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ABSTRACT (ENGLISH)

ABSTRACT
Sustainable management of trans-boundary groundwater aquifers is usually difficult due to
the complexity of natural and man-made systems. Therefore, sustainable management of
trans-boundary water resources is urgently needed. The Western Aquifer Basin (WAB), in
the West Bank and Israel, was depicted as a case study. The aquifer inflow is dominated by
the rainfall over the replenishment areas with an estimated annual average 373 Million m3/yr
during the period 1951-2006. The analysis of the recharge-rainfall relation confirmed that the
annual recharge volumes are directly correlated to the monthly rainfall, where the highest
recharge to rainfall ratio occurred whenever the majority of the annual rainfall comes during
November, December, January and February. Accordingly, an empirical equation was
developed which relates the annual recharge with monthly amounts of rainfall over the
replenishment areas of the aquifer. The annual recharge values were then spatially and
monthly distributed based on the distribution of rainfall, land use, aquifer geometry and
outcropping formations.
The WAB, an area extending over 6250 km2, was simulated by a three-layer model using
MODFLOW-2000. The model was calibrated during the period 1951-2000 and validated
during 2000-2007 in monthly time steps. As a result, the model provides significant
information about the aquifer’s physical properties, flow dynamics, and aquifer water
balance. The water balance shows that an average of 62% of the natural recharge directly
replenishes the upper sub-aquifer and 11% of the total aquifer outflow flows from the lower
towards the upper sub-aquifer.
This transient flow model of the WAB was extended in time, to 2034/2035, in order to
evaluate the impact of a combination of different rainfall and pumping scenarios. The results
showed a comparison between different scenarios in both water levels and springs’
discharges under different climate and pumping conditions. Accordingly two pumping
scenarios were recommended to maintain the water level and the springs’ ability to continue
discharging. These scenarios are (1) pumping 85% of the historical aquifer yield under the no
change in rainfall scenario (i.e. 310 Mm3/yr) and (2) 85% of the 7 year moving average of
the aquifer recharge (254 Mm3/yr) under the possible reduction in rainfall as expected by
regional climate model.
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ZUSAMMENFASSUNG : GRUNDWASSERDYNAMIK UND OPTIONEN ZUR
BEWIRTSCHAFTUNG DES BEANSPRUCHTEN KARBONAT-AQUIFER-SYSTEMS DES
WESTERN-AQUIFER-BASINS, PALÄSTINA
Die nachhaltige Bewirtschaftung von grenzüberschreitenden Grundwasserleitern

ist

üblicherweise schwierig. Diese Schwierigkeiten resultieren aus der Komplexität von
natürlichen und anthropogenen Faktoren. Somit ist in jedem Einzelfall die Erarbeitung eines
Konzepts erforderlich. In dieser Arbeit wurde das Westliche Aquifer Becken (Western
Aquifer Basin - WAB) zwischen West Bank und Israel, welches sich über 6250 km²
erstreckt, näher untersucht. Die Grundwasserneubildung erfolgt hauptsächlich über die
Infiltration von Niederschlagswasser in den Ausstrichbereichen des Grundwasserleiters.
Schätzungsweise betrug die jährliche durchschnittliche Grundwasserneubildung 373 Million
m3 zwischen 1951 und 2006. Der Aquifer wird natürlich durch zwei große Quellen drainiert.
Jedoch wird gegenwärtig der Großteil des Wassers durch einige hundert Pumpbrunnen
entnommen. Die Analyse des Zusammenhanges von

Grundwasserneubildung zu

Niederschlagsmenge bestätigte, dass die jährliche Grundwasserneubildungsrate hoch ist,
wenn der Großteil des jährlichen Niederschlages in den Monaten November, Dezember,
Januar und Februar erfolgt. Daher wurde eine empirische Gleichung entwickelt, welche die
jährliche Grundwasserneubildung aus den monatlichen

Niederschlagsmenge für das

Neubildungsgebiet errechnet. Die jährlichen Neubildungsmengen wurden dann dem
Neubildungsgebiet räumlich und zeitlich (monatlich) verteilt zugewiesen. Die Zuweisung
basierte auf der Verteilung der Faktoren: Niederschlag, Landnutzung, Geometrie der
Grundwasserleiter und Ausstrichbereiche.
Das Westliche Aquifer Becken wurde mit einem 3-Schicht-Model mit dem Programm
MODFLOW-2000 simuliert. Zur Modellkalibrierung diente der Zeitraum 1951-2000. Das
Modell wurde mit Daten aus dem Zeitraum 2000-2007 in monatlichem Schritt validiert. Das
Modell liefert nützliche Informationen über die physikalischen Eigenschaften des Aquifers,
die Fließdynamik und die Wasserbilanz. Die Wasserbilanzierung zeigt, dass im Mittel 62 %
der natürlichen Grundwasserneubildung im oberen Sub-Aquifer erfolgt und 11 % des
gesamten Aquiferabflusses vom unteren zum oberen Sub-Aquifer fließen.
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Das transiente Strömungsmodell für das Westliche Aquifer Becken wurde zeitlich bis zum
Jahr 2035 ausgedehnt. Ziel war die Evaluierung des Zusammenspiels verschiedener
Niederschlags- und Pumpszenarien. Als Ergebnis werden zwei

Pumpszenarien

vorgeschlagen, welche zu keiner weiteren Wasserspiegelabsenkung führen und einen
Quellausfluss sicherstellen: (i) Abpumpen von 85 % des Grundwasserdargebots bei
gleichbleibender Niederschlagsmenge (Grundwasserneubildung im Mittel ca. 310 Mm3/Jahr)
und (ii) Abpumpen von 85 % der erwarteten Grundwasserneubildung (ca. 254 Mm3/Jahr) bei
Rückgang der Niederschlagsmenge gemäß der Vorhersagen der regionalen Klimamodelle.
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اىفـالطــح
ذعرثه اىَٞآ اىع٘فٞح ٍِ إٌ ٍظاقن اىَٞآ اىعمتح ف ٜاىغثٞعح .ىمىل اقانج ٕمٓ اىَظاقن ذعرثه ضهٗنٝح ٍِ أظو اىؽفاػ
عي ٚقٍَ٘ٝرٖا ىالظٞاه اىَرعاقثحٗ .ىيرؽكٝك فأُ اإلقانج اىَسركاٍح ىالؼ٘اع اىَائٞح اىع٘فٞح اىَشرهمح ت ِٞقٗى ِٞاٗ امصه
ذعرثه امصه ذعقٞكاًٗ .لىل ٝع٘ق اى ٚاىغثٞعح اىٖٞكنٗظ٘ٞى٘ظٞح اىر ٜغاىثا ٍا ذنُ٘ ٍعقكج تاالضافح اى ٚاىََانساخ اىرٝ ٜقً٘
تٖا االعهاف اىَشرهمح تٖمٓ االؼ٘اع ٍِ ؼٞس االسرفكاً اٗ اىرسثة ف ٜاىري٘ز .ىٖما ،فأُ االقانٓ اىَسركاٍح ىَصو ٕمٓ
االؼ٘اع ذظثػ ٍ٘ٝا تعك  ً٘ٝامصه اىؽاؼا ٗضهٗنٓ .ذرْاٗه ٕمٓ اىكناسح اىؽ٘ع اىَائ ٜاىع٘ف ٜاىغهت ٜاىمٝ ٛشرهك
تاسرفكأٍ مو ٍِ اىسيغح اىفيسغْٞٞح ٗاسهائٞوٝ .رغمٕ ٙما اىؽ٘ع تشنو نئٞسٍٞ ٍِ ٜآ االٍغان اىر ٜذسقظ عي ٚاىسف٘غ
اىغهتٞح ىعثاه اىضفح اىغهتٞح .ؼٞس ٝقكن ٍعكه ٕمٓ اىرغمٝح ب ٍ 373ي /3ً ُ٘ٞسْ٘ٝا ؼسة اىرقكٝهاخ ٍِ عاً 1951
ٗؼر .2007 ٚمَا ٗأمكخ ٕمٓ اىكناسح اُ ٍعكه اىرغمٝح ٝعرَك تشنو اساس ٜعي ٚمَٞاخ اىَغه اىسْ٘ٗ ٔٝذ٘وٝعٖٞا
اىشٖه ،ٛؼٞس ٝىقاق ٍعكه اىرغمٝح ىيؽ٘ع عْكٍا ذسقظ ٍعؾٌ االٍغان ـاله اىشٖ٘ن اىَغه :ٔٝذشٞه ِٝاىصاّ ،ٜماُّ٘
االٗه ،ماُّ٘ اىصاّٗ ٜشثاط .مَا ذىقاق اىرغمٝح ميَا اـم اىر٘وٝع اىشٖه ٛىالٍغان اىسْ٘ٝح شنو ٍْؽْ ٚاىر٘وٝع اىغثٞع.ٜ
تْائا عي ٚلىل فقك ذٌ ذغ٘ٝه ٍعاقىٔ نٝاضٞح ىيرقكٝه مَٞح اىرغمٝح اىسْ٘ ٔٝىيؽ٘ع تأعرَاقٕا اىنَٞاخ اىشٖه ٔٝىالٍغان
ـاله اىشٖ٘ن اىَمم٘نٓ ساتقا .مَا ٗذٌ ذغ٘ٝه اىٞاخ ىير٘وٝع اىشٖهٗ ٛاىعغهاف ٜىيرغمٝح اىسْ٘ٝح تأعرَاق مو ٍِ اىر٘وٝع
اىعغهاف ٜىالٍغان اىسْ٘ٝح ،اسرفكاً االناض ،ٜاىَٞالُ اىسغؽٗ ٜاىرنشفاخ اىع٘ٞى٘ظٞح.
ذٌ ـاله ٕمٓ اىكناسح أٝضا ذٌ ذغ٘ٝه َّ٘لض نٝاضَٝ ٜصو اىؽ٘ع اىمَٝ ٛرك عيٍ ٚساؼح ذقانب ٝ .2ً 6250رنُ٘ ٕما
اىَْ٘لض ٍِ شالز عثقاخ ٕٞكنٗى٘ظٗ ٔٞتأسرفكاً تهّاٍط ٍرفظض  .MODFLOW-2000ذٌ تْاء ٕما اىَْ٘لض
اىهٝاض ٜىيؽ٘ع ىٞؽام ٜاى٘ضع اىشٖه ٛىيؽ٘ع ـاله اىفرهج اى٘اقعٔ ت ٍِٗ . 2000-1951ِٞشٌ ،ذٌ فؽض ٗذأمٞك
طؽح ٕما اىَْ٘لض اىهٝاض ٜـاله اىفرهٓ  .2007-2000قكً ٕما اىَْ٘لض اىهٝاضٍ ٜعيٍ٘اخ ٗفٞهٓ ٍَٖٗح عِ اىؽ٘ع
اىَائ ٜاىغهت ٍِ ٜؼٞس اىف٘اص اىفٞىٝائٞح ىيؽ٘ع ،اىْؾاً اىَائٗ ٜؼهمح اىَٞآ اىع٘فٞح تاالضافح اى ٚاىَ٘اؤّ اىَائٞح
ىيؽ٘ع ـاله فرهٓ اىكناسٔ .تْٞد اىَ٘اوّح اىَائ ٔٞاُ  ٍِ %62اىرغمٝح اىسْ٘ ٔٝذظو اى ٚاىغثقح اىَائ ٔٞاىعيٞا ٗاُ اىغثقح
اىسفي ٜذقً٘ ترغمٝح ّفس اىغثقح ب  ٍِ %11مَ ٔٞاىَٞآ اىَسرفهظح ٍِ اىغثقح اىعي٘ ٔٝىيؽ٘ع.
ٗىكناسح ٍك ٙذأشٞه اىؽ٘ع ىعكج اؼرَاالخ ضؿ ذؽد ؽهٗف ٍْاـٞح ٍفريفح ،فقك ذٌ ذَكٝك اىفرهج اىىٍْ ٔٞىيَْ٘لض
اىهٝاض ٜىغاٝح اىعاً  2034/35ىكناسح مو االؼرَاالخ اىََنْحٗ .مْرٞعح ىمىل ،فقك قكٍد ٕمٓ اىكناسح عكج ٍقانّاخ
ىَك ٙذأشٞه ٕمٓ االؼرَاالخ عي ٚقٍَ٘ٝح اىؽ٘ع ٍِ ؼٞس ٗضع ٍسر٘ ٙاىَاء ف ٜعثقاخ اىٖٞكنٗى٘ظ ٔٞتاالضافح اىٚ
ٍعكه ذكفق ف ٜاىْثعاخٗ .تْاءاً عي ٚلىل ،فقك ذٌ اقرهاغ ٍسر٘ ٙضؿ ٍؽكق تؽٞس ٝؽافؼ عي ٚقٍَ٘ٝح ٕما اىؽ٘ع،
االقرهاغ االٗه ٗاىمٝ ٛقع ضَِ فهضٞح عكً ؼكٗز ذغٞٞه ف ٜاىَْاؾ ٕٗ٘ اُ ٝرٌ ضػ ٍا ٝعاقه  ٍِ %85اىَعكه اىسْ٘ٛ
ىيرغمٝح ،اٍ ٛا ٝعاقه ٍ 310ي /3ً ُ٘ٞسْ٘ٝا .اٍا االقرهاغ اىصاّٗ ٜاىمٝ ٛفرهع ؼكٗز ذغٞٞه ٍْاـّٗ ٜقظاُ فٍ ٜعكالخ
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اىرغمٝح فْٞض عي ٚضؿ ٍ ٍِ %85عكه اىرغمٝح ىسثع سْ٘اخ ساتقح ،تمىل فأُ اىضؿ ٍِ اىؽ٘ع سٞقيض اى254 ٚ
ٍي /3ً ُ٘ٞسْ٘ٝا.
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CHAPTER 1: INTRODUCTION TO THE WESTERN AQUIFER
BASIN
1.1

INTRODUCTION

Water scarcity may be the most crucial environmental problem facing the Middle-East region
in general and more specifically in the Palestinian Authority, Jordan and Israel. Day by day,
the natural water resources are deteriorating in both quantity and quality terms. This
deterioration is not only limited to the increase of demand as a result of population growth
and socio-economic development, but is also anticipated to be a factor of the global warming
and its huge impact on the water resources replenishment. In addition to that, quantity of
water is a function of its quality; therefore, reduction in the replenishment amounts, over
exploitation of the groundwater aquifers to meet the socio-economic development demand
will increase the risk for polluting the water resources by sea water intrusion, mixing of fresh
water with other salt bodies and many other possible risks that will lead to the contamination
of these resources and as a result, reduce the potential fresh water quantity.
In the area where the case study used for the purpose of this research is located, the West
Bank and Israel, groundwater could be considered the primary source of water for different
purposes. In Israel, around 85% of their demand was supplied from groundwater resources
(PHG 2010). In the Palestinian side, the West Bank, there are three main groundwater basins:
the Eastern, North-eastern and Western Aquifer Basins, Figure 1.1, comprising the only
available source of water for all uses. These aquifer systems are shared between the West
Bank and Israel. This makes the sustainable management of these valuable trans-boundary
water resources a responsibility of both parties.
Among these trans-boundary aquifer systems, the Western Aquifer Basin (WAB) is the
largest basin in terms of area, storage capacity and sustainable yield. The majority of the
WAB’s yield is fresh and could be used as drinking water. The aquifer is mainly recharged
from rainfall over the replenishment areas in the western mountains of the West Bank.
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Development activities for the aquifer started in the early 1950s with minor pumping rates
which later increased to reach around 300 Mm3 in 1970. After 1970, the pumping was
increased depending on the annual rainfall where maximum pumping was recorded to be 570
Mm3 in the dry year 1998/99. The long-term annual recharge was estimated to be 362
Mm3/yr. As the annual pumping rate during dry years is usually more than the replenishment
rate. This over exploitation stressed the aquifer system and as a result the water level,
springs’ discharge and the water quality started to deteriorate.
Currently the aquifer is fully controlled by Israel where around 95% of its pumping is used
by Israelis while the remaining is used by the Palestinians in the West Bank. The Palestinian
rights in this aquifer are still subject to the results of final status negotiations according to the
previous agreements.
1.2

TRANS-BOUNDARY GROUNDWATER RESOURCES

Groundwater, in the Palestinian case, is the only source of fresh water for all uses. Other
marginalized sources are water harvesting and treated wastewater. As mentioned the
groundwater resources can be divided into three basins, Figure 1.1; the Western Aquifer
Basin, the Eastern Aquifer Basin and the North-eastern Aquifer Basin. These three basins
were classified as trans-boundary basins between the West Bank and Israel. The water within
these basins is good in quality and is largely used for municipal supply.
1.2.1 Western Aquifer Bain, the Case Study
The trans-boundary groundwater aquifer basin, the Western Aquifer Basin (WAB) or
“Yarkon Tananim” as referred to in Israeli literature, is one of the most important sources of
freshwater for the West Bank and Israel, Figure 1.1. The WAB stretches northward from area
south of the Egyptian border all the way up to the foothills of Mountain Carmel and from
West Bank mountains in the east heading westward towards the Coastal Plain of the
Mediterranean Sea with total area 9000 km2.
The WAB is considered as a highly karstic aquifer; with a general thickness ranging between
600 and 1000 meters (Avistar et al, 2002). It consists of three lithological layers; the lower
and the upper permeable layers (lower and upper sub-aquifers) are predominantly limestone
PhD Thesis: The Western Aquifer Basin
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and dolomite with thicknesses ranging between 250 and 400 m each. The upper and lower
sub-aquifers have high signs for karstifications. The layer in between with of thickness of 80
- 120 m functions as a semi-permeable layer which is dominated by chalky limestone, chalk
and marl. This layer permits the flow to exchange between the two permeable upper and
lower sub-aquifers. The lower sub-aquifer is underlined by the Kurnub group which consist
of limestone, marl, and sand.

Figure 1.1: Location map of the three trans-boundary basins
PhD Thesis: The Western Aquifer Basin
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On the eastern side of the WAB, the aquifer is unconfined while the western side is confined
by the overlying chalky and marl layer (Senonian age) with a thickness that could reach 600
m in some area. WAB is naturally replenished by rainfall on the outcropping formation
covering an area of 1932 km2 located over the eastern part of the aquifer (i.e. West Bank
Mountains). The long-term annual average recharge is estimated at 373 Mm3/yr. During the
pre-development period (prior to 1950), the natural outlets of this aquifer were Ras Al Ain
(Yarkon) and Timsah (Tananim) springs with a total historical mean annual flow estimated to
be 350 Mm3/yr (Weinberger et al., 1994).
Due to the over exploitation of the WAB, the discharge rates of both springs declined. The
discharge of Ras Al Ain spring deteriorated with time until it become completely dry in
1973. After the heavy rain in 1991/92, the spring started to discharge once again. The
discharge rate reached 36 Mm3 in 1992/93 then decreased to much lower discharge rates (i.e.
less than 1 Mm3/yr). The discharge of Al Timsah spring also decreased to 60-40 Mm3/yr
during the 1960-1980. After 1980, the spring discharge was fluctuated between 20 and 40
Mm3/yr depending on the rainy season as well as on the pumping rate from the WAB.
The water levels during the early 1950s in the confined part of the WAB gently dropped from
25 - 27m near Beir Al Saba’ in the south to 16 m in the Menashe heights in the north
(Rosenthal et al., 1992, Dafny et al., 2010). In the unconfined part and for the same period,
the water levels stood at 450 - 500 m in Jerusalem area (Ein Karem), in the Hebron
mountains water level ranges were found to be 550 - 750 m and 350 - 450 m for the upper
and the lower sub-aquifers respectively and 300 - 350 m in Salfeet area (Weinberger et al.,
1994, Guttman et al., 1988, Dafny et al., 2010). During the last decade, water levels in the
same regions stood at 13 - 15 m in Beir Al Saba’, 9 – 12 m in the Menashe heights, 440 - 450
m in Ein Karem area, and 520 - 725 m and 275 - 325 m in Hebron mountains for the upper
and lower sub-aquifers respectively.
The exploitation of groundwater from the WAB started in the early 1950s (Zeitouni et al.,
1996). In 1951, there were 46 wells pumping around 10 Mm3. The pumping rate was
increased to around 400 Mm3/yr from 400 productive wells during the 1970s. Currently,
there are 493 wells, Figure 1.2; most of which (90%) tap the upper sub-aquifer. The annual
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pumping rates depend on the rainy season, as the pumping rate was increased during dry
years. For example, the pumping rate was increased to 573 Mm3 during the dry year 1998/99
and decreased to less than 250 Mm3 during the wet year 1991/92.

Figure 1.2: Geological map of the WAB
PhD Thesis: The Western Aquifer Basin
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The topographic environment of the WAB varies from sea level on the Mediterranean coast
in the western side of the aquifer to an elevation close to 1000 m in the West Bank
Mountains on the eastern side of the basin. The WAB domain can be divided from east to
west into three longitudinal topographical zones; the coastal plain zone, the foothill and
lower slopes zone and the upper slopes and mountain zone, Figure 1.3.

Figure 1.3: Digital Elevation Model (DEM) for the WAB
PhD Thesis: The Western Aquifer Basin
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The Basin is characterised by its Mediterranean climate. Its climate zones range from an arid
desert condition in the Al Naqab desert to a sub-humid Mediterranean climate in the centre
and north of the Basin. The temperature is moderate with intermediate precipitation that
mostly falls during the coldest half of the year (October-April), Figure 1.4. Generally, the
mean annual precipitation rate over the replenishment areas of the aquifer is estimated at 560
mm.

