surface runoff coefficient for vegetated infiltration areas, based on the rational
formula, and is a function of vegetation type, soil type and slope. Saturated surface runoff
occurs in groundwater discharge areas giving rise to a very high surface runoff coefficient.
This is due to the reduced dependency on soil, vegetation type and the vicinity of the area to
the river, and is usually assumed to be constant.
In the second step, actual surface runoff is calculated from the S v-pot by considering the
differences in precipitation intensities in relation to soil infiltration capacities.
Sv= CHorSv-pot

(2.6)
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Figure 2. 6: Schematic representation of water balance of a hypothetical raster cell.
Batelaan and De Smedt (2000).
Where CHor is a coefficient for parameterizing that part of a seasonal precipitation
contributing to the Hortonian overland flow. CHor for groundwater discharge areas is equal to
one since all intensities of precipitation contribute to surface runoff. Only high intensity
storms can generate surface runoff in infiltration areas.
Evapotranspiration
For the calculation of seasonal evapotranspiration value, a reference value of transpiration is
obtained from open-water evaporation value and a vegetation coefficient as outlined in the
Penman equation:
Trv = c Eo

(2.7)

Trv = the reference transpiration of a vegetated surface, E o = potential evaporation of open
water and c = vegetation coefficient. Further, the vegetation coefficient can be calculated as
the ratio of reference vegetation transpiration (Penman-Month) to the potential open-water
evaporation (Penman) Given by:

c

1 
1 



 rc 
1  
  ra 



(2.8)

Where  = psychrometric constant,  = slope of the first derivative of the saturated vapor
pressure curve (slope of saturation vapor pressure at the prevailing air temperature), r c =
canopy resistance and ra= aerodynamic resistance given by the following formula
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1   za  d  

ra  2
ln
k ua za   zo  

2

(2.9)

Where K is the Von Karman constant (0.4), u a is the wind speed at measurement level za =
2m, d is the zero-plane displacement length and zo is the roughness length for the vegetation
or soil. The Penman coefficient (/) varies with temperature and can be obtained from the
following table:
Table 2. 1:

 / Variation with temperature.

T (0C) -20

-10

0

5

10

15

20

25
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35

40

/

2.829

1.456

1.067

0.763

0.597

0.445

0.351

0.273

0.251

0.171

5.864

For vegetated groundwater discharge areas, the actual transpiration (T v ) is equal to the
reference transpiration as there is no soil or water availability limitation as given by:
Tv = Trv if (Gd – ht) < Rd

(2.10)

Where Gd,ht& Rd are the groundwater depth, tension saturated height and rooting depth
respectively all in [L]. For vegetated areas where the groundwater level is below the root
zone the actual transpiration is given by:
Tv = f()Trv if (Gd – ht) > Rd

(2.11)

Where f() is a function of the water content and for a time variant situation it is defined as
follows:

f ( )  1  a1

w Trv

(2.12)

Given,
w = P + (fc - pwp)Rd

(2.13)

where a1 is a calibrated parameter related to the sand content of a soil type, w is the Available
water for transpiration, and fc - pwpis the plant Available water content.
Recharge
The last component, which is the groundwater recharge, is then calculated as a residual term
of the water balance, i.e,
Rv = P - Sv- ETv– I

(2.14)

Where & Etv is the actual evapotranspiration given as the sum of transpiration Tv and Es (the
evaporation from base soil found in between the vegetation). The spatially distributed
recharge is therefore estimated from the vegetation type, soil type, slope, groundwater depth,
and climatic variables of precipitation, potential evapotranspiration, temperature, and windspeed. In addition, recharge will be associated with discharge areas owing to the concept that
there is a thin unsaturated zone present even in discharge areas, though this may not be the
case in summer season. In the summer season, there is a high potential transpiration due to
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vegetation and these results in negative recharge values in discharge areas. In some cases,
high winter recharge will compensate the negative recharge values.
There are two ways of incorporating change in storage to the model on a seasonal basis. The
first instance is by using different groundwater depth values for winter and summer, while in
the second case, the plant Available soil moisture reservoir in the winter is assumed filled up
and it can be depleted in the summer.
2.3.3 Bare-soil, Open-water, and Impervious surfaces
Similar procedure as that of the vegetated surfaces is followed for the calculation of water
balance for bare-soil, open-water, and impervious surfaces. The only difference is that there
is no vegetation in these cases, and thus there are no interception and transpiration terms. The
ETv in this case becomes Es.

2.4 Ground Water Modelling
The use of groundwater models is prevalent in the field of environmental science. Models
have been applied to investigate a wide variety of hydro geologic conditions. More recently,
groundwater models are being applied to predict the transport of contaminants for risk
evaluation. In general, models are conceptual descriptions that describe physical systems
using mathematical equations. By mathematically representing a simplified version of a
hydro geological system, reasonable alternative scenarios can be predicted, tested, and
compared. The applicability or usefulness of a model depends on how closely the
mathematical equations approximate the physical system being modeled. In order to evaluate
the applicability or usefulness of a model, it is necessary to have a thorough understanding of
the physical system and the assumptions embedded in the derivation of the mathematical
equations. Groundwater models describe the groundwater flow and transport processes using
mathematical equations based on certain simplifying assumptions. These assumptions
typically involve the direction of flow, geometry of the aquifer, the heterogeneity, or
anisotropy of sediments or bedrock within the aquifer, the contaminant transport
mechanisms, and chemical reactions. Because of the simplifying assumptions embedded in
the mathematical equations and the many uncertainties in the values of data required by the
model. Groundwater models, however, even as approximations, are a useful investigation
tool that groundwater hydrologists may use for a number of applications (Kumar, 2002).
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 thought 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). The groundwater flow model is
always a part of any model concerned with the movement of salt-fresh water interface and/or
solute transport, whereas the solute transport model is necessary for solving most of the
groundwater quality problems (Thuan, 2004).
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2.4.1

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:

  h    h    h 
h
 K x    K y    K z   S s
x  x  y  y  z  z 
t

(2.15)

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)
(2.16)
Where q is the groundwater flux (LT -1), K is the conductivity tensor (LT -1) and grad (h) is the
gradient operator. 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 is
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
h
qx   K xx
x
h
(2.17)
qy   K yy
y
h
qz   K zz
z
Where qx, qy, qz are the three components of the flux, and K x, 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.
2.4.2 Groundwater modeling software
Groundwater flow equations usually are not easy to solve analytically. This is because either
the flow is described by a partial differential equation or usually the medium properties are
heterogeneous. In such cases, numerical solution techniques can be used to obtain
approximations. Two major classes of numerical methods have been accepted for solving the
groundwater flow equation. These are finite difference methods and finite element methods.
Each of these includes a variety of subclasses and implementation alternatives (Ajour, 2012).
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2.4.2.1 Modflow tools
Modflow is a finite-difference groundwater flow modeling program, written by the United
States Geological Survey (USGS). Modflow is the name that has been given to the 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 applied, Modflow is the recognized standard model used by
courts, regulatory agencies, universities, consultants and industry (Ajour, 2012).
Three-dimensional numerical model MODFLOW (Harbaugh and McDonald, 1996) is
applied with the interface: a commercial pre- and postprocessor software programs (Aish,
2004). MODFLOW numerically evaluates the partial differential equations for groundwater
flow (McDonald and Harbaugh, 1988).
2.4.2.2 MODPATH
MODPATH is an extension of Modflow to calculate flow paths and travel times of water
particles. The model was also developed by USGS. Simulation results obtained with
Modflow are used as input to MODPATH. The streamlines and travel times of water particles
can be calculated starting from the groundwater flow velocities using Darcy's law (De Smedt,
2003).
2.4.2.3 MT3D
MT3D is a model for the simulation of pollutant transport. MT3D stands for “Mass Transport
in 3 Dimensions”. The model was developed by the US Environmental Protection Agency
(EPA) as an extension of Modflow. Using simulation results of Modflow, MT3D will predict
the fate of chemicals dissolved in the groundwater in function of advection, dispersion,
absorption, and decay. Hence, the model uses output files from Modflow as input for
obtaining the groundwater flows. Boundary conditions for transport can be added together
with dispersive and absorptive properties of the ground layers, as well as chemical reaction
characteristics. There are several extensions and improvements of MT3D Available, as for
instance: RT3D: a pollutant transport model for specific pollutants as hydrocarbons that
transform into other chemicals or are subjected to more complicated decay processes as in
MT3D.
MT3DMS is an extension of MT3D for the solution of simultaneous transport of different
interacting chemicals. The code also allows for kinetic absorption processes, instead of
instantaneous equilibrium as described by absorption isotherms (De Smedt, 2003).
2.4.2.4 SEAWAT
SEAWAT was designed to simulate three-dimensional, variable density groundwater flow in
porous media coupled with multi-species solute transport. The program has been used for a
wide variety of groundwater studies related to seawater intrusion. SEAWAT is relatively easy
to apply because it uses the familiar MODFLOW structure. SEAWAT is a public domain
computer program distributed free of charge by the U.S. Geological Survey (Langevin,
2009).
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SEAWAT reads and writes standard MODFLOW and MT3DMS data sets, although some
extra input may be required for some SEAWAT simulations (Guoand Langevin, 2002).
SEAWAT is based on the concept of freshwater head, or equivalent
fresh water head, in a saline groundwater environment. A thorough understanding of this
concept is required in developing the equations of variable-density groundwater flow as used
in the SEAWAT program and in interpreting calculated results, (Guoand Langevin, 2002).
The source code for SEAWAT was developed by combining MODFLOW and MT3DMS
into a single program that solves the coupled flow and solute-transport equations (Guoand
Langevin, 2002). MODFLOW solves groundwater flow equation by solving for each time
step, cell by cell flow is calculated from the fresh water head gradients and relative density
difference terms, and results will give velocities and heads. While MT3DMS solves the
solute transport equation, by using solute transport equation based on previous MODFLOW
results and repeated until stress period and simulation is complete. The numerical methods
used by the MT3DMS program to simulate solute transport in a constant density flow field
are directly used in SEAWAT to simulate solute transport in a variable-density flow field
(Guoand Langevin, 2002).

2.5 GIS (Geographic Information System)
2.5.1 Arc-View
Arc View is the entry level licensing level of ArcGIS Desktop, a geographic information
system software product produced by Esri. It is intended by Esri to be the logical migration
path from Arc View 3.x. The use of (GIS) provides a powerful and efficient means of data
preparation and visualization of simulation results. Arc-View was used for basic spatial data
management tasks (data storage, manipulation, preparation, extraction, etc.) and spatial data
processing (Batelaan et. al., 2007).
2.5.2 ArcGIS
ArcGIS is a system for working with maps and geographic information. It is used for the
following:
 Creating and using maps.
 Compiling geographic data.
 Analyzing mapped information.
 Sharing, discovering, and using geographic information everywhere behind firewalls
within an organization, with selected groups and the public using ArcGIS Online.
 Using maps and geographic information in a range of web and mobile applications,
custom desktops, and embedded hardware.
 Managing geographic information in a database.
The system provides an infrastructure for making maps and geographic information
Available throughout an organization, across community, and openly on the web (ESRI,
2012).
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2.6 Previous Studies and applications
There are no previous studies in Gaza strip about climate change prediction using IPCC
scenarios but there are two previous studies try to assume climate change scenarios and using
linear regression assumption without any climate change modeling in order to check the
impacts of this assumption on groundwater for north governorate. Ajjour, 2012 illustrate that
a minor decrease in temperature and decreasing trend of the rainfall after 1995 which implied
the climate change, and consequently influenced the recharge values. The temporal relation
between the most sensitivity parameter (rainfall) and the recharge was studied in three
presented locations in Gaza Strip: Beit lahia, Gaza City and Rafah rainfall stations with high
correlation between the rainfall and recharge trends ranges between 0.96 and 0.99. It's noticed
that after year 1995 rainfall decreased by 63.8% in Beit lahia station that caused deficit in
recharge values with 87.64%, and lastly decrease in groundwater storage. Then, recharge
values were input to calibrated transient groundwater model (Modflow software) for the
northern part of Gaza Strip. Two scenarios were considered; the recharge of year 2010 was
assumed to still remain and recharge rate decreases at the same trend. Output showed a large
decreasing in the water table from -3m at the start date to -6, -7.5, -8 and -8.5m at the middle
and from 2m to -3.31, -6, -7 and -7.5m for years 2015, 2020, 2025 and 2030 respectively with
clear expansion in the deficit region over time. The same trend observed for the second
scenario with larger values (Ajjour, 2012).
Sarsak, 2011 has illustrated that various assumed scenarios were simulated to study the
impacts of climate change into seawater intrusion at the study area due to sea level rise,
recharge and pumping rates variability. The results show that the in-land movement for
seawater intrusion for the reference scenario (Scenario 1) which reflects the continuation of
the current situation is about 4,200 m with a rate of 65 m/yr. The most critical extent of
salinity was found in Scenario 4 (Recharge -30%) which causes in-land intrusion movement
of about 4,500m with a rate of 80 m/yr. While the in-land intrusion movement due to
increasing pumping rates as in Scenario 2 (pumping +30%) was about 4,300 m with a rate of
70 m/yr. The best results for the in-land intrusion were found in Scenario 6 which considered
as a management scenario since it is dealing with the proposed strategic plans that were
prepared by PWA to solve the high salinity problems and water deficit in Gaza aquifer, the
in-land intrusion movement for this scenario was about 2,900m with a rate of 35 m/yr
(Sarsak, 2011).
Aish (2010) described the concept of the Wetspass model and gives an example of a
developed WetSpass recharge map for the Gaza Strip, Palestine. Aish (2010) sets that
regional groundwater models used for analyzing groundwater systems (infiltration–discharge
relations) are often steady state, and therefore, need long-term mean recharge input. On the
other hand, the spatial variation in the recharge due to distributed land-use, soil type or
texture, slope, groundwater level, meteorological conditions, etc., can be significant and
therefore should be taken into account. Hence, WetSpass was developed as a physically
based methodology for estimation of long-term mean spatial patterns of surface runoff, actual
evapotranspiration, and groundwater recharge. The model is especially suitable for studying
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effects of land-use changes on the water regime in a basin. The computer model was
integrated in the GIS ArcView. Its set-up is extremely flexible; it allows easy new definition
of natural or manufactured land-use types.
Praveena and Aris (2009) presented a case study of groundwater responses towards the
climate change and human pressures in Manukan Island, Malaysia. SEAWAT was used for
the simulations of six scenarios representing climate change and human pressures showed
changes in hydraulic heads and chloride concentrations. In general, reduction in pumping rate
and an increase in recharge rate are capable to restore and protect the groundwater resources
in Manukan Island. Thus, for groundwater management options in Manukan Island, scenario
2 is capable to lessen the seawater intrusion into the aquifer and sustain water resources on a
long-term basis.
Langevin and Mausman (2008) used SEAWAT to predict the extent rate of saltwater
intrusion at Biscayne aquifer of Broward County, Florida, in response to various sea level rise
scenarios using SEAWAT. Until the date of their study (2008), there were no reported
quantitative evaluations of seawater intrusion in southern Florida in response to sea level rise.
Three simulations were performed with varying rates of sea level rise. For the first
simulation, the slowest sea level rise was specified at a rate of 0.9 mm/yr, estimated by IPCC.
After 100 years, the 250 mg/L chloride moved inland by about 40 m. For the next simulation,
sea level rise was specified at 4.8 mm/yr. For this moderate rate of sea level rise, the 250
mg/L moved inland by about 740 m after 100 years. For the fastest rate of sea level rise
estimated by IPCC (8.8 mm/yr), the 250 mg/L moved inland by about 1800 m after 100 years
(Saleh, 2007) This study is an attempt to find out the impact of pumping on the hydraulic
head at the coastline of Gaza Strip. To do so, a groundwater flow model was developed for
GCA using MODFLOW-2000 based on data from the Palestinian Water Authority (PWA).
The model was calibrated based on head observations obtained form PWA and contour maps
from literature. The calibrated model was used to simulate the effects of pumping, recharge,
and injection on water table elevation. The results show that GCA is sensitive to the above
mentioned parameters.
Qahman and Larabi (2005) assessed numerically the seawater intrusion in Gaza Strip,
applying SEAWAT. Simulation results indicate that the proposed schemes successfully
simulate the intrusion mechanism. Two pumping schemes were designed to use the model for
prediction of the future changes in groundwater levels and solute concentrations over a
planning period of 17 years. The results show that seawater intrusion would worsen in the
aquifer if the current rates of groundwater pumping continue. The alternatives are to
moderate pumping rates from water supply wells far from the sea shore and to increase the
aquifer replenishment by encouraging the implementation of suitable solutions like artificial
recharge in order to control seawater intrusion and reduce the current rate of decline of the
water levels.
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Qahman (2004) analyzed the major-recent and (desired) future trends in water availability in
Gaza Strip with a special focus on seawater intrusion and groundwater recovery for Gaza
coastal aquifer. He applied MODFLOW to quantify the Availability of groundwater
considering their regional aquifer system and ultimately to predict the long-term groundwater
behavior and the corresponding perennial yield under various strategies. The main objectives
of his study were to determine a perennial yield pumping and to determine the movement of
fresh/saline water interface and the corresponding threat to both freshwater storage and
deterioration of water quality.
The study of Qahman (2004) used MODFLOW to set steady and transient multiple aquifer
simulation models that can be used for the assessment of groundwater Availability and
simulation of groundwater development scenarios. A three dimensional modeling approach is
selected to represent the conceptual model of the Gaza Strip. Qahman (2004) Model results
indicate that most of the seawater intrusion happened to the north of Gaza city and near
Khan-Younis city in the south. It is estimated that seawater intrusion near Jabalia at year
2003 may extend about 2 Km inland in sub aquifer B, and up to 3 Km in sub aquifer C.
Aish (2003) Regional groundwater flow simulations are made using the three- dimensional
numerical model MODFLOW. The groundwater mounding has been simulated with a
constant recharge of 60000 m3/d, and an infiltration rate of 0.75 m/d, while all other hydro
geological conditions are assumed as present conditions. The simulation shows that the
groundwater mound beneath the center of the recharge basin can be expected to rise to about
15 m above the present water table. In addition, after about 2 years there will be a slight
increment in the groundwater mound. The native groundwater downstream of the recharge
area will gradually be influenced by the water originating from the infiltrated water and the
cone of depression will diminish substantially due to the infiltration.
WetSpass was used for the analysis of the effect of land use changes on the groundwater
discharge areas for Grote Nete basin, Belgium (Batelaan et al, 2000; Asefa et al., 2000).
WetSpass recharge outputs for the Dijile, Demer and Nete river basins was used as an input
for the groundwater model. Total discharge and surface runoff and base-flow, were used for
the calibration of the WetSpass water balance components. The associated groundwater
model was also calibrated along with the WetSpass calibration. Lastly, the resulting
groundwater discharge areas were verified by phreatophytes of the Grote Nete Basin.
WetSpass was also used in the analysis of the hydrological characteristics of the Kikbeek
sub-basin and the Border Meuse River, Belgium (Van Rossum et al, 2001). In the study, fast
and slow discharges coefficients were calculated from WetSpass input data as these discharge
coefficients are related to the total surface runoff and groundwater recharge respectively. By
using the WetSpass model of the actual hydrological situation in the Kikbeek sub-basin as a
starting point, the sensitivity of the discharge coefficients of the Kikbeek sub-basin towards
climate and land use changes was analyzed. Numerous climate and land use scenarios were
used and the geographical input data of the present situation was adjusted for their
simulations by WetSpass.
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Chapter 3: Research Methodology
3.1 Methodology
As shown in figure 3.1 the methodology starts with collection of needed data from all
Available sources such as documents, reports and maps for the Gaza strip. Data needed
includes aquifer parameters such as hydraulic conductivity, total and effective porosity,
specific storage, changes in rainfall patterns, and pumping rates, etc….
The population forecast was determined to estimate the water demand and the expected
quantity of treated wastewater. The key data will be obtained from MOA regarding to rainfall
patterns at the study area and from PWA, which is the hydrologic data for pumping wells. It
includes pumping rates and water quality data for the need years for the Gaza wells, as well
as the basic needs, ongoing development and proposed projects in the PWA strategic plans
such as desalination plants and wastewater treatment plants at Gaza Strip.
After preparation and processing, the data was analyzed using EXCEL. Climate change
model with GIS will run for the Gaza coastal aquifer area, then it will recharge estimation
model (water balance model ) with GIS. GIS will run to estimate the recharge amount to the
Gaza coastal aquifer. After that groundwater model will build and calibrate in order to
determine the impacts of climate change on the groundwater of the Gaza coastal aquifer.
The SEAWAT code (a three dimensional model of coupled density-dependent flow and
miscible salt transport), was selected to simulate solute transport in order to predict and
assess the impacts of climate change on seawater intrusion phenomenon in the Gaza aquifer.

