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ABSTRACT 

 

Climate is one of the key parameters in the earthôs 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
 o
C, 22.48

 o
C and 25.08 

o
C respectively, While 0.85

 o
C, 2.67

 o
C and 

5.28 
o
C 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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ϣЂϜϼϹЮϜ ЉϷЯв  

ϝзгЮϜ ϤϜϽуПϧЮϜ ϽуϪϓϦ ϣЂϜϼϸ " бЗж аϜϹϷϧЂϝϠ ϢϿО ИϝГЧЮ сЯϲϝЃЮϜ сТнϯЮϜ дϜϿϷЮϜ пЯК ϣу϶

"ϣуЎϝтϽЮϜ ϣϮϻгзЮϜ м ϣуТϜϽПϯЮϜ ϤϝвнЯЛгЮϜ 

 
Ɠǒǆǃå ǏǄƵ ìƓǈǆǃå ïǒƺƙ ïƓƛà Ɨƪåïí ā ôïǕå ƗƑǒƕ ǑƼ ƗǒƪƓƪǕå ïǒǒƓƶǆǃå íơá āǋ ìƓǈǆǃåƪǒƑïǃå ýǆåāƶǃå íơá āǋ ƗǒƼāƞǃå ǉ Ɨ

ǃå ÿåðƤǃå Ɨǀõǈǆ .ƗǒƞǒƙåïƙƪǗå õõƤǃå ǏǄƵ ïƛâƙ Ǒƙǃå çðƹ ÷Ɠõƿ ǑƼ ǑǄơƓƪǃå ǑƼāƞ ǊƕƬ ûõƓǈǆǃå ÿǆ çíơåā ƓǋïƓƕƙƵƓƕ
ƗƼƓƞǃå  ôïƺǃåā .ƗǒƼāƞǃå ǉƓǒǆǃå íïåāǆ üǃî ǑƼ Ɠǆƕ ƗǒƑƓǆǃå íïåāǆǃå ÷åāǈá ýǂ ǏǄƵ ïƛâƙ Ǒƙǃåā ƗǒƤƓǈǆǃå èåïǒƺƙǃƓƕ Ąåíƞ ïƛƋƙƙ

÷Ɠõƿ ǑƼ ǑǄơƓƪǃå ǑƼāƞǃå ÿåðƤǃå ǏǄƵ ìƓǈǆǃå ïǒƺƙ ïƓƛà Ɨƪåïí āǋ Ɨƪåïíǃå ǉîǋ ÿǆ ƹçð þƙ . ñƓƪǕå õƤ çïƙƼ õƑåïƤ íåíƵã
ā çïåïơǃå èƓƞïíǃ  æƓƪơ ïƕƵ èǈƓǂ Ǒƙǃå ā ïƓõǆǕå ýāõǋ þƓƵ îǈǆ Ɨõƪāƙǆǃå þǒǀǃå1972  þƓƵ Ǐƙơ ā2002 āǒïƓǈǒƪ .

) Ɨƽƛǂǆǃå ƗǒïāƽơǕå ƗƿƓõǃåA1F1 èåïǒƺƙǃƓƕ âƕǈƙǃå ƗǒǄǆƶǃ þíƤƙƪǆǃå éƓƶƕǈǙå āǒïƓǈǒƪ ÿƓǂ ƗǒǃƓƵ ƗǒƪƓƪơ Ɨƞïí ƴǆ (
ƙ Ǒƙǃå ā ƗǒƤƓǈǆǃå ìƓǈǆǃå êîāǆǈ Ɨõƪåāƕ èǆSimCLIM ÿǆ ƗǄƛǆǆ Ɨƞǒƙǈ ǏǄƵ ýāƮơǄǃ Ɨõǒƪāǃå þǒǀǃå Ɲǌǈ þåíƤƙƪå þƙ .

) ƝƑƓƙǈGCM õƪāƙǆ ƴƿāƙ  .çííƶƙǆ ( þƓƵ èåāǈƪǃ Ɨǒāǈƪǃå çïåïơǃå èƓƞïí2020 Ü 2050  ā2080  āǋ20.66 Ü
22.48 ā25.08  èǈƓǂ ÿǒơ ǑƼ ÜǑǃåāƙǃå ǏǄƵ ƗǒāƑǆ Ɨƞïí0.85  ÜƗǒāƑǆ Ɨƞïí2.67  ïíā ƗǒāƑǆ Ɨƞ5.28  ƗǒāƑǆ Ɨƞïí

 õƪāƙǆ Ǒǋ çïƙƼ ÿǆ Ɨǒāǈƪǃå èåïǒƺƙǃå õƤ þƓƵ èåāǈƪǃ ñƓƪǕå2020 Ü2050  ā2080  õƪāƙǆ ÿƓǂ Ɠǆǂ .Ǒǃåāƙǃå ǏǄƵ
 þƓƵ èåāǈƪǃ ƴƿāƙǆǃå ăāǈƪǃå ïƓõǆǕå ýāõǋ2020 Ü2050  ā2080  āǋ294.68  ÜƗǈƪ / þǆ243.70  Ɨǈƪ / þǆ

ā170.82 ā ÜǑǃåāƙǃå ǏǄƵ Ɨǈƪ / þǆ ƕ ÿƎƼ ǑǃƓƙǃƓ  - 7.48 Ü- 23.98  ā - 46.37  èåïǒƺƙ õƪāƙǆ ƴƿāƙ ÿƓǂ Ɨǈƪ / þǆ
çïƙƼ ÿǆ ăāǈƪǃå ïƓõǆǕå ýāõǋ  õƤ þƓƵ èåāǈƪǃ ñƓƪǕå2020 Ü2050  ā2080  õƪāƙǆ .Ǒǃåāƙǃå ǏǄƵ Ăāƙƪǆ ÷Ɠƽƙïå

 çïƙƽǃ ïơƕǃå Ơõƪ õƤ āǋ ñƓƪǕå1.097  ÿƓǂ Ɠǆǈǒƕ Üþƪ9.04  Üþƪ28.84  ā þƪ59.85 ƪāƙǆ āǋ þƪ õ ÷Ɠƽƙïå þǒƿ
 þƓƵ èåāǈƪǃ ƴƿāƙǆǃå ïơƕǃå Ơõƪ Ăāƙƪǆ2020  ā2050  ā2080 .Ǒǃåāƙǃå ǏǄƵ 

) êîāǆǈ þåíƤƙƪå þƙWetSpassýǆƓǂƙǆǃåā ǑưƓǒïǃå ( öǈ ƴǆ÷Ɠõǀǃ Ɨǒƞāǃāïíǒǌǃå çïāíǃå çƓǂƓơǆǃ ƗǒƼåïƺƞǃå èƓǆāǄƶǆǃå þ 
çðƹ .Ƽ õƪāƙǆ ÿƓǂ ăāǈƪǃå ïƤƕƙǃå157.34  ÜƗǈƪ / þǆ156.46  ÜƗǈƪ / þǆ151.85 ā  Ɨǈƪ / þǆ131.44   Ɨǈƪ / þǆ

