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Foreword

2015 was a pivotal year for water in development generally, and for Integrated
Water Resources Management (IWRM) in particular. It started with the launch
of the report “Global Risks 2015 at the World Economic Forum that identified
“water crises” at the top global risk in terms of impacts (eighth in terms of likeli-
hood). In September the UN General Assembly adopted the 17 Sustainable
Development Goals (the SDGs), with 169 specific targets, to guide the world’s
development agenda through 2030. One of the goals is to “Ensure availability and
sustainable management of water and sanitation for all”, and one of the six targets
to be achieved under this is “By 2030, implement integrated water resources
management at all levels, including through transboundary cooperation as appro-
priate”. And 2015 ended with a new global climate agreement at COP 21 in Paris in
which the critical role of water for adaptation and resilience building is highlighted.

Hence the book “Integrated Water Resources Management: Concept, Research
and Implementation” addresses the right topic at the right time.

As explained in the book IWRM has developed and matured since early
thoughts the 1950s through the world conferences at Mar del Plata in 1977 and
Dublin in 1992, and the World Summits in Rio in 1992, in Johannesburg in 2002
and Rio in 2012, to being adopted as a global target for sustainable development in
2015. Highlights on this journey have been the four “Dublin principles” in 1992,
the adoption of IWRM in Agenda 21 in 1992, the target in the Implementation Plan
from Johannesburg in 2002 for “all countries to develop IWRM and Water
Efficiency Plans” to the UN report to Rio+20 in 2012 reporting that 80 % of all
countries were making good progress, including IWRM in national policies and
legislation, while half are in an “advanced state of implementation”. In a historical
perspective this rapid advance of a development concept that cuts across sensitive
political, cultural, economic, social and environmental dimensions is indeed
remarkable.
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But obviously there are questions and doubts. The IWRM concept lends itself to
many interpretations, and therefore also doubts as to its apparent “success”. Some
critics, mainly academics, have seen IWRM as a set of principles—even brand—
that does not provide a clear methodology to support actual problem solving, while
most policy makers and practitioners view IWRM as a philosophy and process that
provides an integrated approach to complex issues that need to be reconciled across
sectors, across levels and across stakeholder interests, taking a problem-driven
approach embedded in integrated thinking.

However, we have no choice. With the world having adopted the SDG target on
IWRM we need to look forward, reconcile views and form alliances across civil
society, public, private and academic actors towards a commonly agreed approach
and set of actions that can be monitored.

So what is the main challenge and key way forward for IWRM?

At the World Water Forum in Korea in April 2015 IWRM was one of the key
thematic areas and the subject of a high-level panel. The discussion up to, during
and after the forum converged on a view that the implementation of IWRM
invariably being a “messy, noisy process in which stakeholders are trialling solu-
tions, negotiating choices and moving upwards and downwards between levels and
sectors”, picturing IWRM as a process in messy “bazaar”, rather than religion in a
“cathedral”. This view is consistent with the “integration” in IWRM being a dif-
ficult combination of the horizontal integration between sectors and stakeholders at
all levels, and the vertical integration from the local village or catchment level
through basin and de-central administrative structures to the national and the
regional levels. The future focus in IWRM implementation must take its point of
departure in pragmatic solutions to actual problems, reconciling IWRM processes
with pragmatic problem solving, from high-level policy and strategy development,
through proper operating mechanisms to bridge strategy and problem solution, to
monitoring of progress.

However, the world is changing and future IWRM implementation needs to
adapt to new vectors such as climate change, demographic change, the water—
energy—food security nexus and greening growth. The “water sector” may not be in
the lead in many cases, rather, as has been recognized in the nexus debates, we need
to think “beyond the water box™ and include a much wider set of stakeholders and
actors. The SDG on water is one of 17 goals, likely to galvanize revitalization of
IWRM implementation; but most of the other 16 goals—e.g. on gender, health,
food, energy, cities, ecosystems, oceans and so on—cannot be achieved without
proper development and management of our scarce, vulnerable and variable water
resources and we need to think and act across them. IWRM provides a vehicle for
doing so.

This book provides support for that way forward. As stated in the first chapter
“translation into practical implementation has been demonstrated in the various
studies in this book”. By addressing 10 key topics of IWNRM implementation in 28
chapters the book clearly identifies the duality between “philosophy” on the one
hand and “methodology” on the other, it rightly emphasizes about the adaptive
management in a changing world. It also makes a clear case of the role of research
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and the need for future research into methodologies for implementation under
different settings that can support a pragmatic approach.

For the “IWRM community”, but also for a lot of people outside it, this book is
an important contribution to our continued journey towards achieving the post-2015
development agenda by moving the IWRM agenda forward.

Torkil Jench Clausen

Chair, Scientific Programme Committee
World Water Week in Stockholm

Chief Water Policy Adviser, DHI Group
Governor, World Water Council

Senior Adviser, Global Water Partnership
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Part I
Introduction



Chapter 1
Integrated Water Resources Management:
Concept, Research and Implementation

Ralf B. Ibisch, Janos J. Bogardi and Dietrich Borchardt

Abstract This chapter reviews the concept, contemporary research efforts and the
implementation of Integrated Water Resources Management (IWRM) which has
evolved as the guiding water management paradigm over the last three decades.
After analyzing the starting points and historical developments of the IWRM
concept this chapter expands on relations with recently upcoming concepts
emphasizing adaptive water management and the land-water-food-energy nexus.
Although being practically adopted worldwide, IWRM is still a major research
topic in water sciences and its implementation is a great challenge for many
countries. We have selected fourteen comprehensive INRM research projects with
worldwide coverage for a meta-analysis of motivations, settings, approaches and
implementation. Aiming to be an up-to-date interdisciplinary scientific reference,
this chapter provides a comprehensive theoretical and empirical analysis of con-
temporary IWRM research, examples of science based implementations and a
synthesis of the lessons learnt. The chapter concludes with some major future
challenges, the solving of which will further strengthen the IWRM concept.
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1.1 Origins and Development of the Integrated Water
Resources Management (IWRM) Concept

Very few ideas and recommendations have been embraced in the “water world” as
quickly, enthusiastically and universally as IWRM. Hardly any major international
event with relevance to water and water management, and the associated declara-
tions have missed to endorse IWRM as the way to tackle and to solve water problems
irrespective of scale and scope. Probably the most prominent among these events
was the World Summit on Sustainable Development held in Johannesburg in 2002.
The Johannesburg Plan of Implementation (JPol) (United Nations 2002) stipulates
that within five years all countries should have IWRM and water efficiency plans.
While this appeal triggered the compilation of national IWRM plans the imple-
mentation of this resolution was much less than universal. With this resolution the
JPol placed IWRM at the national level. Other models are also promoted however.
The European Water Framework Directive (EC 2000/60/EC) defines the basin and
“water body” scale as appropriate for water resources management whereas other
sources promote small scale, stakeholder involved IWRM (Burton 2003).

Clearly there are substantial uncertainties, if not outright differences in the inter-
pretation of what IWRM is supposed to be. When did the concept of IWRM emerge and
what were its original attributes? Report No. 7. of the EU funded NeWater Project
(2005) claims that IWRM is a “Dublin-Rio” principle by referring to the respective
water conference and UN Conference on Environment and Development, which both
took place in 1992. This report also mentions the UN Conference in Mar del Plata 1977
as an origin and refers to UN efforts to introduce IWRM as early as the 1950s.
Irrespective of these historical traces it is fair to identify the emergence of IWRM when
it began occurring in laws, official government guidelines, or similar administrative
documents as instructions for administration and technical services for the imple-
mentation of water resources management in a new “integrated” way. One compre-
hensive example of these guidelines is the Derde Nota Waterhuishouding “Water vor
nu en later” (Water for Now and Later) issued by The Netherlands government
(Rijkswaterstaat 1989). It is obvious that the political will and the concept of IWRM
predate the Dublin Conference (Bogardi 1990). This conclusion does not aim to mit-
igate the significance of major international events which endorsed and scaled up
IWRM. If we assume that IWRM implementation began in the late 1980s this should
enable us to look back on almost three decades of experience. Yet conferences continue
to issue appeals to use IWRM rather than being able to showcase many encouraging
experiences and improvements gained through the application of IWRM. In this
context it is worth mentioning the critical evaluation of IWRM (Biswas 2004, 2008)
highlighting the meager accomplishments in applying IWRM worldwide. More than a
decade after this review IWRM still looks like a cherished birthday cake, none of the
guests daring to cut and savor.

The above-mentioned enthusiasm—at least verbally—for IWRM is accompanied
by fairly broad interpretations (see review by Martinez-Santos et al. 2014). This
might be acceptable as far as a concept or philosophy is concerned. However this
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“plurality” (in order to just avoid calling it “cacophony”) could become a real
handicap if IWRM were considered a method to be encapsulated in practical
guidelines and manuals for implementation in practice.

This basically unresolved duality of IWRM being interpreted either as a phi-
losophy, or a methodology (tool) can be seen as the main reason for its popularity
and frequent endorsement, whereby being simultaneously hampered in becoming a
day to day tool in water related institutions.