Figure 3. 1: Flow chart for the research methodology.
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3.1.1 Climate Change Modeling (SimCLIM)
3.1.1.1 Preparing Baseline Period Maps
3.1.1.1.1 Baseline Climatologies

Any climate scenario must adopt a reference baseline period from which to calculate changes
in climate. This baseline data set serves to characterize the sensitivity of the exposure unit to
present-day climate and usually serves as the base on which data sets that represent climate
change are constructed (IPCC, 1994) .
A popular climatological baseline period is a 30-year "normal" period, as defined by the
WMO. The current WMO normal period is 1961-1990, which provides a standard reference
for many impact studies. In this Study, the Baseline period is 1972-2002 because of the
Availability of Climatological data.
3.1.1.2 Emission Scenario and Sensitivity
The International Energy Agency (IEA) has released unpublished estimates of 2010 global
carbon dioxide (CO2). Between 2003 and 2008, emissions had been rising at a rate faster than
the IPCC worst case scenario. However, the global recession slowed the emissions growth
considerably, and in fact they actually declined slightly from 29.4 billion tons (gigatons,
or Gt) CO2 in 2008, to 29 Gt in 2009. However, despite the slow global economic recovery,
2010 saw the largest single year increase in global human CO2 emissions from energy (fossil
fuels), growing a whopping 1.6Gt from 2009, to 30.6 Gt (the previous record annual increase
was 1.2 Gt from 2003 to 2004). As illustrated in Figure 3.2, in 2009, we had dropped into the
middle of the IPCC Special Report on Emissions Scenarios (SRES) scenarios, but the 2010
increase has pushed us back up toward the worst case scenarios once again.

Figure 3. 2: IEA global human CO2 annual emissions from fossil fuels estimate vs.
IPCC SRES scenario projections. The IPCC Scenarios are based on observed CO2
emissions until 2000, at which point the projections take effect.
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Figure 3. 3: Emission scenario sensitivity.
According to all of that A1F1, the scenario with high sensitivity is much closer to what the
world is doing. That is why A1FI-high will be used in the climate future projection processes
in this study.
3.1.1.3 Selecting GCM
Many equilibrium and transient climate change experiments have been performed with
GCMs (Kattenberg et al., 1996). Several research centers now serve as repositories of GCM
information (IPCC, 2001).
Four criteria for selecting GCM outputs from such a large sample of experiments are
suggested by Smith and Hulme (1998):
1. Vintage: Recent model simulations are likely to be more reliable than those of an
earlier vintage, since they are based on recent knowledge, incorporate more processes,
and feedbacks.
2. Resolution: In general, increased spatial resolution of models has led to a better
representation of climate.
3. Validation: Selection of GCMs that simulate the present-day climate most faithfully
is preferred, on the premise that these GCMs are more to yield a reliable
representation of future climate.
4. Representativeness of results: Alternative GCMs can display large differences in
estimates of regional climate change, especially for variables such as precipitation.
One option is to choose models that show a range of changes in a key variable in the
study region.
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In the Gaza strip, taking the output of just one GCM is not very close to what we want
because it is the first time that a future projection will be made for this area, and it’s not
accurate to take any GCM instead of other one. Outputs from different GCM vary widely,
especially for precipitation. We only can judge the performance of a GCM in relation to other
GCM's. The accepted approach for our area is to use an ensemble of multiple GCM's, and
when the median approach is used (taking the median of the GCM outputs, instead of the
mean), the all used 21 Available GCM's is the way to go. SimCLIM software can do that and
provide a pre-calculated ensemble for ArcGIS-toolbar.

3.1.1.4 Projection of Future Climate
The precise modeling of the impacts of climate change is limited, in our study, we will use
SimCLIM model over three time interval (2020, 2050, and 2080) and A1F1 emission
scenario with high sensitivity in order to project the future climate for the Gaza strip and the
process will be conducted as shown in figure 3.4.

Tempeture

Prepare Baseline Period Maps
Precipitation

Sea Level Rise

A1F1 Seinario
high seinsitivity

Chossing All available GCMs
Using the median approach For all GCMs Outputs
Climate Projection For 2020 , 2050 , 2080
Figure 3. 4: SimCLIM projection process.

3.1.2 Water Balance Modeling (WetSpass)
All of climate change model results and projections will be as input for water balance model
WetSpass in order to study the hydrological cycle for every projected year. The following
flow chart figure 3.5 illustrates the solution steps in WetSpass. After that all of WetSpass
model Results and SimCLIM results will be as in put in groundwater model to study the
impacts of climate change on groundwater of the Gaza coastal aquifer.
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Figure 3. 5: Schematic representation of the process between WetSpass and a
groundwater model (Batelaan & De Smedt, 2007).
3.1.3 Groundwater Modeling
Studying the groundwater state using Modular Groundwater Flow Model (Visual Modflow)
by setting up a groundwater level model. Calibration of this model with head data and
discharge , Simulation of the groundwater head distribution as well as identification of
groundwater discharges (location and fluxes), Determining of groundwater fluxes and
shallow table conditions, Input the observed head wells data and calibrate the model for years
2010, Simulate recharge , seawater intrusion and studying the groundwater state for all years
which projected in SimCLIM and WetSpass model in order to study the impacts of climate
change on groundwater of the Gaza coastal aquifer.
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Chapter 4: General Description of Study Area
4.1 Geography
The Gaza Strip is located on the south-eastern coast of the Mediterranean Sea, between
longitudes 34° 2” and 34° 25” east, and latitudes 31° 16” and31° 45” north. Its area is about
365 km2 and its length is approximately 45 km along the coast line. The location of the Gaza
Strip is shown in Figure 4.1.

Palestine

Figure 4. 1: Location map of the Gaza strip (Data source: PWA,2003).

4.2 Demography
Gaza Strip is considered as one of the most densely populated areas all over the world.
According to the Ministry of Interior (MoI) records in September 2012, the number of
inhabitants of the Gaza Strip in 2012 is 1.8 million people as seen in figure 4.2, including
more than 200 thousand new baby born during the past four years. The natural rate of
population growth in the Gaza Strip is estimated at 3.37% per year (MoI, 2011) So that
2150000 people are expected in 2020 as seen in figure 4.3.
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Figure 4. 2: Historical population in Gaza Strip (Data source: PCBS)
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Figure 4. 3: Estimated projected population in Gaza Strip (Data source: PCBS).

4.3 Climate
The Gaza Strip is located in the transitional zone between the arid desert climate of the Sinai
Peninsula and the semi humid Mediterranean climate along the coast (EMCC, 2012).
4.3.1 Temperature
Figures 4.4 presents the maximum, minimum, and mean monthly air temperatures as
observed in the meteorological station of Gaza city for the period lasting from 1970 until
2006. The temperature changes gradually throughout the year, reaches it’s maximum in
August (summer) and its minimum in January (winter), mean of the monthly maximum
temperature range from about 17.6 C° for January to 29.4 C° for August. The mean of the
monthly minimum temperature for January is about 9.6 C° and 22.7 for August (Aish, 2004).
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Figure 4. 4: Mean monthly maximum, minimum and mean temperature (C°) for the
Gaza Strip (period 1970 – 2010)
4.3.2 Humidity
The relative humidity fluctuates between 60% and 85% (EMCC, 2012).
4.3.3 Rainfall
The winter is the rainy season, which stretches from October up to March. Rainfall is the
main source of recharge for groundwater. The rainfall in the Gaza Strip gradually decreases
from the north to the south. There are 8 measuring stations with daily data for period 20022012. The variation of the annual rainfall for the meteorological station of Gaza City is
presented in Figure 4.5. The spatial annual rainfall distribution is shown in Figure 4.6. The
values range from 410 mm/year in the north to 230 mm/year in the south (Aish, 2004).
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Figure 4. 5: Annual rainfall for the meteorological station of Gaza City (Data source:
PWA).
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Figure 4. 6: The spatial mean annual rainfall distribution for Gaza strip form 1973 to
2011 (Data source: PWA).
4.3.4 Wind
In summer, sea breeze blows all day and land breeze blows at night. Wind speed reaches its
maximum value at noon period and decrease during night. During the winter, most of the
wind blow from the Southwest and the mean wind speed is 4.2 m/s. In summer, strong winds
blow regularly at certain hours, and the daily mean wind speed is 3.9 m/s and come from the
Northwest direction. Storms have been observed in winter with maximum hourly wind speed
of 18 m/s (EMCC, 2012).
4.3.5 Evapotranspiration
Evapotranspiration is equal to the sum of evaporation and transpiration, the monthly mean
evaporation over a period of 25 years in Gaza varied between maximum 173 mm in July and
minimum of 63.4 mm in January with an annual mean of 129.9 mm (Aish et. al., 2010). The
reference evapotranspiration is a climatic index integrating the effect of air temperature,
humidity, wind speed, and solar radiation. In Gaza Strip, reference evapotranspiration value
varies from 2 to 3.03 mm/d in winter, and reaches its maximum value in summer at about
5.11 mm/d (Ajour, 2012).
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4.4 Water wells
There are an estimated 4,500 wells within the Gaza Strip. Almost all of these are privately
owned and used for agricultural purposes. Approximately 200 wells are owned and operated
by individual municipalities and are used for domestic supply. There is significant
uncertainty around historical pumping in Gaza; it is believed that large-scale abstraction
started in the early 1960s, when agricultural development of the Gaza Strip began. Total
groundwater abstraction in the Gaza Strip in recent years is estimated at 140 to 145 Mm 3/yr.
Agricultural abstraction is estimated to account for about 85 to 90 Mm3/y, while municipal
(60 Mm3/y). Agricultural wells are mostly drilled and installed as large diameter boreholes
(less than 2.5 m) to the water table and as drilled holes (less than 10 -inch) thereafter to total
depth. Most agricultural wells in Gaza are shallow and extend only a few meters (5 to 15)
below the groundwater table, tapping almost exclusively Sub aquifer “A” , Municipal wells
are deeper, and may tap Sub aquifers A, B1, and B2 depending on location and distance from
the coast. Agricultural wells have not been metered since 1994, and hence current production
totals are not exactly known. About 1,500 wells were metered from about 1980 to 1993
during Israeli occupation. The Israeli Civil Administration recorded abstraction on a monthly,
quarterly, and/or semi-annual basis. The metered data from the Ministry of Agriculture
(MOA) indicated that the total mean annual abstraction for the 1,500 metered wells over the
period of records (1988 to 1993) was approximately 43 Mm3/y (Ajour, 2012).

4.5 Topography
The Gaza topography is characterized by elongated ridges and depressions, dry streambeds
and shifting sand dunes. The ridges and depressions generally extend in a NNE- SSW
direction, parallel to the coastline. They are narrow and consist primarily of sandstone
(Kurkar). In the south, these features tend to be covered by sand dunes. Land surface
elevations range from mean sea level to about 110 m above mean sea level as shown in
Figure 4.7. The ridges and depressions show considerable vertical relief, in some places up to
60 m. Surface elevations of individual ridges range between 20 m and 90 m above mean sea
level (Aish, 2004).
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Figure 4. 7: Topography of Gaza Strip (Data Source: PWA,2003).