Figure 1.4: Long- term Average Annual Rainfall (mm)
PhD Thesis: The Western Aquifer Basin
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1.2.2 Eastern Aquifer Basin
The Eastern Aquifer Basin (EAB) covers the eastern side of the West Bank. The Basin
extends from the north to the south of the West Bank borders and from the Jordan River and
the Dead Sea in the east to the water divide on the western side with an area 3100 km 2,
Figure 1.1. Unlike the WAB, the EAB is almost predominantly a Palestinian Aquifer where
both recharge and discharge zones are located in the West Bank.
The EAB is a multi-layered system; upper and lower aquifer layers (upper and lower subaquifers) separated by a less permeable layer. The upper sub-aquifer, upper Cenomanian to
Turonian ages, is mostly unconfined while the lower sub-aquifer, the lower Cenomanian age
is mainly confined (CH2MHILL, 2001). These two sub-aquifers are the main fresh water
sources available in the eastern side of the West Bank. The separating layer, Yatta formation,
composed of yellow marl and bluish bottom clays, and behaves in most of the area as a good
to fair permeability layer connecting the two sub-aquifers within the EAB.
The recharge of the EAB is predominantly by the rainfall over outcropping aquifer Albian to
Turonian formations in the eastern mountain of the West Bank, Figure 1.1. The long-term
annual average recharge is estimated at 125 - 197 Mm3/yr (SUSMAQ 2004). The recharge
inflow generated towards the Dead Sea and the Jordan River by gravity where mixes with
saline (brackish) water and then emerges through the Dead Sea springs. The water level starts
from a round 450 m above sea level on the western side close to the water divide and
gradually decreased to the level of the Dead Sea and Jordan River on the eastern side
(CH2MHILL, 2001). The outflow of the Basin could be divided into three types: springs,
groundwater wells and seepage to the Jordan River and to the Dead Sea.

1.2.3 North-Eastern Aquifer Basin
The Northeastern Aquifer Basin (NEAB) is the smallest trans-boundary aquifer in the West
Bank with an area of 1370 km2. It starts from the area south of Nablus City as the southern
boundary of the aquifer and extends to the north beyond of the West Bank border. The
eastern and western sides of the Basin are restricted to two large antinclines in the central
mountain of the West Bank.
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The NEAB is composed of two superimposed aquifer systems; the Eocene and the upper
aquifer. The Eocene is an unconfined aquifer predominately composed of limestone with
relatively low hydraulic conductivities. The long-term average recharge is estimated to be
around 90 Mm3/yr. Within the West Bank, the well abstraction is approximately sums up to 5
Mm3/yr in addition to 15 Mm3/yr that emerge from the springs. (SUSMAQ 2004).
The deep, upper aquifer, is separated from the Eocene aquifer by the Senonian chalk.
Therefore, it is a confined aquifer predominated by highly karstic limestone and dolomite
(Cenomanian to Turonian ages). This aquifer has higher conductivity and yield than the
Eocene aquifer. It is recharged from the outcropping formations in the central mountain of
the West Bank with long-term average of 165 Mm3/yr. (CH2MHILL, 2001).

1.3

OBJECTIVE OF THE STUDY

The WAB is acknowledged as a highly karstified aquifer that significantly contributes to the
supply of fresh water for all purposes in both Israel and the West Bank. However, the WAB
shows a high level of spatial and temporal variations since:
a. The aquifer is characterized as a karst aquifer system with high contrast in hydraulic
properties with high variations in the recharge pattern in spatial and temporal
distributions.
b. The aquifer is located in a semi arid area with high variation in hydrological
conditions. The rainfall which is the main source of recharge has a high level of
variation in terms of annual quantity, temporal and spatial distributions and intensity.
c. There is a high variation in aquifer development in event on monthly and annual
scales as well as spatially. The pumping from the Aquifer is not only a function of the
demand, but is also inversely related to the annual rainfall which increases the level
of the stresses on the WAB.
Consequently, the time, the location and the extent of responses to the different hydraulic
stress levels will vary greatly from place to place in this karst aquifer due to the combined
permeability provided by matrix, fracture, and conduit-flow components. Accordingly, the
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main objective of this research is to investigate the responses of the highly karstified aquifer
system (i.e. the WAB) as a result of the intrinsic characterizes (variation of hydrological
characteristics and aquifer development schemes) as well as other extrinsic stresses due to
global changes (e.g. Climate change).
The approach for achieving the objectives of this study can be summarized in four main
points:
 Developing the conceptual model of the WAB which characterizes the flow system of
the WAB based on field investigations, measurements, collected data and previous
studies (Chapter 2).
 Studying the historical records of the Aquifer’s inflow and outflow in order to
estimate the aquifer recharge under different rainfall distributions. Then
understanding the relation between the amount of generated recharge and type of
rainfall (Chapter 3).
 Developing a numerical flow model for the WAB which is considered one of the most
important predictive tools needed for better management of the Aquifer. This model
can be used to estimate hydraulic parameters, obtain a better understanding of the
hydrodynamic processes in karst systems and predict how the Aquifer might respond
to changes in pumping and climate (Chapters 4 and 5). The modeling effort will focus
on building a continuous numerical model of the WAB starting from the predevelopment period (prior to 1950) up to date. This will allow the model to simulate
all major events within the aquifer history where the aquifer response for these events
will be understood. The model will provide a wide range of information with high
confidence level such as:
o The hydraulic conductivities (values and spatial distribution) that represent the
combined permeability provided by matrix, fracture, and conduit-flow
components.
o The aquifer geometry and boundaries.
o Validate the estimated recharge and it is temporal and spatial distributions.
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o Distribution of water levels, depth to water level and flow direction.
o Sustainable yield of the aquifer under different climate conditions.

 Studying the response of the Aquifer under different management options and under
different rainfall scenarios in order to obtain the best management option for the
sustainability of the WAB, (Chapter 6).

1.4

METHODOLOGY

The methodology of this study is based on the principle of maximizing the benefits from the
available knowledge regarding the study area as well as from the similar hydrological case
studies in the world in order to reach the target goals. Therefore, this study started by
reviewing the available literature including scientific papers, annual and monthly reports in
addition to interviews with different stakeholders from both Palestinian and Israeli sides. As
a result, different types of data, conceptual models, previous experiences and more were
accumulated.
Following to the literature review step, all the collected knowledge and data were then
analyzed, manipulated and cross checked. As a result, Chapter 2 of this report was
developed. This part of the study was used as a guide during the entire study. Also, as one of
the main conclusions of the conceptual model of the WAB, the inflow mechanisms still
require further investigation. Accordingly, a thorough analysis was conducted to analyse the
relation between the rainfall as the main component of recharge and the annual recharge
which is presented in Chapter 3.
The modified conceptual model of the WAB was then converted to a numerical model. This
conversion was done in two steps; the first step was described in Chapter 4, where a steady
state flow model was developed to represent the pre-development period of the aquifer. The
model was calibrated and accordingly the conceptual model were revised and modified. The
calibrated steady state model were used to study the flow dynamics of the aquifer and also
used to provide valuable knowledge which was used for developing the long-term transient
flow of model of WAB as described in Chapter 5 which is the second step. The transient
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flow model started from the pre-development period up to year 2000, and then was validated
during the remaining period of seven years (i.e. 2007). The transient model was calibrated
and validated based on the water levels in some monitoring wells, springs discharges and
some major observations during the modelling period.
The final step in this study was to reach the goals of the second task, which concentrates on
studying the aquifer responses under different management options. Therefore, the WAB
response was tested by using the developed transient model with a wide range of climate,
pumping and management scenarios as described in Chapter 6. The methodology used in
this part of the study aimed to use different levels of stresses on the aquifer in order to reach
to the best management scenarios under different possible driving forces.
1.5

PREVIOUS STUDIES

The earliest available study regarding the WAB was published during late 1960s. This paper
studied the possibility of operating the aquifer as a reservoir, (Harpaz and Schwarz). After
1970 and up to now, tens of papers have been published by Israeli scientists. On the
Palestinian side, the aquifer was kept as a black box until 1999 when a joint project between
the Palestinian Water Authority (PWA) and Newcastle University studied the aquifer and a
numerical model was developed. The project was completed by 2004; the model and studies
were not followed up or updated. Table 1.1, after which summarizes the most of the
developed numerical models of the WAB and provides some of the models characteristics.
Table 1.1: Summary of previous numerical models for the WAB, (modified after Dafny et al.,
2010)
Number
Model
Reference
of
Time step
Model Period
Calibrated Parameters
Domain
Layers
Y. Harpaz and J.
Schwarz

Entire

1

Monthly

1952-1963

Transmissivity and
Storativity

Baida et al.,
1978

South and
Hebron
areas

1

6 Months

1956-1976

Transmissivity and
Storativity

Confined
area

1

6 Months

1952-1976

Transmissivity and
Storativity

Jerusalem

1

-

Steady state,

Transmissivity

Shachnai and
Goldschtoff,
1980
Meiri and
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Guttman, 1984

area

Guttman, 1991

South

Baida and
Zukerman, 1992
Guttman and
Zukerman, 1995

Jerusalem
area
Confined
area

Guttman and
Zeitoun, 1996
Berger, 1999

1982
6 Months

1976-1990

1

6 Months

1967-1989

1

6 Months

1952-1993

North

2

6 Months

1971-1994

Transmissivity and
Storativity

Entire

1

1 Month

1988-1994

Transmissivity and
Storativity

SUSMAQ, 2004

Entire

3

12 Months

1989-1998

Dafny at al.,
2010

Entire

3

1 Month

1987-2003

This Study

Entire

3

1 Month

1951-2007

1.6

Transmissivity and
Storativity
Transmissivity and
Storativity
Transmissivity and
Storativity

1

Vertical and Horizontal
hydraulic conductivities
and Storativity
Vertical and Horizontal
hydraulic conductivities
and Storativity
Vertical and Horizontal
hydraulic conductivities
and Storativity

GAPS IN PREVIOUS STUDIES AND UNIQUENESS OF THIS STUDY

While the WAB was well studied by the Israeli authorities and scientists, the Palestinian
governmental and non-governmental organizations still need more researches and
investigations in order to reach a full understanding of the flow system of the WAB and its
potential yields.
Most of the previous studies and models estimate the recharge based on empirical equations
that almost linearly relate the annual rainfall with the annual recharge. This study used the
water level fluctuation technique as a base for estimating the annual recharge, then, a
thorough statistical analysis was conducted to study the relation between the annual recharge
and the monthly rainfall distribution. As a result, annual recharge rates were found not only
to be related to the annual amounts of rainfall but even more related to the rainfall monthly
distributions. Accordingly, a new empirical equation was developed that relates the annual
recharge to monthly rainfall.
In terms of numerical modelling, Table 1.1 shows the characteristics of the previous models
and the model developed in this study. All previous models were simulated for specific time
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horizons or zones and mostly in six months time steps and one layer system. The challenge
here was to build a multi- layer model that covers the entire development period of the
aquifer in a more refine time step and grid size that enables the simulation of the historical
responses of the aquifer with time and also could predict the future responses under different
climate and management options.
1.7

DATA ACQUISITION

Although, a significant part of the data used was collected from different published literature
(scientific journals, annual reports, deliverables from different related projects, etc), there
was good cooperation in between different Palestinian and Israeli institutions coordinated by
the GLOWA Jordan River (III) project (GLOWA JR). Table 1.2 summarizes the sources of
data used in this study.
Table 1.2: Summary of data sources

Source

Data Type/Format

Details

Palestinian

GIS shape files,

Geology, land use, boundaries, wells and springs

Hydrology

maps,

locations, temperature and rainfall records for

Group (PHG)

meteorological data

some stations.

Palestinian

Tables

Water

1. Wells locations and monthly abstractions
within the West Bank.

Authority

2. Springs locations and monthly discharge

(PWA)

within the West Bank.
3. Meteorological data for some weather
stations (rainfall)

Palestinian
Meteorological

Tables

Complete, monthly meteorological data for all
stations in the West Bank

Department
(PMD)
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Israeli Water

Tables

1. Wells locations and monthly abstractions

Authority

within Israel.

(IWA) through

2. Springs locations and monthly discharge

Tahal Company

1.8

within Israel.

BENEFICIARIES OF THE STUDY

This study was conducted within the framework of the GLOWA project. The model and the
results obtained will provide the needed support to the scientific team of the project in order
to develop and improve the water management strategies in the region of the case study, or
as stated in the BMBF guidelines, to provide “simulation tools and instruments to develop
and realize strategies for sustainable water management” under global change. Accordingly,
the achieved outputs of this study will be available to all partners within the GLOWA project
for further study or analysis.
The main beneficiary of this study will be the PWA. The produced and collected data,
models, scenarios as well as reports will be transferred to the PWA data base. Accordingly,
the PWA will review and upgrade their technical materials and data bases.
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CHAPTER 2: CONCEPTUAL REVIEW OF THE WAB
2.1

INTRODUCTION

Forecasting the possible effects of climate change and intensive exploitation on available
water resources requires knowledge in both regional and local groundwater flow systems.
Therefore, building a reliable numerical flow model that enables the simulation of the flow
dynamics in space and time under different conditions is very essential. The WAB is known
as a karstic, heterogeneous and non-isotropic groundwater system; consequently, the flow
dynamics of this aquifer is very complex (Frumkin et al., 2005). Fractured and karstified
aquifers usually differ from other porous groundwater systems since they are characterized
by dual porosity resulting in two types of groundwater flow systems (Gunn et al., 1985).
1. Diffuse flow system: flow in this type is diffused through joints, fractures, fissures,
bedding planes and other small inter connected openings. The water table in this flow
system is usually well defined by Darcy Law where hydraulic conductivity is almost
uniform.
2. Conduit flow system: the flow is turbulent, carried through solutiona1 passages or
underground conduit systems with a wide range of widths from few centimeters to a
few meters. These conduits play a significant role in transporting water quickly
towards the springs.
The conceptual model of the WAB is based on the assumption that the aquifer is a single
continuous, interconnected and structurally undisturbed entity (Mandel 1961). Accordingly,
natural recharge generated in the mountains in the eastern side of the basin generally flows to
the northwest or southwest then diverts to the north toward the two main natural outlets (i.e.
Al Timsah and Ras Al Ain springs). The schematic diagram in Figure 2.1 shows the
hydrogeological setting in the central part of the WAB. Accordingly, the geological layers,
boundary conditions, salinity distribution, salinization mechanisms, recharge mechanisms,
water levels, flow patterns and other important conceptual items were reviewed in this
Chapter.
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Figure 2.1: The hydrogeological setting of the WAB aquifer, (after Weinberger et al., 1994)

2.2

GEOLOGY AND HYDROGEOLOGY OF THE WAB

The WAB falls in the middle-to-late-Cretaceous Judea Group (Weiss et al., 2007). It is
divided into two main sub-aquifers (i.e. upper and lower) separated by a lower permeability
layer (i.e. Yatta formation). The upper and lower sub-aquifer rocks are mainly composed of a
sequence of hard, karstic and permeable limestone and dolomite with a thickness of 600–
1000 m ( Avisar et al., 2002). The geological map illustrating the main geological formations
is shown in Figure 2.2.
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Figure 2.2: Geological map of the WAB
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The main stratigraphic units as well as the description of the WAB layers are listed below,
Figure 2.3:

Figure 2.3: Stratigraphic column (modified after Weinberger 1994 and SUSMAQ 2004)

Aquifer base: The aquicludal Qattana formation, Albian age, underlies the lower sub-aquifer
of the WAB. The lithology of this layer alters from marls and clays in the northern portion of
the Basin to sandstones, clays and carbonates in its southern area (Weinberger et al., 1993).
Lower aquifer: The Albian-age, Beit Kahel formation is mainly composed of massive
dolomite and limestone layers (Lewy et al., 1991). It is described as a high conductivity layer
due to strong karstification. Its thickness ranges between 300 and 450 m.
Separating layer: The Cenomanian-age, Yatta formation consists primarily of interbedded
dolomite and marl, mainly at the base (Lewy et al., 1991). This impervious layer forms the
hydrological barrier separating the upper and lower sub-aquifers (Guttman et al., 1988 and
Baida et al., 1989).
Upper aquifer: The Jerusalem formation, Turonian-age, and the Bethlehem and Hebron
formations, Cenomanian age, form the upper sub-aquifer. The dominant components of this
layer are karstic limestone and dolomite rocks (SUSMAQ, 2004).
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Overlaying layer: Abu Dees formation, Senonian age, comprises the overlaying layer of the
upper sub-aquifer. The dominant components of this layer are chalk and marl (SUSMAQ,
2004). In some areas, the base of the Abu Dees formation consists of hard, highly fractured
chalk (Flexer et al., 1968). These beds are considered as permeable and form in many cases,
one hydrogeological entity with the underlying upper sub-aquifer, (Avisar et al., 2002).
Western Barrier: The impervious chalky marls of the Daliya formation and Talme Yafe
Group act as impervious barriers along the western boundary of the WAB except in Cesarea
region (west of Al Timsah spring), Figure 2.2, where direct connection or connection along
the buried Binyamina fault with the Mediterranean Sea is anticipated (Guttman et al., 1995).
2.3

BOUNDARIES

The model boundaries were defined based on hydrogeological and structural evidence.
Therefore, a detailed literature review was conducted to define the most realistic boundary
conditions for the WAB. The boundaries and their considerations are listed below.
2.3.1 Northern Boundary
The northern boundary was defined based on hydrogeological and structural evidence. Figure
2.4 shows the geological map of the northern part of the WAB including the main structures.
The northern boundary is drawn by the anticline in the Carmel Mountain where Jerusalem
and Bethlehem formations are exposed. To the north of Timsah spring, the boundary is
defined based on the flow direction (east-west) where flow in the Carmel coast line seems to
be unaffected by the flow in the WAB (Guttman et al., 1995). The figure also shows the
major structure fault in the north (the Benyamina fault) which is located at the southern edge
of Carmel Mountain. It has a large throw (~ 700 m) in the west and dies out to the east
which brings the upper and lower sub aquifers close to the surface on the northern side of the
fault ( SUSMAQ, 2004).
On the northeast edge of WAB, close to Menashe syncline, the boundary was defined based
on the elevation of the base of the upper sub-aquifer. This boundary is considered as a
possible flow boundary where flow could enter or leave the WAB depending on the pumping
rates from the WAB or from the adjacent aquifer (the Northeastern Aquifer Basin).
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Figure 2.4: Hydro-geological map for the northern part of WAB

2.3.2 Eastern Boundary
The eastern boundary of this aquifer was outlined along the assumed groundwater divide and
the hydrological barriers assumed from structural and lithological considerations. This
boundary can be traced from the core of the Har Yiron anticline in the north through the
Anabta anticline, the Ramallah structural divide, the Hebron structural barrier and the
Kusseifa anticlinorium (Goldschtoff et al., 1980; Guttman et al., 1988). These boundaries
along anticlinal mountains series act as no-flow boundaries, Figure 2.5. In the Jerusalem and
Hebron areas, the boundary was shifted to the east in order to include all areas where the
generated flow can move towards the south-west direction. This shift was determined based
on the geometry of the WAB.
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Figure 2.5: Cross sections-Part 1 (Obtained from the aquifer geometry of the WAB)

2.3.3 Southern Boundary
According to different researchers (Goldschtoff et al., 1980; Guttman et al., 1988) the
southern boundary of the WAB extends to the east of Al Arish, Egypt. The inflow and
outflow of the southern part of the Basin is generally very limited due to the limited rainfall.
Therefore, the water dynamics of the northern part of the WAB does not seem to be affected
by this area (Guttman et al., 1991). In this research, the model is limited to the area south of
Beir Al Saba (North of Al Naqab Desert); from Kusseife anticline in the south-eastern side to
Neogene Afiq clay channel in the south-western side of the WAB, Figure 2.6. This clay
channel cuts the two sub-aquifers and can be considered as an impervious hydrological
barrier (Guttman et al., 1988), Figure 2.7.
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Figure 2.6: Cross sections-Part 2 (Obtained from the aquifer geometry of the WAB)

Figure 2.7: The Afig Clay Channel- Near the coast (SUSMAQ, 2004)
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2.3.4 Western Boundary
The WAB is separated from the Sea by the Talme –Yafe formation except for a possible
connection on the north western edge of the aquifer (Cesarea region). The amount of sea
water intrusion was estimated using the chloride mass balance approach (Paster et al., 2005)
taking into consideration the historical discharge rate, the water quality of Al Timsah spring
which represents the mixture of fresh groundwater and sea water, salinities of both sea water
and fresh groundwater (Section 2.11.1). Accordingly, the amount of sea water intrusion
during the pre-development period was estimated to be at 3.5 - 3.9 Mm3/yr.
The hydraulic connection between the WAB bedrock and the Mediterranean Sea is modeled
as a specified flow boundary type.
2.4

INTRA-AQUIFER HYDROLOGICAL CONNECTIONS

Due to the high marl content of the Yatta formation, many authors, (Mercado, 1980; Guttman
et al., 1988; and Baida et al., 1989) suggest that it forms a hydrological barrier separating the
upper and lower sub-aquifers. However, this impermeable layer does not totally prevent
water from being transferred between the two main sub-aquifers. In some locations,
hydrogeological evidence proves that Yatta formation is not uniform and due to severe
fracturing it behaves as a permeable layer (Weinberger et al., 1993, Weiss et al., 2007).
Accordingly flow may exchange between the two sub-aquifers. Based on different studies
(Mercado, 1980; Kroitoru et al., 1987), and considering the groundwater balance, distribution
of salinities, and transfer of solutes, (Guttman et al., 1988) have developed a map showing
the areas where the two aquifers may be connected, Figure 2.8. The hypothesis hydrological
and structural hypothetical considerations were:
1. The Yatta formation in the area of Beteh Tiqva and Lod T/1 wells is composed of
dolomite and limestone which is similar to the upper and lower sub-aquifers.
Therefore the three aquifer units in this area behave as one aquifer system.
2. The distinction of chloride concentration in Qiryat Gat #1 well (i.e. 7000 mg/l) in the
lower sub-aquifer and high quality of water in the upper sub-aquifer indicates the
discontinuity of connection between upper and lower sub-aquifers. However, to the
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east of this well, the lower and upper sub-aquifers both have high quality fresh water,
therefore, a connection between the two sub-aquifers was assumed between the area
of this well and the foothills in the east.
3. In Ashalim#1 well in the south, the natural recharge is limited to the upper subaquifer while pumping is exclusively extracted from the lower sub-aquifer. Therefore,
the upper and the lower sub-aquifers seem to be connected.
4. From the Ras Al Ain Spring in the central part of the aquifer and to the northern part
of the WAB, the distinct water qualities in both sub-aquifers prove the discontinuity
of the two sub aquifers (Mercado, 1980).