 þƓƵ ÜñƓƪǕå õƤǃ2020 þƓƵ Ü2050  þƓƵ ā2080  ÿƓǂ Ɠǆǈǒƕ ÜǑǃåāƙǃå ǏǄƵ34.88  ÜƗǈƪ / þǄǆ32.35  ÜƗǈƪ / þǆ
26.73 ā Ɨǈƪ / þǄǆ18.71  õƪāƙǆ āǋ Ɨǈƪǃå / þǄǆ þƓƵ ÜñƓƪǕå õƤǃ ǉƓǒǆǄǃ Ǒơõƪǃå ÿƓǒïƞǃå2020 þƓƵ Ü2050 
 þƓƵā2080 ƙǆ .Ǒǃåāƙǃå ǏǄƵ õƪā āǋ ƗǒƼāƞǃå ǉƓǒǆǄǃ Ɨǒāǈƪǃå Ɨǒîƺƙǃå125.33  ÜƗǈƪ / þǆ105.07  ÜƗǈƪ / þǆ64.44 

ā Ɨǈƪ / þǆ20.14  þƓƵ ÜñƓƪǕå õƤǃ Ɨǈƪ / þǄǆ2020 þƓƵ Ü2050  þƓƵā2080  õƪāƙǆ ÿƓǂ ā .Ǒǃåāƙǃå ǏǄƵ þǒǀǃå
 Ɨƕāƞơǆǃå ǉƓǒǆǃå8.31  ÜƗǈƪ / þǆ7.71  ÜƗǈƪ / þǄǆ6.41 ā Ɨǈƪ / þǄǆ4.56 Ɨǈƪ / þǆ  ÜñƓƪǕå õƤǃ2020 Ü2050 

 ā2080  õƪāƙǆ .Ǒǃåāƙǃå ǏǄƵ āǋ Ɨƕïƙǃå ǉƓǒǆ ïƤƕƙ92.08  ÜƗǈƪ / þǄǆ91.41  ÜƗǈƪ / þǆ89.66 ā Ɨǈƪ / þǆ85.49 
 þƓƵ ÜñƓƪǕå õƤǃ Ɨǈƪ / þǄǆ2020 þƓƵ Ü2050  þƓƵā2080  Ɠǆǈǒƕ ÜǑǃåāƙǃå ǏǄƵ57.72  ÜƗǈƪ / þǄǆ57.52  / þǆ
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 ÜƗǈƪ54.78 ā  Ɨǈƪ / þǄǆ40.34 Ǆǆ õƪāƙǆ āǋ Ɨǈƪ / þ þƓƵ ÜñƓƪǕå õƤǃ ăāǈƪǃå Ơƙǈǃå2020 þƓƵ Ü2050 ā  þƓƵ
2080 .Ǒǃåāƙǃå ǏǄƵ 

 ǑưƓǒïǃå êîāǆǈǃå þåíƤƙƪƓƕ ƗǒǆǒǄƿǗå ƗǒƼāƞǃå ǉƓǒǆǃå ûƼíƙ çƓǂƓơǆ þƙVISUAL MODFLOW ǃå.íƓƶƕǕå Ǒƛǚƛ ýƓƞǆ 
Ɨƪåïíǃå êîāǆǈǃå åîǌǃ ÿƓǂ  ùùùƕ ïíǀƙ ƗơƓƪǆ50  þǂ Ã35 å çïǒƓƶǆ þƙ .þǂêîāǆǈǃ ǑưƓǒïǃå  ýǒíƶƙ ýǚƤ ÿǆǃåïǒǒƓƶǆ  ā

óƑƓƮƤǃå .ǊƪƓǀǆǃå ā çƓǂƓơǆǃå ǉƓǒǆǃå èƓǒāƙƪǆ ÿǒƕ æƪƓǈƙ ýưƼá Ǐǃã ýƮāƙǃå þƙ Ǐƙơ ƗǄƤíǆǃå ƗǈïƓǀǆ  ǉƓǒǆǃå èƓǒāƙƪǆ
ǃå ƗǒƼāƞǃåǆǈǆ ǊƪƓǀǆǃå ƗǒƼāƞǃå ǉƓǒǆǃå èƓǒāƙƪǆ ƴǆ Ɨƞî èǈƓǂ þƓƶǃ2010 . èåïǒƺƙǃƓƕ óƓƤǃå ǑưƓǒïǃå êîāǆǈǃå ƝƑƓƙǈ
Ɠǈǆǃå íơå èǈƓǂ ƗǒƤþǋá ǑưƓǒïǃå êîāǆǈǃƓƕ ƗƮƓƤǃå èǚƤíǆǃå Seawat  íǒíơƙ ýƞá ÿǆ ƣư āǒïƓǈǒƪ ăá þåíƤƙƪå ÿāí ā

 .çðƹ ÷Ɠõƿ ǑƼ ƗǒǄơƓƪǃå ƗǒƼāƞǃå ǉƓǒǆǃå ǏǄƵ ìƓǈǆǃå ïǒƺƙ ïƓƛà  ÿƓǂƗƪƓǀǆǃå íǒïāǄǂǃå ëǚǆá ðǒǂïƙ ïơƕǃå ǉƓǒǆǃ  āǋ
23364.26 ǆ íơƋǂ ðǒǂïƙǃå åîǋ þíƤƙƪå íƿā Üïƙǃ / ƸǄǆ ǑưƓǒïǃå êîāǆǈǃå èǚƤíSeawat ǉƓǒǆǃå êîāǆǈ ƝƑƓƙǈ èǈƓǂ .

 āǋ ƗǒƼāƞǃå ǉƓǒǆǃå èƓǒāƙƪǆ ǏǄƵ ìƓǈǆǃå ïǒƺƙ ïǒƛƋƙƕ âƕǈƙǄǃ ƗǒƼāƞǃå-3.48  Ü ïƙǆ- 4.05  Üïƙǆ-7.8  Üïƙǆ-7.9 
 Üïƙǆ-8.08 ā ïƙǆ-10.71  þƓƵ èåāǈƪǃ ïơƕǃå Ơõƪ Ăāƙƪǆ èơƙ ïƙǆ2015 þƓƵ Ü2020 þƓƵ Ü2025 þƓƵ Ü
2030 þƓƵ Ü2050  þƓƵ ā2080  õƪāƙǆ ƴƿāƙ .Ǒǃåāƙǃå ǏǄƵǃå ëǚǆá ðǒǂïƙÿƓǂ íǒïāǄǂ 1034.23  Üïƙǃ / þƞǄǆ

1445.05  Üïƙǃ / þƞǄǆ2109.8  Üïƙǃ / þƞǄǆ2734.52  Üïƙǃ / þƞǄǆ4594.51 ā ïƙǃ / þƞǄǆ7737.87  / þƞǄǆ
 èåāǈƪǃ ïƙǃ2015 Ü2020  Ü2025 Ü2030 Ü2050  ā2080 .Ǒǃåāƙǃå ǏǄƵ Ɠǀǆ ƴǒǆƞ Ɨƪåïíƕ ƴõ ëǚǆá ðǒǂåïƙ
 íǒåïāǄǂǃåïơƕǃå ǉƓǒǆ ýƤíƙ ÿƵ ƗƞƙƓǈǃå ā ǑǄơƓƪǃå ǑƼāƞǃå ÿåðƤǃå ǑƼ ƴǆ ðǒǂïƙǃå ýǀǒ Ǌǈá Ɨöơǚǆ þƙ ƗƼƓƪǆǃå çíƓǒð  ƗƪƓǀǆǃå
ƐõƓƬǃå ÿǆ. 