4.6 Soil
The soil in the Gaza Strip is composed mainly of three types, sands, clay, and loess. The
sandy soil is found along the coastline extending from south to outside the northern border of
the Strip, at the form of sand dunes. The thickness of sand fluctuates from two meters to
about 50 meters due to the hilly shape of the dunes. Clay soil is found in the north eastern
part of the Gaza Strip. Loess soil is found around Wadis, where the approximate thickness
reaches about 25 to 30 m. (Jury and Gardner, 1991). The soil map of the Gaza Strip is shown
in Figure 4.8 (Aish, 2004).
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Figure 4. 8: Soil map of the Gaza Strip (Data source: PWA, 2003)

4.7 Land use
The general land use of the Gaza Strip is divided to agricultural areas, built-up areas, and
governmental areas as seen in figure 4.9. The following table 4.1 presents the land use
classification in the Five Governorates of the Gaza Strip (EMCC, 2012).
Table 4. 1: Land Use of Gaza strip.
Agriculture
Built-up
Empty
Total
(Citrus,
areas
Governmental,
Governorate
private
Others
Area permanent crops,
and
sandy dunes /jungles
areas
vegetables)
roads
Total Area
365
184
41
8
117
15
Total %
100%
50.40%
11.20%
2.20%
32.10%
4.10%
Source: (1) PCBS, 2010. Statistical Abstract of Palestine, No.11. Ramallah –Palestine. (2)
Analysis of Urban Trends and Land use Changes in the Gaza Strip between 2001 and 2005,
ARIJ, 2006.Note: According to PCBS (2010) the total agricultural lands are only 109.9 km2.
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Figure 4. 9: land use in the Gaza strip (Data Source: PWA, 2003)

4.8 Hydrogeology
4.8.1 Coastal Basin
The Coastal Basin (also referred to as the Coastal Aquifer) stretches from the Carmel Range
in the north to the Sinai Peninsula in the south, and from the Palestine Central foothills in the
east to the Mediterranean Sea in the west, Figure 4.10 shows the Gaza Strip coastal aquifer. A
cross-section of the basin (Figure 4.11) reveals a series of sediments with a thickness of up to
200 meters in the west, which pinch-out to the east. The sediments are of Pleistocene age,
they consist mainly of calcareous sandstone, and conglomerates interlayered with silt and
clay units, which divide the overall basin into distinct sub aquifers (Kurkar Group). The subaquifers exist only in the western part of the basin up to a distance of approximately 4 km
from the coast (eastward). The basin is underlain in most areas by a very low permeability,
Neogene rock formation (Saqiye Group). The basin has been divided into four parts:
Northern, Central, Southern and the Gaza Strip with the groundwater flow direction in all its
parts generally perpendicular to the sea shore line (towards the Sea) but with many localized
groundwater table depressions caused by excessive pumping. Along its western margins, the
Coastal Basin is in direct contact with sea water where a delicate balance exists between sea
water intrusion to the basin, and outflow of freshwater to the sea, depending upon the
pumping configuration, and resulting water table. Another significant element of the total
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recharge to the basin, along with direct rainfall and infiltration flood water, is the designedinfiltration of treated waste-water, percolation from agricultural and domestic sources, and
industrial discharges, which are often contaminated. The latter sources have affected mainly
the uppermost sub-aquifer (Israel Hydrological Service, 2012). Figure 4.12 illustrates the
water levels for the Gaza strip for 2012.

Figure 4. 10: Gaza Strip coastal aquifer (CAMP, 2000).

Figure 4. 11: Typical Hydrogeological Section of the Coastal Aquifer (Dan, Greitzer,
1967).
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Figure 4. 12 : Water levels for the Gaza strip 2012 ( Data source : PWA).
4.8.2 The Coastal Basin within the Gaza Strip
The recharge from rain to the basin is around 40 mcm/yr with the majority infiltrating into a
subsurface with relatively high. Lateral inflow of groundwater from Israel accounts for an
additional approximately 30 mcm/yr of the total recharge. Sea water intrusion into the basin
has increased significantly over the years due to over pumping. During the period 1973-1992
the inflow from sea water was estimated to be 7 mcm/yr, while during the period from 19932009 the amount increased to approximately 15 mcm/yr. The outflow of freshwater to the sea
was estimated to be approximately 5 mcm/yr during the period 1973-1992, and zero during
the period 1993-2009. Estimates of return flow vary between approximately 30-50 mcm/yr.
Overall, the aquifer storage is being depleted, and the water quality is being degraded at a
very high rate.

4.9 Water quality
Water supply of Gaza poses a major challenge for water planners and sustainable
management of the coastal aquifer. The aquifer is presently being overexploited, with total
pumping exceeding total recharge. In addition, anthropogenic sources of pollution threaten
the water supplies in major urban centers. Many water quality parameters presently exceed
World Health Organization (WHO) drinking water standards. The major documented water
quality problems are elevated chloride (salinity) and nitrate concentrations in the aquifer
(Aish, 2004).
38

4.9.1 Chloride
Salinity in the Gaza coastal aquifer is most often described by the concentration of chloride in
groundwater. Sea water intrusion and intensive exploitation of groundwater have resulted in
increased salinity in the most areas in Gaza Strip (Aish, 2004). A generalized contour map of
year 2011 is shown in Figure 4.13. Chloride concentrations are the highest along the Gaza
border in the middle and south areas with concentrations exceeding 3000 mg/l. The best
water quality is found in the sand dune areas in the north, mainly in the range of 50 –
250mg/l.

Figure 4. 13: Groundwater chloride concentration for the Gaza Strip 2011 (Data
source: MOH).
4.9.2 Nitrate
Nitrate is the most important pollutant of the groundwater all over the Gaza Strip (Aish,
2004). The nitrate concentrations of year 2011 in shallow groundwater are shown in Figure
4.14. Few wells in Gaza remain unaffected by high nitrate concentrations and only about 10
%of the municipal water supply remains below the WHO drinking water standard of 50 mg/l.
The main sources of the nitrates are believed to be fertilizers and domestic sewage effluent.
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Figure 4. 14: Nitrate concentration map of the Gaza Strip for year 2011(Data source:
MOH).
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Chapter 5: Results and Discussions
5.1 Climate Change Modelling (SimCLIM)
5.1.1 Baseline Climatologies
5.1.1.1 Temperature Baseline Maps
According to Gaza strip hydrological cycle the winter season is from October to March
during six months, the summer season is from April to September. Figure (5.1- 5.3) show the
baseline maps mean temperature for the winter, summer and annual mean temperature for the
baseline period, respectively.
As shown in table 5.1 the maximum temperature for the baseline map is in august(26.29 oC )
and the minimum temperature is in January (12.50 oC ), for the summer season the mean
temperature is 23o C and for winter is 16.56 o C that leads to 19.8 mean annual temperature
for the baseline period. Temperatures standard deviation in the monthly baseline raster maps
for each cells increase in the winter season and decrease in the summer season so that we can
say that in the winter season there is a real special deference in temperature. The reason for
this diference is the location of the Gaza strip between Asia and Africa and the semiarid
characteristics for this area. In the baseline, temperature raster map there is (400626) from
30*30 pixels represent the total area for the Gaza Strip.
Table 5. 1: Temperature baseline raster maps statistics (1979 – 2002).
T (MAX) o C

T (MIN)o C

T (Mean) o C

SD

Jan

13.600

12.500

13.180

0.296

Feb

14.100

13.300

13.700

0.188

Mar

16.000

15.390

15.740

0.143

Apr

18.290

17.890

18.140

0.084

May

21.100

20.700

20.870

0.083

Jun

23.700

23.290

23.500

0.079

Jul

25.390

25.000

25.190

0.089

Aug

26.290

25.790

26.050

0.096

Sep

24.790

24.290

24.550

0.098

Oct

22.470

22.200

22.470

0.108

Nov

19.290

18.390

18.970

0.212

Dec

15.800

14.390

15.220

0.347

Summer season

23.230

22.850

23.050

0.076

Winter Season

16.890

16.040

16.560

0.202

Annual mean

20.030

19.500

19.800

0.120

Item

Months
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Figure 5. 1: Winter mean temperature
(1972 – 2002).

Figure 5. 2: Summer mean temperature
(1972 – 2002).
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Figure 5. 3: Mean annual temperature
(1972 – 2002).

5.1.1.2 Precipitation Baseline Maps
According to Gaza strip hydrological cycle the winter season is from October to
March during six months, the summer season is from April to September. Figures
(5.4- 5.6) show the baseline maps mean Precipitation for the winter, summer and
annual mean precipitation for the baseline period, respectively.
As shown in table 5.2 the maximum precipitation for the baseline map is in January
(135.39 mm ) and the minimum precipitation is in Jun (Zero mm ) , for the summer
season the mean total precipitation is 11.479 and for winter is 307.036 that leads to
318.521 mean total annual precipitation for the baseline period. Precipitation standard
deviation in the monthly baseline raster maps for each cells increases in the winter
season and decreases in the summer season. However, it fluctuates in the winter
season so that we can say in the winter season there is a real special deference in
precipitation. In addition, the reason for this deference is the location of the Gaza strip
between Asia and Africa and the semiarid characteristics for this area. In addition to
that, baseline precipitation's raster map has (400626) from 30*30 pixels represent the
total area for the Gaza Strip.
Table 5. 2 : Precipitation baseline raster maps statistics (1972 – 2002) .
Item

Months

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Summer season
Winter Season
Annual

Prec. (MAX) mm
135.390
86.800
39.900
13.190
2.700
0.000
1.200
2.090
1.899
44.200
36.790
87.420
18.000
200.899
417.500

Prec. (MIN) mm
59.000
30.000
17.700
5.590
0.200
0.000
0.400
0.500
0.000
16.799
20.000
42.090
8.190
403.500
210.899
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Prec. (Mean) mm
97.229
56.670
27.320
7.450
1.549
0.000
0.748
1.000
0.715
28.560
28.186
68.960
11.479
307.036
318.521

SD
22.788
17.153
5.708
1.140
0.530
0.000
0.203
0.322
0.357
6.670
4.234
14.046
1.644
68.457
69.745

Figure 5. 4: Winter mean precipitation
(mm) (1972 – 2002).

Figure 5. 5: Summer mean precipitation
(mm) (1972 – 2002).
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Figure 5. 6: Mean annual precipitation
(mm) (1972 – 2002).

5.1.2 Climate Projection for Year 2020
5.1.2.1 Temperature Projection for year 2020
5.1.2.1.1 Absolute projected Temperature Value Raster Maps in 2020
The projection of future temperatures in 2020 shows that the absolute mean
temperatures in the summer season will be in the range of 23.77oC to 24.16oC, as
shown in figure 5.7. The warmest area for summer season in the Gaza strip is the
south-east area and the colder one is the Gaza city area. On the other hand for winter
season, the absolute mean temperatures will be in the range of 16.82 o C to 17.67 o C,
As clearly shown in the figure 5.8. The warmest area for winter season in the Gaza
strip is north-east area and the coastal middle area and the coldest area for winter
season is south-west area. Figure 5.9 shows the annual mean projected temperatures
for 2020, and as shown in it the mean annual temperatures range from 20.35o c to
20.88 oC. The south-west area is the coldest area in the Gaza strip for 2020, and the
warmest areas are east-middle area and coastal south area. Table 5.3 illustrates the
projected 2020 monthly maximum temperatures, minimum temperatures, mean
temperatures and its standard deviation for all monthly and seasonally projected raster
maps. In addition, the minimum temperatures are at January and it ranges from
14.30oC to 13.20oC with raster map mean temperatures 13.89 oC and 0.3oCstandard
deviation. The maximum temperature is at august and it ranges from 27.27oC to
26.77oC with raster map mean temperature 27.02 oC and 0.10oC standard deviation.
Table 5. 3 : Projections temperature raster maps statistics for year 2020.

Jan

T (MAX) o C
14.30

T (MIN)o C
13.20

T (Mean) o C
13.89

SD
0.30

Feb

14.77

13.98

14.44

0.18

Mar

16.73

16.13

16.48

0.14

Apr

19.03

18.63

18.88

0.08

May

21.93

21.52

21.70

0.08

Jun

24.70

24.30

24.53

0.08

Jul

26.44

26.03

26.23

0.09

Aug

27.27

26.77

27.02

0.10

Sep

25.77

25.27

25.52

0.10

Oct

23.60

23.10

23.37

0.10

20.15
16.56
24.16
17.67
20.88

19.26
15.17
23.77
16.82
20.35

19.83
15.98
23.98
17.33
20.66

0.20
0.34
0.08
0.20
0.11

Item

Months

Nov
Dec
Summer season
Winter season
Annual mean

45

Figure 5. 7: Summer mean projection
temperature for 2020.

Figure 5. 8: Winter mean projection
temperature for 2020.
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Figure 5. 9: Mean annual projection
temperature for 2020.

5.1.2.1.2 Projected Temperature value in 2020 Changes from Baseline Maps
The 2020 changing temperatures from baseline show that the changes in temperatures
in the summer season will range from 0.92oC to 0.93oC, as shown in figure 5.10. The
Maximum temperature changing area for summer season in the Gaza strip is the
south-west area and the colder one is the north-east area. On the other hand, for winter
season the changes in temperatures will range from 0.77oC to 0.78 oC, as clearly
shown in the figure 5.11.The maximum temperature changes area for winter season in
the Gaza strip is south-west area. Figure 5.12 shows the annual mean changes in
temperatures for 2020 from baseline period. In addition, as shown in it, the mean
annual changing temperatures range from 0.84oC to 0.85oC, the south-east area has
the minimum temperature changes area from the baseline period in the Gaza strip for
2020. Moreover, the maximum change temperature area from the baseline period is
south-west area.
Table 5.4 illustrates the 2020 monthly maximum temperatures' changes, minimum
temperatures' changes, mean temperatures' changes and its standard deviation for all
monthly and seasonally temperature's changes raster maps. The minimum
temperatures' changes from baseline period are at February and it ranges from 0.67oC
to 0.688oC with raster map mean temperatures change 0.682oCand 0.004oC standard
deviation. The maximum change in temperature from baseline period is at July and it
ranges from 1.06oC to 1.02oC with raster map mean temperature change1.041oC and
0.008oC standard deviation.
Table 5. 4: Changes temperature from baseline maps statistics for year 2020.

Item (2020
projections)

Months

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Summer season
Winter Season
Annual mean

T (MAX
Changes from
Baseline)oC
0.71
0.69
0.74
0.74
0.83
1.01
1.06
0.98
0.98
0.91
0.85
0.77
0.93
0.78
0.86

T (MIN Changes
from Baseline)o C
0.71
0.67
0.74
0.74
0.83
1.01
1.02
0.96
0.97
0.90
0.87
0.77
0.92
0.77
0.85
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T (Mean
Changes from
Baseline) o C
0.71
0.68
0.74
0.74
0.83
1.01
1.04
0.97
0.97
0.90
0.86
0.77
0.93
0.78
0.85

SD (oC)
0.0000
0.0040
0.0000
0.0000
0.0040
0.0000
0.0080
0.0027
0.0001
0.0039
0.0026
0.0015
0.0020
0.0015
0.0017

Figure 5. 10: Summer mean changes
temperature from baseline for 2020.

Figure 5. 11: Winter mean changes
temperature from baseline for 2020.
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Figure 5. 12: Annual mean changes
temperature from baseline for 2020.