Figure 2.8: Intra-aquifer connection
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2.5

NATURAL AQUIFER OUTLETS

Historically, the outflow from the WAB was limited to the two main springs; Al Timsah
(Taninim) spring in the northern part of the aquifer and the Ras Al Ain (Yarkon) spring in the
central part. Based on different literature, the average pre-development mean annual flow
range of Ras Al Ain spring was 220 - 280 Mm3/yr and 90 - 120 Mm3/yr from Al Timsah
springs (Mercado, 1980, Zukerman et al., 1999, and Berger et al., 1999).
As a result of intensive exploitation of groundwater since the 1950s, the discharge rates of
both springs declined. The discharge of Ras Al Ain spring deteriorated with time until the
spring became completely dry in 1973. After the heavy rain in 1991/1992, the spring started
to discharge once again with a rate that reached 36 Mm3 in 1992/1993 then again decreased
to much lower rates (i.e. less than 1 Mm3/yr). The discharge of Al Timsah spring also
decreased from around 90-100 Mm3/yr during the 1950s to 60 - 40 Mm3/yr during the 1960 1980 period. After 1980, the spring discharge fluctuated between 20 - 40 Mm3/yr depending
on the rainy season as well as on the pumping rate from the WAB, Figure 2.9.

Figure 2.9: Annual discharge for Ras Al Ain and Al Timsah springs

It was assumed that the sum of the spring discharge is within the range of the long-term
annual average recharge (i.e. 360-375 Mm3/yr). The two springs were modeled as drain with
constant heads with their discharge is a function of the gradient near the springs and the
hydraulic conductivity.
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The spring discharge levels were set at 4 m and 18 m for Timsah and Ras Al Ain springs
respectively then tuned during calibration in order to achieve the spring’s discharge rates. For
steady state modeling, the pre-development discharge of the two springs were set at 255 ±
10 Mm3/yr for Timsah spring and 105 ± 10 Mm3/yr for Ras Al Ain spring while the
hydraulic conductivities near the two springs were obtained from model calibration.
2.6

PUMPING AND INJECTION

The exploitation of groundwater from the WAB started in the early 1950s (Zeitouni et al.,
1996). In 1951, there were 46 wells pumping around 10 Mm3. The pumping rate was
increased to around 400 Mm3/yr from 400 productive wells during the 1970s. Currently,
there are 493 wells with annual pumping rates that depend on the rainy season, as the
pumping rate was increased during dry years, Figure 2.10. For example, the pumping rate
reached 573 Mm3 during the dry year 1998/99; on the other hand, the pumping was
decreased to less than 250 Mm3 during the wet year 1991/92.

Figure 2.10: Annual pumping rates

In the south, Beir Al Saba’ zone, pumping started in 1953 with 0.6 Mm3 and then gradually
increased to 40 Mm3 in the early 1990s. Consequently, in order to keep the balance between
the fresh water in the WAB layers and the deep aquifers, saline water was to pumped in 1970
with rate 0.1 Mm3, increasing with time to reach 2.4 Mm3 in 1990 ( Zeitouni et al., 1996).
Figure 2.11, shows the locations of all groundwater wells in both layers classified according
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to the pumping rates. It is clear that the majority of wells are located on the edge of the foot
hills as well as within the flow passage discussed in section 2.7. Therefore, these wells
capture replenishment water generated in the Hebron mountain areas of the WAB.

Figure 2.11: Well locations and annual pumping rates
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However, a high percentage of annual natural recharge (i.e. up to 50%) flows to the lower
sub-aquifer (Section 2.6), currently, around 90% of the well the upper sub-aquifer. This
extensive pumping from the upper aquifer as well as the springs discharges imply significant
flow from the lower to the upper sub-aquifer at a rate near the total annual replenishment of
the lower sub-aquifer (Miro, 1979; Mercado , 1980).
In addition, there are 37 wells located in the northern part of the WAB used for injecting
water to the aquifer during the winter season. Injecting water to the WAB was initiated after
1967 with around 10 Mm3 which later reached around 55 Mm3 in 1975. The injection rate
was then decreased to lower rates after the wettest year 1991/1992, Figure 2.12.

Figure 2.12: Annual Injection rates

2.7

RECHARGE

Geographically, the upper and lower sub-aquifers outcrop in the mountains in the eastern side
of the WAB, Figure 2.8. While, there are many sources contributing to the aquifer recharge
such as return flow from agriculture, leakage from water networks and wastewater drainage
systems, rainfall over the replenishment areas is considered the major component of
recharge. The mechanism of generated recharge from rainfall can take the shape of direct
infiltration or infiltration through the beds of the storm water drainage systems.
The recharge is also distributed to upper and lower sub-aquifers. In the northern part of the
WAB, the natural recharge to the upper sub-aquifer is relatively high while, in the central and
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southern part of the WAB, high rates of recharge to the lower sub-aquifer were found
(Mercado, 1980). In general, the annual rate of recharge varies according to the rainfall based
on the annual amount, temporal and spatial distribution and intensity. Therefore, annual
recharge ranges between the lowest value 178 Mm3 which was estimated during the dry year
1998/99 and the highest value 1005 Mm3 estimated in 1991/92.

According to the

characteristic of the annual rainfall, 25% - 50% flows to the lower sub-aquifer (Mercado,
1980).
2.8

WATER LEVEL

The water level in the WAB could be classified into two types according to confinement
conditions. The water level in the confined part is almost flat, during the pre-development
period, it is gently drops from 25-27 m near Beir Al Saba’ in the south to 16 m in the
Menashe heights in the north (Rosenthal et al., 1992 and Dafny et al., 2010). Due to the
extensive exploitation, the water level in the confined part currently stands in the range of 14
m in the south to a range of 9 m in the north. However, the water levels in both sub-aquifers
are similar in the water level distribution; the water levels in the lower sub-aquifer seem
slightly higher than in the upper sub- aquifer (Baida et al., 1989). Also, due to the high
continuity of the WAB, the piezometric level responds the same all over the aquifer
(Weinberger et al., 1994).
In natural replenishment areas, the water level is significantly influenced by the layer
geometry; accordingly, the water levels in the two sub-aquifers are different. During the predevelopment period, the water levels were 450 - 500m in Jerusalem area (Ein Karem), in
Hebron Mountains water level was 350 - 450 m in the lower sub- aquifer and 550-700m in
the upper sub-aquifer and 300 - 350m in Salfeet area (Weinberger et al., 1994, Guttman et
al., 1988, Dafny et. al., 2010).
2.9

FLOW DIRECTIONS

Groundwater flows from the replenishment areas of the WAB towards the confined part in
both upper and lower sub-aquifers. In the northern part of the replenishment areas, Tulkarem
and Salfit zones, water flow towards the northwestern direction. In the central and southern
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parts, Jerusalem and Hebron zones respectively, water flows towards the southwestern
direction due to Ramallah and Hebron anticlines, Figure 2.13. The water reaching Beir Al
Saba’ in the south from Hebron zones is diverted to the north due to the impervious western
barrier impeding flow seaward (Weinberger et al., 1994). This flow accumulates with other
flows coming from the replenishment areas in the northern and central parts of the WAB and
flows to the north though narrow passages of 8 - 10 km length to the west of foothills
(Weinberger et al., 1994).

Figure 2.13: Flow direction map
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2.10

PHYSICAL PROPERTIES

According to pumping test analysis results, the transmissivities in the unconfined part of the
aquifer were estimated at about hundreds of squared meters per day (m2/d). On the contrary,
in the confined areas, the transmissivity in both sub-aquifers were estimated to be very high
within the range of tens and even thousands of squared meters per day (Berger et al., 1999;
Guttman, et al., 1995). The vertical conductivity was estimated to be within a very low range
from 1.3 x 10-6 to 2.2 x 10-4 m/d (Weiss et al., 2007).
Previous studies, in addition to field observations show high conductivity in the confined
sections of the central part of the WAB as a result of high karstification. Some of these
observations have been used later to verify the numerical model developed for the aquifer:
 In Ayalon and Kefar Urriya wells, Figure 2.15, no measurable drawdown was
observed during pumping tests (Frumkin et. al., 2005).
 In the same area, water level rises faster during wet years (Ecker et. al., 1995 and
Shachnai et. al., 1999).
 During the wet year 1991/92, the water level in the central part rises to higher levels
than the southern area (i.e. Beir Al Saba’). This reverses the normal flow direction
where water flows from the center to the south area (Ecker, et. al., 1995 and
Shachnai et. al., 1999).
The storativity values also vary from confined to unconfined areas of the WAB. The
storativity values in confined areas were found to be between 10-4 of 10-5 (Guttman et. al.,
1995) while in the unconfined areas, the specific yield ranges between 1.8% - 8%
(Tsukerman et al., 1999). These values were found to be similar to other karstic aquifers
(Dafny et. al., 2010, and Peleg et. al., 2010).
2.11

SALINITY AND SALINIZATION PROCESS

The salinity within the WAB is different from place to place. For this reason, the aquifer is
divided into three zones where the salinity, the source of saline water and the salinization
process are clarified.
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2.11.1 Northern Area
The chloride concentrations vary from 30-100 mg/l in the eastern part of the Basin close to
the replenishment areas of the aquifer in both upper and lower sub-aquifers, Figure 2.14, and
then sharply increase to the west to salinity values exceeding 10000 mg/1 as encountered in
the Gaash 1, Netanya Oil and Taninim Deep oil (Weinberger et. al., 1994, Mandell et, al.,
2002, and Paster et, al., 2005).

Figure 2.14: Chloride concentration in the northern part of the WAB

In the deep aquifer (Al Kurnb), very high chloride concentrations (i.e. 16,000–21,000 mg/l)
were found close to that of sea water. This was found near the western boundary of the
aquifer, at depths of 700–1000 m and more (Paster et, al., 2005).
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In the northern part of the WAB, different researchers described the salinization processes
and mechanism. (Bar-Yossef et al., 1978) assumed that salinity occurred along the
Binyamina fault when seawater encroached into the lower sub-aquifer and dispersed into the
overlying, upper sub-aquifer. (Mercado, 1980) added to the assumption that the source of
salinity could be due to upflowing brines originating from deep-seated and confined Lower
Cretaceous-Lower Cenomanian layers. Additionally, researchers mentioned that the WAB is
overlain by Senonian group and underlain by the Lower Cretaceous Kurnub group. In both
groups, saline groundwater exists which may percolate either along faults or along leaking
and badly maintained well-casings to the WAB sub-aquifers.

(Mandell et al., 2002)

concluded that the salinity in the northern part of the aquifer comes as a result of mixing of
sea water and saline water from the deep aquifer.
(Paster et al., 2005) used the data obtained from the new monitoring wells drilled in the
northern part of the WAB to study the salinization process and mechanisms. The main
finding was that saline water body in the deep aquifer is not geologically separated from the
fresh water, where the fresh and saline is separated with relatively then transmission zone,
Figure 2.15. Additionally, the fact that head of saline water (hs) is lower than sea level
confirms that the deep aquifer and the Sea are not connected.

Figure 2.15: Sketch of interface location in the northern part of the WAB (Paster et al., 2005)
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(Paster et al., 2005) supported the hypothesis that connection of the WAB with the Sea
through a low permeability zone that operates under the difference between sea level and the
(hs). This connection may convey the sea water to the lower sub-aquifer.
According to recent results, (Paster et al., 2005), assumed that equilibrium between the deep
saline water and the fresh water had been reached during the pre-development period.
Accordingly, a permanent sea water intrude to the WAB was flushed out by fresh water
through the Timsah spring. Using the available data in the early 1950s, sea water intrusion
was estimated use the following equation:

Where:
QST: Sea water intrude to the WAB (Mm3/yr)
CS: Chloride concentration in the sea water (22,000 mg/l)
QT: Pre-development discharge of Al Timsah spring (95–100 Mm3/yr)
CS: Chloride concentration in the fresh aquifer water (100 mg/l)
CT: Chloride concentration of the pre-development spring discharge (900–
950

mg/l)

By solving Eq.2.2, the amount of sea water intrusion ranged between 3.5 and 3.9 Mm3/yr.
2.11.2 Central Area
In the central part of the Basin close to Kefar Urriya wells, an abnormal brackish
groundwater spread over an area of about 200 km2 having an ellipsoid form was found
(Frumkin et, al., 2005). The highest concentration at the center reaches around 500 mg/l and
then decreases in all directions to reach high quality water on the edges, Figure 2.16.
Consequently, the lateral flow of saline water to this area was excluded as a source of saline
water. Most of the studies referred the salinity in the central part of the WAB to two possible
sources; the first mechanism assumed that the salinity comes from the top since the salinity
decreases with depth in the upper 150 m of the aquifer (e.g. Gimzu 1 and Kefar Uriya 4
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wells) ( Frumkin et al., 2005). Many authors ( Avisar et, al., 2002, Ecker et al., 1995 ,
Mandell et. al., 2002) suggested that salts are:

Figure 2.16: Chloride concentration in the central part of the WAB

1. Flushed from the chalks in the overlaying layer (i.e. Abu Dees)
2. Leached of sewage effluent (Ronen and Kanfi, 1978)
3. Percolated by natural recharge through soils and rock debris characterized by high
concentration of salts (Frumkin et al., 2005).
The second mechanism suggests deep source of the salinity. Based on geochemical analysis,
(Frumkin et al., 1999 and Katz et al., 2001), proposed vertical upward flow of the saline
water.
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2.11.3 Southern Area
The chloride concentration in the replenishment area in the east is low within the range of 60
mg/l and then increases to the south and west to higher concentrations, Figure 2.17. In Beir
Sheva’ and Hazerim #1 wells, the chloride concentrations reached around 250 mg/l and then
exceeded 1000 mg/l in the western and southern areas.

Figure 2.17: Chloride concentration in the southern part of the WAB

The salinity in this region originated from either the underlining deep salty aquifer (Al
Kurnb) or the overlaying chalky layer (Weinberger et al., 1994). There are two mechanisms
identified for the salinization of the southern part of the WAB:
1. Saline water from the top percolates downwards along poorly cemented well casings.
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2. Along fault cuttings, the WAB layers are vertically displaced against both underlying
Al Kurnub group and overlying Senonian group, Figure 2.18. Thus, saline water from
both groups can flow to the WAB layers which then mixed with fresh water
(Weinberger et. al., 1993).

Figure 2.18: Cross section A-A’ in the southern part of the WAB (after Weinberger et. al., 1993)
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CHAPTER 3: RAINFALL ANALYSIS AND ESTIMATION OF
GROUNDWATER RECHARGE
3.1

INTRODUCTION

In general, rainfall over a certain area can undergo evaporation, runoff and infiltration into
the soil and later reach groundwater. Directing precipitation to any of these paths will chiefly
be based on different spatial and temporal distributions of both meteorological and physical
factors. The land use, soil type, topography and other physical characteristics as well as
rainfall characteristics, temperature, wind speed and direction, solar radiation, and many
other meteorological parameters will also contribute in determining the percentages and
distribution of each of the water cycle components.
In arid and semi-arid regions, as the case in the WAB, rainfall is limited to a short period of
time within the year with high variation in seasonal quantity, distribution and intensity.
Accordingly, this variation in rainfall plays a major role in determining the rates of annual
generated recharge. The rainfall over the replenishment area of the WAB most often starts in
October and ends in April with an average annual precipitation of around 560 mm. The larger
portion of rainfall occurs during four months: November, December, January and February
representing 60-90% of the annual precipitation amounts.
The environmental and physical characteristics in the study area increase the complexity in
quantifying the water cycle components. To estimate these components, the availability of
extensive data and formulation of detailed modeling were required. In the context of this
study, quantifying groundwater recharge for the WAB is highly sensitive for better aquifer
management and for building the numerical model that takes the recharge variation into
account.
The recharge of the WAB was previously estimated based on empirical equations that relate
the annual rainfall to annual recharge. These equations ignore the high variation of annual
rainfall and its distribution. Therefore, an alternative technique that takes the rainfall
variation and its impact on the recharge component is needed. In this chapter, the annual
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recharge was determined based on the water level fluctuation approach and then detailed
analysis of the impact of temporal rainfall variation on the estimated recharge was carried
out. For this reason, the historical records of the water levels, inflows and outflows of the
aquifer were used. In light of the obtained results, a new empirical equation taking the
rainfall variations into account was developed.
3.2

THE PREVIOUS RECHARGE ESTIMATION TECHNIQUE

It was found that the annual precipitation over the replenishment areas is the dominant
natural source of recharge for the WAB (Blake et al., 1947; Mercado et al., 1980; Guttman et
al., 1988; Rosenthal et al., 1992). Generally, the up to date accepted approach for estimating
the annual recharge for the WAB is the empirical equation (Guttman’s equation) which
correlates the annual recharge with annual rainfall, Eq. 3.1. This equation was developed by
using an inverse calibration technique, whereby recharge is estimated by following the
calibration of heads and groundwater flow rates (Weiss et al., 2007).

Where:
Rc(T): Annual recharge (mm)
Rf(T): Annual rainfall (mm)
T: year
Accordingly, since the annual precipitation ranges between 250 and 1350 mm, groundwater
recharge in the WAB will range between 6% and approximately 65% of the rainfall (Weiss et
al., 2007). The average recharge to rainfall coefficient was estimated within the range of 30 33%. The recharge to rainfall ratio was considered high for the WAB compared to the other
aquifers due to the high karstification (Guttman et al., 1995). However, Eq. 3.1, related the
annual recharge to the annual rainfall, it neglected the temporal variation in rainfall
distribution, Figure 3.1. This approach requires review and further rainfall and recharge
analysis are still needed.
PhD Thesis: The Western Aquifer Basin

CHAPTER 3: RAINFALL ANALYSIS AND ESTIMATION OF GROUNDWATER RECHARGE

Figure 3.1: Recharge - rainfall relation according to Guttman’s Equation

3.3

RAINFALL OVER THE WAB

The WAB is characterized by its Mediterranean climate with climate zones ranging from arid
desert conditions in the Al Naqab desert to sub-humid Mediterranean climate conditions in
the centre and north of the basin. Within the boundary of the West Bank, there are 48 rainfall
stations distributed over the replenishment areas of the WAB with monthly records. These
stations were used to estimate the monthly average of rainfall over the replenishment areas of
the WAB for the period from September 1970 to August 2006. The procedure for developing
the average monthly rainfall time series is clarified in the following steps:
1. Defining the replenishment areas of WAB which include all impermeable outcropping
formations.
2. Building a Thiessen polygon network for all rainfall stations.
3. Remove all polygons that do not intersect with the replenishment area and then select all
relevant stations.
4. Filling all the data missing for these stations, using the normal ratio method. For
example, estimating the missing rainfall value in a station (x) is based on the nearby
stations (a, b, c, …, etc.) as in Eq. 3.2:

PhD Thesis: The Western Aquifer Basin

71

72

CHAPTER 3: RAINFALL ANALYSIS AND ESTIMATION OF GROUNDWATER RECHARGE

Where:
Rx(t): Estimated rainfall for the time interval t at location x
Rx ,a, b,…,n (t): Measured rainfall for the time interval t at locations a, b, …, n
: Long-term average rainfall at used station
n: Number of the stations used excluding station x
5. Using ArcGIS, the recharge areas within the Thiessen polygons were overlapped and
intersected with the replenishment areas. Then all areas not overlapping with the
replenishment areas were removed. Relevent rainfall station was also assigned to each
recharge polygon, Figure 3.2.
6. Finally, using the areas of the final replenishment polygons and the monthly rainfall time
series, the monthly average rainfall for the recharge areas of the WAB were calculated
using Eq. 3.3.

Where:
: Average rainfall over replenishment area in month i
: Rainfall in month i, Thiessin polygon j
: The sum of areas of all replenishment polygons located in Thiessin polygon j
: Number of Thiessin polygon j
Accordingly, the average monthly rainfall time series during the period September 1970 to
August 2007 were achieved for all replenishment areas of the WAB. This long-term average
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rainfall were analyzed and used later for estimating the accumulated annual recharge of the
basin, Figure 3.2.