One core dilemma already highlighted by Bogardi (1990) is the question of what is
to be integrated? This question has been reoccurring in the debate ever since (Biswas
2004; Molle 2008; Hering and Ingold 2012). There is an inherent contradiction.
Integration should be as comprehensive as possible. Thus it provides an excellent
concept for sketching the complexity of the problem and for drawing intricate flow
charts displaying complex feedback loops and other interconnectedness. In the
meantime engineering, applied science and administrative actions have been and are
focusing on the main (actionable) components of a problem to be solved. No doubt this
frequently implies simplification rather than expanding the integration.

By reviewing the early definitions of IWRM the different aims and aspirations of
the different protagonists can be analyzed. It is worth juxtaposing some of the most
prominent definitions of IWRM in order to trace the above-mentioned duality and
highlight the diverging interpretations.

The Derde Nota Waterhuishouding (Rijkswaterstaat 1989) defines IWRM as

Interrelated water resources policy making and management by government agencies
responsible for the strategical and management tasks, executed on the basis of the systems
concept under consideration of the internal functional relationships between quality and
quantity aspects of both surface- and groundwater, as well as the external interactions
between the water resources management and management of other fields like environ-
mental protection, regional planning, nature conservation etc.

This definition is a clear example of a political/administrative guideline with
clear limitations and degrees of consideration of what and how to be integrated.
With the reference to systems concept even a hint of methodological prescription is
given. Clearly this definition was formulated with IWRM as a practical tool in
mind.

While NeWater calls IWRM a “Dublin-Rio principle” the four Dublin principles
(the outcome of the Dublin Conference 1992) do not use explicitly the term
“IWRM?”. Rather Principle 2

Water development and management should be based on a participatory approach,
involving users, planners and policy makers at all levels

refers to a participatory approach involving all stakeholders at all levels. Thus it
calls for a kind of vertical integration in the sociopolitical sphere rather than
emphasizing the need for the topical (horizontal) integration. It is a substantial
addendum (or difference) compared to the definition by Rijkswaterstaat (1989).

Within the promulgation of the new water law of the Republic of South Africa in
the late 1990s the Department of Water Affairs and Forestry (DWAF) formulated
the following definition (Gorgens et al. 1998)
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IWRM is a philosophy, a process and a management strategy to achieve sustainable use of
the resources by all stakeholders at catchment, regional, national and international levels,
while maintaining the characteristics and integrity of water resources at the catchment scale
within agreed limits.

This definition shows remarkable differences compared with the example from
The Netherlands (Rijkswaterstaat 1989), regardless of the fact that in both cases the
definitions are formulated by a ministry of a national government. The South
African definition gives different attributes to IWRM, thus implicitly acknowl-
edging its duality. It emphasizes the “background” and philosophical characteristics
and calls it a strategic approach instead of specifying how it should be imple-
mented. One can see that experiences made in the 1990s with attempted imple-
mentations of IWRM are already mirrored in this definition. It repeats the
multistakeholder view of the Dublin principle and boasts the basin scale approach.
The term “agreed limits” reflects the negotiations-based decision making process
involved. Compared to the definition in the Derde Nota Waterhuishouding
(Rijkswaterstaat 1989) the DWAF definition involves all levels of the jurisdictional
hierarchy including the international level. It is a logical extension should the basin
scale principle be consequently pursued.

The definition of the Global Water Partnership (GWP 2000)

IWRM is a process which promotes the coordinated development and management of water,
land and related resources, in order to maximize the resultant economic and social welfare in
an equitable manner without compromising the sustainability of vital ecosystems.

calls IWRM a process and explicitly refers to the necessity of coordinated land and
water management, a recommendation which has been repeatedly been called for
(Bogardi et al. 2012). While this definition is much less prescriptive than that of the
Derde Nota it explicitly links the elements of sustainable development to IWRM.
Needless to say that these three definitions are only examples—albeit the most
important ones—of the broad spectrum of interpretations of IIWRM. This “liberal” use
of definitions was not and is not really conducive for the breakthrough of IWRM as a
practical and commonly deployed tool. The critical evaluation by Biswas from 2004

The definition of IWRM continues to be amorphous, and there is no agreement on fun-
damental issues like what aspect should be integrated, how by whom, or even if such
integration in a wider sense is possible ... in the real world, the concept will be exceedingly
difficult to be made operational.

unfortunately has not lost its actuality during the last decade.

As the popularity of IWRM seems to continue unabatedly, at least as a slogan in
the international water discourse, the calls for IWRM continue. The call for
implementation of IWRM on all levels even appears in the recently adopted
Sustainable Development Goals (SDGs) of the United Nations (Goal 6, Target 6.5),
including transboundary cooperative setups by 2030. Compared to the “deadline”
set out in the Johannesburg Plan of Implementation in 2002 (5 years) (United
Nations 2002) at least the world gives itself 15 years to comply this time. Whether it
means that the inherent obstacles are adequately assessed is yet to be seen. After the
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unrealistic resolution in 2002 in Johannesburg the elevation of IWRM to be part of
an SDG is an opportunity, but not without risks. The credibility of the professional
community, but also that of the concept is at stake. This forthcoming challenge, to
be encapsulated in an intergovernmental binding resolution, underlines the
importance of this book in providing a broad review of the state-of-the-art of
IWRM and its various components.

After almost 30 years of less than satisfactory IWRM implementation the
impression is emerging that stakeholder and other non-water professional interest
groups increasingly attempt to equate IWRM with the concept of multi-stakeholder
involvement (with integration thus mainly in the sociopolitical domain). While this
is a fundamental requirement of planning in a pluralistic society, not only for
IWRM, it can by no means be equated with IWRM. While multi-stakeholder
involvement has its merits in reaching sustainable consensus solutions, reducing
IWRM to a “simple” integration of various interest groups in the decision making
process remains a long way from the originally high aims of IWRM as reflected for
example in the Derde Nota definition in 1989.

1.2 IWRM in the Context of Adaptive Management
and the Nexus Approach

IWRM gained momentum with the adoption of the Dublin principles at the World
Summit in Rio de Janeiro in 1992 (Savenije and Van der Zaag 2008). The IWRM
principles comprise three elements (i) the integration of different sectors and different
uses and users of water, (ii) the balancing of three pillars—economic, social and
environmental sustainability and (iii) the participation of stakeholders in
decision-making and the strengthening of the role of women. IWRM clearly takes into
account the importance of governance and management systems as well as water
infrastructures and technological approaches. Emphasis is given to demand manage-
ment and to some extent, the perspectives of blue and green water management are
included. Nevertheless, implementation of the IWRM concept in the real world has
been slow and unsatisfying and has not induced major transformations in the man-
agement of freshwater resources (Jeffrey and Gearey 2006; Mukhtarov 2008).
A United Nations status report on IWRM prepared for the Rio +20 Conference doc-
uments progress in the inclusion of IIWRM in national policies and legislation but also
states that only half of the countries with IWRM plans report an “advanced state of
implementation” (UN-Water 2012). Similarly, at the 2011 Dresden International
Conference on IWRM, experts concluded that “the actual implementation of IWRM is
lagging behind”. They urged that “the implementation of IIWRM and the realization of
the respective programs have to be accelerated” (Borchardt et al. 2013). It seems that
several barriers to implementation impede progress.
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Recently the concept of “adaptive management” has appeared as a response to
increasing uncertainty und instability (Walters 1986; Pahl-Wostl 2007). The
implications of climate change and the expected increase in uncertainties have
triggered a debate about how to better capture real-world water dynamics. The
adaptive management approach to natural resource management emphasizes learn-
ing and is based on the assumptions that our knowledge is always incomplete (Allen
et al. 2011). The adaptive decision-making process is well structured and includes
careful consideration of goals, identification of alternative management objectives
and knowledge of causal connections, implementation, monitoring and evaluation
followed by reiteration. Hence, although adaptive management can reduce uncer-
tainty in decision making, it is primarily a means for enabling decision making
despite uncertainty (Allen et al. 2011; Pahl-Wostl 2007). Adaptive management
recognizes people and ecosystems as inherently complex, unpredictable and difficult
to control, and encourages ongoing learning as the key to coping with complexity
and uncertainty (Schoeman et al. 2014). The concept has been widely promoted as a
solution to complex natural resource management problems and a supporting
approach to integration. However, the concept runs the same risk of vagueness as
IWRM and it remains more an ideal than a reality (Allen and Gunderson 2011).

The question remains, in which way are the two concepts of IWRM and adaptive
management different or parallel developments. A recent review by Schoemann
et al. (2014) points out that each approach has its own strengths to contribute to
improved water management. While IWRM provides a political platform for broad
stakeholder participation and a process for consensus solutions in the range of
hydrological boundaries, the adaptive management approach sets a norm for
learning by the application of experimentation and ‘learning-by-doing’ principles
which can improve responsiveness to biophysical feedbacks. It is clear that the
IWRM concept in the 1990s did not explicitly tackle the newly arising challenges
of interconnected social-ecological systems and global environmental change.
Water governance must deal with these new risks and uncertainty and there is a
strong call for the development of flexible institutions and policies that facilitate
learning, adaptation and the ability to transform (Pahl-Wostl et al. 2011).