5.1.2.2 Precipitation Projection for Year 2020
5.1.2.2.1 Absolute projected precipitation Value Raster Maps in 2020
The projection of future precipitation in 2020 shows that the absolute precipitation in
the summer season will range from 7.70 mm to 16.89 mm , As shown in figure 5.13.
The maximum precipitation area for summer season in the Gaza strip is the Gaza city
area, and the minimum one is the south-west area. On the other hand, for winter
season the absolute precipitation will range from 165.90 mm to 373.50 mm, as clearly
shown in the figure 5.14. The maximum precipitation area for winter season in the
Gaza strip is northern area, and the minimum precipitation area for winter season is
south-west area. Figure 5.15 shows the annual projected absolute precipitation for
2020. In addition, as shown in it the projected precipitation ranges from 195.33 to
366.32mm. The south-west area has the minimum absolute precipitation value in the
Gaza strip for 2020 and the maximum absolute precipitation value will be in southern
and middle areas.
Table 5.5 illustrates the projected 2020 monthly absolute maximum precipitation,
minimum precipitation, mean precipitation and its standard deviation for all monthly
and seasonally projected raster maps. The minimum precipitation is at June and its
equal zero mm ; the maximum precipitation is at January and its range from 55.33
mm to 126.78 mm with raster map mean precipitation 91.08 mm and 21.31 mm
standard deviation .
Table 5. 5: Precipitation raster maps statistics for year 2020.

Item

Months

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Summer season
Winter Season
Annual

Prec. (MAX)
mm
126.78
80.42
35.93
12.22
2.57
0
1.12
2.128
1.84
41.19
33.77
79.83
16.89
373.166
385.57

Prec. (MIN)
mm
55.33
27.79
15.86
5.19
0.19
0
0.37
0.506
0
15.73
18.39
38.47
7.7
185.92
195.336
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Prec. (Mean)
mm
91.08
52.52
24.58
6.91
1.47
0
0.7
1.01
0.69
26.67
25.91
63
10.81
283.86
294.68

SD
(mm)
21.31
15.89
5.18
1.05
0.506
0
0.19
0.325
0.347
6.15
3.89
12.82
1.55
63.3
64.52

Figure 5. 13: Summer mean projection
precipitation for 2020 .

Figure 5. 14: Winter mean projection
precipitation for 2020.
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Figure 5. 15: Annual projection
precipitation for 2020.

5.1.2.2.2 Changes of Projected Precipitation Value in 2020 from Baseline
Raster Maps
Changes in precipitation from baseline for year 2020 shows that the precipitation
changes in the summer season will range from -6.15 mm to -4.99 mm, as shown in
figure 5.16. The Maximum decline precipitation area for summer season in the Gaza
strip is the west of Gaza city and the minimum decline area is the middle area. On the
other hand, for winter season the changes in precipitation will range from -7.62 mm to
-7.44 mm. As clearly shown in the figure 5.17 the maximum precipitation decrease
area for winter season in the Gaza strip is at middle area. Figure 5.18, shows the
precipitation changes for 2020 from baseline period. Additionally, as shown in it the
annual precipitation changes range from -7.54 mm to -7.37 mm, the middle
governorate and khanyuonis governorate area have the maximum decrease in
precipitation from the baseline period in the Gaza strip for 2020.Table 5.6 illustrates
the 2020 monthly maximum precipitation changes, minimum precipitation changes,
mean precipitation changes, and its standard deviation for all monthly and seasonally
precipitation changes from baseline raster maps. The minimum decrease in
precipitation from baseline period is at September and its ranges from -0.01mm to 2.76 mm with raster map mean precipitation change -2.68 mm and 0.377 mm
standard deviation. The maximum decrease in precipitation from baseline period is at
March and it ranges from -9.68 mm to -10.45 mm with raster map mean precipitation
change -10.07mm and 0.197 mm standard deviation. The only positive precipitation
change from baseline in 2020 is at August and it ranges from 1.16 mm to 1.63 mm
with raster map mean precipitation change 1.35 and 0.106 mm standard deviation.
Table 5. 6: Precipitation changes from baseline maps statistics for year2020.

Months

Item (2020
projections)
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Summer season
Winter Season
Annual mean

Prec. (MAX Changes
from Baseline)mm
-6.08
-7.24
-9.68
-6.86
-4.54
0.00
-5.94
1.63
-0.01
-6.23
-8.01
-8.53
-4.99
-7.44
-7.37

Prec. (MIN Changes
from Baseline)mm
-6.36
-7.40
-10.45
-7.29
-4.66
0.00
-6.73
1.16
-2.76
-6.92
-8.08
-8.72
-6.15
-7.62
-7.54
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Prec. (Mean Changes
from Baseline)mm
-6.31
-7.34
-10.07
-7.17
-4.58
0.00
-6.33
1.35
-2.68
-6.56
-8.04
-8.64
-5.75
-7.54
-7.48

SD
(mm)
0.0640
0.0290
0.1970
0.0770
0.0250
0.0000
0.2110
0.1060
0.3770
0.1860
0.0158
0.0360
0.1980
0.0380
0.0330

Figure 5. 16: Summer mean changes in
precipitation from baseline for 2020.

Figure 5. 17: Winter mean changes in
precipitation from baseline for 2020.
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Figure 5. 18: Mean annual projection
precipitation for 2020.

5.1.3 Climate Projection for Year 2050
5.1.3.1 Temperature Projection for Year 2050
5.1.3.1.1 Absolute Projected Temperature Value Raster Maps in 2050
The projection of the future temperatures in 2050 shows that the absolute mean
temperatures in the summer season will range from 25.76oC to 26.15oC, as shown in
figure 5.19. The warmest area for summer season in the Gaza strip is the south-east
area and the colder one is the Gaza city and west village area. In other hand for winter
season, the absolute mean temperatures will range from 18.49oC to 19.33oC, as clearly
shown in the figure 5.20. The warmest area for winter season in the Gaza strip is
north-east area and the coastal middle area. Furthermore, the coldest area for winter
season is south-west area. Figure 5.21 shows the mean projected annual temperature
for 2050. In addition, as shown in it, the mean annual temperatures range from 22.18o
C to 22.77oC, the south-west area is the coldest area in the Gaza strip for 2050 and the
warmest area areas are east-middle and coastal south area.
Table 5.7 illustrates the projected 2050 monthly maximum temperatures, minimum
temperatures, mean temperatures and its standard deviation for all monthly and
seasonally projected raster maps. The minimum temperatures are at January and they
range from 14.71oC to 15.81oC with raster map mean temperatures 15.39oC and
0.296oC standard deviation. The maximum temperature is at august and it ranges from
28.85oC to 29.35oC with raster map mean temperature 29.10oC and 0.0951oC standard
deviation.
Table 5. 7: Temperature raster maps statistics for year 2050.
T (MAX) o C

T (MIN)o C

T (Mean) o C

SD

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Summer season
Winter Season
Annual mean

15.81
16.23
18.32
20.62
23.71
26.85
28.69
29.35
27.85
25.53
22.00
18.20
26.14
19.33
22.70

14.71
15.46
17.72
20.22
23.29
26.45
28.23
28.85
27.35
25.03
21.12
16.82
25.76
18.46
22.18

15.39
15.90
18.06
20.46
23.48
26.69
28.46
29.10
27.60
25.31
21.67
17.62
25.96
18.99
22.48

0.30
0.18
0.14
0.08
0.08
0.08
0.10
0.10
0.10
0.11
0.20
0.34
0.08
0.20
0.12

Months

Item (2050 Temp.)
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Figure 5. 19 : Summer mean projection
temperature for 2050.

Figure 5. 20 : Winter mean projection
temperature for 2050 .
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Figure 5. 21: Mean annual projection
temperature for 2050.

5.1.3.1.2 Projected Temperature value in 2050 Changes from Baseline Maps
The 2050 temperatures' changes from baseline show that the changes in temperatures
in the summer season will range from 2.89oC to 2.92oC. As shown in figure 5.22, the
Maximum temperature's changes area for summer season in the Gaza Strip is the
south-west area. Besides, the coldest one is the north-east area. Conversely, for winter
season the changes temperatures will be range from 2.43oC to 2.45oC, as clearly
shown in the figure 5.23 the maximum temperature changes area for winter season in
the Gaza strip is south-west area. Figure 5.24 shows the annual mean changes in
temperatures for 2050 from baseline period. Additionally, the mean annual changes
temperatures range from 2.661oC to 2.688oC; the south-east area has the minimum
temperature changes area from the baseline period in the Gaza strip for 2050 and the
maximum temperature changes area from the baseline period is south-west area.
Table 5.8 illustrates the 2050 monthly maximum temperatures changes, minimum
temperatures changes, mean temperatures changes and its standard deviation for all
monthly and seasonally temperature changes raster maps. The minimum temperatures
changes from baseline period are at February and their ranges from 2.13 oC to 2.15oC
with raster map mean temperatures change 2.14 oC and 0.013oC standard deviation.
The maximum temperature changes from baseline period are at July and its ranges
from 3.21oC to 3.32oC with raster map mean temperature change 3.27oC and 0.025oC
standard deviation.
Table 5. 8: Temperature changes from baseline maps statistics for year 2050.

Months

Item (2050
projections)
Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Summer season
Winter Season
Annual mean

T (MAX Changes
from Baseline) o C
2.21
2.16
2.32
2.32
2.62
3.16
3.32
3.08
3.08
2.86
2.73
2.42
2.93
2.45
2.69

T (MIN Changes
from Baseline)o C
2.21
2.13
2.32
2.32
2.59
3.16
3.21
3.02
3.05
2.84
2.67
2.40
2.89
2.43
2.66
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T (Mean Changes
from Baseline) o C
2.21
2.14
3.32
2.32
2.60
3.16
3.27
3.05
3.05
2.84
2.70
2.41
2.91
2.44
2.67

SD (o
C)
0.0000
0.0132
0.0000
0.0000
0.0133
0.0000
0.0256
0.0085
0.0091
0.0001
0.0122
0.0083
0.0065
0.0049
0.0054

Figure 5. 22: Summer mean changes
temperature from baseline for 2050.

Figure 5. 23: Winter mean changes
temperature from baseline for 2050.
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Figure 5. 24: Annual mean changes
temperature from baseline for 2050.

5.1.3.2 Precipitation Projection for Year 2050
5.1.3.2.1 Absolute Projected Precipitation Value Raster Maps in 2050
The projection of future precipitation in 2050 shows that the absolute precipitation in
the summer season will range from 6.66 mm to 14.52 mm. As shown in figure 5.25,
the maximum precipitation area for summer season in the Gaza strip is the Gaza city
area; and the minimum one is the south-west area. On the other hand, for winter
season the absolute precipitation will range from 153.87 mm to 307.66 mm, as clearly
shown in the figure 5.26. The maximum precipitation area for winter season in the
Gaza strip is northern area, and the minimum precipitation area for winter season is
south-west area. Figure 5.27 shows the annual projected absolute precipitation for
2050. Moreover, as shown in it, the projected precipitation ranges from 162.03 mm to
319.63 mm. The south-west area has the minimum absolute precipitation value in the
Gaza strip for 2050 and the maximum absolute precipitation value will be in southern
and middle areas.
Table 5.9 illustrates the projected 2050 monthly absolute maximum precipitation,
minimum precipitation, mean precipitation and its standard deviation for all monthly
and seasonally projected raster maps. The minimum precipitation is at June and its
equal zero mm; the maximum precipitation is at January and it ranges from 47.49 mm
to 108.34 mm with raster map mean precipitation77.93 mm and 18.150 mm standard
deviation.
Table 5. 9: Precipitation raster maps statistics for year 2050.

Item (2050 Prec.)

Months

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Summer season
Winter Season
Annual

Prec. (MAX)
mm
108.340
66.780
27.440
10.210
2.312
0.000
0.968
2.188
1.738
34.760
27.490
63.730
14.528
307.661
319.636

Prec. (MIN)
mm
47.490
23.090
11.940
4.326
0.171
0.000
0.320
0.520
0.000
13.470
14.960
30.730
6.661
153.870
162.038
57

Prec. (Mean)
mm
77.930
43.620
18.710
5.773
1.326
0.000
0.600
1.040
0.654
22.630
21.060
20.240
9.408
234.280
243.700

SD
(mm)
18.150
13.200
4.053
0.878
0.454
0.000
0.164
0.330
0.326
5.990
3.157
10.218
1.354
52.289
53.361

Figure 5. 25 : Summer mean projection
precipitation for 2050.

Figure 5. 26: Winter mean projection
precipitation for 2050.
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Figure 5. 27: Annual projection
precipitation for 2050.

5.1.3.2.2 Changes of Projected Precipitation Value in 2050 from Baseline
Raster Maps
Changes precipitation from baseline for year 2050 shows that the changes
precipitation in the summer season will range from -19.30 mm to -15.69 mm. As
shown in figure 5.28, the Maximum decline precipitation area for summer season in
the Gaza strip is the west of Gaza city. In addition, the minimum decline area is the
middle area. On the other hand, for winter season the changes in precipitation will
range from -23.93 mm to -23.38 mm. As clearly shown in the figure 5.29, the
maximum precipitation decrease area for winter season in the Gaza strip is at middle
area. Figure 5.30 shows the precipitation changes for 2050 from baseline period.
Moreover, as shown in it the annual precipitation, changes range from -23.68 mm to
-23.14 mm. The middle governorate and khanyuonis governorate area have the
maximum decrease in precipitation from the baseline period in the Gaza strip for
2050.Table 5.10 illustrates the 2050 monthly maximum precipitation changes,
minimum precipitation changes, mean precipitation changes, and its standard
deviation for all monthly and seasonally precipitation changes from baseline raster
maps. And as shown in the table 5.10 the minimum decrease in precipitation from
baseline period is at September and its range from zero mm to -8.69 mm with raster
map mean precipitation change -8.41 mm and 1.19 mm standard deviation. The
maximum decrease in precipitation from baseline period is at March and it ranges
from -30.40 mm to -32.83 mm with raster map mean precipitation change -31.68 mm
and 0.62 mm standard deviation. The only positive precipitation changes from
baseline in 2050 is at August and its range from 3.64 mm to 5.13 mm with raster map
mean precipitation change 4.25mm and 0.332mm standard deviation .
Table 5. 10: Precipitation changes from baseline maps statistics for year 2050.

Item (2050
projections)

Months

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Summer season
Winter Season
Annual mean

Prec. (MAX
Changes from
Baseline) mm
-19.08
-22.76
-30.40
-21.54
-14.25
0.00
-18.65
5.13
0.00
-19.54
-25.25
-26.78
-15.69
-23.38
-23.14

Prec. (MIN
Changes from
Baseline)mm
-19.98
-23.24
-32.83
-22.86
-14.63
0.00
-21.14
3.64
-8.69
-21.73
-25.38
-27.40
-19.30
-23.93
-23.68
59

Prec. (Mean
Changes from
Baseline) mm
-19.81
-23.04
-31.68
-22.51
-14.39
0.00
-19.89
4.25
-8.41
-20.61
-25.25
-27.14
-18.05
-23.69
-23.48

SD
(mm)
0.2027
0.0930
0.6185
0.2430
0.0789
0.0000
0.6633
0.3320
1.1896
0.5860
0.0490
0.1144
0.6244
0.1200
0.1040

Figure 5. 28: Summer mean changes in
precipitation from baseline for 2050.

Figure 5. 29: Winter mean changes in
precipitation from baseline for 2050.
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Figure 5. 30: Mean annual projection
precipitation for 2050.

