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A new approach for water planning, management and conflict resolutions in 

Lebanese transboundary basins:  

Hydrologic Modeling for Climate Variation and Water Policy Development 

Georges Fadi Comair. Ph.D. 

The University of Texas at Austin, 2013 

 

Supervisor:  Daene C. McKinney 

 

The Hasbani and Orontes Rivers are two main transboundary rivers of Lebanon. 

These waters are a critical resource for the future water security of the co-riparians. This 

dissertation analyses results of a water resources planning and hydrologic model under a 

new participatory framework by studying hydro-political aspects and the vulnerability of 

water resources in the Hasbani basin of Lebanon and the city of Amman under a 

changing climate pattern and growing water demands. Water policies suggested by the 

stakeholders were analyzed and the most sustainable solution was presented to the water 

resources authorities in the basins. Moreover, because of the political situation in the 

region, field data such as rainfall and evapotranspiration are very difficult to obtain 

making the use of remote sensing and Geographic Information System very useful to 

present a complete description of the hydrology of the watersheds and study water 

availability in the Orontes and Jordan River Basins. The approach used in this research 

integrates recently compiled data derived from satellite imagery (evapotranspiration, 

rainfall, and digital elevation model) into a transboundary geospatial database and 

hydrologic model to measure the contribution of each riparian country to the total 

available water in the basin. Finally, a mathematical method called the Orontes water 

allocation optimization method is used based on the nine factors of the UN Convention 
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on the Law of Non-navigational Use of International Water Courses to allocate water 

equitably between the co-riparians. The optimization results show that Turkey and 

Lebanon could benefit from additional water if new negotiations are initiated. Once a 

multilateral agreement occurs, the findings of this research would provide a useful guide 

to the co-riparians for policy formulation, decision making and dispute resolution. 

Cooperation between the riparian countries may be improved by building a GIS database 

that provides access to accurate data for hydrological analysis, facilitate and standardize 

data sharing to evaluate future policy alternatives. 
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Chapter 1 Introduction 

Many countries around the world confront challenges related to water resources. 

An increasing demand for water resources, degradation of water quality, as well as poor 

management of natural resources has created a scarcity of good water. This is obvious in 

the Mediterranean region where sectoral approaches to water management are present in 

several countries unable to meet their water needs. At the 1992 Earth Summit in Rio de 

Janeiro in Agenda 21, chapter 18, paragraph 18.6, ―Integrated Water Resources 

Management‖ (IWRM) was defined as: 

―The holistic management of drinking water as a finite and vulnerable resource, 

and the integration of sectoral water plans and programmes within the framework of 

national economic and social policy, are of absolute importance for action in the 1990s 

and beyond‖ 

The ―Global Water Partnership‖ (GWP) has defined the IWRM as: ―A process to 

promote the development and the management of water resources, lands and other related 

resources, in order to maximize the economic and social welfare resulting from the 

equitable means without compromising the sustainability of indispensable ecosystems‖ 

(Scoullos et al., 2002, p 9). 

This definition leads us to distinguish among three fundamental mainstays of 

IWRM: 

- The establishment of an environment that promotes policies and appropriate 

regulations 

- Implementation of an institutional framework: local, river basin, public-private, 

capacity building 
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- Organization of the management instruments that should be applied by the 

institutions such as water resources assessment and information exchange 

Figure 1-1 below illustrates the pillars of IWRM mentioned above to support 

cross-sectoral integration. 

 

 

Figure 1-1: The three mainstays of IWRM to support cross-sectoral integration 

Transboundary waters and international basins involve two or more countries 

sharing surface and/or groundwater. The water resources management of transboundary 

waters differs from IWRM as explained by the GWP and the International Network of 

Basin Organization (INBO, 2012 a). 

- State sovereignty influences the dynamics of transboundary IWRM in 

important dimensions that distinguish it from IWRM within national 

settings; 

- The interests and objectives for water use are linked to national 

development and security objectives and may differ across nations; 

Enabling 
environment 

Management 
instruments 

Institutional 
framework 
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- Conflicts over water resources allocation and benefits sharing are more 

complex to manage across international borders, where international 

politics and historical or current conflicts (related or not to water) come 

into play; 

- Exchange of information and data on water, which can be a problem 

already between different services within a state, is often more difficult 

between states sharing a basin. 

Water governance in transboundary basins relates to the manner in which 

communities at different levels (international, regional, national and local) organize water 

management and exercise regulatory policies. 

Hydro-diplomacy is another concept mentioned in the last 4 years (Comair, 

2007). Under Hydro-diplomacy, water is used as an element for negotiation and 

cooperation among countries. Thus, resolving water issues peacefully can directly 

contribute to increase economic benefits and lead to political stability. Hydro-diplomacy 

includes the need for a multilateral and multilevel dialogue and the notion of collective 

responsibility of the international community. 

Water security is relevant to transboundary water resources management since it 

is linked to the water, energy and food security. Water security involves water 

availability for socio-economic development, improvement of water quality standards, 

and floods and drought mitigations. Water governance and risk management are some of 

the challenges facing water security in international basins today, especially under 

climate variability. ―A water secure world reduces poverty, advances education, and 

increases living standard‖ (INBO, 2012 b, p 14). 

Regarding international laws on transboundary basins, the 1997 United Nations 

Convention on the Law of the Non-navigational Uses of International Watercourses 
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(often called UN Watercourses Convention-UNWC) is currently a major framework that 

can be used by countries sharing international basins. The evolution of the UNWC 

adopted on May 21
st
, 1997 dates back to 1959 when the UN General assembly, under 

resolution 1401, requested the Secretary General to prepare a report examining the legal 

problems related to the use of international rivers (Rieu-Clarke et al., 2012). 

In 1966, the Helsinki Rules on the Uses of the Waters of International Rivers 

were signed. In 1970, because legal problems were recognized between many countries, 

the UN General Assembly under resolution 2669 recommended that the International 

Law Commission (ILC) ―take up the study of the law of the non-navigational uses of 

international watercourses with a view to its progressive development and codification‖ 

(Rieu-Clarke et al., 2012). 

The UNWC is comprised of seven parts plus an Appendix on arbitration. The 

term ―watercourse‖ is defined to include both surface and groundwater. The most basic 

rules of the UNWC are:  

- Equitable and reasonable utilization; 

- Prevention of significant harm and prior notification and consultation 

regarding planned measures; 

- General obligation of cooperation;  

- Exchange of data and information; 

- Protection of ecosystems and protection of ―vital human needs‖ Article 

10. 

Article 7 of the UNWC was the most difficult and time consuming provision, 

since this article mentions the prevention of significant harm (McCaffrey, 2007). 

To date (2013), only 27 countries have ratified the convention, it will enter into 

force 90 days after it is ratified by 35 nations (Rieu-Clarke et al., 2012). 
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The 1966 Helsinki rules and the 1997 UNWC provide guidance for countries to 

solve specific multilateral agreements governing particular transboundary situations 

(Dinar et al., 2007). 

1.1 SITUATION AND ISSUES 

Today, 40% of the world‘s population lives in transboundary river basins (Phillips 

et al., 2006, World Bank, 1992). Transboundary waters are an important issue for 

countries, because they include 50% of the world‘s available water resources. Previous 

studies show that many countries are facing water scarcity, and this has been called ―the 

most critical problem faced by humans‖ along with global climate change (Phillips et al., 

2006, p xviii). 

Basin planning and management in places such as the Middle East are vital due to 

the increasing pressure on scarce freshwater resources. The region is under a great hydric 

stress as measured by several indices that measure ―blue‖ water availability (water 

withdrawn from rivers, lakes and aquifers). The ―absolute scarcity‖ benchmark is 500 

m
3
/year/capita (Falkenmark and Widstrand, 1992; Gleick, 1993; Lawrence et al., 2002; 

Phillips et al., 2007; 2009), however the annual per capita water availability is 325 

m
3
/year for Israel, 70 m

3
/year for Palestine, and 140 m

3
/year for Jordan (Phillips et al, 

2006, 2007; Mitchen and Black, 2011). In contrast, the average USA citizen has about 

9,000 m
3
/year of available ―blue water‖ (Winpenny, 2006). 

Major hydro-political and geo-political events have affected the Jordan River 

Basin throughout history. These include the arrival of the Ottoman Empire in 1299, the 

proposed Jordan Valley Unified Water Plan known as the Johnston Water Allocation 

Plan of 1955 and the Israeli withdrawal from southern Lebanon in 2000. Water allocation 
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has created tension between the riparian countries of the Jordan River Basin for the last 

60 years.  

Israel, Jordan and Syria extract water from the Jordan River (including its 

tributary the Yarmouk River), primarily for agricultural use. Lebanon uses small amounts 

of water from the Hasbani River (a tributary of the Jordan River) mainly for domestic 

water supply. Palestine abstracts water from wells in the Mountain Aquifer on the West 

Bank of the Jordan River.  

Overexploitation of the Jordan Basin and inefficient water distribution systems 

have significantly reduced the flow of the Jordan River and its tributaries. Agricultural 

runoff and inefficient wastewater treatment have polluted the Jordan River, groundwater 

sources within the basin, and the Dead Sea (Courcier et al., 2005). 

Today, the Jordan River Basin is a damaged river system with depleted aquifers, a 

severely damaged ecosystem, and very little inflow into the Dead Sea. The Jordan River 

currently discharges about 200 million m
3
/year (MCM/year), which has caused the water 

level of the Dead Sea to decline to 403 m below sea level, almost 10 m lower than its 

historical equilibrium level (Comair et al., 2012 a). 

In transboundary watersheds, negotiations involve defining the sources, quality, 

and quantity of water to be allocated among the riparian countries (Dinar et al., 2007). In 

the Upper Jordan River (UJR) Basin no agreements have been signed between Lebanon 

and any of the other riparian countries concerning the Hasbani River, one of the main 

tributaries of the Jordan River. The absence of basin-wide agreements and little to no 

hydro-political cooperation in the Jordan River Basin helps to explain the absence of 

holistic water planning and management plans by the co-riparians. However, there is a 

2001 agreement between Lebanon and Syria over water allocation in the Orontes River 

Basin (shared by Lebanon, Syria and Turkey) and it is based on the UNWC. Therefore, 
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the Orontes River Basin agreement studied in this dissertation serves as an example of 

how water management policies and conflict resolution techniques might promote 

transboundary cooperation and prevent conflicts in the Jordan River Basin. 

1.2 RESEARCH OBJECTIVES 

This research aims to bridge the gaps in management of transboundary water 

resources in Lebanon by developing a new adaptive framework. This framework takes a 

different approach than simply dividing a fixed quantity of water since that approach 

considers water as a static resource (Brooks and Trottier, 2010). The involvement of 

basin stakeholders in the early stages of applying this framework is essential for 

attempting to solve water resources management problems in the Middle East. Many 

researchers do not ever actually meet the stakeholders or go to the field in the basin they 

are studying and this prevents them from understanding well the real system, geography, 

people and problems. 

The objectives of this research are: 

1- Develop a Transboundary Geospatial Database (TGD) of the Hasbani and Orontes 

River Basins that will help to promote organization and sharing of water resources 

data in these transboundary basins; 

2- Assess water availability through remote sensing and hydrological modeling in 

the data-poor region of Lebanon; and 

3- Implement science-policy integration using a participatory hydro-political 

framework (PHPF), to propose management policies in support of international 

water laws. 

It is hoped that this research may help promote peace in the Middle East by 

developing a method that improves management of water resources in Lebanon‘s 
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Transboundary Rivers. It will be necessary for the riparian countries to discuss the 

interests of each member in order to reach an equitable solution. This work can foster 

communication and in the long run contribute to a sustainable peace in the region. 

1.3 DISSERTATION OUTLINE 

This dissertation is divided into 7 chapters. Chapter 2 presents a literature review 

of the transboundary agreements, hydrological data access, planning and simulation in 

the Jordan, Hasbani and Orontes Basins. Chapters 3 and 4 report results that fulfill 

objective two of this dissertation by assessing water availability to support future policy 

developments. Chapters 5 and 6 stress the implementation of science-policy integration, 

and include recommendations for Lebanon using the PHPF achieving objectives one and 

three of the dissertation. Chapter 7 provides a discussion and future work that should be 

done to ensure proper transboundary river basin management. 

1.4 CONTRIBUTION TO THE STATE OF THE ART 

This research presents six contributions to the state of the art: 

1. It provides complete estimates of precipitation and evapotranspiration (P-ET) 

in the Jordan River Basin, at the country and sub-basin level by integrating 

recently compiled data derived from satellite imagery (evapotranspiration, 

rainfall, and digital elevation model) into a GIS geodatabase. The findings of 

this P-ET study show the available water for anthropogenic use in the Jordan 

River Basin. 

2.  A geodatabase for the co-riparians of the Jordan River; this geodatabase is the 

first step for data sharing during negotiations.  

3. A Water Evaluation and Planning (WEAP) model whose results show the 

vulnerability of water resources in the Lower Jordan River under a changing 
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climate pattern and growing water demands. The model shows that aquifers 

supplying the city of Amman will be depleted within the next few decades. 

4.  Hydrologic modeling to assist the Government of Lebanon (GOL) in 

implementing its National Water Resources Plan for transboundary basins and 

evaluating the impact of prohibiting groundwater pumping and improving 

urban infrastructure. The research answered the following questions asked by 

the GOL: ―How much water do we have?‖ and ―How much water do we 

need?‖  

5. Analyze the agreements between Lebanon, Syria and Turkey on the Orontes 

River, the power balance relation between the co-riparians, especially under 

current political events. An Orontes Water Allocation Optimization (OWAO) 

method was also applied for water allocation; we conclude that Turkey and 

Lebanon could benefit from additional water if new negotiations are initiated. 

6. Development of a Participatory Decision Support System and a Lebanese 

Hydrologic Information System for the GOL that includes sharing of water 

data and information nationally through the PHPF. This will strengthen 

Lebanon‘s position during transboundary water negotiations. 
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Chapter 2 Literature Review 

Conflict over water resources in the Middle East has arisen due to the lack of 

water, the limitation of additional water resources throughout the region, in addition to 

political tension and instability in the region. This in turn has led to the deterioration of 

the basins in terms of water quality. 

2.1 COOPERATION AND CONFLICT RESOLUTION IN THE ORONTES AND JORDAN RIVER 

BASINS 

Cooperation in the Jordan River Basin and generation of positive-sum gains have 

been studied thoroughly by Phillips et al. (2006) and Fisher et al. (2002). Using the Inter-

SEDE technique, Phillips et al. (2006), showed that the Jordan River Basin is heavily 

―securitized‖ (Turton, 2003 a). In addition, by using economic optimization techniques in 

the Water Allocation System (WAS) model, Fisher et al. (2002) concluded that it was in 

all parties‘ interests to cooperate. 

Securitization of water resource management was studied by Phillips et al. (2006), 

Buzan et al. (1998), Turton et al. (2003 b), Krause and Williams (1997), Romm (1993), 

Spector and Wolf (2000), Dalby (1997), and Korany et al. (1993), who conclude that 

water resources in the Jordan River Basin and the Orontes River Basin are associated 

with national security. Under securitization, water is taken as a hydrological entity from 

technocrats and placed in the closed and secret domain of politics and security officials, 

so-called Securocrats (Buzan et al, 1998; Turton, 2003 b). Therefore, any cooperation 

attempts between riparian countries should first de-securitize water, especially water data. 

Cooperation over shared water resources was studied by several authors (e.g., 

Wolf, 1998; Conley and van Niekerk, 2000; Huisman et al., 2000; van der Zaag and 

Savenije, 2000; Kliot et al., 2001; Sadoff and Grey, 2002; Nicol, 2003). Constructivists 

(Wendt, 1994: 77–94, Jägerskog, 2003) explain institutionalization of cooperation as a 
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learning process in which actors ―reconstruct their interests in term of shared 

commitments to social norms‖ (Wendt, 1994) and this was analyzed further in the Jordan 

River Basin by Jägerskog (2003). He argues that obstacles encountered in interim 

agreements between the riparian states in the Jordan River Basin are the result of 

problematic politics between Israel and Palestine. Once cooperation has been 

institutionalized, it will be difficult to end the cooperation. 

Sometimes, one of the riparian states according to his own interests will engage in 

a conflict (Lowi, 1993). However, provided that certain pre-conditions exist, weaker 

states can attain benefits in excess of their initial expectation (Turton, 2003 b; Daoudy, 

2005; Turton and Earl, 2005). The principal factor behind the 1967 Arab-Israeli conflict 

was not water (Phillips et al., 2006). Wolf and Gleick demonstrated that more often than 

not riparian countries collaborate on transbounday waters (Wolf, 1998; Gleick, 1994). 

Jägerskog (2003) noted that the fears of ―water wars‖ are not founded on concrete facts. 

The notion of hydro-diplomacy, using non-violence actions to resolve a water 

issue, seems to be the most common way to reach agreements. Indeed, the work done by 

Wolf and his team at Oregon State University who analyzed 3,800 water agreements 

showed that the number of cases of cooperation are two times more than the cases of 

conflicts. Among the 507 conflictive cases, 37 were violent from which 30 were located 

in the Middle-East; however, military power was used 21 times. 157 cooperation treaties 

were signed and 1,228 issues were resolved peacefully (Luca, 2012). 

The riparian states of the Jordan River Basin are principally interested in 

quantifying water allocations rather than benefit sharing. This situation exists in the 

Jordan River Basin, where issues related to water are political in nature. In addition, little 

economic diversification exists, thus limiting the possibility of benefits sharing. The 

countries of the Jordan River Basin may prefer a ‗free-rider‘ situation outside of 
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institutions like river basin organizations. The ―prisoner‘s dilemma‘ concept illustrates 

this situation, in which parties hope that the others will limit their abstraction rate. In the 

case of Lebanon, an upstream country of the Jordan River, there is no over-utilization of 

resources leaving downstream riparians unharmed. The downstream riparians assume that 

Lebanon will not increase its abstraction from the Hasbani, due to the large amount of 

water available on a country basis.  

Finally, the concept of issue-linkage can be related to the previously mentioned 

securitization of water and is critical to the new concept developed in this research. Issue-

linkage occurs when the downstream state is in control of the water and the upstream 

state is the one making a request (Le Marquand, 1977; Haas, 1980; Golub, 1996; 

Meijerink, 1999; Marty, 2001; Daoudy, 2005; Mostert, 2005). Issue-linkage can arise 

during negotiations in which water is de-securitized and threat perception over water data 

no longer prevail in transboundary river basins (Phillips et al, 2006). 

In the case of the Jordan River Basin, Lebanon is the upstream state making a 

request for cooperation by adopting the 1997 UNWC and developing a shared database 

for the basin. This research proposes to remove the prevailing threat perception within the 

co-riparians where water issues are linked to fears of national security, which lead to a 

zero-sum situation. This positive issue-linkage at the technical level (between 

Technocrats) can initiate a benefit-sharing scenario, where benefits can be generated and 

shared among the negotiating stakeholders after all issues have been raised in the 

negotiation process (Phillips et al, 2006; Tollison and Willett, 1979). 
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2.2 HISTORICAL OVERVIEW OF TRANSBOUNDARY AGREEMENTS  

Numerous attempts have been made to settle water disputes throughout the region 

and establish equitable water allocation rights among the basin users. However none have 

been successful (Phillips et al., 2006) Figure 2-1. 

 

Figure 2-1: A time-line showing major hydro-political and geopolitical events in the 

Jordan River (Phillips et al., 2006) 

Most water-related agreements in the Jordan River Basin have been bilateral 

(Phillips et al., 2006), including: 

1- The Franco-British Convention of 1920, the Exchange of Notes of 1923 and the 

Anglo-French Agreement of 1926. These were all signed when Palestine was 

under the British mandate and Syria and Lebanon were under the French mandate. 

These agreements protected the historical water rights of the local inhabitants; 

however, the water rights involved were not quantified as a volume or percentage. 
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2- The Syrian-Jordanian Agreements of 1953 and 1987. These agreements involved 

the use of the Yarmouk River for irrigation schemes and hydroelectric power 

generation in the region. They included Syrian support to construct the Unity 

Dam (El-Wehda Dam). The agreements partially quantified water rights, but to 

this day water abstraction from the Syrian side is unknown. 

3- The 1994 peace treaty between Israel and Jordan. This agreement mentioned the 

water issue in Article 6 and Annex II and called for a joint water committee to 

supply an additional flow of 50 MCM/year to Jordan from Israel. The literature 

mentions that even though this agreement succeeded in quantifying certain flow 

quantities, it was insufficient to protect the interest of Jordan (Elmusa, 1995; 

Phillips et al., 2006). 

4- The declaration of principles of 1993 between the Palestine Liberation 

Organization (PLO) and Israel and the Interim agreement of 1995 known as the 

Oslo II accord. In the declaration of principles the term ―equitable utilization‖ was 

first used which is also found in the Helsinki Rules on the Uses of the Waters of 

International Rivers of 1966 (ILA, 1966) and the UNWC (Phillips et al., 2006).  

5- The tripartite agreement of 1996 between Palestine, Israel and Jordan. This 

agreement discussed the development of new water, and was the result of the 

Multilateral Working Group on Water Resources, established by the Madrid 

Peace Conference of 1991. The agreement stressed the need for the co-riparians to 

cooperate and prioritize the water allocations, with domestic supply being the 

highest priority. It failed to quantify the water rights of any of the parties. 

More recently, the Shepherdstown round of discussions between Israel and Syria 

in 2000 discussed the possible establishment of a joint water management council to 

monitor quantity and quality of waters flowing to Lake Tiberius (Daoudy, 2005). 
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However, signs of conflict existed between the two parties. Finally, no action arose from 

the Camp David negotiations in 2000 and the Annapolis round of negotiations in 2007 

and 2008 (Phillips et al, 2009). 

From 1953 to 1955, President Dwight D. Eisenhower designated Eric Johnston as 

his special envoy and instructed him to derive a water allocation plan and regional 

agreement among all riparians in the Jordan River Basin. Only four states existed at the 

time: Lebanon, Israel, Syria, and Jordan which included the West Bank (Phillips et al., 

2006, 2007; Lonergan and Brooks, 1994). The plan developed was called the Jordan 

Valley Unified Water Plan, also known as the Johnston Water Allocation Plan of 1955. 

The Johnston Plan was never ratified by the riparian countries for political reasons 

(Soffer, 1994; Haddadin, 2001). However; the allocation quantities were respected by the 

countries until the war of 1967 (Lonergan and Brooks, 1994; Hillel, 1994; Brooks and 

Trottier, 2010). Table 2-1 shows the water allocations derived from the plan taken from 

the U.S. National Archives and Records Administration (USNARA). 

Table 2-1: The allocations to riparian countries from the Johnston Plan in 1955          

(U.S. National Archives and Records Administration, 1955) 

Country Total Water 

(MCM/year) 

Diversion Stream Depletion 

Lebanon 35 35 23 

Syria 132 132 93 

Jordan 720
1
 477 477 

Israel 616
2
 466 463 

Total 1,503 1,110 1,056 

Saline water  28 28 

 

1
 Includes 243 MCM of local water 

2
 Includes 150 MCM of local water 
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Diversion refers to withdrawals within the catchment directly taken from the 

River. 

Total water is the allocation calculated by Johnston to the four countries 

(Diversion + ―local water‖) Local water being local wadis and other sources, before these 

enter the main river system. 

Stream Depletion (Diversion – return flow) accounts for return flows to the river 

available for use by downstream co-riparians (Jordan and Israel). 

The Saline water shown in the final row is not additional to the overall resource, 

but is already included in the totals shown in the line above. 

Two flaws pertained to this plan. First Johnston allocated the water based on 

agricultural demands only. Second it did not consider groundwater resources.  

Johnston also proposed a hydrological study in the Hasbani River Basin in 

Lebanon to design additional storage of water by constructing a dam on the river (Phillips 

et al., 2006, 2007). This fact is still mentioned by officials in Lebanon as an argument to 

build a dam on the Hasbani River (Comair, 2011). 

The recent possible solution for the allocation of the water resources in the Jordan 

River Basin was developed by Phillips et al. (2006, 2009). This plan aimed to generate a 

positive sum outcome by gradually reallocating existing resources between the five 

countries. A transition period would allow development of ―new water‖ (desalination, 

reuse, etc.). Allocations of the water were based on Shuval‘s view point that previous 

plans did not consider allocation per capita (Shuval, 1992, 2000, 2005). However, the 

assumption of keeping a constant use of waters from the Hasbani River would not be 

politically accepted by the Lebanese government. This assumption is flawed since 

Lebanon is planning to increase the agricultural capacity in the south of the country using 

waters from the Hasbani (Comair, 2011; Amery, 1993, 2002; Phillips et al., 2009). 
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Agreements concerning the Orontes Basin date back to the French mandate over 

Lebanon and Syria in the early 1920s (Kibaroglu et al., 2011; Caponera, 1993). These 

agreements include: 

1- The treaty of 1921 between Syria and Turkey. This treaty mentions ―water 

apportionment‖ in Article 12 and includes water supply for the city of Aleppo. 

2- The Convention of friendship and good neighborliness of 1926 between Syria and 

Turkey. It discusses the provision of water supply and irrigation for Aleppo. 

3- The Protocol of 1930 between Syria and Turkey. This protocol, issued by the 

League of Nations, refers to equitable utilization of waters for navigation, fishing, 

industrial and agricultural uses. 

4- Final Protocol to Determine Syria-Hatay Border Limitation of 1939 between 

Turkey and Syria. This protocol stated that the Orontes River and its tributaries 

should form the border between Turkey and Syria and that its water resources be 

apportioned equally.   

All previous agreements were bilateral in nature, and set under British and French 

influence. Reasonable and equitable water allocation and uses in the basin were not 

actually established in any of these agreements (Caponera, 1993). 

Recently the Orontes (Al-Assi) River agreements of 1994 and 2001 were signed 

between Syria and Lebanon. The first agreement of 1994 was not equitable and was 

considered to be a win-lose situation for Lebanon (Phillips et al., 2006; Caponera 1993; 

Kibaroglu et al, 2011). Albeit the Orontes Basin is shared between Turkey, Lebanon and 

Syria, the agreements did not involve Turkey and were bilateral in nature. In addition, 

Syria denied the downstream riparian (Turkey) water rights in retaliation for the 

Euphrates scenario (Phillips et al., 2006). However, the agreement of 2001 was 
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―equitable and in contrast with the 1994 agreement it was a win-win for both countries 

especially Lebanon‖ (Comair, 2011, 2008). 

2.3 HYDROLOGICAL DATA ACCESS IN THE MIDDLE EAST 

The access to hydrologic data is important because the manner in which data is 

collected and organized can either enable or inhibit scientific analysis (Horsburgh et al, 

2008; Pokorny, 2006; Tomasic and Simon, 1997). High-quality data is fundamental to 

studying the hydrology of transboundary waters. 

 In the Middle East and North Africa (MENA) region, especially in the countries 

of the Jordan River Basin, data are often insufficient or do not exist. Data are often not 

published in the Middle East for security reasons. For example, Israel does not publish 

data on discharge (Klein, 1998). Variability of data reporting is another problem. Several 

authors (Gunkel and Lange, 2011; Mitchen and Black, 2011) mention that the lack of 

adequate data hinders model performance, and uncertainties increase due to the absence 

of calibration and validation of hydrological models (Gunkel and Lange, 2011). Black 

and Mitchen developed several rainfall run-off models for the Jordan River Basin and 

described the extreme difficulty of modeling in a data poor region (Mitchen and Black, 

2011). 

Remote sensing is often used in the region, and data are collected from previous 

academic studies, government agencies and engineering company studies (e.g. Harza 

Overseas Engineering Company, 1998). 

Lack of data in the region hinders river basin planning and management (Barrow, 

1998; Mather, 1989). Several studies suggest the need for better simulation modeling 

(Bayazit and Simsek, 1991; Lee and Wen, 1995; Venema and Schiller, 1995; Black et al., 

1996; Ward and Lynch, 1996). In addition, with regard to transboundary rivers, the 
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problem of a poor database is often encountered (Barrow, 1998). Therefore, flexible and 

adaptive measures should be implemented when data availability is a problem (Holling, 

1978). 

Use of a Geographical Information System (GIS) is one potential solution for 

sharing and processing data (Goulter and Forrest, 1987). In the Jordan River Basin, only 

one multi-lateral water database exists; however, it is static, non-spatially explicit, and 

not available in electronic form (Hoff et al., 2011). 

2.4 HYDROLOGICAL AND WATER PLANNING MODELS IN THE JORDAN RIVER BASIN 

Currently no detailed basin-wide study exists on the available water resources in 

the Jordan River Basin, especially the UJR Basin (above Lake Tiberias). So far, no water 

management scenarios have been built for the countries sharing the Jordan River Basin to 

evaluate current and proposed water management policies (Comair et al., 2012 b). 

Precipitation values in the Jordan River Basin are only found in the Middle East Regional 

Study on Water Supply and Demand Development (GTZ, 1995). Analyses exist in the 

literature for specific countries or basins such as the Lower Jordan River Basin or the 

Zarqa Basin (Mimi and Sawalhi, 2003; Courcier et al.; 2005; Abed and Al-Sharif, 2008; 

Black, 2009; Simpson and Carmi, 1983; Rimmer and Salingar, 2006; Abdulla and Al-

Omari, 2008; Abed and Al-Sharif, 2008). However, no study has considered the entire 

Jordan River Basin. For example, Menzel et al. (2009) calculated water availability and 

daily evaporation in the Dead Sea region. The lower Jordan was studied (Al-Zu‘bi et al., 

2006) in Wadi Dafali and Nahal Harod (Rozalis et al., 2010). The UJR was analyzed by 

Kunstmann et al. (2006) and Samuels et al. (2009). Water resources in the Jordan Valley 

were examined as well as likely changes given climate projections. Water balances in the 

Sea of Galilee, drought issues and the Dead Sea were studied by several authors (Rimmer 
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et al, 2006; Salameh and El-Naser, 1999; Rumman et al., 2009). Finally, groundwater 

issues were analyzed, such as the vulnerability of groundwater (e.g., Werz et al., 2009), 

the recharge of aquifers (e.g. Hughes et al., 2008; Sheffer et al., 2010) and groundwater 

resources in the Badia region in Jordan (e.g., Allison, 2001) or in Wadi Faria (e.g., 

Ghanem and Merkel, 2001). Although discharges of streams have been recorded and 

analyzed by the Water Databank Project (WDB) project for the Lower Jordan River 

Basin, no precipitation and evapotranspiration analysis of the entire Jordan River Basin 

has been performed. The latest study by GLOWA-EXACT (Gunkel and Lange, 2011) 

modeled seasonal water availability in the Lower Jordan River Basin excluding the 

Yarmouk and Zarqa Rivers. In addition, Gunkel and Lange did not calibrate or validate 

the model, as their work was not intended to represent the current state of the water 

available in the Lower Jordan River Basin (Gunkel and Lange, 2011). 

Rainfall-runoff models in the UJR Basin (mainly comprised of Karst formations) 

defined by the catchment area draining into the Sea of Galilee, were examined by 

Samuels et al. (2009) and Hoff et al. (2006), who show that annual streamflow is 

proportional to total precipitation, provided annual precipitation exceeds 400 mm/day. 

Mitchen and Black (2011) created a model linking a regional climate model with a 

rainfall-runoff model in order to assess the impacts of climate change on water 

availability in the UJR. The results showed that although the mean annual flow of the 

UJR is reduced, the base flow will not change significantly in response to climate change. 

However, the model contained several problems, including poor calibration, sampling 

errors, and poor rainfall intensity distribution chosen for the weather generator (Mitchen 

and Black, 2011). In the case of the Jordan River, daily flow data are difficult to obtain, 

and the volume of abstractions from the reaches cannot be quantified correctly. Thus it is 

difficult to separate this effect from the changes in the groundwater contribution to the 
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surface water flow (Mitchen and Black, 2011). No data are available from the Lebanese 

part of the basin and no rainfall-runoff modeling of the Hasbani basin exists. 

Because the Jordan River Basin is mostly semi-arid, hydrological processes must 

be well understood to be correctly used in rainfall-runoff models (Lange et al., 1999; 

Wheater and Al-Weshah 2002).  Spatio-temporal variation in precipitation must be taken 

into account. Evaporation dominates the water balance, and runoff generation is 

dominated by infiltration and saturation (Pilgrim et al., 1988; Simmers, 2003; Ye et al., 

1997; McIntyre et al., 2007; Lange et al., 1999; Wheater et al., 2008).  

As a result, a spatially distributed model structure with a sufficient resolution is 

required (Michaud and Sorooshian, 1994) and the model used by Mitchen and Black 

(2011) used the Pitman model, which is a monthly water balance model (Pitman, 1973). 