The Bonn 2011 Conference, The Water, Energy and Food Security Nexus:
Solutions for the Green Economy (see also Hoff 2011) triggered an unprecedented
series of international conferences and events dedicated to exploring this widened
integrative framework of problem formulation and searching for sustainable solu-
tions. This integrative view on the linkages between water, energy, land and food
was promoted during the 2013 Bonn conference on Water in the Anthropocene:
Challenges for Science and Practice (Gupta et al. 2013; Ringler et al. 2013). The
nexus approach, which grew out of systems analysis, recognizes that water, energy
and food are closely linked through global and local water, carbon and energy
cycles or chains. Water, land and energy are also essential resources, but billions of
people have limited access to them and all three are under pressure from supply
constraints and rapidly growing demand.

Compared to the IWRM paradigm the nexus approach clearly steps ‘out of the
water box’ and focuses on water’s central role in linking the conceptual domains of
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energy systems, aquatic and terrestrial ecosystems and food production. While the
nexus approach accentuates the interlinkages of different domains and economic
sectors, the IWRM concept has concentrated predominantly on the water sector
although the need for cross-sectoral views have already been addressed in the first
definitions of IWRM (GWP 2000). When translating IWRM into projects the
connections easily become obvious, for example during the development of con-
cepts for the use of treated wastewater in agricultural production (see Liehr et al.,
Chap. 26). Thus, we do not see a contradiction between the two concepts and rather
see that the possibility of linking integrated management plans prepared for dif-
ferent sectors through the nexus approach.

IWRM is obviously neither a unique, nor lonely concept in the field of resource
management. Its ultimate value could be proven by its documented contribution to
solving multilevel, multisectoral, multiple-stakeholder resource allocation and other
problems. In this jigsaw puzzle IWNRM, the nexus concept and adaptive manage-
ment have their potential role. However, without fitting the pieces together all of
these concepts and methods will lose credibility.

1.3 Concept of the IWRM Projects

This edited volume on IWRM intends to provide a multidisciplinary perspective on
problem-driven analyses of water-related challenges as well as the development and
implementation of practical solutions. The sources of this rather diverse collection
of studies and projects on IWRM were two large research programs; GLOWA
(Global Change and the Hydrological Cycle—GLOWA) and IWRM (Integrated
Water Resources Management) which were both funded by the German Federal
Ministry of Education and Research (BMBF).

The GLOWA program was initiated in 2000 with the overall goal of developing
solutions for the extraordinary challenges presented by the regional impacts of
global environmental change on the users and managers of water resources (von
Witsch 2008; Klepper 2011). The GLOWA program ran until 2012 working in five
different regions of the world (Upper Danube River, West Africa region, Volta
River basin, Jordan River basin, Elbe River basin). The five projects focused on the
development of water management tools that enabled the analysis of both natural
and human impacts on the water cycle at the river basin level. A characteristic
approach of GLOWA was the development of integrated simulation (modelling)
tools for decision-makers to treat complex scenarios of how determining factors in
the water cycle will change in the future. The GLOWA program included intensive
multi-stakeholder-dialogues and knowledge-transfer activities in order to ensure the
practical application and further development of the available management models.
While the results of some GLOWA projects have already been published elsewhere
(like Speth et al. 2010) the results of the GLOWA Jordan River project are pre-
sented in this edited volume (Tielborger et al., Chap. 27).
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In the following years, under the BMBF program ‘ITWRM’ the focus was
widened to a larger variety of water related problem-settings, the development of
integrated solutions and their real-world implementation. The program started in
2006 with the aim “to develop new approaches and concepts for Integrated Water
Resources Management in suitable model regions of manageable size outside the
European Union” (Ibisch et al. 2013). The funding program also aimed at
improving the local population’s access to clean drinking water and reliable sani-
tation. With this objective on the agenda the program was rooted in the research
domain but simultaneously targeted towards social and economic development in
the particular regions. Within this program seventeen projects were funded alto-
gether, three of which were still running in 2015. In adherence with the German
government’s funding scheme, the projects within this IWRM initiative included
German universities, research facilities and private sector companies together with
partners from the case study regions. The projects were complemented by (minor)
co-funding from the governments of the specific countries.

The present volume contains a unique compilation of both original data and
synthesis papers on the different topics of IWRM research in fourteen different
regions and river basins around the world (Table 1.1). The studies presented here
were conducted under completely different natural, cultural and socio-economic
conditions including extreme arid environments (such as the upper mega aquifer
system in the Arabian Peninsula, Siebert et al., Chap. 4), the outer tropics (such as
Central Brazil, Lorz et al., Chap. 21), sparsely populated regions in Mongolia
(Karthe et al., Chap. 25) and the densely inhabited Mekong Delta (Kuenzer et al.,
Chap. 15) (Table 1.1). We aimed at identifying general lessons learnt from the two
programs GLOWA and IWRM while looking at the diverse conditions in the
different case study basins at the same time. It becomes evident that there are
inherent difficulties in integrating the results of a large number of independent and
methodologically diverse studies, but this could be approached by identifying joint
topics and thematic areas (Table 1.2) and framing these with a comprehensive
structure (Fig. 1.1).

In the following section, we present a review of the different topics addressed by
the studies (Table 1.1) which will help to gain an overview and an integrative
picture of state-of-the-art IWRM research. The following dimensions of IWRM are
considered in more detail (Table 1.2):

Water quantity

Water quality

Water demand

Climate change

Water governance

Public information and participation
Capacity Development

Decision support

Integrated land and water management
Pathways to sustainable water management

COXNIAANE LD~

—_
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Table 1.1 Regional coverage of this volume: drainage basins and selected characteristics

Basin

Countries

Area
(km?)

Population
(million)

Mean annual
precipitation
(mm/a)

References in
this volume

Khorezm
region

Uzbekistan

6,800

1.5

95

Kim and
Hornidge
(Chap. 9),
Hornidge et al.
(Chap. 22)

Western Bug
basin

Poland,
Belarus,
Ukraine

40,000

0.950

700

Bernhofer et al.
(Chap. 8)

Al-Batinah
region

Oman

12,500

0.760

125

Bernhofer et al.
(Chap. 8)

Upper Mega
Aquifer,
Arabian
Peninsula

Saudi Arabia

1.8 x 10°

ca. 15-20

<100

Siebert et al.
(Chap. 4)

Zayandeh Rud
basin

Iran

26,000

4.5

80-1,500

Mohajeri et al.
(Chap. 23)

Brasilia region

Brazil

5,790

25

1,300-1,700

Bernhofer et al.
(Chap. 8), Lorz
et al. (Chap. 21)

Jordan River
basin

Israel, Jordan,
Lebanon,
Palestine,
Syria

18,285

7.18

100-1,400

Tielborger et al.
(Chap. 27),
Schacht et al.
(Chap. 18),
Onigkeit et al.
(Chap. 12),
Bonzi et al.
(Chap. 16);
Upper Jordan
River:
Reichmann et al.
(Chap. 6); Lake
Kinneret basin:
Sade et al.
(Chap. 2); Lower
Jordan River:
Klinger et al.
(Chap. 28), Chen
& Weisbrod
(Chap. 3)

Dead Sea

Israel, Jordan,
Palestine

43.223

0.680

50-800

Siebert et al.
(Chap. 5)

(continued)
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Basin Countries Area Population | Mean annual | References in
(km?) (million) precipitation | this volume
(mm/a)
Mekong Delta Vietnam 40,000* 17.2 1,900 Kuenzer et al.
(Chap. 15)
Guanting basin | China 43,600 8.1 350-450 Otto et al.
(Chap. 10)
Miyun basin China 15,654 0.381 500 Meissner et al.
(Chap. 20)
Huangshui China 1,560 0.620 550 Kaden & Geiger
River basin (Chap. 24)
Kharaa River Mongolia 15,000 0.147 250-300 Hofmann et al.
basin (Chap. 19),
Karthe et al.
(Chap. 25)
Cuvelai-Etosha | Namibia 84,589 0.844 300-600 Liehr et al.
basin (Chap. 26)

“Surface area of the Mekong Delta

Table 1.2 Topics covered in this volume

Topic

Sub-topics and contributions to this volume

Water quantity

Water availability within the Lake Kinneret watershed, Israel
(Sade et al., Chap. 2)

Environmental flows and indicators of hydrologic alteration in
the Lower Jordan River (Chen and Weisbrod, Chap. 3)
Quantification of water fluxes in an extremely arid
environment, Upper Mega Aquifer System on the Arabian
Peninsula (Siebert et al., Chap. 4)

Water budget of the Dead Sea basin (Siebert et al., Chap. 5)

Water quality

Impact of rainfall-runoff events on water quality of the Upper
Catchment of the Jordan River (Reichmann et al., Chap. 6)

Water demand

Water use efficiency along the supply chain of agricultural
products in Uzbekistan (Bekchanov et al., Chap. 7)

Climate change

Adequate climate information for Integrated Water Resources
Management (Bernhofer et al., Chap. 8)

(continued)
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Table 1.2 (continued)

Topic

Sub-topics and contributions to this volume

Water governance

Water policies and institutions in the Region Khorezm,
Uzbekistan (Kim and Hornidge, Chap. 9)

Institutional responses to water scarcity, Guanting Basin, North
China (Otto et al., Chap. 10)