5.1.4 Climate Projection for Year 2080
5.1.4.1 Temperature Projection for Year 2080
5.1.4.1.1 Absolute Projected Temperature Value Raster Maps in 2080
The projection of future temperatures in 2080 shows that the absolute mean
temperatures in the summer season will range from 28.61oC to 28.99oC. As shown in
figure 5.31, the warmest area for summer season in the Gaza strip is the south-east
area; and the colder one is the Gaza city and west village area. On the other hand, for
winter season, the absolute mean temperatures will range from 20.88oC to 21.70oC.
As clearly shown in the figure 5.32, the warmest area for winter season in the Gaza
strip is north-east area and the coastal middle area. Moreover, the coldest area for
winter season is south-west area. Figure 5.33 shows the annual mean projected
temperatures for 2080. In addition, as shown in it the mean annual temperatures range
from 24.80oCto 25.30oC, the south-west area is the coldest area in the Gaza strip for
2080 and the warmest area areas are east-middle and coastal south area.
Table 5.11 illustrates the projected 2080 monthly maximum temperatures, minimum
temperatures, mean temperatures and its standard deviation for all monthly and
seasonally projected raster maps. Furthermore, the minimum temperatures are at
January and it ranges from 16.87oC to 17.97oC with raster map mean temperatures
17.55oC and 0.296oC standard deviation. The maximum temperature is at august and
its ranges from 31.82oC to 32.32oC with raster map mean temperature 32.07oC and
0.098oC standard deviation.
Table 5. 11: Absolute temperature raster maps statistics for year 2080.
T (MAX) o C

T (MIN)o C

T (Mean) o C

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Summer season
Winter Season
Annual mean

17.97
18.31
20.58
22.88
26.27
29.93
31.90
32.32
30.82
28.30
24.63
20.54
28.99
21.70
25.30

16.87
17.56
19.98
22.48
25.82
29.53
31.40
31.82
30.32
27.79
23.78
19.20
28.61
20.88
24.80

17.55
17.99
20.32
22.72
26.02
29.76
31.64
32.07
30.59
28.07
24.32
19.97
28.80
21.37
25.08

Months

Item (2080 Temp.)
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SD
0.2960
0.1660
0.1430
0.8400
0.8580
0.7920
0.1099
0.9470
0.0983
0.1099
0.1914
0.3394
0.0757
0.1940
0.1106

Figure 5. 31 : Summer mean projection
temperature for 2080 .

Figure 5. 32: Winter mean projection
temperature for 2080.
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Figure 5. 33: mean annual projection
temperature for 2080.

5.1.4.1.2 Projected Temperature Value in 2080 Changes from Baseline Maps
The 2080 temperatures' changes from baseline show that the changes in temperatures
in the summer season will range from 5.71oC to 5.77oC. As shown in figure 5.34, the
Maximum temperature changing area for summer season in the Gaza strip is the
south-west area and the colder one is the north-east area. While in winter season, the
changes in temperatures will range from 4.79oC to 4.84oC, as clearly shown in the
figure 5.35. The maximum temperature changes area for winter season in the Gaza
strip is south-west area. Figure 5.36 represents the annual mean changes in
temperatures for 2080 from baseline period. And as shown in it the mean annual
temperatures' changes range from 5.25oC to 5.31oC; the south-east area has the
minimum temperature changes area from the baseline period in the Gaza Strip for
2080, and the maximum temperature changes area from the baseline period is southwest area. Table 5.12 illustrate the 2080 monthly maximum temperatures changes,
minimum temperatures changes, mean temperatures changes and its standard
deviation for all monthly and seasonally temperature changes raster maps the
minimum temperatures changes from baseline period is at February and its range from
4.21oC to 4.26o C with raster map mean temperatures change 4.23oC and 0.026oC
standard deviation, the maximum temperature changes from baseline period is at July
and its range from 6.34oC to 6.55oC with raster map mean temperature change 6.46oC
and 0.051oC standard deviation .
Table 5. 12: Temperature changes from baseline raster maps statistics for
year2080.

Item (2080
projections)

Months

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Summer season
Winter Season
Annual mean

T (MAX
Changes from
Baseline) o C
4.37
4.26
4.58
4.58
5.17
6.24
6.56
6.08
6.08
5.65
5.38
4.8
5.77
4.84
5.31

T (MIN
Changes from
Baseline)o C
4.37
4.21
4.58
4.58
5.12
6.24
6.34
5.97
6.02
5.6
5.28
4.74
5.71
4.8
5.25
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T (Mean
Changes from
Baseline) o C
4.37
4.23
4.58
4.58
5.14
6.24
6.46
6.02
6.03
5.6
5.34
4.75
5.74
4.81
5.28

SD
0
0.0261
0
0
0.0262
0
0.0505
0.0168
0.0181
0.0003
0.0243
0.0164
0.0128
0.0096
0.0107

Figure 5. 34 : Summer mean changes
temperature from baseline for 2080.

Figure 5. 35: Winter mean changes
temperature from baseline for 2080.
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Figure 5. 36: Annual mean changes
temperature from baseline for 2080.

5.1.4.2 Precipitation Projection for Year 2080
5.1.4.2.1 Absolute projected precipitation Value Raster Maps in 2080
The projection of future precipitation in 2080 shows that the absolute precipitation in
the summer season will be range from 5.16 mm to 11.15 mm , As shown in figure
5.37. The maximum precipitation area for summer season in the Gaza strip is the
Gaza city area and the minimum one is the south-west area. On the other hand, for
winter season the absolute precipitation will range from 108.08 mm to 215.08 mm. As
clearly shown in the figure 5.38 the maximum precipitation area for winter season in
the Gaza strip is northern area. In addition, the minimum precipitation area for winter
season is south-west area. Figure 5.39 shows the annual projected absolute
precipitation for 2080. Moreover, as shown in it the projected precipitation range from
114.44 mm to 224.31 mm, the south-west area has the minimum absolute
precipitation value in the Gaza strip for 2080, and the maximum absolute precipitation
value will be in the southern and middle areas.
Table 5.13 illustrates the projected 2080 monthly absolute maximum precipitation,
minimum precipitation, mean precipitation and its standard deviation for all monthly
and seasonally projected raster maps. The minimum precipitation is at June and its
equal zero mm , the maximum precipitation is at January and its range from 36.29mm
to 81.99 mm. with raster map mean precipitation 59.13 mm and 3.61 mm standard
deviation.
Table 5. 13: Precipitation raster maps statistics for year 2080.

Item (2080 Prec.)

Months

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Summer season
Winter Season
Annual

Prec. (MAX)
mm
81.995
47.290
15.315
7.304
1.934
0.000
0.744
2.275
1.587
25.565
18.441
40.535
11.146
215.081
224.309

Prec. (MIN)
mm
36.295
16.360
6.341
3.086
0.143
0.000
0.244
0.540
0.000
10.227
10.054
19.660
5.162
108.077
114.444
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Prec.
(MEAN) mm
59.135
30.890
10.323
4.138
1.109
0.000
0.455
1.088
0.594
16.868
14.132
32.013
7.393
163.420
170.819

SD
(mm)
13.609
9.359
2.440
0.623
0.380
0.000
0.127
0.346
0.297
3.598
2.110
6.491
1.077
36.550
37.406

Figure 5. 37: Summer mean projection
precipitation for 2080.

Figure 5. 38: Winter mean projection
precipitation for 2080.
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Figure 5. 39: Annual projection
precipitation for 2080.

5.1.4.2.2 Changes of projected Precipitation Value in 2080 From Baseline
Raster Maps
The 2080 changes precipitations' from baseline show that the changes precipitation in
the summer season will range from -38.12 mm to -30.99 mm. As shown in figure 1.04
the maximum decline precipitation area for summer season in the Gaza strip is the
west of Gaza city, and the minimum decline area is the middle area. On the other
hand, for winter season the changes in precipitation will range from -74.248 mm to
-46.1617 mm. As clearly shown in the figure 5.41, the maximum precipitation
decrease area for winter season in the Gaza strip is at middle area. Figure 5.42 shows
the precipitation changes for 2080 from baseline period. In addition, as shown in it the
annual precipitation changes range from -46.76 mm to -45.69 mm, the middle
governorate and khanyuonis governorate area have the maximum decrease in
precipitation from the baseline period in the Gaza strip for 2080.Table 5.14 illustrates
the 2080 monthly maximum precipitation changes, minimum precipitation changes,
main precipitation changes and its standard deviation for all monthly and seasonally
precipitation changes. The minimum decrease in precipitation from baseline period is
at September and it ranges from zero mm to -17.16 mm with raster map main
precipitation change -16.62 mm and 2.35 mm standard deviation. The maximum
decrease in precipitation from baseline period is at March. It ranges from -64.81 mm
to -60.016 mm with raster map main precipitation change -62.46 mm and 1.22 mm.
Standard deviation has the only positive precipitation changes from baseline in 2080
is in August, and it ranges from 7.19 mm to 10.12 mm with raster map main
precipitation change 8.40 mm and 0.65 mm standard deviation.
Table 5. 14: Precipitation changes from baseline maps statistics for year 2080.
Item (2080
projections)

Months

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec
Summer season
Winter Season
Annual mean

Prec. (MAX
Changes from
Baseline) mm
-37.68
-44.93
-60.02
-42.53
-28.15
0.00
-36.83
10.12
0.00
-38.59
-49.62
-52.87
-30.99
-46.16
-45.69

Prec. (MIN
Changes from
Baseline)mm
-39.44
-45.89
-64.81
-45.20
-28.89
0.00
-41.73
7.20
-17.16
-42.91
-50.10
-54.10
-38.12
-47.25
-46.76
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Prec. (Mean
Changes from
Baseline) mm
-39.11
-45.49
-62.46
-44.45
-28.43
0.00
-39.28
8.40
-16.62
-40.69
-49.86
-53.57
-35.64
-46.78
-46.37

SD
(mm)
0.4003
0.1850
1.2212
0.4809
0.1559
0.0000
1.3095
0.6563
2.3984
1.1587
0.0983
0.2258
1.2327
0.2372
0.2071

Figure 5. 40 : Summer mean changes in
precipitation from baseline for 2080.

Figure 5. 41: Winter mean changes in
precipitation from baseline for 2080.
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Figure 5. 42: Mean annual projection
precipitation for 2080.

5.1.5 Simulated & projected climate change
Figures (5.A&5.B) show monthly mean projected temperature and precipitation
respectively these two charts illustrate all of projected years from baseline to 2080.
Temperature will be increase for the projected years and the precipitation will
decrease for projected years.
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Figure 5.A: Projected temperature.
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Figure 5.B:Projected precipitation.

69

5.1.6 Global Sea-level Rise Simulation Using SimCLIM
The increase in the global temperature will warm the land surface, oceans and seas.
This warming will decrease the atmospheric pressure, which in turn will lead to the
increase of the water level in the oceans and seas. This rise in water level will be due
to a number of reasons, including thermal expansion of oceans and seas and melting
of glaciers, ice caps and ice sheets (O’Brien, 2008).
The SimCLIM Sea-level Scenario Generator contains tabled year-by-year output
from 'Model for the Assessment of Greenhouse Gas Induced Climate Change'
(MAGICC), a simple global climate model, as forced by the six key SRES
greenhouse gas emission scenarios are used by the Intergovernmental Panel on
Climate Change (IPCC) Fourth Assessment Report. For each scenario, low, mid and
high projections are provided for global-mean changes in temperature, sea level
(thermal expansion only) and sea level (total, including ice melt). The corresponding
values for atmospheric concentrations of carbon dioxide are also provided. For each
emission scenario, three projections of estimated eustaticsea-level changes from 1990
to 2100 are provided, for three sets of sensitivity values (SimCLIM, 2011).
5.1.6.1 Global Sea-level Rise Base map
As shown in figure 5.44, the global baseline period raster map for sea-level rise
provided by SimCLIM, from this map we can figure that the minimum sea-level value
is -0.140 cm and the maximum value is 2.180 cm with mean value 0.994 cm and
standard deviation 0.322 cm. Moreover, by focusing on our study area the baseline
period value for sea level rise is from 0.943 cm to 1.252 cm with mean value
1.097cm.
5.1.6.2 Sea-level rise projection
By using SimCLIM and the emission scenario A1F1 with the median assemble for all
Available GCM as previously discussed and by using the same discussed projection
procedure, we can get figure 5.43 with the sea-level rise projection for all years until
2100 with three sensitivity cases low, mid and high sensitivity. It is considered in the
discussed projection methodology. Three regression curves with its equations were
developed for each projected sensitivity curve in order to make the projection
processes very simple.

70

Sealevel rise (cm)

100
90
80
70
60
50
40
30
20
10
0
1990

y = 0.0062x2 - 24.503x + 24274

y = 0.0034x2 - 13.397x + 13184

y = 0.0006x2 - 2.2827x + 2084.2

2010

2030

2050

2070

2090

Year
Low

Mid

High

Figure 5. 43: Sea-level rise projection.
For the three considered projection period 2020, 2050 and 2080 table 5.15 illustrates
the projected sea-level rise values for three sensitivity.
Table 5. 15: Projected Sea-level Rise values.

Year
2020
2050
2080

Sensitivity
Mid ( cm )
7.59
21.16
40.88

Low ( cm )
6.14
13.48
21.92

High ( cm )
9.04
28.84
59.85

There are no previous studies in Gaza strip about sea level rise prediction but the last
published study in this field for global sea level rise simulation using IPCC scenarios
done by Maryland Climate Change Commission in year 2013 this study illustrate that
future sea-level projections will always produce differences as new data are produced
and methods are refined. However, until the release of the Intergovernmental Panel on
Climate Change (IPCC) Fifth Assessment, the National Research Council (NRC)
projections provide the best scientific consensus projections of GMSL rise for use in
adaptation planning. The NRC projections for GMSL rise demonstrate that, while
thermal expansion of the ocean volume is expected to make up the largest component
throughout the century, as time goes on, the proportional contribution by the loss of
mass of the Greenland and Antarctic ice sheets is expected to increase. Furthermore,
the probability distributions for the polar ice sheet contributions are very broad. This
is a major factor in extending the high end of the range of projections. Put another
way: whether GMSL rises faster than the best projection of 0.83 m (2.72 ft) by 2100
depends largely on the rate of loss in the mass of the polar ice sheets, for A1F1
scenario the projected sea level rise for years 2050 and 2100 are 0.4m and 1.42m
respectively (Maryland Climate Change Commission, 2013).
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Figure 5. 44: Baseline period raster sea-level rise map (cm)
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5.2 Water Balance Modelling (WetSpass)
WetSpass stands for Water and Energy Transfer between Soil, Plants, and
Atmosphere under quasi-Steady State (Batelaan and De Smedt, 2001). It is a
physically based model for the estimation of long-term mean spatial patterns of
groundwater recharge, surface runoff, and evapotranspiration employing physical and
empirical relationships.
WetSpass uses a combination of both gridded files and parameter tables (dbf
files).Arc view (version 3.3) together with its spatial analyst extensions were used to
process all of the input data. The model was applied to the study area using grid cells
of (30 m *30 m) spatial solution. WetSpass operates on the bases of two seasonal
datasets (winter and summer). The year was divided into two seasons with summer
months running from April to September and winter from October to March
according to Gaza strip hydrological cycle. Each season requires a separate input
gridded file of:
 Land use.
 Precipitation.
 Potential evapotranspiration.
 Wind speed.
 Temperature.
 Groundwater depth.
 Soil.
 Slope.
 Topography.
The model also uses separate dbf attribute tables for:
 Soil.
 Land use.
 Runoff coefficients.
Due to the research purposes and the lack of monthly data for land use, wind speed
and groundwater depth, same maps were used as input for all simulation process in
the WetSpass. This of course makes assumption to the fact that these parameters stay
the same during all of the simulation times and years, all of the input data Available in
the Annex 1.
All of the above grids and tables were set for summer and winter seasons, and for all
simulation climate period of baseline and projected climate period of 2020, 2050, and
2080. Therefore, our WetSpass simulation will take the results of SimCLIM
simulation in order to determine the impacts of climate change on the hydrological
system for the Gaza strip, and develop a projected water balance for Gaza strip. The
model was run for these four periods, and the model output grids include 3 sets of
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results where each set includes seven grids. The first set is the winter output while the
second and third sets are for the summer and yearly cases. The output grids are:
 Runoff.
 Evapotranspiration,
 Interception.
 Transpiration.
 Soil evaporation.
 Recharge.
 Error in water balance.
Annual variations of actual evapotranspiration, runoff, groundwater recharge, soil
evaporation, interception and transpiration across the Gaza strip for baseline period
and projected years 2020, 2050 and 2080 will be highlighted and the results will be
compared with each other. A tabular summary of the seasonal values will also be
presented.
5.2.1 EVAPOTRANSPIRATION (ET)
ET is a key factor in water balance computations. The surface of vegetation provides
a temporary storage for rainfall water, as an interception. It is then lifted back to the
air in the form of evaporation. Plants also lose water through transpiration at the leave
surface.
WetSpass calculates the total actual ET as the sum of the evaporation of intercepted
water by vegetation, transpiration and evaporation from bare soil in between the
vegetation cover.
The evapotranspiration values were simulated to baseline period and projected years
2020, 2050, and 2080. As shown in Figure 5.01, 5.46, 5.47 and 5.48 respectively, and
the values were as follows:





Baseline period: ranges from 59.85 to 221.63 mm/yr with a mean of 157.34
mm/yr and standard deviation of 40.23 mm.
2020 projected period: ranges from 66.3 to 221.78 mm/yr with a mean of
156.46 mm/yr and standard deviation of 38.91 mm.
2050 projected period: ranges from 74.76 to 221.48 mm/yr with a mean of
151.85 mm/yr and standard deviation of 35.74 mm.
2080 projected period: ranges from 59.63 to 205.77 mm/yr with a mean of
131.44 mm/yr and standard deviation of 30.65 mm.