2.5 HASBANI AND ORONTES RIVER BASIN CHARACTERISTICS 

The Hasbani River (also named Snir), the Dan River (also named Liddan) and the 

Banias River are the main tributaries of the UJR Basin (Figure 2-2). After their 

confluence, the river flows into Lake Tiberias, passes through the Lower Jordan River to 

eventually discharge into the Dead Sea at the end of its course (Comair et al., 2012 a). 
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Figure 2-2: The Main Tributaries of the Upper Jordan River 

The UJR derives its base flow primarily from a group of karstic springs on the 

western and southern slopes of Mount Hermon (2,814 m above sea level) that flow into 

the three upper tributaries (Simpson and Carmi, 1983). The largest of the springs is the 

Dan Spring, which supplies a steady flow and accounts for about one-half of the base 

flow of the UJR, which represents around 270 MCM/year (IWA, 2010). The average 
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annual water inflow into Lake Tiberias is estimated at 610 MCM/year with 240 

MCM/year being lost to evaporation (IWA, 2010). The bulk of the Lake‘s water, 

estimated at about 440 MCM/year is diverted by Israel through its National Water Carrier 

(NWC) (Klein, 1998). 

The source of the Hasbani River is the Hasbani spring in Lebanon (Figure 2-2) in 

the North. The Hasbani River length in about 22 km until it reaches the Wazzani spring. 

The average flow of the Hasbani is about 135 MCM/year. The Hasbani River in Lebanon 

contributes about 26 % of total mean annual flow of the UJR. 

The area of the Hasbani watershed is 611 km
2 

close to 6% of the total area of 

Lebanon
 
(Comair et al., 2012 a). The basin extends from the north east (Lebanon) to 

south west (Israel). Its eastern side includes the slopes of Mount Hermon, and on its 

western side it is adjacent to the Litani Basin. The average precipitation is about 551 

MCM/year, from which 50% is lost to evapotanspiration, 29% flows to the Jordan River 

and 27% infiltrates to neighboring territories (Jaber, 1995). 

The Hasbani watershed has a complex topography typical of the Lebanese 

geomorphology and can be divided into four regions: elevated areas, gentle slopes, 

plateaus, and basaltic plains. The Hasbani basin is characterized by limestone karst 

formations and Quaternary deposits with slopes above 30 degrees. 

The Orontes River in northern Lebanon is a 487 km long transboundary river 

shared by Lebanon, Syria and Turkey (Figure 2-3). The river has a drainage area of 

24,745 km
2
. The river originates in Lebanon and flows north until it reaches the province 

of Hatay in Turkey, discharging into the Mediterranean Sea. Snowfall in Lebanon and 

groundwater flow from large karstic springs contributes to the streamflow of the Orontes.  

Its main tributaries are the Afrin and the Karasu rivers. The Karasu River flows through 

Turkey and forms the border between Turkey and Syria. The Afrin River originates in the 
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southern slopes of Tavz mountains in Turkey, and crosses Syrian territory before re-

entering Turkey and discharging into Lake Amik (Kibaroglu et al., 2011) (Figure 2-3). 

The sources of the river, the Al-Labweh, Ain Zarka and Daffash springs, are located in 

the northern Bekaa region of Lebanon at 400 m above sea level. The Orontes defines 31 

km of the Syrian-Turkish border and discharges into the Mediterranean Sea in the Hatay 

Province of Turkey, where its average annual flow including its tributaries (Afrin and 

Karasu) varies between 2,400 and 2,800 MCM/year (75.7 to 88.3 m
3
/sec) (ESCWA, 

1996; Kibaroglou et al., 2011). 

Highlands on both sides of the rift valley drain to the river and its tributaries. 

Precipitation on the western mountains varies from 600 to 1500 mm/year. On the eastern 

catchment, precipitation rates are lower, varying from 400 to 600 mm/year (ESCWA, 

1996). The highest annual evapotranspiration rates occur in the Syrian part of the basin 

and range from 1,200 to 2,000 mm (Kibaroglu et al., 2011). Due to these characteristics, 

the eastern tributaries are all ephemeral streams (ESCWA, 1996). 

Groundwater contributes to approximately 90% of the total flow of the Orontes. 

Once reaching Syria, the river enters the Qattineh reservoir, where it is fed by four 

springs with a total discharge of 71 MCM/year (2.25 m
3
/sec) (ESCWA, 1996). 50% of 

this flow comes from springs discharging from carbonate massifs in Lebanon and Syria 

1,200 MCM/year (37.84 m
3
/sec). 1,300 MCM/year (41 m

3
/sec) can be potentially 

generated in Turkey from the combined flows of the Afrin and Karasu Rivers (Kibaroglu 

et al., 2005). Minimum and maximum discharges have been reported to range from 317 

to 12,682 MCM/year (10 to 400 m
3
/sec) (ESCWA, 1996; Kibaroglou et al., 2005).  
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Figure 2-3: The Orontes River 
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Chapter 3 Hasbani Basin 

3.1      DATA FOR HASBANI BASIN 

The data collection for the Hasbani basin was achieved after taking two trips to 

the region, one in summer 2011 and the other in summer 2012 and meeting with basin 

stakeholders. The data collected was necessary to evaluate water availability in the 

Hasbani Basin using a soil moisture model and to create the transboundary geodatabase 

(TGD) mentioned in section 1.2. Throughout this research, data pertaining to the 

hydrologic system, watershed system, physiographic system and socio-economic data 

were collected. The data collection required meeting with several governmental and 

independent organizations and academic institutions in Lebanon such as the Ministry of 

Energy and Water (MEW), Litani River Authority (LRA), Center for National Scientific 

Research (CNRS), United Nations Regional Economic and Social Development 

Commission in Western Asia (ESCWA), Saint Joseph University, and Notre Dame 

University. 

Fifty percent of the data (climatic and streamflow) was obtained in hard copies 

and converted to Microsoft Excel format as input for the model. Errors were found in the 

hydrological information collected, formats, as well as locations of monitoring points. 

These errors were corrected. Section 3.2 will explain the methods used to screen the 

hydrological data and determine if they are statistically acceptable. This dissertation 

includes only a hydrologic model for the Hasbani basin and not the Orontes basin, since 

data pertaining to the Orontes Basin were insufficient and presented many errors. 

3.1.1   Climate 

The climate in southern Lebanon is Mediterranean characterized by heavy 

precipitation during winter: 80-90 days between November and April. Depending on the 
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season, snow cover can remain for up to five months (December to April) on Mount 

Hermon. 

Three datasets of precipitation were used in this research. The first dataset 

(dataset 1) was obtained from the Water Systems Analysis Group (Fekete et al., 2004) 

and consisted of gridded precipitation data of 0.5
°
x0.5

°
 resolution representing long term 

(1950-2000) average annual precipitation (mm/year). The WSAG data was derived from 

University of Delaware (UD) (Willmott and Matsuura, 2001) consisting of spatial 

interpolation of 22,000 monthly precipitation stations. Dataset 1 was used only for the 

purpose of calculating water availability in the Jordan River Basin countries (see chapter 

5). 

The second dataset (dataset 2) was obtained from the Tropical Rainfall Measuring 

Mission (TRMM) Multisatellite Precipitation Analysis (TMPA; 3B42 V.6) (Huffman et 

al., 2007; Simpson et al. 1996; Kummerow et al. 1998, 2000) and consisted of satellite 

data (mm/hr) of 0.25ºx0.25º resolution available from the year 2000 to present. Dataset 2 

was used to compute monthly precipitation in each sub-catchment of the Hasbani Basin. 

Average monthly precipitation for 2000-2011 was calculated using GIS techniques and 

used as input to a hydrologic model. Precipitation over the Hasbani Basin is characterized 

by a wet (rainy) season from November to April and a dry season with relatively little to 

no precipitation from May to October. On average, during the study period (2000-2011) 

about 500 mm/year of precipitation was computed in the Hasbani Basin. The TMPA data 

were used for calibrating a hydrologic model because it carries a radar instrument similar 

to the one used on the ground for the detection of rainfall (Huffman et al., 2007). Because 

of the accessibility of satellite data, the model will be available to use in the future by 

government organizations and scientists. 
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The third dataset (dataset 3) was obtained from seven in-situ stations located 

around the Hasbani Basin (Table 3-1). Even though the observed data runs from January 

1962 to December 1970, only data from 1967 to 1970 were used as inputs to check the 

behavior of the hydrologic model. Please refer to section 3.2 for more information on the 

statistical methods used to determine the best available data period. Precipitation rasters 

(water years 1967 to 1970) were derived from dataset 3 using Ordinary Kriging (OK) 

spatial interpolation of observed gage values. For this period the average annual 

precipitation was about 916 mm/year. The Kriging method is based on a constant mean µ 

for the data and random error ɛ(S) with spatial dependence. 

 

 (     (    (                           Equation 3-1 

where 

Z(s) is the variable of interest which is precipitation 

µ(s) is the deterministic trend 

ɛ(S) are the random errors. 

 

The Ordinary Kriging geostatistical method estimates moving mean values 

determined by a semi-variogram in the researched neighborhood (Cressie, 1993; Chen et 

al, 2010; Yavuz and Erdogan, 2012). Although other methods of spatial interpolation of 

precipitation exist (Inverse Distance Weighted, Thiessen polygon, classical polynomial 

by least squares), the OK method was used in this study because it outperformed all other 

interpolation methods that were compared to ground station measurements (Yavuz and 

Erdoğan, 2012; Chen et al., 2010; Atkinson and Lloyd, 1998; Tabios and Salas, 1985). 
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Table 3-1: Precipitation gages used in the Hasbani basin 

Site name Latitude Longitude Elevation  (m-MSL) 

Kfar Qouq 33.53 35.89 1212 

Rachaya 33.50 35.84 1237 

Marjaayoun 33.36 35.59 751 

Aaitaroun 33.12 35.47 656 

Hasbaya 33.40 35.69 738 

Yanta 33.60 35.94 1526 

Kfar ez zeit 33.43 35.74 912 

 

As a result, three datasets were generated from global gridded, satellite and 

observed data containing average yearly and monthly precipitation data for the Jordan 

River Basin and the Hasbani basin (Table 3-2). 

 

Table 3-2: Summary of the Precipitation Data Type Used in the Study 

Data type Periods Resolution Data source % of 

coverage 

UD 1950-2000 0.5
°
 http://climate.geog.udel.edu/ 100 

TMPA 2000-2011 0.25
°
 http://disc.sci.gsfc.nasa.gov/ 100 

Stations 1962-1970 N/A Ministry of Water-Lebanon 33
°
N 35

°
E 

 

Temperature data was obtained from local stations in the Hasbani Basin. Six 

stations located around the Hasbani Basin were available for data collection. Temperature 

is important for the calculation of ET in the basin. Unfortunately, the data obtained only 

covered 10 to 17 years in the 1950s and 1960s and had discontinuities and errors. After 

screening the data (see chapter 4) the Kfar Qouq station was deemed to be acceptable to 
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use, and the same station was used to obtain relative humidity data. The average 

temperature for 10 years was 22.3 
°
C, the minimum temperature recorded was 0 

°
C, and 

the maximum temperature recorded was 34.6 
°
C. The average relative humidity for the 

Hasbani basin is about 60%, and maximum values occurred from January to March and 

minimum values from April to November. 

Wind velocity data were not found in the Hasbani Basin, so one station in the 

Litani basin was used as input to the hydrologic model. 

3.1.2   Land Use 

Land use data for the Orontes and Hasbani basins was compiled from various 

documents provided by the Ministry of Energy and Water in Lebanon. The documents 

were translated from French and Arabic. The Hasbani Basin (basin number 40400) was 

delineated using GIS techniques and further divided into 8 subwatersheds (number 40401 

to 40408).  The land use was collected at two levels: entire basin and subwatersheds since 

the data was used as input to the hydrologic model. Table 3-3 below shows the land use 

classification at the basin level.  

 

 

 

 

 

 

 

 

 



 31 

Table 3-3: Land Use Category at the Hasbani Basin Level  

Land use code Land use category Area 

(Km
2
) 

% of total area 

11 Developed High intensity 9.55 1.66 

12 Developed medium intensity 0.56 0.10 

13 Developed low intensity 0.91 0.16 

21 Cultivated crops 53.40 9.26 

22 Plantations 91.91 15.93 

23 Intense cultivations 0.02 0.00 

24 Heterogeneous croplands 3.38 0.59 

31 Dense forests 12.89 2.23 

32 Low density forests 27.29 4.73 

33 Woodlands 128.77 22.32 

41 Medium density grassland/herbaceous 119.14 20.65 

42 Shrublands 126.00 21.84 

61 Barren land (rock) 0.61 0.11 

62 Barren land (clay) 1.77 0.31 

65 Burned land 0.70 0.12 

71 Wetland 0.01 0.00 

  Total 576.92 100 

3.1.3   Streamflow 

Four streamflow gages are available in the Hasbani Basin. After screening the 

data (see Chapter 4), only one streamgage located below the Wazzani spring was used for 

calibration and validation of the hydrologic model. In addition, the streamgage Fardiss 

Bridge was used to evaluate the model under historical flows. Table 3-4. 
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Table 3-4: Locations of Streamflow Gages Used in the Model 

SITENAME GAGE Station 

number 

Longitude 

(degrees) 

Latitude 

(degrees) 

Elevation 

(m-MSL) 

Fardiss bridge 2 496 35.65 33.38 432 

Hasbani after Wazzani 

spring 

4 500 35.62 33.27 281 

 

 

Figure 3-1: Map of the Hasbani River Basin including the flow and precipitation gages 
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3.1.4   Water Supply and Demands 

Four agricultural and municipal demand sites were used in the model. Annual 

water use rate and annual activity level including monthly variation of demand for nine 

years (2002-2011) were used in the Hasbani Basin model. 

 

Table 3-5: Water Demand Sites Used in the Model 

Urban Demand Main Irrigation Districts 

Service zones Demand 

(MCM/year) 

Agricultural zones Demand 

(MCM/year) 

Zone 1 0.020 Zone 1 1.11 

Zone 2 0.016 Zone 2 1.83 

Zone 3 2.11 Zone 3 0.032 

Zone 4 0.025 Zone 4 1.17 

Total (MCM/year) 2.171 Total (MCM/year) 4.142 

 

Water supplies to urban and agricultural demands in the Hasbani Basin come 

from springs or public and private wells. There are four main springs in the basin which 

are shown in Table 3-6. Thirteen other springs are located in the area; however, in terms 

of discharge they are negligible. These springs are fed from aquicludes of lower Eocene 

formation and marl formation.  
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Table 3-6: Locations of Natural Springs in the Basin 

Springs Characteristics 

Hasbani 
The Hasbani Spring is located close to the boundary 

between the Sannine Formation and Quaternary. It 

is fed from the Sannine Formation and has a 

discharge varying between 15.85 and 31.7 

MCM/year. 

Wazzani 
This spring is fed from the Sannine formation (C4) 

and has a discharge varying between 9.51 and 25.36 

MCM/year. It is located in the village of Ghajar. 

Sreid 
This spring is fed from the Kesrouan Formation 

(J4), and has a discharge varying between 0 and 

12.68 MCM/year. The data were collected prior to 

the 1970s. 

Maghara 
This spring is located in the village of Chebaa and 

supplies the demand sites east of the Hasbani River. 

This spring is fed from the Kesrouan Formation (J4) 

and has a discharge of 10.46 MCM/year during 

summer and 20.29 MCM/year in winter. 

 

The Hasbani, Wazzani and Sraid springs (Figure 3-2) are typical karstic springs 

discharging large amounts of water in late winter to early spring. In the summer, they 

discharge comparatively low amounts of water and sometimes the Sraid spring dries up. 

It should be noted that the Hasbani and Wazzani Springs are two of the most important 

Lebanese springs. They are the most prominent, as their discharged water forms the 

headwater of the Jordan River. 

Three main public wells are used for water supply in the basin: Ebl El Saqi 1 and 

2 and Marj El Khaoukh. The wells serve the villages located west of the Hasbani River. 

The Hydrogeological Report (RELK&P, 2007) describes 12 wells drilled in the Sannine 

Limestone Aquifer in the study area. Four fall under the control and supervision of the 
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Water Authority and 8 others are private. Discussions with local farmers, however, 

revealed the existence of 27 additional wells, most of which are not registered. 

Information pertaining to wells other than those provided in the Hydrogeological Report 

(RELK&P, 2007) is difficult to gather because the owners are reluctant to provide any 

information regarding the depths and discharges of the wells. 

Existing water supplies in the basin are summarized below: 

 

 Springs 

1. Maghara spring: 0.84 MCM/year during the winter season and 0.44 MCM/year 

during the summer season by gravity 

2. Hasbani spring: 0.62 MCM/year during the winter season and 0.26 MCM/year 

during the summer season by pumping  to Hasbaya village 

3. Wazzani spring: design flow of 1 MCM/year 

 

Wells  

1. Marj El Khaoukh         1.27 to 1.59 MCM/year 

2. Ebel El Saqi 1              0.63 to 0.95 MCM/year 

3. Ebel El Saqi 2              1.11 to 1.59 MCM/year 

Figure 3-2 below shows the main water supply sources in the Hasbani basin. 
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Figure 3-2: Wells and springs in the Hasbani basin 

3.2   OBSERVATIONAL DATA ANALYSIS 

Hydrological data screening of the Hasbani Basin was performed for precipitation 

since this parameter was used as input to the hydrologic model and because the OK 

method requires the input data to be homogenous in the mean and variances. In 



 37 

particular, simulations and water management analysis require that the data collected 

should be stationary, consistent and homogenous (Dahmen and Hall, 1990). 

The first criterion used to screen the data was the time frame of the collected 

precipitation and flow data in the watershed. Although Lebanon started collecting 

precipitation data in 1943, about half of the recorded data on hard copies from the year 

1943 to 1960 are incomplete (mostly during the wet season). River authorities in the 

Hasbani watershed collected flow data from the Hasbani Spring and the Fardiss Bridge 

stations. Data from the Hasbani Spring and the Fardiss stations are not continuous. No 

data were recorded from 1972 to 2001 due to the occupation of southern Lebanon. Based 

on the time criterion, observed precipitation data were not considered useful. Only 

precipitation for the years 1967-1970 were selected to test the model under historical 

flow conditions. This period was chosen because the time frame of precipitation and 

streamflow matched. The Fardiss station flow records start in 1967. 

Location of streamflow gages in the catchment was another criterion applied to 

screen the flow data. Only the gage located after the Wazzani spring was used to calibrate 

and validate the model for two reasons: 

1-  The catchment draining into the gage after the Wazzani spring can be 

considered closed, whereas the Fardiss bridge gage does not catch the 

complete flow because the majority of groundwater flowing from the karstic 

portion of the Hasbani watershed bypasses the gage, and resurfaces in the 

Wazzani spring as surface flow into the river. 

2- There is significant distributary flow into the catchment upstream of the 

Fardiss gage. Because the Wazzani and Fardiss gages are located in series 

along the river, inclusion of both gages can distort the model results. Other 
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studies confirm that few subcatchment nestings should be allowed (Petheram 

et al, 2012). 

In the case of the Hasbani Basin, nine water years (September 2002 to August 

2011) were chosen with five years for calibration (September 2002 to August 2007) and 

four years for validation (September 2007 to August 2011) of the hydrologic model. 

Statistical screening methods were applied to make sure that historical 

precipitation data can be used as input. The methods described by Dahmen and Hall 

(1990), are summarized below: 

1- Test the time series for absence of trends using Spearman‘s rank-correlation 

method and non-parametric Mann Kendall analysis 

2- Test the time series for stability of variance using the F-test and stability of 

mean using the t-test to split non-overlapping subsets of the time series 

3- Test the time series for relative consistency and homogeneity using double-

mass analysis 

Spearman‘s rank-correlation method is based on the Spearman rank-correlation 

coefficient, Rsp, defined as: 

 

       
  ∑ (      

 
   

  (      
            Equation 3-2 

where n is the total number of data, i is the chronological order number, D is the 

difference between rankings calculated as: 

                                         Equation 3-3 

where    , is the rank of the variable x, which is the chronological order number 

of the observations. The series of observations yi is transformed to its rank equivalent Ky 

by assigning the chronological order number of an observation in the original series to the 
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corresponding order number in the ranked series y. If there are ties, i.e., two or more 

ranked observations y with the same value, the convention is to take Kx as the average 

rank. 

The null hypothesis of no trend, Ho: Rsp = 0 can be tested against H1: Rsp < > 0 

(trend) with the t test: 

 

      [
   

         
]
   

                                    Equation 3-4 

 

tt has a student‘s t-distribution with v = n-2 degrees of freedom. The time series 

has no trend if tt is not in the critical region with five percent (two-tailed) significance 

level. The critical region is 

t{v,2.5%}< tt<t{v,97.5%} 

 

The non-parametric Mann Kendal statistic S for time series is used to detect a 

linear trend. S is defined below: 

 

  ∑ ∑     (      
 
     

   
                         Equation 3-5 

 

where:        sign(xi-xj) = +1      if (xi-xj) > 0 

 

                    sign(xi-xj) = 0      if (xi-xj) = 0 

                     

                    sign(xi-xj) = -1      if (xi-xj) < 0 
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The Z statistic, from which the p-value is found, is calculated as follow: 

 

  
   

    (           if S > 0 

 

Z = 0 if S = 0                                                  Equation 3-6 

 

  
   

    (           if S < 0 

 

 

   (   *
 (    (     

  
+
   

                            Equation 3-7 

 

If Z is positive this indicates a positive trend and if Z is negative there is a 

negative trend.  

The null hypothesis of no trend, Ho: Z = 0 can be tested against H1: Z < > 0  

Under a significance level α (0.5 was chosen), a value of Z1-α/2 is computed using 

standard normal distribution. If | |         the null hypothesis is rejected. 

The Spearman rank-correlation method and the non-parametric Mann Kendal 

statistic tests were performed on the seven precipitation gages in the Hasbani Basin for 

nine calendar years (January 1962 to December 1970) with five percent confidence 

interval (α = 0.05). All precipitation records show no significant trend for the nine years 

period (Figure 3-3). 
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Precipitation records in the Hasbani Basin 
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Figure 3-3: Monthly observed precipitation for the period of record 

Table 3-7 below shows the results of the Spearman and Mann Kendal tests for the 

Kfar Qouq station. Since for each sub-set tt is less than t{v,2.5%} and |Z| less than Z1-α/2 

the time series has no trend at the five percent confidence interval. 

Table 3-7: Trend Analysis of the Monthly Precipitation Records for Kfar Qouq for the 

Years 1962-1970 

Sub-sets |Z| Z1-α/2  Rsp t{v,2.5%} tt t{v,97.5%} 

1962 1.44 1.96 -0.2587 -1.2281 -0.8471 2.2281 

1963 1.5772 1.96 -0.4825 -1.2281 -1.1742 2.2281 

1964 1.1657 1.96 -0.2098 -1.2281 -0.6785 2.2281 

1965 0.7543 1.96 -0.2098 -1.2281 -0.6785 2.2281 

1966 1.0286 1.96 -0.2168 -1.2281 -0.7022 2.2281 

1967 0.96 1.96 -0.3427 -1.2281 -1.1534 2.2281 

1968 0.48 1.96 -0.035 -1.2281 -0.1106 2.2281 

1969 0.7543 1.96 -0.2238 -1.2281 -0.7261 2.2281 

1970 1.0286 1.96 -0.3357 -1.2281 -1.1268 2.2281 

The F-Test is helpful to detect instability of the variance in a time series, implying non-

stationarity of the time series. This test is the ratio of the variances of two sub-sets of a 

time series. The F-Test can be computed as follows: 
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                         Equation 3-8 

where S is the sample standard deviation and σ the population standard deviation. Note 

that it is irrelevant whether σ or S is used. 

The sample standard deviation S is computed as follows: 
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 )      
   

   
+
   

         Equation 3-9 

 

where xi is the observation, n the total number of data in the sample, and X is the mean of 

the data. 

 

The null hypothesis of equal variances, Ho: S1
2

 = S2
2
can be tested against H1: S1

2
 < > S2

2
 

with the Fisher (F) distribution. 

The variance is stable if: 

 

F{v1,v2,2.5%} <  Ft < F{v1,v2,97.5%} 

 

where v1 = n1-1 degrees of freedom for the numerator, v2 = n2 -1 for the denominator, and 

n1 and n2 are the number of elements in each sub-set. 

The t-test is helpful to detect instability in the mean of a time series. This test 

compares the means of two sub-sets of a time series. The same sub-sets are used as in the 

F-Test and the time series must be tested for stability of variance before it is tested for 

stability of mean. The t-test is computed as follows: 
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                    Equation 3-10 

 

where n is the number of data in the sub-set, X is the mean of the sub-set, and S
2
 is the 

variance. 

The null hypothesis of equal means, Ho: X1 = X2 can be tested against H1: X1 < > X2 with 

the student t distribution. 

The mean of a time series is stable if: 

 

t{v,2.5%} < tt < t{v,97.5%} 

with v = n1-1 + n2-1 degrees of freedom. 

 

The F-test for stability of variance and the t-test for stability of mean were applied 

to the precipitation data. The data were divided into nine sub-sets (one for each year). At 

the significant level α equal to five percent, the values of tt and Ft fell outside the critical 

region for every subset. Thus, the variance and mean of the time series are stable. 

Table 3-8 below shows the results for the Kfar Qouq gage. 

Table 3-8: F and t Tests for Stability of Variance and Mean for the Monthly Precipitation 

Records for Kfar Qouq for the Years 1963-1970 

Sub-sets Observations F2.5% Fstat F97.5% tt tcr 

1963-1964 12 0.204 0.857 3.605 0.142 2.074 

1965-1966 12 0.248 1.045 4.398 0.417 2.074 

1967-1968 12 0.139 0.584 2.456 0.312 2.080 

1969-1970 12 0.480 2.020 8.501 0.567 2.086 

The double mass analysis test was performed by taking the Kfar Qouq station as 

the reference station. The double mass analysis assumes a linear relationship between the 
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precipitation time series. In a basin such as the Hasbani Basin, precipitation data are 

proportional to totals at nearby stations.  

The double mass test consists of plotting the mass of y from i = 0 to n      ∑   

against the mass of x,     ∑   where yi is the time series to be tested and xi the time 

series of the reference station. The result will show a broken line passing through the 

origin with an average slope     
  

  
 (Dahmen and Hall, 1990). 

 Figure 3-4 below shows the results for the double mass analysis with the Rachaya 

gage.  

 

 

Figure 3-4: Double mass curve showing the accumulated precipitation amount of the 

reference station Kfar Qouq against the test station Rachaya for the calendar 

years 1962-1970 

A breaking point is seen at 1600-2000 mm in 1963. Historical records of the 

station suggest that the rain gage was replaced in the year 1963 which makes the data 
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before 1963 unusable. Since the interpretation of the double mass curve is subjective, the 

modified double mass curve (residual mass plot) can be drawn (Searcy and Hardison, 

1960). This simple and efficient method can help identify possible break points in 

double-mass lines. Figure 3-5 below shows the plot of the modified double mass curve. 

 

Figure 3-5: Residual mass plot showing the cumulative differences between the sums at 

the test station Rachaya against the corresponding values of the average line (          

for the calendar years 1962-1970 

Figure 3-5 shows an obvious and possible significant break point in late 1963 as 

mentioned before and in February 1967. Analysis of the remaining five gage stations 

indicates that the Marjaayoun and Hasbaya stations were the most stable, and the Kfar 

zeit station presented irregularities in 1965. However, absence of historical records makes 

identification of the cause of this perturbation difficult. It is concluded that only three 

water years (1967-1970) should be used for historical validation of the hydrologic model. 
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3.3 REMOTE SENSING DATA ANALYSIS 

The TMPA satellite data products and one precipitation gage located in the 

Hasbani basin were analyzed to illustrate the reliability of the satellite data using some 

recommended statistics: 

1- Correlation and determination coefficient (R and R
2
) 

2- Relative bias (%) and Bias 

3- Root mean square error 

A pixel or cell of the TMPA 0.25
°
 X 0.25

°
 raster was superimposed over the Kfar 

Qouq station location (only the Kfar Qouq station recorded the years 2002-2009). Figure 

3-6 below shows the plot of the TMPA and gage time series for September 2002 to 

August 2011.  
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Figure 3-6: Time series plot of monthly precipitation recorded for TMPA and the Kfar 

Qouq station (2002-2011). 

The Pearson‘s correlation coefficient R and coefficient of determination R
2
 quantify 

correlation strength between observed and predicted values. If R
2
 = 0, no correlation 

exists; R
2
 = 1 indicates perfect correlation. 
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        Equation 3-11 

 

The relative bias in percent is used to measure the deviation of the observed and 

predicted data. Positive values indicate that the predicted values underestimate the 

observed values and vice versa (Gupta et al., 1999). The relative bias and bias are 

computed as follows: 
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                             Equation 3-13 

 

The root mean square error (RMSE) is extensively used in error statistics (Legates and 

McCabe, 1999; Singh et al., 2004) and represents the average magnitude of errors 

emphasizing extreme values: 
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                      Equation 3-14 

 

where 

Xi
obs

 is the i
th

 observation for the data being evaluated, Xi
pre

 is the i
th

 predicted value from 

satellite or model simulation, Xavg
obs 

is the mean of the observed data, and n is the total 

number of observations. Table 3-9 summarizes the statistical results for ground station 

and satellite products. 
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Table 3-9: Summary of Statistical Results for Monthly Precipitation for TMPA and Kfar 

Qouq Station (Sep 2002-Aug 2011) 

 

Results Kfar Qouq region Sep 2002-Aug 2011 

Sample size 108.00 

Total TMPA (mm) 4426.43 

Total Gage (mm) 5484.65 

Min TMPA (mm month
-1

) 0.00 

Min Gage (mm month
-1

) 0.00 

Max TMPA (mm month
-1

) 240.41 

Max Gage (mm month
-1

) 347.60 

Variance TMPA (mm month
-1

) 2747.14 

Variance Gage (mm month
-1

) 5231.48 

Std.Dev. TMPA (mm month
-1

) 52.41 

Std.Dev. Gage (mm month
-1

) 72.33 

Mean TMPA (mm month
-1

) 40.99 

Mean Gage (mm month
-1

) 50.78 

R 0.82 

R
2
 0.67 

R-Bias (%) 19.29 

Bias (mm month
-1

)  9.79 

RMSE (mm month
-1

) 42.97 

 

The correlation between the TMPA and the observed precipitation is acceptable with an 

R
2
 value of 0.67 (Figure 3-7). The RBias and Bias are positive and equal to 19.29 % and 

9.79 mm/month respectively indicating that the TMPA values underestimate the observed 

values and this is consistent with Figure 3-6 and other results obtained in similar physical 

settings (Scheel et al., 2010). 

The reason for the underestimation is explained by the ―climatological under catch 

correction‖ applied to TMPA data (Huffman et al., 2007; Su et al., 2008). 
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Figure 3-7: Scatter plot of monthly precipitation recorded for TMPA and the Kfar Qouq 

station (2002-2011). 

Statistical analysis indicates that using the TMPA at monthly time steps for the 

Hasbani hydrologic model is appropriate. Several similar studies have showed that the 

agreement between TMPA and observed data increased at monthly time steps compared 

to daily time steps (Su et al, 2008; Vernimmen et al, 2011; Behrangi et al, 2011; Curtis et 

al, 2007). This is most likely due to the monthly adjustment to gages in TMPA (Su et al. 

2008). 

It is worth noting that the same method of overlay analysis was applied in the 

Litani River of Lebanon, which is five kilometers away from the Hasbani Basin. The 

correlation between TMPA and the only available precipitation gage (Lebaa) in the Litani 
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showed that TMPA precipitation is highly correlated with observations with R of 0.9 

(Ramadan et al, 2011). Studies such as Su et al. (2008) have indicated that TMPA 

products have a strong potential for hydrologic forecasting in data-sparse regions. 

Therefore, it is believed that this can be successfully used as input for the hydrologic 

model of the Hasbani Basin. 

3.4   HYDROLOGIC MODELING FOR THE HASBANI BASIN 

The Soil Moisture Method included in the Water Evaluation and Planning 

(WEAP) (Yates et al. 2005 a) model was used to predict runoff in the Hasbani Basin. The 

WEAP software was used for three main reasons: 

1- WEAP combines hydrologic modeling with planning and management scenarios, 

which makes the model useful for government organizations that value 

transboundary water availability as well as management of water resources. 

2- The Ministry of Energy and Water in Lebanon with the help of the European 

Union, is currently using WEAP to plan and evaluate management strategies 

under different policy scenarios. 

3- WEAP is capable of simulating ―what if?‖ scenarios for planning and policy 

analysis. 

3.4.1 Model development 

WEAP is a useful model because it allows the modeler to choose data at different 

levels of complexity, such as groundwater, surface water interaction and soil moisture. 