Handbook for context-specific institutional analysis (Monsees
et al., Chap. 11)

Public information and
participation

Participative scenario development as a method to integrate
science and IWRM (Onigkeit et al., Chap. 12)

Benefits and challenges of participation in applied IWRM
research (Kirschke et al., Chap. 13)

Capacity Development

Lessons learned from a series of applied IWRM research
projects (Ibisch et al., Chap. 14)

Decision support

Water related information system for the Mekong Delta
(Kuenzer et al., Chap. 15)

Application of a transboundary water resources simulation and
planning tool for decision making in the Jordan River basin
(Bonzi et al., Chap. 16)

Approaches and functions of decision support systems in
IWRM research projects (Stérz et al., Chap. 17)

Integrated land and water
management

The use of treated wastewater for irrigation, evaluating
site-specific soil suitability for the Jordan River basin (Schacht
et al., Chap. 18)

Water, land and fertilizer management in the Kharaa River
basin, Mongolia (Hofmann et al., Chap. 19)

Monitoring and modelling of water and solute fluxes in the
Miyun basin, China (Meissner et al., Chap. 20)

Dynamic land use change as challenge for IWRM, Central
Brazil (Lorz et al., Chap. 21)

Pathways to sustainable
water management

Reconceptualising Water Management in Khorezm,
Uzbekistan (Hornidge et al., Chap. 22)

Integrated Water Resource Management in the Zayandeh Rud
basin, Iran (Mohajeri et al., Chap. 23)

Measures for sustainable water resources management in the
coastal area of Shandong Province, PR China (Kaden and
Geiger, Chap. 24)

Integrated urban water management in the Kharaa River Basin,
Mongolia (Karthe et al., Chap. 25)

Integrated Water Resources Management in Northern Namibia
(Liehr et al., Chap. 26)

Strategies and guidelines for sustainable water and land
management under global change in the Jordan River basin
(Tielborger et al., Chap. 27)

Challenges of implementing IWRM in the Lower Jordan
Valley (Klinger et al., Chap. 28)
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Fig. 1.1 Structural representation of the core elements of IWRM and contributions from the
chapters of this volume (figure adapted from Kalbus et al. 2012)

1.3.1 Water Quantity

Precise knowledge of the quantities of available water resources within a region is
an indispensable prerequisite for any management attempt. This includes an
in-depth understanding of the components of the hydrological cycle and the vari-
ability over time and space within the individual region to be managed. All case
studies presented in this book have been implemented in data-scarce regions.
Monitoring networks were underdeveloped or entirely absent due to harsh condi-
tions and large environmental gradients in the regions.

Siebert and colleagues emphasize the importance of combining different tools
when analysing the water budget of the Dead Sea basin (Siebert et al., Chap. 5) or,
in a different study when quantifying the water budget of the aquifer system in the
Arabian Peninsula (Siebert et al., Chap. 4). They link four methodological
approaches for the quantification of surface and groundwater influx to the Dead
Sea: (i) direct and non-direct measurements and hydrological modelling to quantify
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surface runoff, (ii) chemical fingerprinting to characterize groundwater origin, flow,
and evolution between recharge and discharge areas, (iii) thermal remote sensing to
precisely identify the location and abundance of groundwater discharge and
(iv) groundwater modelling to quantify discharge volumes. The authors showed
that the combination of methods reduced data uncertainty when quantifying the
different components of the water cycle.

In the same vein, Sade et al. (Chap. 2) claim that complex hydrogeological
conditions in different areas of a catchment require the application of different
statistical and modelling approaches. In their study on Lake Kinneret, Israel, two
built-in catchment modules in the Water Evaluation and Planning (WEAP) tool, a
model of karst hydrology (HYMKE), lake water balance calculations and artificial
rain series based on a stochastic rainfall generation tool were used in order to assess
water availability in the region.

Chen and Weisbrod (Chap. 3) look at the alteration and regulation of river flows
in order to supply human needs. The concept of environmental flow assessments
(Tharme 2003) was applied in the Lower Jordan River basin to determine the
quality and quantity of water required for ecosystem conservation. The authors
point out that the variability of natural stream flow quantity and timing is critical in
determining water quality, temperature, habitat diversity and channel geomor-
phology. Thus, altering hydrological variability in rivers is ecologically harmful,
and has chain reaction effects (Pahl-Wostl et al. 2013). Since there was no infor-
mation available on ecological biodiversity and ecosystem services in the Lower
Jordan River (Chen and Weisbrod, Chap. 3), the ecological flow requirements could
be used as a precautionary principle in order to protect the river’s ecosystem until
relevant findings could be incorporated into an integrated restoration plan.

1.3.2 Water Quality

Water quality is a global concern as deterioration risks translate directly into social
and economic impacts including human health and food security. As the water
quality situation on a global scale is poorly understood, an important step is to
develop a world water quality assessment framework to reduce the information gap
and support decision-making and management processes (Birlund et al. 2014). As
agriculture accounts for about 70 % of global water use the potential risk of water
quality impacts from agricultural return flows is significant (UNESCO 2012).
Agricultural practices cause nutrient contamination, and the sector is the major
driver of eutrophication, except in areas with high urban concentrations. Nutrient
enrichment has become one of the planet’s most widespread water quality problems
(UNESCO 2009).
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The impacts of flood events on the water quality in the Upper Jordan River was
examined in the paper by Reichmann et al. (Chap. 6) in order to understand the
spatial and temporal behaviour of nutrient transport in an agro-catchment. The
understanding of nutrient sources, transport and retention was crucial in translating
the result into the land and water management concepts presented by Tielborger
et al. (Chap. 27) for the Jordan River basin.

1.3.3 Water Demand

Integrated concepts for reducing water demand and using water more efficiently are
especially needed in water scarce regions. Water scarcity threatens the livelihoods
of billions of people as well as the functioning of ecosystems and valuable service
provision by these ecosystems, particularly in arid and semi-arid regions (Rosegrant
et al. 2002). The contribution by Bekchanov et al. (Chap. 7) takes a look at such a
dry region, namely the irrigated drylands of Uzbekistan in Central Asia and anal-
yses the direct and indirect water uses along the supply chain of agricultural
products. The comprehensive analysis of efficient water use was conducted through
an environmentally extended input-output model. Several options for increasing
water productivity are discussed from a production and consumption perspective.
The point is made here that a diversified strategy could enhance water productivity
in Uzbekistan, not only during production, but also during the processing, con-
sumption, and trading of commodities.

1.3.4 Climate Change

Which climate change information is needed and adequate for future water man-
agement decisions? This question is raised by Bernhofer and colleagues (Chap. 8)
and analysed in three different river basins in Eastern Europe (Western Bug basin),
the Arabian Peninsula and the region of Brasilia (Brazil). Climate change was an
IWRM relevant problem in all three regions, leading to increasing evaporation in
irrigated agriculture in the Middle East, changing soil erosion and its accumulation
in drinking water reservoirs in central Brazil or runoff in the basin of River Bug.
The authors present a scheme for replacing measured data by climate model output
and assessed model performance of global circulation models in the example
regions. Finally, they conclude that there is no unique answer to the question of
adequate climate change information, this depends on the specific IWRM problem
setting.
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1.3.5 Water Governance

Integrated water resources management is inherently complex and since the early
2000s the topic of water governance came into the global water discourse as a key
issue (Mollinga 2008). Governance, in a broad sense, can be understood as “the art
of governing” and embraces the full complexity of regulatory processes and their
interaction. This is reflected in the United Nations Development Programme
(UNDP) definition of water governance: “The term water governance encompasses
the political, economic and social processes and institutions by which governments,
civil society, and the private sector make decisions about how best to use, develop
and manage water resources” (UNDP 2004).

The implementation of IWRM must be seen as both highly ambitious and very
challenging to those involved in implementation (Mitchell 2005). The lack of
progress in implementing IWRM projects is striking, especially in developing and
transition countries and there is criticism on failing to adequately address the
prevailing political and institutional circumstances at local, regional, national and
transnational scales (Biswas 2004; Molle 2008; Butterworth et al. 2010). Monsees
and colleagues present in Chap. 11 a methodological guideline, the IRS handbook
(IRS is the acronym of the author’s institution Leibniz-Institute for Regional
Development and Structural Planning), for analyzing political and institutional
environments which was developed within this context and in order to give prac-
tical support on the ground to help tune management measures to fit the institutional
contexts of implementation. “The IRS Handbook provides an analytical framework
for refining projects in both planning and implementation phases, a methodological
guide for utilization, an appendix of useful resources and general advice on the
often difficult task of finding the necessary information for identifying relevant
political processes and institutional arrangements” (Monsees et al., Chap. 11).

The paper by Kim and Hornidge (Chap. 9) describes how IWRM in contem-
porary Uzbekistan is locally operationalized and implemented in irrigation gover-
nance. The authors used a method of inquiry and analysis called “institutional
ethnography” and discovered important points of misfit between the formal pro-
mises of IWRM-motivated policies and the actual outcomes of the policies for
marginalized water users. Based on their analyses the authors could identify and
formulate recommendations for suitable policy changes in existing documents
which frame the organization of the national water management system.