The result shows a fluctuation in evapotranspiration that correlates with vegetation
cover and annual rainfall. In the Gaza city, which is mostly urban area with minimum
vegetation, ET values are generally below 100mm/yr. The western line of the Gaza
strip has the maximum ET in general due to the vegetation work in this area.

74

5.2.2 SURFACE RUNOFF
WetSpass estimates surface runoff by using runoff coefficients. These coefficients are
based on vegetation type, soil texture class and slope value. The Runoff values was
simulated to baseline period and projected years 2020, 2050 and 2080. As shown in
Figure 5.04, 5.14, 5.15 and 5.15 respectively and the values were as follows:





Baseline period: ranges from 0.93 to 216.08 mm/yr with a mean of 34.88
mm/yr and standard deviation of 59.88 mm.
2020 projected period: ranges from 0.87 to 199.83 mm/yr with a mean of
32.35 mm/yr and standard deviation of 55.38 mm.
2050 projected period: ranges from 0.72 to 165.08 mm/yr with a mean of
26.73 mm/yr and standard deviation of 45.74 mm.
2080 projected period: ranges from 0.51 to 115.4 mm/yr with a mean of 18.71
mm/yr and standard deviation of 31.96 mm.

Most of Gaza strip area has very little or no surface runoff. Values here are generally
less than 100mm/yr except for the urban area such as Gaza city, which has the
maximum runoff value, and the other Gaza strip cities.
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Figure 5. 45: Baseline period simulated Figure 5. 46: Simulated mean annual
evapotranspiration for year 2020.
mean annual evapotranspiration.

Figure 5. 47: Simulated mean annual Figure 5. 48: Simulated mean annual
evapotranspiration for year 2080.
evapotranspiration for year 2050.
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Figure 5. 49: Baseline period simulated Figure 5. 50: Simulated mean annual
runoff for year 2020.
mean annual runoff.

Figure 5. 51: Simulated mean annual Figure 5. 52: Simulated mean annual
runoff for year 2050.
runoff for year 2080.
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5.2.3 GROUNDWATER RECHARGE
Recharge is a naturally occurring process whereby permeable soil or rock allows
water to seep readily into the aquifer. This takes place intermittently during and
immediately following periods of rain. This depends on the rate and duration of
rainfall, the conditions at the upper land surface boundary, soil moisture conditions,
the water table depth and the soil type. Monitoring of groundwater recharge is very
important because it allows the estimation of its temporal variability and areal
distribution.
The groundwater recharge values were simulated by WetSpass to baseline period and
projected years 2020, 2050 and 2080. As shown in Figure 5.53, 5.14, 5.15 and 5.16
respectively and the values were as follow:
 Baseline period: ranges from 14.58 to 265.71 mm/yr with a mean of 125.33
mm/yr and standard deviation of 61.21 mm, so the total recharge volume
44.23 MCm.
 2020 projected period: ranges from 11.51 to 237.5 mm/yr with a mean of
105.07 mm/yr and standard deviation of 56.88 mm, so the total recharge
volume 38.35 MCm.
 2050 projected period: ranges from 4.93 to 177.71 mm/yr with a mean of
64.44 mm/yr and standard deviation of 45.19 mm, so the total recharge
volume 23.52 MCm.
 2080 projected period: ranges from -19.72 to 94.08 mm/yr with a mean of
20.14 mm/yr and standard deviation of 23.89 mm, so the total recharge
volume 8.719 MCm.
The variability of groundwater recharge is influenced by precipitation and runoff. The
northern region appears to be a high groundwater recharge area. In the south-west
areas, most of the little short annual rainfall cannot infiltrate to the vadose zone.
Higher values are simulated for regions with low topography and permeable soils
such northern coastal zones.

5.2.4 INTERCEPTION
The vegetation cover significantly affects interception. Much of the total annual
rainfall received by the vegetation area never reaches the ground. Instead, it is
intercepted retained on vegetation for a short duration, absorbed by plants, or
evaporated from the canopy. Therefore, vegetation serves as a bridge between the gap
of rainfall and infiltration into the soil.
Interception is very much associated with vegetation and varies with the vegetation
type as shown by the result of this analysis. The interception values were simulated by
WetSpass to baseline period and projected years 2020, 2050 and 2080 as shown in
Figure 5.57, 5.18, 5.19 and 5.60 respectively and the values were as follows:
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Baseline period: ranges from 0.98 to 20.88 mm/yr with a mean of 8.31 mm/yr
and standard deviation of 6.75 mm.
2020 projected period: ranges from 0.93 to 19.32 mm/yr with a mean of 7.71
mm/yr and standard deviation of 6.23 mm.
2050 projected period: ranges from 0.8 to 15.98 mm/yr with a mean of 6.41
mm/yr and standard deviation of 5.13 mm.
2080 projected period: ranges from 0.62 to 11.22 mm/yr with a mean of 4.56
mm/yr and standard deviation of 3.56 mm.

Gaza strip as a Simi-arid area and the lack of vegetation cover lead to the small values
of interception as illustrated in the Figure (5.57- 5.60).

5.2.5 SOIL EVAPORATION
Evaporation is the process whereby liquid water is converted to water vapor then
removed from the evaporating surface. The soil evaporation values was simulated by
WetSpass to baseline period and projected years 2020, 2050 and 2080 As shown in
Figure 5.61, 5.62, 5.63 and 5.64 respectively and the values were as follows:





Baseline period: ranges from 0.00 to 132.71 mm/yr with a mean
mm/yr and standard deviation of 42.97 mm.
2020 projected period: ranges from 0.00 to 132.47 mm/yr with a
91.41 mm/yr and standard deviation of 42.80 mm.
2050 projected period: ranges from 0.00 to 131.88 mm/yr with a
89.66 mm/yr and standard deviation of 42.37 mm.
2080 projected period: ranges from 0.00 to 131.27 mm/yr with a
85.49 mm/yr and standard deviation of 40.95 mm.

of 92.08
mean of
mean of
mean of

The trend shows higher values of about 100mm per year for semi-arid regions of the
Gaza strip. This trend is not surprising because these areas are characterized by:
 Very high daily and seasonal temperature variations.
 High evaporation intensity.
 Intense solar radiation.
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Figure 5. 53: Baseline period simulated Figure 5. 54: Simulated mean annual
mean annual groundwater recharge.
groundwater recharge for year 2020.

Figure 5. 55: Simulated mean annual Figure 5. 56: Simulated mean annual
groundwater recharge for year 2050.
groundwater recharge for year 2080.
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Figure 5. 57: Baseline period simulated Figure 5. 58: Simulated mean annual
mean interception.
interception for year 2020.

Figure 5. 59: Simulated mean annual Figure 5. 60: Simulated mean annual
interception for year 2050.
interception for year 2080.
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Figure 5. 61: Baseline period simulated Figure 5. 62: Simulated mean annual
mean soil evaporation.
soil evaporation for year 2020.

Figure 5. 63: Simulated mean annual Figure 5. 64: Simulated mean annual
soil evaporation for year 2050.
soil evaporation for year 2080.
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5.2.6 TRANSPIRATION
Transpiration is the vaporization of liquid water contained in plant tissues. This
mainly occurs through the stem and leaf stomata. Transpiration, like direct
evaporation, depends on factors such as radiation, air temperature, air humidity, and
wind speed. In addition, the soil water content and the ability of the soil to conduct
water upwards play a role. The length of the plant’s root system also determines the
transpiration rate. The vegetation type is equally important in assessing transpiration.
The Mean annual transpiration values was simulated by WetSpass to baseline period
and projected years 2020, 2050 and 2080 As shown in Figure 5.61, 5.66, 5.67 and
5.68 respectively and the values was as follow:





Baseline period: ranges from 27.31 to 112.04 mm/yr with a mean of 57.72
mm/yr and standard deviation of 20.03 mm.
2020 projected period: ranges from 26.92 to 112.58 mm/yr with a mean of
57.52 mm/yr and standard deviation of 19.98 mm.
2050 projected period: ranges from 24.01 to 113.69 mm/yr with a mean of
54.78 mm/yr and standard deviation of 20.75 mm.
2080 projected period: ranges from 3.32 to 99.38 mm/yr with a mean of 40.34
mm/yr and standard deviation of 23.72 mm.

The maximum values of transpiration between about80 to 130 mm are located in the
agricultural area around the north and middle governorates.
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Figure 5. 65: Baseline period simulated Figure 5. 66: Simulated mean annual
mean transpiration.
transpiration for year 2020.

Figure 5. 67: Simulated mean annual Figure 5. 68: Simulated mean annual
transpiration for year 2050.
transpiration for year 2080.
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5.2.7 Gaza Strip Simulated & projected Water Balance
Water balance computation is essentially a representation of the net result of the
inflow and outflow of water. Precipitation is the most significant inflow component.
The most important outflow components of water balance are surface runoff,
evapotranspiration, and groundwater recharge. An area of the world would have water
surplus if it receives more rainfall than the amount that it loses mainly through the
process of evapotranspiration. Similarly, regions with water deficit would get fewer
rains than the amount that they lost through evapotranspiration. While, those which
neither get surpluses nor deficits will experience some sort of a balance.
A summary of the numerical contribution to this net balance of the various
components was discussed earlier for baseline period, 2020, 2050, and 2080 is
presented below in the figure 5.69 and water balance table 5.17.

Precipitation (P) mm
Recharge (Re) mm

Parametar

Soil evaporation (Se) mm
Transpiration (Tr) mm
Interception (In) mm
Evapotranspiration (Et) mm
Runoff (Ro) mm

0.000

50.000 100.000 150.000 200.000 250.000 300.000 350.000
mm/year

2080

2050

2020

Basleline Period

Figure 5. 69: Summary of computed water balance components for Gaza strip.
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Component

Min

Max

Mean

Runoff (Ro) mm
Evapotranspiration (Et) mm
Interception (In) mm
Transpiration (Tr) mm
Soil evaporation (Se) mm
Recharge (Re) mm
Precipitation (P) mm
Water balance (WB) = P-Ro-Et-Re ; mm
Error in water balance (WB/ P; %)
Runoff (Ro) mm
Evapotranspiration (Et) mm
Interception (In) mm
Transpiration (Tr) mm
Soil evaporation (Se) mm
Recharge (Re) mm
Precipitation (P) mm
Water balance (WB) = P-Ro-Et-Re ; mm
Error in water balance (WB/ P; %)
Runoff (Ro) mm
Evapotranspiration (Et) mm
Interception (In) mm
Transpiration (Tr) mm
Soil evaporation (Se) mm
Recharge (Re) mm
Precipitation (P) mm
Water balance (WB) = P-Ro-Et-Re ; mm
Error in water balance (WB/ P; %)
Runoff (Ro) mm
Evapotranspiration (Et) mm
Interception (In) mm
Transpiration (Tr) mm
Soil evaporation (Se) mm
Recharge (Re) mm
Precipitation (P) mm
Water balance (WB) = P-Ro-Et-Re ; mm
Error in water balance (WB/ P; %)

0.930
59.850
0.980
27.310
0.000
14.580
210.899
0.870
66.300
0.930
26.920
0.000
11.510
195.336
0.720
74.760
0.800
24.010
0.000
4.930
162.038
0.510
59.630
0.620
3.320
0.000
-19.720
114.440
-

216.080
221.630
20.880
112.040
132.710
265.710
417.500
199.830
221.780
19.320
112.580
132.470
237.500
385.570
165.080
221.480
15.980
113.690
131.880
177.710
319.640
115.400
205.770
11.220
99.380
131.270
94.080
224.310
-

34.880
157.340
8.310
57.720
92.080
125.330
318.520
0.970
0.305
32.350
156.460
7.710
57.520
91.410
105.070
294.680
0.800
0.271
26.730
151.850
6.410
54.780
89.660
64.440
243.700
0.680
0.279
18.710
131.440
4.560
40.340
85.490
20.140
170.819
0.529
0.310

2080

2050

2020

Year
Baseline Period (1972-2002)

Table 5. 16: Summary of computed water balance components for Gaza strip.
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Std.
Dev.
59.880
40.230
6.750
20.030
42.970
61.210
69.745
55.380
38.910
6.230
19.980
42.800
56.880
64.520
45.740
35.740
5.130
20.750
42.370
45.190
53.362
31.960
30.650
3.560
23.720
40.950
23.890
37.406
-

5.3 Groundwater Modelling
This chapter deals with the groundwater resources assessment and future forecasting
under climate change conditions. These conditions are related to climate changes;
water balance changing, and sea level rise changing in order to increase our
understanding of the ground water flow, ground water level and seawater intrusion in
the Gaza strip costal aquifer. So that all our simulated climate changes, water balance
and sea level rise will be as input in the mudflow and Seawat model in order to
illustrate the impacts of climate change on ground water of the Gaza coastal aquifer.
After all of that, a solution management scenario well be develop and tested to
conserve our aquifer.
5.3.1 Model Sitting Up
5.3.1.1 Model Domain
The groundwater model domain encloses an area of 50 x 35 km in the south part of
the regional coastal aquifer that includes Gaza Strip coastal aquifer. The model
domain is a uniform square grid comprising with a grid spacing of 250x250m as
shown in Figure 5.70. Only the east boundary was assigned as no flow boundary
because of the end of coastal aquifer boundary at this region and start the mountain
aquifer (El-khalel Mountain).

Figure 5. 70: Model Domain.
According to the geology of the coastal aquifer, a seven layer model elevation was established
in order to simulate all of the sub aquifer and to be close to reality. Figure 5.71 shows one
layer of the elevation sections.
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Figure 5. 71: Model layer elevation section.
5.3.1.2 Bumping wells
Groundwater is the main source of Gaza strip agricultural, municipal, and industrial
water demands. The collected data contained partial data of all known wells in the
period between 2004 and 2010, including the location of wells, coordinates, screens
depths, abstractions. There is limited information about the well construction and
pumping readings for illegally-dug wells which discovered through a survey
conducted lately by PWA.
In the Gaza Strip area there were around 225 municipal wells in year (2010) and
about 2600 registered agricultural well (PWA) and about 2900 illegal agriculture
wells , The municipal wells were inserted to the model by their abstraction schedule,
But the agricultural wells were inserted to the model by estimating their abstraction,
these wells is shown in the Figure 5.72.
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Figure 5. 72: Municipal and agricultural wells in the study area.
5.3.1.3 Head observation wells
In the designed model there are 86 observation wells, this number represents the total
number of the available observation wells in the Gaza strip for year 2010, the
distribution for these wells as shown in figure 5.73.

Figure 5. 73: Head observation wells in the study area.
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5.3.1.4 Concentration observation wells
In the designed model there is about 80 municipal wells were used as concentration
observation wells. This number is a representative well number for all Gaza strip area,
the distribution for these wells is shown in figure 5.74.