Therefore WEAP can be used in data scarce regions such as the Jordan River. In addition, 

GIS layers can be incorporated into WEAP by adding shape files of river networks, 

basins and gages. This allows for easy visualization of the area of interest and its 

hydrological components. 
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Potential evapotranspiration, surface runoff, interflow, base flow and deep 

percolation can be simulated using the WEAP soil moisture method. This method 

involves a one-dimensional representation of two soil layers (a root and a deep zone) for 

water to infiltrate. The root zone layer simulates water flow near the surface available to 

plant roots. The deep zone is a sub-surface layer that simulates baseflow and groundwater 

recharge (SEI, 2007).  

 

 

 

Figure 3-8: WEAP Model Soil Moisture Method Showing the Root and Deep Layers 

(SEI, 2007) 
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In the root zone layer, the water balance equation is calculated in WEAP as: 
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                                                                                                                         Equation 3-15 

 

        Relative soil water storage as a fraction of the total effective water 

storage in the upper layer in area j (no unit) 

                     Soil water holding capacity of area j (L) 

    Effective precipitation (L/T) 

   (      Penman-Monteith reference crop potential evapotranspiration 

(L/T) 

         Crop coefficient for area j (no unit) 

       Runoff Resistance Factor for area j that depends of the land cover 

(no unit). Higher values of this factor result in higher evaporation and less runoff from 

the basin.  

        Partitioning coefficient related to the land cover type, soil, and 

topography for area j, that divides flow into horizontal    and vertical (1-  ) flows. The 

partitioning coefficient is dimensionless. 

      Saturated hydraulic conductivity of the root zone layer of area j 

(L/T) 

The second layer water balance is calculated as: 

 

      
     

  
 [∑ (    )        

  
   ]           

                Equation 3-16 
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Smax,j  Deep percolation from the upper layer storage for area j (L) 

ks2,j  Saturated hydraulic conductivity of the second layer for area j 

(L/T) 

       Relative soil water storage, a fraction of the total effective water storage in 

the lower layer in area j 

Table 3-10: Summary of the Data Types Used in the Hydrologic Modeling 

Modeling Duration of 

simulation 

Precipitation Streamflow gage 

Calibration Sep 2002 to Aug 

2007 monthly step 

TMPA catchment spatial average Hasbani after 

Wazzani spring 

Validation Sep 2007 to Aug 

2011 monthly step 

TMPA catchment spatial average Hasbani after 

Wazzani spring 

Historical 

flow 

Sep 1967 to Aug 

1970 monthly step 

Spatial average using Kriging 

interpolation of observed data 

Fardiss bridge 

3.4.2 Parameter estimation 

Calibration of the WEAP model was performed for five water years (Sep 2002 to 

Aug 2007) by manually adjusting the following parameters for each subwatershed: 

1- Root zone and deep water storage capacity (Rdj and Smax,j)   

2- Root/deep layer conductivity  (kS,j and ks2,j) 

3- Preferred flow direction   (fj) 

4- Crop coefficient (Kc,j) 

5- Runoff resistance factor (RRFj)   

Sensitivity analysis of the model parameters was performed in order to identify 

and calibrate the most sensitive parameter. For each parameter a manual increment (equal 

to ±10%, ±25%, and ±50%) was applied and the model was evaluated in terms of total 

discharge change in percent (increase or decrease).  Table 3-11 below is a summary of 

the sensitivity analysis: 
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Table 3-11: Sensitivity Analysis of the Parameters Used in the Hydrologic Modeling 

Manual increment Kc,j Rdj KS2,j RRFj kS,j Smax,j fj 

-50% 46.9% 7.1% < 1% 6.6% -2.7% < 1% -22.7% 

-25% 41.1% 4.0% < 1% 3.0% -1.7% < 1% -12.5% 

-10% 36.0% 1.7% < 1% 1.1% -0.8% < 1% -6.4% 

        

10% 29.2% -1.7% < 1% -0.9% 0.9% < 1% 5.9% 

25% 23.3% -3.9% < 1% -1.9% 2.2% < 1% 16.1% 

50% 16.5% -6.8% < 1% -2.9% 4.2% < 1% 32.4% 

 

It can be inferred from the sensitivity analysis that the model is highly sensitive to 

changes in Kc,j and fj values. As shown in table 3-11, if the value of Kc,j is reduced by 

50%, the flow increases by 46.9%. Since the mass balance equation is non-linear 

(Equation 3-15), most parameters directly affecting one parameter have an indirect, less 

significant impact, on other parameters. However, due to the lack of sufficient calibrating 

variables, emphasis was based on assessing impact on surface runoff only. In summary, 

higher values of Kc,j resulted in lower streamflow due to high evapotranspiration losses, 

whereas lower values resulted in drastically higher streamflow discharges. Root zone 

conductivity (kS,j) has effects on surface runoff, interflow, and percolation to the deep 

zone (lower kS,j values provide higher streamflows). Runoff resistant factor (RRFj) has a 

significant effect on surface runoff. Higher values of RRFj resulted in lower streamflows. 

Sensitivity analysis also highlighted that surface runoff is less sensitive to Rdj since Rdj 

affected subsurface flow and peak flow. ks2,j has a less significant impact on streamflow. 

In general, higher values of Smax,j corresponded to high streamflow values.  

The calibration methodology carried on in the following order: 

 Kc,j: crop coefficient 

 fj: Preferred flow direction  
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 Rdj: Root Zone (Soil) water storage capacity  

 RRFj: Runoff resistance factor  

 kS,j: Root zone conductivity  

 KS2,j: Deep water conductivity  

 Smax,j: Deep water storage capacity 

Table 3-12 shows the crop coefficient (Kc) values used for the hydrologic model. 

Table 3-12: Crop Coefficient Kc for each Subwatershed 

Watersheds Area 

(Km
2
) 

Crop coefficient (Kc) Land use code (see 

table 3-3) 

WS_Hasbani_0401 103 0.2 41 

WS_Hasbani_0402 47 0.05 32 

WS_Hasbani_0403 61 0.1 21 

WS_Hasbani_0404 42 0.1 31,23,11,12,13,24 

WS_Hasbani_0405 19 0.05 11 

WS_Hasbani_0406 110 0.05 33 

WS_Hasbani_0407 85 0.1 22 

WS_Hasbani_0408 108 0.05 42 

Total 575   

3.4.3 Model performance criteria 

Non-dimensional model evaluation statistics measure the accuracy of simulated 

flow compared to observed flow. The hydrologic model performance was assessed using 

the following statistics: ratio of the root mean square error to the standard deviation of 

measured flow (RSR), Nash-Sutcliffe efficiency (NSE), refined Index of Agreement (dr), 

and relative Bias (RBias). For the water management scenarios, five objective performance 

criteria were used: Reliability, Vulnerability, Resilience, Maximum Deficit and 

Sustainability Index. 
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The RSR varies between 0 and a large positive value. Zero is optimal and indicates 

perfect model simulation. The RSR is computed as follow: 
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       Equation 3-17 

 

 

The Nash-Sutcliffe efficiency (NSE) indicates how well the plot of observed versus 

predicted flow fits the 1:1 line (Nash and Sutcliffe, 1970). The NSE varies between -∞ 

and 1. Values less than or equal to 0 indicate poor model performance. The NSE is 

calculated as follows: 
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                     Equation 3-18 

 

 

The modified Index of Agreement was introduced recently by (Willmott et al., 2011) as a 

reformulation of Willmott‘s index of agreement which was developed in the 1980s. The 

index dr varies between -1.0 and 1.0 and is interpreted the same as the NSE: 
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Equation 3-19 

 

 



 58 

The mean absolute error (MAE) and the RMSE were also computed because they 

indicate errors in the computed streamflow (m
3
/sec). Values of zero indicate a perfect fit. 

The MAE is calculated as follows: 
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                                          Equation 3-20 

 

 

Table 3-13 summarizes the performance of the model according to the statistics of the 

flow results compiled by Moriasi et al. (2007) from an extensive literature review of 

hydrologic model results. 

 

Table 3-13: General Performance Ratings for Recommended Statistics for a Monthly 

Time Step (adapted from Moriasi et al, 2007). 

Performance rating RSR NSE RBias 

Very good 0.00 ≤ RSR ≤ 0.50 0.75 < NSE ≤ 1.00 R-Bias < ±10 

Good 0.50 < RSR ≤ 0.60 0.65 < NSE ≤ 0.75 ±10 ≤ R-Bias < ±15 

Satisfactory 0.60 < RSR ≤ 0.70 0.50 < NSE ≤ 0.65 ±15 ≤ R-Bias < ±25 

Unsatisfactory RSR > 0.70 NSE ≤ 0.50 R-Bias ≥ ±25 

 

3.4.3 Model performance criteria 

As opposed to model performance, five performance criteria were used to 

evaluate system behavior: Reliability, Vulnerability, Resilience, Sustainability Index, and 

Maximum Deficit. 
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Time based reliability is the frequency with which water demand is fully met during the 

simulation period, or the probability of no-deficit in water supply during the hydrologic 

period of analysis (McMahon et al., 2006). 

A deficit is defined as: 
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     Equation 3-21  

 

 

where: X
i
T is the water demand for the i

th
 water user, and X

i
t is the water supplied in the 

t
th

 time period. The reliability for the i
th

 user is: 

 

             
             

   

 
     Equation 3-22 

where, n is the total number of simulation periods. 

Vulnerability is the expected value of the deficit in delivered water. In other 

words, it is the average of the water supply deficits experienced over the simulation 

period (Hashimoto et al., 1982). Vulnerability expresses the severity of failure. We use a 

dimensionless vulnerability equation representing the average magnitude of deficits: 
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                                                    Equation 3-23 

 

Resilience is the probability that a system recovers from a period of failure, when 

a year of no deficit follows a year of deficit in the water supply (Hashimoto et al., 1982): 

 

            
             

               
   

             
           

                                                 Equation 3-24  
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We calculate a dimensionless maximum deficit by dividing the maximum deficit 

in cubic meters by the water demand for the i
th

 water user: 

 

        
    (  

  

            
                                                           Equation 3-25 

 

A sustainability index for the i
th

 water user using the three performance criteria described 

earlier is defined by Sandoval-Solis et al. (2011), and can be expressed as follow: 

 

      [          (       ]
   

                                    Equation 3.26 

 

For the Hasbani basin, to calculate monthly urban demand sustainability we add the 

maximum deficit into the equation: 

 

      [          (       (          ]
   

          Equation 3.27 

 

3.5 RESULTS 

This section presents the validation and calibration results of the hydrologic 

model of the Hasbani River Basin. The model performance statistics results are also 

presented. They show in general good model performance in assessing water availability 

in the basin. In addition, water management scenario results recommended by the 

Ministry of Energy and Water are presented. 

Some annual flow statistics for water years September 2007 to August 2011, such 

as mean annual flow, ranked annual flow and pattern analysis, are also summarized 

below. 
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Figure 3-9: Ranked Mean Annual Flow for each Year for the Hasbani River 

 

Figure 3-10: Variation of Mean Annual Flow with Respect to the Nine Years Mean Flow 
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3.5.1 Calibration and Validation 

The model reproduces well the hydrologic response of the basin during the 

calibration period of five years (2002-2007). Even for low flows the model is highly 

accurate. For the validation period high flows are better reproduced, and the peak flow is 

well modeled. The relationship between monthly observed and simulated flows for the 

calibration and validation periods is presented in figures 3-11 and 3-12. These show how 

well the results are correlated using the R
2
 index. Since the model was calibrated for 

relatively wet years at the beginning of the 2002-2010 water years, the validation results 

do not model low flows as well as the calibration results. 

The statistics that analyze the goodness -of-fit of the model are described in detail 

in the model performance section 3.5.2. 

 

 

 

 

 

 

 

 

 

Figure 3-11: Relationship between Monthly Observed and Simulated Streamflow for the 

Calibration Period 
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Figure 3-12: Relationship between Monthly Observed and Simulated Streamflow for the 

Validation Period 

 

 

 

 

Figure 3-13: Observed and Simulated Monthly Flows for the Calibration Period at the 

Wazzani Gage (2002-2007) 
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Figure 3-14: Observed and Simulated Monthly Flows for the Validation Period at the 

Wazzani Gage (2007-2011) 
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3.5.2 Model performance 

Table 3-14: Summary of Statistical Results for Monthly Simulated and Observed Flows 

 

Statistics Calibration Validation Category 

(See Table 3.13) 

Drainage area (km
2
) 526 526  

Number of months 60 48  

Mean simulated flow 

(m
3
/sec) 

5.80 3.27  

Mean observed flow 

(m
3
/sec) 

5.02 3.34  

Std.Dev. simulated 

(m
3
/sec) 

7.58 3.74  

Std.Dev. observed 

(m
3
/sec) 

7.06 3.48  

RMSE (m
3
/sec) 2.49 1.77  

MAE (m
3
/sec) 1.47 1.19  

R-Bias (%) -15.71 2.19 Satisfactory/Very 

good 

NSE 0.87 0.73 Very good/Good 

RSR 0.35 0.51 Very good/Good 

dr 0.82 0.75 Very good/Good 

R 0.95 0.89  
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The statistical results for the calibration period show, as previously indicated by 

Figure 3-13 that the monthly simulated flow results are higher than the observed flows. 

The RBias of -15.71 % indicates that on average the model overestimates the observed 

flows. In the validation period, the RBias of 2.19 % shows that the model in general 

underestimates the observed flows and falls in the very good performance rating category 

(RBias < ±10). 

Usually, RMSE is greater than MAE and according to Singh et al. (2004) the model is 

considered appropriate if RMSE and MAE values are less than half the standard 

deviation of the observed data. The RMSE and MAE values of 2.49 and 1.47 m
3
/sec 

respectively for the calibration period are higher than the RMSE and MAE for the 

validation period (1.77 m
3
/sec and 1.19 m

3
/sec) and both the RMSE and MAE are less 

than half the standard deviation of observed data for calibration and validation (7.06 

m
3
/sec and 3.48 m

3
/sec respectively). 

Concerning the goodness of fit metrics, RSR, NSE, and dr results for the 

calibration period fall into the very good category (Table 3-13) NSE and RSR results for 

the validation period are considered good and very good for the R-Bias. 

The hydrologic model was also tested for three historical water years (September 

1967 to August 1970) to assess the model behavior in simulating historical monthly 

variations. According to historical records, 1967-1968 was considered a dry year 

(Simpson and Carmi, 1983). 
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Figure 3-15 shows the simulated and observed flows at the Fardiss station in the 

Hasbani River. 

 

 

 

Figure 3-15: Observed and Simulated Monthly Flows for the Historical Validation Period 

at the Fardiss Gage (1967-1970) 
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Table 3-15: Summary of Statistical Results for Monthly Historical Simulated and 

Observed Flows 

Statistics Historical validation Category 

(see Table 3.13) 

Drainage area (km
2
) 526  

Number of months 36  

Mean simulated flow (m
3
/sec) 2.13  

Mean observed flow (m
3
/sec) 2.79  

Std.Dev. simulated (m
3
/sec) 3.98  

Std.Dev. observed (m
3
/sec) 4.30  

RMSE (m
3
/sec) 1.72  

MAE (m
3
/sec) 0.97  

R-Bias (%) 23.65 Satisfactory 

NSE 0.84 Very Good 

RSR 0.40 Very Good 

dr 0.84 Very Good 

 R 0.93  

 

As the results indicate, the model underestimates the observed flows by 24%, 

NSE and RSR values are very good. The RMSE and MAE values are less than half of the 

standard deviation of measured data; this indicates good model performance Singh et al. 

(2004). These model performance results indicate that the historical precipitation data 

that was statistically analyzed in section 3.2 is of good quality and the model is able to 

simulate historical conditions of water use in dry years (1967-68). 
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3.5.3 Water management scenarios for the Hasbani Basin 

Water management scenarios were developed based on recommendations from 

the Ministry of Energy and Water (MEW) in Lebanon. Table 3-16 summarizes the 

scenarios evaluated. 

Table 3-16: Scenarios Analyzed in the Hasbani Basin 

 

Simulation Period Water years 2002 to 2025 

Water Demand Linearly Increasing 

Scenario Name Scenario Description 

Using Existing 

Sources (UES) 

Baseline scenario; Water inflows to the basin remain constant 

Improved Water 

Infrastructure (IWI) 

Water inflows increase after September 2013 

 

 The recommended scenarios studied in WEAP are explained below: 

 

1- The UES scenario is modeled to show the consequences on the urban demand if 

the policies currently implemented continue in the future without changes to the 

water supply. Keeping in mind that the water demands increase with population 

increase. 

 

2- The IWI scenario was chosen by the ministry and consists of improvement in 

infrastructure to allow more water to be pumped with decreasing conveyance 

losses to urban demands. The MEW wish to implement this policy without 
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pumping from existing wells and prohibiting the construction of new wells in the 

basin to preserve the aquifer. Only the village of Hasbaya and Kaoukaba will be 

supplied using groundwater, remaining urban demands will be supplied from a 

water treatment plant with a capacity of delivering 8 MCM/year when fully 

functional by 2025. The IWI scenario is based on recommendation by the MEW 

that studied four alternatives in the Hasbani basin based on a study conducted in 

August 2007. The study explored a range of possible mitigation techniques to 

resolve the deficit in potable water encountered in urban demands of the basin 

especially in Urban Demand number 3 (Khiam area-28,000 people) the most 

populated area modeled in WEAP. The alternatives studied by the government 

ranged from proposing to build a reservoir on the Ibel el Saki location (Figure 3-

17) which is South of the basin to prohibiting the pumping from new or existing 

wells to relieve pressure on the aquifer.  

In both scenarios the annual population growth factor of 2.25% was used since the 

growth rate for Lebanon ranges between 1.65% and 3.15%. After field survey in the 

region the current population is estimated at 106,000 people in the watershed. 

 

Figure 3-16 shows the layout of the WEAP model for the Hasbani Basin 
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Figure 3-16: Layout of the WEAP Model for the Hasbani Basin 
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Figure 3-17: Location of the Proposed Dam (RELK&P; 2007) 
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The proposed dam operating policy is not modeled since no multilateral 

agreement has been reached with other Jordan River countries. With regards to water 

supply for domestic, commercial and industrial use in the area, it should be noted that 

there are several sources of pollution in the region that might potentially pollute the water 

that will be stored in the lake. One of these is the olive plantations situated on the hills on 

the left side of the Hasbani River. As a result of these olive plantations, olive press 

residues are released which contaminate the watershed of the Hasbani River and thus 

consequently the lake of the dam. If water supply from the dam is required, two courses 

of action need to be taken: (1) pretreatment of the wastes discharged from the olive press 

mills; and (2) advanced treatment of the stored water in the dam prior to domestic, 

commercial and small industrial supply.  

Unmet demand was computed for the Urban Area #3 which corresponds to the 

most populated area of the basin. Under the UES scenario, we can see that if the current 

groundwater pumping policies are continued in the future, due to the expected increase in 

demand the Hasbani basin will suffer from an increase in water deficit every year if the 

conveyance infrastructure is not improved (Figure 3-18). 
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Figure 3-18: Unmet Demand under the UES Scenario 

In the IWI scenario unmet demand is significantly reduced (about 46%) as seen in Figure 

3-19. After the improvement measures are implemented starting in 2013 the last observed 

month of deficit occurs in August 2016 with an unmet demand of about 3,675 m
3
. 

 

 

Figure 3-19: Unmet Demand Under the IWI Scenario 
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Looking at the monthly variation in demand, under the UES and the IWI 

scenarios the highest demand is in August. The average deficit for the month of August 

during the simulation period of the UES scenario (23 years) is 154,342 m
3
. 

If the IWI scenario is implemented deficits will be almost nonexistent except for the 

months of: August 2014, 2015 and 2016 with a total deficit of 28,212 m
3
. Supplying 8 

MCM/year by 2025 will gradually take place since treatment plants and pipes need to be 

built. 

In order to evaluate the two scenarios or proposed alternatives, water system 

performance criteria were computed to compare the alternatives and identify the best 

alternative based on water management practices without considering the different costs 

associated with the implementation of each alternative. 

The performance criteria for both scenarios are presented in Figure 3-20 

 

 

Figure 3-20: Performance Criteria Results for the Water Years (2002-2025) 
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Performance criteria indicate clearly that switching to the second scenario in the 

year 2013 will improve reliability of the water system by 50% and the sustainability 

index will increase by 28%. The water resource system was 14% less vulnerable, once 

the IWI policy is implemented the average deficit drops to 22%. To better assess the IWI 

scenario and its impact on the water management we can calculate the same criteria for a 

shorter period (2012-2025) since it will reflect the current situation without including past 

practices (2002-2011). Figure 3-22 below shows that water management is greatly 

improved with a sustainability index of 59% compared to 10% if no policies are 

implemented in the future. 

 

 

Figure 3-21: Sustainability Index for UES and IWI Scenarios (2012-2025) 

Table 3-17 below shows useful parameters requested by water resources directors in 

Lebanon; note that the values are based on annual demand and supply. 
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Table 3-17: Scenarios Analyzed in the Hasbani Basin (Yearly based 2012-2025) 

Parameters UES IWI 

Average annual deficit (MCM) 1.02 

 

0.08 

∑         (MCM) 14.4 1.10 

Max deficit (MCM) % (1.62)  57 (0.56)  25 

Reliability (%) 0 39 

 

We can see clearly that if current water management policies in the Hasbani basin 

continue, the situation will become unsustainable with increasing deficits in urban water 

demands. Cessation of groundwater pumping and using surface water along with 

improvement in infrastructure is recommend which will allow water management to cope 

with increasing population in the next 20 years. In fact if IWI scenario is implemented, 

the benefits will be seen starting in 2017 since the last year with deficits will be 2016 

with an unmet demand of 3,675 m
3
. Prohibiting pumping from wells can be implemented 

and will reduce the deficit by 2025. 
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Chapter 4 Water allocation optimization results for the Orontes Basin 

4.1 EVALUATION OF THE ORONTES RIVER AGREEMENTS 

 

In this chapter we aim to explain the hydro-political events that occurred over the 

evolution of the Syrian-Lebanese agreements by: (1) analyzing the most recent agreement 

on the Orontes which was signed in 2002; (2) showing how the negotiations have been 

characterized by a change in the relations and power balance between the co-riparians; 

and (3) comparing it to the 1997 UNWC. This chapter analyzes what really happened in 

the negotiations by providing new information based on the work of the key actors 

involved in the 2002 agreement. Strengths and weaknesses of each agreement are 

identified to point out the level of coordination between riparian countries. 

4.1.1 The 1994 agreement between Syria and Lebanon and the 1997 addendum 

This section analyzes the agreements signed between Syria and Lebanon since 

1994. It shows how Syria was dominating the negotiations which led to the signature of 

the 1994 agreement. However, a balance of power was restored in 1999, when, based on 

a Lebanese initiative, the heads of states agreed to form a new bilateral committee of 

water experts to resume negotiations and make the 1994 agreement more equitable and 

based on the 1997 UN convention.  

On September 30, 1994 the two countries signed the ‗Agreement on the 

Distribution of the Orontes River Water Originating in Lebanese Territory‘ in Damascus. 

This agreement included a fixed amount of 80 MCM/year allocated to Lebanon if the 

river flow exceeds 400 MCM/year at the Hermel Bridge gage (Figure 4-1) and 20% of 

the annual flow if the discharge volume is less than 400 MCM/year.  
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The 1994 agreement addressed the issue of groundwater withdrawals with a 

provision authorizing pumping from wells drilled before the signature of the 1994 

agreement, but prohibiting new wells. The wells allowed were the ones located within a 

radius of 1,500 m from the center of the source and 500 m of either banks of the river 

(Lebanese Republic and the Syrian Arab Republic, 1994). 
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Figure 4-1: The Orontes Basin near the Syrian-Lebanese Border 

Quantities of water allocated to Lebanon are to be distributed according to the 

schedule shown in Table 4-1. 
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Table 4-1: Water Allocated to Lebanon According to the 1994 Agreement 

Month Lebanese share (MCM) 

September-October 10 

November-December-January-February 10 

March-April 10 

May-June-July-August 50 

Total 80 

 

The 1994 agreement had several weaknesses as it was signed under Syrian 

influence and Lebanon was still recovering from the civil war that ended in 1991 with a 

cease fire and the entry of Syrian troops in all Lebanese territories. Lebanon was under 

strong Syrian political and military influence that affected all decisions taken by the 

Lebanese government. Weak areas of this agreement pertained to the field of water 

resources management, social and economic development and legal aspects.  

The concept of Hydro-hegemony (Zeitoun, 2005) is applicable during the signing 

off the agreement in 1994. The Hegemonic country, in this case Syria, managed to 

impose its own water policies on Lebanon. However, Lowi (1993) and Waterbury (1994) 

argued that no conflict is likely to occur in this region unless it is in the hegemonic 

country‘s interest to enter an open conflict. 

In terms of the management of the water resources in the Lebanese part of the 

basin, future water use necessary for the development of the Kaa and Hermel regions 
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(Figure 4-1) were not mentioned. One quarter of the water quantities allocated to 

Lebanon are during the winter season (Sept to Feb), outside the irrigation period.  In the 

absence of dams or other regulatory infrastructure, this water cannot be used. Storage 

infrastructure, such as diversion works and accumulation dams, is not mentioned, 

effectively preventing Lebanon from using its share in spring and summer, when 

irrigation is needed for agriculture. Hydrogeological limits of the aquifers are not 

specified making the study of the impact of wells in the basin (Article 8 of the 1994 

agreement) very difficult to be performed. 

The Agreement does not comply with some of the factors included in the 1997 

UN Convention, as it does not mention important principles of international 

transboundary water laws. These include equitable allocation that takes into account: past 

and existing utilization, economic and social needs of each basin state; the obligation to 

exchange hydrologic and other watershed information under a Joint Commission 

especially a joint reporting of the flows (article 5 does not establish a mechanism for joint 

management) and obligation of not harming other riparian states (in this case Turkey was 

not involved in the negotiations). 

Finally, the Agreement of 1994 may create an opportunity for Israel to prevent 

Lebanon from using the Hasbani – Wazzani waters. An example of this would be the 

bombing by Israel of the Diversion Dam (Figure 4-1) on the Orontes River during the 

Lebanese-Israeli war of 2006. 

On January 11, 1997, an Addendum was made to the 1994 Agreement which 

deemed the basins of Yammoune, Marjhine, Joubab el Homor and Ouyoun Orghosh as 

―closed‖ and not common sources, meaning that they are completely contained within 

Lebanon and not subject to the transboundary discussions. The Addendum states that the 
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Laboueh tributary waters may be used for irrigation and drinking water purposes from the 

end of April until October 15 (Lebanese Republic and the Syrian Arab Republic, 1997). 

The Minutes of the meetings leading to the Agreement were approved in 1997 

and contained the following noteworthy points. 

1. The utilization of the waters of the ―closed‖ basins of: Yammoune, Marjhine, Joubab 

el Homor and Orghosh, shall be equal to the quantity of renewable water in these 

basins. 

2. The social conditions of the region of Baalbek – Hermel have been taken into 

consideration. The Lebanese party may benefit from all the waters deriving from the 

Laboueh sources during the irrigation season starting by the end of April until 

October 15, as well as from the drinking waters in use by the neighboring villages. 

However, the 1997 Addendum still included weak points. As indicated in point 1, 

the time period over which the quantity of renewable water was calculated was not 

specified. The positive aspect was mainly point 2 where the poor social conditions of the 

Baalbek region was considered and additional water could be used by the population in 

the period from April to October  for drinking purposes. 

4.1.2 Post 1997 negotiations and the 2002 agreement: a successful example of 

transboundary water cooperation 

The status quo in the basin prevailed until 1999, when heads of state decided to 

review the 1994 agreement and its addendum. Due to power asymmetry, this top-down 

approach was the only way to initiate a discussion on hydro-political matters such as 

water security of Syria and Lebanon. 

Going back to the notion of Hydro-hegemony explained earlier, the situation in 

1999 proved to be an exception to the notion that usually the hegemonic country will 

always seek to retain hydro-political power in a transboundary setting. However, as we 
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will see in the section below, in this particular case the weaker state Lebanon was able to 

leverage benefits in excess of their initial expectations, as explained by several authors 

who studied other transboundary basins (Turton, 2003; Daoudy, 2005; Turton and Earle, 

2005: 165). 

A Lebanese – Syrian High Council of Coordination was formed and met from 

1999 to 2002 with the objective of reviewing the 1994 Agreement and its 1997 

Addendum in order to make it more equitable; and refer to the 1997 UN Convention 

which has been ratified by Syria and acceded by Lebanon. 

On the Lebanese side, a Commission of Experts from the Ministry of Energy and 

Water and consultants was set up in June 1999 in Lebanon to clarify the objectives and 

investigate the technical, economic and judicial measures required (Personal 

communication, F. Comair, Ministry of Energy and Water of Lebanon, January 2012).  

The result of their work was a list of 10 objectives to be achieved:  

1. Rectify the Lebanese situation versus the Syrian position regarding the 1994 

Agreement which was considered by the Lebanese side to be a ―lose – win‖ 

situation. The objective was to transform this into a ―win – win‖ situation. 

2. Convince the Syrian officials that a ―win – win‖ hydrodiplomatic situation 

between the two co-riparians will strengthen Lebanon‘s position regarding 

possible negotiations with Israel. 

3. Build ties between Lebanon and Syria in the hope of establishing a future 

bilateral agreement between Lebanon and Israel.  

4. Enhance the cooperation between the co-riparians considering the direct and 

indirect economic benefits arising from such cooperation. 

5. Promote social stability through the creation of jobs in agriculture, 

construction and tourism in the Lebanese districts of Kaa and Hermel.  
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6. Define the infrastructures needed to utilize the flow allocated to Lebanon in 

the Agreement.   

7. Define irrigation schemes for the Kaa and Hermel regions to increase 

Lebanon‘s allocated volume for irrigation. 

8. Develop hydroelectric power as a cheaper energy resource when compared to 

groundwater pumping. 

9. Improve water quality in the Orontes River Basin especially in Syria and 

constructing a wastewater treatment plant in Hermel to improve water quality. 

10. Establish a database with monitoring measurements of water quantity and 

quality. 

On March 3, 2001, the Lebanese – Syrian High Committee adopted the previously 

mentioned objectives. The result was that the share of water to Lebanon was fixed at 80 

MCM per year plus 16 MCM from wells. An area of 7,000 ha was designated for 

irrigation in Lebanon, 1,000 ha of which were currently cultivated using groundwater.  

The technical and economic studies recommended that the utilization of the 

Orontes water be planned to cover both banks of the river through the construction of a 

diversion dam and a pumping station directly after the Ain Zarka and Daffash sources; 

and the construction of a storage dam upstream of the Hermel Bridge. Water stored 

should be used for drinking, irrigation, and power production (30 MW, 6 hours per day) 

in dry years. Figure 4-1 shows the proposed dams, the streamflow gage at Hermel Bridge 

and the new climatic stations that were set up by the Italian government in January 2011 

to help Lebanon collect the data necessary to implement hydrologic modeling methods. 

An unexpected change in decision making took place in December 2001, similar 

to the similar situation that occurred in the Syria-Turkey Euphrates River conflicts of 

1975 and 1990 (Kut, 1993). The Syrian side proposed that the negotiated minutes be 
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rejected as they claimed the Agreement would create an unstable economic situation and 

that Syria‘s river infrastructure was already well established. Since Lebanon is located 

upstream from Syria, any political conflicts could lead Lebanon to decrease the flow of 

the Orontes River which could have economic consequences for Syria. 

The Lebanese delegation at the time responded to this provocation diplomatically 

by giving a realistic explanation of the unfortunate consequences that Syria could 

potentially face if it renounced the newly revised Agreement, including: 

1. Negative effects on a major part of the Shiite population of the region who 

lives beneath the threshold of poverty and may revolt against Syria; in 

addition, all the Lebanese communities were in favor of the newly revised 

Agreement. 

2. Israel might see this as an opportunity to impose the same negotiation terms 

on the Jordan River with the following consequences: non-restitution of the 

Golan Heights, and non-recovery of the water shares belonging to Syria 

(Personal communication, F. Comair, Ministry of Energy and Water of 

Lebanon, January 2012). 

The situation was resolved when the Lebanese and Syrian Presidents met in 

January of 2002 in Beirut, Lebanon and signed the decision of March 3rd 2001. This 

agreement was approved by the Syrian and Lebanese parliaments in December 2002 and 

is referred to as the Agreement of 2002. It is comprised of the 1994 Agreement, 1997 

Addendum and the approved Minutes of the Joint Lebanese-Syrian Meetings. 