In the study presented by Otto et al. (Chap. 10) a link is created between climate
change adaptations in Northern China and existing institutional arrangements. The
authors present the results of interviews with stakeholders from the Guanting Basin
on the perceptions of climate change and adaptation needs. As in other studies, the
authors observed weak coordination of water management across various govern-
ment units and levels.
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1.3.6 Public Information and Participation

Participation is an intensely discussed topic for developing and implementing
Integrated Water Resources Management and both researchers (Mostert 2003;
Pahl-Wostl et al. 2007; Ozerol and Newig 2008) and practitioners (BMZ 1999;
GWP 2000; The World Bank 2006) have underlined the importance of participa-
tion. Generally speaking, participation comprises all forms of influence pertaining
to the design of collectively binding agreements on the part of individuals and
organizations not routinely involved in these tasks (Renn 2006). Specific design
principles for successful participatory processes have been developed by committed
advocates (von Korff et al. 2010; Kirschke et al., Chap. 13) while others emphasize
the limits and negative effects of participation (Cooke and Kothari 2001).

In the contribution to this volume by Kirschke et al. (Chap. 13) the BMBF
funding programme ‘TWRM’ was taken as an empirical basis in order to discover
the specific benefits and challenges of conducting participation in applied IWRM
research. The authors conducted quantitative and qualitative interviews within fif-
teen research projects in emerging and developing countries and compared the
findings with hypotheses in the literature. In general the findings confirmed the
positive and essential role of participatory processes in IWRM research and their
different functions and specific design principles. But the authors also point at the
framework conditions in these regions; the political, cultural and social influences
which were of greatest importance for successful participatory processes. As an
example for a participatory methodology Onigkeit et al. (Chap. 12) elaborate on the
“story and simulation” (SAS) approach (Alcamo 2008) which was applied in a case
study in the Jordan River basin. This approach required participation of a variety of
stakeholders in order to gain a broad perspective on water management issues, and
the involvement of scientists from a variety of disciplines in order to quantify the
relevant aspects of IWRM. The authors conclude that the process required the
opportunity and willingness of interaction between the scientists and stakeholders
so that the parties involved could profit from the process and its outcomes.

In a related study conducted in the Jordan River Basin, Bonzi and colleagues
(Chap. 16) built the bridge between participation, modelling and decision support
by integrating socio-economic scenarios and water management strategies resulting
from the stakeholder process described by Onigkeit et al. (Chap. 12). The authors
applied the spatially-explicit water evaluation and planning system (WEAP) in
order to support decision making in this transboundary setting. By doing this, it was
possible to model the effects and spatial response patterns of water management
strategies under different future development pathways. Bonzi et al. (Chap. 16)
point out that the approach facilitated an open, creative and at the same time
well-structured discussion between stakeholders and scientists on water manage-
ment options, responses and the consequences. This might be a general lesson
learnt for the development of river basin management strategies.
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1.3.7 Decision Support

The development of tools for facilitating water resources management decisions
was at the core of the IWRM studies summarized in this volume. IWRM typically
deals with highly complex decision situations with many actors involved in the
decision making process, and many people affected by the resulting decisions
(Ganoulis 2005). Decision making in IWRM also takes place under high uncer-
tainty because on the one hand environmental problems are regarded as complex
and require a long-term perspective, and on the other hand the knowledge available
to practitioners and policy makers is often fragmentary and not systemized (Sigel
et al. 2010). Scientists or political advisers are often consulted in order to bring their
expertise to the table. Decision Support Systems (DSS) become relevant here as
computer-based tools which give structure and provide interactive support to the
decision-making process (Giupponi et al. 2004). Nevertheless, when summarizing
the IWRM studies in this volume it becomes clear that there were multiple ways to
support the decision-making process in IWRM such as the structured collection and
management of water knowledge, the development and implementation of
knowledge management tools and (graphical) information systems, the application
of numerical models and computer-based decision support systems. It seems that
the type of decision-support ultimately developed depends strongly on the specific
environment and stakeholders needs. The decision-making tools in IWRM studies
are discussed and classified in the contribution by Stirz et al. (Chap. 17). Based on
a survey across thirteen IWRM studies the authors summarize the different
approaches, methods and functions of the different decision support tools. They
conclude that only those systems which have a clear client/user interface, real-world
and continuous problem contents, durable software concepts and stable data basis,
and guaranteed long-term operation and maintenance will be successfully
implemented.

Two examples of advanced decision support tools are presented by Kuenzer
et al. (Chap. 15) and Kaden and Geiger (Chap. 24). An environmental information
system was developed within an IWRM project conducted in the Mekong Delta in
Vietnam in order to fill the numerous knowledge gaps existing for the region
(Kuenzer et al., Chap. 15). During the project the knowledge on water related issues
in the region was significantly increased and all the findings were made available to
decision makers and stakeholders through an information system. The paper dis-
cusses information system design and components, the training measures which
were undertaken, and general experiences during the realization of the project.
A multi-level decision support system for the Huangshui River basin and Longkou
City, China was developed and described in the contribution by Kaden and Geiger
(Chap. 24). The DSS contained a catalogue of water management measures roughly
categorized with regard to application sector, cost-efficiencies, impact on man-
agement objectives and peoples’ acceptance. The contribution discusses the DSS
concept and the efforts made towards an IWRM approach in the region. The authors
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indicate that the decision support system itself does not solve environmental
problems but helps to identify the most socioeconomically viable compromise for
achieving sustainable water management.

1.3.8 Capacity Development

Nowadays, it is increasingly recognized that major constraints for improved water
resources management arise from inadequate governance structures, and especially
the gap between existing and required capacities, rather than technical shortcomings
(Alaerts 2009). Capacity development was defined by the UNDP as an integral
process for the mediation, strengthening, preservation and further development of
individual, organizational and societal capabilities, in order to (i) realize functions,
(ii) solve problems and (iii) set and achieve sustainable goals (UNDP 2009). The
multi-level approach in Capacity Development as described by van Hofwegen
(2004) and Alaerts (2009), with a focus on the three levels of individuals, organ-
isational structures and the enabling environment was taken as a theoretical
framework in the contribution by Ibisch et al. (Chap. 14), in order to bundle and
conceptualize the experiences made in capacity development activities in [IWRM
research projects. The authors argue that capacity development should be estab-
lished as a cyclic process and harmonized with IWNRM implementation as much as
possible.

1.3.9 Integrated Land and Water Management

Land-water interactions are discussed in four contributions to this volume, each of
them highlighting another topic. The contribution by Hofmann et al. (Chap. 19)
emphasizes the importance of understanding nutrient fluxes between land and
water, especially in catchments dominated by agriculture. The case study was
conducted in the sparsely populated regions of Northern Mongolia, a country that
faces extreme water-related challenges and at the same time significant transfor-
mations with regard to urbanization and the expansion of arable land. Surprisingly,
the authors report a significant negative balance for nitrogen and phosphorus in
Mongolia’s agricultural system which might be caused by nutrient losses and the
absence of chemical fertilizer use. Several options are discussed in this paper for
integrated nutrient-cycling strategies and linkages between cities as nutrient surplus
regions and agricultural deficit regions.

The importance of monitoring and modelling water and solute fluxes on the
catchment scale is emphasized in a study conducted in the Miyun basin in China
(Meissner et al., Chap. 20). The Miyun reservoir, one of the main surface water
supply sources for the city of Bejing, suffers from increasing water quantity and
quality problems. The paper discusses the establishment of a sophisticated
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monitoring network and the application of STOFFBILANZ, a WebGIS-based water
and solute balance model as a basis for developing management strategies for the
reservoir. Different scenarios were calculated by using the model as a
decision-support tool for stakeholders, in order to demonstrate how different
management measures could reduce water pollution in the reservoir.

The use of treated wastewater as a non-conventional water resource in
water-scarce regions is discussed in the paper by Schacht et al. (Chap. 18). Treated
wastewater can be utilized for various purposes, such as irrigation, conservation,
groundwater recharge or domestic and industrial uses. The paper evaluates the
regional risks associated with treated wastewater irrigation in the Jordan River basin
and defines sensitive and non-sensitive regions for the application. The imple-
mentation of a regional decision support system for water allocation and the
extension of irrigation infrastructures is discussed.

The effects of expanding agriculture and urbanization on water resources in the
Distrito Federal, Western Central Brazil were assessed in another paper in this
volume (Lorz et al., Chap. 21). Major effects identified during the project were
(i) decreasing base flow during the dry season and (ii) sediment generation and the
siltation of reservoirs. The paper describes an IWRM strategy by identifying the
causes of problems and possible solutions for maintaining sustainable water supply
for the region. The study was able to show that a long-term cost efficient man-
agement and the protection of water resources could only be achieved if complex
land-water interactions were an integrated part of IWRM. The authors underline the
challenge of interdisciplinary cooperation and close collaboration between applied
science and practice (Lorz et al., Chap. 21).

1.3.10 Pathways to Sustainable Water Management

Both the scientific and the management community agree that the framework and
concept of IWRM lacks clear methodologies (Stalnacke and Gooch 2010). Several
comprehensive contributions to this volume address the status of IWRM in the
respective model regions and describe pathways to a more sustainable management
of the water resources under pressure.