Figure 5. 74: Concentration observation wells in the study area.
5.3.1.5 Aquifer Properties
The horizontal hydraulic conductivity of the unsaturated zone for the soil types is
assumed as 18 m/d for sand with fine gravel, 32 for sand stone and 0.3 m/d for clay.
The vertical conductivity was set to 10% of the horizontal hydraulic conductivity. All
of hydraulic properties and storage are set as shown in Table 5.17 and figure 5.75.
Table 5. 17 : Aquifer properties input values.

Parameter
Hydraulic conductivity (m/d) Kh ,Kv
Specific storage (m-1) Ss
Specific yield Sy
Effective porosity
Total porosity

Sand with fine
gravel
18 , 1.8
0.00001
0.24
0.25
0.3
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Sandstone

Clay

32 ,3.2
0.00001
0.24
0.25
0.3

0.3 , 0.3
0.00001
0.1
0.4
0.45

Sand with
Fine Gravl

Sandstone

Clay

Figure 5. 75: Column with assigned hydraulic properties.
The parameters that principally influence mass transport in the flow model are
effective porosity and dispersivity. The effective porosity, ne, has been set as in table
6.1 the uncertainty for the parameter is considered to be small, approx. 5 % (SWECO
INT, 2003).
Reducing (ne) will result in increased particle velocity which affects the time aspect
in advective transport. Dispersivity has been set to values ranging from 3 m to 12 m
calculated by the following equation (SWECO INT, 2003):
DL=0.83 log L2.414

Eq. 5.1

Where DL= concerns longitudinal dispersivity and L is the length of the mass
transport plume considered. Comparison of simulations shows that this difference in
dispersivity does not result in any measurable changes of the diffusion plume.
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5.3.1.6 Bounders
5.3.1.7 Constant Head Boundary
Sea boundary is assumed constant head boundary. In general, it equals zero, but after
climate change, modeling and projection sea head does not equal zero. It's changing
with time as illustrated before in sea level rise projection ,so the constant head
boundary for period baseline ,2020 ,2050 ,2080 is equal to the values in table 5.18 and
was assigned as in figure 5.76.
Table 5. 18: Constant head values by time series.
Year
Baseline
2020
2050
2080

High ( cm )
1.097
9.04
28.84
59.85

Figure 5. 76: Constant head boundary.
5.3.1.8 Constant Concentration
In order to simulate the seawater intrusion phenomena, Seawat model was conduct
so that sea boundary has a constant salt concentration. These constant concentrations
may be as chloride or TDS (Total Dissolved Solids ) ,As Shown in figure 5.78 about
thirty sea water sample from each 1500 m of Gaza strip shore line was taken and
analyzed as shown in Table 5.19.
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Table 5. 19: Mediterranean sea water analyses.

Sample number

EC (ms/cm)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
MAXIMUM
MINIMUM
MEAN

53.77
54.09
53.50
53.89
48.07
53.18
53.61
53.50
52.12
53.80
54.08
53.80
53.98
54.20
54.07
53.93
53.70
54.00
53.68
53.80
54.00
53.55
53.54
53.54
53.39
53.64
52.92
54.20
48.07
53.46

TDS
(PPT)
27.30
26.80
27.18
26.82
24.03
26.44
26.80
26.83
26.08
26.72
27.40
26.99
26.90
27.01
27.10
27.02
26.98
26.82
26.60
27.30
26.83
27.00
26.86
26.74
26.75
26.78
26.20
27.40
24.03
26.75

PH

Chloride (mg/l)

8.10
8.00
8.15
8.00
7.50
7.85
8.00
8.09
7.60
8.10
7.66
8.14
8.10
8.00
8.10
8.09
8.10
8.10
8.00
8.10
8.10
8.20
8.10
8.15
8.00
8.00
8.13
8.20
7.50
8.02

23962.50
23075.00
23252.50
23785.00
18637.50
22897.50
23075.00
23252.50
22542.50
24495.00
23430.00
23607.50
23430.00
24495.00
24140.00
23607.50
24495.00
22720.00
23430.00
23962.50
23962.50
23607.50
21300.00
23607.50
24495.00
24495.00
23075.00
24495.00
18637.50
23364.26

As Shown in table 5.19, the chloride concentration ranges from 18637.5 to 24495
mg/l with a mean 23364.26 mg/l. This value was assigned as constant concentration
to the Seawat model as shown in figure 5.77; the minimum value (sample number 5)
is a sample near wastewater discharge outlet, so a kind of dilutions is the reason for
minimum chloride concentration in this site.
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Figure 5. 77: Constant Concentration boundary.

Figure 5. 78: sampling and analysis process.
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5.3.1.9 Recharge
The recharge results of WetSPSS and climate change modeling for baseline, 2020,
2050, and 2080 were established as input recharge time series in order to study its
impacts on groundwater of the Gaza coastal aquifer. All of input recharges maps as
previously shown and discussed in this chapter at previous section.
5.3.1.10 Simulation Period
The simulation period for the basic groundwater flow model and Seawat model was
29200 days to reflect a 80 years of time starting from the hydrologic year 2010, So
that the initial head and initial concentration was set from hydrologic year 2010.
5.3.2 Steady State Model Calibration
Data from year 2010 was used for the steady state calibration. The modeled water
level was then calibrated based on the same year. In general, the modeled contour
map shows a good agreement with the measured results for the same period.
Figure 5.79 compares the simulated results with the observed water level values. The
modeled values show a correlation coefficient of 0.899 with the observed values with
normalized RMS 8.665% which is less than 10% this value indicate to the high
accuracy of the model.

Figure 5.79: Steady state calibration results.
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5.3.3 Concentration Calibration (Seawat Calibration)
The SEAWAT model was calibrated for chloride concentration by entering the
available chloride concentrations that were recorded for specific wells by PWA at
year 2010. As the initial concentrations show, and then the model was run to get the
simulated concentrations at year 2011 which was compared with PWA observed
concentrations for the same year. This was done for each of the specific well locations
to meet with the needed concentrations at year 2011.
In addition to adjustment of the longitudinal dispersivity since it is the required
parameter for SEAWAT simulation as previously.
As shown in see Figure 5.80 it can be concluded that there is a very good match
between the simulated and observed concentrations. The correlation coefficient was
0.888 between the simulated concentrations and the observed ones, and the
Normalized RMS was 9.991% that is less than 10%. It can be concluded that there is a
very good match between the simulated and observed concentrations.

Figure 5. 80: Concentration calibration results.
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5.3.4 Sensitive analysis
Figures 5.81 and 5.82 show the observed versus modeled water level hydrograph for
wells R-I-69 and L/47 which is define as sensitive analysis . Similar graphs are
available for other wells in the model domain. The modeled water level showed good
agreement with the observed water level both in the trend and in the value.
2

Water Level MSL
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1
0.5
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-0.5

2010
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Figure 5. 81: R-I-69 well sensitive analysis.
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2011
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-4
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Year
L/47 AInterpolated

L/47 Observed

Figure 5. 82: L/47 well sensitive analysis.
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5.3.5 Climate Change Impacts on Groundwater Head
After setting up the model, calibrating and verification process, a Seawat transient
groundwater model was run in order to determine the impacts of future predicted
climate change condition. All of the previous predicted future climate conditions were
used as input for this simulation process as discussed above .So our question that will
be answered in this section is what are the impacts of future climate on groundwater
level for the Gaza coastal aquifer. After all of simulation process results were
explored for year’s interval 2015, 2020, 2025, 2030, 2050 and 2080.
The figures 5.83, 5.84, 5.85, 5.86, 5.87 and 5.88 show the expected calculated head in
the Gaza strip for years 2015, 2020, 2025, 2030, 2050 and 2080 respectively. It is
noticed that there are two cones of depression in the Gaza strip; one of them is in the
north and the second is in the south. The head values in the north cone of depression
decreases from -4.67 m at the middle in 2010 year to -4.697, -8.33, -8.419, -8.38 and 10.414 at years 2015, 2020, 2025, 2030, 2050 and 2080 respectively. For the south
cone of depression the head values decreases from –16.72 m at the middle in 2010
year to -17.7 , -20.024 , -21.118, -20.478 and -22.338 in years 2015, 2020, 2025
,2030 ,2050 and 2080. Table 5.20 illustrated the simulated groundwater head raster
maps statistics for years 2015, 2020, 2025, 2030, 2050, 2080.
Table 5. 20: Predicted groundwater head raster maps statistics.

Item

Years

2015
2020
2025
2030
2050
2080

Head (MAX)
MSL
1.140
1.090
0.330
0.290
0.290
0.600

Head(MIN)MSL
-17.650
-17.700
-21.040
-21.110
-21.330
-23.240
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Head(MEAN)
MSL
-3.980
-4.050
-7.800
-7.900
-8.080
-10.710

SD
(MSL)
3.080
3.060
3.920
3.900
3.880
4.670

Figure 5. 83: Simulated groundwater head
for year 2015.

Figure 5. 84: Simulated groundwater head
for year 2020.
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Figure 5. 85: Simulated groundwater head
for year 2025.

Figure 5. 86: Simulated groundwater head
for year 2030.

Figure 5. 87: Simulated groundwater head
for year 2050.
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Figure 5. 88: Simulated groundwater head
for year 2080.

5.3.6 Climate Change Impacts on Seawater intrusion phenomena
All the generated Seawat simulation process is to determine the impacts of climate
change on ground water of the Gaza coastal aquifer mainly sweater intrusion
phenomenon , this simulation was done without any management scenarios in order to
adapt with climate change impacts , figures 1.84, 1.44 ,1.45 ,1.42 , 1.43 ,1.44 illustrate
the simulated chloride concentration for years 2015, 2020, 2025, 2030, 2050 ,2080
respectively . The mean of each raster map chloride concentration is 1034.23,
1445.05, 2109.87, 2734.52, 4594.51,7737.87 mg/l for years 2015, 2020, 2025 ,2030
,2050 ,2080 respectively as shown in table 1.55, all of predicted chloride
concentration maps show that there is only about 5 % of the Gaza coastal aquifer has
a chloride concentration less than 250 mg/l (WHO Standards ) , the areal distribution
percentage for chloride concentration for each predicted map is shown in figures
5.105 ,5.106, 5.107, 5.108 ,5.109, 5.110 for years 2015, 2020, 2025 ,2030 ,2050 ,2080
respectively.
The generated profile for north, middle, south part of Gaza strip shows that the
chloride concentration was increase with distance from the shoreline by years with a
rapid and dramatic way as shown in figures 5.95, 5.96, 5.97 for north part, middle
part, and south part respectively.

In figure 5.98 there is a selected number of wells with chloride concentration time
series al of the shown curve illustrates that there is a rapid increase for chloride
concentration by the time.
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Figure 5. 89: Simulated chloride
concentration for year 2015.

Figure 5. 90 : Simulated chloride
concentration for year 2020.
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Figure 5. 91: Simulated chloride
concentration for year 2025.

Figure 5. 92: Simulated chloride
concentration for year 2030.

Figure 5. 93: Simulated chloride
concentration for year 2050.
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Figure 5. 94: Simulated chloride
concentration for year 2080.
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Figure 5. 95: Simulated chloride concentration profile in north governorate.
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Figure 5. 96: Simulated chloride concentration profile in middle governorates.
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Figure 5. 97: Simulated chloride concentration profile in south governorates.
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Figure 5. 98: Simulated chloride concentration for number of selected wells.
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Figure 5. 99: North, Middle, South seawater intrusion sections respectively for
year 2015.
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Figure 5. 100: North, Middle, South seawater intrusion sections respectively for
year 2020.
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Figure 5. 101: North, Middle, South seawater intrusion sections respectively for
year 2025.
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Figure 5. 102: North, Middle, South seawater intrusion sections respectively for
year 2030.

109

Figure 5. 103: North, Middle, South seawater intrusion sections respectively for
year 2050.
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Figure 5. 104: North, Middle, South seawater intrusion sections respectively for
year 2080.
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For sub aquifers chloride concentration increases from bottom aquifer to up aquifer
as shown in the generated section figures 5.99 , 5.100 , 5.101 ,5.102 ,5.103 , 5.104 at
north , middle and south part of Gaza strip for years 2015, 2020, 2025 ,2030 ,2050
,2080 respectively.
Table 5. 21: Predicted Chloride concentration raster maps statistics.
Item

Years

2015
2020
2025
2030
2050
2080

Chloride (MAX)
Chloride(MEAN)
Chloride(MIN)mg/l
mg/l
mg/l
23225.650
90.120
1034.230
23634.400
89.650
1445.050
23932.980
92.210
2109.870
24156.920
92.970
2734.520
24552.110
95.880
4594.510
24987.280
110.160
7737.870

SD (mg/l)
2480.090
3624.080
4924.370
5858.060
7626.590
9206.950
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Figure 5. 105: Chloride concentration (mg/l) map areal statistics for year 2015.
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Figure 5. 106: Chloride concentration (mg/l) map areal statistics for year 2025.
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Figure 5. 107: Chloride concentration (mg/l)
raster map areal statistics for year 2030.

Figure 5. 108: Chloride concentration (mg/l)
raster map areal statistics for year 2050.
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Figure 5. 109: Chloride concentration (mg/l) raster
map areal statistics for year 2080.

5.3.7 Management Scenario
Climate change and it’s impacts on groundwater of the Gaza coastal aquifer can be
adapt by management of pumping scenario and develop new water resources in order
to conserve the aquifer from negative impacts or to minimize this impacts, our
proposed solution scenario is actually based on the combination of Palestinian water
Authority (PWA) plans, and our understanding for the problem, the proposed
management solution is a combination of:
1. From Palestinian Water Authority Plan a seawater reverse osmosis
Desalination Plant , of 55 Million cubic meter per year (MCM) for the first
phase is one of the proposed new water resources , By this quantity of high
quality water we can suggest to close number of municipal pumping wells as
shown in table 5.22 these wells which have high salinity ( 1000 mg/l as
chloride), after the close of low water quality wells, a reduction in the
pumping rate of other municipal wells must be done in order to get total water
quantity equal to the demand.
Table 5.22: Municipal high salinity wells suggested being close.

Well No.

X

Y

Governorate

Municipality

Chloride Cl (mg/L)

Abu Reshwan C

81950

82385.47

Khanyounis

Khan Younis

2445

E/154

99330.037

105052.337

Gaza

Gaza

3723

F/226

91951

95875

Middle

Nusseirat

1132

G/49

91376.81

96448.35

Middle

Nusseirat

1188

G/59

91705

95272

Middle

Nusseirat

1170

H/104

90745

94611

Middle

Nusseirat

1223

H/95

89463.165

92752.185

Middle

Zawaida

1090

J/163

89480

90543

Middle

Deir El-Balah

1072

J/3

88147.3515

89822.1065

Middle

Deir El Balah

2669

J/32A

88290

91791

Middle

Deir El-Balah

1453

J/I/74

89227.907

92534.582

Middle

Deir El Balah

1719

K/20

86265.2965

89777.1632

Middle

Deir El-Balah

1390

K/21

85916.635

89758.3605

Middle

Deir El-Balah

1432

L/182

81856.6

82926.4

Khanyounis

Khan Younis

1397

L/184

81605.613

82515.02

Khanyounis

Khan Younis

1083

L/190

85759.4

87281.5

Khanyounis

Khan Younis

1341

L/I/286

81564.9599

82409.8498

Khanyounis

Khan Younis

2358

Ma'an

84543.78

82613.86

Khanyounis

Khan Younis

1074

P/139

77166.565

82010.515

Rafah

Rafah

1325

R/161

97636.71

104909.35

Gaza

Gaza

5162

R/162BA

98727.34

104412.61

Gaza

Gaza

1347

114

R/162D

98638.308

104989.891

Gaza

Gaza

9116

R/162EA

98247.771

104479.261

Gaza

Gaza

5554

R/162G

99165.914

103952.399

Gaza

Gaza

1055

R/162LA

98480.537

104045.327

Gaza

Gaza

3563

R/309

99686.73

99202.55

Gaza

Gaza

1174

R/314

99164.44

104391.1

Gaza

Gaza

1732

R/317

98047

104033

Gaza

Gaza

1313

R/338

96880

102930

Gaza

Gaza

1414

R/341

100730

100540

Gaza

Gaza

1041

R/343

96150

102310

Gaza

Gaza

2759

R/354

98772

104116

Gaza

Gaza

1858

S/72

93201.025

93513.57

Middle

El-Buriej

1065

االستاد الرياضي

82983.6

84477.57

Khanyounis

Khan Younis

1223

عائشة بنت الصديق

89518.32

92949.76

Middle

Zawaida

1055

مستشفى األقصى

88965.42

92490

Middle

Deir El-Balah

1733

2. The second step is to develop a new agricultural water resource, also
according to (PWA) Plans By 2020 the utilization of wastewater is planned to
provide 50 % of the total required by agriculture, with the remainder being
provided by the freshwater aquifer as shown in table 5.23, in order to maintain
the balance of salts in the soil and provide the quality necessary for certain
crops (PWA, 2010). So that the agriculture wells, pumping rate will be
reduced to the half in order to conserve the aquifer.
Table 5. 23: Water resources development for agriculture in the Gaza strip.
Water Source

2000

2005

2010

2015

2025

Fresh water
(MCM)

40

35

30

25

27

Wastewater
(MCM)

0

0

1

7

40

Brackish
(MCM)

47

50

46

45

10

Rainwater
Harvesting

4

5

[3]**

[3]

[3]

(MCM)
Total (MCM)

90

90

80

80

80

*Source: National Water Plan (modified), 2000
** Figures in brackets indicated rainwater harvest collected from greenhouses roofs

3. The last step is to close the illegal commercial wells in Ariba area (20 wells)
which are the main reason for developing the cone of depression in Rafah
governorate.
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This proposed management scenario with all the steps above were developed in the
same way of the construction of previous groundwater model in order to examine it
as a complete solution to adapt with this risky situation , the results for this model are
illustrated in the coming sections.