The reason why Lebanon and Syria were able to resolve this potential diplomatic 

conflict can be explained by the concept of benefit sharing and hydro-diplomacy (Phillips 

et al. 2006; Comair, 2007). Under Hydro-diplomacy, water is used as an element for 

negotiation and cooperation among countries. Thus, resolving water issues peacefully can 
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directly contribute to increased economic benefits and lead to political stability. Hydro-

diplomacy includes the need for a multilateral and multilevel dialogue and the notion of 

collective responsibility of the international community. This positive issue-linkage at the 

technical level in Syria and Lebanon (between Technocrats) initiated a benefit-sharing 

scenario, where benefits were generated and shared among the negotiating stakeholders 

after all issues were raised in the negotiation process (Phillips et al, 2006; Tollison and 

Willett, 1979). 

4.1.3 Comparison of the Orontes River Agreements and the 1997 UN Convention 

A comparison of the 1997 UN Convention and the 2002 Orontes Agreement is 

presented in Table 4-2. 

Table 4-2: Comparative Details of the 2002 Orontes Agreement versus the 1997 UN 

Convention  

1997 UN Convention Orontes 2002 Agreement 

Article 33 

If the Parties concerned cannot 

reach agreement by negotiation requested 

by one of them, they may jointly seek the 

good offices of, or request mediation or 

conciliation by, a third party, or make use, 

as appropriate, of any joint watercourse 

institutions that may have been established 

by them or agree to submit the dispute to 

arbitration or to the International Court of 

Justice. 

1994 Agreement, Article 7: 

A joint arbitration committee shall 

be constituted by the Technical Committee 

for the settlement of disputes resulting from 

the implementation of this Agreement.  In 

case a dispute arises, each party shall submit 

its point of view to the head of the team 

representing the Joint Committee. 
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Table 4.2, cont. 

Article 6: 

Utilization of an international watercourse 

in an equitable and reasonable manner taking into 

account all relevant factors and circumstances, 

including: 

(a) Geographic, hydrographic, 

hydrological, climatic, ecological and other 

factors of a natural character; 

(b) The social and economic needs of the 

watercourse States concerned; 

(c) The population dependent on the 

watercourse in each watercourse State; 

(d) The effects of the use or uses of the 

watercourses in one watercourse State on other 

watercourse States; 

(e) Existing and potential uses of the 

watercourse; 

(f) Conservation, protection, development 

and economy of use of the water resources of the 

watercourse and the costs of measures taken to 

that effect; 

(g) The availability of alternatives, of 

comparable value, to a particular planned or 

existing use. 

Minutes, 27/1/2002 

Geographic, hydrographic, 

hydrological, 

climatic and ecological 

factors were taken into account (see 

―resumption of negotiation‖ section).  

The social and economic needs of 

the watercourse States were 

considered as well as the population 

dependent on the watercourse in 

each watercourse state. 
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Table 4.2, cont. 

Article 7: 

Watercourse States shall take all 

appropriate measures to prevent causing 

significant harm to other watercourse 

States. 

1994 Agreement, Article 1 

Both Parties shall consider the Assi 

River water streaming from Lebanese 

territory as of mutual benefit. 

Article 9: 

Watercourse States shall exchange 

readily available data and information on 

the condition of the watercourse, in 

particular that of a hydrological, 

meteorological, hydrogeological and 

ecological nature and related to the water 

quality as well as related forecasts. 

1994 Agreement, Article 5: 

The joint technical committee shall 

supervise the measurement of the drainage 

of water as well as the incoming water from 

rivers, wells, springs and pumps along the 

river course within the Lebanese territory up 

to the Syrian border. 
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Table 4.2, cont. 

Articles 24 and 25: 

Management, Regulations and 

Installations. 

24. Watercourse States shall, at the 

request of any of them, enter into 

consultations concerning the management 

of an international watercourse, which 

may include the establishment of a joint 

management mechanism. 

25. Watercourse States shall 

cooperate, where appropriate, to respond 

to needs or opportunities for regulation of 

the flow of the waters of an international 

watercourse. 

1994 Agreement, Article 5: 

The joint technical committee shall 

supervise the measurement of the drainage 

of water as well as the incoming water from 

rivers, wells, springs and pumps along the 

river course within the Lebanese territory up 

to the Syrian border 

 

We can see that the agreement on the Orontes River is fair to Lebanon with 

regards to economic and social needs as stated in the UN convention (UN, 1997). In 

terms of water allocations to fulfill urban and agricultural demands the agreement is also 

considered fair since it was based on a thorough economic and hydrological study of the 

areas to be served. 

The Syrian-Lebanese agreement is seen as complying with international law, 

however the only negative aspect is the fact that Turkey was not involved in the 

negotiations and this is explained by the fact that Syria does not recognize the Turkish 
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rights on the waters of the Orontes due to controversial claims that the Hatay region is 

Syrian not Turkish. 

With regards to the current negotiations, due to the lately prevailing political 

events in Syria, the authors were only able to meet with the Lebanese delegation involved 

in the negotiation process with Syria. This delegation is considered to reflect the official 

Lebanese position regarding the agreement. Their opinions were summarized as follow 

(Personal communication, F. Comair, Ministry of Energy and Water of Lebanon, January 

2012): 

In order for Turkey not to halt the agreement with Lebanon, Turkey and Syria 

negotiated an agreement of non-involvement by Syria in the Afrin River Basin.  

It is not advisable for Lebanon to re-negotiate the 2002 Agreement with Syria at 

the present time (2012). This Agreement represents the final decision under the Lebanese 

government after thorough discussions and advice from partner countries such as the 

USA and France under the United Nations, European Union and Union for the 

Mediterranean. 

Finally, the volume of water (80 MCM/year) allocated to Lebanon corresponds to 

the water needs of Lebanon to irrigate 7,000 hectares. After economic analysis it was 

found what Lebanon only needs 7,000 m
3
 of water per hectare per year (49 MCM) and 

the remaining 31 MCM/year can be used for potable water. 

We believe that the 2002 Agreement was equitable for Lebanon since the water 

allocations were based on a study of Lebanese agricultural and potable water demands. 

Because Syria agreed to it, we can say it is a win-win outcome. Nevertheless, as any 

transboundary water agreement, there is always room for improvements. We think that all 

three riparian countries should work together when evaluating the significant harm factor 

of the UNWC.  
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It is worth mentioning that, concerning water quality in Lebanon, law number 337 

was issued in March 2002 to reform the water sector towards watershed management 

taking into account the general principles of the European Union Water Framework 

Directive (EU-WFD). A water code supported by the French government and the Union 

for the Mediterranean (UFM) was created to introduce the polluter pays principle, take 

preventive measures to protect aquatic ecosystems and apply legal provisions in case of 

damage to infrastructure and environmental disaster (Personal communication, F. 

Comair, Ministry of Energy and Water of Lebanon, January 2012). 

Under changing climatic conditions a considerable decrease of flow in the 

Orontes may occur, e.g., flow below 400 MCM/year as a common condition. According 

to the 2009 report on climate change in the Middle East, the International Institute for 

Sustainable Development (IISD) models predict that by 2050 an increase in temperatures 

between 2.5 and 3.7 
°
C is expected in the summer and 2.0 to 3.1 °C

 
in the winter (IISD, 

2009). Precipitation in the Middle East could decrease by up to 50% by the end of the 

21st century (Hertig and Jacobeit, 2008).  

In terms of evaluating the agreement‘s sustainability, even though the agreement 

did not address climate change and variability, thus making it seems as non-sustainable 

and static, allocating a share of 20% of the flow to Lebanon when the flow of the Orontes 

falls below 400 MCM can be effectively met under drought conditions, since it is a 

proportional allocation instead of an absolute amount of water in MCM. During drought 

periods, absolute allocations are difficult, if not impossible, to comply with.  

Table 4-3 below shows why the 2002 agreement constitutes a win-win situation 

for both countries as it summarizes the strengths and weaknesses of the different 

agreements since the French mandate in the 1920s. 
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We can see from table 4-3 that all agreements in the Orontes basin were bilateral 

in nature. In every single agreement except for the 2002 Syria-Lebanese agreement, 

power asymmetry is present as a fundamental aspect of the hydro-political negotiations, 

for example the first agreements were signed under the French influence, and the 1994 

agreement was signed under Syrian influence. The Hegemon in each case has the 

political and military power that influences and dictates the negotiation process, as seen 

in the unsettled issues section of the table. 

Table 4-3: Strengths and Weaknesses of Historical Agreements Showing the 

Coordination Levels Between States. 

Agreements Countries 

involved 

Issues 

discussed/resolved 

Main unsettled 

issues 

1921: Ankara 

Treaty 

Turkey-Syria 

(French mandate) 

Water supply and 

irrigation for Aleppo 

“water apportionment” 

is mentioned 

Water allocations 

not explicitly 

assigned for both 

countries 
1926: Convention 

of 

Friendship and 

Good 

Neighborly 

Relations 

 

1930: Protocol 

under the League 

of Nations 

Turkey-Syria Mentions equitable 

utilization of waters for 

navigation, fishing, 

industrial and 

agricultural uses. 

Protocol was not 

implemented. 

Syria contested 

the province of 

Hatay as a 

Turkish territory 

1939: Final 

Protocol to 

Determine the 

Syria-Hatay Border 

Delimitation 

 

Turkey-Syria States that the Orontes 

River and its tributaries 

should form the border 

between Turkey and 

Syria and that its water 

resources be 

apportioned equally 

This protocol 

simply stated the 

border limitations 

without legally 

enforcing it. The 

Thalweg of the 

rivers considered 

to be the border, 

was still subject to 

controversy 
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Table 4.3, Cont. 

1991: Fraternity, 

Cooperation and 

Coordination 

Treaty 
 

Syria-Lebanon Basis for cooperation in 

the field of water 

among others. 

Establishment of the  

the Lebanese-Syrian 

Joint 

Committee for Shared 

Water. 

 

 

1994: Agreement 

on the Distribution 

of the 

Orontes River 

Water Originating 

in Lebanese 

Territory 

Syria-Lebanon Allocation of 80 

MCM/year to Lebanon 

No dams or other 

regulatory 

infrastructure, and 

no justification of 

the 80 MCM 

allocated 

1997: Addendum to 

the Agreement on 

the Distribution 

of Orontes River 

Water Originating 

in 

Lebanese Territory 

Syria-Lebanon Social conditions of 

poor regions of 

Lebanon were 

considered allowing for 

additional potable water 

Quantity of 

renewable water 

was not specified 

2002 Syria-Lebanon Share of water to 

Lebanon was fixed at 

80 MCM per year plus 

16 MCM from wells 

Construction of a 

diversion dam and a 

pumping station 

Water quality explicitly 

addressed 

Turkey not 

involved in the 

negotiations 

2004 Turkey-Syria Start of planning joint 

dam project 

Water allocation 

and water quality 

not addressed, no 

joint contingency 

plan 
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Table 4.3, Cont. 

2008 Turkey-Syria-Iraq Joint technical 

committee formed and 

agreed to meet once a 

year and Early warning 

flow systems installed 

in Syria by Turkey 

Water allocation 

and water quality 

not addressed 

2009: Turkish-

Syrian Strategic 

Cooperation 

Council Agreement 

 

Turkey-Syria Memorandum of 

Understanding 

concerning the joint 

dam project 

Water allocation 

and water quality 

not addressed, no 

joint contingency 

plan 

 

In many similar international basins of the world, Le Marquand (1990) shows that 

international law, international posture of each country, linkage between water and other 

issues and national sovereignty influence transboundary waters. In the case of the 

Orontes Basin, the last two factors which are linked to international politics and territorial 

disputes are the most relevant. 

Looking at each stakeholder‘s interest, an analysis of different scenarios ranging 

from unilateral development to full cooperation should be conducted and can cover all 

three riparians. For example, Turkey might be primarily interested in flood mitigation 

plans, especially after the collapse of the Zeizoun dam that flooded 1,200 ha of land in 

Turkey (Kibaroglu et al, 2011). A future area of cooperation could be the joint 

implementation of flood mitigation procedures and early warning systems to notify the 

downstream populations. 
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4.2 OPTIMIZATION AND RISK ASSESSMENT 

This section complements the analysis done in section 4.1, its goal is to assess the 

water security risks associated with the negotiations and asymmetrical power relations 

between Turkey, Syria and Lebanon especially under the current political events in Syria. 

We present the main findings of the UNWC workshop at the University of Dundee in 

Scotland, in June 2012 (Comair et al., 2013 b). Risk analysis was conducted by 

optimizing the water allocations in the basin using the nine factors related to the UN 1997 

convention. This risk assessment is comprised of the following: (1) proportional water 

allocation using factors relevant to equitable and reasonable utilization mentioned in 

article 6 of the UN convention (2) a complete description of the basin hydrography 

including all the tributaries and streamflow measurements, as, to this date, there is no 

complete hydrologic information of the basin in the literature (Caponera, 1993; Kibaroglu 

et al., 2011; ESCWA, 1996). 

By consolidating information about the hydrology and water uses of the Orontes 

River we aim to analyze the broad implications of the impact of current water use on the 

future water security of the co-riparians. This detailed study related to water resources 

needs and stresses on hydrological systems will benefit riparian countries towards 

cooperation and help them manage the changing hydro-political context in the Middle 

East. 

A mathematical optimization method was developed based on the work by Mimi 

and Sawalhi (2003) in the Jordan River. We called this method: Orontes Water 

Allocation Optimization (OWAO) method to allocate water from the Orontes River 

among Lebanon, Syria and Turkey. This optimization is based on the factors relevant to 

equitable and reasonable utilization mentioned in article 6 of the UN convention: 
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The objective function that is optimized to determine proportional water 

allocations minimizes the sum of squared deviations between the allocation outcome Aj 

and the factors i = 1 to n: 

 

Minimize                            ∑     
 
   ∑ (      )

 
   

2 
                   Equation 4-1 

 

where i refers to the nine factors considered for the Orontes Basin based on the 

UN Convention.  These factors are: 

1. Geography  

2. Hydrology  

3. Climate  

4. Existing utilization of the waters  

5. Economic and social needs 

6. Population dependent on the waters  

7. Comparative costs of alternative means of satisfying the economic and social 

needs of each basin state 

8. Availability of other water resources 

9. Degree to which the needs of a basin state may be satisfied, without causing 

appreciable harm and substantial injury to a co-basin state 

and j = 1, 2 and 3 refer to the riparian countries, since we have three countries 

using the water of the river. 

Wi (%) is the weight given to each factor as mentioned in article 6 part 3 of the 

UN convention of 1997. This weight was determined by its importance in 

comparison with other relevant factors. 

Xij is the share of the i
th

 factor for the j
th 

country (%) 
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Aj is the proportion of the total water that each country should receive (%) 

Factors 1, 2 and 3 were computed using the GIS database. It is thought that any further 

negotiations on the Orontes River will involve mapping and data processing, making GIS 

a useful tool in evaluating water allocations and policy alternative. 

 

Table 4-4 shows how each of the nine factors was interpreted 

Table 4-4: Definition of each factor used in the OWAO 

Factors Definition 

Geography Watershed area in each country 

Hydrology Contribution to flow from each country 

Climate Precipitation - evapotranspiration 

Existing utilization of the waters Agricultural use of the water 

Economic and social needs Human Development Index (HDI) 

Population dependent on the waters Population in the basin part of each country 

Comparative costs of alternative Gross Domestic Product (GDP) 

Availability of other water resources Water Stress Index (WSI) 

Significant harm Flow that each country can potentially 

control within its border 

 

The computation of each of the 9 factors (Xij) used in the objective function is 

explained in the section below. 
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4.2.1 Geography 

The geodatabase built in this study contains geographic data, including basin 

areas, stream lengths, and infrastructures such as dams, climatic stations and streamflow 

gages (Figure 2-3 and 4-1). The GIS tools, Arc Map and Arc Hydro (Maidment, 2002), 

were used to delineate the Orontes River watershed and subwatersheds from the DEM in 

GeoTIFF format with geographic latitude/longitude coordinates and a 1 arc-second (30m) 

grid of elevation postings. The Arc GIS Geoprocessing toolbox and Arc Hydro 

techniques were used to isolate the watershed. The outlet of the basin is in the province of 

Hatay in Turkey at 36°03‘43N and 35°57‘47E. The data collected for the Orontes River 

in this research is part of the database developed for the Jordan River and the full process 

of the watershed delineation and geodatabase creation can be found in Tarboton and 

Maidment (2010) and Comair et al. (2012 a). 

Once the Basin was delineated and the streams defined, it was overlaid with the 

countries shapefiles and each country within the basin was identified. Each country‘s 

subwatershed was determined using the intersect tool. This enabled catchment area 

calculations on GIS. Knowing the basin watershed areas, will help determine the total 

potential run-off from each riparian country after determining the amount of precipitation 

and precipitation minus evapotranspiration (P-ET). 

 

The catchment area of the basin in each country is shown in Table 4-5.  
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Table 4-5: Calculated Catchment Area per Riparian 

Countries Catchment area (km
2
) Catchment percent (%) 

Lebanon 2,209 9 

Syria 16,979 69 

Turkey 5,557 22 

Total 24,745 100 

 

4.2.2 Hydrology 

 

Table 4-6 shows a summary of the springs and river flows. Please note that some 

values were converted from Billion Cubic Meters/year (BCM/year) to m
3
/sec depending 

on the reference, therefore values can deviate slightly from the exact measured flow. 
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Table 4-6: Orontes Springs and River Discharge in Lebanon, Syria and Turkey (Adapted 

from ESCWA, 1996 and Kibaroglu et al., 2011) 

Reach  Country Number of Springs Total discharge (m
3
/sec) Country 

Percentage 

(%) 

Headwaters Lebanon 3 13.20  

Subtotal Lebanon                 13.20 15 

Upper reach Syria 4 2.25  

Hama-Mhardeh Syria 7 0.45  

Chizer spring Syria 1 6.42  

Achorreh Syria 6 2.27  

West Ghab Syria 19 3.9  

East Ghab Syria 10 7.59  

Lower reach Syria 4 2.24  

Afrin Syria  9.78  

Subtotal Syria                 35 39 

Afrin Turkey  18.92  

Karasu Turkey  12.61  

Orontes reach   9.46  

Subtotal Turkey                 41 46 

Total                 89.2 100 
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4.2.3 Climate (P-ET) 

Using zonal statistics for each catchment area, the available water in each country 

was computed in MCM by multiplying the area of the watersheds by (P-ET). 

An analysis of Precipitation – Evapotranspiration was performed using GIS 

techniques. P-ET was used in the optimization as part of the climate factor addressed in 

the UN Convention of 1997. To our knowledge, this is the first attempt of studying P-ET 

over the entire Orontes River Basin. A similar successful approach was used by Comair 

et al (2012 a) over the entire Jordan River Basin. 

A precipitation raster was obtained from the Water Systems Analysis Group 

(WSAG), University of New Hampshire (Fekete et al., 2004) and incorporated into the 

previously mentioned geodatabase. The data was downloaded from an online GIS 

database in raster format. The raster represents long term (1950-2000) average annual 

precipitation for the globe (mm/year) on a 0.5 x 0.5 degree global grid (Comair et al., 

2012 a). 

ET was calculated using the MOD16 data product, a global map of ET derived 

from MODIS imagery (NASA, 2011). It provides 8-day estimates of global 

evapotranspiration going back to January 2000, when MODIS was first launched aboard 

the NASA satellite Terra. Using these tools, all 10 years of MOD16 data was imported 

into Arc Map. The raster calculator tool was used to obtain average annual ET (Siegel, 

2011). 

 

In order to clarify the calculations of P-ET, Table 4-7 below shows the different factors 

related to the calculation of available water: 
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Table 4-7: Available Water Using Remote Sensing  

 

4.2.4 Existing utilization of the waters 

As mentioned previously, Lebanon is not using significant amounts of surface 

water from the basin. The existing utilization of the Orontes basin waters by Turkey was 

estimated using values obtained from the Aquastat Survey of 2008 (FAO, 2008). 

According to the Directorate of State Hydraulic Works (DSI) and the General Directorate 

of Rural Services (GDRS), that studies major hydrological basins in Turkey, the Orontes 

Basin includes about 34,947 ha of Turkish irrigated lands (DSI, 2002). Assuming that the 

average amount of water needed to irrigate a hectare of land is 10,000 m
3
, the Turkish 

Utilization (TU) from agriculture was computed as: 

TU =                                                        
  

  
 

 349.47 million m
3 

The Syrian water utilization was estimated from the FAO database of 2003 (FAO, 

2003). It is estimated that Syria is using about 2730 million m
3 

of water from the basin. 

Riparian country Evapotranspiration Basin 

Area 

Precipitation  Available Water  

 (mm/yr) (MCM) Km
2
 (MCM) (MCM) 

Turkey 312.8 1737.8 5556 3678.4 1940.6  (32%) 

Syria 260.4 4422.1 16979 7861.4 3439.2  (56%) 

Lebanon 221 488.2 2209 1236.9 748.7  (12%) 
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4.2.5 Economic and social needs 

The economic and social need for each country is a difficult parameter to account 

for because it can be very subjective.  In this case, these factors were estimated based on 

the Human Development Index (HDI). The HDI was used as it takes into account both 

economic and social factors including: life expectancy index, education index and income 

index.  These values were obtained from the United Nations 2011 Human Development 

Report (UN, 2011). As the highest possible value of HDI is 1, the HDI of each country 

was subtracted from 1. This reflects what each country needs to work towards to reach 

maximum development. Therefore, the country that has the lowest HDI will receive more 

water. Table 4-8 shows the HDI values reported from the United Nations. 

 

Table 4-8: HDI of the Riparian Countries Sharing the Orontes Basin  

Countries Human Development Index (HDI) 

Lebanon 0.739 

Syria 0.632 

Turkey 0.699 

 

4.2.6 Population dependent on the waters 

The data for population dependent on waters in the basin was obtained from the 

2003 FAO report for Syria. Since no information was found on Turkey‘s population 

dependent on the waters, it was considered to be equal to the population existing in the 

Province of Hatay (TSI, 2010). The population within the Orontes basin in Lebanon does 

not depend on surface water from the Orontes, but uses groundwater instead. 
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4.2.7 Comparative costs of alternative 

The comparative costs of alternative means of satisfying the economic and social 

needs of each basin state was calculated based on the GDP of each country. The GDP 

values from the World Bank were used (World Bank, 2011). 

4.2.8 Availability of other water resources  

The availability of other water resources was calculated using the Water Stress 

Index (WSI). The water stress index is defined by the ratio of water demand to renewable 

water resources. The values of the total renewable water resources available in each 

country were obtained from ESCWA (2005) report for Syria and Lebanon and from the 

CIA for Turkey (CIA, 2012). The water demand values for each country were obtained 

from the 2003 FAO report for Syria, Lebanese government for Lebanon and the blue 

peace report for Turkey (SFG, 2011). As indicated in table 4-9 Turkey is the least water 

stress country of the Orontes Basin. 

 

Table 4-9: Water Stress Index (WSI) of the Riparian Countries Sharing the Orontes Basin  

Countries WSI 

Lebanon 0.527 

Syria 1.118 

Turkey 0.411 
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4.2.9 Appreciable harm 

The degree to which the needs of a basin state may be satisfied, without causing 

appreciable harm and substantial injury to a co-basin state can be related to water quality 

and quantity. If upstream countries such as Syria and Lebanon start polluting the river, 

they will cause harm to Turkey by deteriorating the water quality.  In addition, too much 

water (i.e. inundations) can be an issue. One example of the negative effects of too much 

water was the Zeizoun dam break in June 2002 which inundated lands in Turkey. Due to 

the difficulty of obtaining water quality data, appreciable harm was quantified as the 

amount of water a country can control within its borders. The riparian countries in theory 

can limit the amount of water flowing to the downstream countries. See table 4-10 in 

section 4.3. 

4.3 EQUITABLE AND REASONABLE ALLOCATION OF ORONTES BASIN WATERS 

 

The OWAO method is helpful to evaluate water security risks, because indices such as 

HDI, WSI, significant harm risk, and population density are indices that are used to 

measure water security risks (Comair et al., 2013 b). 

Xij which is the share of the nine factors for each country is calculated using this 

equation: 

      
   

∑    
 
   

                  Equation 4-2 

Fvj represents the values of each factor obtained and discussed in the previous section, for 

example if P - ET is calculated for each country,  

Fvj = (P-ET)Aj                                      Equation 4-3 
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Results Fvj (absolute values) and its proportion Xij (%) are summarized in table 4, note 

that factor 1, 2 and 3 results can be seen in tables 4-5, 4-6 and 4-7. 

Table 4-10: Summary of the Results Obtained for each Factor 

Factors Lebanon Turkey Syria Lebanon Turkey Syria 

4 (MCM) 0 349 2730 0% 11% 89% 

5 0.261 0.301 0.368 28% 32% 40% 

6 (M) 0 1,480,571 2,528,000 0% 37% 63% 

7 (M$) 39,006 734,364 591,470 5% 88% 7% 

8 0.527 0.411 1.118 26% 20% 54% 

9 (BCM) 0.4 0.6 1.2 54% 28% 18% 

 

The derivative of Equation 4-1 ∑     
 
   ∑ (      )

 
   

2
 was set equal to zero 

in order to determine optimal allocations in percent. The optimal allocations were 

obtained using the equation below:  

     
∑       

 
   

∑   
 
   

                                           Equation 4-4 

The existence of solutions can be verified using the Weierstrass Theorem which 

states that if a constraint set S is compact (closed and bounded) and the objective function 

is continuous on the constraint set than there exists an     such that f(x) ≤ f(y) for all y 

in S. Since we are minimizing a sum of convex functions, thus a global minimum will be 

obtained from the solution. The calculation of Wi (%) which is the weight given to each 

factor is subjective. As mentioned in Article 6 of the UN convention: “The weight to be 

given to each factor is to be determined by its importance in comparison with that of 

other relevant factors”. Since determining equitable and reasonable use can only be 
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achieved between the three riparians during negotiations, a weight was assigned to each 

factor using results obtained from two sources: (1) a class survey conducted in the 

transboundary waters class at the University of Texas at Austin and (2) a survey 

conducted by Mimi and Sawalhi (2003) among water experts. Therefore, the result of this 

optimization is one example among several possibilities of water allocations. The 

students gave more weights to socio-economic factors, whereas the water experts gave 

more weights to hydrological factors. The results are summarized in Figure 4-2 below: 

 

Figure 4-2 Water Allocations Results 

4.4 RISK ASSESSMENT: HOW SEVERE ARE THE WATER SECURITY CHALLENGES IN THE 

ORONTES BASIN? 

According to the Basin At Risk project (BAR) at Oregon State University, the 

Orontes basin is considered a category two region were indicators and protests over water 

exist. Category one are areas where current conflicts exist (such as the Jordan River 

Basin). Given the current situation in Syria, we believe that the status of the Orontes 

basin can soon be shifted to a category one region, implying a higher risk for conflicts. 
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This is currently seen at the Syrian-Lebanese and Syrian Turkish borders where daily 

clashes are occurring in Lebanese and Turkish villages surrounding the Orontes River 

(Ghab, Kaa, Hatay province, etc).  

Indicators of potential conflicts in transboundary rivers can be applied to the 

Orontes Basin: Extreme changes in physical or institutional settings - a good example 

will be the future regime change in Syria if it were to occur. This institutional change will 

ultimately have an impact on the institutional mechanics and agreements in the region. 

Syrian opposition will most likely renegotiate past agreements signed by Bashar el Assad 

regime; this implies past agreements over transboundary rivers of Syria such as the 

Orontes River Agreement of 2002 with Lebanon, Tigris and Euphrates rivers with 

Turkey. The new Syrian regime may wish to halt the construction of the two dams in 

Lebanon (upstream); including the change in water allocations (currently Lebanon has 

the right to divert 80 MCM). This will also include the GIS database currently being 

developed by the two countries and the water rights on the transboundary aquifers of the 

Orontes basin.  

It is very probable that if a change in regime occurs in Syria, the three co-riparians 

sharing the Orontes basin will meet and start new discussions on water allocations. It is 

likely that Turkey will be more willing to cooperate with the less hostile new Syrian 

government. In this case, the operation and management of the reservoirs located in 

Syrian territory will most likely be reviewed and Turkey may wish to obtain more water 

from the Orontes (see optimization results). 

A scenario that can occur is Turkey enters the negotiations assuming a position 

against the UN Convention of 1997, similar to what happened during the Union for the 

Mediterranean water strategy when Turkey opposed any allusion to the UN convention of 

1997 in the strategy. Ultimately, this would result in a very long negotiation process with 
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the other two riparians and could lead to an institutional conflict that would hinder the 

creation of a regional transboundary basin organization in charge of managing the 

watershed. 

Unilateral developments can also result from the change in an institutional setting. 

This includes the construction of dams and internationalization of the issue; in the 

Orontes basin three examples illustrate this situation: The interests of Lebanon to 

construct two dams on the Orontes River following the Syrian-Lebanese agreement of 

2002, the bombing of the first dam in Lebanon by Israeli forces in 2006 and the desire of 

the Turkish government to develop additional irrigation projects. 

Lebanon may wish to proceed with the construction of the dams ignoring the 

position of a new Syrian regime; this will increase the risk of conflict. Also Lebanon is 

very vulnerable to Israeli attacks, since the first dam constructed on the Orontes (60% 

complete) was destroyed by Israel during the Hezbollah-Israeli war of July 2006. This 

attack contributed to the internationalization of the conflict, by introducing a third party 

(Israel) who does not share the waters of the Orontes River with Syria and Lebanon. It 

will be interesting to follow the position of Israel in the future, as this hostile act against 

Lebanon can be seen as a message to Lebanese authorities who are planning to build a 

dam on the Hasbani River a tributary of the Jordan River shared with Israel. Israel may 

want to warn Lebanon about the consequences of building a dam on its other 

transboundary river. 

On the other hand, unilateral developments in Turkey may also increase the geo-

political tensions, as currently there are 12 development projects in the Orontes Basin in 

Turkey: four are operational, two are under construction and six are under investigation. 

The 12 projects will provide irrigation for about 100,000 ha, domestic water supply of 37 

MCM/year, hydropower generation (180 GWh/year) and flood protection for 20,000 ha 
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of lands (Kibaroglu et al., 2011). Currently, two dams (Tahta Köprü and Yarseli) exist on 

the Turkish side of the Orontes River in the province of Hatay (see Figure 2-3 in chapter 

2). The Tahta Köprü dam is used for flood protection, and the Yarseli dam is used for 

irrigation of 7,300 ha (Tepe et al., 2005). 

In terms of environmental and human risks related to water, results shows that 

Syria is particularly vulnerable to the deterioration of the water security in the Basin. The 

current civil war in Syria can have a direct impact on the water supply to the population 

living near the Orontes River.  

Syria can experience two types of negative impacts on its water resources system: 

the first impact can come from Lebanon who controls about 400 MCM (0.4 BCM) of the 

waters upstream (Table 4-11). However, this is very unlikely since Lebanon is a water 

rich and peaceful country and it does not need more than the water allocated according to 

the agreement of 2002. This is why Lebanon, which controls only 18% of the waters, was 

assigned the highest proportion of water allocation in terms of significant harm, since it 

can potentially cause less harm than the other two countries as seen in table 4-11. 

Table 4-11: Mean Annual Flow Measured at the Borders (adapted from Kibaroglou et al., 

2011) 

Border Mean Annual flow (BCM) 

Turkey - Syria (Afrin River) 0.6 

Lebanon-Syria 0.4 

Syria-Turkey 1.2 

Total 2.2 

 

Another negative impact could be felt in case the current Syrian regime remains 

hostile to its population. This regime controls the water resources infrastructure of the 
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country and could deny the 2.5 million Syrians living in the basin access to water from 

the reservoirs on the Orontes River. 

Concerning water quality in the basin, a positive aspect includes a regional 

agreement that Turkey, Syria and Lebanon have signed to protect the Mediterranean Sea. 

The Barcelona Convention for the Protection of the Mediterranean Sea against Pollution 

entered into force on July 9, 2004. Since the Orontes River discharges into the 

Mediterranean Sea in Turkish territory, according to the Barcelona convention, Turkey 

confirmed the protection of twelve Specially Protected Areas (SPAs) (Kibaroglu et al, 

2005). 
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Chapter 5 Water resources in the Jordan River Basin 

In this chapter, we complement the work done by GTZ, and to comply with 

international laws on water allocation, two main factors are taken into consideration: 

riparian watershed area and precipitation contribution to the Jordan River Basin.  

Using a newly available 30m Digital Elevation Model (DEM), released in June 

2009 under the Advanced Spaceborn Thermal Emission and Reflection Radiometer 

(ASTER) program (ASTER GDEM Validation Team 2009), catchment areas can be 

determined more precisely than Gunkel and Jens (2011) who used data captured by the 

Space Shuttle (SRTM DEM) with a resolution of 1 arc second (about 90m). In addition, 

in February 2011, NASA released a global evapotranspiration (ET) product based on 

imagery from the Moderate Resolution Imaging Spectroradiometer (MODIS) (NASA, 

2011).  