Figure 3.2: Location of rainfall stations over recharge areas of WAB
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The mean monthly rainfall in the recharge area of the WAB and its characteristics are shown
in Table 1.1.

Unit

Table 3.1: Monthly rainfall characteristics over recharge areas of the WAB
Monthly Rainfall Characteristics
Parameter
Sep Oct Nov Dec
Jan
Feb
Mar Apr

Total

0.0

3.1

11.1

21.3

24.7

20.8

13.9

4.4

0.6

100

Mean

0.2

17.5

62

119.1

138.2

116.2

77.7

24.5

3.6

559

Standard Deviation

0.6

17.4

56

77.2

69.2

69

41.6

32.9

6.8

155.2

3

66

235

350

387

325

168

180

33

1126

0

0

3

12

36

28

7

0

0

293

Maximum
Minimum

%

mm

% Annual Average

May

The mean annual rainfall was calculated to 559 mm/yr. The distribution, Figure 3.3, shows a
high variability of annual rainfall with a high standard deviation of 155.2 mm. This is best
elaborated by a comparison between the maximum and minimum annual rainfall values as
well as its monthly distribution; the years of 1991/92 recorded the maximum rainfall amounts
of 1123 mm, while the minimum recorded rainfall was 293 mm in the year 1998/99.

Figure 3.3: Monthly rainfall records over the recharge areas of the WAB

In addition to the high variation of monthly rainfall over the replenishment areas of the
WAB, the rainfall has the following characteristics:


The shape of the annual distribution of rain is normal to a log-normal distribution
skewing to the right (towards March and April), Figure 3.4.
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Figure 3.4: Mean of monthly rainfall over the recharge areas of the WAB



January shows the highest average amount of rainfall of 138.2 mm representing 24.7% of
the annual average. Additionally, in January, the highest monthly rainfall rates were
found for January 1974 reaching a total of 387 mm.



Most of the annual rainfall occurs during December, January and February with an
average of 65% of the mean annual rainfall.



The rainfall during September and May present the lowest values during the year
standing for less than 1% of the annual average.



Rainfall in April is generally very low (4.4% of the annual average), with a few
exceptions of high intensity storms such as that in 1971, which generated approximately
180 mm.



November and March have moderate average rainfall depths (11.1% and 13.9%
respectively).



Records show that rainfall during summer months is almost nonexistent (June, July and
August).

3.4

RECHARGE ESTIMATION TECHNIQUE

The water level fluctuation (WLF) technique is considered as one of the traditional
approaches for estimating groundwater recharge (Gieske, 1992). Accordingly, recharge can
be determined by examining water level fluctuations shown in well hydrographs, where it is
assumed that if no recharge occurred, then the hydrograph recession would continue until a
base level is reached. By extending the hydrograph recessions, the difference between the
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extrapolated recession curve and the actual groundwater level, multiplied by the specific
yield, corresponds to the amount of recharge for that time period, taking into account any
abstractions or infiltrations/injections and the net balance of inflows and outflows
(Kruseman, 1997).
While, the WLF technique is commonly used in unconfined aquifers, it can also be used for
the WAB as a special case due to many reasons; first, it is composed of two layers which
both have confined and unconfined conditions. Second, the two sub-aquifers are connected in
many places due to severe fracturing affects as well as due to the composition of Yatta
formation which is not uniform, therefore, in many places; it behaves as a one permeable
layer (Weinberger et al., 1993 and Weiss, et al, 2007). Accordingly, flow could exchange
between the two sub-aquifers and also water levels in both layers in the confined part are
almost the same (Baida et al., 1989).
Third, the water levels in the confined part of the two sub-aquifers were distributed
systematically from north to south. Figure 3.5, shows a sample of water levels at some
observed wells which proves that water levels within these wells are highly correlated,
meaning that water levels in the entire aquifer will be systematically affected as a result of
any abstraction, injection or natural recharge. Accordingly, the WLF technique could be
applied where the average drop/rise of the water level in the confined part of the aquifer
could be used as an indicator for the amount of inflow or outflow and could be
mathematically described based on the Kruseman approach, 1997, using the following
equation, Eq. 3.4:

Where:
R: Recharge (m3) during period T
Δh: Average change in water table elevation (m) during period T.
α: Storage coefficient (m3/m)
Qo: Sum of outflow (m3)
Qother inflows: Sea water intrusion, artificial recharge, lateral flow (m3) during period T
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Figure 3.5: Water level for different observed well within the confined part of the WAB

Since α is not yet defined, Eq. 3.4 has two unknowns. As a result, quantifying recharge for
any time interval is still not possible. This problem can be solved by looking for a period
within the historical records of the average water level where the start and the end of the
selected period have the same level (one complete cycle), Figure 3.6. During this period, the
net storage of the aquifer should be equal to zero. Accordingly, the term (α x Δh) becomes
zero, R over this period will then equal the net outflow during the same period.

Figure 3.6: Average water level in the confined part (generated from monitoring wells and HSI,
2007)
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The average water level in the confined part of the WAB was generated from the water level
time series of the observed wells within the confined part of the aquifer, Figures 3.5 and 5.6,
and validated by the mean annual water level which was calculated by the Hydrological
Service of Israel (HSI, 2007) using the same monitoring wells. The figure shows different
water level cycles. The cycle restricted between 1989/90 and 2001/02 was selected and water
balance analyses have been conducted.
3.5

INFLOW AND OUTFLOW

The sum of outflow from the WAB is equal to the wells’ abstraction and springs’ discharge
rates. While, the sum of inflow to the WAB is equal to the natural recharge, sea water
intrusion and injected water. Consequently, subtracting the total amounts of water flowing
into the aquifer through both artificial recharge and sea water intrusion from the sum of
annual outflow, for the past 13 years, yields a value equal to the sum of recharge over that
same period, Eq. 3.5. This means that for any specific year, the recharge is equal to outflow
plus the change in aquifer storage. Table 3.2 shows the total amounts of annual inflow and
outflow with all its items during the analyzed period as well as the net annual outflow (Qnet)
from the WAB.

Where:
i: Year
R: Recharge (Mm3)
Qw: Pumping (Mm3)
Qs: Springs discharge (Mm3)
Qar: Artificial recharge (Mm3)
Qse: Sea water intrusion (Mm3)
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Table 3.2: Water balance during the period 1989/90 to 2001/021

Year

Pumping
from the
WAB

Total spring
discharge

Sea water
intrusion1

Total
injection

Net outflow

Mm3
1989/90

400.8

26.2

3.9

1.1

422

1990/91

342.3

18.8

3.9

0

357.2

1991/92

245.1

59.5

3.9

36.6

264.1

1992/93

313.6

97.2

3.9

1.5

405.4

1993/94

321.5

75

3.9

0.1

392.5

1994/95

374.4

70.7

3.9

0.6

440.6

1995/96

354.7

59

3.9

2.6

407.2

1996/97

375.2

57.8

3.9

3.7

425.4

1997/98

412.7

51.6

3.9

0.2

460.2

1998/99

576.1

35

3.9

0.1

607.1

1999/00

400.8

27.1

3.9

0

424

2000/01

395.3

19.2

3.9

0.2

410.4

2001/02

364.7

20.3

3.9

1.7

379.4

Sum

4877.2

617.4

50.7

48.4

5395.5

As a result, the sum of recharge over the past 13 years is equal to the sum of the net outflow
(i.e. 5395.5 Mm3 =415 Mm3/yr). For the same period, the average estimated recharge using
Guttman’s equation was equal to 341 Mm3/yr, which is 74 Mm3 less than the recharge
estimated by the water level fluctuation (WLF) technique meaning that the recharge was
underestimated.
3.6

STORAGE COEFFICIENT

The storage coefficient of the WAB (α) is defined as the total water that could be abstracted
from or injected into the WAB per one meter drop/rise in the confined part of the WAB.
Based on this definition and taking the water level during year 1989/90 as a reference, the

1

See Chapter 1 , the upper limit is used for the water balance.
PhD Thesis: The Western Aquifer Basin

79

80

CHAPTER 3: RAINFALL ANALYSIS AND ESTIMATION OF GROUNDWATER RECHARGE

amount of water stored in the aquifer at time (t) is calculated through the following equation
Eq. 3.6:

Where:
S(t): Storage at time t after the water level exceed the reference water level (m3)
h(t): Average water level in the confined part (m) at time t
α: Storage coefficient of the WAB (m3/m)
Reference year: 1989/90
During the period 1989/90 and 2001/02, the net sum of inflow was equal to the outflow (i.e.
the net storage is equal to zero). Therefore, the integral of S(t) over the same period is equal
to the net outflow or net inflow. Then Eq. 3.6 is reduced to the following, Eq. 3.7:

The integral of water level (h) over the same period is equal to the area under the water level
curve. For an accurate calculation of storage coefficient; monthly records of water level were
used, Figure 3.7. As a result, the storage coefficient of the WAB could be calculated using
the following equation, Eq. 3.8:

Where:
Q: Sum of outflow over the considered period (m3)
h(t): Average water level (m)
α: Storage coefficient of the WAB (m3/m)
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Sep2002

 h(t ) dt  52.9

Oct1989

Figure 3.7: Average monthly water level in the confined part during the selected period

Once this equation was applied, it was concluded that for every meter drop or rise in the
confined area within the WAB, the aquifer storage will lose or gain 102 Mm3. This quantity
appears to almost match the result obtained from (Guttman et al., 1988) where they
concludes that between 1977 and 1987 the cumulative groundwater deficit was in the order
of 300 Mm3, a volume equivalent to a three meters drop in water level for the confined part
of the WAB.
This step was followed by the calculation of the annual recharge by incorporating the storage
capacity coefficient, the annual change in water level in the confined part and the net outflow
from the WAB as shown in the following equation, Eq. 3.9.

Where:
Ri: Recharge in year i (Mm3)
Net outflow in year i (Mm3)
α: Storage coefficient of the WAB =102 Mm3/m
Table 3.3 displays the results obtained for the annual recharge of the WAB over the period
from 1970/71 to 2005/06 through the application of Eq. 3.9 as well as a comparison with the
values attained by the Guttman’s empirical equation. The average recharge during this period
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yielded 385.2 Mm3/yr which is a value higher than the values obtained by Guttman’s
equation (i.e. 329.6 Mm3/yr)
Table 3.3: Recharge estimates by WLF technique compared with other estimation techniques
Change
Avg.
Change
Estimated
in
Net
Estimated
water
in
recharge
water
outflow
recharge (WLF)
level
storage
(Guttman's Eq.)
Year
level
Rc/Rf
Rc/Rf
m
Mm3
Mm3
Mm3
(%)
(%)
1970/71

16.1

-0.5

-51.0

347.8

296.8

27.5%

329.6

30.5%

1971/72

15.9

-0.2

-17.0

334.3

317.3

26.6%

351.5

29.5%

1972/73

13.8

-2.1

-214.2

418.8

204.7

24.5%

218.9

26.2%

1973/74

15.6

1.8

183.6

362.5

546.0

36.7%

612.5

41.2%

1974/75

16.2

0.6

64.6

351.8

416.4

41.1%

299.5

29.6%

1975/76

15.9

-0.3

-30.6

445.9

415.3

46.5%

245.4

27.5%

1976/77

14.2

-1.7

-176.8

373.0

196.2

18.0%

334.2

30.6%

1977/78

13.5

-0.7

-74.8

387.1

312.3

31.6%

288.3

29.2%

1978/79

12.1

-1.3

-136.0

412.9

276.9

35.8%

191.7

24.8%

1979/80

14.3

2.1

217.6

319.7

537.2

36.5%

596.9

40.6%

1980/81

15.2

1.0

98.6

344.3

442.9

39.8%

343.8

30.9%

1981/82

13.9

-1.4

-139.4

381.1

241.7

26.5%

254.0

27.8%

1982/83

16.3

2.4

244.8

326.2

571.0

37.1%

656.9

42.7%

1983/84

14.4

-1.9

-190.4

471.1

280.7

37.2%

183.4

24.3%

1984/85

13.0

-1.4

-139.4

444.7

305.3

34.9%

236.9

27.1%

1985/86

12.0

-1.0

-105.4

408.1

302.7

36.6%

215.8

26.1%

1986/87

12.3

0.3

27.2

350.8

378.0

31.1%

373.2

30.7%

1987/88

12.9

0.6

61.2

376.5

437.7

34.3%

425.9

33.4%

1988/89

12.5

-0.4

-37.4

382.3

344.9

39.8%

233.8

27.0%

1989/90

11.7

-0.8

-78.2

422.0

343.8

36.4%

268.6

28.4%

1990/91

11.5

-0.3

-27.2

357.2

330.0

38.2%

232.3

26.9%

1991/92

18.7

7.3

741.1

264.1

1005.2

46.3%

1243.2

57.3%

1992/93

20.0

1.2

125.8

405.4

531.2

44.3%

357.9

29.9%

1993/94

19.3

-0.6

-64.6

392.5

327.9

37.7%

234.8

27.0%

1994/95

19.1

-0.2

-20.4

440.6

420.2

33.7%

399.4

32.1%
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1995/96

18.2

-0.9

-91.8

407.2

315.4

31.2%

298.4

29.5%

1996/97

17.6

-0.7

-68.0

425.4

357.4

32.6%

336.9

30.7%

1997/98

16.4

-1.2

-122.4

460.2

337.8

27.2%

396.5

31.9%

1998/99

12.2

-4.2

-428.4

607.1

178.7

31.6%

97.9

17.3%

1999/00

12.3

0.1

10.2

424.0

434.2

46.4%

264.2

28.3%

2000/01

11.5

-0.7

-74.8

410.4

335.6

40.8%

214.1

26.0%

2001/02

11.8

0.3

27.2

379.4

406.6

33.5%

370.5

30.5%

2002/03

14.3

2.5

255.0

378.8

633.8

41.6%

643.0

42.2%

2003/04

15.1

0.8

85.0

357.8

442.8

53.2%

218.1

26.2%

2004/05

15.1

-0.1

-6.8

358.4

351.6

28.7%

383.0

31.2%

2005/06
Avg/Total

13.9
14.7

-1.2
-0.1

-122.4
-7.6

411.9
392.8

289.5
385.2

31.7%
35.5%

254.5
329.6

27.9%
30.6%

Figure 3.8 illustrates recharge values estimated by the two different methods (Water level
fluctuation and Guttman’s equation) drawn out on the same graph with the annual rainfall
over the period 1970-2006. The estimates obtained from the WLF technique generally have
trends similar to those of the Guttman method, due to the fact that the generated recharge is
directly proportional to rainfall amounts. However, it was obvious that in many years the
generated recharge was influenced more by the intensity and temporal distribution of rainfall.
For example, the year 2003/04 had a much higher recharge rate than was estimated by
Guttman equation. Similarly, the year 1976/77 had a much lower rate than other estimate
owing to the factors mentioned above.
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Figure 3.8: Annual recharge estimates with rainfall distribution for the analyzed period

The ratio between recharge and rainfall (Rc/Rf) were obtained by dividing the annual
recharge estimates by the annual rainfall. The table shows large differences in the ratios
between the coefficients Rc to Rf in the two methods used. This variation is a direct
consequence of the dissimilarity between the two methods in the level of consideration of the
temporal distribution of the monthly rainfall and quantity for each year. The average Rc/Rf
ratios estimated by applying the two techniques WLF and Guttman’s equation during the
analyzed period are 35.7% and 30.5% respectively.
3.7

RECHARGE EQUATION

As discussed before, to consider the temporal distribution of rainfall, the monthly rainfall
amounts from 1970/71 to 2005/06 were used to simulate the annual recharge quantities. The
data set was divided into two parts; the first (1970/71 – 1996/97) was used to develop an
empirical equation which relates the annual recharge with monthly rainfall. The second was
used to validate the developed equation. A correlation test between monthly rainfall and the
annual estimated recharge (i.e. WLF estimates) has been carried out. The rainy year 1991/92
was removed from the correlation test since it is an exceptional year where rainfall is twice
the mean annual rainfall. Table 3.4 shows the correlation values as well as the significance
levels of the correlated parameters. The result proved that the rainfall during December,
January and February highly correlated with a high significance to annual recharge;
November is also correlated but with less significance. All other rainy months were totally
not correlated. Accordingly, the annual recharge is considered as a function of four rainy
months within the year; November to February.
Table 3.4: Correlation test between monthly rainfall and annual recharge (1970/71 – 1996/97)
Monthly Rainfall
Sep
Oct
Nov
Dec
Jan
Feb
Mar
Apr
May
Pearson
0.072 0.002
0.25
0.7
0.38
0.68
-0.164 -0.243 -0.089
Correlation
Recharge

84

Sig. (2-tailed)

0.363

0.495

0.082

0.006

0.046
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Based on the correlation results, the empirical equation of annual recharge and monthly
rainfall was developed using a multi-regression technique. The result of multi-regression
provided the equation coefficients within a high significant level (less than 5%). The
recharge equation has been noted below (Eq. 3.10), through which 39.6 Mm3/yr has been
assumed the value representing all recharge from rainfall reaching the WAB during the
months of March to October as well as from other minor sources of recharge (i.e. leakage
from agricultural and domestic networks and return flow from irrigation). This value
represents around 19.8% of the average recharge reaching the WAB.

Where:
Rc: Annual Recharge (mm)
R: Monthly Rainfall (mm)
The equation above was used to generate annual recharge estimates for the complete data set
(1970/71 - 2005/06). The result, Figure 3.9, shows an excellent match for both simulation
and validation periods. As a result, this equation is proved to be applicable for estimating the
annual recharge for any synthetic rainfall scenario taking into consideration the monthly
rainfall variations.

Figure 3.9: Recharge versus rainfall relations obtained by WLF technique and multi regression
PhD Thesis: The Western Aquifer Basin
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3.8

ANNUAL RECHARGE VERSUS MONTHLY RAINFALL

The estimated annual recharge was compared with monthly and annual rainfall over the
replenishment areas of the WAB. The rainy season is divided into two parts; the first part
includes the three main rainy months within the year (December to February). The second
part represents the remaining rainy months (September to November and March to May).
The reason for this division is to facilitate the analysis and to check the impact of monthly
distribution of rainfall. The analysis proved that annual recharge is predominantly governed
by the monthly rainfall distribution rather than the total annual amount. The major findings
are summarized as follows:
Years with high recharge to rainfall ratios (> 40%): with a rainfall distribution similar to
that of a normal distribution, Figure 3.10, whereby more than 75% of the annual rainfall
occurred during December to February. Table 3.5 shows all the years with high recharge to
rainfall ratios. Moreover, it appears that all these years produce a graph skewing to the right.

Figure 3.10: The shape of rainfall distribution which gives high recharge rates
Table 3.5: Characteristics of years with high recharge to rainfall ratios
Year
1974/75
1991/92

Rainfall
(Rf)

Recharge
(Rc)

mm
524
1123

mm
216
520

Rf/Rc
(%)
41.1%
46.3%

Rainfall during
(Dec, Jan & Feb)
Sub-total
%
396.9
75.7%
939.0
83.6%
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Rainfall during (Sep, Oct,
Nov, March, Apr and May)
Sub-total
%
127.5
24.3%
184.1
16.4%
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1992/93
1999/00
2003/04

621
484
431

275
225
229

44.3%
46.4%
53.2%

486.6
424.9
379.8

78.4%
87.8%
88.2%

133.9
59.0
51.0

21.6%
12.2%
11.8%

Low recharge to rainfall ratios (< 30%): were obtained when rainfall shows a high
variation in its monthly distribution. For example, Figure 3.11 shows two years with low
recharge to rainfall ratios, as explained by the following factors:

Figure 3.11: Typical rainfall distribution with consequently low recharge rates



Both years had at least one dry month during the main recharge months (i.e. December
1981, December 1976, and February 1977). For instance, December 1981 experienced
very low levels of rainfall with the soil drying out, eventually resulting in reduced levels
of recharge. This period was followed by high rainfall depths in January 1982 mainly
used up to re-wet the soil resulting in reduced recharge depths.



Rainfall during both years shifted towards March and April when potential
evapotranspiration is considerably higher than in the main rainy months (Tal et al., 2007).



Rainfall during November followed by a very dry period (summer season) where, as
noted above, a high percentage of precipitation was taken up by the soil. Together with
high potential evapotranspiration, recharge consequentially decreased considerably.
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Table 3.6 lists all the years with low recharge/rainfall ratios including all relevant statistical
characteristics. The main rainy months showed low rainfall depths where annual rainfall is
distributed over all rainy months (i.e. September to May).
Table 3.6: List of all years within the analyzed period with low recharge to rainfall ratio
Rainfall Recharge
Rainfall during
Rainfall during (Sep, Oct,
Rf/Rc
(Rf)
(Rc)
(Dec,
Jan
&
Feb)
Nov,
March, Apr and May)
Year
(%)
mm
mm
Sub-total
%
Sub-total
%
1970/71

559.1

153.6

27.5%

286.8

51.3%

272.3

48.7%

1972/73

431.8

105.9

24.5%

265.7

61.5%

166.1

38.5%

1976/77

564.4

101.6

18.0%

267.8

47.5%

296.6

52.5%

1981/82

472.2

125.1

26.5%

260.5

55.2%

211.7

44.8%

1997/98

643.2

174.9

27.2%

378.5

58.8%

264.7

41.2%

Different annual rainfall depths resulting in identical recharge amounts: In this case,
some years had the same generated recharge despite the rainfall amounts being completely
different in terms of quantity and distribution. For example, the years of 1987/88 and
1999/00 both displayed high recharge to rainfall ratios and a nearly identical recharge
amount, notwithstanding the fact that 1999/00 experienced high intensity rain during the
main rainy months (i.e. 88%) as well as that the rainfall has a normal distribution shape
which is not the case in year 1987/88, Table 3.7 and Figure 3.12.