 ÜûƕƓƪǃå ǑưƓǒïǃå êîāǆǈǃå ñƽǈ ýƕƿ ÿǆ Ǌƙƪåïí þƙ ā ƗǒƤƓǈǆǃå èåïǒƺƙǃå ƴǆ úǒǂƙǃå ā  ƗǃƓƶƽǃå çïåíǘǃ āǒïƓǈǒƪ ƴưā þƙ íƿā
ā   çíǒíƞ ƗǒƑƓǆ íïåāǆ ïǒāõƙ ǏǄƵ āǒïƓǈǒƪǃå åîǋ çïǂƼ þāǀƙçïåíȒåā .ƣưǃå èǙíƶǆ 

 ƗǒǄơƙ Ɨõơǆǃ çïíǀƕ Ǒƪǂƶǃå ƠưƓǈƙǃå Ɨǒǈǀƙ þåíƤƙƪƓƕ ïơƕǃå ǉƓǒǆ55 å ÿǆ çíơåā Ǒǋ Ɠǒāǈƪ æƶǂǆ ïƙǆ ÿāǒǄǆ ƗǒƑƓǆǃå íïåāǆǃ
Ɨơïƙǀǆǃå çíǒíƞǃå. á ÿǂǆǒ ƗǒǃƓƶǃå çíāƞǃå èåî ǉƓǒǆǃå ÿǆ Ɨǒǆǂǃå ǉîǋ Ɨõƪåāƕ ïƓƕà ÿǆ ííƵ ûǚƹã þƙǒ ÿǃå ƣưǃ èƓǒíǄƕǄā 
 ðǒǂåïƙ Ɠǌǃ Ǒƙǃåëǚǆá  ÿǆ ïƛǂá ƗǒǃƓƶǃå1000 þƞǄǆ/.íǒåïāǄǂǃå ëǚǆá ðǒǂïƙ ÿǆ ïƙ 

 
 
 

  



VIII  

 

LIST OF CONTENTS 

DEDICATION  ................................................................................................................. II 

ACKNOWLEDGEMENT ...................................................................................................... III 

ABSTRACT ....................................................................................................................... IV 

ЉϷЯв ϣЂϜϼϹЮϜ ............................................................................................................... VI 

LIST OF CONTENTS ......................................................................................................... VIII 

LIST OF ABBREVIATIONS .................................................................................................. XI 

LIST OF TABLES ............................................................................................................... XII 

LIST OF FIGURES ............................................................................................................ XIII 

CHAPTER 1: INTRODUCTION ............................................................................................. 1 

1.1 GENERAL INTRODUCTION ........................................................................................................ 1 
1.2 PROBLEM STATEMENT ....................................................................................................... 2 
1.3 JUSTIFICATION ................................................................................................................... 2 
1.4 OBJECTIVES ........................................................................................................................ 3 
1.5 RESEARCH QUESTIONS ...................................................................................................... 3 
1.6 THE STRUCTURE OF DISSERTATION ................................................................................... 3 

CHAPTER 2: LITERATURE REVIEWS .................................................................................... 5 

2.1 CLIMATE CHANGE ................................................................................................................... 5 
2.1.1 Anthropogenic perturbation of the atmospheric composition ............................... 6 
2.1.2 Emission scenarios ..................................................................................................... 7 

2.1.2.1 A1 family ................................................................................................................... 8 
2.1.2.2 A2 family ................................................................................................................... 9 
2.1.2.3 B1 family ................................................................................................................... 9 
2.1.2.4 B2 family ................................................................................................................... 9 

2.1.3 Climate sensitivity ...................................................................................................... 9 
2.1.4 Global climate Models (GCM) ................................................................................. 11 
2.1.5 Baseline Period ......................................................................................................... 12 
2.1.6 SimCLIM As climate Change model ........................................................................ 12 

2.2 WATER BALANCE MODEL (WETSPASS) ................................................................................... 13 
2.3 WATER BALANCE COMPONENTS ............................................................................................. 13 

2.3.1 Water Balance calculation per raster cell .............................................................. 13 
2.3.2 Vegetated area ........................................................................................................ 14 
2.3.3 Bare-soil, Open-water, and Impervious surfaces ................................................... 17 

2.4 GROUND WATER MODELLING ............................................................................................... 17 
2.4.1 General groundwater flow equations..................................................................... 18 
2.4.2 Groundwater modeling software............................................................................ 18 

2.4.2.1 Modflow tools ......................................................................................................... 19 
2.4.2.2 MODPATH ............................................................................................................... 19 
2.4.2.3 MT3D ...................................................................................................................... 19 
2.4.2.4 SEAWAT .................................................................................................................. 19 

2.5 GIS (GEOGRAPHIC INFORMATION SYSTEM).............................................................................. 20 
2.5.1 Arc-View.................................................................................................................... 20 



IX  

 

2.5.2 ArcGIS........................................................................................................................ 20 
2.6 PREVIOUS STUDIES AND APPLICATIONS .................................................................................... 21 

CHAPTER 3: RESEARCH METHODOLOGY .......................................................................... 24 

3.1 METHODOLOGY ................................................................................................................... 24 
3.1.1 Climate Change Modeling (SimCLIM) ..................................................................... 25 

3.1.1.1 Preparing Basline Period Maps ................................................................................ 25 
3.1.1.2 Emission Scenario and Sensitivity ............................................................................ 25 
3.1.1.3 Selecting GCM ......................................................................................................... 26 
3.1.1.4 Projection of Future Climate ................................................................................... 27 

3.1.2 Water Balance Modeling (WetSpass) ..................................................................... 27 
3.1.3 Groundwater Modeling ........................................................................................... 28 

CHAPTER 4:  GENERAL DESCRIPTION OF STUDY AREA...................................................... 29 

4.1 GEOGRAPHY ........................................................................................................................ 29 
4.2 DEMOGRAPHY ..................................................................................................................... 29 
4.3 CLIMATE ............................................................................................................................. 30 