This study is the first to apply this valuable new datasets towards understanding 

evaporative losses in the Jordan River Basin, and aims at reporting and sharing (1) 

riparians area contributions to the basin; and (2) providing complete estimates of 

precipitation and evapotranspiration in the basin, at the country and sub-basin level. This 

study is part of an ongoing research that ultimately aims to create a common database to 

provide unified access to water information for the globe (Bermudez and Arctur, 2011). 

The results of this study (catchment areas, precipitation and ET) will be incorporated into 

a geographically referenced database (geodatabase) using the recently updated hydrologic 

information system (CUAHSI-HIS) similar to the Arc Hydro framework (Maidment, 

2002; Horsburgh et al., 2008; Tarboton and Maidment, 2010) called World Water Online 

(WWO) (Espinoza et al., 2011). Later publications will document how World Water 

Online enables web-based analysis to understand global water issues. To date, three 
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riparians of the Jordan River Basin have adhered to the WWO project, representing a 

major achievement for this politically stressed region. Presently, each riparian has their 

own understanding of how the Jordan River Basin works, based on their own, privately 

collected data. This research will contribute to improve the understanding of the basin 

with up to date information and promote collaborative efforts among riparians for the 

management of this vital resource. 

5.1 HYDROLOGY USING REMOTE SENSING 

GIS tools Arc Map and Arc Hydro (Maidment, 2002) were used to delineate the 

Jordan River watershed as well as subwatersheds from a 30 m resolution ASTER DEM 

provided through Japan-U.S. collaboration (ASTER GDEM Validation Team 2009). The 

DEM is in GeoTIFF format with geographic latitude/longitude coordinates and a 1 arc-

second (30m) grid of elevation postings.  It is referenced to the WGS84/EGM96 geoid.  

The region of the Jordan River Basin was selected to be in the 30N-35E region. The 

DEM obtained from ASTER contained sinks that could vary between 0.1 m and 4.7 m in 

a 30 m DEM (Tarboton et al., 1991). In order to perform a proper hydrological analysis, 

sinks were identified and eliminated using the Spatial Analyst extension. The ArcGIS 

Geoprocessing toolbox and Arc Hydro techniques were used to isolate the watershed. As 

mentioned earlier, this study isolates exclusively the Jordan River Basin, including 

drainage areas from the headwaters of the Hasbani down to the outlet point of the Jordan 

River at the Dead Sea, located at 31°45‘36N and 35°33‘28E.  

The Arc Hydro tools were used to derive several data sets that collectively 

describe the drainage patterns of the catchment. Geoprocessing analysis was performed to 

recondition the digital elevation model and generate data on flow direction, flow 

accumulation, stream definition, stream segmentation, and watershed delineation. This 
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data was then used to develop a vector representation of catchments and drainage lines 

from selected points that can be used in network analysis. The full process of the 

methodology is described by Tarboton and Maidment (2010). 

Using the Arc Hydro data model (Maidment, 2002), a geographically referenced 

database containing geographic and hydrographic data was created for the Jordan River 

Basin. This database included political boundaries, basin, sub-basin and stream networks. 

The database will be improved in the future to include water bodies and dam locations, 

monitoring points and climatologic and hydrometric information (time series). Once the 

Basin was delineated and the streams defined, a shapefile for world countries was 

downloaded from the Natural Earth data and North American Cartographic Information 

Society (Natural Earth, 2011) and used to overlay the basin and identify each country 

within the basin. Every polygon was projected from the WGS84 coordinate system to the 

Jordan JTM projection to allow area calculations. Using ArcGIS‘s intersect tool, each 

country‘s portion of the basin was extracted (Figure 5-1), and their contributing area 

recorded (Table 5-1 and Table 5-2). One dataset of evapotranspiration (ET) was used in 

this research to study P-ET over the entire Jordan River Basin. 

5.1.2 Litani/Hasbani issue 

Although this is not the main purpose of this study, the Litani River Basin was 

also delineated in order to assess whether any hydrological connection with the Jordan 

River Basin exists. While analyzing the Lebanese part of the Jordan River Basin, no 

connection between the Litani River Basin and the Jordan River Basin was found in 

terms of surface flow, even though both basins lie close to each other (Figure 5-1). The 

former basin was found to lie entirely in Lebanon. This result removes any ambiguity 

pertaining to the inclusion of the waters of the Litani River in any future water allocation 
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scheme for the Jordan River Basin. As it was mentioned in the Johnston Plan and the 

Israeli ―Cotton Plan‖, some Israeli negotiators wished to include the Litani River in the 

Jordan River Basin plan (Amery, 1998). Today, the inclusion of the Litani River is still 

present in the opinion of some politicians but these arguments are not credible since 

hydrological connections between the Litani and Jordan River Basin have not been 

proven (Medzini and Wolf, 2004; Zeitoun et al., 2012). 

 

 

Figure 5-1: Riparian Countries Area Contribution to the Jordan River Basin 
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5.1.3 Watershed areas 

At the sub-basin level, the catchment area of the Upper Jordan was found to be 

1,547 km
2
. The Hasbani basin area, which is part of the Upper Jordan, was found to be 

611 km
2
, which is close to the value of 612 km

2
 reported by Rimmer and Salingar (2006). 

Areas of the Yarmouk and Zarqa basins were estimated at 6,975 km
2
 and 3,984 km

2
 

respectively. The Yarmouk‘s basin area is similar to the area of 6,974 km
2
 obtained by 

Suleiman (2004) but lower than the GTZ value of 7,250 km
2
 (GTZ, 1995). 

Table 5-1: Areas of Each Sub-basin of the Jordan River Basin 

Subcatchments Area (km
2
) 

Upper Jordan 1546.90 

Hasbani   611.10 

North Side Wadis 2439.80 

South Side Wadis 1994.70 

Yarmouk basin 6975.00 

Zarqa basin 3983.70 

 

By comparing the different area values reported in the literature with ours, we see 

that the former area estimates result from difference in the DEM cell sizes used, which 

were lower in our study and thus more accurate than in the references mentioned. 

Furthermore, the GTZ (1995) and Elmusa (1997) values seem to have included the area 

of the Dead Sea subwatersheds in the Jordan River Basin, which have a surface of about 

800 km
2
. This could explain the higher area estimations for the Jordan River Basin 

mentioned previously. Although Mimi and Sawalhi‘s (2003) objective was to divide 

proportionally the Jordan River waters between the five countries by area, flow, etc, they 

actually used combined data for the Dead Sea Basin (GTZ, 1995). Their study on 
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optimization shows that the data provided by GTZ consider Lebanon and Syria to be in 

the same basin. After carefully reviewing the original GTZ data we found that the authors 

mention the Jordan River Basin as part of the Dead Sea Basin, which makes it confusing 

for the reader not familiar with the region‘s geography.  

5.1.4 Precipitation 

Precipitation (P) data was obtained from the Water Systems Analysis Group 

(WSAG), University of New Hampshire (Fekete et al., 2004). The WSAG data was 

derived by Mitchell et al. (2004) using a dataset developed by the Climate Research Unit 

(CRU) at the University of East Anglia and the Department of Geography at the 

University of Delaware (Willmott and Matsuura, 2001; Legates and Willmott, 1990). The 

data was downloaded from an online GIS database in raster format. The raster represents 

long term (1950-2000) average annual precipitation (mm/year) for the globe on a 0.5 x 

0.5 degree global grid. The raster was projected to the Jordan JTM projection and since 

the grid cell resolution was larger than some catchment sizes, the raster was re-sampled 

to reduce the cell size from 0.5 degrees (38 km) to 30 m using the nearest neighbor 

sampling method. The zonal statistics tool in ArcGIS was used to calculate the average 

annual precipitation in each catchment over the period 1950-2000. Since the Jordan River 

region is modulated by complex topography for this large scale study of the precipitation 

in the basin, the modeled rainfall data is known to have values lower than those obtained 

from rain gages (Black, 2009). 

Globally, we notice that the precipitation contribution of Jordan, Lebanon and 

Palestine are somewhat consistent with their area contribution to the Jordan River basin. 

However, even though Syria contributes almost twice more area than Israel to the 
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watershed, both countries are similar in terms of precipitation contribution to the whole 

watershed (Table 5-2). 

Minimum and maximum (range) values are averages over the period 1950-2000. 

When comparing our study with the GTZ study, we can see that two distinct values of 

precipitation were obtained for Lebanon and Syria in our approach, which is more 

accurate than the GTZ studies that considered Lebanon and Syria to have the same 

contribution of 508 mm/year of precipitation (GTZ, 1995).  

On the other hand, the Lebanese part of the basin is characterized by a complex 

topography similar to the coastal mountains of Israel. This factor is often disregarded and 

therefore, all precipitation models underestimate the mean precipitation over these 

mountainous terrains (Mithen and Black, 2011). This is also the case with the values 

obtained by our precipitation model, that are lower than the actual observed rain gage 

data recently obtained by the Ministry of Energy and Water in Lebanon indicating a mean 

rainfall of 700 mm/year in Lebanon (MEW, 2011). Some simple linear regressions were 

made between one precipitation gage in the Lebanese part of the basin (Kfar Qouq) and 

the satellite data which indicated that values were correlated with a correlation coefficient 

R
2
 of 0.65. Our precipitation value for Syria could not be verified with local authorities. 

Previous studies using Regional Climate Models (RCMs) of the same resolution and 

lower (0.4 degrees) were also unable to resolve the issue of the complex and changing 

topography with regard to the precipitation pattern of southern Lebanon (which includes 

the Western part of Mount Hermon at 2,814 m above sea level) as well as mountainous 

areas and coastal mountains in Israel and Jordan (Goldreich, 1994; Lionello and Giorgi, 

2007; Krichak et al., 2007; Kitoh et al., 2008; Evans et al., 2004; Mitchen and Black, 

2011). However, it is interesting to mention that although the underestimation of 

precipitation reported in this study is consistent with other RCMs used in the region, 
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overall, the values of precipitation presented here can be considered acceptable for the 

purpose of this study as we look at the global annual rainfall and ET over the entire 

Jordan River Basin, without focusing on monthly or seasonal precipitation variations. 

The average precipitation over the Jordanian part, which contributes to most of 

the precipitation in the basin, has been mentioned in two reports (Suleiman 2004, and 

Courcier et al., 2005). Both of these reports used precipitation data from the EXACT 

team and estimated the average volume of rainfall in this area to be about 2,200 

MCM/year. In contrast, this study computed precipitation to be 1,911 MCM/year. The 

mean annual precipitation estimated in these reports ranged between 100 and 490 mm, 

which are very close to the range of 87 to 432 mm obtained in this study. At the sub-

basin level, Al-Abed and Al-Sharif (2008) studied the Zarqa River Basin using 

hydrological modeling and GIS analysis and reported a long-term (1937-1998) mean 

annual rainfall of 248 mm. In this study spanning a wider timeframe, mean annual 

rainfall over this sub-basin was calculated to be 229 mm. 

Concerning Israel and the West Bank, the rainfall distribution could not be 

compared with other studies, because past analyses that dealt with isotope studies 

(Simpson and Carmi, 1983), modeling of the precipitation-streamflow processes 

(Rimmer and Salingar, 2006; Gilad and Bonne, 1990) and hydrochemistry (Gur et al., 

2003) used precipitation data obtained from the Israel Hydrological Survey that cannot be 

publicly retrieved. 

5.1.5 Evapotranspiration  

Evapotranspiration in the basin was calculated using the MOD16 data product, a 

global map of ET derived from MODIS (MODerate-resolution Imaging 

Spectroradiometer) imagery (NASA, 2011). It provides 8-day estimates of global 
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evapotranspiration from January 2000 when MODIS was first launched aboard the 

NASA satellite Terra. Evaporation and transpiration are treated separately, both 

according to the Penman-Monteith equation below (Maidment, 1993). 

 

   
 (         (          

   (  
  
  

 
                   Equation 5-1 

The two variables that drive this equation are available energy (      and 

vapor pressure deficit (       . The latter is a function of air temperature and humidity, 

which are taken from NASA‘s Global Modeling and Assimilation Office (GMAO, 2011), 

while the former is derived from other MODIS data products. Net radiation (Rn) is 

calculated using the methodology described by Cleugh et al. (2007), which is mostly 

driven by the MOD42 product: surface albedo. The soil heat flux (G) is assumed to be 

inversely proportional to the fraction of absorbed photosynthetically active radiation 

(MOD15). The resistance of the surface (rs) and air (ra) to energy transfer are calculated 

differently for transpiration and evaporation. For a more complete explanation of the 

MOD16 algorithm, refer to the work of Mu et al. (2011). In this study, the average annual 

ET over the Jordan River Basin is calculated using the MODIS toolbox, which was 

developed at the Center for Research in Water Resources (Siegel, 2011). This toolbox is a 

collection of python scripts freely available online that automate the process of 

downloading MOD16 data and converting it into ArcGIS layers. Using these tools, the 

authors imported all 10 years of MOD16 data into Arc Map and used the raster calculator 

tool to average them together. 

There is substantial spatial variation in ET over the basin, depending mostly on 

climate and land use. As shown in Figure 5-2, the highest levels of evapotranspiration are 

found in the northern part of the basin, where there is more precipitation, but small areas 
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of intense transpiration, most likely irrigated agriculture, can be seen in Jordan and Israel. 

Our study shows that 88 % of all precipitation within the basin is lost to ET. This matches 

up well with estimates in the literature, which range from 85 to 90 % (Fisher et al., 2002; 

El-Naser, 1998; Courcier et al., 2005). The basin-wide ET average is 247 mm/year. The 

authors could not find any previous papers that studied ET over the whole Jordan River 

Basin, but a study of the Lower Jordan River Basin used the Shuttleworth-Wallace 

equation to come up with an estimate of 269 mm/year for this area (Gunkel and Jens, 

2011). Our study calculates 254 mm/year over the same region – well within the 25% 

Root Mean Square Error (RMSE) typically found when comparing the MOD16 data to 

local measurements (Mu et al., 2011). 

 



 123 

 

Figure 5-2: Mean Annual Evapotranspiration Map of the Jordan River Basin 
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5.1.6 Water Availability in the Jordan River Basin 

Observations of each country‘s area, precipitation and evapotranspiration 

contribution with regard to available water show that even though the Lebanese 

headwaters receive the highest precipitation rates in the basin, the West Bank, which 

receives 40% less precipitation per square meter, provides a similar amount of water to 

the basin because it has lower ET than Lebanon and greater surface area contributing to 

the basin (Table 5-2). Once baseflow from springs is added to the geodatabase, the 

contribution recorded as coming from Lebanon will most likely increase. 

As for Syria, we observe that this part of the basin averages 274 mm/year of 

evapotranspiration despite only receiving 225 mm/year in precipitation. As shown in the 

table, this translates to an annual water deficit of 281 MCM, which is most likely 

attributable to intensely irrigated agriculture fed by groundwater pumping. In fact, several 

studies have shown that the Syrian water budget is dominated by groundwater, and that 

the country‘s agricultural sector is extremely inefficient (Bakir, 2001; Daoudy, 2005; 

Phillips et al., 2009). 

Israel does not possess as much territory in the Jordan River Basin as Jordan does, 

nor does it receive as much precipitation as the Lebanese part of the basin. However, the 

17% of the basin‘s it controls receives 438 mm/year of precipitation, the highest rate of 

any riparian other than Lebanon. Because of this, 48% of the available water in the basin 

comes from Israeli territory. Jordan, which possesses 40% of the basin‘s land, only 

receives 266 mm/year of precipitation. Despite a lower rate of ET than Israel, there is 

only 216 MCM of available water left over each year – about 22% of the basin‘s total 

supply.  

Based on our results, the total quantity of available water for anthropogenic 

withdrawal is estimated at 987 MCM/year. If we compare this value with estimates from 
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the literature The literature reports that water use in the basin is estimated at around 800 

MCM/year (Mithen and Black, 2011) with Israel diverting around 500-600 MCM 

(FoEME, 2011; Zeitoun et al., 2012); Syria withdrawing approximately 200 MCM from 

the Yarmouk River, and another 100 MCM diverted by Jordan to supply the King 

Abdullah Canal (Courcier et al., 2005). Due to all these abstractions, the Jordan River 

discharge to the Dead Sea is currently estimated at 150 to 200 MCM/year (Gavrieli et al., 

2005; Courcier et al., 2005). In addition to what is left from the river and tributaries flow, 

this discharge to the Dead Sea originates from drainage of fishponds, wastewater, fresh 

and saline springs, and agricultural return flows (FoEME, 2010). Thus, if we estimate the 

initial amount of available water based on the literature (adding up the abstractions and 

the discharge to the Dead Sea; i.e. 950-1,000 MCM), we find that is it close to the value 

obtained in our study. 
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Table 5-2: Results Obtained for Basin Areas, Precipitation, Evapotranspiration and 

Available Water (AW) in the Jordan River Basin 

Riparian 

country 

Total 

Area
a
 

in km
2
 

Basin area  Average  P 

  

Average ET 

  

Average AW 

(P-ET)  

km2 % of 

total 

basin 

area 

mm/yr MCM/yr % of 

total 

P in 

basin 

mm/yr MCM/yr % of 

total 

ET 

in 

basin 

MCM/yr % of 

total 

AW 

in 

basin 

Israel 21,640 3,033 17 438 

 

Range: 

312-580 

1,328 25 283 858 19 470 48 

Jordan 88,780 7,183 40 266 

 

Range: 

87-432 

1,911 36 236 1,695 37 216 22 

Lebanon 10,452 606 3 490 

 

Range: 

432-580 

297 6 238 144 3 153 16 

Palestine 

(West 

Bank) 

6,020 1,542 8 301 

 

Range: 

222-466 

464 9 205 316 7 148 15 

Syria 183,630 5,740 32 225 

 

Range: 

87-470 

1,292 24 274 1,573 34 -281 (0) 0 

Total in basin 18,103  1,720 5,292  1,236 4,586  987  

 
a The World Bank 2011

 

As suggested by the ESCWA-UN scientists in Lebanon during a visit in Beirut, 

the Golan Heights territorial issue between Syria and Israel was also explored in terms of 

available water (The Golan Heights are considered occupied territories by the United 

Nations). According to our calculations in GIS, the Golan Heights were found to be about 
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1,141 km
2
. Even though Israel will lose about 38% of basin area when the Golan Heights 

are added to Syria‘s share (Figure 5-3); the total water available will drop by 12% and 

Israel will still dominate the basin (Figure 5-4). This can be explained by the high ET in 

Syria which is always higher that the precipitation volume, Table 5-3. 

Table 5-3: Comparison between AW in Israel and Syria 

Parameters Israel with Golan Israel Syria with Golan Syria  

Basin Area 3,033 1,892 6,881 5,740 

Precipitation (MCM/year) 1,328 829 1,548 1,292 

ET (MCM/year) 858 535 1,885 1,573 

AW (MCM/year) 470 294 -337 -281 
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Figure 5-3: The Golan Heights  
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Figure 5-4: AW (%) for the Riparian Countries of the Jordan River Basin (The term 

―official‖ means the UN position considering the Golan Heights as a Syrian 

territory)  
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5.1.6 Dead Sea water balance 

The Dead Sea is a closed sea with no outlet other than evaporation. The inputs, 

besides precipitation, is the Jordan River inflow and ephemeral streams draining from 

wadis adjacent to the sea. About 200 MCM of water per year reaches the Sea. Currently, 

the water level of the Sea declines by 1 m/year (Oroud, 2011; Nihoul, 2004; Gavrieli et 

al., 2005) and evaporation greatly exceeds inflow. In the past, the Jordan River was the 

single most important water source to the Dead Sea, discharging 1,200 MCM/year. The 

discharge today is 150 to 200 MCM/year (Gavrieli et al., 2005; Courcier et al., 2005). 

This present low discharge into the Dead Sea is due to the recent anthropogenic 

abstraction in the Jordan River Basin which is estimated to be about 800 MCM/year 

(Klein, 1998; Mitchen and Black, 2011). A simple water balance using the newly 

obtained results in this study of available water for anthropogenic abstraction can be 

written as 

 

WA – AB = DSD  Equation 5-2 

 

where WA (MCM/year) is water available for anthropogenic uses, AB 

(MCM/year) is anthropogenic abstractions, and DSD (MCM/year) is discharge into Dead 

Sea, or, using the values reported above  

 

990 MCM/year – 800 MCM/year = 190 MCM/year 

 

Therefore, our estimate of the discharge into the Dead Sea of 190 MCM/year is 

within the range reported in Gavrieli et al. (2005). 
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Arc Map tools can be used to estimate the water deficit of the Dead Sea without 

having to obtain accurate data of energy flux and salt intrusion from the riparian 

countries, which would be a time consuming and difficult task. Hence, the area of the 

Dead Sea was estimated to be about 621.4 km
2
 using GIS, consistent with values reported 

in the literature (Oroud, 2011). Besides inflow from the Jordan River, the most important 

factor in the calculation of the water balance is the rate of evaporation, which is estimated 

to range between 1.05 and 2 m/year (Oroud, 2011; Stanhill, 1994; Gavrieli et al., 2005). 

The total precipitation on the Dead Sea was determined to be approximately 115 

MCM/year using the analysis mentioned previously in the paper. A schematic of the 

water balance analysis is shown in Figure 5-5. 

 

 

Figure 5-5: Dead Sea Water Balance 
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Average Precipitation + Jordan River Inflow – evaporation = Water deficit    Equation 5-3 

or 

 

         

  
          

  
                                  

  
  

 

Therefore, the average decline in water level in one year of the Dead Sea is: 

 

 
      

    
  

          

                         

 

Thus, we estimate the decline in the Dead Sea level to be about 0.99 m/year, with 

a water deficit of about 600 MCM/year. This result is consistent with the values reported 

by Oroud (2011), Gavrieli et al. (2005) and Lensky et al. (2005). 

5.2 PRIORITY-BASED WATER PLANNING MODEL FOR THE JORDAN RIVER 

In September of 2011, the General Assembly of the Mediterranean Network of 

Basin Organizations (MENBO) met in Porto, Portugal with the presence of water experts 

and representatives of river basin organizations from Jordan, Lebanon, Israel and the 

West Bank (Comair et al., 2012 b). 

  As a result of this meeting, a consensus emerged that ultimately after the 

political issues are resolved, at some point, countries will have to confront water quantity 

and quality issues. Once a fair and reasonable agreement is reached, the co-riparians will 

need to evaluate their water management policies using decision support tools that take 

into account the water allocation rules, water demands, and regulations applied in all 

countries. 
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Thus, the aim of this study is to help the co-riparians in dispute resolution, policy 

formulation and decision making by studying the vulnerability of water resources in the 

Lower Jordan River under a changing climate pattern and growing water demands. 

Towards this end, the Water Evaluation and Planning System software (WEAP) 

developed by the Stockholm Environment Institute (SEI) has been used to represent and 

evaluate several water management scenarios (Yates et al. 2005a & 2005b).  

Currently, WEAP is being used in Lebanon to plan the management of scarce 

water resources and to understand the implications of different policy options (MEW, 

2012). Jordan has started using WEAP to model all its aquifers in order to closely 

monitor groundwater usage. This is proving to be a valuable step in the revision of their 

national water master plan (MWI, 2012). On May 3-5 2011, SEI, the Arab Center for the 

Studies of Arid Zones and Dry Lands (ACSAD), the Federal Institute for Geosciences 

and Natural Resources (BGR), and the Ministry of Water and Irrigation of Jordan co-

sponsored the second Regional WEAP Conference for the Middle East and North Africa 

region. In addition, on June 19-24, 2011 the Arava Institute for Environmental Studies 

(AIES) hosted a WEAP workshop for Israeli, Jordanian and Palestinian researchers, 

sponsored by GLOWA-Jordan River, in Kibbutz Ketura, Israel. 

The present chapter will analyze the results of the WEAP modeling study 

undertaken by the authors and offer recommendations to help alleviate the water stress 

situation in the basin. Our aim is not to provide a perfect solution to the perplexing 

question of water scarcity and quality, but to illustrate the usefulness of a water balance 

model in guiding future hydro-diplomatic negotiations. 
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5.2.1 Water Supply 

The WEAP model developed for this project covers the inflow of the UJR Basin 

which flows into Lake Tiberius, and ends with the discharge of the Jordan River into the 

Dead Sea, which serves as a sink for the regional hydrologic system. All stream flows, 

extraction rates from aquifers, pumping to irrigated areas, etc. are reported in Millions of 

Cubic Meters of Water per year (MCM/year). Due to the difficulty in obtaining monthly 

inflow data from gages in the Jordan River Basin (JRB), the yearly averages extracted 

from a comprehensive list of references (Zeitoun et al., 2012, Hoff et al., 2011) were used 

as inputs to the WEAP model. Seasonal variability of the hydrologic system that can 

affect the water balance has not been included in the analysis. Although we acknowledge 

that this variability in hydrology is important in terms of management, we focused on 

long-term evaluations using average values for this study.  

Figure 5-6 below shows a screen capture of the WEAP model that was built. This 

screen capture of the model shows the Jordan River basin delineation with supply and 

transmission links. As seen in the legend below, water supply infrastructure such as 

reservoirs and aquifers can be schematically represented into the model. Demand sites 

can be representative of cities (Amman) or irrigation districts in the Jordan River valley. 

Return flow from these irrigation districts can be included as well. 
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Figure 5-6: Schematic of the WEAP Model 

Five aquifers in total were included as a schematic type of ‗groundwater‘ in the 

model (Figure 6). Three of them (JV Aquifer, Yarmouk Aquifer and Amman Zarqa 

Aquifer) are located in the basin, but the other two (Azraq and Dead Sea) reflect water 

sources located outside of the basin. 

Each aquifer was assumed to have 500 MCM as an initial storage in the model, 

and their respective recharge capacities were entered based on values given in the 

literature (Courcier et al., 2005). The assumption about the initial storage was needed to 

make a stable model at the early part of the simulation period. However, since the long-

term availability of groundwater would be dominated by the recharge capacity as the 

time-step goes forward, this assumption is believed to not violate the project purpose of 

assessing the water resource availability of the basin in long-term aspect. The basin has 



 136 

non-renewable groundwater resources and uses them during dry periods (e.g., 100-150 

MCM/year in Jordan) (SFG, 2011). More data is being obtained from Jordan since the 

country has been using WEAP to link the country‘s three main basins – Amman-Zarqa, 

Azraq and the Jordan Valley – to the system. 

Annual evaporation amounts (MCM/year) at the four sites included in the model 

are: 285 from Lake Tiberius, 5 from the Zarqa River, 2 from the north side wadis, and 10 

from the reservoir of the Karamah Dam. 

The discharge of the UJR into Lake Tiberius was assumed to be 860 MCM/year, 

after considering all the water abstractions upstream from the mouth of the Upper Jordan. 

The model starts by allocating water to the North Irrigation District in Israel, after which 

water is diverted from Lake Tiberius into Israel via the Israeli National Water Carrier 

(NWC). A value of 200 MCM/year was used to represent the amount of water withdrawn 

from the Yarmouk River as it flows through Syrian territory. This reach has 35 dams and 

groundwater and river water are directly pumped in this part of the basin to fulfill 

agricultural and urban needs. The literature that mentions the Yarmouk diversion to Syria 

estimates this diversion to be between 200 and 360 MCM/year (Zeitoun et al., 2012; Hoff 

et al., 2011). To this day it is impossible to know the correct amount and Syria has kept 

secret the exact number of dams built on the Yarmouk. 

Surface water supply to the Jordan River from East and West side wadis were also 

entered in the model and those accounted for about 83 MCM/year. 

 The Jordan part of the Lower JRB has been represented in some detail in the 

model. Major aquifer extractions, irrigation water demands and water infrastructure built 

by Jordan have been included (Courcier et al., 2005). The total water supply was 

calculated to be about 1,500 MCM/year. 

 



 137 

Table 5-4: List of assumptions used in the model 

Model assumptions Data 

Aquifers initial storage 500 MCM for Dead Sea and Azraq basins 

800 MCM for Zarqa basin 

Zarqa aquifer recharge rate 88 MCM/year 

Dead Sea aquifer recharge rate 25 MCM/year 

Yarmouk and north side wadis recharge 

rate 

125 MCM/year 

Tiberius lake evaporation 285 MCM/year 

Zarqa river evaporation 5 MCM/year 

North side wadis evaporation 2 MCM/year 

Karamah dam evaporation 10 MCM/year 

Upper Jordan River discharge into lake 

Tiberius 

860 MCM/year 

Yarmouk River abstractions (Syria) 200 MCM/year 

 

5.2.2 Water demand 

The current pattern of water use in the Lower JRB was chosen as the baseline 

scenario for our WEAP model. At present, the flow in the Yarmouk River reaches 270 

MCM/year before it is diverted to the King Abdullah Canal (KAC) in Jordan and to 

Israel.  

Since the signing of the peace treaty between Israel and Jordan in 1994, Israel‘s 

utilization of the Yarmouk water has increased to about 70 MCM/year (El- Naser, 1998; 

Hof, 1998). At the same time, Israel has been transferring nearly 20 MCM/year of water 

from Lake Tiberius to the Jordan River since 1998 and it provides a further 25 

MCM/year to the KAC to compensate for the pumping of 25 MCM/year from the 

Yarmouk in winter (Hof, 1998). 

The previous decade has also seen the building of a dam on the Zarqa River and 

one on the side-wadis in order to irrigate 32,000 hectares of new land. As a result, only 

10 MCM/year reaches the Dead Sea as return flow today (THKJ, 2004). Also included in 
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the baseline scenario is the recently commissioned Al-Wehdah Dam, built jointly by 

Syria and Jordan for hydropower and water supply purposes, respectively. 

Groundwater use for agriculture in the basin is about 110 MCM/year. This water 

goes towards irrigating about 15,000 hectares of land. Urban groundwater use currently 

stands at about 150 MCM/year (HKJ, MWI, GTZ, 2004). 

The Dead Sea Basin Aquifer provides 15 MCM/year to Amman, while the Azraq 

Aquifer supplies 10 MCM/year and 5 MCM/year to Amman and Irbid, respectively 

(Courcier et al., 2005). 

Thus, at present, the total groundwater exploitation in the lower Jordan River 

basin is about 275 MCM/year (including the Dead Sea aquifer). However, because the 

annual usable recharge rate of the aquifers is 160 MCM/year (not including return flow) 

then the overall exploitation (mining) rate of the aquifers is 172 percent on average 

(Courcier et al., 2005). 

5.2.3 Scenarios generation 

With these assumptions, the stream flow of the Jordan River at each node was compared 

to values from the literature mentioned previously. 

Water management scenarios that were included and evaluated in this paper are 

shown in Table 5-5 below. 
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Table 5-5: Summary of WEAP Scenarios 

Simulation Period 2010 to 2030 

Water Demand  Linearly Increasing 

Scenario Name Scenario Description 

Using Existing 

Sources (UES) 
Baseline scenario; Water inflows to the basin remain constant 

New Water (NW) Water inflows increase after the Red Sea–Dead Sea Canal Project 

Climate Change 

(CC) 
Water inflows decrease linearly due to climate change 

The above scenarios are described in further detail below: 

1. UES: Increase in water demands is met Using Existing Sources (UES). Under 

this scenario, two cases were defined by varying the allocation rules for water 

supply links to the city Amman. In the first of these cases, the proportion 

between withdrawals from all water sources delivering water to Amman was 

held constant throughout the period of simulation. This was referred to as a 

Proportional Constraint (UES: PC). In the other case, the proportion between 

withdrawals was held constant until one of the water sources reached its full 

supply capacity. Beyond this point, the proportionality constraint on 

withdrawal of water was dropped. An example is allowing unrestrained 

withdrawals of water from the KAC and the Dead Sea and Azraq basins, once 

the supply from the Zarqa basin levels off. This sub-scenario was referred to 

as a Conditional Constraint (UES: CC). These two cases were developed in 

order to investigate whether the water demand at Amman can be better met by 

changing supply allocation rules. 
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2. NW: Increase in water demands is met using existing sources until 2020, after 

which the commissioning of the Red Sea – Dead Sea Canal Project provides 

additional water to the Dead Sea and the city of Amman. 

3. CC: Climate change is represented by decreasing the annual headflows of the 

Yarmouk and Zarqa rivers by 12 %, and the natural recharge rates of the 

Yarmouk and Zarqa Aquifers by 11 %. 

Figure 5-7 below is a zoom in of the city of Amman represented in the WEAP 

model including the sources and sinks. 