Figure 3.12: Characteristics of years with different annual rainfall depths and identical recharge
amounts
PhD Thesis: The Western Aquifer Basin
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Table 3.7: Example of years where different annual rainfall amounts generate same recharge
rates
Rainfall
(Rf)

Recharge
(Rc)

mm

mm

1987/88

660.5

226.5

1999/00

483.9

1988/89
1997/98

Year

Rc/Rf
(%)

Rainfall during
(Dec, Jan & Feb)

Rainfall during (Sep, Oct,
Nov, March, Apr and May)

Sub-total

%

Sub-total

%

34.3%

516.2

78.2%

144.3

21.8%

224.7

46.4%

424.9

87.8%

59.0

12.2%

448.9

178.5

39.8%

291.3

64.9%

157.6

35.1%

643.2

174.9

27.2%

378.5

58.8%

264.7

41.2%

Identical rainfall depths with different recharge rates: to the opposite of the previous
point, Table 3.8 and Figure 3.13 display examples of years that experienced the same rainfall
depths but generated different recharge amounts. The year 2003/04 had a rainfall of 432 mm,
but its distribution showed a specific concentration of the rainfall around the month of
January (88.2% of the rainfall at the three main rainy months) which resulted in a high
rainfall/recharge ratio. On the other hand, the rainfall distribution during 1972/73 takes a low
recharge shape (Figure 3.12) where rain during February was very low and relatively high
during November 1972 and March 1973. The two months that had experienced the highest
rainfall amounts of 1972/73 (November and March) were characterized by high
evapotranspiration rates and dry soils taking up a lot of moisture with low recharge rates as a
consequence.
Table 3.8: Characteristics of years with same annual rainfall depths and different recharge rates
Rainfall
(Rf)

Recharge
(Rc)

mm

mm

1972/73

431.8

105.9

2003/04

430.9

1974/75
1995/96

Year

Rf/Rc
(%)

Rainfall during
(Dec, Jan & Feb)

Rainfall during ( Sep, Oct,
Nov, March, Apr and May)

Sub
Total

%

Sub Total

%

24.5%

265.7

61.5%

166.1

38.5%

229.2

53.2%

379.8

88.2%

51.0

11.8%

524.5

215.5

41.1%

396.9

75.7%

127.5

24.3%

523.2

163.3

31.2%

270.3

51.7%

252.9

48.3%
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Figure 3.13: Years with equal annual rainfall depths and different recharge rates

The effect of similarities: This example is used to validate the hypothesis that if rainfall in
two years displays similar quantities and similar distributions, then the generated recharge
will be the same. Figure 3.14 and Table 3.9 show two years with the same amount of rainfall
and almost the same monthly distribution. Both years showed equal recharge depths during
March with a decreased recharge to rainfall ratio as a consequence.

Figure 3.14: Characteristics of years with equal annual rainfall depths and equal recharge rates
PhD Thesis: The Western Aquifer Basin
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Table 3.9: Characteristics of years with equal annual rainfall depths and equal recharge rates
Rainfall Recharge
Rainfall during ( Rainfall during ( Sep, Oct,
Rf/Rc
(Rf)
(Rc)
Dec, Jan & Feb)
Nov, March, Apr and May)
(%)
Year
mm
mm
Sub Total
%
Sub Total
%
1990/91

447.2

170.8

38.2%

265.1

59.3%

182.2

40.7%

1993/94

450.1

169.7

37.7%

292.9

65.1%

157.2

34.9%

3.9

CONCLUSION OF THE RECHARGE ESTIMATION

It was displayed that annual recharge of the WAB could be estimated based on a more
realistic technique. The WLF technique as an alternative approach was successfully applied
using the historical records of inflows, outflows and water levels. As a prerequisite condition
for applying this technique, finding a water level cycle within the records is required. Within
this water level cycle, the net aquifer storage equal to zero. This period also formed the basis
for the estimation of the storage coefficient of the WAB (α), i.e. the amount of water that
could be abstracted from or recharged into the aquifer per one meter drop/rise. This factor
provides a good tool to estimate the annual recharge by using the annual change in water
level and the net outflow from the aquifer.
The estimated annual recharge of the WAB proved that the amount of annual recharge is
affected by the monthly rainfall distribution more than by the annual amount of rainfall.
Therefore, simply estimating annual recharge from total annual rainfall amounts is an
inaccurate approach and will probably lead to either over or under estimating the annual
recharge amounts. The annual recharge was estimated by the WLF technique for the last 37
years (1971-2007) and then the time series of annual recharge and monthly rainfall were used
to develop an empirical equation relating annual recharge to the monthly rainfall. This newly
developed recharge equation will improve the future estimate of annual recharge by taking
into account the monthly distribution of rainfall. The equation shows that recharge is highly
dependent on rainfall amounts during four main rainy months: November, December,
January and February. The equation also concludes that the monthly rainfall in the months
March to October is not effective for generating recharge; where the generated recharge from
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rainfall in these months and other minor recharge components was estimated by the a value
of 39.6 Mm3/yr during the analyzed period (1970/71-2005/06).
The developed recharge to rainfall relation using two approaches was shown in Figure 3.15.
The estimated recharge by the WLF technique shows higher rates compared with recharge
estimated by Guttman’s equations for low rainfall rates and the opposite for high rainfall
rates. The comparison of the rainfall/recharge relation in the two WAB recharge estimation
techniques is summarized as follows:


Recharge estimates using Guttman’s equation: recharge estimates are strictly proportional
to the annual amount of rainfall, yet estimates intensify with higher rainfall amounts due
to the polynomial nature of the graph that was generated via a second-order polynomial
equation. Furthermore, this technique does not take into account the rainfall intensity nor
its temporal monthly distribution.



Recharge estimation using WLF: In this technique, the estimated annual recharge values
show less correlation with the annual amount of rainfall. The examination of historical
records proved that the relation between annual recharge and rainfall is not that well
developed, thus the monthly distribution was considered as a supporting factor. This
factor constitutes the underpinning elements of the WLF technique and was thus
deployed in the development of the consequent computational equation.

Figure 3.15: Recharge versus rainfall comparison
PhD Thesis: The Western Aquifer Basin
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To define the characteristics of rainfall that maximize the annual generated recharge, Figure
3.16 illustrates two years when the generated recharge has been fundamentally influenced by
the temporal monthly distribution of rainfall rather than the total annual amounts. These two
years have the highest and lowest Rc/Rf ratios (52.4% in year 2003/04 and 19.3% in year
1976/77). The figure reflects the characteristics of the seasonal rainfall for the two years that
led to high and low recharge to rainfall ratios. The characteristics of seasonal rainfall that
have high Rc/Rc ratios (e.g. year 2003/04) and that have low Rc/Rc ratios (Year 1976/77)
were:

Figure 3.16: Rainfall in 1976/77 and 2003/04

High Rc/Rf ratio (e.g. year 2003/04):


The graph representing the monthly temporal distribution throughout the year takes the
shape of a normal distribution.



More than 70% of the annual rainfall accumulates during four consecutive months
(November, December, January and February). It is worth mentioning that these four
months have the lowest potential evapotranspiration rates (Tal et al., 2007).

Low Rc/Rf ratio (e.g. year 1976/77):


The graph representing the monthly temporal distribution throughout the year takes a
shape far from a normal distribution.
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Generally, this case pointed out relatively low rainfall amounts during the main rainy
months (November, December, January and February).



High percentages of rainfall occurred during October, March and April, a period
characterized for having elevated potential evapotranspiration rates especially compared
to November, December, January and February(Tal et al., 2007).
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CHAPTER 4: GROUNDWATER FLOW DYNAMICS UNDER PREDEVELOPMENT CONDITIONS
4.1

INTRODUCTION

A groundwater model can be defined as a simplified version of the real groundwater system.
It describes the flow characteristics and gives relevant assumptions and constraints. In
general, groundwater models are based on two well-known equations: Darcy’s equation and
the equation of conservation of mass. The combination of these two equations results in a
partial differential equation that can be solved by numeric approximation. The two bestknown approximation methods are the finite difference and the finite element methods. Both
require space to be divided into small intervals. The sub-areas thus formed are called cells
and presented by nodes; each node is connected mathematically to its neighbors. The nodes
(cells) make it possible to replace the partial differential equation with a set of algebraic
equations. The conceptual model of the WAB was described in Chapter 2. This conceptual
model could be converted to a numerical groundwater model.
This chapter aims to develop a numerical flow model for the WAB during the predevelopment period. Whenever the model is calibrated, it will validate the conceptual model
of the real groundwater system, then the hydrogeology and the flow dynamics of the WAB
will be understood. The results will include water level heads, flow pattern, aquifer
geometry, water budget, hydraulic properties and more during the pre-development period
when the aquifer has not yet been utilized. In addition, this is considered as a further step for
developing the transient flow model in the following chapter.
The numerical flow model of the WAB representing the hydraulic state of the early forties
(1940s), when the aquifer was only insignificantly disturbed, was developed. For the initial
model, the pumping rate from groundwater wells was neglected and outflow from the aquifer
was assumed to be strictly through natural discharge at the location of the two main springs
of the WAB (Al Timsah and Ras Al Ain springs). The model will be calibrated based on the
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pre-development discharge of these springs as well as different locations within the Basin
where water levels were known.
4.2

NUMERICAL MODEL SOFTWARE

The main objective of the pre-development numerical model of the WAB is to evaluate and
test the validity of various interpretations about its flow dynamic systems. Generally, the
application of a numerical model in karstic aquifers such as the case of the WAB is limited;
due to the high contrast in hydraulic properties of the conduits and matrix blocks as well as
heterogeneity of the aquifer system (Rani et al., 2010). However, for long-term flow
modeling where the short-term response of the aquifer following recharge events is not
important, an equivalent porous medium model is intensified (Sauter, M. 1992). The steady
state flow model of the WAB was developed using MODFLOW 2000 which solves the
governing equation for groundwater flow through anisotropic and heterogeneous porous
media in three dimensions under saturated conditions (Weiss et al., 2007). In the karstic
aquifer, the groundwater flow; both matrix flow and karst conduits flow, were averaged into
a bulk conductivity of the model cells. This approach was found to be appropriate for wellconnected fracture systems at a fairly large scale (Ford and Williams, 2007).
MODFLOW is a 3D, cell-centered, finite difference, saturated flow model developed by the
United States Geological Survey (McDonald & Harbaugh, 1988). It simulates steady and
non-steady flow in an irregularly shaped flow system in which aquifer layers can be
confined, unconfined, or a combination of both. It also allows for a wide variety of boundary
conditions and input options.
MODFLOW is integrated with the Groundwater Modeling System interface (GMS)
developed by Aquaveo, LLC in Provo, Utah. GMS supports MODFLOW as a pre- and postprocessor. These processors are used to prepare all input files to MODFLOW and then read
and present the output files in a proper way.
4.3

MODEL GEOMETRY

The model’s geometry was constructed to comprise four layers representing four
hydrogeological units of the WAB. The top layer (i.e. the cover layer) includes the Abu Dees
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formation and all other overlying formations. This layer is modeled as an aquitard layer with
very low vertical and horizontal conductivities. Layers 2 and 4 are the upper (Hebron,
Bethlehem and Jerusalem formations) and the lower (Beit Kahel formation) aquifers
respectively known as the upper and lower sub-aquifers. The upper and lower sub-aquifers
are separated by Layer 3; the Yatta formation.
The Digital Elevation Model (DEM), Figure 1.3, was used to generate the elevation of the
first layer (i.e. ground elevation). The top elevation of the upper sub-aquifers was digitized
from the Structural Maps on Top of the Judea Group (top of the upper aquifer formations)
(Fleischer 2003), and using ARCGIS 9.3 software. In addition, different cross sections,
outcropping geology and wells lithology were also used to estimate the bottom elevations for
the remaining layers, as a result, the geometry of the WAB was developed. Figures 4.1 and
4.2 show samples of the structural maps and locations of cross sections used in developing
the geometry of the Basin, Figure 4.3.

Figure 4.1: Structural maps on Top Judea Group (top of the upper aquifer), Fleischer 2003,
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Figure 4.2: Location of the used cross sections in the geometry development

The cell dimensions vary from 200 to 750 meter. The smaller grid sizes were used in the
unconfined part of the WAB as well as around the two main springs. The cell sizes increase
further away from these areas.
PhD Thesis: The Western Aquifer Basin
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Upper Aquifer
Frms.
Yatta
Formation

Lower Aquifer
Frms.

Western Barrier

Overlaying Frms.

Afiq Channel

Figure 4.3: The geometry of WAB

For simplification, the 50-90 m thick Yatta formation, Layer 3, was later aggregated within
the two sub-aquifers. This simplification aims at decreasing running time of the steady state
and transient models. The vertical conductivity was used to separate the upper and lower subaquifers. In the areas where the two aquifers are separated, very low vertical conductivities
(in order of 10-6 m/d) were used implying that very limited flow could be exchanged between
the two sub-aquifers. In the areas where the sub- aquifers are assumed to be connected, 1/10
to 1/100 of the horizontal conductivities were used.
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4.4

RECHARGE

Recharge in the WAB is mainly generated from rainfall over the replenishment areas of the
aquifer. As discussed in Chapter 3, the rainfall is limited to winter months (October to April)
and characterized by high variation in terms of quantity, temporal and spatial distributions
and intensity from month to month as well as from year to year. The annual recharge has
been estimated using the water fluctuation technique taking into consideration the variations
of rainfall. The long-term average recharge (1951-2007) was found to be about 373 Mm3/yr.
This long-term annual average of recharge was used for model simulating the predevelopment state of the aquifer.
The recharged amount was spatially distributed over the replenishment areas based on
different criteria. The used methodology assumed that recharge is spatially distributed based
on the rainfall distribution, geological outcropping formation, slope, land use and surface
flow accumulation (i.e. drainage system). The flow accumulation was used to reflect the
recharge from runoff accumulated in the drainage system. In addition, it was assumed that
the criteria do not have the same level of significance to recharge distribution. Therefore,
different weightings based on the different literatures (SUSMAQ 2004) were used as shown
in Eq. 4.1.
=0.3 × +0.25×

+0.20×

+0.10×

+0.15×

4.1

Where:
RDIi: Recharge distribution index for cell i
Gi: Normalized geology index for cell i
Fai: Normalized flow accumulation index for cell i
Rfi: Normalized rainfall index for cell i
LUi: Normalized landuse index for cell i
Si: Normalized slope index for cell i
The normalized values of the criteria were calculated based on Eq. 4.2 (AbuSaada et. al.,
2006). Furthermore, to differentiate the influences of geological formation and land use types
on recharge distribution, different scores were used for each type of the criterion items, Table
4.1.
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Where:
: Normalized index of criterion j for cell i
: The worst value of criterion j
: The ideal value of criterion j
: The value of criterion j for cell i
Table 4.1: Rank for potential to recharge for land use types and geological formations
Item

Geology

Land Use
Types

Formation

Rank (Potential to

Ideal

Worst

Normalized

Recharge)

Value

Value

Rank

Jerusalem

1

0.9

Upper Bethlahem

2

0.8

Lower Bethlahem-Hebron

3

Yatta

5

0.5

Beit Kahel

2

0.8

Field Crops

2

0.8

Orchards

2

Shrublands

1

Urban

5

10

10

0

0.7

0.8

0

0.9
0.5

Applying the described approach led to the Recharge Distribution Index (RDI), Figure 4.4.
This index was used to distribute the accumulated annual recharge over the replenishment
areas of the WAB and finally the recharge distribution were achieved, Figure 4.5. Table 4.2
shows the recharge to each layer.
Table 4.2: Recharge distribution to the WAB layers
Recharge (Mm3)

Recharge (%)

Lower Aquifer

48.9

13.1%

Yatta formation

30.6

8.2%

Upper Aquifer

293.6

78.7%

WAB (Total)

373

100%

Aquifer
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Figure 4.4: Criteria used for developing the Recharge Distribution Index (RDI)
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Figure 4.5: Recharge depth for pre-development period

4.5

WATER LEVEL

Measured historic water levels at different locations within the model domain are essential
for a sound model calibration. However, water level records during the pre-development
period are very rare. The water levels records mainly date back to the mid 1960s after the
aquifer was already intensively developed are available. The available literature indicates
that the pre-development water levels in the confined part of the WAB gently drop from 25 PhD Thesis: The Western Aquifer Basin
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27 m near Beir Al Saba’ in the south to 16 m in the Menashe heights at the north (Rosenthal
et. al., 1992 and Dafny et. al., 2010). In the unconfined part, the relatively pre-development
water levels were at 450 - 500 m in Jerusalem area (Ein Karem), in Hebron Mountains the
water level was 350 - 450 m in the lower sub-aquifer, 550 - 700 m in the upper sub-aquifer
and 300 - 350m in Salfeet area (Weinberger et al., 1994, Guttman et. al., 1988 and Dafny et.
al., 2010). The pre-development water level at specific points (33 wells) used in the model
calibration are listed in Table 4.3 and Figure 4.6.

Figure 4.6: Location map for observed water level during pre-development period
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4.6

NATURAL OUTFLOW OF THE WAB

During the pre-development period, the outflow from the WAB was limited to two main
springs; Al Timsah spring in the northern part and the Ras Al Ain spring in the central part of
the Aquifer. Based on different literature sources, the average pre-development mean annual
flow range for Ras Al Ain spring was 220 - 280 Mm3 and that of the Timsah spring was 90120 Mm3 (Mercado et. al., 1980, Zukerman et. al., 1999 and Berger at el., 1999).
It was assumed that the sum of the spring discharge is within the range of the long-term
annual average recharge (i.e. 350 - 380 Mm3/yr). The two springs were modeled as drain
with constant heads with their discharge is a function of the gradient near the springs and the
hydraulic conductivity. For calibration, the spring’s discharges were set to 255 ± 10 Mm3/yr
for Timsah spring and 105 ± 10 Mm3/yr for Ras Al Ain spring. The rest points and the
hydraulic conductivity of the two springs were obtained as a result of the model calibration.
4.7

MODEL CALIBRATION

In order to achieve the water level distributions during the pre-development period and the
historical discharge of the two springs, horizontal conductivities as well as the hydraulic
conductivities and rest points of the two springs were used. The model domain was divided
into different zones based on the geological formations, faults, gradients, synclines and
anticlines. Initial values were used for each zone and then modified by calibration to achieve
the steady state conditions. The hydraulic conductivities in each zone were considered an
average value which represent the conductivities for both conduits and diffuse flow.
During calibration, vertical conductivity was used to represent the connection between upper
and lower aquifers. In the areas where the upper and lower sub-aquifers assumed to be
connected, vertical anisotropy 1: 10 (Kh =10 Kv) was used. In all other cases, a very low
vertical conductivity (i.e. 10-6 m/d) was used to define the separation between the two
aquifers. During calibration, these ratios were modified in order to reach the steady state
conditions. In the unconfined areas, higher ratios between horizontal and vertical
conductivities were used (Kh: 500 - 1000 Kv). These ratios reflect high conductivity due to
the karstic conditions.
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The water level calibration was conducted based on 33 wells distributed throughout the entire
Basin, Table 4.3 and Figure 4.6. For each well, the pre-development water level and a range
of water level uncertainty figures were carefully set. The calibration was stopped when the
simulated water level in all wells and the historical spring discharge rates were achieved.
According to their locations within the model domain, these target wells were clustered into
8 groups and a Zonal Root Mean Squared Error (ZRMSE) was calculated based on Eq. 4.3:

Where:
n=Number of observed wells in each group
O= Observed water level
S=Simulated water level
Table 4.3: Pre-development water level at specific point locations
Well Name

Zone

Negbah 5Kadouh Nepet

Beir As
Saba
Beir As
Saba
Beir As
Saba
Beir As
Saba

Amtsiah 1
Tel Shoket 1
Beer Sheva
Tastpit

Layer

Observed
heads (m)

Uncertainty
(m)

Simulated
heads (m)

Error
(m)

2

25.7

1

26.0

0.35

2

26.2

1

26.3

0.09

2

26.7

2

27.9

1.19

2

26.4

1

26.9

0.52

Ein Karem 12

Jerusalem

3

502.0

5

498.7

-3.32

Bar Giurah 1

Jerusalem

3

239.0

2

239.9

0.90

Ein Karem 13

Jerusalem

3

445.0

5

445.8

0.76

Fawwar No. 3

Hebron

2

657.0

5

655.2

-1.77

Samu'