In the article by Hornidge et al. (Chap. 22) the focus was to provide a detailed
assessment of the current status of IWRM within a case study in Khorezm region,
Uzbekistan, and also to give recommendations for its further development. The
paper concludes that elements of IWRM such as transparency, accountability,
participation, and technical efficiency are as relevant to improving water manage-
ment in Khorezm as elsewhere.

In the contribution to this volume by Mohajeri et al. (Chap. 23) the Zayandeh
Rud catchment in central Iran is taken as a model for initiating and locally adapting
an IWRM process which integrates organisational, participative and technical
measures. The article describes the developed tools which serve as instruments for
understanding water management processes and provide the authorities with a
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decision support tool. The authors urge the need for institutional and organizational
reforms at the national and provincial level in order to establish IWRM in the region
in the long term.

A comprehensive IWRM research project is presented by Kaden and Geiger
(Chap. 24) for the Huangshui River basin, China. The paper introduces
socio-economic analyses, a multi-level decision support system, monitoring concepts
and instruments, and concepts for water-saving and reuse, including pilot projects.

An integrated urban water resources management concept for the Kharaa River
basin in Mongolia is presented by Karthe et al. (Chap. 25). The authors present
several pilot projects that have been successfully implemented for improving water
supply and sanitation, and explore linkages to the urban surroundings. The paper
discusses how solutions were adapted to local situations, taking both sustainable
resource utilization and local acceptance into consideration.

An IWRM approach is presented by Liehr et al. (Chap. 26) for the arid regions in
central northern Namibia, the Cuvelai-Etosha basin. The authors describe how
different water sources (rainwater, floodwater, groundwater and wastewater) were
used for various purposes and implemented as pilot plants. The paper emphasizes
the integration of research, technology and societal aspects by linking scientific
knowledge from natural, engineering and social sciences with the everyday prac-
tices and know-how of the stakeholders involved.

Finally, two studies address pathways to sustainable water management for the
Jordan River basin, a region that is confronted with extreme water scarcity and a
delicate political and transboundary setting (Tielborger et al., Chap. 27; Klinger et al.,
Chap. 28). The project presented by Tielborger et al. (Chap. 27) developed strategies
and guidelines for sustainable water and land management under global change.
A transdisciplinary approach was realized by developing several scenarios of the water
situation and potential adaptation strategies in cooperation with stakeholders, as well as
by establishing the use of the WEAP tool together with regional stakeholders. The
integration of disciplinary knowledge and the active transboundary dialogue between
science and stakeholders is highlighted in this paper.

The project presented by Klinger et al. (Chap. 28) developed a comprehensive
IWRM approach for the region. In addition to naturally available freshwater, uncon-
ventional sources such as treated waste water, artificially recharged groundwater and
desalinated brackish groundwater were considered as water sources. This contribution
describes the strategies developed as well the challenges of implementation.

1.4 Lessons Learnt

Most of the research projects summarized in this volume took the most prominent
definition of IWRM from the Global Water Parthership (GWP 2000) as a starting
point for their work. The conceptual definition was then translated into the context
of the study regions (see for example Liehr et al. for Namibia) and, not surprisingly,
the outcomes were extremely heterogeneous. There is an obvious need of
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context-specific adaptations of the general IWRM concept, and successful projects
operationalized their approaches to the regional or problem-specific settings. It
became obvious that research projects could then provide a substantial scientific
basis for the efforts of IWRM implementation (science based IWRM).

However, while considerable progress has been made in including IWRM in
national policies, strategies and laws worldwide, the actual implementation of
IWRM is lagging behind (Borchardt et al. 2013). Success factors for effective
approaches and their implementations can be summarized as follows: (i) working
horizontally across sectors such as economy, energy, agriculture, environment,
science, and vertically from international to national, regional, basin and local
levels; (ii) working with an intense dialogue between governmental institutions,
science, NGOs and society; (iii) targeted and coordinated capacity development on
different levels (in particular academic, administrative, technical, stakeholder);
(iv) addressing the key role of economics in effective water resources management
with water services treated as part of the economy to be paid for, while considering
water as such in human rights (UN 2010) and (v) implementing infrastructures that
serve multi-purpose schemes (e.g. wastewater management for protecting the
environment and human health, water storage schemes for producing energy or
food and the mitigation of extreme events such as floods and droughts).

1.4.1 Research Plays a Key Role for Data, Information
and Information Management

In order for informed decisions to be made in IWRM, reliable and timely information
must be available for all aspects of the target area. Information is used at different
stages of the IWRM process and in different forms by the various authorities and
stakeholders, whether in the form of quantitative measured data values, written or
orally disseminated local wisdom (GWP 2003) or analysed or modelled results. The
studies summarized here could provide valuable support in establishing and using
current and historical data in order to characterize the baseline conditions of the
model regions, thus gaining an understanding of the state and dynamics of the
various aspects of the environments. For many regions this stage involved devel-
oping new monitoring networks (e.g. Kaden and Geiger, Chap. 24; Klinger et al.,
Chap. 28) and establishing some type of information system, usually involving
databases linked to a GIS; storing and managing the data (see for example WISDOM
information system for the Mekong Delta, Kuenzer et al., Chap. 15). Problem
solving, developing priorities, defining management options, and establishing
decision criteria may only tackled with this deepened understanding of the model
region. Even under difficult political (transboundary) settings, the involved research
institutions were able to play a politically neutral role as information broker and
helped establish a transboundary data- and information system, which is now pub-
licly available (e.g. Siebert et al., Chap. 5, for the Dead Sea basin).
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It is needless to say that the number of decision-support tools developed over the
past decades by scientists and consulting firms is close to endless. Kuenzer et al.
(Chap. 15) summarize some lessons learned for future projects with regard to the
long-term implementation of such systems. They highlight critical points such the
use of an open source technology-based approach, the provision of all systems parts
and resources such as guidelines in the local language, inclusion of potential user
rights from the beginning, and the development of an implementation concept
including the financing concept right from the start of the project, or even earlier.

1.4.2 Capacities Needing Development

Capacity development is a key factor for Integrated Water Resources Management.
The studies presented in this volume show how research, training and advisory
services can be linked in a multi-level approach. All of the studies confirm the need
for adequate capacities in individuals and society in order to address and solve
water problems. Liehr and colleagues (Chap. 26) summarize that capacity devel-
opment measures play a key role in sustainably anchoring scientific project results
locally, beyond the duration of the research project conducted in Namibia. Klinger
et al. (Chap. 28) show how impulses for the careful use of water were created in
schools in Jordan and Palestine by the development of comprehensive teaching and
learning materials on water issues, and the organization of classes for students and
teachers. Nevertheless, capacity development activities within the projects pre-
sented here also experienced significant setbacks. People-related challenges and
other administrative and staff changes on both project partner sides, “brain drain”
(trained experts leaving their home country to look for jobs abroad) and intercul-
tural challenges. Some general “lessons learnt” for overcoming these challenges are
summarized in the contribution by Ibisch et al. (Chap. 14).

As a matter of fact, capacity development is not a new concept in water man-
agement (Blokland et al. 2009). However it is often regarded as only one piece of
the puzzle and not as an integral and inherent part of IWRM. At its best, it is
regarded as a supplementary process accompanying developments in the water
sector. Harmonizing the concepts of IWRM (at the river basin level) and capacity
development is important in supporting the implementation of improved water
resources management (Leidel et al. 2012).

1.4.3 Stakeholder Involvement Supports Sustainable
Consensus Solutions

The broad participation of stakeholders in decision-making supports the formulation
of sustainable consensus solutions. The positive benefits of multi-stakeholder
involvement comprise several participatory functions such as information exchange,
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learning, acceptance, legitimation, ownership and the balancing of interests (Ozerol
and Newig 2008; Kirschke et al., Chap. 13). There is evidence that stakeholder
participation can enhance the quality of decisions by considering more compre-
hensive information inputs. However, the quality of decisions made through
stakeholder participation is strongly dependant on the nature of the process leading
to them (Reed 2008). In the context of this book “participation” was often under-
stood as the collaboration of scientists and stakeholders working together in a
specific project framework. Cooperation in this case, for example cooperation of
scientists with national authorities and agencies of international cooperation, was a
decisive factor in creating synergies and ultimately supporting the sustainability of
such projects at the interface of research and development.

As a typical project pitfall, several projects experienced significant staff turnover
on the local and on the German side of the project which can be a substantial step
backwards in achieving the project objectives. Kaden and Geiger (Chap. 24) state
that “what we learned is that, even for our small study area, [Huangshui River basin
and Longkou City, China] it was difficult to get and to keep all stakeholders on
board. The more complex the processes are and the more stakeholders are involved,
the more difficult the development and implementation of IWRM methods become”
(Kaden and Geiger, Chap. 24).

1.4.4 Institutional Fragmentation Is Still a Major Barrier
Jor IWRM Implementation

Institutional barriers to sectoral integration are still a major obstacle for the imple-
mentation of IWRM (UN-Water 2012). IWRM was proposed to ideally work within
catchment boundaries. Administrative borders seldom coincide with these, therefore
leading to a potential disconnection of spatial planning and water management. An
analytical approach for the assessment of the institutional and political context of
IWRM is presented in this volume (Monsees et al., Chap. 11) which will help to
elucidate such disconnections. The implementation of IWRM principles has often
triggered the establishment of new administrative units (such as river basin organ-
isations), but their legitimation and power is often weak (Dombrowsky et al. 2014).
Broader sectoral integration is not necessarily facilitated by the basin principle. As
the fit with hydrological boundaries is increased, the interplay with other sectors
governed by existing administrative boundaries might be weakened (Moss 2007).