 

 

Figure 5-7: WEAP Diagram Showing the Sinks and Sources of Water in the Amman 

Region 

5.3 RESULTS 

Two objective performance criteria were used to evaluate system behavior under 

the different scenarios described above: Reliability and Vulnerability. The city of Amman 

was chosen as the focus of the case study, and results for Amman were used to calculate 

the performance criteria (see chapter 3 for the specific equations used). 
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5.3.1 Scenario results 

Figure 5-8 shows the unmet demand across the years for Amman as water 

demands were increased to reflect population growth. It also shows how the water 

demands of the city would be met completely until the year 2024 using existing water 

sources, and the water deficit that is likely to occur after that point in time. 

 

 

Figure 5-8: Demand Curve for Amman and Future Water Scarcity Under Current Water 

Use Conditions 

 

This deficit can be traced to the indiscriminate overuse (and subsequent depletion) 

of all the aquifers in the region. Figure 5-9 shows how quickly aquifer capacity would be 

degraded if water use were to continue at its current pace (UES: PC scenario). 
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Figure 5-9: Predicted Depletion of Aquifers in the Lower Jordan River Basin Under 

Current Water Use Conditions 

It is worth noting that a simultaneous increase in irrigation water demand was 

modeled, since Jordan has been importing virtual water in the form of staple foods since 

the 1970‘s and considerable scope still exists for further importation (Amery and Wolf, 

2000). Figure 5-10 shows the cereal balances for all riparian countries in 2007 

(FAOSTAT, 2011). 

 

 

Figure 5-10: Riparian Cereal Balances in 2007 
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One future development that could help avoid the depletion of groundwater 

resources in the region is the building of a canal connecting the Red Sea to the Dead Sea 

by the year 2020. This project would result in an additional influx of water into the 

Jordan River Basin and could potentially provide up to 100 MCM/year of water for 

Amman (Harza, 1998).  

Considering that it might take some time after 2020 to develop treatment capacity 

for water transferred from the Red Sea or the quality standards for urban usage might not 

be met in the initial phase of project commission, two cases have been modeled here. In 

the gradual use case (NW: GU), the supply from current sources is kept constant once the 

Red Sea to Dead Sea Canal (RDC) project starts supplying Amman. The immediate 

switchover case (NW: IS) assumes that the RDC project will start supplying 100 

MCM/year to Amman beginning in 2020, and withdrawals from the current sources will 

be decreased in proportion. Figure 5-11 shows the demand-supply balance in Amman if 

we take this potential future source into consideration. Also shown is the deficit pattern 

that would result if existing sources were to be exploited without the burden of supply 

constraints (UES: CC). Such indiscriminate use might help to reduce the water gap and 

delay scarcity problems for a few more years. However this would entail a severe cost: 

the rapid depletion and degradation of all water supply resources. 
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Figure 5-11: Water Deficit in Amman Under Various Future Water Use Scenarios 

One can see the positive impact that the RDC project could have on alleviating 

water scarcity in Amman. There are significant gains to be made if the city decides to 

shift to this new supply of water, more so when the full capacity of the new supply source 

is utilized as soon as the project is up and running.  

All of the above scenarios make the fundamental assumption that the existing 

natural availability of water in the basin will not change over time. However, with the 

impacts of climate change becoming increasingly apparent, this assumption can no longer 

be deemed invulnerable and must be modified during any water balance analysis. 

Keeping this in mind, a climate change scenario was defined by reducing river head-

flows and groundwater recharge rates using values from the literature (IISD, 2009; Jnad 

and Sibai, 2009).  

A slightly optimistic case was considered by incorporating a 12% decrease in the 

head-flows of the Zarqa and Yarmouk Rivers over the period of model simulation (2010 

to 2030). Similarly, an 11% reduction in recharge rate over the same time frame was used 

to simulate decreases in aquifer recharge. This scenario was developed by using the Use 
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Existing Supplies: Conditional Constraints (UES: CC) scenario as a base. The RDC 

scenarios were not used for the base because climate change impacts on the basin might 

not be perceived if new sources of water become available to water users. 

5.3.2 Performance criteria results 

 

The performance criteria results for all the scenario and cases described above are 

provided in Table 5-6 below. 

Table 5-6: Parameters for Reliability and Vulnerability of Water Supply at Amman 

Under Various Future Water Use Scenarios 

 

 Parameters UES:PC  UES:CC Climate 

change 

NewWater: 

GU 

NewWater: 

IS 

1 # of times Dt = 0 15 18 18 17 20 

2 # of times Dt > 0 6 3 3 4 1 

3 ∑         
1
 566.4 232.3 262.9 233.3 15.9 

4 Average annual deficit
1
 27.0 11.1 12.5 11.1 0.8 

5 Reliability (%) 71.4 85.7 85.7 80.9 95.2 

6 Vulnerability (%) 94.4 77.4 87.6 58.3 15.9 

1
MCM 

 

UES: PC represents the supply of water to the city Using Existing Supplies under a 

Proportional Constraint (PC) 

UES: CC represents the supply of water to the city Using Existing Supplies under a 

Conditional Constraint (CC) 
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NW: GU stands for Gradual Use of new water from the Red Sea-Dead Sea canal. IS 

means Immediate Switchover from the current situation to the new water supply from the 

canal 

 The WEAP model was a tool for generating numerical results of each scenario so 

that different alternatives can be compared. Reliability (parameter 5) was calculated by 

dividing parameter 1 over the simulation period which is equal to 21 years. Vulnerability 

was computed by dividing parameter 3 over parameter 2. In addition, the average annual 

deficit in MCM (parameter 5) was computed by dividing parameter 3 over 21 years. The 

average annual deficit values clearly show a decreasing trend especially when NewWater 

is inserted into the system. 

  As can be seen from Table 5-6, removing supply-side constraints improved water 

security for Amman since reliability increased from 71.4% to 85.7%. Following this 

increase in reliability of the water supply, the city became less vulnerable to water 

shortage since vulnerability decreased from 94.4 % to 77.4 %. 

As expected, vulnerability decreased dramatically for the RDC scenario, since 

additional input of water to the system reduced the magnitude of unmet demand. A more 

drastic improvement is seen in the Immediate Switchover scenario, where the region 

reaps the full benefits of the new water source for a longer time duration. We believe that 

the Amman supply and demand issue is a capacity as well as a loading problem. 

Looking at the numbers for the climate change scenario, one finds that while the 

reliability remained the same, the vulnerability, which is a measure of the inequity 

between demand and supply, increased slightly, as expected.   
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Chapter 6 Water policy and governance recommendations for Lebanon 

and the Middle East 

6.1 POSSIBLE INTERNAL MITIGATION TECHNIQUES TO MAXIMIZE WATER USAGE AND 

GENERATE “NEW WATER” 

Based on the results of the water management scenarios presented in chapter 5, 

besides providing additional water of about 2 billion cubic meters from the Red Sea-Dead 

Sea canal, internal measures can be performed to alleviate the water stress situation in the 

Jordan River. Solutions should focus on (1) improving the water distribution, (2) 

improving irrigation methods and (3) improving waste water treatment. 

There exist major disparities in water availability throughout the Jordan River 

Basin (JRB) riparian populations. Urban populations are typically supplied by sufficient 

piped water while many rural populations live in relative water poverty, often receiving 

less than 70 L/c/day (Attili, 2004). Israel eliminated this disparity with the construction of 

the National Water Carrier (NWC), managed by Mekerot. More than any other JRB 

riparian nation, Lebanon could benefit from a similar water distribution project to 

redistribute its nation‘s water to transport water from its most abundant sources in the 

north to the arid Hasbani Basin. Such a project could create an evenly distributed national 

average of nearly 250 L/c/day without significantly reducing the water supply to the rest 

of the nation. Jordan and Syria might also benefit from such a project to distribute water 

more evenly amongst urban and rural populations, however, their greatest benefit per cost 

would likely come from the repair and re-operation of existing systems (Comair et al., 

2012 b). 

Based on the field trip of December 2011 in Jordan, one problem often 

encountered by the water authorities is water theft from the system through illegal 

connections which is a real problem in terms of water security and risk in the city of 
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Amman. Also, an effort should be made to cover the surface storage facilities to prevent 

evaporative losses (about 1,695 MCM/year for Jordan) and introduce Aquifer Storage 

and Recovery (ASR). In addition, an equitable tariff policy for the users should be 

implemented that includes decreasing the rates for distribution networks that have 

efficiencies exceeding 75%. Installation of flow meters on all the distribution networks 

would insure an equitable and regular distribution of the water resource. In the West 

Bank, existing water distribution systems need to be replaced; however, replacing 

antiquated and inefficient systems in the West Bank must be part of a master solution. 

Israel and Lebanon have made significant advances in irrigation, resulting in near 

maximum agricultural production. Key to this success was the replacement of antiquated 

and inefficient systems with micro-sprinklers and drip irrigation systems (Central Bureau 

of Statistics, 2011). By following this example; Jordan and Syria could reduce their 

annual water losses which could be used to augment water requirements in other sectors 

or to expand national agricultural productivity based on the needs and desires of those 

nations. Water users associations for irrigation should be created to ensure the efficient 

management of the small and medium size schemes. In addition to improving fertilization 

methods and the adoption of a new quality control system for the irrigation water. 

Insufficient data exists to analyze the impact of irrigation efficiency in the West 

Bank. However, it is known that nearly all water infrastructure in the West Bank is 

antiquated and inefficient (Atallah, 2008). Undoubtedly, improved irrigation systems, 

agricultural education, and optimized agricultural production would increase the 

agricultural productivity of Palestine as well as provide a needed catalyst for a healthier 

economy. 

Improvement in waste water treatment is imperative to prevent widespread 

disease and further contamination of water supplies and environmental flows throughout 
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the basin. However, by producing effluent flows free of pathogens and with low chemical 

oxygen demand (COD), riparian nations should be able to reuse their waste water for 

irrigation and reduce their dependence on JRB aquifers for agricultural purposes. This 

will require two separate efforts.  First, riparians will have to improve existing systems by 

re-operating their existing plants to reach sufficient removal efficiencies. Secondly, 

riparians should design and build new waste water collection and treatment systems to 

serve greater portions of their populations. 

In Israel, according to the recent report entitled: Master Plan for the National 

Water and Sewage Sector the government of Israel wishes to attain a desalination 

capacity of 750 MCM/year by 2020 and to arrive at a ―high level of supply reliability‖ 

desalination should increase to a total of 1,600 MCM/year from 2020 to 2050 (WSA, 

2011). Therefore, Israel would have to use the energy necessary for this desalination from 

the oil and gas fields located offshore and discovered in 2009-2010 such as the 

Leviathan, Tamar and Mari-B fields which are currently explored by Noble Energy 

(NBL, 2013). This natural gas reserve of 17 trillion cubic feet will be available to Israel 

and it could be lead the way for peace, since Israel will rely less on withdrawing 

freshwater from Lake Tiberius, therefore, reduce the pressure on downstream riparian 

countries (Jordan, Palestine). 

Even though the Gaza strip is not part of the Jordan River Watershed, by 2050, 

the Gaza portion of the coastal aquifer will not be usable because of rapid deterioration of 

the water quality which is below the World Health Organization (WHO) drinking 

standards (Chenoweth, 2011).  It is worth mentioning that political and financial support 

of 43 member states of the Union for the Mediterranean was confirmed at the World 

Water Forum on March 13, 2012 in Marseille for building a desalination plant in Gaza to 
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provide 1.6 million Gazans with potable water at a cost of 350 million euros (Comair et 

al., 2012 b; UFM, 2012). 

6.2 PARTICIPATORY HYDRO-POLITICAL FRAMEWORK FOR THE JORDAN RIVER BASIN 

A participatory hydro-political framework (PHPF) is proposed to implement 

science and policy integration in transboundary basins. This PHPF (Figure 6-1) was 

applied in the Jordan River and more specifically in Lebanon. 

This PHPF, when fully functional, will implement the goals of river basin 

planning and management which are well summarized by (Barrow, 1998) and include, 

but are not limited to the following: 

1- Decentralize planning and management and make it adaptive (Holling, 1978) 

2- Provide an acceptable management and planning approach that might ―side-step‖ 

existing stagnant or corrupt arrangements. 

3- Establish a politically acceptable way of gaining the cooperation of co-riparian 

states or nations 

Participatory methods have been successful in Europe under the Water 

Framework Directive (WFD) for interdisciplinary investigations based on an integrated 

approach (Molina, 2011). Participatory integrated assessment (PIA) as defined by 

Jakeman and Letchter (2002) was found to be very helpful for managers in the restoration 

of extreme aquifers overexploitation in Spain (Molina, 2011). PIA has its primary roots 

in global change impact assessment (Rotmans and Van Asselt, 1996; Morgan and 

Dowlatabadi, 1996; Park and Seaton, 1996; Risbey et al. 1996; Janssen and Goldworthy, 

1996; Rothman and Robinson, 1997; Geurts and Joldersma, 2001; Parker et al., 2002). 
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The involvement of stakeholders in the early stages of the PHPF is essential for 

tackling water resources management problems in the Jordan River Basin, within the 

context of climate uncertainties and fragmented knowledge. 

We propose three levels of participation: (Mostert, 2003; Henriksen et al., 2009) 

1- Stakeholders consultation which involves interviews and field visits to gather 

information 

2- Active Involvement will engage the stakeholders in constructing a final water 

resources management plan 

3- Co-Decision Making will help the stakeholders collaborate together to reach a 

consensus on which simulation model to use and which plan to implement 
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Figure 6-1: Participatory Hydro-Political Framework (PHPF) 

Step 1 and 2 of the PHPF were completed for the Orontes and Hasbani rivers of 

Lebanon as part of objective number 1 of this research (see chapter 1). The 

Transboundary Geospatial Database (TGD) of Lebanon can now be incorporated into the 
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PHPF. This framework can be adjusted to include additional riparians of the basin, future 

climate change or socio-economic development. 

To apply the PHPF: First, a TGD is created using GIS and include data gathering 

activities that involved extensive meeting with basin stakeholders, and literature review. 

This TGD and World Water Online are clear outcomes that the PHPF works. This TGD 

can be then used by the stakeholders and the scientific community, the data obtained for 

the scientific community will be available from WWO and the stakeholders can also use 

WWO or their own internal system to access private data. 

Second, from the data obtained, the stakeholders and scientific community can 

simulate using their own software (here WEAP is recommended) to simulate rainfall-

runoff responses of rivers and water management scenarios. Finally the best water 

management alternative is chosen using a Participatory Decision Support System 

(PDSS). 

Figure 6-2 shows the hydrologic modeling framework which is part of the model 

generation step of the PHPF (step 2). Two scenarios were analyzed (see chapter 3) then 

the scenario that obtained the best model performance criteria was recommended to the 

ministry of water. 
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Figure 6-2: WEAP Model Framework for the Hydrologic Modeling of the Hasbani Basin 

Achieving the third stage is a task for further research. In the future, the public 

participation should include water authorities, local environmental groups and non-

governmental organizations, water supply companies, water user associations and farmer 

unions in order to have full cooperation. As seen in chapter 4 by the concrete example of 

the Orontes agreement, a benefit-sharing approach enabled by the law (UN convention) 

and the science (IWRM) is key to achieve transboundary cooperation. 

6.3 IDENTIFICATION OF GAPS TO ENSURE DATA COLLECTION AND MONITORING IN 

LEBANON 

The method to develop a TGD for Lebanon involved three steps. The first step 

was performed in Lebanon in summer 2011 involving inventory building and research 

and data collection at the basin level. All the data related to water resources in the 

Hasbani and Orontes basins were compiled from governmental and academic institutions 
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in Lebanon. In fact, 17 governmental and non-governmental institutions are in charge of 

collecting and providing water related data. Concerning transboundary basins in the case 

of the Hasbani and Orontes rivers, the data mainly came from two institutions: the MEW 

and the LRA who provided precipitation, temperature and streamflow data in various 

formats (hard copies, Excel, pdf, etc.). The second step was to meet and interview several 

persons working within those institutions taking their ideas into consideration was 

essential to start developing the water information system of Lebanon (see section 6.4). 

The last step consisted of analyzing the data and identifying any gaps (gages locations, 

poor instrumentation, etc) in the two basins in order to understand what needs to be done 

in Lebanese transboundary rivers to reach the goal of creating in the future a national 

database that will ensure proper data collection and monitoring. 

The main conclusions that can be drawn after meeting the stakeholders in 

Lebanon are summarized below;  

1- Each institution works using different methods which makes the coordination 

difficult 

2- Lack of experience of personnel and financial resources 

3- Poor coordination between institutions concerning: 

a) Collection of water quality data which are divided between the MEW, MSP, 

WEERC, Lebanese Army and others… 

b) Measurements are collected differently between the MEW (spring flows) and 

LRA (streamflows) 

4- Procedures for collecting and exchanging water related data are very tedious since 

obtaining water data needs the approval of a higher authority in the administration 

which delay the data processing  
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5- No automatic data sharing system and no web-based system for sharing data and 

90% of the data is obtained in hard copies not electronic form 

The conclusions showed above can be related to institutional problems faced by 

the government of Lebanon (GOL), the water sector is fragmented and communication 

between the water organizations is poor. To clarify this point, we need to realize that in 

Lebanon two organizations are responsible for collecting data in transboundary rivers: the 

MEW and the LRA. The MEW has the mission to plan, study and execute large hydraulic 

projects in the entire Lebanese territory. In addition, it includes a hydrology division that 

aims at measuring all the natural springs flow located in Lebanon. This division lacks 

personnel and proper measuring equipment. However, in October 2011 the MEW started 

the implementation of a Water Information System with the help of the European Union 

to assist the GOL in updating the national 10-year Strategy Plan for the water sector. This 

plan includes among other things the analysis of the water resources situation in the 

country and the establishment of a GIS database that includes hydrologic and 

meteorological data. This research is contributing to the building of such a geodatabase 

for Hasbani and Orontes rivers. 

Created in 1954, the LRA collects streamflow and climate data from the Litani 

basin only. However, due to political problems since 1967, especially after the civil war 

in Lebanon (1975-1991), the LRA was in charge of collecting data for the entire 

Lebanese rivers and is currently managing 62 streamflow gage stations. Recently, in 

2010, the LRA created an internal GIS data management system and updated its 

hydrological equipment including some wireless transmission of data to a database. The 

problem still facing the MEW and the LRA is the lack of coordination; information is not 

easily shared between the two institutions and only available upon official request. 
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The problem with the data collected for the Hasbani basin is that the climate data 

are not compatible in terms of time frame with the streamflow gage data. Since South 

Lebanon is a very dangerous and military sensitive area, no continuous measurements 

existed before 2002. The 13 climate stations available only recorded precipitation from 

1943 to 1971. Today, only the Kfar Qouq station contains time series from 2002 to 2010. 

That is why the hydrologic model presented in chapter 3 used remote sensing 

precipitation data from TRMM satellite since these data have a better spatial coverage 

than the one station in the Hasbani basin. 

A concrete measure proposed for the Hasbani basin is to update the climate 

stations located in proximity of the watershed. Out of the 13 climate stations (Figure 6-3) 

located in southern Lebanon, seven are working but data are not often collected (shown 

in green) and six should be replaced or reactivated (shown in red). Concerning the flow 

gages, there is no need to add more gages because the two locations: Fardiss and after 

Wazzani spring are placed properly on the river, especially the wazzani spring gage 

located 1 km from the Israeli-Lebanese border. This gage is useful to quantify the flow in 

Lebanese territories just before reaching the Israeli part of the Hasbani River. 
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Figure 6-3: Proposed Rain Gage Locations 

In the Orontes basin there exist only one streamflow gage and no climate stations. 

However, in January 2011, as mentioned in chapter 4, new climate stations funded by the 

Italian government were installed. In order to create a hydrologic model of the Orontes 

basin, the new stations will be useful once 10 years of data have been collected, until then 

the use of remote sensing is essential to collect precipitation data. Concerning 

streamflow, another gage location is proposed to be built on the river (before the Jaboule 

climate station). The introduction of a new gage on the river is crucial since a rainfall 

runoff model of the Orontes could not be calibrated successfully. The Hermel bridge 

stream gage is not enough to cover 2,000 km
2
 of watershed area. 
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For a successful implementation of Lebanese transboundary water information 

system the following should be updated or generated: 

1- Data related to hydrology and water resources (Climate, streamflow, 

hydrogeology, etc) 

2- Data related to water demand (Urban, Potable, Irrigation, industrial) 

3- Data related to water quality (springs, treatment plants inflow/outflow, sea water 

outflow. Etc) 

4- Data related to water infrastructure (dams, lakes, canals, sewers/storm water and 

irrigation networks, etc) 

5- Institutional data (legislative texts, administration institutions, roles and actions, 

authorities, construction permits, etc) 

Legal documents and laws should be amended and updated to (1) clearly assign 

the task of collecting the data to each institution and (2) ensure coordination between all 

17 institutions that gather water related data. This will eliminate duplicate work in water 

information studies in Lebanon funded by foreign organizations (EU, USAID, Italian 

cooperation, etc). 
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6.4 LEBANON HYDROLOGIC INFORMATION SYSTEM 

As in many transboundary basins in the world, information is often incomplete or 

inaccurate, especially if the riparian countries are in a conflict situation such as the case 

of the Jordan River Basin. In the case of Lebanon, to improve the coordination between 

the various organizations in charge of collecting data, we will first explain how a 

Lebanese Hydrologic Information System (LHIS) for Lebanon should be built then how 

it will be incorporate into World Water Online to provide unified access to water 

information for transboundary basins. 

As mentioned earlier, the priority for the MEW is to implement the LHIS for 

transboundary basins; this has started under the TGD for Lebanon using ArcGIS and 

Observations Data Model (ODM) framework. The HIS for Lebanon will be a GIS-based 

model-oriented HIS and is presented as a system that integrates GIS data models, GIS 

processing techniques, and hydrologic models. 

The development of a dynamic hydrologic system for data handling, watershed 

modeling and water resources assessment in Lebanon is the main aim of the proposed 

LHIS. The central hypothesis of the LHIS is that the advance in hydrology and the sound 

understating of water resources depend on how to amalgamate reliable hydrologic models 

with spatial and long-term time series records. This hypothesis is formulated from 

existing literatures in the field of hydrologic models, GIS for water resources, and the 

integration of data models and simulation models in water resources, more specifically 

the integration of watershed hydrologic models, GIS data models, and GIS processing 

models in a single system framework (Maidment, 2002). 

The rational for undertaking the LHIS is that, once a complete hydrologic data 

model is implemented at the watershed scale, and the connection between data model and 

simulation models (i.e. hydrologic models) is established, it is possible to enhance 
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hydrologic and water resources analysis while reducing time spent on basic data 

harvesting and calibration. The originality of the proposed LHIS is within its attempt to 

implement the concept of watershed modeling using a HIS framework (Maidment, 2004; 

Goodall and Maidment, 2005; Maidment, 2005). The LHIS involves the development of 

a hydrologic data management system, under ArcHydro, for the first time in Lebanon. It 

makes use of the advanced capabilities of GIS to develop models that support data 

integration for the hydrologic simulation models. The concept of the LHIS will allow 

running of hydrologic models in an efficient and flexible manner. The LHIS will 

automate processes for the management, communication, and exchange of information 

between the different LHIS components. The development of the LHIS ensures data 

sharing, allowing for future update of the hydrologic model, and steady analysis of water 

resources. These outcomes are expected to positively add to the existing knowledge and 

would eventually contribute in the development of water resources plans and decisions 

making. Figure 6-4 is an example of the LHIS framework. 
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Figure 6-4: Prototype of the Proposed HIS, modified after (Maidment, 2005) 

 

The geodatabase under the Data Model focuses on defining the watershed 

physical environment under spatial and temporal data. This includes: (1) Climate 

(precipitation, temperature, and humidity), (2) Hydrology, (3) water bodies (river and 

lakes), (4) Physiographic features such as topography, soil maps, land use, geology and 

hydrogeology, (5) water resources data, and (6) social and economic data.  
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6.5 OBSERVATIONS DATA MODEL AND WORLD WATER ONLINE 

An ODM was used in the Hasbani and Orontes basins. The ODM (Horsburgh et 

al., 2008; Tarboton et al., 2011) developed by CUAHSI Hydrological Information 

System (HIS) provides a relational database framework to store time series of  

hydrological data. This framework provides an efficient platform to store, query and 

share hydrological data across multiple investigators and stake holders. Point 

observations such as precipitation and stream discharge have two primary attributes 

location and time. These variables vary both in space and time, and ODM provides an 

optimum framework to store both the location and time attributes of these variables. The 

star schema of ODM classifies the attributes of the observations into facts and descriptive 

dimensional attributes that give the facts a context. 

The general format for the input to the ODM Data Loader is a single file 

containing a table with a header whose names are same as the columns in the tables of 

ODM. The table should be identical to the destination table format in ODM. The Data 

Loader identifies the database fields from the input file header names. For further rules 

regarding the input file creation, and the required and optional columns that should be 

filled for each table to be loaded the user is referred to the software manual (Cuahsi, 

2011). 

Three different variables: streamflow, springflow and precipitation were available 

for the Hasbani and Orontes streams in form of paper documents from the GOL. The 

paper documents were scanned and the scanned documents were converted into Excel 

documents. The converted Excel files were then checked against the original paper 

documents for any possible errors that could have occurred during the conversion 

process. Upon confirming the quality of the Excel files, the data was transformed into 

templates resembling the tables in the ODM.  
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Initial analysis of the scanned records showed that precipitation was measured 

across 10 sites and flow was measured across 7 different sites on the Hasbani and 

Orontes streams. Moreover the stream flow data was available for daily and monthly time 

periods, whereas only monthly precipitation data was available at the sites. The initial 

inventory of the data also shows gaps in time series for some sites. 

To load the data into the ODM, a blank ODM scheme was downloaded from the 

CUAHSI website for Microsoft SQL Server. A blank ODM scheme database is one that 

has no data but all the tables in the ODM have been created and are ready to be populated 

with data. 

The input files for the ODM tables are prepared as per the templates mentioned in 

the ODM Data Loader software Manual. The variable names are identified in the variable 

name control vocabulary and all other necessary control vocabulary is determined during 

the process of creating the input files. The streamflow for daily and monthly time periods 

is stored in the ODM as two different variables by using the same variable name but 

different variable code and time units in the variables table. Figure 6-5 shows how the 

variables table stores streamflow for two different time units and precipitation time 

series.  

The primary and foreign keys, SiteID, VariableID and VariableUnitsID help in 

linking the records across tables and maintaining the normalization required in a 

relational database for faster querying and analysis of huge amounts of data. Upon 

creating the input files for the available data, the ODM Data Loader was used to load the 

input data sequentially into the blank ODM scheme. The ODM Data Loader takes care of 

the primary/foreign key constraints and also makes sure that the data is not duplicated in 

the database. 
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Figure 6-5: The Relational Model of ODM for Data Values Observed on the Hasbani 

Stream 

ODM helps removing the problems in publishing and making use of the 

observations, due to heterogeneity in the vocabulary of the variable names used to 

describe the data by using extensive control vocabulary. It also stores the metadata about 

the data collected like the source, the methods used for collecting the data and the quality 
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of the collected data. The relational database management system enables the end users to 

use a wide variety of data extraction, integration and analysis tools. The ODM framework 

also makes it easy to share observations by publishing web services such as 

WaterOneFlow web services, and make these data available for consumption into 

mapping services for various GIS services like World Water Online. 

The idea presented in this research is to apply the World Water Online framework 

for transboundary basins such as the Jordan River Basin. A centralized system as World 

Water Online will improve the following: 

1- Sharing, data accessibility and transparency 

2- Cooperation between organizations, stakeholders and public engagement in basin 

management 

3- Scientific knowledge  

As of yet (2013), some Lebanese transboundary data have been included into 

World Water Online and a test case in Mexico have been implemented. The Mexico case 

was proven to be practical for the academic and water agencies. It improved the 

accessibility of water data which are then republish using WaterML Web services. In 

addition, these services are exposed as dynamic real-time maps in the ESRI ArcGIS 

Online system (Espinoza, 2012). 

The  Mexico  test  case  is  an  integration  of  hydrography,   meteorological,   

discharge,  elevation  and precipitation  data.  Additionally, ‗World Water Online‘ is not 

only a source of data; it is also a place where a user can find geoprocessing tools. The 

analysis can be performed in the cloud; one of the test tools is the ‗Precipitation-

Discharge analyses‘. In the tool, the precipitation and discharge data for a given area and 

a period of time are related. A ‗Runoff raster‘ is created, which is quantitative and 

geographically distributed runoff estimation (Espinoza, 2012). 
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Since the INBO Portugal conference in October 2011, and the World Water 

Forum in Marseille, Lebanon, Jordan and Palestine have expressed interests in joining the 

WWO data sharing effort and providing data pertaining to the Jordan River Basin. WWO 

will provide unified access to water information through a dynamic map in the ESRI 

ArcGIS Online system. Water agencies and research institutions in the Jordan River 

Basin, will not only be able to access the geospatial database remotely through the World 

Wide Web, but they will be able to perform hydrologic analysis of any watershed 

included in WWO. Figure 6-6 shows an example of the World Water Online interface for 

the Jordan River Basin. 

 

 

Figure 6-6: World Water Online Applied for the Jordan River Basin 
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Chapter 7 Conclusions 

7.1 RESEARCH SUMMARY AND OBJECTIVES 

We provided a new concept of adaptive cooperation through a GIS web interface that 

can be applied in Transboundary Rivers of Lebanon and further to the Jordan River 

Basin. The objectives of this dissertation are: 

1- Develop a Transboundary Geospatial Database (TGD) of the Hasbani and Orontes 

River Basins that will help to promote organization and sharing of water resources 

data in these transboundary basins; 

2- Assess water availability through remote sensing and hydrological modeling in 

the data-poor region of Lebanon; and 

3- Implement science-policy integration using a participatory hydro-political 

framework (PHPF), to propose management policies in support of international 

water laws. 
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7.2 DISCUSSION  

7.2.1 Objective 1 

This dissertation has addressed the three objectives stated previously. Objective 1 

was addressed in chapters 5 and 6. Through an active participatory approach involving all 

water system stakeholders, a TGD was developed and used to store hydrologic data, 

allow easy access to data and to set up a proper hydrologic model using WEAP. This 

TGD can be linked to a PHPF to assist stakeholders and the scientific community to 

participate in a decision support system and evaluate water management scenarios. 

The Helsinki Rules (ILA, 1966), the Helsinki Convention (UNECE, 1995), and 

the UNWC, stress that co-riparian states should exchange data and information related to 

hydrological, meteorological, as well as water quality (Article 8, 11 &12). This data 

sharing is essential at the earliest stage of cooperation even if a joint river basin 

organization is not established as it is in the Orontes and Jordan River Basin. Data 

sharing mechanisms explained in this dissertation: ODM and GIS web interface such as 

World Water Online are needed to standardize the data and make it accessible by all 

riparian states. As Article 9 of the UNWC says that states should ―facilitate its utilisation 

by the other watercourse state‖. This concept of data sharing and analysis was among the 

solutions presented at the World Water Forum of 2012 (Comair et al., 2012 a). 

In the Orontes and Jordan River Basin, water information is not currently shared 

between all co-riparians. For example data related to the hydrologic system and water use 

is still contested between Turkey and Syria. Therefore, building a more comprehensive 

geodatabase in the future that includes time series of gages may help enhance cooperation 

between the riparian countries by providing access to accurate data for hydrological 

analysis of the basin and assist in optimizing water resource allocation plans. GIS will 

help governments standardize the data analysis thus, facilitating the evaluation of 
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different policy alternatives in future negotiations. This will help decision makers in 

evaluating water allocations during transboundary negotiations since the data is freely 

available online. As better data becomes available, the geodatabase will be improved and 

expanded, acting as a central repository for authoritative data. An emphasis will be 

placed on acquiring better precipitation data, and on accounting for stream-aquifer 

interactions. The effects of climate change and anthropogenic influence are also crucial. 

Global climate projections, land use change, dams, withdrawal points, and water quality 

measurements all fit into the data model and the authors are working to acquire these 

data. It is hoped that by providing a standardized, web-based architecture for sharing and 

analyzing hydrological data, World Water Online will encourage cooperation between 

nations in the Jordan River Basin (Comair et al., 2012 a). 