4.3.1 Temperature ............................................................................................................. 30 
4.3.2 Humidity ................................................................................................................... 31 
4.3.3 Rainfall ...................................................................................................................... 31 
4.3.4 Wind .......................................................................................................................... 32 
4.3.5 Evapotranspiration .................................................................................................. 32 

4.4 WATER WELLS ..................................................................................................................... 33 
4.5 TOPOGRAPHY ...................................................................................................................... 33 
4.6 SOIL ................................................................................................................................... 34 
4.7 LAND USE ............................................................................................................................ 35 
4.8 HYDROGEOLOGY .................................................................................................................. 36 

4.8.1 Coastal Basin ............................................................................................................ 36 
4.8.2 The Coastal Basin within the Gaza Strip ................................................................. 38 

4.9 WATER QUALITY ................................................................................................................... 38 
4.9.1 Chloride ..................................................................................................................... 39 
4.9.2 Nitrate ....................................................................................................................... 39 

CHAPTER 5: RESULTS AND DISCUSSIONS ......................................................................... 41 

5.1 CLIMATE CHANGE MODELLING (SIMCLIM) ............................................................................. 41 
5.1.1 Baseline Climatologies ............................................................................................. 41 
5.1.1.1 Temperature Baseline Maps .................................................................................... 41 
5.1.1.2 Precipitation Baseline Maps .................................................................................... 43 

5.1.2 Climate Projection for Year 2020 ............................................................................ 45 
5.1.2.1 Temperature Projection for year 2020 .................................................................... 45 
5.1.2.2 Precipitation Projection for Year 2020 ..................................................................... 49 

5.1.3 Climate Projection for Year 2050 ............................................................................ 53 
5.1.3.1 Temperature Projection for Year 2050 .................................................................... 53 
5.1.3.2 Precipitation Projection for Year 2050 ..................................................................... 57 

5.1.4 Climate Projection for Year 2080 ............................................................................ 61 
5.1.4.1 Temperature Projection for Year 2080 .................................................................... 61 
5.1.4.2 Precipitation Projection for Year 2080 ..................................................................... 65 

5.1.5 Simulated & projected climate change................................................................... 69 
5.1.6 Global Sea-level Rise Simulation Using SimCLIM ................................................... 70 



X 

 

5.1.6.1 Global Sea-level Rise Base map ............................................................................... 70 
5.1.6.2 Sea-level rise projection .......................................................................................... 70 

5.2 WATER BALANCE MODELLING (WETSPASS) ............................................................................. 73 
5.2.1 EVAPOTRANSPIRATION (ET) .................................................................................... 74 
5.2.2 SURFACE RUNOFF .................................................................................................... 75 
5.2.3 GROUNDWATER RECHARGE ................................................................................... 76 
5.2.4 INTERCEPTION .......................................................................................................... 78 
5.2.5 SOIL EVAPORATION ................................................................................................. 79 
5.2.6 TRANSPIRATION ....................................................................................................... 80 
5.2.7 Gaza Strip Simulated & projected Water Balance ................................................. 85 

5.3 GROUNDWATER MODELLING ................................................................................................. 87 
5.3.1 Model Sitting Up ...................................................................................................... 87 

5.3.1.1 Model Domain ........................................................................................................ 87 
5.3.1.2 Bumping wells ......................................................................................................... 88 
5.3.1.3 Head observation wells ........................................................................................... 89 
5.3.1.4 Concentration observation wells ............................................................................. 90 
5.3.1.5 Aquifer Properties ................................................................................................... 90 
5.3.1.6 Bounders ................................................................................................................ 92 
5.3.1.7 Constant Head Boundary......................................................................................... 92 
5.3.1.8 Constant Concentration .......................................................................................... 92 
5.3.1.9 Recharge ................................................................................................................. 95 
5.3.1.10 Simulation Period ................................................................................................ 95 

5.3.2 Steady State Model Calibration .............................................................................. 95 
5.3.3 Concentration Calibration (Seawat Calibration) .................................................... 96 
5.3.4 Sensitive analysis...................................................................................................... 97 
5.3.5 Climate Change Impacts on Groundwater Head ................................................... 98 
5.3.6 Climate Change Impacts on Seawater intrusion phenomena ............................. 101 
5.3.7 Management Scenario .......................................................................................... 114 

5.3.7.1 Groundwater Head ............................................................................................... 116 
5.3.7.2 Seawater Intrusion ................................................................................................ 118 

CHAPTER 6: CONCLUSION AND RECOMMENDATION ..................................................... 120 

6.1 CONCLUSION ..................................................................................................................... 120 
6.2 RECOMMENDATION ............................................................................................................ 121 

REFERENCES ................................................................................................................. 123 

ANNEXES ...................................................................................................................... 131 

 

 

  



XI 

 

LIST OF ABBREVIATIONS 

 

 

¶ AR4    4th Assessment Report 

¶ A1F1   Fossil Energy Intensive 

¶ CARA   Center for Applied Research in the Apostolate 

¶ CGCM   Canadian Global Coupled Model 

¶ CMWU  Coastal Municipalities Water Utility 

¶ CO2   Carbon Dioxide  

¶ EMCC   Engineering & Management Consulting Center 

¶ EPA    Environmental Protection Agency 

¶ GCM    General Circulation Model 

¶ GHG   Green House Gases  

¶ GIS    Geographic Information System 

¶ Gt   Gaga Tons 

¶ IEA    International Energy Agency  

¶ IPCC    Intergovernmental Panel on Climate Change 

¶ KMNI    Royal Netherlands Meteorological Institute 

¶ MCM    Million Cubic Meter 

¶ MOA    Ministry of Agriculture 

¶ Modflow  Modular Three-Dimensional Finite-Difference Groundwater  

                                    Flow Model 

¶ MOG    Municipality of Gaza 

¶ MOH    Ministry of Health 

¶ MoI   Ministry of interior 

¶ Msl   Mean sea level 

¶ NATCC   North Atlantic Thermohaline Circulation Change 

¶ PCBS    Palestinian Central Bureau of statistics 

¶ PWA    Palestinian Water Authority 

¶ SD   Standard Deviation 

¶ SRES    Special Report on Emissions Scenarios 

¶ UNDP    United Nations Development Program 

¶ UNFCCC  United Nations Framework Convention on Climate Change 

¶ USGS    United States Geological Survey 

¶ WetSpass  Water and Energy Transfer between Soil, Plants and  

                                    Atmosphere under quasi-Steady State 

¶ WHO    World Health Organization 

¶ WMO    World Metrological Organization  

¶ WWTP   Waste Water Treatment Plant 

 

  



XII  

 

 

LIST OF TABLES 

 

 

 

TABLE 2. 1: g /  DVARIATION WITH TEMPERATURE. .............................................................................. 16 
TABLE 4. 1: LAND USE OF GAZA STRIPΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ.ΧΧΧΧΦΦΦ35 