1.4.5 IWRM Based Infrastructures Typically Serve
Multi-purpose Schemes

Water infrastructures which are implemented under IWRM typically serve multi
purposes (multi-purpose infrastructures) and connect different domains. An
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example is described by Karthe et al. (Chap. 25) in this volume for the case study in
Mongolia. A decentralized and willow-based wastewater treatment system was set
up as a pilot plant that treats (or purifies) the wastewater of small communities, and
produces wood and biomass at the same time. The system incorporates local eco-
nomic and environmental benefits as it provides both wastewater and sludge
treatment and represents an alternative fuel source for the local population at the
same time. Financial returns from wood sales could generate local income and
could in turn reduce the logging of local forests and riparian vegetation with
accepted benefits for the highly-stressed land resources (Karthe et al., Chap. 25).
Another example was described by Liehr et al. (Chap. 26) for the study in Namibia.
In a pilot study, rain- und floodwater was collected on impermeable surfaces, and
stored in local reservoirs for the irrigation of vegetable gardens. The sales of
vegetables also generated local income. Although there are relatively high associ-
ated investment costs, there are multiple positive effects generated in income,
nutrition, resources efficiency and the local economy.

1.5 Summary and Conclusion

A large number of research projects dealing with different aspects of IWRM are
summarized in the present volume. Although IWRM might be regarded as an
elusive concept (Jeffrey and Geary 2006) and a philosophy, its translation into
practical implementation has been demonstrated in the various studies summarized
in this book. The duality of the IWRM concept (philosophy and methodology),
bears both risk and opportunity. On the one hand there is a risk that IWRM may be
captured by “traditionalists” which follow traditional schemes, in particular dealing
with clearly defined problems and providing technical, end-of-pipe solutions.
However, the approaches presented here have given evidence that the implemen-
tation of technical solutions can only be effective if embedded in an integrated
systems approach recognizing social, cultural and institutional environments and
accompanying capacity development measures. On the other hand, the vagueness of
the IWRM concept opens space for the specific adaptation and integration of
domains, disciplines and societal stakeholders across sectors and hierarchical levels.
The term ‘TWRM’ might be seen as strategic anchor on a higher level that can and
needs to be filled with life and practical management solutions on the ground. The
procedural character of the IWRM concept (GWP 2000) gives room for adaptation,
refinement and a variety of adapted solutions.

We propose that the lessons learnt presented above should be treated as priority
fields for strengthening the IWRM concept and should be included in the design
and implementation of future INRM programs. This includes: (i) the development
of adequate governance structures; (ii) the need for international data archives and
metadata for IWRM; (iii) long term service and updating of decision support sys-
tems; (iv) different participation models under different social and political systems
and (v) capacity development concepts harmonized with IWRM implementation.
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Major future research efforts should be made to develop clear methodologies for
IWRM implementation under different settings. IWRM is accepted internationally
and this warrants a concerted effort to overcome barriers to implementation. More
pragmatic approaches that take the specific social, cultural and institutional envi-
ronment into account will support ways for sustainable water resources manage-
ment. We propose a shift away from IWRM as a normative concept and argue for
realism and action by giving attention to the critical needs of people and the
environment as the core dimensions of integration.
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Chapter 2

Water Management in a Complex
Hydrological Basin—Application of Water
Evaluation and Planning Tool (WEAP)

to the Lake Kinneret Watershed, Israel

Rotem Sade, Alon Rimmer, Rana Samuels, Yigal Salingar,
Michael Denisyuk and Pinhas Alpert

Abstract Sustainability of fresh water ecosystems and human activities in
Mediterranean watersheds under future climate change can be supported with
integrated hydrological modeling. The Lake Kinneret Watershed (LKW), which
spans over 2730 kmz, is divided between three Mediterranean countries, Israel,
Lebanon, and Syria; and incorporates four different hydrogeological units: Mt.
Hermon in the north, the Golan Heights in the east, the eastern Galilee Mountains in
the west, and the Hula Valley in the central part of the watershed. In this study, we
used several modeling tools together with a detailed observed database to assemble,
test, calibrate and predict simultaneously the water availability within the entire
LKW. The hydrological tools that we used compounded of two built-in catchment
modules in the Water Evaluation and Planning (WEAP) tool, a model of karst
hydrology (HYMKE), lake water balance calculations and artificial rain series
based on a stochastic rainfall generation tool. With this setup we defined the
“coverage” parameter for water availability and identified vulnerable partial areas
inside the watershed, which are more sensitive to extreme draught conditions. The
heterogeneity of the LKW water system and the tools we operated enabled the
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separation of the watershed into regions affected by “climate change” scenarios
(mainly reduced amounts of annual rainfall) compared to regions impacted mainly
by operational decisions.

Keywords Lake Kinneret watershed -+ Mount Hermon - Golan Heights - Water
evaluation and planning - Integrated water resources management - Climatic sce-
narios - Lake water balance

2.1 Introduction

Increasing demand of water for irrigation and domestic usage are threatening rivers
in general, and specifically those situated in semi-arid or Mediterranean climates.
Future sustainability of such fresh water ecosystems given the human activities that
surround them can be supported by improvements of regional water management
(Grantham et al. 2012). Logically, such improvements require a better under-
standing of the hydrological system behavior under current and future climatic
scenarios as well as under various human activities. Modeling both the natural
processes and human demands of the hydrological system requires the use of an
integrated approach in order to understand how climate change may impact the
entire water system.

Integrated hydrological models using the Water Evaluation and Planning
(WEAP) platform (Yates et al. 2005a, b), have been used by some researchers to
assess the potential effects of climate change in basins with significant agricultural
activity. A case study for the Sacramento River basin suggested that improvement
in irrigation efficiency and change in cropping pattern have the potential to reduce
the effect of climate change on water demand in the agricultural sector (Purkey et al.
2008). Similar conclusions were found in a work done on a smaller basin in
California (Mehta et al. 2013). Vicuia et al. (2011a) suggested that reservoir and
groundwater storage were key factors for water management under future climate
change in the semi-arid climate in Chile. Joyce et al. (2011) concluded that the
increasing demand for agriculture in California’s central valley under future climate
change may result in over-exploitation of groundwater. However, they concluded
that while changing operation rules could lead to better water allocation, it could not
mitigate all the reduction in water availability.

By dividing a basin into smaller sub-basins, an integrated hydrological modeling
approach has the ability to identify sub-basins which are more vulnerable to climate
change (Joyce et al. 2011; Vicuiia et al. 2011a). The concept of vulnerability was
defined by Vicuia et al. (2011b) as the ability to sustain a given level of agricultural
activities as a consequence of climatic change. In the dry region of the Middle-East,
with limited amount of water, this is an important characteristic of the watershed.

The northern part of Israel, like other Middle East semi-arid regions, is sus-
ceptible to climate change due to generally dry conditions and limited water
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availability. The IPCC global circulation models (IPCC 2007) as well as runs of
four different global climate models (20 km mesh) agree on a drying scenario in the
Middle East before the end of the 21st century (IPCC 2007; Krichak et al. 2011).
Models also predict higher incidence of extremely wet and extremely dry events
(Krichak et al. 2007; Samuels et al. 2009). A former work on water availability in
the region predicted a 15 % decrease in water availability, together with increasing
of 6 % in water demand for agriculture in Lebanon (Bou-Zeid and El-Fadel 2002).
The potential decrease in water sources and steadily growing freshwater demands
already impose great amounts of pressure on all available water resources in the
region in general, and in Israel in particular.

Located in the northern part of the Jordan Valley (Northern Israel), the Lake
Kinneret watershed (LKW), including the northern part of the Jordan River (JR), is
the most important surface water source in Israel. Despite the large variety of
hydrological studies of LKW (see review in Rimmer and Givati 2014), modeling of
water resources and consumption in the entire LKW and along the course of the JR
for managing purposes has never been done. This task, however, is not trivial
because of the following reasons:

a. The LKW includes four different hydrological units with large differences in
their precipitation to stream flow and groundwater recharge relations, as well as
in the quantity of local water consumption (Fig. 2.1): (1) The Jurassic moun-
tainous karst of Mt. Hermon; (2) The basalt plateau of the Golan Heights;
(3) The Cenomanian-Turonian carbonaceous karst of the Eastern Galilee
Mountains; and (4) The flat alluvial Hula Valley (for details see Sect. 2.2).

b. Simultaneous prediction of precipitation-stream flow relations for the three main
tributaries of the JR (Dan, Snir and Hermon) is feasible only by using a
hydrological modeling approach, suitable for karstic regions (Rimmer and
Salingar 2006).

c. The continuously changing water consumption and groundwater extraction at
the Hula Valley, the Eastern Galilee, and the Golan Heights, complicates sig-
nificantly the calculations of water balances along the JR.

d. The annual precipitation in the entire LKW ranges from >1300 mm annually at
the top of the Hermon Mountain to ~400 mm (~ is used instead of “about™)
annually at the Lake Kinneret, only 50 km south of the Hermon.