Hebron

2

552.0

5

555.7

3.68

Zef

Hebron

3

360.0

5

360.8

0.83

Barkaei 3

Khudera

2

16.9

2

18.0

1.08

Menshe T1

Khudera

2

18.6

1

18.4

-0.25

Menshe T2

Khudera

2

19.3

1

18.8

-0.47
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Manit 2

Khudera

2

19.7

1

19.7

-0.01

Kakon 1

Khudera

2

20.0

1

20.4

0.41

Beerotaim 1

Khudera

2

20.8

1

21.0

0.20

Adasim Nepet

Khudera

2

21.6

1

21.4

-0.20

Khudera

2

21.6

1

21.5

-0.08

Khudera

2

21.8

1

21.6

-0.19

Kfar Saba Ic

Khudera

2

22.3

1

21.6

-0.67

Givat
Hashloshah
Rakeve

Khudera

2

22.8

2

21.6

-1.16

2

23.0

1

22.1

-0.91

2

23.8

1

23.2

-0.58

2

24.0

1

24.3

0.31

2

24.5

1

24.5

0.03

2

25.0

1

25.0

-0.02

Kfar Hs
Hboneim B
Ramat
Hkovesh B

Pitah Tikvah
Mahane Israel
1
Ayalon 1
Gezer 1
Kfar Uriah 4

Ras Al
Ein
Ras Al
Ein
Ras Al
Ein
Ras Al
Ein
Ras Al
Ein

Karnei
Shomron

Shibteen

3

76.5

1

76.7

0.20

Ariel

Shibteen

3

425.0

5

423.3

-1.66

Haris

Shibteen

3

295.3

5

295.1

-0.19

Shibteen 1

Shibteen

2

93.0

1

92.5

-0.47

Tireli 6

Timsah

2

14.3

2

15.9

1.61

Gilad 3

Timsah

2

16.0

1

16.9

0.93

Ya'abad

Tulkarem

2

40.0

2

39.9

-0.06

0.5

0.9

1.3
0.1

The calibrated water level distributions for both confined and unconfined areas showed a
good match with the observed water levels in all measured wells within the defined
uncertainty ranges. The uncertainty range for most wells located in the confined part of the
Basin varies between -1 and 1 m and from -5 to 5 m in the unconfined areas. The ZRMSE
varies between 0.5 - 2.4 m. The water levels and the flow patterns for the upper and lower
sub-aquifers are shown in Figure 4.7.
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(a) Upper Aquifer

(b) Lower Aquifer

Figure 4.7: Simulated water level
PhD Thesis: The Western Aquifer Basin
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The water balance for the Basin during the pre-development period (observed and simulated)
is shown in Table 4.4.
Table 4.4: Pre-development water budget for the WAB
Sea
Al Timsah Spring
Layer

Recharge

water

Measured

Ras Al Ain spring

Simulated

Measured

Simulated

Balance
(InflowOutflow)

3

Mm

Upper
Aquifer

308.8

Lower

56.1
3.9

105 ± 10

-133.3
255 ± 10

-0.8

Aquifer

64.2

56.2

-128.2

Total

373

112.3

-261.5

4.8

HYDRAULIC PROPERTIES OF THE WAB

The calibrated transmissivity values were found double to triple of those measured in specific
wells. This result confirmed the double continuity system within the WAB where two flow
systems exist; diffuse and conduit flows (Chapter 2). The existence of conduits or channels in
the aquifer system as a result of high karstification of the aquifer with high hydraulic
conductivities increase the lumped value in each calibrated zone.
In addition, high variation of spatial distribution of hydraulic conductivities was found for
both confined and unconfined areas. The calibrated hydraulic conductivity ranges are shown
in Figure 4.8. Generally, the upper and lower sub-aquifers have almost similar values except
in the mountain areas where hydraulic conductivities are different. The horizontal hydraulic
conductivity ranges between less than 1 - 10 m/d in the mountain areas (Hebron, Jerusalem
and Ramallah), 5 - 15 m/d in Tulkarem zone, 85 - 160 in both Timsah and Khudera zones,
300 - 500 m/d around Ras Al Ain spring and 150 - 300 m/d in Beir Al Saba zone. These
values comply for wells with typical conductivity values of karstic limestone (Freeze and
Cherry, 1979) and with the values achieved in previous studies for the same aquifer (Dafny
et. al., 2010).
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Figure 4.8: Horizontal conductivities and kh/kv ratios for upper and lower sub-aquifers

4.9

SENSITIVITY ANALYSIS

The sensitivity of the model to hydraulic conductivity is carried out using a systematic
procedure as described in the following steps:
PhD Thesis: The Western Aquifer Basin
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1. The model domain was divided into 8 zones, Figure 4.8, representing different
hydrogeological zones within the WAB.
2. The uncertainty range (i.e. accepted error range) of the 33 well heads was doubled.
3. The hydraulic conductivities were changed for one zone at a time as a percentage of
the calibrated values until the heads of any well within the 33 wells reached to any of
the new uncertainty limits. Then the resulting heads were recorded.
4. Finally, the ZRMSE was calculated for each zone.
The results of the model sensitivity testing are shown in Figure 4.9. The Figure shows that
the model is highly sensitive to hydraulic conductivity in the unconfined part of the Aquifer.
It was noticed that slight changes in the horizontal conductivity of the unconfined part of the
model domain (-20% - 28% in Tulkarem zone and -5% to 5% in Hebron, Jerusalem and
Ramallah mountains) led to high changes in the water levels in the designated unconfined
zones. It was also noticed that the head changes occur near the target zone and do not affect
the entire model domain.
In contrast, the model shows less sensitivity in the confined part of the WAB. The deviation
in hydraulic conductivities ranges between -30% to 325% from the calibrated values for
minor changes in water levels, Figure 4.9. The analysis shows that water levels have different
levels of changes (in both confined and unconfined) as a result of any change in hydraulic
conductivities in any of the confined zones.
The sensitivity analysis of the vertical anisotropy of the Aquifer shows that in confined areas,
the aquifer is insensitive to a change in vertical hydraulic conductivities, the water levels
change few centimeters as a result of changing the anisotropy coefficient up to 1:1,000. The
water levels in the unconfined areas are more sensitive to a change in the vertical
conductivity, especially, in both Hebron and Jerusalem zones. It is clear that the vertical
conductivities in both zones are significant factors in simulating the water level heads and for
determining the dry cells within the two zones.
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Figure 4.9: Sensitivity analysis to hydraulic conductivities

4.10

CONCLUSION OF THE PRE-DEVELOPMENT MODEL

The geological structure of the WAB has a major influence in controlling the flow within the
aquifer. The WAB could be structurally divided into a number of zones, Figure 4.8. In the
unconfined zones (Tulkarem and Shibteen zones), the flow is directed towards the northwest.
However, in the two other unconfined zones (Hebron Mountains and Jerusalem mountains
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zones), the flow generated is towards the southwest, Figure 4.7. At the end, the flow from the
unconfined zones accumulates in the confined part of the aquifer and then changes the
direction to the north in a narrow channel towards the natural outlet springs.
The pre-development water levels distribution has two types of gradients, the first is flat in
the confined part of the Aquifer where water levels range between 5 in the north close to Al
Timsah spring to 27 m in the south in Beir Al Saba’ area. The second gradient type is very
steep found in the mountain area. For example, the pre-development water level in Hebron
zone ranges from 700 m in the upper sub-aquifer and 400 m in the lower sub-aquifer in the
eastern side of the zone to 30 m in the foot hills to the east of Beir Al Saba’.
The calibrated hydraulic conductivities as well as the sensitivity analysis reflect the relation
of the karstification level and double porosity system within the WAB.

This aquifer

characteristic was reflected by high conductivity values for the calibrated zones. In high
karstic zones (Ras Al Ain zone) the model has the highest hydraulic conductivity, 600 m/d.
In less karstified areas, the hydraulic conductivities are also low (i.e. in the order of 10 -1 m/d
in Hebron and Shibteen zones). The mountain areas where the recharge is generated showed
that the hydraulic conductivities range between a few meters to a few centimeters per day. In
these areas, the calibration and the sensitivity analysis revealed a high influence of hydraulic
conductivities on the water heads and the flow quantities.
The water levels in the confined parts of the two sub-aquifers are almost the same, Figure
4.7. However, the water level in the lower sub-aquifer is slightly higher which allows water
to flow from the lower sub-aquifer to the upper sub-aquifer.
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CHAPTER 5: GROUNDWATER FLOW DYNAMICS UNDER
TRANSIENT CONDITIONS
5.1

INTRODUCTION

Management of groundwater resources in a sustainable manner requires a thorough
understanding of its hydrological processes detailed in space and time. This Chapter
concentrates on the development of a transient flow model of the WAB in order to
understand the flow dynamics of the Basin under different spatial and temporal conditions
for both recharge and groundwater exploitation.
Unlike the previous models developed for the WAB (Chapter 1), this model will be more
comprehensive in temporal and spatial scales. The transient flow model will be developed
for a long-term, monthly time step and refine grid resolution. As a result, the flow dynamics
and the aquifer responses under different stresses will be well studied. This model will be
used to evaluate the impact of different management options under different climatic and
management scenarios on the flow dynamics and on the sustainable yield of the aquifer
system. Once the model will be calibrated and validated, it will be transferred to the decision
makers in the region to be used for developing an integrated water resources management
plan at national and regional scales, it will also be used to predict the future impacts of any
scenario that could emerge later.
The development of this transient model is considered as a continuation of the steady state
model which was developed in the previous Chapter. Therefore, the boundary conditions,
calibrated hydraulic properties (i.e. horizontal and vertical conductivities) and aquifer
geometry will be obtained from the pre-development steady state model of the WAB. Other
transient parameters including specific storativity and specific yield will be estimated by
model calibration.
This system was also be simulated with a three-layer model using MODFLOW-2000 with
the same grid size. Time wise, the model covered the period from September 1951 to August
2007 in monthly time steps. The period from September 1951 to August 2000 was used as a
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calibration period while the period from September 2000 to August 2007 was used for model
validation.
5.2

THE WAB OUTFLOWS

The outflows from the WAB can be divided into two main types: the first is the natural
outflow from the two main springs in the Basin (Ras Al Ain and Al Timsah springs). The
outflow from these two springs was the dominant outflow during the pre-development period
(prior to early 1950s). Afterwards, the second type of outflow emerged as the pumping rate
significantly started with 10 Mm3 in 1951/1952 and then dramatically increased to 300 to 342
Mm3 by the late 1960s and early 1970s. The pumping outflow then became more dominant
than the natural outflow starting from year 1972/73, when the pumping rate was increased to
385 Mm3 and then kept in the range of 340 - 450 Mm3/yr depending on rainy season. Figure
5.1 shows a comparison between the two types of the WAB outflows. The characteristics of
the two types of aquifer outflow were discussed in Chapter 2.

Figure 5.1: Time series of the WAB’s outflows

5.3

THE WAB INFLOWS

The main inflow to the WAB is the natural recharge. However, there are other minor
components of inflow. These minor inflows are: artificial recharge and sea water intrusion.
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5.3.1 Natural Recharge
The The estimation of recharge and its distribution were covered in details in Chapters 3 and
4 respectively. To conclude the main recharge features for the development of the transient
model, recharge of the WAB is mainly generated from rainfall during winter over the
replenishment areas of the Aquifer. The rainfall is characterized by high variation in terms of
quantity, temporal and spatial distributions and intensity. The annual rainfall ranges from
less than 300 mm/yr up to 1200 mm/yr with a long-term annual average of 550-600 mm/yr
(Dafny et al., 2010). The annual recharge has been estimated using the water fluctuation
technique taking into consideration the monthly variation of the rainfall (Chapter 3). The
long-term average of recharge (i.e. during the model period 1951-2007) was found to be
about 373 Mm3/yr. The annual estimated recharge which will be used for the transient model
period (1951-2007) is shown in Figure 5.2. The Figure shows that the annual recharge in
26% of the modeled years was 80% less than the average annual recharge considered dry
years. Also, 17.2% of the years were found 120% higher than the average recharge (i.e. wet
years) meaning that dry years was more frequent than the wet years within the model time
domain.

Figure 5.2: Annual estimated recharge during the model period

Initially, the recharged amount was spatially distributed over the replenishment areas based
on the rainfall distribution, outcropping formation, slope, land use and surface drainage
system as described in Chapter 4. Also, the annual estimated recharge was initially
downscaled into monthly amounts using the monthly rainfall values. Both the spatial and
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monthly distributions were modified later by trial and error during model calibration in order
to match the shape and values of the measured water levels and springs hydrographs.
5.3.2 Artificial recharge and Sea Water Intrusion
Both artificial recharge and sea water intrusion were covered in details in Chapter 2. Figure
5.3 shows the location of the wells was used for injecting water and the location of the
anticipated aquifer connection with the sea. The Figure also shows that artificial recharge
was conducted in the northern and central parts of the Basin where the pumping rate is
already high. In this type of use, the Aquifer is used as a storage tank where the excess water
during wet months was stored in the Aquifer to be used in drier months.

Figure 5.3: Location map of the injected wells
PhD Thesis: The Western Aquifer Basin

CHAPTER 5: GROUNDWATER FLOW DYNAMICS UNDER TRANSIENT CONDITIONS

5.4

WATER LEVEL

In total, 19 observation wells were used for the calibration and validation of the numerical
flow model, Table 5.1. These wells are uniformly distributed over both the confined and
unconfined parts of the Aquifer, Figure 5.4. The water levels during the early 1950s in the
confined part of the WAB gently dropped from 25-27 m near Beir Al Saba’ in the south to
16 m in the Menashe heights in the north ( Rosenthal et. al., 1992 and Dafny et al., 2010). In
the unconfined part and for the same period, the water levels stood at 450-500 m in
Jerusalem area (Ein Karem), in Hebron Mountains water level was 350-450 m in the lower
sub aquifer and 550 - 700m in the upper sub-aquifer and 300-350 m in Salfeet area
(Weinberger et al., 1994, Guttman et al., 1988, and Dafny et al., 2010).

Figure 5.4: Location of observed wells used for model calibration
PhD Thesis: The Western Aquifer Basin
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The water level records were available starting from the late 1960s, and were used for
calibration and validation of the transient model. In general, water levels in the entire Aquifer
started to decline due to the over exploitation from the Aquifer. Before the wet year 1991/92,
the water level in the same areas were stood at 12-13 m near Beir Al Saba’ in the south and
8-9 m in the Menashe heights in the north . In the unconfined part and for the same period,
the water levels stood at 400-450 m in Jerusalem area (Ein Karem), in Hebron Mountains the
water level was 350-450 m in the lower sub- aquifer and 525-650 m in the upper sub-aquifer
and 270- 300 m in Salfeet area.
The simulated water levels during the 1950-1960 period were accepted whenever the starting
point matched with the level during the early 1950s and matched with the available data of
the observation wells.
5.5

PHYSICAL PROPERTIES OF THE WAB

The physical properties of the Aquifer (specific storativity, specific yield and conductivities)
are required to solve the flow equation. Both horizontal and vertical conductivities for the
two sub-aquifers were obtained from the steady state model representing the predevelopment period of the Aquifer. The values of conductivities show high spatial variation
between confined and unconfined areas, Figure 4.8.
In order to optimize the seasonal fluctuations of the observed and calculated water levels,
different values for specific storativity were assigned for the purpose of dynamic conditions
calibration. The initial values were obtained from different literatures for similar karstic
aquifers (Guttman et al., 1995 and Tsukerman et al., 1999), and then modified during model
calibration. As a result, the calibrated specific storativity for confined areas were found in the
range of order 10-6 to 10-5 (1/m). In the unconfined areas, the specific yield ranges between
1% - 7.5%.
5.6

CALIBRATION METHODOLOGY

The transient model calibration efforts focused mainly on the spatial and monthly
distributions of recharge and storativity coefficients of the aquifer layers as the main
calibrated items. Modifying the hydraulic conductivities (Kh and Kv) and the hydraulic
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conductivity of the two springs were achieved during the calibration of the steady state model
and set as a secondary target items for the model calibration.
The model domain was divided into different zones based on the confinement line as well as
the geological outcropping formations and the main structures within the Aquifer domain.
The hydraulic conductivities and the initial stotativity coefficients were averaged for each
zone and then adjusted during the calibration process. In the same way, the replenishment
areas were also divided into a number of recharge zones with initial spatial and temporal
(monthly) distribution of recharge.
The main task during the calibration process was to fit the simulation results to the observed
data in both spring hydrographs and water levels in the 19 monitoring wells. The calibration
efforts also attempted to fit the simulated model to the characteristics of the spring
hydrograph and water level records including the monthly variations, trends, values and
peaks.
Unfortunately, the full monthly records for the 19 monitoring wells were not available. Some
records within the simulated period were missing for some wells and available for others.
Therefore, simulated water levels that matched the available measured water levels in all
monitoring wells were accepted. In addition, the Root Mean Squared Error (RMSE), Eq. 5.1,
was also used to represent the simulation error for each monitoring well.

Where:
n: number of measurement records for each well
m: measured water level at time step i
S: simulated water level at time step i
5.7

MODEL VALIDATION

The transient model of the WAB was validated using the data between the period of
September 2000 to August 2007. The simulated water levels in the 19 monitoring wells and
the hydrograph of the two springs were also used for validating the model. The computed

PhD Thesis: The Western Aquifer Basin

125

126

CHAPTER 5: GROUNDWATER F LOW DYNAMICS UNDER TRANSIENT CONDITIONS

water levels and spring discharges including monthly variations compiled with the measured
data in all wells and spring hydrographs for the entire modeling period are shown in
Figures5.5, 5.6 and 5.7.
5.8

MODEL SIMULATION RESULTS

Figures 5.5 and 5.6 show the simulation results for a sample of monitoring wells. The
simulated water levels show an excellent match with the available measured water levels in
both seasonal variations and head values. The Figures also show the influences of the major
events within the modeled period especially the impact of wettest year 1991/1992 and the
driest year 1998/1999 which was synchronized with high pumping rates.

(a) Maneshe #2 well

(b) Hadaseem well
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(c) Beteh Tiqva well

(d) Ayalon well

(e) Qiryat Gat well

(f) Beir Al Saba well
Figure 5.5: Simulated versus observed water levels in the confined part of the WAB
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(a)15-19/42 well

(c) Shabtin well

(e) As Samu’ well

(b) 15-18/025 well

(d)15-18/22

(f) 15-09/12

Figure 5.6: Simulated versus observed water levels in the unconfined part of the WAB

Similarly, Figure 5.7 shows the hydrographs of the two spring discharges. The simulated
spring hydrograph, especially Al Timsah spring, shows a relatively good match with the
measured spring discharge data. However, both seasonal and multi-year variations were
simulated by the model; the peaks of discharge were not captured well. The reason for not
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simulating the discharge peaks was referred to the double continuity behavior of the aquifer
due to the high karstification and existence of underground conduits within the WAB which
make springs respond rapidly to recharge events.

(a) Al Timsah Spring

(b) Ras Al Ain Spring
Figure 5.7: Simulated versus observed spring hydrographs

The overall water levels and springs discharge figures show the best correlation between
measured and simulated values. The model succeeded to simulate the water level during the
beginning of the modeling period in all wells (i.e. starting from the pre-development water
level). The water levels in the WAB started to slightly decline during the first ten years
(1951-1961) when the pumping rate was relatively very low (i.e. started with 10 Mm3 in
1951 and increased to a round 200 by Mm3 1961). Afterwards, the water levels showed a
significant decline in all wells as a result of heavy pumping (i.e. more than 300 Mm 3).
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However, the sum of that simulated annual springs discharge was equal to the sum of
measured, the simulated discharge of Al Timsah spring during 1951-1961 was less than the
measured discharge, while, the discharge of Ras Al Ain spring was higher. One of the
reasons could be the accuracy of data during this period.
The calculated RMSE values showed that measured and simulated water heads very well
matched. These values were low in all wells located in the confined area (i.e. around one
meter) and relatively high (up to 10 meters) in some wells located in the unconfined area,
Table 5.1, due to the geological structure which has a major influence in controlling the flow
within the aquifer.
Table 5.1: RMSE for the observed wells
Well Name
Sub-aquifer

RMSE (m)

Type

Hadaseem

Upper

0.85

Confined

Qiryat Gat

Upper

0.54

Confined

Bir Al Saba

Upper

0.63

Confined

Menashe 1

Upper

0.99

Confined

Beiteh Tiqva

Upper

0.97

Confined

Shabtin4

Lower

2.04

Confined

Gezer

Upper

0.89

Confined

Meneshe 2

Upper

1.21

Confined

Ayalon

Upper

0.73

Confined

15-19/42

Upper

1.46

unconfined

16-19/02

Upper

1.26

unconfined

15-18/25

Upper

1.05

unconfined

15-17/22

Lower

3.48

unconfined

As Samu'

Upper

2.78

unconfined

Ariel

Lower

9.8

unconfined

Ar Ryhiya

Lower

8.66

unconfined

15-18/022

Upper

1.15

unconfined

15-09/12

Upper

2.8

unconfined

Ein Karem

Lower

8.98

unconfined
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The monthly and spatial distribution of annual recharge was also achieved by model
calibration. The downscaling of the annual recharge into monthly recharge was calibrated by
comparing the shape of the simulated water levels and measured levels. Initially, the monthly
distribution of recharge was set depending on the monthly rainfall then it was adjusted by
calibration in order to simulate the same shape of the actual water levels in all monitoring
wells. A sample of the obtained best fit monthly distribution curve is shown in Figure 5.8.
This curve changes annually according to the monthly distribution of seasonal rainfall.