5.3.7.1 Groundwater Head
By using the same developed groundwater model to examine the proposed
management scenario after simulation for Seawat transient model, the results for
proposed management scenario are very great as shown in figurers 5.111 , 5.112
,5.113 and 5.114 the simulated groundwater head maps show that the maximum
water head is -.98 , -0.99 , -1.03 and -3.4 m for years 2025 , 2030 , 2050 and 2080
respectively . By comparing these results with previous situation without any
management scenario, we can get that for ground water head parameter; this scenario
is successful as a strategic solution.
As shown in table 5.24 the mean groundwater head for Gaza strip are 0.77, 0.75, 0.69
and -1.99 m for years 2025, 2030, 2050 and 2080 respectively.

Table 5. 24: Predicted groundwater head raster maps statistics as results from
management scenario.

Item

Years

2025
2030
2050
2080

Head (MAX) MSL

Head(MIN)MSL

3.110
3.100
3.060
0.610

-0.980
-0.990
-1.030
-3.400
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Head(MEAN)
MSL
0.770
0.750
0.690
-1.990

SD
(MSL)
0.800
0.800
0.800
0.990

Figure 5. 110: Simulated Groundwater
head by management scenario for year
2025.

Figure 5. 111: Simulated Groundwater
head by management scenario for year
2030.

Figure 5. 112: Simulated Groundwater
head by management scenario for year
2050.

Figure 5.113: Simulated groundwater
head by management scenario for year
2080.
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5.3.7.2 Seawater Intrusion
By using the same developed groundwater model to examine the proposed
management scenario, and after simulation for Seawat transient model, the results
for proposed management scenario are very great for chloride concentration
parameter as shown in figurers 5.115, 5.116, 5.117, 5.118 and table 5.25 the
simulated chloride concentration maps show that the mean concentration is 723.51 ,
745.96 , 917.77 and 2305.28 mg/l for years 2025 , 2030 , 2050 and 2080 respectively
. By comparing these results with previous situation without any management
scenario, we can get that for chloride concentration parameter this scenario is
successful as strategic solution until year 2050 but this scenario needs more
developing in order to increase the sustainable situation of the aquifer.

Table 5. 25: Predicted chloride concentration raster maps statistics as results
from management scenario.

2025

Chloride
(MAX) mg/l
21396.140

2030

21444.110

86.380

745.960

1616.330

2050

22749.130

79.380

917.770

2333.190

2080

23980.570

84.490

2305.280

5285.380

Item

Chloride(MIN)mg/l

Chloride(MEAN) mg/l

83.910

723.500

SD
(mg/l)
1498.580

Years
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Figure 5. 114: Simulated Chloride
concentration by management scenario
for 2025.

Figure 5. 115: Simulated Chloride
concentration by management scenario
for 2030.

Figure 5. 116: Simulated Chloride
concentration by management scenario
for 2050.

Figure 5. 117: Simulated Chloride
concentration by management scenario
for 2080.
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Chapter 6: Conclusion and Recommendation
In this chapter, the main results and findings of the research work will be presented
following closely the contents of the dissertation.

6.1 Conclusion



















Temperature and precipitation baseline period were the mean values from
1972 to 2002.
A1F1 with high sensitivity is the emission scenario that was used for the
prediction process because it reflects the worst and current situation.
The median assembly approach was used to get the representative results from
multi GCM outputs.
20.66 oC, 22.48oC and 25.08oC were the predicted annual mean temperatures
for years 2020, 2050 and 2080 respectively.
0.85 oC, 2.67 oC and 5.28 oC were the mean annual changes from baseline
period for years 2020, 2050 and 2080 respectively.
294.68 mm/year, 243.7 mm/year and 170.819 mm/year were the predicted
annual mean precipitation for years 2020, 2050 and 2080 respectively.
-7.48 mm/year -23.98 mm/year and -46.37 mm/year were the predicted mean
annual precipitation changes from baseline period for years 2020, 2050 and
2080 respectively.
1.097 cm was the mean sea level rise for baseline period for the Gaza strip
location area.
9.04 cm, 28.84 cm and 59.85 cm were the predicted mean sea level rise values
for years 2020, 2050 and 2080 respectively.
WetSpass was the water balance model used to simulate the hydrological
cycle for the Gaza strip Coastal aquifer in this study.
157.34 mm/year, 156.46 mm/year, 151.85 mm/year and 131.44 mm/year were
the mean annual simulated evapotranspiration for baseline, year 2020, year
2050 and year 2080 respectively.
34.88 mm /year, 32.35 mm/year, 26.73 mm/year and 18.71 mm /year were the
mean annual simulated surface runoff for baseline, year 2020, year 2050 and
year 2080 respectively.
125.33 mm/year, 105.07 mm/year, 64.44 mm/year and 20.14 mm/year were
the mean annual simulated groundwater recharges for baseline, year 2020,
year 2050 and year 2080 respectively.
8.31 mm/year, 7.71 mm/year, 6.41 mm/year and 4.56 mm/year were the mean
annual simulated interceptions for baseline, year 2020, year 2050 and year
2080 respectively.
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92.08 mm/year, 91.41 mm/year, 89.66 mm/year and 85.49 mm/year were the
mean annual simulated soil evaporation for baseline, year 2020, year 2050 and
year 2080 respectively.
57.72 mm/year, 57.52 mm/year, 54.78 mm/year and 40.34 mm/year were the
mean annual simulated transpirations for baseline, year 2020, 2050 mm/year
and 2080 mm/year respectively.
Seawat groundwater transient model with climate change data input and
without any adaption pumping scenario was developed in order to determine
the impacts of climate change on ground water of the Gaza coastal aquifer.
Gaza strip shoreline mean chloride concentration was 23364.26 mg/l; this
concentration was used as constant concentration boundary in Seawat
groundwater model.
As results of groundwater model to predict the impacts of climate change on
groundwater head -3.48 m , -4.05 m , -7.8 m , -7.9 m , -8.08 m and -10.71 m
below sea level were the mean predicted groundwater head for years 2015,
2020, 2025, 2030 , 2050 and 2080 respectively.
The mean predicted chloride concentration as results of Seawat model to
determine the impacts of climate change on seawater intrusion phenomena are
1034.23 mg/l, 1445.05 mg/l, 2109.8 mg/l, 2734.52 mg/l, 4594.51 mg/l and
7737.87 mg/l for years 2015, 2020, 2025, 2030, 2050 and 2080 respectively.
From generated chloride concentration profiles the concentration decrease by
the increase of the distance from shoreline.
After all of that, absolutely climate change has severe negative impacts on
groundwater of the Gaza coastal aquifer.
An effective management scenario was developed and examined by the same
groundwater transient model; this scenario was generated to adapt with
climate change conditions by developing new water resources and managing
pumping rate.

6.2 Recommendation







PWA must go ahead to close illegal commercial wells in Rafah governorate
as a first step in order to be able to manage the huge water level drawdown in
this governorate .
Climate change must be taken as one of major factors in the strategic planning
process.
Improving the existing wastewater treatment plant efficiency in order to be
one of the new agricultural water resources by reusing the treated wastewater.
PWA must go ahead in implementation of seawater desalination strategic plan
as one of the main steps in solution scenario.
PWA must go ahead in implementation of the main wastewater treatment
plants in order to be able to reuse the treated effluent.
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Uncontrolled and illegal abstraction from both municipal and agricultural
wells must stop to release the stress on the Gaza coastal aquifer.
From this study the generated and examined solution scenario is a strategic
solution for about thirty year period.
Updated, online and unified database must be built for main interested
organisation PWA, MOA, MOH, and CMWU.
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Annexes
A.1 WetSPASS Parameter Table contain the following parameters
Table A- 1: Landuse
Parameter
Veg_area
Bare_area
Imp_area
Openw_area
Root depth
Lai
Min_stom
Interc_per
Veg_height

Full name
Vegetation area
fraction
Bare area fraction
Impervious area
fraction
Open water area
fraction
Rooting depth
Leaf Area Index
Minimal stomatal
resistance
Interception
percentage
Vegetation height

Unit
M
- area fraction
s/m
%
M

Table A- 2: Soil
Parameter
Porosity
Wilting point
Field capacity
Residual wc
a1
PAW
tensionhht
evapodepth
P_frac_winter

P_frac_summer

Full name
Porosity
Wilting point
Field capacity
Residual water content
a1 soil empirical
parameter for ET
calculation
Plant Available Water
Tension saturated height
Soil evaporation depth
Precipitation fraction in
winter which has an
intensity higher than the
soil infiltration rate
Precipitation fraction in
summer which has an
intensity higher than the
soil infiltration rate
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Unit
- (volume fraction)
- (volume fraction)
- (volume fraction)
- (volume fraction)
- (volume fraction)
M
M
- (volume fraction)

- (volume fraction)

Table A- 3: Input files
Parameter
Groundwater depth
precipitation
Openwater evaporation
Temperature
Wind speed
Topography
Slope

Unit
M
Mm/y
Mm/y
o
C
m/s
M
%

A.2 Grid output names start with
er
re
ro
se
tr
in
et

a measure of error in the water balance (should be 0, or very close to 0)
recharge
run off
soil evaporation
(vegetation) transpiration
interception
total evapotranspiration

Table A- 4: IGBP vegetation type

Category

1

2

3

4
5
6
7
8

Cover
Evergreen
Needleleaf
Forest
Evergreen
Broadleaf
Forest
Deciduous
Needleleaf
Forest
Deciduous
Broadleaf
Forest
Mixed Forest
Closed
Shrublands
Open
Shrublands
Woody
Savannah

Interception
Root
Manning's Vegetated
Leaf area index(-)
capacity(mm)
Maximum Minimum depth(m) Coefficient fraction(%) Maximum Minimum
2

0.5

1.0

0.40

80

60

50

3

0.5

1.0

0.60

90

60

50

2

0.5

1.0

0.40

80

60

10

3

0.5

1.0

0.80

80

60

10

3

0.5

1.0

0.55

83

60

30

3

0.5

0.8

0.40

80

60

10

2

0.5

0.8

0.40

80

60

10

3

0.5

1.0

0.50

80

60

8
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9
10
11
12
13
14

15

16
17

Savannahs
Grasslands
Permanent
Wetlands
Croplands
Urban and
Built-Up
Cropland /
Natural
Vegetation
Snow and
Ice
Barren or
Sparsely
Vegetation
Water
Bodies

2
2

0.5
0.5

0.8
0.8

0.40
0.30

80
80

60
20

5
5

1

0.2

0.5

0.50

80

60

5

2

0.5

0.8

0.35

85

60

5

0

0.0

0.5

0.05

0

0

0

2

0.5

0.8

0.35

83

40

5

0

0.0

0.1

0.05

0

0

0

1

0.2

0.5

0.10

5

20

5

0

0.0

0.1

0.05

0

0

0

Table A- 5: Forcing factor.
Privation
G
BC
LU
O
OC
SO
SD
MD
V
SI
SS

Forcing Factor
well-mixed greenhouse
gases
black carbon
land use
ozone
organic carbon
solar irradiance
sulphate direct
mineral dust
volcanic aerosol
sulphate indirect
sea salt
Source: climsystem,2011
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Table A- 6: List of GCMs providing patterns for SimCLIM-for-ARCGIS.

No.

Originating Group(s),
Country

3

Bjerknes Centre for Climate
Research, Norway
Canadian Climate Centre,
Canada
Meteo-France, France

4

CSIRO, Australia

5

CSIRO, Australia

1
2

20

Geophysical Fluid Dynamics
Lab, USA
Geophysical Fluid Dynamics
Lab, USA
NASA/Goddard Institute for
Space Studies, USA
NASA/Goddard Institute for
Space Studies, USA
LASG/Institute of
Atmospheric Physics, China
Institute of Numerical
Mathematics, Russia
Institute Pierre Simon
Laplace, France
Centre for Climate Research,
Japan
Centre for Climate Research,
Japan
Meteorological Institute of
the University of Bonn,
Meteorological Research
Institute of KMA,
Germany/Korea
Max Planck Institute for
meteorology DKRZ,
Germany
Meteorological Research
Institute, Japan
National Centre for
Atmospheric Research, USA
National Centre for
Atmospheric Research, USA
Hadley Centre, UK

21

Hadley Centre, UK

6
7
8
9
10
11
12
13
14

15

16
17
18
19

Model

SIMCLIM
name

Horizontal
grid
spacing
(km)

Forcings used in
model simulation

BCCR

BCCRBCM2

~175

G, SD

CCCMA-31

~250

G, SD

CNRM-CM3

~175

G, O, SD, BC

CSIRO-30

~175

G, O, SD

CSIRO-35

~175

G, O, SD

GFDL 2.0

GFDLCM20

~200

GFDL 2.1

GFDLCM21

~200

GISS-E-H

GISS—EH

~400

GISS-E-R

GISS—ER

~400

FGOALS

FGOALS1G

~300

G, SD

INMCM

INMCM-30

~400

G, SD, SO

IPSL

IPSL-CM40

~275

G, SD, SI

MIROC-H

MIROC-HI

~100

MIROC-M

MIROCMED

~250

MIUBECHO-G

ECHO---G

~400

G, SD, SI

MPIECHAM5

MPIECH-5

~175

G, O, SD, SI

MRI

MRI-232A

~250

G, SD, SO

CCSM—30

~125

G, O, SD, BC, OC, SO,
U

NCARPCM1

~250

G, O, SD, SO, V

UKHADCM3

~275

HADGEM1 UKHADGEM

~125

G, O, SD, SI
G, O, SD, SI, BC, OC,
LU, SO, V

CCCMA
T47
CNRM
CSIROMK3.0
CSIROMK3.5

NCARCCSM
NCARPCM1
HADCM3

Source: climsystem, 2011

134

G, O, SD, BC, OC, LU,
SO, V
G, O, SD, BC, OC, LU,
SO, V
G, O, SD, SI, BC, OC,
MD, SS, LU, SO, V
G, O, SD, SI, BC, OC,
MD, SS, LU, SO, V

G, O, SD, BC OC, MD,
SS, LU, SO, V
G, O, SD, BC OC, MD,
SS, LU, SO, V