TABLE 5. 1: TEMPERATURE BASELINE RASTER MAPS STATISTICSΧΧΧΧΧΧΧΧΧΧΦΦΧΧΧΧΧ..ΧΧΧΧΧΦΦΦ41 
TABLE 5. 2 :PRECIPITATION BASELINE RASTER MAPS STATISTICS . ............................................................. 43 
TABLE 5. 3 : PROJECTIONS TEMPERATURE RASTER MAPS STATISTICS FOR YEAR 2020. .................................. 45 
TABLE 5. 4: CHANGES TEMPERATURE FROM BASELINE MAPS STATISTICS FOR YEAR 2020. ............................. 47 
TABLE 5. 5: PRECIPITATION RASTER MAPS STATISTICS FOR YEAR 2020. ...................................................... 49 
TABLE 5. 6: PRECIPITATION CHANGES FROM BASELINE MAPS STATISTICS FOR YEAR2020. ............................. 51 
TABLE 5. 7: ABSOLUTE TEMPERATURE RASTER MAPS STATISTICS FOR YEAR 2050. ....................................... 53 
TABLE 5. 8: TEMPERATURE CHANGES FROM BASELINE MAPS STATISTICS FOR YEAR 2050. ............................. 55 
TABLE 5. 9: PRECIPITATION RASTER MAPS STATISTICS FOR YEAR 2050 . ..................................................... 57 
TABLE 5. 10: PRECIPITATION CHANGES FROM BASELINE MAPS STATISTICS FOR YEAR 2050. .......................... 59 
TABLE 5. 11: ABSOLUTE TEMPERATURE RASTER MAPS STATISTICS FOR YEAR 2080 ...................................... 61 
TABLE 5. 12: TEMPERATURE CHANGES FROM BASELINE RASTER MAPS STATISTICS FOR YEAR2080.................. 63 
TABLE 5. 13: PRECIPITATION RASTER MAPS STATISTICS FOR YEAR 2080. .................................................... 65 
TABLE 5. 14: PRECIPITATION CHANGES FROM BASELINE MAPS STATISTICSFOR YEAR 2080. ........................... 67 
TABLE 5. 15: PROJECTED SEA-LEVEL RISE VALUES. .................................................................................. 71 
TABLE 5. 16: SUMMARY OF COMPUTED WATER BALANCE COMPONENTS FOR GAZA STRIP. ............................ 86 
TABLE 5. 17 : AQUIFER PROPERTIES INPUT VALUES. ................................................................................ 90 
TABLE 5. 18: CONSTANT HEAD VALUES BY TIME SERIES. ........................................................................... 92 
TABLE 5. 19: SEA WATER ANALYSES. ..................................................................................................... 93 
TABLE 5. 20: PREDICTED GROUNDWATER HEAD RASTER MAPS STATISTICS. ................................................. 98 
TABLE 5. 21: PREDICTED CHLORIDE CONCENTRATION RASTER MAPS STATISTICS. ....................................... 112 
TABLE 5. 22: MUNICIPAL HIGH SALINITY WELLS SUGGESTED TO BE CLOSE. ................................................ 114 
TABLE 5. 23: WATER RESOURCES DEVELOPMENT FOR AGRICULTURE IN THE GAZA STRIP. ............................ 115 
TABLE 5. 24: PREDICTED GROUNDWATER HEAD  MAPS  AS RESULTS FROM MANAGEMENT SCENARIO. ........... 116 
TABLE 5. 25: PREDICTED CHLORIDE  MAPS STATISTICS AS RESULTS FROM MANAGEMENT SCENARIO. ............. 118 
TABLE A- 1: LANDUSEΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ....131 
TABLE A- 2: SOIL ............................................................................................................................. 131 
TABLE A- 3:INPUT FILES .................................................................................................................... 132 
TABLE A- 4: IGBP VEGETATION TYPE .................................................................................................. 132 

 
 

  



XIII  

 