7.2.2 Objective 2 

In chapters 3 and 5, to accomplish Objective 2, water availability was quantified 

through remote sensing for the entire Jordan River Basin. Firstly, the use of GIS and 

remote sensing showed that the available water contribution can be approximated by 

calculating P-ET for each country. This study is the first to provide additional 

information using GIS and remote sensing about the natural water available for runoff in 

the Jordan River Basin from precipitation without considering anthropogenic effects. It 

was found that the total precipitation falling over the Jordan River Basin was about 5,292 

MCM/year. 88% of this precipitation is lost to ET which makes the total available water 

inside the basin about 987 MCM/year, with nearly half the flow contributed by Israel 

(including occupied territories). Even though 32% of the drainage basin lies within 

Syrian territory, the P-ET results were negative, because evapotranspiration in the region 

is high. The Jordan River‘s natural flow is estimated to be about 1000 MCM/ year, yet 
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this study estimates the total available water to be 987 MCM/ year. This underestimation 

is not surprising, as discharge from springs is not accounted for, and a negative bias in 

precipitation was identified as well. Opportunities to check statistically the results were 

limited due to data scarcity; linear regression was performed for precipitation gages in 

Lebanon showed that observed and satellite values were correlated with an R
2
 of 0.65. 

Secondly, a WEAP model was used to analyze current and future water 

management scenarios for the city of Amman in Jordan, to illustrate the usefulness of 

applying WEAP‘s scenario management capabilities in the Jordan River Basin. In 

summary, even though several assumptions were made in the WEAP model, the above 

analysis serves as a useful guide to future water management in the region. 

1. The use of existing sources can be continued but is ultimately unsustainable. 

The present water demand cannot be met consistently as aquifer resources 

will eventually be depleted. Interestingly, our analysis shows that even with 

new water coming in from the RDC project, severe over-exploitation of the 

Zarqa and Azraq Aquifers might be unavoidable. This can probably be 

attributed to the current excessive dependence on groundwater.  

2.  The introduction of new water in the basin can help to alleviate water stress 

significantly. It appears that the northern part of the Lower JRB will do fine 

in the medium term, because of the construction of the Wehdah Dam. 

However, unless new water becomes available from outside, increasing water 

demands will indirectly result in declining inflows to the Dead Sea.  

3.  The region does not seem to be highly vulnerable to climate change in the 

medium-term (20 years). Also, as the analysis has been done on a yearly (and 

not seasonal) basis, some performance measures such as resilience values 

were found to be inconclusive in this regard. This suggests that a longer-term 
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analysis will be necessary to properly study the effects of climate change on 

water stress in the Lower JRB.  

Using WEAP allowed us to easily develop different management scenarios 

starting from a baseline model. The flexibility and ease of network creation offered by 

this model make it an ideal tool for use in water management and planning studies. Our 

WEAP analysis also indicated that conjunctive use in the Lower JRB can be developed 

further using better spatio-temporal data, especially data on aquifers. Standard 

performance criteria, such as reliability and vulnerability, helped us to quantify the results 

from our WEAP analysis. This enabled an objective comparison of the pros and cons of 

the various scenarios defined and allowed us to evaluate different plans for future water 

management. Through this work we provided information on improving the water 

resources management in the Jordan River Basin. However, the depletion of the main 

aquifers supplying the city of Amman is inevitable, and that is why the major water 

transfers such as the generation of ―new water‖ will be needed in the future to satisfy 

unmet water demands and to save the Dead Sea.  

A hydrologic model was calibrated and validated for the Hasbani River which 

contributes 26% of the flow of the UJR. In addition, hydrologic modeling and scenario 

analysis heavily depend on availability of proper data for input, calibration and 

validation, thus statistical screening methods for climate data were applied; these include 

Spearman‘s rank-correlation method, Mann Kendall analysis, F and t tests and double 

mass analysis. Recommended statistics such as relative bias and determination coefficient 

were also used to check the reliability of satellite precipitation data with respect to ground 

data. Once data were verified, the soil moisture method was used to predict runoff 

responses in the Hasbani Basin. Calibration of the model was performed for five water 

years (Sep 2002 to Aug 2007) by adjusting sensitive parameters such as crop coefficient 
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and preferred flow direction. Calibration performance criteria showed a very good 

performance rating since the NSE was 0.87. Validation was performed for four water 

years (Sep 2007 to Aug 2011), results shows a very good simulated flow model 

agreement with a NSE of 0.73. This hydrologic model was essential to provide the water 

authorities in Lebanon with a decision support tool that will allow climate variability 

analysis in the Hasbani Basin. In addition, results contradicted what the Israeli 

Hydrological Service water resources report of 2012, where they assumed consumption 

from the Hasbani Basin in Lebanon to be 20 MCM/year (IHS, 2012). In fact, the 

abstractions from the Hasbani Basin do not exceed 8 MCM/year including groundwater. 

Finally, water management scenario results recommended the implementation of the 

Improved Water Infrastructure (IWI) scenario in Lebanon. The IWI scenario includes a 

ban on drilling new wells, if implemented it will improve the sustainability of the system 

by 50% compared to the existing practices in the basin and will result in a reduction in 

the number of private wells and illegal pumping activities. 

7.2.3 Objective 3 

Objective 3 was addressed in chapters 4 and 6 where risk analysis, optimization 

and a PHPF were presented. We showed that the UNWC can serve as a conflict 

prevention mechanism and can be a starting point for the negotiation of agreements 

related to international rivers. Through integration of science and policy, the analysis of 

the Orontes agreements have showed that benefit sharing can be both to the river and 

from the river. During negotiations, scientists, managers and policy makers, use models 

to improve water quality, flow regime and biodiversity. At the same time, other riparian 

countries will benefit from the river in fields such as hydropower, agriculture, 

flood/drought management, recreation, etc. 
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Science and policy was integrated since once a hydrologic model was set up, 

water management scenarios were analyzed upon the request of the MEW for the 

Hasbani Basin. The risk analysis and optimization results in the Orontes basin served as 

an example of successful transboundary cooperation that is based on the UNWC. 

Negotiations between Lebanon and the Syrian Arab Republic over the waters of the 

Orontes River have produced the 2002 Agreement, based on the principles of the 1997 

UN Convention. The successful application of the 1997 UN Convention in the Orontes 

basin may promote positive outcomes between nations and guide riparian states to 

establish common governance frameworks. Under the current political events, Syria and 

Lebanon may wish to include Turkey in the negotiation process especially in case of a 

regime change in Syria, this will improve the sustainability of future multilateral 

agreements. Looking at the evolution of the Syrian-Lebanese transboundary agreements, 

decision makers in 1994 were involved in a ―win-lose‖ negotiation or zero-sum game 

since the treaty was signed under Syrian influence, where there was no concern with 

management of storage and diversion infrastructure. As seen from the optimization 

results, the Agreement of 2002 is considered to be very close to a ―win-win‖ solution or 

positive-sum game between Lebanon and Syria, since the total water (96 MCM/year) 

allocated to Lebanon (80 MCM from the river and 16 MCM from wells) is very close to 

the optimized Lebanese share of 27%. However, to arrive at a reasonable agreement that 

considers the principles of the UN convention, Turkey should be involved in future 

negotiations. That is why the importance of the PHPF lies in the participatory approach, 

as the OWAO method showed that assigning the weights to each factor of the UNWC is 

subjective and can only be achieve through active participation such as workshops and 

training. 
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Four lessons can be learned from the Orontes Agreement in order to ensure the 

sustainable development of water resources in transboundary basins: 

1. International institutions such as the UN or the European Union can assist in 

preventing hostility between riparian States by integrating water resources 

management systems into the region‘s political conditions. This concept promotes 

both direct and indirect economic benefits for nations. 

2. Some of the watercourse states may consider certain usages as priorities. In this 

case, the other nations within the basin can adopt and enforce water management 

through financial compensation in order to limit conflicts. 

3. Legal experts should be involved in the very earliest stage of disputes in order to 

prevent water conflicts. 

4. Training programs for riparian watercourse states are beneficial for hydro-

diplomatic negotiations. 

Unsettled issues still remain in the Orontes Basin: Apart from the water quality 

issue which concerns all riparian, water allocation between Syria and Turkey is still not 

fully defined, as no agreement has been signed between the two countries. This situation 

can be explained by a politically unfavorable environment fueled by the Turkish - Syrian 

disputes over territorial sovereignty of the Hatay province of Turkey. Moreover, the 

Syrian water developments in the Orontes River can be considered to be a reaction to the 

Turkish water development projects in the Euphrates River during the 1970s and 1980s 

(Phillips et al., 2006). Construction of the diversion dam, destroyed by an Israeli air strike 

in 2006 has restarted. A Ministerial Commission headed by the Vice Prime Minister was 

formed in August 2011 with the objective of updating the financial cost of the project so 

that construction could restart. A hydrological study and geological maps (scale 1:10000) 

of the Lebanese and Syrian parts of the basin have been created in order to better manage 
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the basin‘s water resources. Furthermore, a survey of the Lebanese wells (legal and 

illegal) has been completed. In the future, if negotiations were to be made between the 

three countries, according to the optimization results, Lebanon and Turkey could 

potentially obtain more water (27% each) if the UN convention were to be followed. 

Currently, only Syria and Lebanon have signed the UN Convention. Results show that 

Turkey will be interested to join the UN Convention since it is a downstream country of 

the Orontes River and will thus benefit from an increase in its water rights. 

The PHPF and the LHIS in the future can be a useful tool to facilitate science-

policy integration and improve sectoral communication in Lebanon because this research 

is relevant to decision makers since it produced usable science and improved scientific 

knowledge, and the research methods using WEAP and GIS are compatible with existing 

practices in riparian countries such as Lebanon and Jordan. Accessibility of the research 

to policy makers was proven by the various interactions and meetings  conducted with the 

stakeholders. The successful implementation of the PHPF relies on the motivation of 

each country in a transboundary basin. In the case of the Jordan River countries, chapter 

5 has shown that through remote sensing and stakeholder participation, most of stage 1 of 

the PHPF can be implemented. The TGD completed for the Jordan River was useful to 

assess water availability in the basin as indicated in chapter 5; this TGD can now be used 

by the basin‘s co-riparians to check watershed areas, precipitation and evapotranspiration 

results. The success of this framework in Lebanon can be assessed by the research results 

obtained in the Orontes and Hasbani basins. In the case of the Hasbani basin, water 

management scenarios were developed in cooperation with the MEW of Lebanon and 

following the stages of the PHPF. After the TGD was created for the Hasbani, WEAP 

hydrologic model results were presented to the MEW so that the best water management 

scenarios are chosen by the government. 
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7.3 FUTURE WORK 

To come back to the 3 pillars or building blocks of IWRM presented in Chapter 1, 

Lebanon still lacks of enabling environment and institutional framework to manage its 

transboundary basins, also management instruments and information exchange are just 

starting to appear. However this research work helped build the foundation for proper 

basin planning and management in Lebanese transboundary rivers. With respect to 

Lebanon, future work should involve water quality modeling in the Orontes and Hasbani 

Rivers. Old precipitation contour maps (1970) currently used in Lebanon should be 

updated using satellite products since it was successfully used in similar areas of the 

world and in this dissertation, bearing in  mind that satellite products are more likely to 

underestimate than overestimate rainfall in high altitude areas (Vernimmen, 2012). In 

addition, groundwater abstraction impacts on spring flow and base flow should be studied 

and this can be easily done through Mann-Kendall trend analysis, Kendall-tau and 

Pearson correlation; if data on groundwater withdrawals and groundwater levels are 

obtained in the Hasbani Basin. 

Socio economic conditions in the Hasbani and Orontes basins should be studied, 

because of the war; the region was much less developed than the rest of Lebanon before 

the occupation in 1978, particularly in terms of public infrastructure such as drinking 

water networks, sewerage collection and disposal networks and irrigation systems. The 

challenges facing the region of the Hasbani watercourse service area are numerous, and 

include particularly the construction of water and waste water infrastructure facilities, and 

poor agricultural yields which does not benefit from governmental subsidies and is prone 

to international competition since an open market system exists in Lebanon. 

Based on field visits and meetings with local farmers, increasing water 

availability will enable the farmers to shift towards more economically valuable crops, 
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and improve the overall agronomic sector and related activities and future work should 

include water use in the crop production costs.  

In the UJR, future work should include the creation of a hydrogeological database to 

evaluate the available groundwater resources. ET estimates using the Penman Monteith 

equation should be improved and compared with ground estimates. Gathering 

hydrological information on springs and wells located in the study area especially those 

which are relevant to the Sannine Limestone Aquifer is essential as it can be interpreted 

into water-table contour maps, water-depth maps, flow lines, hydraulic gradients along 

flow lines, and can help envisage the variation of the hydraulic conductivity in the 

various parts of the aquifer. Closer investigations of the surface - groundwater interaction 

in the karst recharge regions should be conducted, since the UJR Basin is a complex 

interrelated, highly karstified aquifer system which is recharged all over the Hasbani 

catchment due to the geological layers at Mt Hermon. The largest tributary of the Jordan 

River, originates from the Dan Spring and discharges about 215 MCM/year of water 

within Israeli territory, considering its very small watershed area in Israel (25 km
2
) its 

water is very likely to be originating from Lebanese territory and this issue will surely be 

raised during negotiations in the future. 

 In the Jordan River, the peace canal or Red Sea-Dead Sea canal impact on the 

environment should be studied especially the risk of leakage of seawater into 

groundwater resources. 

Since the Jordan River is part of an ongoing political conflict, and ensuring the 

ultimate objective of restoring the river‘s ecosystem will depend on the diplomatic efforts 

of all stakeholders. Ultimately, all sides will have to choose between a ―lose-lose‖ 

negotiation situation and negotiating a ―win-win‖ solution or positive sum benefits. The 

formation of a regional basin organization should be investigated. This transboundary 
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basin organization could be established under the United Nations and constituted by the 

representatives of the five watercourse States as per a rotating presidency between these 

countries. 
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Appendix 

 

Table of abbreviations (in order of occurrence) 

 

Shortened form Phrases 

IWRM Integrated Water Resources Management 

UNWC United Nations Watercourses Convention 

MCM/year Million m
3
/year 

UJR Upper Jordan River 

TGD Transboundary Geospatial Database 

PHPF Participatory Hydro-Political Framework 

ET Evapotranspiration 

WEAP Water Evaluation and Planning 

GOL Government of Lebanon 

OWAO Orontes Water Allocation Optimization 

GIS Geographical Information System 

MEW Ministry of Energy and Water 

LRA Litani River Authority 

ESCWA United Nations Regional Economic and 

Social Development Commission in 

Western Asia 

UD University of Delaware 

TMPA Tropical Rainfall Measuring Mission 

Multisatellite Precipitation Analysis 
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OK Ordinary Kriging 

R-Bias Relative Bias 

RMSE Root Mean Square Error 

RSR Root mean square error to the standard 

deviation of measured flow 

NSE Nash-Sutcliffe efficiency 

UES Using Existing Sources 

IWI Improved Water Infrastructure 

BCM Billion Cubic Meters 

ha Hectares 

DEM Digital Elevation Model 

MODIS Moderate Resolution Imaging 

Spectroradiometer 

WWO World Water Online 

AW Available Water 

JRB Jordan River Basin 

KAC King Abdullah Canal 

NW New Water 

CC Climate Change 

PC Proportional Constraint 

CC Conditional Constraint 

GU Gradual Use 

IW Immediate switchover 

RDC Red Sea to Dead Sea Canal 
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LHIS Lebanese Hydrologic Information System 

USAID United States Agency for International 

Development 

ODM Observations Data Model 

ESRI Environmental Systems Research Institute 

 

  



 183 

References 

Abdulla F, Al-Omari A. 2008.  ―Impact of climate change on the monthly runoff 

of a semi-arid catchment: Case study Zarqa River Basin (Jordan).‖ J Appl Biol Sci, 

2(1):43–50. 

Al-Abed, N., and M. Al-Sharif. 2008. ―Hydrological Modeling of Zarqa River 

Basin – Jordan Using the Hydrological Simulation Program – FORTRAN (HSPF) 

Model.‖ Water Resources Management, 22.9: 1203-220 . 

Allison R. 2001. ―Surface and groundwater resources survey in Jordan.‖ Eng Geol 

Spec Publ, 18(1):65. 

Al-Zubi, Y., R. Taany and A. Al-Kharabsheh, 2006. ―Watershed characteristic of 

wadi dafali catchments area: A case study of arid regions/Jordan.‖ World J. Agric. Sci, 2: 

465-476. 

Amery, H., 1993. ―The Litani River of Lebanon‖. Geographical Review, 83 

(3):229–237. 

Amery, H., 1998. ―The role of water resources in the evolution of the Israeli–

Lebanese border.‖ GeoJournal 44 (1):19–33. 

Amery, H., and A. Wolf. 2000. ―Water in the Middle East: A Geography of 

Peace.‖ Austin. University of Texas Press. 

Amery, H., 2002. ―Irrigation planning in Lebanon: challenges and opportunities‖. 

In H.A. Bicak and O.Mehmet, eds. Water resource management: traditional and modern 

irrigation technologies in the Eastern Mediterranean. Ottawa, ON: International 

Development and Research Center, 111–123. 

Atallah, N. 2008. ―Water for Life‖.  Palestinian Hydrology Group: Water, 

Sanitation, and Monitoring Program report. 



 184 

Atkinson, P. M., and C. D. Lloyd. 1998. ―Mapping Precipitation in Switzerland 

with Ordinary and Indicator Kriging.‖ Journal of Geographic Information and Decision 

Analysis, 65-76. 

Attili, S. 2004. ―Israel and Palestine: Legal and Policy Aspects of the Current and 

Future Joint Management of the Shared Water Resources‖. Palestinian Water Authority 

(PWA) report. 

Bakir, H. 2001. ―Water demand management and pollution control: key to 

securing and safeguarding the water supplies of MENA in the twenty-first century‖. 

Proceedings of the First Regional Conference on Water Demand Management, 

Conservation and Pollution Control, Amman, Jordan, 7–10 October 2001. Prepared by 

the WHO Regional Centre for Environmental Health Activities, Amman, Jordan. 

Available from: http://www.emro.who.int/Publications/ CEHA-ESCWA.pdf  

Barrow, C. 1998. ―River Basin Development Planning and Management: A 

Critical Review‖. World Development 26.1: 171-86.  

Bayazit. M. and Simsek, D. 1991. ―SIMULAX: a general simulation mode1 for 

river basin planning‖. In Advances in Water Resources Technology. Proceedings of the 

European Conference on Advances in Water resources Technology, Athens, March 1991, 

ed. G. Tsakiris, pp.53 l-540. A.A. Balkema, Rotterdam. 

Behrangi, A., Khakbaz, B., Jaw, T. C., AghaKouchak, A., Hsu, K., and 

Sorooshian, S. 2011. ―Hydrologic evaluation of satellite precipitation products over a 

mid-size basin.‖ J. Hydrol., 397, 225–237. 

Bermudez L, Arctur D, 2011. ―OGC® engineering report: Water information 

services concept development study. Open Geospatial Consortium.‖ 

http://portal.opengeospatial.org/files/?artifact_id=44834 [Accessed September 15 2011]. 



 185 

Black, D. C., Sharma, P. K. and Podger, C. M. 1996. ―Simulation Modelling for 

River Basin Planning and Management.‖ Proceedings of the International Research and 

Development Conference on Water and Energy 2001, New Delhi, 1995. A.A. Balkema, 

Rotterdam. 

Black, E. 2009. ―The Impact of Climate Change on Daily Precipitation Statistics 

in Jordan and Israel.‖ Atmospheric Science Letters 10.3:192-200. 

Brooks D, Trottier J. 2010. ―Confronting water in an israeli-palestinian peace 

agreement.‖ J Hydrol 382(1–4):103–114.  

Buzan, B., Waever, O. and de Wilde, J. 1998. ―Security, A New Framework for 

Analysis.‖ Lynne Rienner Publishers, Boulder, Colorado. 

Caponera D. 1993. ―Legal aspects of transboundary river basins in the Middle 

East: The Al Asi (Orontes), the Jordan and the Nile.‖ Natural Resources Journal, 

XXLIII, no 3:629-663. 

Central Bureau of Statistics.  The State of Israel.  2011  http://www1.cbs.gov.il 

Chen, Deliang, Tinghai Ou, Lebing Gong, Chong-Yu Xu, Weijing Li, Chang-Hoi 

Ho, and Weihong Qian. 2010. ―Spatial Interpolation of Daily Precipitation in China: 

1951–2005.‖ Advances in Atmospheric Sciences, 1221-232. 

Chenoweth, J. 2011. ―Will the water resources of Israel, Palestine and Jordan 

remain sufficient to permit economic and social development for the foreseeable future?‖ 

Water Policy, in press. 

United States Central Intelligence Agency (CIA). 2012. ―Factbook, country 

profiles: Turkey.‖ 

Cleugh, A., R. Leuning, Q. Mu, and S. Running. 2007. ―Regional evaporation 

estimates from flux tower and MODIS satellite data.‖ Remote Sensing of Environment 

106: 285-304.  



 186 

Comair, F. 2011. Personal Interview at the Ministry of Energy and Water (MEW). 

Lebanon. 

Comair, F. G. 2008. ―Gestion Et Hydrodiplomatie De L'eau Au Proche-Orient.‖ 

Beyrouth: Les Editions L'Orient Du Jour. 

Comair, F., 2007. ―Transboundary Water Resources: Hydro-diplomacy for Peace 

in the Middle East.‖ Proc. Environmental and Water Resources Institute Conference, 

ASCE, Tampa, Florida, May 15-19, 2007. 

Comair, G.F., D.C. McKinney, M.J. Scoullos, R.H. Flinker and G.E. Espinoza, 

2013 a. ―Transboundary Cooperation in International Basins: Clarification and 

Experiences from the Orontes River Basin Agreement, Part 1.‖ Environmental Science 

and Policy,10.1016/j.envsci.2013.01.006 accepted Jan 2013. 

Comair, G.F., D.C. McKinney, M.J. Scoullos, R.H. Flinker and G.E. Espinoza, 

2013 b. ―Transboundary Cooperation in International Basins: Clarification and 

Experiences from the Orontes River Basin Agreement, Part 2.‖ Environmental Science 

and Policy, accepted Jan 2013. 

Comair, G.F., Gupta, P., Ingenloff, C., Shin, G. and D.C. McKinney, 2012 b. 

―Water Resources Management in the Jordan River Basin.‖ Water and Environment 

Journal, doi:10.1111/j.1747-6593.2012.00368.x, published online, Nov. 2012. 

Comair, G.F., McKinney, D.C. and Siegel, D. 2012 a. ―Hydrology of the Jordan 

River Basin: Watershed Delineation, Precipitation and Evapotranspiration.‖ Water 

Resources Management, 26 (14), 4281–4293. 

Conley, A. H. and P. H. van Niekirk, 2000. ―Sustainable management of 

international waters: The Orange River case.‖ Water Policy, 2:131–149. 

Consortium of Universities for the Advancement of Hydrologic Science, Inc. 

(CUAHSI) 2013. http://www.cuahsi.org/ 



 187 

Courcier, R., J.-P. Venot, and F. Molle. 2005. ―Historical Transformations of the 

Lower Jordan River Basin (in Jordan): Changes in Water Use and Projections (1950-

2025).  2005.‖  Comprehensive Assessment Secretariat. www.iwmi.org/assesment 

Cressie N, 1993. ―Statistics for spatial data.‖ 2nd edn. John Wiley and Sons, New 

York. 

Curtis, S., Crawford, T. W., and Lecce, S. A. 2007. ―A comparison of TRMM to 

other basin-scale estimates of rainfall during the 1999 Hurricane Floyd flood.‖ Nat. 

Hazards, 43, 187–198. 

Dahmen, E. R., and M. J. Hall. 1990. ―Screening of Hydrological Data: Tests for 

Stationarity and Relative Consistency.‖ Wageningen, The Netherlands: International 

Institute for Land Reclamation and Improvement. 

Dalby, S. 1997. ―Contesting an essential concept: Reading the dilemmas in 

contemporary security discourse. In Critical Security Studies: Concepts and Cases.‖ 

(Krause. K. and Williams, M.C., Eds.), pp. 3–32. University of Minnesota Press, 

Minneapolis. 

Daoudy, M., 2005. « Le partage de l‘eau Entre la Syrie, l‘Irak et la Turquie– 

Négociation, sécurité et asymétrie des pouvoirs. » Paris: CNRS Editions. 

Dinar, A., Dinar, S., McCaffrey, S. and McKinney, D.C. 2007. ―Bridges over 

water.‖ World Scientific Series on Energy and Resource Economics. ISBN-13 978-981-

256-893-9 

Directorate of State Hydraulic Works (DSI). 2002. DSI Tarafından Iletilen ve 

Devredilen. 

Economic and Social Commission for Western Asia (ESCWA). 1996. ―Water 

Resources Assessment in the ESCWA Region Using Remote Sensing and GIS 



 188 

Techniques.‖ Report. Beirut: United Nations-Economic and Social Commission for 

Western Asia, Print. 

Elmusa, S. 1995. ―The Jordan-Israel Water Agreement: A Model or an 

Exception?‖ Journal of Palestine Studies , Vol. 24, No. 3 pp. 63-73. 

Elmusa, S. 1997. ―Water Conflict: Economics, Politics, Law and Palestinian-

Israeli Water Resources.‖ Institute for Palestine Studies, Washington, DC, p. 408. 

El-Naser, H. 1998. ―The partition of water resources in the Jordan river basin: 

History and current development.‖ Paper presented at the Conference on Water in the 

Mediterranean Countries: Management Problems of a Scarce Resource, Naples, 4–5 Dec. 

1998. 

Espinoza, G. 2012. ―A Mexican Case Study for World Water Online.‖ CRWR 

Online Report 2012-01, Center for Research in Water Resources, The University of 

Texas at Austin, http://www.crwr.utexas.edu/reports/2012/rpt12-1.shtml  

Espinoza, G., Whiteaker, T., Maidment, D.R., 2011. ―A test case using Mexican 

data for a World Water Online.‖ American Water Resources Association. Geographic 

and Information Systems (GIS) and Water Resources VII Conference. 

Evans, J. P., R. Smith, and R. Oglesby. 2004. ―Middle East climate simulation 

and dominant precipitation processes.‖ Int. J. Climatol., 24:1671–1694. 

Falkenmark, M. and C. Widstrand, 1992. ―Population and water resources: a 

delicate balance.‖ Population Bulletin, 47, No. 3. 

FAO, 2008. ―Irrigation in the Middle East region in figures.‖ Aquastat Survey. 

FAO water reports. 

 

FAOSTAT. 2011http://faostat.fao.org/site/616/DesktopDefault.aspx?PageID=616#ancor 

 



 189 

Fekete, B. M., C. J. Vörösmarty, J. O. Roads, and C. J. Willmott. 2004. 

―Uncertainties in Precipitation and Their Impacts on Runoff Estimates.‖ Journal of 

Climate, 17.2: 294. 

Fisher F. M., S. Arlosoroff, Z. Eckstein, M. Haddadin, S. G. Hamati, A. Huber-

Lee, A. Jarrar, A. Jayyousi, U. Shamir, and H. Wesseling. 2002. ―Optimal water 

management and conflict resolution: The Middle East Water Project.‖ Water Resour Res, 

38(11):1243. 

FoEME,  2010. ―Towards a living Jordan River: An environmental flows report 

on the rehabilitation of the lower Jordan River.‖ Friends of the Earth Middle East, 

Amman, Bethlehem, Tel Aviv. 

FoEME, 2011. ―Roadmap for the rehabilitation of the lower Jordan River. Friends 

of the Earth Middle East.‖ Amman, Bethlehem, Tel Aviv. 

Food and Agricultural Organization (FAO). 2003. ―Syrian agriculture at the 

crossroads.‖ Report number 8. http://www.fao.org/docrep/006/y4890e/y4890e0u.htm 

Gavrieli, I., A. Bein, and A. Oren. 2005. ―The expected impact of the ‗‗Peace 

Conduit‘‘ project (the Red Sea-Dead Sea pipeline) on the Dead Sea.‖ Mitigation Adapt. 

Strategies Global Change, 10:3–22. 

Geurts J.L.A., C. Joldersma. 2001. ―Methodology for participatory policy 

analysis.‖ Eur J Oper Res 128:300–310. 

Ghanem M, Merkel B. 2001. ―Hydrogeology and hydrochemistry of the faria 

basin, northeastern west bank.‖ In: Merkel B, Azzam R, Quannam Z (eds) Selected 

contributions to applied geology in the jordan rift valley. Freiberger Forschungshefte 

C494, Freiberg, pp 125–136. 

Gilad, D., J. Bonne. 1990. ―Snowmelt of Mt. Hermon and its contribution to the 

sources of the Jordan River.‖ J. Hydrol. 114 (1/2):1–15. 



 190 

Gleick, P. 1994. ―Water wars and peace in the Middle East.‖ Policy Analysis, 36 

(4):22  

Gleick, P. H. 1993. ―Water and conflict: fresh water resources and international 

security.‖ International Security, 18 (1): 99–104. 

Global Modeling and Assimilation Office (GMAO). 2011.  NASA Research Site. 

http://gmao.gsfc.nasa.gov 

Goldreich, Y. 1994. ―The spatial-distribution of annual rainfall in Israel—a 

review.‖ Theoret. Appl. Climatol. 50:45–59.  

Golub, J.S. 1996. ―Why did they sign? Explaining EC environmental policy 

bargaining.‖ EUI Working Paper RSC No. 96/52. European University Institute, San 

Domenico. 

Goodall, J. L. and D. R. Maidment, 2005. ―A Geotemporal Framework for 

Hydrologic Analysis.‖ CRWR Online Report 05-8, Center for Research in Water 

Resources, The University of Texas at Austin, 

http://www.crwr.utexas.edu/reports/pdf/2005/rtp05-08.pdf. 

Goulter, I. C. and D. Forrest. 1987. ―Use of geographical information-systems 

(GIS) in river basin management.‖ Water Science and Technology 19(9):81-86. 

GTZ. 1995. ―Middle East Regional Study on Water Supply and Demand 

Development.‖ Gesellschaft für Technische Zusammenarbeit, Al-Najah University Press, 

Nablus 

Gunkel, A., and L. Lange. 2011. ―New Insights Into The Natural Variability of 

Water Resources in The Lower Jordan River Basin.‖ Water Resources Management 25:1-

18. 



 191 

Gupta, H. V., S. Sorooshian, and P. O. Yapo. 1999. ―Status of automatic 

calibration for hydrologic models: Comparison with multilevel expert calibration.‖ J. 

Hydrologic Eng. 4(2): 135-143. 

Gur, D., M. Bar-Matthews, E. Sass. 2003. ―Hydrochemistry of the main Jordan 

River sources: Dan, Banias, and Kezinim springs, north Hula Valley.‖ Israel. Isr. J. Earth 

Sci. 52, 155–178. 

Haas, E.B. 1980. ―Why collaborate? Issue-linkage and international relations.‖ 

World Politics, 32: 357–405. 

Haddadin, M. J. 2001. ―Diplomacy on the Jordan: International Conflict and 

Negotiated Resolution.‖ Norwell, Mass., Kluwer Academic. I.B. Tauris, London. 

Harza, JRV Group. 1998. ―Jordan Rift valley integrated development study. Red-

Sea-Dead Sea canal project.‖ Prefeasibility Report. Volume 1-Main Report. 

Hashimoto, T., Stedinger, J.R., and D.P. Loucks. 1982. ―Reliability, resiliency 

and vulnerability criteria for water resource system performance evaluation.‖ Water 

Resources Research 18 (1), 14-20. 

Henriksen HJ, Refsgaard JC, Holberg AL, Ferr N, Gigsbeer P, Scholten H. 2009. 

―Harmonised principles for public participation in quality assurance of integrated water 

resources modelling.‖ Water Resour Manag 23:2539–2554. 

Hertig, E. and Jacobeit, J. 2008. ―Assessments of Mediterranean precipitation 

changes for the 21st century using statistical downscaling techniques.‖ Int. J. Climatol., 

28: 1025–1045.  

Hillel, D.J.1994. ―Rivers of Eden: The Struggle for Water and the Quest for Peace 

in the Middle East.‖ Oxford University Press, Oxford, UK. 

HKJ, MWI, GTZ. 2004. ―Water Sector Planning Support Project (WSPSP).‖ 

Amman, Jordan: Ministry of Water and Irrigation. 



 192 

Hof, F. C. 1998. ―Dividing the Yarmouk‘s waters: Jordan‘s treaties with Syria and 

Israel.‖ Water Policy 1: 81–94.  

HOFF, H., KÜCHMEISTER, H. & TIELBÖRGER, K. 2006. ―The GLOWA 

Jordan River Project -Integrated Research for Sustainable Water Management.‖ IWA 

Water Environment Management Series, 73–80. 

Hoff, H. 2011. ―A Water Resources Planning Tool for the Jordan River Basin.‖ 

Water 3: 718-36. 

Holling, C. S. 1978. ―Adaptive Environmental Planning and Management.‖ 

Wiley, Chichester. 