Figure 5.8: Recharge distribution index for year 2005/2006

The spatial distribution of recharge was also calibrated by comparing the value of the
simulated water levels with actual water levels. Initially, the spatial distribution of rainfall,
outcropping formation, slope, land use and flow accumulation were used to distribute the
recharge over space (Chapter 4) which was then slightly modified during the calibration
process to match the measured water levels.
5.9

CONCLUSION OF THE TRANSIENT FLOW MODEL

A long-term numerical flow model on a monthly basis was successfully developed for a
karstic aquifer (i.e. the WAB). The complexities of the various flow regimes of karstic
groundwater were successfully modeled using MODFLOW 2000 by averaging the physical
properties of the aquifer formations. The numerical results of the WAB model show good
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compliance with the observed curves; particularly including the discharge of the two main
springs and the water levels of all wells used for model calibration and validation periods.
The geological structure of the WAB has showed a major influence in controlling the flow
pattern within the aquifer. The western hydrological barrier (Talme Yafe Group) prevents
groundwater flow seaward and diverts the groundwater northward beneath the Coastal Plain.
North to Ramallah Anticline, northeast of the WAB, the natural recharge generated in the
replenishment areas in Salfeet and Tulkarem regions flows towards the west to be
accumulated with the groundwater in the plain areas. In some places, the pumping affects
alters the natural flow line distribution and direction of the Upper Aquifer in the WAB. For
example, in Ein Karem Region (Jerusalem), the split-off Ramallah Anticline is responsible
for a local water level range between 400 and 500 m. Therefore, this part of the aquifer could
be considered as a sub-basin within the WAB. In the southern portions of the WAB, the
major replenishment area is located in the Hebron Mountains, from there, groundwater is
forced to flow south-westward towards Beir Al Saba area by the southwest trending and
plunging the split-off anticline of the Hebron anticline. The flow changes its direction to the
north towards the natural spring outlets and productive wells once the anticline is buried deep
enough.
Recalling the conceptual model of the WAB described in Chapter 2, the transient model of
the WAB succeeded in simulating the main responses of the aquifer system during the 56
simulated years. As a result, the model provided significant information about the aquifer’s
physical properties, flow dynamics, and aquifer responses to different climate and
exploitation conditions. As well as validating the special advantage of the WAB that it could
be used as both on underground natural carrier and storage reservoir. As another example,
the model was able to simulate the high aquifer response after the wettest and the driest years
within the model records (i.e. 1991/92 and 1998/99 respectively) as shown in Figures 5.5 and
5.7. Also, the high conductivity area in the central part of the Basin where water level rises
faster due to recharge than in other areas which led to a change in the flow direction. Figures
5.9 and 5.10 show the flow pattern of the aquifer at significant periods. These figures reflect
the change of the aquifer flow dynamics as a result of aquifer utilization during the last 56
years.
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(a)

(b)

Figure 5.9: Flow direction in the lower sub-aquifer before and after the wettest year (a) April
1991 and (b) April 1992
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(a)

(b)

Figure 5.10: Flow direction in the lower sub-aquifer during (a) April 1953 when the outflow
was dominated by springs discharge (b) April 1974 when the outflow was dominated by
pumping and also after the Ras Al Ain spring was dried out
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The water balance of the two sub-aquifers shows that 63% of the natural recharge reaches the
upper sub-aquifer. However, 86% from the annual pumping and 37% of the spring discharge
are extracted from the upper sub-aquifer. In order to substitute the high outflow from the
upper sub-aquifer, the lower sub-aquifer leaks an average of 42.6 Mm3/yr (i.e. 11% of the
total aquifer outflow) to the upper aquifer through the interconnection areas between the two
sub-aquifers. The water balance of the WAB is shown in Table 5.2.
Table 5.2: Water balance budget for the WAB

Average

Max

42.6

-70.9

113.0

Recharge

235.3

93.7

763.3

2.9

2.0

16.9

Sum of Inflow2

280.8

104.1

759.5

Drain

-36.8

-3.8

-180.8

-252.7

-9.0

-487.3

-289.5

-183.4

-494.3

Storage2

-8.7

-255.8

548.7

Recharge

138.1

57.3

475.1

2.0

2.0

2.0

140.1

49.1

456.5

-42.6

70.9

-113.0

-62.4

-22.9

-209.2

-40.3

-1.4

-76.6

-145.2

-65.4

-210.5

-5.2

-142.3

384.1

OutFlow

Sea Water Intrusion and Injected water

Inflow

Flow From Lower Sub-aquifer

Pumping
Sum of outflow2

Sea Water Intrusion and Injected water
Sum of Lower Inflow2
Flow To Lower Sub-aquifer

OutFlow

Lower Sub_Aquifer

Min
Mm3/yr

Inflow

Upper Sub_Aquifer

Item

Drain
Pumping
Sum of Lower Outflow2
Storage2

2

The sum of the minimum and maximum values were not calculated by direct addition. It was achieved from
the model budget since the minimum and maximum values of the inflow and outflow items may not occur in
the same time.
PhD Thesis: The Western Aquifer Basin

135

Recharge
Sea Water Intrusion and Injected water
Total Inflow2

OutFlow

Drain
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Pumping
Total Outflow2
Total Storage2

373.4

151.0

1238.4

4.9

4.0

18.9

378.3

155.1

1257.2

-99.2

-26.7

-389.9

-293.0

-10.3

-563.9

-392.2

-283.3

-605.8

-13.9

-401.4

973.9

The results also show that the water level started to decline simultaneous to heavy pumping
from the Aquifer. As a result, by year 1973 the Ras Al Ain spring dried out, Timsah Spring
discharge decreased to a low level where it reached to an average of 30 Mm3/yr and the water
level in most of the confined part of the aquifer declined by 10 - 13 m. The Aquifer was
partially recovered during a few months almost to its pre-development state after the wettest
year within the aquifer records; 1991/1992, where the accumulated annual rainfall was
doubles the normal average rainfall. After this wettest year, the water level reached to the
pre-development status, the Ras Al Ain spring returned back to the low discharge rate and the
discharge rate of Al Timsah spring also increased. The fast response of the Aquifer proves
the high karstic level of the WAB as well as the interconnectivity of the aquifer formations in
both horizontal and vertical dimensions.
The inflow and outflow from the Aquifer over the 56 years is presented in Figure 5.11. The
natural recharge is the dominant inflow to the WAB with an average 98.7% of the total
aquifer inflow. The two other minor inflows are the sea water intrusion through the
northwestern boundary (3.6-3.9 Mm3/yr) and the injected water during the wet years. The
natural recharge as well as the injected water was dependent on the rainy season, therefore,
the total annual inflow was highly correlated to the annual rainfall. On the other hand, the
types outflow of changed during the model period. Initially, outflow discharged through the
two main springs in the aquifer (Ras Al Ain and Al Timsah springs). Afterwards, the springs’
outflow decreased by time as a result of increasing the exploitation from the Aquifer through
the groundwater wells. As a result, the outflow was mainly from the wells abstraction.
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Figure 5.11: Inflow and outflow from the WAB
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CHAPTER 6: SUSTAINABILITY OF THE WAB UNDER DIFFERENT
SCENARIOS
6.1

INTRODUCTION

Groundwater is the most important component of the region’s water resources. Therefore,
understanding the impacts of increasing water demands as a result of population growth and
global warming is very essential for the sustainability of these resources. Groundwater
sustainability is defined as the development and use of the aquifer system to meet the current
and future demands without causing unacceptable consequences (Alley, W.M et al., 1999).
For this reason, evaluating the WAB’s response under different climate and pumping
scenarios is a significant need. As a result, different strategies could be developed in order to
maximize the pumping rates without harming the aquifer system.
The numerical transient flow model of the WAB was extended in time to cover the
management period of 28 years (i.e. 2007/2008 to 2034/35). This numerical flow model
(MODFLOW) was coupled with the Water Evaluation and Planning System (WEAP). The
coupled WEAP model can run the MODFLOW model for different defined pumping and
recharge alternatives. The WEAP can prepare the input files (i.e. pumping rates and
recharge) and then transfer them to MODFLOW model. The MODFLOW is then run
accordingly and results (i.e. water levels and water balance) are returned back to the WEAP
for presentation and further analysis.
Accordingly, the coupled WEAP-MODFLOW model was run for all defined scenarios, water
level distributions and springs’ discharges were then used as indicators for the sustainability
of the WAB. The results were then analyzed and compared with each other in order to
produce the best management scenarios under different climate conditions.
6.2

WATER EVALUATION AND PLANNING SYSTEM (WEAP)

The Water Evaluation and Planning System (WEAP) has been acknowledged by different
water planners in the world as an efficient program dealing with the planning and
management of water resources. It was developed by the Stockholm Environment Institute.
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WEAP is a user friendly software designed to simulate water resources systems and trade-off
analysis. It can store a wide range of information characterizing the water system and
calculate water demand, supply, runoff, infiltration, crop requirements, flows, storage, and
pollution loads, treatment effluent, discharge, cost benefit analysis and stream water quality
under different water management alternatives and climate scenarios.
Additionally, WEAP and MODFLOW models can be dynamically coupled. Where, for each
time step, outputs of one model will be transferred as input to the other model, Figure 6.1.
For example, the required pumping and the total inflow were spatially transferred to the
MODFLOW model, the MODFLOW will run based on these inputs and send the results of
water levels, springs discharges and aquifer storage to the WEAP model for supply-demand,
cost benefit, storage and other calculation and analysis.

Figure 6.1: Schematic diagram of WEAP-MODFLOW coupling, (Massmann, 2010).
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Once the WEAP-MODFLOW model have has been coupled into one model, the
examination, compare and evaluation different climate, pumping and management scenarios
becomes possible. The results may then be visualized as graphs, maps, and tables in different
time and spatial scales.
6.3

WEAP-MODFLOW COUPLING

The WAB was basically divided into two management areas; confined and unconfined. The
two areas were then divided into smaller zones based on flow directions which were
determined based on to the main structure in the aquifer domain, see Chapters 3 and 4. For
each zone, demand, groundwater and catchment nodes were defined, Figure 6.2.

Figure 6.2: Schematic diagram of WEAP-MODFLOW of the WAB
PhD Thesis: The Western Aquifer Basin
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While, there are many functions in WEAP that could be used to estimate recharge, runoff and
demand, recharge during the evaluation period was estimated based on the empirical
equation developed in Section 3.4. The results were then entered to WEAP as natural
recharge quantities for the groundwater nodes. Similarly, pumping rates from different zones
were defined as maximum withdrawal using the current spatial distribution of groundwater
wells.
6.4

SCENARIOS DEVELOPMENT

The sustainability of the WAB is a function of both the inflow and outflow. The inflow to the
WAB is a factor of rainfall, while outflow mainly depends on different human demands
(domestic, agriculture, industry and commercial) and the natural status of the water levels
which affects the outflow from the springs. In this Section, different rainfall and pumping
scenarios in addition to one artificial recharge scenario were evaluated.
6.4.1 Climatic Scenarios
The historical climatic records in the region were showed very high variations in terms
temporal and spatial distributions. In addition to these variations, climate change should also
be considered. The variation in climate from year to year and the potential of climate change
will generally impact the entire ecosystem and the water resources in more specific way.
Therefore, the evaluation of the ecosystem under different climatic scenarios will provide an
essential foundation to understand the level of impacts and will guide decision makers in the
region on how to utilize their ecosystems.
The major climatic parameter in the study area is rainfall which is the main recharge
generator. Other parameters such as temperature, humidity, wind have only a minor effect on
recharge and were neglected in the evaluation. The rainfall over the replenishment areas of
the WAB is considered the main source of recharge. The historic rainfall data for the area
showed very high variations in terms of annual quantity as well as monthly distribution. This
variation and the potential of climate change were evaluated in order to quantify the impact
on the renewable amount of the inflow and the sustainable yield of the aquifer under different
climatic scenarios. As a result, the amount of water that could be abstracted from the aquifer
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without any adverse impacts (i.e. water levels and springs’ discharges) was defined. For this
purpose, two climatic scenarios were developed; the first scenario was developed based on
the historical rainfall records over the replenishment areas of the WAB and named “Normal
Rainfall Scenario (NRS)”. The second scenariowas obtained from a high resolution regional
climate change model (i.e. 25 km) achieved by dynamical downscaling of global climate
change scenarios with MM5 driven by ECHAM4 and RegCM3 driven by HadCM5. This
scenario was called the “Reduced Rainfall Scenario (RRS)” since it reduces the amount of
rainfall over the management period.
The annual recharge for the two scenarios was calculated based on the empirical equation
developed in Chapter 3. The average estimated recharge over the management period was
386 and 277 Mm3/yr for NRS and RRS respectively. The monthly downscaling and spatial
distribution over the replenishment areas of the WAB were conducted using the same
approach obtained by model calibration (Chapters 4 and 5).
6.4.1.1 Normal Rainfall Scenarios (NRS)
The “Normal Rainfall Scenario” (NRS) did not consider any change in the future rainfall
trends, or yearly and monthly distributions. This scenario assumes that the rainfall during the
management period (2008-2035) will have the same characteristics of the historical records.
Therefore, rainfall data from 1970/71 was to be repeated again from year 2007/08, Figure
6.3.

Figure 6.3: Normal rainfall scenario
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The NRS showed different rainfall characteristics in terms of annual rainfall quantities and
monthly distribution; 2028/29 represents the wettest year within the management period (i.e.
which simulates the rainy season 1991/92) where the annual rainfall is almost double the
long-term annual average. The minimum rainy year is 2020/21 with annual rainfall 390 mm.
The average annual rain was estimated to be 570 mm which is much closer to the normal
average (i.e. 560 mm/yr).
6.4.1.2 Reduced Rainfall Scenarios (RRS)
This scenario was obtained from a climate model3 with 25 km resolution achieved by
dynamical downscaling of global climate scenarios with MM5 driven by ECHAM4 and
RegCM3 driven by HadCM5. This model produced a time series of expected rainfall in daily
time steps. The cells overlapping the replenishment areas of the WAB were determined, the
average monthly rainfall was then calculated, Figure 6.4.

Figure 6.4: Reduced rainfall scenario

This rainfall scenario composed of different types of monthly distribution shows a significant
reduction in the total annual amounts. On average, the annual average is 449 mm/yr which is
20% lower than long-term annual average. The lowest rainy season was dated in 2030/31
with an annual amount 249 mm.
3

Climate simulations produced at TAU for the BMBF project GLOWA Jordan River (http://www.glowajordan-river.de) with RegCM3 in 2009-2010 (Krichak S. O., Alpert P (2010) Projection of climate change
during first half of twenty-first century over the Eastern Mediterranean region according to results of a transient
RCM experiment with 25 km resolution. Geophysical Research Abstracts, EGU2010)
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6.4.2 Pumping Scenarios
The pumping scenarios were developed in the sense of maintaining the sustainability of the
aquifer while maximizing the pumping rates in order to meet the growing demands. The
water level distribution within the aquifer and the springs’ discharges were used as indicators
of the sustainability of the aquifer. While the historical pumping rate of the aquifer was used
as the maximum amount that could be pumped from the aquifer since it exceeds the average
renewable recharge of the aquifer. In light of these criteria, three types of pumping scenarios
were developed taking into consideration the type of climate scenario used.
6.4.2.1 Moving Average Scenarios
Generally, the distribution of the rainfall in the region has a cyclic behavior. It meaning that
every 7-10 years it repeats its distribution. In each cycle there are one or two wet years and
one or two dry years. Accordingly, this scenario was defined with an annual pumping rate
equal to 85% of the seven years moving average of the estimated annual recharge. The
remaining 15% was kept for the aquifer storage and springs’ discharges. Under the two
climate scenarios, two pumping scenarios were defined. The first pumping scenario which is
related to the NRS called the “Normal Moving Average Scenario” and the second the
“Reduced Moving Average Scenario” which is related to the RRS, Figure 6.5.

Figure 6.5: Moving average pumping scenarios
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The average pumping rate over the management period for the two pumping scenarios was
328 Mm3/yr for the normal moving average scenario and 254 Mm3/yr for the reduced moving
average scenario.
6.4.2.2 Aquifer Yield Scenarios
These scenarios were defined according to the long-term annual recharge of the aquifer (i.e.
373 Mm3/yr) and to the annual average of the estimated recharge based on the RRS (2007/08
to 2034/35). In the two scenarios, “Normal Aquifer Yield Scenario” and “Reduced Aquifer
Yield Scenario”, the pumping rates were fixed to 85% of two defined aquifer yields (i.e. 310
Mm3/yr and 221 Mm3/yr).
6.4.2.3 Related Pumping Scenarios
The historical pumping regime showed a high inverse correlation between the annual rainfall
and the annual pumping. For example, pumping decreased to 250 Mm3 in the wettest year
1991/92 and extended to 573 Mm3 in the driest year 1998/99. Taking into consideration the
historical use of the aquifer, the annual pumping under the two climate scenarios were
limited to maximum rates of 450 and 400 Mm3 in the driest years and minimum rates of 280
and 250 Mm3 in both NRS and RRS respectively, Figure 6.6. The average pumping rate was
364 Mm3 under the NRS called the “Normal Related Pumping Scenario” while the average
pumping rate for the other pumping scenario was 334 Mm3 called the “Reduced Related
Pumping Scenario”.

Figure 6.6: Moving average pumping scenarios
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6.4.3 Management Scenario
This scenario was developed to check the impact of artificial recharge on the sustainability of
the aquifer and quantify the additional water that could be pumped. While, there are many
potential sources of water that could be artificially recharged; storm water from the major
watersheds has been selected for the purpose of this scenario.
The average runoff to rainfall ratio in the WAB domain was estimated in the range of 2% in
dry years to around 10% in wet years (Tal et al., 2007 and SUSMAQ, 2004). Accordingly,
three runoff coefficients were used for estimating the potential quantity of storm water could
be injected; 2% for dry years, 7% for wet years and 4.5% for years having accumulative
rainfall close to the annual average. The watersheds, Figure 6.7, were developed based on 20
x 20 Digital Elevation Model (DEM). Consequently, and based on the average rainfall and
the area of each watershed, the minimum, average and maximum potential quantities of
storm water that could be collected were calculated, Table 6.1.
Table 6.1: Calculation of potential storm water runoff
Watershed
Baqa
Tulkarem
Qalqilyia
Salfeet
Shibteen
Jerusalem
Hebron
Sum

Area
(km2)
563
355
350
374
543
395
1212
3792

Runoff (Mm3/yr)

Average
Rainfall (mm)

Minimum (2%)

Average (4.5%)

Maximum (7%)

515
600
553
552
598
562
333
488.7

4.6
3.4
3.1
3.3
5.2
3.5
6.4
29.6

13.0
9.6
8.7
9.3
14.6
10.0
18.2
83.4

33.1
24.3
22.1
23.5
37.0
25.3
46.0
211.3

In order to estimate the potential annual storm water under the two climate scenarios, the
runoff coefficients (i.e. 2%, 4.5% and 7%) were applied on the two rainfall scenarios.
Moreover, to avoid any over estimation, only 50% of the estimated runoff was assumed to be
artificially recharged. Figure 6.8 shows the time series of the estimated storm water assumed
to be injected to the aquifer.
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Figure 6.7: Location map of the main watershed within the WAB

Figure 6.8: Potential quantities for artificial recharge
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The spatial distribution of storm water to be injected to the groundwater was assumed to be
located during the month of winter and spring months (December, January, February and
March) in the downstream areas of each watershed and around the main drainage in each
watershed.
6.5

SCENARIOS EVALUATION AND ANALYSIS

In total, 24 scenarios where developed covering different combinations of climate,
management and pumping scenarios, Table 6.2. These scenarios varied in terms of the level
of climate and demand stresses on the aquifer system.
Table 6.2: List of evaluated scenarios
Code

Name
Normal
Recharge-

Sc.1

Reduced
RechargeSc.2

Sub Name

Sc.1.1

85% Normal Moving Average

310

Mm3)
450 Mm3)

364

Sc.2.1

85% Reduced Moving Average

254

85% Reduced Aquifer Yield (277
Sc.2.2

Reduced

221

Mm3)

Sc.2.3

400Mm3)

334

Enhancing

Sc.3.1

85% Normal Moving Average

328

Pumping

85% Normal Aquifer Yield (373
Sc.3.2

437

364

450 Mm3)
85% Normal Moving Average +

Sc.4.1

RechargeEnhancing

310

Mm3)
Normal Related Pumping (280 -

Sc.3.3

Enhancing
Normal

277

Reduced Related Pumping (250 -

Pumping

Recharge-

386

Normal Related Pumping (280-

Normal

Sc.4

328

Sc.1.3

Normal
Sc.3

Average
Recharge
(Mm3/yr)

85% Normal Aquifer Yield (373
Sc.1.2

Normal
Pumping

Average
Pumping
(Mm3/yr)

Subcode

85%
Sc.4.2

354

50% from the Injected Water
Normal

(373Mm3) +

Aquifer

437

Yield

50% from the
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Normal

Injected Water

Pumping
Normal Related Pumping (280 -

Enhancing

Sc.4.3

450Mm3)

364

Sc.5.1

85% Reduced Moving Average

254

Reduced
Sc.5

Recharge-

85% Reduced Aquifer Yield (277
Sc.5.2

Reduced
Pumping
Enhancing

Sc.6.1

Normal
RechargeSc.7

Sc.6.2

Reduced
RechargeSc.8

Mm3) +

50% from the Injected

242

318

Reduced Related Pumping (250 Sc.6.3

400 Mm3)

334

Sc.7.1

85% Reduced Moving Average

254

85% Reduced Aquifer Yield (277
Sc.7.2

Mm3)

221

386

Reduced Related Pumping (250 Sc.7.3

400 Mm3)

334

Sc.8.1

85% Normal Moving Average

328

85% Normal Aquifer Yield (373
Sc.8.2

Normal
Pumping

275

Water

Reduced
Pumping

50% from the Injected Water
85% Reduced Aquifer Yield (277

Reduced
Pumping

334

400 Mm3)
85% Reduced Moving Average +

RechargeEnhancing

318

Reduced Related Pumping (250 Sc.5.3

Reduced
Sc.6

221

Mm3)

Mm3)

310

277

Normal Related Pumping (280 Sc.8.3

450 Mm3)

364

In all the evaluated scenarios, the spatial distribution of the natural recharge and pumping
rate were kept unchanged. One of the main and primary results was the validation of the level
of continuity of the aquifer system. The water level distributions in all defined zones show
the same trend in rising or declining as a result of the evaluated scenario. This phenomenon
confirms that the WAB is a one entity system.
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In order to analyze the evaluated scenarios, 15 cells representing the location of existing
monitoring wells in both upper and lower sub-aquifers were used for evaluation, Figure 6.9.
In the coming sections, the analysis show the water levels in four representative cells (wells)
were uniformly distributed within the aquifer; Menasheh , Beteh Tiqva, Qiryat Gat and Beir
Al Saba’ wells.