LIST OF FIGURES    

FIGURE 2. 1SCHEMATIC PICTURE OF THE CLIMATE SYSTEM (IPCC,1997) ..................................................... 5 
FIGURE 2. 2: SCHEMATIC FRAMEWORK REPRESENTING IMPACTS OF AND RESPONSES TO CLIMATE CHANGE. ....... 7 
FIGURE 2. 3: ILLUSTRATION OF SRES SCENARIOS(IPCC,2000). ................................................................. 8 
FIGURE 2. 4: TOTAL GLOBAL CUMULATIVE CO2 EMISSIONS (GTC) FROM 1990 TO 2100 ............................ 10 
FIGURE 2. 5: GCMS A THREE DIMENSIONAL GRID OVER THE GLOBE. .......................................................... 11 
FIGURE 2. 6: SCHEMATIC REPRESENTATION OF WATER BALANCE OF A HYPOTHETICAL RASTER CELL. ................ 15 
FIGURE 3. 1: FLOW CHART FOR THE RESEARCH METHODOLOGYΧΧΦΦΦΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦΧΧΦΦ24 
FIGURE 3. 2: IEA GLOBAL HUMAN CO2 ANNUAL EMISSIONS .................................................................... 25 
FIGURE 3. 3: EMISSION SCENARIO SENSITIVITY........................................................................................ 26 
FIGURE 3. 4: SIMCLIM PROJECTION PROCESS. ....................................................................................... 27 
FIGURE 3. 5: SCHEMATIC REPRESENTATION OF THE PROCESS BETWEEN WETSPASS AND A GROUNDWATER . .... 28 
FIGURE 4. 1: LOCATION MAP OF THE GAZA STRIPΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧΦΦΧΧΧΧΧΧΦ29 
FIGURE 4. 2: HISTORICAL POPULATION IN GAZA STRIP (DATA SOURCE: PCBS) ........................................... 30 
FIGURE 4. 3: ESTIMATED PROJECTED POPULATION IN GAZA STRIP (DATA SOURCE: PCBS)............................ 30 
FIGURE 4. 4: MEAN MONTHLY MAXIMUM, MINIMUM AND MEAN TEMPERATURE (C°)  ................................ 31 
FIGURE 4. 5: ANNUAL RAINFALL FOR THE METEOROLOGICAL STATION OF GAZA CITY (DATA SOURCE: PWA). .. 31 
FIGURE 4. 6: THE SPATIAL MEAN ANNUAL RAINFALL DISTRIBUTION FOR GAZA STRIP FORM 1973 TO 2011. .... 32 
FIGURE 4. 7: TOPOGRAPHY OF GAZA STRIP (DATA SOURCE: PWA). ......................................................... 34 
FIGURE 4. 8: SOIL MAP OF THE GAZA STRIP ( DATA SOURCE : PWA) ......................................................... 35 
FIGURE 4. 9: LAND USE IN THE GAZA STRIP (DATA SOURCE, PWA) ........................................................... 36 
FIGURE 4. 10:GAZA STRIP COASTAL AQUIFER (CAMP, 2000) . ............................................................... 37 
FIGURE 4. 11:TYPICAL HYDROGEOLOGICAL SECTION OF THE COASTAL AQUIFER (DAN, GREITZER, 1967) ...... 37 
FIGURE 4. 12 : WATER LEVELS FOR THE GAZA STRIP 2012 ( DATA SOURCE : PWA). ................................... 38 
FIGURE 4. 13: GROUNDWATER CHLORIDE CONCENTRATION FOR THE GAZA STRIP 2011 . ............................ 39 
FIGURE 4. 14: NITRATE CONCENTRATION MAP OF THE GAZA STRIP FOR YEAR 2011. ................................... 40 
FIGURE 5. 1: WINTER MEAN TEMPERATURE (1972 ς 2002)ΧΧΧΧΧΧΧΧΧΧΧΧΧΧΧ.ΧΧΧΧΦΧΧΧΦΦ42 
FIGURE 5. 2: SUMMER MEAN TEMPERATURE (1972 ς 2002).................................................................. 42 
FIGURE 5. 3: MEAN ANNUAL TEMPERATURE (1972 ς 2002). ................................................................. 42 
FIGURE 5. 4: WINTER MEAN PRECIPITATION (MM) (1972 ς 2002). ......................................................... 44 
 FIGURE 5. 5: SUMMER MEAN PRECIPITATION (MM) (1972 ς 2002). ....................................................... 44 
FIGURE 5. 6: MEAN ANNUAL PRECIPITATION (MM) (1972 ς 2002). ........................................................ 44 
FIGURE 5. 7: SUMMER MEAN PROJECTION TEMPERATURE FOR 2020. ....................................................... 46 
FIGURE 5. 8: WINTER MEAN PROJECTION TEMPERATURE FOR 2020. ......................................................... 46 
FIGURE 5. 9: MEAN ANNUAL PROJECTION TEMPERATURE FOR 2020. ........................................................ 46 
FIGURE 5. 10: SUMMER MEAN CHANGES TEMPERATURE FROM BASELINE FOR 2020. .................................. 48 
FIGURE 5. 11: WINTER MEAN CHANGES TEMPERATURE FROM BASELINE FOR 2020. .................................... 48 
FIGURE 5. 12: ANNUAL MEAN CHANGES TEMPERATURE FROM BASELINE FOR 2020. ................................... 48 
FIGURE 5. 13: SUMMER MEAN PROJECTION PRECIPITATION FOR 2020 . .................................................... 50 
FIGURE 5. 14: WINTER MEAN PROJECTION PRECIPITATION FOR 2020. ...................................................... 50 
FIGURE 5. 15: ANNUAL PROJECTION PRECIPITATION FOR 2020. ............................................................... 50 
FIGURE 5. 16: SUMMER MEAN CHANGES IN PRECIPITATION FROM BASELINE FOR 2020. .............................. 52 
FIGURE 5. 17: WINTER MEAN CHANGES IN PRECIPITATION FROM BASELINE FOR 2020. ................................ 52 
FIGURE 5. 18: MEAN ANNUAL PROJECTION PRECIPITATION FOR 2020. ...................................................... 52 
FIGURE 5. 19 : SUMMER MEAN PROJECTION TEMPERATURE FOR 2050. .................................................... 54 
FIGURE 5. 20 : WINTER MEAN PROJECTION TEMPERATURE FOR 2050 . ..................................................... 54 

file:///C:/Users/salem/Desktop/finaal/Master%20Thesis%2030-90-2013.docx%23_Toc369856803


XIV  

 

FIGURE 5. 21: MEAN ANNUAL PROJECTION TEMPERATURE FOR 2050 . ..................................................... 54 
FIGURE 5. 22: SUMMER MEAN CHANGES TEMPERATURE FROM BASELINE FOR 2050. .................................. 56 
FIGURE 5. 23: WINTER MEAN CHANGES TEMPERATURE FROM BASELINE FOR 2050. .................................... 56 
 FIGURE 5. 24: ANNUAL MEAN CHANGES TEMPERATURE FROM BASELINE FOR 2050. ................................... 56 
FIGURE 5. 25 : SUMMER MEAN PROJECTION PRECIPITATION FOR 2050. .................................................... 58 
FIGURE 5. 26: WINTER MEAN PROJECTION PRECIPITATION FOR 2050. ...................................................... 58 
FIGURE 5. 27: ANNUAL PROJECTION PRECIPITATION FOR 2050 . .............................................................. 58 
FIGURE 5. 28: SUMMER MEAN CHANGES IN PRECIPITATION FROM BASELINE FOR 2050 . .............................. 60 
FIGURE 5. 29: WINTER MEAN CHANGES IN PRECIPITATION FROM BASELINE FOR 2050 . ............................... 60 
FIGURE 5. 30: MEAN ANNUAL PROJECTION PRECIPITATION FOR 2050. ...................................................... 60 
FIGURE 5. 31 : SUMMER MEAN PROJECTION TEMPERATURE FOR 2080 . .................................................... 62 
FIGURE 5. 32: WINTER MEAN PROJECTION TEMPERATURE FOR 2080........................................................ 62 
FIGURE 5. 33: MEAN ANNUAL PROJECTION TEMPERATURE FOR 2080. ....................................................... 62 
FIGURE 5. 34 : SUMMER MEAN CHANGES TEMPERATURE FROM BASELINE FOR 2080. .................................. 64 
FIGURE 5. 35: WINTER MEAN CHANGES TEMPERATURE FROM BASELINE FOR 2080. .................................... 64 
FIGURE 5. 36: ANNUAL MEAN CHANGES TEMPERATURE FROM BASELINE FOR 2080. ................................... 64 
FIGURE 5. 37: SUMMER MEAN PROJECTION PRECIPITATION FOR 2080. ..................................................... 66 
FIGURE 5. 38: WINTER MEAN PROJECTION PRECIPITATION FOR 2080. ...................................................... 66 
FIGURE 5. 39: ANNUAL PROJECTION PRECIPITATION FOR 2080. ............................................................... 66 
FIGURE 5. 40 : SUMMER MEAN CHANGES IN PRECIPITATION FROM BASELINE FOR 2080. .............................. 68 
FIGURE 5. 41: WINTER MEAN CHANGES IN PRECIPITATION FROM BASELINE FOR 2080. ................................ 68 
FIGURE 5. 42: MEAN ANNUAL PROJECTION PRECIPITATION FOR 2080. ...................................................... 68 
FIGURE 5. A: PROJECTED PRECIPITATION . .............................................................................................. 70 
FIGURE 5. B: PROJECTED TEMERATURE. ................................................................................................. 70 
FIGURE 5. 43: SEA-LEVEL RISE PROJECTION. ........................................................................................... 71 
FIGURE 5. 44: BASELINE PERIOD  RASTER SEA-LEVEL RISE MAP (CM) .......................................................... 72 
FIGURE 5. 45: BASELINE PERIOD SIMULATED MEAN ANNUAL EVAPOTRANSPIRATION . .................................. 76 
FIGURE 5. 46: SIMULATED MEAN ANNUAL EVAPOTRANSPIRATION FOR YEAR 2020...................................... 76 
FIGURE 5. 47: SIMULATED MEAN ANNUAL EVAPOTRANSPIRATION FOR YEAR 2050...................................... 76 
FIGURE 5. 48: SIMULATED MEAN ANNUAL EVAPOTRANSPIRATION FOR YEAR 2080...................................... 76 
FIGURE 5. 49: BASELINE PERIOD SIMULATED MEAN ANNUAL RUNOFF. ....................................................... 77 
FIGURE 5. 50: SIMULATED MEAN ANNUAL RUNOFF FOR YEAR 2020.......................................................... 77 
FIGURE 5. 51: SIMULATED MEAN ANNUAL RUNOFF FOR YEAR 2050.......................................................... 77 
FIGURE 5. 52: SIMULATED MEAN ANNUAL RUNOFF FOR YEAR 2080.......................................................... 77 
FIGURE 5. 53: BASELINE PERIOD SIMULATED MEAN ANNUAL GROUNDWATER RECHARGE. ............................. 80 
FIGURE 5. 54: SIMULATED MEAN ANNUAL GROUNDWATER RECHARGE FOR YEAR 2020. .............................. 80 
FIGURE 5. 55: SIMULATED MEAN ANNUAL GROUNDWATER RECHARGE FOR YEAR 2050. .............................. 80 
FIGURE 5. 56: SIMULATED MEAN ANNUAL GROUNDWATER RECHARGE FOR YEAR 2080. .............................. 80 
FIGURE 5. 57: BASELINE PERIOD SIMULATED MEAN INTERCEPTION. ........................................................... 81 
FIGURE 5. 58: SIMULATED MEAN ANNUAL INTERCEPTION FOR YEAR 2020. ................................................ 81 
FIGURE 5. 59: SIMULATED MEAN ANNUAL INTERCEPTION FOR YEAR 2050. ................................................ 81 
FIGURE 5. 60: SIMULATED MEAN ANNUAL INTERCEPTION FOR YEAR 2080. ................................................ 81 
FIGURE 5. 61: BASELINE PERIOD SIMULATED MEAN SOIL EVAPORATION. .................................................... 82 
FIGURE 5. 62: SIMULATED MEAN ANNUAL SOIL EVAPORATION FOR YEAR 2020. ......................................... 82 
FIGURE 5. 63: SIMULATED MEAN ANNUAL SOIL EVAPORATION FOR YEAR 2050. ......................................... 82 
FIGURE 5. 64: SIMULATED MEAN ANNUAL SOIL EVAPORATION FOR YEAR 2080. ......................................... 82 
FIGURE 5. 65: BASELINE PERIOD SIMULATED MEAN TRANSPIRATION. ......................................................... 84 