Horsburgh, J. S., D. G. Tarboton, D. R. Maidment and I. Zaslavsky. 2008. ―A 

Relational Model for Environmental and Water Resources Data.‖ Water Resour. Res., 44: 

W05406 

Huffman, G. J., Adler, R. F., Bolvin, D. T., Gu, G., Nelkin, E. J., Bowman, K. P., 

Hong, Y., Stocker, E. F., and Wolff, D. B. 2007. ―The TRMM Multisatellite Precipitation 

Analysis (TMPA): quasi-global, multiyear, combined-sensor precipitation estimates at 

fine scales.‖ J. Hydrometeorol., 8, 38–55. 

Hughes A, Mansour M, Robins N. 2008. ―Evaluation of distributed recharge in an 

upland semi-arid karst system: The west bank mountain aquifer, middle east.‖ Hydrogeol 

J 16(5):845–854. 

Huisman, P., de Jong, J. and Wieriks, K. 2000. ―Transboundary cooperation in 

shared river basins: Experiences from the Rhine and North Sea.‖ Water Policy, 2, 83–97. 

ILA - International Law Association. 1966. ―The Helsinki rules on the uses of the 

waters of international rivers.‖ Adopted by the International Law Association at the 52nd 

Conf., Helsinki, Finland. 



 193 

International Institute for Sustainable Development (IISD). 2009. ―Rising 

Temperatures, Rising Tensions: Climate Change and the Risk of Violent Conflict in the 

Middle East.‖ Available at http:// www.iisd.org/publications/pub.aspx?pno=1130 

[accessed 29 October 2012]. 

 

International Network of Basin Organizations (INBO). (2012 b) ―World Pact for Better 

Basin Management.‖ 
http://www.riob.org/IMG/pdf/Project_World_Pact_for_better_basin_managemnt-
_WWF6_2012_-_V9_-_3rd_february_2012_-_ENG.pdf 

International Network of Basin Organizations (INBO). 2012 a ―The Handbook for 

Integrated Water Resources Management in Transboundary Basins of Rivers.‖ Lakes and 

Aquifers. 

Israel Hydrological Service (IHS) 2012. ―The Natural Water Resources between 

the Mediterranean Sea and the Jordan River.‖ 

IWA. 2010. ―The Kinneret watershed.‖ Israel Water Authority. 

http://www.water.gov.il/Hebrew/ProfessionalInfoAndData/2012/09-Israel-Water-Sector-

Lake-Kinneret-watershed.pdf. [Accessed May 8 2012]. 

Jaber, B. 1995. ―Water problems of Lebanon.‖ National Congress on Water 

Strategic Studies Center, Beirut (in Arabic), 

Jägerskog, A. 2003. ―Why States Cooperate over Shared Water: The Water 

Negotiations in the Jordan River Basin.‖ Department of Water and Environmental 

Studies, Linköping University, Sweden. 

Janssen W, Goldworthy P, 1996. ―Multidisciplinary research for natural resource 

management: conceptual practical implications.‖ Agric syst 51:259–279. 



 194 

Jnad, Sibai. 2009. ―Water and adaptation to Climate Change in the Arab Region.‖ 

Water Resource Department, the Arab Centre for the Studies of Arid Zones and Dry 

Lands (ACSAD). 

Kibaroglu A, Klaphake A, Kramer A, Scheumann W, Carius A 2005. 

―Cooperation on Turkey‘s transboundary waters.‖ Research report for the German 

Federal Ministry for Environment. Nature Conservation and Nuclear Safety. Adelphi 

Research, Berlin. 

Kibaroglu, A., W. Scheumann, and A. Kramer. 2011. ―Turkey's Water Policy: 

National Frameworks and International Cooperation.‖ Berlin: Springer. 

Kitoh, A., A. Yatagai, and P. Alpert. 2008. ―First Super-high-resolution Model 

Projection That the Ancient ―Fertile Crescent‖ Will Disappear in This Century.‖ 

Hydrological Research Letters 2:1-4. 

Klein, M., 1998. ―Water Balance of the Upper Jordan River Basin.‖ Water 

International 23.4: 244-48. 

Kliot, N., Shmueli, D. and Shamir, U. 2001. ―Institutions for management of 

transboundary water resources: Their nature, characteristics and shortcomings.‖ Water 

Policy, 3, 229–255. 

 

Korany, B., Brynen, R. and Noble, P. 1993. ―The analysis of national security in 

the Arab context: Restating the State of the Art.‖ In The Many Faces of National Security 

in the Arab World (Korany, B., Brynen, R., and Noble, P., Eds.), pp. 1–23. St. Martin‘s 

Press, New York. 

Krause, K. and Williams, M.C. (Eds.) 1997. ―Critical Security Studies: Concepts 

and Cases.‖ University of Minnesota Press, Minneapolis. 



 195 

Krichak, S. O., P. Alpert, K. Bassat, and P. Kunin. 2007. ―The Surface 

Climatology of the Eastern Mediterranean Region Obtained in a Three-member 

Ensemble Climate Change Simulation Experiment.‖ Advances in Geosciences 12:67-80.  

Kummerow, C. and Coauthors, 2000. ―The status of the Tropical Rainfall 

Measuring Mission (TRMM) after two years in orbit.‖ J. Appl. Meteor., 39, 1965–1982. 

Kummerow, C., W. Barnes, T. Kozu, J. Shiue, and J. Simpson, 1998. ―The 

Tropical Rainfall Measuring Mission (TRMM) sensor package.‖ J. Atmos. Oceanic 

Technol., 15, 809–817. 

Kunstmann H, Heckl A, Rimmer A, 2006. ―Physically based distributed 

hydrological modeling of the upper jordan catchment and investigation of effective 

model equations.‖ Adv Geosci 9:123–130. 

Kut, G., 1993. ―Burning Waters: the Hydropolitics of the Euphrates and Tigris,‖ 

New Perspectives on Turkey, 9, 5. 

Lange J, Leibundgut C, Greenbaum N, Schick AP. 1999. ―A noncalibrated 

rainfall-runoff model for large, arid catchments.‖ Water Resourc Res, 35(7):2161–2172. 

Lawrence, P., J. Meigh, and C. Sullivan. 2002. ―The water poverty index: an 

international comparison.‖ Keele Economics Research Papers 2002/19. Keele University, 

UK. 

Le Marquand, D.G. 1977. ―International Rivers: The Politics of Cooperation.‖ 

Westwater Research Centre, University of British Colombia, Vancouver. 

Le Marquand, D. G. 1990. ―International Development of the Senegal River.‖ 

Water International, 15 (4): 223-230. 

Lebanese Republic and the Syrian Arab Republic. 1994. ―Agreement on the 

Distribution of the Assi River Water Springing from the Lebanese Territory between the 



 196 

Lebanese Republic and the Syrian Arab Republic.‖ Available at: http://www.syrleb. 

org/docs/agreements/09ASSI_RIVEReng.pdf 

Lebanese Republic and the Syrian Arab Republic. 1997. ―Annex to the 

Agreement on the Distribution of the Assi River Water Springing from the Lebanese 

Territory.‖ Available at: http://www.syrleb.org/docs/agreements/10ASSI_RIVER_ 

ANNEXeng.pdf 

Lee, C. C. and Wen, C. E. 1995. ―An economic and environmental balance in a 

river basin using interactive multiobjective optimization.‖ Journal of Environmental 

Science and Health (Pt. A. Environmental Sciences and Engineering and Toxic and 

Hazardous Substance Control) 30(8), 1727-1748. 

Legates, D. R., and C. J. Willmott. 1990. ―Mean seasonal and spatial variability in 

gauge-corrected, global precipitation.‖ Int. J. Climatol., 10, 111 127. 

Legates, D. R., and G. J. McCabe. 1999. ―Evaluating the use of ―goodness-of-fit‖ 

measures in hydrologic and hydroclimatic model validation.‖ Water Resources Res. 

35(1): 233-241. 

Lensky, N. G., Y. Dvorkin, V. Lyakhovsky, I. Gertman, and I. Gavrieli. 2005. 

―Water, salt, and energy balances of the Dead Sea.‖ Water Resour. Res., 41, W12418. 

Lionello, P., and F. Giorgi. 2007. ―Winter Precipitation and Cyclones in the 

Mediterranean Region: Future Climate Scenarios in a Regional Simulation.‖ Advances in 

Geosciences 12:153-58. 

Lonergan, S.C., Brooks, D.B., 1994. ―Watershed: The Role of Fresh Water in the 

Israeli–Palestinian Conflict.‖ IDRC Books, Ottawa. 

Lowi, M. 1993. ―Water and Power: The Politics of a Scarce Resource in the 

Jordan River Basin.‖ Cambridge University Press, Cambridge. 



 197 

Luca, L. La mission d‘information « Géopolitique de l‘eau ». 2012. 

http://www.assemblee-nationale.fr/13/dossiers/geopolitique_eau.asp. [Accessed 

1/26/2013]. 

Maidment, D. R. 2002. ―Arc Hydro: GIS for water resources.‖ ESRI Press, 

Redlands, Calif. 

Maidment, D. R. 2004. ―Creating Hydrologic Information Systems.‖ 

http://www.ce.utexas.edu/prof/maidment/visual/meetings/utahstate9feb2004.ppt. 

[Accessed January 15, 2004.] 

Maidment, D. R. 2005. ―A Data Model for Hydrologic Observations.‖ Pages 23 in 

CUAHSI Hydrologic Information System Symposium, Austin, Texas. 

Maidment, D. R., D. G. Tarboton. 2010. University of Texas-Austin. 

http://www.ce.utexas.edu/prof/maidment/giswr2010/Ex4/Ex42010.htm 

Maidment, David R. 1993. ―Handbook of Hydrology.‖ New York: McGraw-Hill. 

Marty, F. 2001. ―Managing International Rivers: Problems, Politics and 

Institutions.‖ Peter Lang, Bern and New York. 

Mather, T. H. 1989. ―The planning and management of African river and lake 

basin development and conservation.‖ Natural Resources Forum 13(l), 59-70. 

McCaffrey, S. C. 2007. ―The Law of International Watercourses.‖ Oxford: 

Oxford UP. 

McIntyre N, Al-Qurashi A, Wheater H. 2007. ―Regression analysis of rainfall-

runoff data from an arid catchment in oman.‖ Hydrol Sci J, 52(6):1103–1118. 

McMahon T. A., Adeloye. A. J., and Sen-Lin Zhou. 2006. ―Understanding 

performance measures of reservoirs.‖ Journal of Hydrology. 324 (2006) 359-382 

Medzini, A. and A. T. Wolf. 2004. ―Towards a Middle East at peace: Hidden 

issues in Arab-Israeli hydropolitics.‖ Water Resources Development, 20 (2), 193–204. 



 198 

Meijerink, S.V. 1999. ―Conflict and Cooperation on the Scheldt River Basin: A 

Case Study of Decision-making on International Scheldt Issues between 1967 and 1997.‖ 

Dordrecht: Kluwer. 

Menzel L, Koch J, Onigkeit J, Schaldach R. 2009. ―Modelling the effects of land-

use and land-cover change on water availability in the Jordan river region.‖ Adv Geosci 

21:73–80. 

MEW-Ministry of Energy and Water of Lebanon. 2012. Personal communication 

with deputy minister Dr. Fadi Comair.  

MEW-Ministry of Energy and Water of Lebanon. 2011. ―Precipitation in 

Southern Lebanon.‖ Document obtained from the Ministry. Print.  

Michaud, J. and Sorooshian, S. 1994. ―Comparison of simple versus complex 

distributed runoff models on a midsized semiarid watershed.‖ Water Resources Research 

30(3). 

Mimi, Z. A., and B. I. Sawalhi. 2003. ―A Decision Tool for Allocating the Waters 

of the Jordan River Basin between All Riparian Parties.‖ Water Resources Management 

17.6 : 447-61. 

Ministry of Water and Irrigation (MWI) Jordan. 2012. Personal communication 

with Dr. Fayez Bataineh, Advisor to the Minister. 

Mitchell, T. D., Carter, T. R., Jones, P. D., Hulme, M. and M. New. 2004. ―A 

comprehensive set of high-resolution grids of monthly climate for Europe and the globe: 

The observed record (1901-2000) and 16 scenarios (2001-2100).‖ Tyndall Centre 

Working Paper 55, Tyndall Centre for Climate Change Research, University of East 

Anglia, Norwich, 30pp. 

Mitchen, S. J., and E. Black. 2011. ―Water, Life and Civilisation: Climate, 

Environment and Society in the Jordan Valley.‖ Cambridge: Cambridge UP. 



 199 

Molina JL, Jose Luis García-Aróstegui, John Bromley, Jose Benavente. 2011. 

Integrated Assessment of the EuropeanWFD Implementation in Extremely Overexploited 

Aquifers Through Participatory Modelling. Water Resour Manage, 23:2737–2760 

Morgan MG, Dowlatabadi H. 1996. ―Learning from integrated assessment of 

climate change.‖ Clim Chang 34:337–368. 

Moriasi, D. N., Arnold, J.G; Van Liew, M.V; Bingner, R.L; Harmel, R.D; and 

Veith, T.L. 2007. ―Model evaluation guidelines for systematic quantification of accuracy 

in watershed simulations.‖ Trans. American Society of Agricultural and Biological 

Engineers 50(3): 885−900. 

Mostert E. 2003. ―The challenge of public participation.‖ Water Policy 5(2):179–

197 

Mostert, E. 2005. ―How can International Donors Promote Transboundary Water 

Management?‖ Discussion Paper 8/2005. Bonn: Deutches Institut für 

Entwisklungspolitik. 

Mu, Q., Zhao, M., and S. Running. 2011. ―Improvements to a MODIS global 

terrestrial evapotranspiration algorithm.‖ Remote Sensing of Environment, 115.  

NASA Land Processes Distributed Active Archive Center (LP DAAC) 2011. 

ASTER L1B. USGS/Earth Resources Observation and Science (EROS) Center, Sioux 

Falls, South Dakota. https://lpdaac.usgs.gov/lpdaac/products/modis_products_table 

Nash, J. E., and J. V. Sutcliffe. 1970. ―River flow forecasting through conceptual 

models: Part 1. A discussion of principles.‖ J. Hydrology, 10(3): 282-290. 

Natural Earth. 2011. http://www.naturalearthdata.com. [Accessed October 23 

2011]. 



 200 

Nicol, A. 2003. ―The Nile: Moving Beyond Cooperation.‖ With additional 

material from M. Shahin. UNESCO Technical Documents in Hydrology, PC-CP Series, 

No. 16. UNESCO, Paris. 

Nihoul, J. C., P. O. Zavialov, and P. P. Micklin. 2004. ―Dying and Dead Seas: 

Climatic versus Anthropic Causes.‖ Dordrecht: Kluwer Academic. 

Noble Energy (NBL). 2013. ―Recent Discoveries‖. Nobleenergyinc.com. 

[Accessed 07 Feb. 2013]. 

Oroud I. M. 2011. ―Evaporation estimates from the Dead Sea and their 

implications on its water balance.‖ Theor Appl Climatolo 52:231–240. 

Park J, Seaton RAF.1996. ―Integrative research sustainable agriculture.‖ Agric 

Syst 50:81–100. 

Parker P, Letcher R, Jakeman AJ. 2002. ―Progress in integrated assessment 

modelling.‖ Environ Modell Softw 17:209–217. 

Petheram, C., P. Rustomji, F.H.S Chiew, and J. Vleeshouwer. 2012. ―Rainfall–

runoff Modelling in Northern Australia: A Guide to Modelling Strategies in the Tropics.‖ 

Journal of Hydrology  461-63. 

Phillips, D., A. Jagerskog, and A. Turton. 2009. ―The Jordan River basin: 3. 

Options for satisfying the current and future water demand of the five riparians.‖ Water 

International, 34 (2), 170–188. 

Phillips, D., S. Attili, S. McCaffrey, and J. Murray. 2007. ―The Jordan River 

basin: 2. Potential future allocations to the co-riparians.‖ Water International, 31 (5), 39–

62. 

Phillips, D.J.H., M. Daoudy, J. Öjendal, A. Turton and S. McCaffrey. 2006. 

―Trans-boundary Water Cooperation as a Tool for Conflict Prevention and for Broader 

Benefit-sharing.‖ Ministry for Foreign Affairs, Stockholm, Sweden. 



 201 

Pilgrim DH, Chapman TG, Doran DG. 1988. ―Problems of rainfall-runoff 

modelling in arid and semiarid regions.‖ Hydrol Sci J 33(4):379–400. 

Pitman WV. 1973. ―A mathematical model for generating monthly river flows 

from meteorological data in South Africa.‖ Univ. of the Witwatersrand, Dept. of Civil 

Engineering, Johannesburg. 

Pokorny´, J. 2006. ―Database architectures: Current trends and their relationships 

to environmental data management.‖ Environ. Model. Software, 21, 1579– 1586. 

Rafik El-Khoury & Partners (RELK&P), St. Joseph  University (ESIB), GIBB. 

2007. ―Design of Ebel El Saqi Dam on Nahr El Hasbani.‖  

Ramadan, H. H., R. E. Beighley, and A. S. Ramamurthy. 2011. ―Temperature and 

Precipitation Trends in Lebanon‘s Largest River: The Litani Basin.‖ Journal of Water 

Resources Planning and Management. 

Rieu-Clarke, A., Moynihan, R., and Magsig, B. 2012. ―UN Watercourses 

Convention User‘s Guide.‖ University of Dundee. ISBN 978-0-9572603-0-6. 

Rimmer A, Boger M, Aota Y, Kumagai M. 2006. ―A lake as a natural integrator 

of linear processes: Application to lake kinneret (israel) and lake biwa (japan).‖ J Hydrol 

319(1–4):163–175. 

Rimmer, A., and Y. Salingar. 2006. ―Modelling Precipitation-streamflow 

Processes in Karst Basin: The Case of the Jordan River Sources, Israel.‖ Journal of 

Hydrology 331.3-4:524 42. 

Risbey J, Klikar MA, Patwardhan A. 1996. ―Assessing integrated assessments.‖ 

Clim Change 34:369–395. 

Romm, J.J. 1993. ―Defining National Security: the Non-Military Aspects. Council 

on Foreign Relations.‖ PEW Project on America‘s Task in a Changed World, New York, 

Council on Foreign Relations Press. 



 202 

Rothman DS, Robinson JB. 1997. ―Growing pains: a conceptual framework for 

considering integrated assessments.‖ Environ Monit Assess 46:23–43. 

Rotmans J, Van Asselt M. 1996. ―Integrated assessment: growing child on its way 

to maturity.‖ An editorial essay. Clim Chang 34:327–336. 

Rumman MA, Hiyasat M, Sweis GJ, Sweis RJ. 2009. ―Assessment of droughts in 

jordan: The yarmouk and zarqa basins.‖ Manag Environ Qual 20(6):696–711 

Sadoff, C.W. and Grey, D. 2002. ―Beyond the river: the benefits of cooperation 

on international rivers.‖ Water Policy, 4, 389–403. 

Salameh E, El-Naser H. 1999. ―Does the actual drop in dead sea level reflect the 

development of water sources within its drainage basin?‖ Acta hydrochim hydrobiol 

27:511. 

Samuels R, Rimmer A, Alpert P. 2009. ―Effect of extreme rainfall events on the 

water resources of the Jordan river.‖ J Hydrol 375(3–4):513–523. 

Sandoval-Solis, S., D. C. McKinney, and D. P. Loucks. 2011. ―Sustainability 

Index for Water Resources Planning and Management.‖ J. Water Resour. Planning and 

Management, 137(5):381-390. 

Scheel, M. L. M., M. Rohrer, C. Huggel, D. Santos Villar, E. Silvestre, and G. J. 

Huffman. 2010. ―Evaluation of TRMM Multi-satellite Precipitation Analysis (TMPA) 

Performance in the Central Andes Region and Its Dependency on Spatial and Temporal 

Resolution.‖ Hydrology and Earth System Sciences Discussions 7.5. 8545-586. 

Scoullos M., Malotidi V., Spirou S. and Constantianos V., 2002. ―Integrated 

Water Resources Management in the Mediterranean‖, GWP-Med & MIO-ECSDE, 

Athens. 

Searcy, J.K. and C.H. Hardison 1960. ―Double-Mass Curves.‖ Geological Water 

Supply Paper 1541-8. U.S. Geological Survey, Washington, D.C. 



 203 

SEI - Stockholm Environment Institute. 2007. ―Water Evaluation and Planning 

System.‖ 

Shahar Rozalis, Efrat Morin, Yoav Yair, Colin Price. 2010. ―Flash flood 

prediction using an uncalibrated hydrological model and radar rainfall data in a 

Mediterranean watershed under changing hydrological conditions.‖ Journal of 

Hydrology, Volume 394, Issues 1–2, 17, Pages 245-255. 

 

Sheffer NA, Dafny E, Gvirtzman H, Navon S, Frumkin A, Morin E. 2010. 

―Hydrometeorological daily recharge assessment model (dream) for the western 

mountain aquifer, Israel: Model application and effects of temporal patterns.‖ Water 

Resourc Res. 46(5):W05510. 

Shuval, H. 1992. ―Approaches to resolving the water conflicts between Israel and 

her neighbors – a regional Water for Peace Plan.‖ Water International, 17, 133–143. 

Shuval, H. 2000. ―A proposal for an equitable resolution to the conflicts between 

the Israelis and the Palestinians over the shared water resources of the Mountain 

Aquifer.‖ Arab Studies Quarterly, 22 (2), 33–62. 

Shuval, H. 2005. ―A proposal for an equitable reallocation of the shared water 

resources between Israelis and Palestinians and the other riparians on the Jordan River 

basin.‖ First International Conference on Water Values and Rights, Ramallah, Palestine, 

02–04 May 2005. 

Siegel D. 2011. ―Accessing historical evapotranspiration data in ArcGIS.‖ 

University of Texas at Austin. http://data.crwr.utexas.edu/blog/news/historical-

evapotranspiration-data/. [Accessed March 20 2011]. 

Simmers, I. 2003. ―Hydrological processes and water resources management.‖ In: 

Simmers I (ed) Understanding water in a dry environment. Balkema, Lisse, pp 1–14. 



 204 

Simpson, B., and I. Carmi. 1983. ―The Hydrology of the Jordan Tributaries 

(Israel): Hydrographic and Isotopic Investigation.‖ Journal of Hydrology 62.1-4: 225-42.  

Simpson, J., C. Kummerow, W.-K. Tao, and R. F. Adler, 1996. ―On the Tropical 

Rainfall Measuring Mission (TRMM).‖ Meteor. Atmos. Phys., 60, 19–36. 

Singh, J., H. V. Knapp, and M. Demissie. 2004. ―Hydrologic modeling of the 

Iroquois River watershed using HSPF and SWAT.‖ ISWS CR 2004-08. Champaign, Ill.: 

Illinois State Water Survey. Available at: www.sws.uiuc.edu/pubdoc/CR/ ISWSCR2004-

08.pdf. [Accessed 8 September 2011]. 

 

Soffer, A. 1994. ―The relevance of Johnston plan to the reality of 1993 and 

beyond.‖ In Water and Peace in the Middle East, ed. J. Isaac; H. Shuval. Amsterdam: 

Elsevier. 

Spector, B. and Wolf, A. 2000. ―Negotiating security: New goals, changed 

process, International Negotiation.‖ 5(3), 409–426. 

Stanhill, G. 1994. ―Changes in the rate of evaporation from the Dead Sea.‖ 

International Journal of Climatology 14, 465-471. 

Strategic Foresight Group (SFG). 2011. ―The Blue Peace, Rethinking Middle East 

Water.‖ 

Su, Fengge, Yang Hong, and Dennis P. Lettenmaier. 2008. ―Evaluation of TRMM 

Multisatellite Precipitation Analysis (TMPA) and Its Utility in Hydrologic Prediction in 

the La Plata Basin.‖ Journal of Hydrometeorology 9.4: 62. 

Suleiman, R. 2004. ―Water Resources Development in the Lower Jordan River 

Basin.‖ Report. Print. 



 205 

Tabios, Guillermo Q., and Jose D. Salas. 1985. ―A Comparative Analysis Of 

Techniques For Spatial Interpolation Of Precipitation.‖ Journal of the American Water 

Resources Association 21.3 (1985): 365-80. 

Tarboton D, Maidment D. R. 2010. ―Watershed and stream network delineation.‖ 

University of Texas, Austin. 

Tarboton, D. G., D. Maidment, I. Zaslavsky, D. Ames, J. Goodall, R. P. Hooper, 

J. Horsburgh, D. Valentine, T. Whiteaker and K. Schreuders, 2011. ―Data Interoperability 

in the Hydrologic Sciences, The CUAHSI Hydrologic Information System.‖ Proceedings 

of the Environmental Information Management Conference 2011, 132-137, 

http://eim.ecoinformatics.org/eim2011/eim-proceedings-2011/view. 

Tarboton, D.G., R. L. Bras, I. Rodriguez-Iturbe. 1991. ―On the extraction of 

channel networks from digital elevation data.‖ Hydrol. Processes, 5: 81-100. 

Tepe, Yalçın, Aysun Türkmen, Ekrem Mutlu, and Alpaslan Ate. 2005. ―Some 

Physicochemical Characteristics of Yarseli Lake, Hatay, Turkey.‖ Turkish Journal of 

Fisheries and Aquatic Sciences 5: 35-42. 

The World Bank. ―World development report 1992 : development and the 

environment.‖ 

http://econ.worldbank.org/external/default/main?pagePK=64165259&theSitePK=469072

&piPK=64165421&menuPK=64166322&entityID=000178830_9810191106175 

[Accessed May 13 2011]. 

The World Bank. 2009. Report No. 47657-GZ.  ―West Bank and Gaza:  

Assessment of Restrictions on Palestinian Water Sector Development.‖  (Washington, 

DC: World Bank). 

THKJ (The Hashemite Kingdom of Jordan). 2004. German Agency for Technical 

Cooperation. ―National water master plan.‖ Jordan. 



 206 

Tollison, R.D. and Willett, T.D. 1979. ―An economic theory of mutually 

advantageous issue-linkages in international negotiations.‖ International Organization, 33 

(4), 425– 449. 

Tomasic, A., and E. Simon. 1997. ―Improving access to environmental data using 

context information.‖ SIGMOD Rec., 26(1), 11– 15, doi:10.1145/248603.248606. 

Turkish Statistical Institute (TSI). 2010. ―Population of province/district centers 

and towns/villages and population growth rate by provinces.‖ 

Turton, A.R. 2003 a. ―The political aspects of institutional development in the 

water sector: South Africa and its international river basins.‖ D.Phil.. thesis. Department 

of Political Science, University of Pretoria. 

Turton, A.R. 2003 b. ―An introduction to the hydropolitical dynamics of the 

Orange River Basin.‖ In International Waters in Southern Africa (Nakayama, M., Ed.), 

pp. 136– 163. United Nations University Press, Tokyo. 

Turton, A.R., and Earle, A. 2005. ―Post-Apartheid institutional development in 

selected Southern African international river basins.‖ In Water Institutions: Policies, 

Performance & Prospects (Gopalakrishnan, C., Tortajada, C. and Biswas, A.K., Eds.), pp. 

154–173. Springer-Verlag, Berlin. 

UN - United Nations. 1997. ―Convention on the law of the non-navigational uses 

of international watercourses.‖ Adopted by the UN General Assembly, New York. 

http://untreaty.un.org/ilc/texts/instruments/english/conventions/8_3_1997.pdf. [Accessed 

January 16 2010]. 

Union for the Mediterranean, 2012. ―The UfM Gaza Desalination Project and the 

6th World Water Forum discussed in France.‖ http://www.ufmsecretariat.org/en/the-ufm-

gaza-desalination-project-and-the-6th-world-water-forum-discussed-in-france/ 



 207 

United Nations (UN) Human Development Report (HDR). 2011. ―World 

Development Indicators.‖ Gross Domestic Product ranking table. 

http://data.worldbank.org/data-catalog/GDP-ranking-table 

United Nations Economic Commission for Europe (UNECE). 1992. 

http://rod.eionet.europa.eu/instruments/184 

USNARA. 1955o. ―Johnston Allocation of Jordan River Waters.‖ 9/30/55. 

Johnston Plan. Chart 2. NND927340, declassified 9/30/04. College Park, MD: U.S. 

National Archives and Records Administration. 

Van der Zaag, P. and Savenije, H.H.J. 2000. ―Towards improved management of 

shared river basins: Lessons from the Maseru Conference.‖ Water Policy, 2, 47–63. 

Venema, H. D. and Schiller, E. J. 1995. ―Water resources planning for the 

Senegal River basin.‖ Water International 20(2), 61-7 1. 

Vernimmen, R., A. Hooijer, E. Aldrian, and A. Van Dijk. 2012. ―Evaluation and 

Bias Correction of Satellite Rainfall Data for Drought Monitoring in 

Indonesia.‖ Hydrology and Earth System Sciences 16: 133-46. 

Ward, F. A. and Lynch, T. P. 1996. ―Integrated river basin optimization: 

Modeling economic and hydrologic interdependence.‖ Water Resources Bulletin 32(6), 

1127-1138. 

Water and Sewage Authority Council in Israel (WSA). 2011. ―Long-Term Master 

Plan for the National Water Sector.‖ Policy Document Version 3. 

Waterbury, J. 1994. ―Transboundary water and the challenge of international 

cooperation in the Middle East.‖ In Water in the Arab World, Perspectives and Prognoses 

(Rogers and Lydon, Eds.), pp. 39–64. Division of Applied Sciences, Harvard University. 

http://data.worldbank.org/data-catalog/GDP-ranking-table


 208 

Wendt, A. 1994. ―Anarchy is what States make of it: The social construction of 

power politics.‖ In International Organization and Global Governance: A Reader 

(Mansfield, E.D. and Kratochwil, F., eds.). Harper Collins, New York. 

Werz H, Hötzl H, Kuntz D, Storz S. 2009. ―Protective potential of soils, ground-

water vulnerability and hazards in the wadi shueib, jordan.‖ In: Möller P, Rosenthal E, 

Hötzl H (eds) The water of the Jordan valley. Springer, Berlin, pp 413–446. 

Wheater H, Al-Weshah RA (eds). 2002. ―Hydrology of wadi systems.‖ vol 55. 

Technical documents in hydrology. UNESCO, Paris 

Wheater HS, Sorooshian S, Sharma KD (eds) 2008. ―Hydrological modelling in 

arid and semi-arid areas.‖ Cambridge University Press, Cambridge. 

Willmott C, Matsuura K. 2001. ―Terrestrial air temperature and precipitation: 

Monthly and annual time series (1950–1999).‖ Version 1.02. 

http://climate.geog.udel.edu/ climate. [Accessed November 5 2011]. 

Willmott, Cort, Scott M. Robeson, and Kenji Matsuura. 2011. ―Short 

Communication A Refined Index of Model Performance.‖ Int. Jour.Climt. 

Winpenny, J. T. 2006. ―European Project about Mitigation and Management of 

the Water Stress Problem in Mediterranean Areas.‖ 

http://www.aquastress.net/index.php?mod=documents&idp=25 Accessed [Jan 12 2013]. 

Wolf, A. T. 1998. ―Conflict and Cooperation along International Waterways.‖ 

Water Policy, 251. 

World Bank, 2011. ―World Development Indicators.‖ Gross Domestic Product 

ranking table. http://data.worldbank.org/data-catalog/GDP-ranking-table 

Yates, D., Sieber, J., Purkey, D.R., and Huber-Lee, A. 2005a. ―WEAP21-A 

Demand, Priority, and Preference Driven Water Planning Model: Part 1, Model 

Characteristics.‖ Water International, 30, 487-500. 

http://www.aquastress.net/index.php?mod=documents&idp=25


 209 

Yates, D., Sieber, J., Purkey, D.R., and Huber-Lee, A. 2005b. ―WEAP21-A 

Demand, Priority, and Preference Driven Water Planning Model: Part 2, Aiding 

Freshwater Ecosystem Service Evaluation.‖ Water International, 30, 501-512. 

Yavuz, Hüseyin, and Saffet Erdoğan. 2012. ―Spatial Analysis of Monthly and 

Annual Precipitation Trends in Turkey.‖ Water Resources Management 26-609-21. 

Ye W, Bates BC, Viney NR, Sivapalan M, Jakeman AJ. 1997. ―Performance of 

conceptual rainfall-runoff models in low-yielding ephemeral catchments.‖ Water Resour 

Res, 33(1):153–166 

Zeitoun, M, K. Eid- Sabbagh, M. Dajani and M. Talhami, 2012. ―Hydropolitical    

Baseline    of    the    Upper    Jordan    River.‖ Beirut, Association of the Friends of 

Ibrahim Abd el Al. 

Zeitoun, M. 2005. ―Hydro-hegemony theory – a framework for analysis of water 

related conflicts.‖ First International Workshop on Hydro-hegemony. King‘s College, 

London, 21–22 May 2005. 

 