Figure 6.9: Location map of the observed cells
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6.5.1 Results under Normal Rainfall Scenario
The six scenarios evaluated under the NRS show high variations in the level of impacts on
the two criteria used for evaluation (i.e. water level and spring discharge). These impacts
could be classified into three types:
The first type of impact will maintain the aquifer state to the same level as that of the base
line year (i.e. 2007) with a low decline in water levels. The scenarios giving this type of
impact are Sc1.1 and Sc1.2, where 85% of the moving average (i.e. 328 Mm3/yr) or the
aquifer yield (310 Mm3/yr) respectively was pumped during the management period, Figure
6.10.

Figure 6.10: Water levels under Sc1.1 and Sc1.2 sub-scenarios

However, the water levels in the two scenarios look the same except in the year after 2029/30
were they completely diverted. The reason for this diversion was due to the existence of a
very wet year within the evaluated period, this allows the increase in the pumping rate in
scenario “Sc1.1” to around 400 Mm3/yr starting from year 2029 continuing for seven years
later including the wet years within its pumping calculations. In addition to the increase in
pumping rate, the springs increased their discharge rates, Figure 6.11, as a result of the
temporary increase in water levels due to increase of annual recharge during the wet year.
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Therefore, the increase in pumping rate and springs discharges will double the impact on the
water level. On the contrary, “Sc1.2” which fixed the pumping rate according to the
historical yield of the aquifer will benefit from the wet year by increasing the amount of
water stored in the aquifer which increasing the water levels to higher state, the aquifer
become more stable with a higher storage reservation for drier years.

Figure 6.11: Al Timsah spring discharge under Sc1.1 and Sc1.2 sub-scenarios

The second type of impacts reflected the danger of the current aquifer utilization, since the
annual pumping rate is related to the annual rainfall (Sc1.3 and Sc7.3) where annual pumping
reached in some dry years to 400 - 450 Mm3, much higher than the average recharge, Figure
6.12. The water levels in both scenarios continued to deteriorate throughout the entire the
aquifer.

Figure 6.12: Water levels under Sc1.3 and Sc7.3 sub-scenarios
PhD Thesis: The Western Aquifer Basin
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In addition to the water level impacts, the spring’s discharge declined with time to very
minor rates; the discharge rate will reduced from 1.5 - 2 Mm3/month at the beginning of the
evaluated period to less than 0.05 Mm3/month after 6 - 7 years, Figure 6.13.

Figure 6.13: Al Timsah spring discharge under Sc1.3 sub-scenarios

In sub-scenario “Sc7.3”, the water levels at the end of the evaluation period were almost the
same of those achieved by sub-scenario “Sc1.1”, Figure 6.14. This implies that if the WAB
will be stressed in order to fulfill the demand, then “Sc7.3” could be selected under the
assumption that an exceptional wet years will come within the management period that
substitute the over exploitation from the aquifer. This sub-scenario will increase the pumping
rate to an additional 5.6 Mm3/yr with a minor decrease in spring’s discharges. In addition to
this benefit, the pumping rate increase during dry years up to 400 Mm3.

Figure 6.14: Water levels under Sc1.1 and Sc7.3 sub-scenarios
PhD Thesis: The Western Aquifer Basin

CHAPTER 6: SUSTAINABILITY OF THE WAB UNDER DIFFERENT SCENARIOS

Thirdly, the aquifer could be recovered by reducing the pumping rate to 220 - 254 Mm3/yr as
shown in sub-scenarios “Sc7.1” and Sc7.2”. Accordingly, water levels will start to rise and
could reach relatively to levels close to the pre-development period, Figure 6.15

Figure 6.15: Water levels under Sc7.1 and Sc7.2 sub-scenarios

In addition, the springs will also start to increase their discharge; Ras Al Ain spring will
start once again to discharge a significant amount which could reach in the wettest year
during the evaluation period around 50% of its historical discharge. Al Timash spring
will also increase its discharge with time to reach 70 - 75% of its pre-development
discharge by the end of the evaluation period, 6.16.

Figure 6.16: Springs discharges under Sc7.1 and Sc7.2 sub-scenarios
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Consequently, the aquifer system of the WAB has proved its high response to any expected
change in inflow or outflow. Figures 6.12 and 6.13 show the high response of the aquifer in
the very wet year expected in 2028/29 in terms of sudden increase of water levels and springs
discharges. As a result, regardless of the growing demand for water, the continued
deterioration of the aquifer could be easily stopped by reducing the pumping rate.
6.5.2 Results under Reduction Rainfall Scenario
The reduction of natural recharge amounts as a result of the reduction of rainfall due to
global climate change will maximize the stress in the WAB. The regional climate model
showed a significant reduction in the annual rainfall and accordingly the annual recharge (i.e.
Section 6.4.1.2). In order to evaluate this possible climatic scenario, managed and
unmanaged pumping scenarios were evaluated; sub-scenarios Sc2.1 and Sc2.2 represent the
managed pumping scenarios (i.e. pumping rate were reduced) and sub-scenarios Sc8.1 and
Sc8.3 represent the un–managed scenarios (i.e. pumping rates were kept high).
Despite the impact of reducing in pumping rates on the water supply to the demand sites, the
aquifer could at least be kept of the same status of the base year of evaluation (i.e. 2007). In
this context, two scenarios were introduced; the first scenario suggests that an immediate
action should be taken by reducing the annual pumping rate to 221 Mm3/yr (i.e. 85% of the
expected average recharge over the evaluation period). However, this scenario will also
reduce the pumping rates by at least 120 Mm3/yr, alternative sources will then have to be
introduced. Taking this intermediate action will allow the aquifer to increase its storage
during the wet years to be used in the very dry years. Accordingly, water level and springs
discharge will increase during the first half of the evaluation period before starting to decline
as a result of climate change.

The second scenario which is seemed more practical, states

that actions should be gradually taken by decreasing the pumping rate by using the moving
average of the estimated recharge. In this scenario, water levels and the springs’ discharges
will continue in almost the same level as the base year.
On the other hand, keeping the pumping rate at high levels will to severely deteriorate the
aquifer as follows, Figure 6.17:

PhD Thesis: The Western Aquifer Basin

CHAPTER 6: SUSTAINABILITY OF THE WAB UNDER DIFFERENT SCENARIOS

a. Additional 17 - 20 m draws down by the end of the evaluation period.
b. Minimize the spring discharges to less the 0.05 Mm3/yr.
c. Increase the number of dry cells in the unconfined part of the aquifer.
d. Increase the possibility of salt water intrusion from the Sea and from the deep aquifer.

Figure 6.17: Water levels under Sc2.1, Sc2.2, Sc8.1 and Sc8.2 sub-scenarios

6.5.3 Results under Management Scenario
This scenario proved that the aquifer could be used as a storage reservoir. Excess water such
as storm water during winter months could be artificially recharged to the aquifer to be used
later during summer months when the demand is usually high. The sub-scenarios “Sc4.2”
and “Sc6.2” show an example of the impacts on water level distributions under the two
rainfall scenarios and with increase pumping rates, Figure 6.18.
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Figure 6.18: Water levels under Sc4.2 and Sc6.2 sub-scenarios

6.6

CONCLUSIONS

The numerical model of the WAB confirmed its ability to evaluate different types of
scenarios expected to happen in the future. This could validate the numerical model of the
WAB and give decision makers the confidence to evaluate any scenario that could emerge
during the coming future.
The response of the WAB over different rainfall and pumping scenario was proved the high
level of influence on the sustainability of the aquifer system. The main conclusions of the
scenarios evaluation are:
1. The aquifer seemed to behave as one aquifer system under different conditions.
2. The pumping rates during the last forty years stressed the aquifer; the water levels
and the springs’ discharges deteriorated from year to year. This deterioration was due
to the pumping rate which was inversely correlated to the amount of annual recharge.
3. Accordingly, the optimized pumping rates from the WAB were found to be 310 and
254 Mm3/yr under NRS and RRS respectively. These amounts will maintain the
water levels and springs’ discharges from further deterioration.
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4. Decision makers should take into consideration global changes in terms of climate
(temperature and rainfall), demand growth, and urban expansion. Therefore, aquifer
utilization should be annually reviewed.
5. Using storm water generated in the main watershed within the WAB region for
artificial recharge to the WAB will increase the optimized annual pumping rate by 15
- 20 Mm3/yr.
6. While, the water levels in the unconfined part of the aquifer are less affected by different
pumping scenarios, the impact of the reduction in annual recharge as a result of climate
change will influence the unconfined part of the aquifer, Figure 6.19. Therefore, more
attention should be given in order to avoid more stress in the demand sites in this part due to
the possible decrease in groundwater supply. Based on that, enhancing aquifer recharge in
these areas by water harvesting, land terracing in steep lands and land rehabilitation as well as
using treated wastewater for artificial recharge will be possible actions to be taken.

Figure 6.19: Water levels in the unconfined part of WAB under different scenarios
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7.1

INTRODUCTION

Scarcity of fresh water in the Middle East is considered one of the largest challenges facing
socio-economic development of the region. The stresses on natural sources are increasing
day by day as a result of rapid global change (i.e. population growth, climate change, etc.).
Therefore, the management of trans-boundary water resources is an urgent need not only for
protecting these resources but also for the stability and development of the entire region. The
Western Aquifer Basin (WAB) as one of the main trans-boundary groundwater resources was
depicted for a case study. It extends from the mountains of the West Bank in the east to the
Mediterranean Sea in the west and from the Carmel Mountains in the north to the Egyptian
border in the south. The Aquifer is utilized by both Palestinians and Israelis with a
sustainable yield estimated to be around 373 Mm3/yr. During the pre-development period,
this yield was naturally discharged through the two main springs in the Aquifer; Al Timsah
spring (Tananim spring) in the north with a discharge of 90 - 120 Mm3/yr and Ras Al Ain
spring (Yarkon Spring) in the middle of the Aquifer with a discharge of 220 - 280 Mm3/yr. In
the early 1950s, significant pumping from the Aquifer started and increased with time to
reach 400 Mm3/yr during the 1970s. The pumping rates were kept in this range with some
variation depending on the rainy season. The highest pumping rate, 573 Mm3, was recorded
in the driest year in the record, 1998/99, while the lowest pumping rate, 250 Mm3, was
recorded in the wet year 1991/92. Due to the high pumping rates which most of the time
exceed the annual renewable recharge, the water level and the discharge of the two main
springs deteriorated; Ras Al Ain spring dried out in 1973, Al Timsah spring currently
discharges around 20-40 Mm3/yr and the drawdown in the Aquifer has reached 10-16 m
compared to the water level during the pre-development period.
The WAB is composed of two permeable limestone and dolomitic limestone layers with
signs of high karstification separated by a less permeable layer (i.e. Yatta formation). These
two layers are called the upper and lower sub-aquifers. The WAB is also divided into two
zones; the first zone is the confined area within the Aquifer in the eastern part and the second
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is the confined part on the western side. The dominant inflow of the Aquifer (i.e. 98%) is the
natural recharge from the rainfall over the outcropping formations in the replenishment areas
of the WAB.
The main objective of this research was to investigate the flow dynamics and responses of
the highly karistified aquifer of the WAB under different levels of variations in both inflow
and outflow conditions and also to assess the sustainable yield of the Aquifer under different
global changes. To achieve the intended goal, an intensive analysis has been conducted
starting from studying the inflow mechanisms and its relation to the rainfall variation, the
boundaries, the steady state conditions of the Aquifer, development of a refine transient flow
model and ending with the development of different future scenarios and their impacts on the
flow dynamics of the aquifer system. The summary of the conclusions obtained from the
overall analysis and how this conclusion contributed in achieving the main objective of this
study is shown below.
7.2

RAINFALL-RECHARGE VARIATIONS

The rainfall over the replenishment areas showed a high level of variation in terms of
accumulative annual amounts, monthly distribution, intensity and spatial distribution.
Therefore, the estimated annual recharge proved that recharge is affected by the monthly
rainfall distribution in addition to the annual amount of rainfall. The water level fluctuation
technique over a certain period of time was successfully used. It provided a new storage
coefficient of the WAB which could be used to estimate the annual recharge by measuring
the annual change in the water levels in specific monitoring wells. The storage coefficient of
the WAB indicates that for one meter drop/rise in the water level in the confined part of the
WAB, the aquifer could lose/gain 102 Mm3 of water.
The long-term annual recharge was found to be 373 Mm3/yr with high variation from year to
year. Accordingly, the relation between annual recharge and the distribution of annual
rainfall as well as the accumulative annual rainfall confirmed that the high variations of
annual recharge volumes are directly linked to monthly rainfall variation. High statistical
correlation was found between the annual recharge and the rainfall during the months of
November, December, January and February. The highest annual recharge will be achieved
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whenever the monthly distribution of the rainfall took the shape of log normal distribution
and more than 70% of the annual rainfall accumulates during four consecutive months (i.e.
November - February).
On the basis of understanding the influences of rainfall variations on generating recharge, a
multi-regression equation has been developed to consider the monthly distribution of rainfall
as a chief factor in forecasting annual recharge within the Aquifer. The equation shows that
recharge is highly dependent on rainfall amounts during four main rainy months: November,
December, January and February. The equation also concludes that the monthly rainfall in
the months March to October is not effective for generating recharge; where the generated
recharge from rainfall in these months and other minor recharge components was estimated
at 39.6 Mm3/yr during the analyzed period (1970/71-2005/06).
7.3

THE WAB RESPONSES UNDER INFLOW AND OUTFLOW VARIATIONS

The responses of the WAB under different recharge and pumping variations have been
studied by developing a groundwater flow model of the WAB. The WAB was simulated by a
three-layer model using MODFLOW-2000. The active model area encompasses about 6250
square kilometers discretized into non-uniform cell sizes with dimensions ranging from 200
to 750 m. There were two models developed; the first was the steady state model
representing the pre-development state of the WAB. As a result, the model provided detailed
information about boundary conditions, flow patterns, horizontal and vertical hydraulic
properties, water level distributions, layer interaction, spring outflows, aquifer geometry and
recharge distributions (i.e. space and time). The second model was the transient flow model.
This model was developed to study the flow dynamics in space and time. Time wise, the
model covers the period from September 1951 to August 2007 in monthly time steps. The
period from September 1951 to August 2000 was used as a calibration period while the
period from September 2000 to August 2007 was used for model validation.
From the transient model, the specific storativity and specific yield were estimated; the
specific storativity was found to range from 10-6 to 10-5 while the specific yield ranged
between 1% and 7.5%. Also, the results showed the change of aquifer flow patterns, water
levels and spring discharges as a result of extensive exploitation.
PhD Thesis: The Western Aquifer Basin

167

168

CHAPTER 7: SUMMARY AND FUTURE OUTLOOK

The water balance of the two sub-aquifers shows that 62% of the natural recharge reaches the
upper sub-aquifer. However, 86% of the annual pumping rate and 37% of the spring
discharge are extracted from the upper sub-aquifer. In order to substitute the high outflow
from the upper sub-aquifer, the lower sub-aquifer leaks an average of 42.6 Mm3/yr (i.e. 11%
of the total aquifer outflow) to the upper aquifer through the interconnection areas between
the two sub-aquifers.
The main outcomes obtained from the numerical flow model of the WAB are summarized in
the following points:
1. Both water levels and springs rapidly respond to recharge and pumping events which
referred to the double continuity behavior of the Aquifer due to the high karstification
and existence of underground conduits within the WAB.
2. Due to the high level of karstification and heterogeneity of the Aquifer formations,
the WAB is well connected in vertical and horizontal dimensions. Accordingly, the
WAB behaves as one entity system.
3. The geological structure of the WAB has showed a major influence in controlling the
flow pattern within the aquifer. The western hydrological barrier (Talme Yafe Group)
prevents groundwater flow seaward and diverts the groundwater northward beneath
the Coastal Plain. North of the Ramallah Anticline, northeast of the WAB, the natural
recharge generated in the replenishment areas in Salfeet and Tulkarem regions flows
towards the west to be accumulated with the groundwater in the plain areas.
4. The WAB could be used as underground natural carrier (from South to North)
5. The WAB could be used as an underground reservoir with a storage capacity of 373
Mm3.
6. In the confined areas, the water levels are more sensitive to recharge and pumping
variations.
7. The replenishment areas of the WAB could be classified as a high risk to pollution
due to the urbanization and agricultural practices.
8. The WAB is surrounded by saline water bodies from top, bottom, south and west;
therefore, un-managed exploitation will increase the potential risk for aquifer
salinization.
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7.4

SUSTAINABILITY OF THE WAB UNDER DIFFERENT FUTURE
MANAGEMENT OPTIONS

The responses of the WAB under a combination of different rainfall and pumping scenarios
were studied by extending the transient flow model of the WAB to year 2034/35. Two
rainfall scenarios were defined representing both reduction in rainfall trend as a result of
climate change and no change in rainfall trend. The pumping scenarios were defined based
on the existing aquifer use which was related to the annual amount of rainfall and two other
scenarios related to the aquifer yield and moving average of the aquifer recharge. The results
showed a comparison between different climate and pumping scenarios in terms of water
levels distribution and springs’ discharges, which reflect the status of the WAB under
different conditions. Accordingly, two pumping scenarios were recommended to maintain the
water level and the springs’ ability to continuously discharge. These scenarios are:
1. Pumping 85% from the historical aquifer yield under the no change in rainfall scenario (i.e.
310 Mm3/yr)
2. Pumping 85% of the 7 year moving average of the aquifer recharge (254 Mm3/yr) under the
reduction of the expected rainfall scenarios.
3. The pumping rates in the two recommended scenarios could be extended to an additional 15 20 Mm3/yr by injecting some of the available storm water generated in the main western
watershed.

7.5

SUGGESTIONS FOR FURTHER RESEARCH

The WAB still requires further investigations in order to improve the model results.
Additional research efforts would also be required for the quality of the water and recharge
mechanizes.
 Monitoring Program: Continuous and refine measurements for meteorological
parameters, springs discharges, well abstractions and groundwater heads are still
required. The measured data used in this study was discrete, with many missing and
out range data; in many cases data was measured once or twice a year. Therefore, an
integrated monitoring network to measure meteorological data, water levels, pumping
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and discharge rates should be installed in the WAB with more focus on the
unconfined part of the Basin.
 Recharge Estimation: An alternative recharge estimation technique that includes all
meteorological and physical parameters would be very necessary better understanding
the recharge mechanisms. By including refine data for rainfall and evapotranspiration as well as land use, soil, geology and structural characteristics for the
replenishment areas of the WAB, this proposed technique will be more powerful for
estimating the impact of management options under different expected global change
(i.e. climatic change, land use change, etc.)
 Modeling Efforts: The modeling and study results show the high level of
karstification of the WAB. Therefore, double continuity modeling is needed to
simulate the interaction between the matrix and conduit flows.
 Water quality: It was shown that the WAB is relatively surrounded by saltwater
bodies from the west, bottom and in some locations from the top. In the east, where
the aquifer is replenished, intensive agriculture and urban areas were considered as
high potential in terms of aquifer contamination. Therefore, developing a pollutant
transport model for sources in the WAB is highly recommended.
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by MERC).

2005

Assessment of the Supply/Demand Gap and the Evaluation of the suitable

Conservation Measures towards Sustainable Water Resources in Palestine. Develop
Management Tool to evaluate these management options.
1999-2005

Sustainable Management of the West Bank and Gaza Aquifers. (Newcastle
University and Palestinian Water Authority).

2001-2002

Water Recourses Program, Phase III (CH2MHILL & Palestinian Water Authority).
Development of Conceptual as well as Steady State models for the Northeastern
and Eastern Tip basins.

1996-2005

PHG Database, Development of GIS Database department for the Palestinian
Hydrology Group, PHG.

Training Activities



Lecturer on Applied GIS in Environmental Science and Introduction to GIS, Al Quds
University, Abu Dees, Palestine.
Lecturer on Applied GIS for the Water Environment (AGWA) program, Palestinian Water
Training Institute (PWTI), Ramallah, Palestine.



Lecturer on IWRM course, Birzeit University, Birzeit, Palestine.



Lecturer on GIS Applications in a training course entitled, "GIS Applications in Municipal
Management" organized by Palestinian Hydrology Group, Ramallah, Palestine.



Lecturer on GIS Applications in a training course entitled, "GIS Applications in Wastewater
Management" organized by Birzeit University, Birzeit, Palestine.



Lecturer on Environmental Information Technology, Water Studies Institute, Birzeit
University, Birzeit, Palestine.



Lecturer on sustainability management of water resources in urban areas in a training course
entitled, "Management of Groundwater Wells in the North Governorates of the West Bank"
organized by House of Water and Environment, Ramallah, Palestine.
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