XV 

 

FIGURE 5. 66: SIMULATED MEAN ANNUAL TRANSPIRATION FOR YEAR 2020. .............................................. 84 
FIGURE 5. 67: SIMULATED MEAN ANNUAL TRANSPIRATION FOR YEAR 2050. .............................................. 84 
FIGURE 5. 68: SIMULATED MEAN ANNUAL TRANSPIRATION FOR YEAR 2080. .............................................. 84 
FIGURE 5. 69: SUMMARY OF COMPUTED WATER BALANCE COMPONENTS FOR GAZA STRIP. .......................... 85 
FIGURE 5. 70: MODEL DOMAIN. ......................................................................................................... 87 
FIGURE 5. 71: MODEL LAYER ELEVATION SECTION. ................................................................................. 88 
FIGURE 5. 72: MUNICIPAL AND AGRICULTURAL WELLS IN THE STUDY AREA. ................................................ 89 
FIGURE 5. 73: HEAD OBSERVATION WELLS IN THE STUDY AREA. ................................................................ 89 
FIGURE 5. 74: CONCENTRATION OBSERVATION WELLS IN THE STUDY AREA. ................................................ 90 
FIGURE 5. 75: COLUMN WITH ASSIGNED HYDRAULIC PROPERTIES. ............................................................. 91 
FIGURE 5. 76: CONSTANT HEAD BOUNDARY. ......................................................................................... 92 
FIGURE 5. 77: CONSTANT CONCENTRATION BOUNDARY. ......................................................................... 94 
FIGURE 5. 78: SAMPLING AND ANALYSIS PROCESS. .................................................................................. 94 
FIGURE 5. 79: STEADY STATE CALIBRATION RESULTS................................................................................ 95 
FIGURE 5. 80: CONCENTRATION CALIBRATION RESULTS. .......................................................................... 96 
FIGURE 5. 81: R-I-69 WELL SENSITIVE ANALYSIS. ................................................................................... 97 
FIGURE 5. 82: L/47 WELL SENSITIVE ANALYSIS. ...................................................................................... 97 
FIGURE 5. 83: SIMULATED GROUNDWATER HEAD FOR YEAR 2015. ........................................................... 99 
FIGURE 5. 84: SIMULATED GROUNDWATER HEAD FOR YEAR 2020. ........................................................... 99 
FIGURE 5. 85: SIMULATED GROUNDWATER HEAD FOR YEAR 2025. ........................................................... 99 
FIGURE 5. 86: SIMULATED GROUNDWATER HEAD FOR YEAR 2030. ......................................................... 100 
FIGURE 5. 87: SIMULATED GROUNDWATER HEAD FOR YEAR 2050. ......................................................... 100 
FIGURE 5. 88: SIMULATED GROUNDWATER HEAD FOR YEAR 2080. ......................................................... 100 
FIGURE 5. 89: SIMULATED CHLORIDE CONCENTRATION FOR YEAR 2015. ................................................. 102 
FIGURE 5. 90 : SIMULATED CHLORIDE CONCENTRATION FOR YEAR 2020.................................................. 102 
FIGURE 5. 91: SIMULATED CHLORIDE CONCENTRATION FOR YEAR 2025. ................................................. 102 
FIGURE 5. 92: SIMULATED CHLORIDE CONCENTRATION FOR YEAR 2030. ................................................. 103 
FIGURE 5. 93: SIMULATED CHLORIDE CONCENTRATION FOR YEAR 2050. ................................................. 103 
FIGURE 5. 94: SIMULATED CHLORIDE CONCENTRATION FOR YEAR 2080. ................................................. 103 
FIGURE 5. 95: SIMULATED CHLORIDE CONCENTRATION PROFILE IN NORTH GOVERNORATE. ......................... 104 
FIGURE 5. 96: SIMULATED CHLORIDE CONCENTRATION PROFILE IN MIDDLE GOVERNORATES. ...................... 104 
FIGURE 5. 97: SIMULATED CHLORIDE CONCENTRATION PROFILE IN SOUTH GOVERNORATES. ........................ 104 
FIGURE 5. 98: SIMULATED CHLORIDE CONCENTRATION FOR NUMBER OF SELECTED WELLS. ......................... 105 
FIGURE 5. 99: NORTH, MIDDLE, SOUTH SEAWATER INTRUSION SECTIONS RESPECTIVELY FOR YEAR 2015. .... 106 
FIGURE 5. 100: NORTH, MIDDLE , SOUTH SEAWATER INTRUSION SECTIONS RESPECTIVELY FOR YEAR 2020. . 107 
FIGURE 5. 101: NORTH, MIDDLE, SOUTH SEAWATER INTRUSION SECTIONS RESPECTIVELY FOR YEAR 2025. .. 108 
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. .. 110 
FIGURE 5. 104: NORTH, MIDDLE, SOUTH SEAWATER INTRUSION SECTIONS RESPECTIVELY FOR YEAR 2080. .. 111 
FIGURE 5. 105:CHLORIDE CONCENTRATION (MG/L) MAP AREAL STATISTICS FOR YEAR 2015. ..................... 112 
FIGURE 5. 107: CHLORIDE CONCENTRATION (MG/L) MAP AREAL STATISTICS FOR YEAR 2025. ..................... 112 
FIGURE 5. 108: CHLORIDE CONCENTRATION (MG/L) RASTER MAP AREAL STATISTICS FOR YEAR 2030. .......... 113 
FIGURE 5. 109: CHLORIDE CONCENTRATION (MG/L) RASTER MAP AREAL STATISTICS FOR YEAR 2050. .......... 113 
FIGURE 5. 110: CHLORIDE CONCENTRATION (MG/L) RASTER MAP AREAL STATISTICS FOR YEAR 2080. .......... 113 
FIGURE 5. 111: SIMULATED GROUNDWATER HEAD BY MANAGEMENT SCENARIO FOR YEAR 2025. .............. 117 
FIGURE 5. 112: SIMULATED GROUNDWATER HEAD BY MANAGEMENT SCENARIO FOR YEAR 2030. .............. 117 
FIGURE 5. 113: SIMULATED GROUNDWATER HEAD BY MANAGEMENT SCENARIO FOR YEAR 2050. .............. 117 



XVI  

 

FIGURE 5.114: SIMULATED GROUNDWATER HEAD BY MANAGEMENT SCENARIO FOR YEAR 2080................. 117 
FIGURE 5. 115: SIMULATED CHLORIDE CONCENTRATION BY MANAGEMENT SCENARIO FOR 2025. .............. 119 
FIGURE 5. 116: SIMULATED CHLORIDE CONCENTRATION BY MANAGEMENT SCENARIO FOR 2030. .............. 119 
FIGURE 5. 117: SIMULATED CHLORIDE CONCENTRATION BY MANAGEMENT SCENARIO FOR 2050. .............. 119 
FIGURE 5. 118: SIMULATED CHLORIDE CONCENTRATION BY MANAGEMENT SCENARIO FOR 2080. .............. 119 
 



1 

 

    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 earthôs 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 ñchanges in rainfall pattern due to climate changes and 

consequent shortage of Available water resourceò 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 worldôs 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 earthôs total water is about 1.4 x10
9
 km

3
, but only about 2.5% is 

fresh water. About 97% of the worldôs 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 km
3
) 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 coarse-

grid 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. 
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¶ 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  

Á Discuses Climate change modeling results, scenarios, sea level rise projection, 

and the Future climate changes for the Gaza strip.  

Á 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. 

Á 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 ñmean weatherò, 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 ñclimateò 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 Earthôs 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 (ñheatò) 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) 
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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 Earthôs 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 pre-

industrial 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 CO2, 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). 
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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 ñfamilyò (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: I llustration of SRES scenarios (IPCC, 2000). 

Figure 2.3 illustrate of SRES scenarios. Four qualitative storylines yield four sets of scenarios 

called ñfamiliesò: 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). 

ñA1FI leads to the highest atmospheric CO2-concentrations, while B1 gives the lowest 

ñ(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 
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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-ů 

(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 

ñbusiness-as-usualò 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 ï 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 ñopen-

frameworkò 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 long-

term 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 steady-

state 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 ï 

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 + aoEo + aiEi   (2.1) 

Sraster = avSv + asSs + aoSo + aiSi   (2.2) 

Rraster = avRv + asRs + aoRo + aiRi   (2.3) 

Where ETraster, 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 Sv-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, Eo = 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: 
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Where g = psychrometric constant, D = slope of the first derivative of the saturated vapor 

pressure curve (slope of saturation vapor pressure at the prevailing air temperature), rc = 

canopy resistance and ra= aerodynamic resistance given by the following formula 

(2.8) 
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Where K is the Von Karman constant (0.4), ua 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 (g/D) varies with temperature and can be obtained from the 

following table: 

Table 2. 1: g / DVariation with temperature.  

T (
0
C) -20 -10 0 5 10 15 20 25 30 35 40 

g/D 5.864 2.829 1.456 1.067 0.763 0.597 0.445 0.351 0.273 0.251 0.171 

For vegetated groundwater discharge areas, the actual transpiration (Tv) is equal to the 

reference transpiration as there is no soil or water availability limitation as given by: 

Tv = Trv if (Gd ï 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(q)Trv if (Gd ï ht) > Rd (2.11) 

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

follows: 

rvTw
af 11)( -=q  

Given,   

 w = P + (qfc - qpwp)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 qfc - qpwpis 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- ETvï 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 wind-

speed. 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 

(2.9) 

(2.12) 
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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 Darcyôs law, which leads to a general form of the 3-D groundwater 

flow governing equation: 

t

h
S

z

h
K

zy

h
K

yx

h
K

x
szyx
µ

µ
=ö
÷

õ
æ
ç

å

µ

µ

µ

µ
+öö
÷

õ
ææ
ç

å

µ

µ

µ

µ
+ö
÷

õ
æ
ç

å

µ

µ

µ

µ
              (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 ). 

Darcyôs law 

In differential form, Darcyôs 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 
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Where qx, qy, qz are the three components of the flux, and Kx, Ky, Kz the hydraulic 

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

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

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

same direction. 

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 ñMass Transport 

in 3 Dimensionsò. 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 (infiltrationïdischarge 

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. 



24 

 

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, etcé.  

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 itôs 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. 

 

 

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. 

Climate Projection For 2020 , 2050 , 2080 

Chossing All available GCMs 
Using the median approach For all GCMs Outputs  

A1F1 Seinario  
high seinsitivity 

Prepare Baseline Period Maps  
Tempeture Precipitation Sea Level Rise 
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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 34Á 2ò and 34Á 25ò east, and latitudes 31Á 16ò and31Á 45ò 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. 

 

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. 

Palestine 



30 

 

 

Figure 4. 2: Historical population in Gaza Strip (Data source: PCBS) 

 

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 itôs 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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