The complexity and unknowns of the hydrological and water supply systems
increased the need of a basin scale water balance and modeling tool. Such a model
can integrate between various data bases, four sub-basins and lake water balance in
order to help decision makers in managing the water system in the region. In this
case study, we simulate the complex hydrological system of LKW, focusing on two
main objectives: (1) Incorporating the main hydrological components of the LKW
into an integrated water resources management (IWRM) tool for a large hetero-
geneous watershed, and (2) Identifying vulnerable areas inside LKW which are
more sensitive to climate change. The complexity of LKW required the integration
of several modeling tools, constructed on the basis of one central platform (WEAP).
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2.2 Study Site—The Lake Kinneret Watershed

Approximately 35 % of Israel’s natural fresh water resources originate from the
watershed of Lake Kinneret (Sea of Galilee). The area of the LKW is ~2,730 km?,
of which ~ 780 km? are in Syria and Lebanon. This area holds some of Israel’s most
important fresh water ecosystems. Agricultural use of ~ 150 x 10° m® annually for
irrigation is the main water consumer in the entire LKW. Water supply comes from
various sources: The Jordan River, groundwater and effluent. The expected future
reduction of available water in the watershed due to climate change will create great
challenges for the water management in this region. Future climate is predicted to
cause reduction of groundwater recharge, which in turn may reduce the inflows into
Lake Kinneret by an average rate of ~3 x 10° m® year . An increase of ~0.4 x 10°
m® year ! in evaporation from the lake is also expected (Rimmer et al. 2011).

2.2.1 The Hermon Mountain

The Hermon Mountain range (Fig. 2.1) is an elongated anticline of mostly karstic
limestone of Jurassic age with thickness greater than 2000 m. The Hermon high
regions (above 1000 m a.s.l.) receive precipitation above 1300 mm/a, restricted to
the wet season from October to April. The Hermon basin recharges the main
tributaries of the JR: Dan, Snir (Hatzbani), and Hermon (Banias).

The karstic nature of the Hermon basins is evident when the annual flow of each
stream is introduced compared to its attributed surface area. The Dan stream that
emerges from a small topographic catchment of only 24 km? is the largest spring in
the region (255 x 10° m® annually). The annual flow of the Snir stream, which
exhibits the largest topographic drainage area (612 km?) is 118 x 10° m®, originated
mainly by the Wazani and Hazbaya springs located near the Israel-Lebanon border.
The Hermon stream (annual flow of 107 x 10° m3; drainage area 147 kmz) receives
most of its water from the Banias Spring (~67 x 10° m®) and the rest from other
springs and small runoff components. By using HYMKE (Rimmer and Salingar
2006), Samuels et al. (2010) estimated that snowfall amounts on the Hermon basin
for 19702000 were 2.4 (1978/9) to 202.8 (1991/2) x 10® m® with an average of
41 + 40 x 10° m® year !, and Samuels et al. (2009) assessed that evaporation
is ~20 % of the total annual precipitation.

2.2.2 The Hula Valley

The Dan, Hermon and Snir streams join together near the Yosef Bridge (Fig. 2.1) to
form the JR, which for the next 21 km flows through the Hula Valley (Hula,
Fig. 2.1). The valley covers 177 km? (25 km long by 6-8 km wide), and serves as a
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drainage basin to streams and groundwater from the surrounding aquifers. The
valley is filled with sedimentary materials of low permeability. An early study of
the Hula groundwater (Neuman and Dasberg 1977) claimed that due to the sur-
rounding hydraulic heads there is a significant contribution of deep groundwater
flux to the valley. However, based on groundwater measurements in the local
aquifer, Litaor et al. (2008) and Sade et al. (2010) found that the shallow water table
in the valley is strongly affected by the water level in the JR canals through
significant lateral flow in macropores. Litaor et al. (2008) suggested that the
component of vertical flow upward is fairly mild. The origin of water in the valley
is therefore mainly from the JR, from springs at the margins of the valley, and
streams that drain the surrounding mountain. Annual rainfall in the Hula valley
varies greatly between ~400 mm in the south, up to 800 mm in the north, and the
contribution to the flow in the JR is considered minor.

2.2.3 The Golan Heights

The Golan Heights (Golan, Fig. 2.1) is a 1,160 km” upland region. Its boundaries
are the slopes of Mt. Hermon in the north-west, the Rokad River in the east, the
Hula Valley and the JR in the west, and the Yarmouk River in the south. It is a
basalt-covered plateau, sliced off by deep canyons at its edges. The plateau slopes
gently from north to south, descending from 1200 m a.s.l. on its northern edge to
300 m a.s.l. at its southern rim. Average annual rainfall ranges from 1200 mm at the
north to less than 500 mm at the southern part. The Golan area may be divided into
two hydrological regions: northern (between Sa’ar-Hermon and Gilabun; Fig. 2.1),
that drain to the JR, and southern (between Meshushim and Yarmouk Valley;
Dafny et al. 2003), that drain directly to Lake Kinneret.

2.2.4 The Eastern Galilee Mountains

The water sources originating from this region are the groundwater and stream flows
from all sub-basins west of the JR, the Hula Valley, and Lake Kinneret. It includes
the surface water basins of the Ayun stream (~6x10° m® year ") in the north,
Dishon (~4.5 x 10° m® yearfl), Hatzor (~0.4 x 10° m® yearfl), and down to the
Amud (~1x10° m? yearfl) and Zalmon streams that drain directly into Lake
Kinneret (Fig. 2.1). The main groundwater resources of this region are the Einan
Springs, located South-West of the Hula Valley, and the Tao spring, about 5 km
north of Einan. The annual contribution of all the springs in this region today is
only ~6 x 10° m® year . The average annual precipitation in this region is between
400 mm at the Hula Valley (~ 60 m a.s.l) and 740 mm on Mt. Knaan (900 m a.s.l.).
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2.2.5 The Water System in Lake Kinneret Watershed

The structure of the water system in the LKW (Fig. 2.2) includes fresh water
sources (springs, surface streams and wells); the surface runoff reservoir systems
(mainly on the Golan Heights); main water supply projects of the “Mekorot” Water
Company and local associations (Upper Galilee and Mei Golan); and several
reservoirs of treated effluent for agricultural reuse, originating from the sewage of
urban and rural communities in the watershed. Some 60 x 10° m® year ' is con-
sumed annually for agricultural activity in the Hula Valley, mainly from the
northern part of the JR. Additional 23 x 10° m® year™', originating from the Jordan
River and local effluent sources is exported from the JR by the Zemer project for
agricultural use in the Eastern Galilee Mountains. The Golan Heights with local
reservoir volume of 32 x 10° m® year™', consume 34 x 10® m® year™*, mostly for
agriculture. Direct pumping from the Lake Kinneret (LK) for local consumption
is ~75 x 10° m® year '. Finally, the largest water consumer in the LKW is the
National Water Carrier (NWC), which exports on average ~ 300 x 10° m® year"
from Lake Kinneret to the central and southern parts of Israel.

2.3 Methodology

The heterogeneous hydrological characteristics of LKW require the application of
different modeling approaches to different areas of the catchment. The choice of
modeling approach is subjective and depends on its goal and the features of the
modeled area. In this case, we divided the catchment into the above four regions,
namely Mt. Hermon, Hula Valley, Golan Heights and Eastern Galilee. Each region
was simulated and calibrated separately using a suitable modeling tool, and then the
calibrated units were unified into WEAP to create the simulation for the entire
LKW. Short description of WEAP, the modeling procedure of each region, and how
they were incorporated together, is explained in the following sections.

2.3.1 WEAP21 General Description and Applications

The Water Evaluation and Planning (WEAP) is an IWRM simulation tool that has
been designed to bridge the gap between water management and watershed
hydrology. WEAP integrates natural watershed processes together with agricultural,
municipal, and industrial water demands. The entire simulation components are set
into a sources-sinks network to define an allocation problem. For solving this
problem, WEAP supplies the water demands according to priorities and quantities.

Different strategies for representing water sources and water demands are
available in WEAP. Water sources can be represented by either time series of flow
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data or by a more complex quasi-physical approach that represents rainfall-runoff
processes and groundwater-surface-water interactions. Water demands can be
assigned as a time series of monitored data. Alternatively, it can be calculated as a
function of evapotranspiration and crop coefficients (Kc) for modeling agricultural
water demands, or for modeling watershed scale evaporative demands as part of the
rain runoff module.

Other simulation capabilities of WEAP include simple in-stream water quality,
surface reservoir, hydropower stations, snow temperature index melt model and
financial planning. WEAP is by no means an optimization tool, but a simulation
tool to calculate regional water balances and support decision making (Yates et al.
2005a, b).

In recent years, WEAP has been applied for various problems including
snow-melt modeling under climate change in the hydrological system of
California’s Sierra Nevada (Young et al. 2009); modeling of transboundary water
resources in South Africa (Juizo and Lidén 2008); hydrologic model for the Rio
Conchos Basin (Eusebio and Daene 2009) and hydrological modeling and water
resources modeling of the Sacramento Basin under climate change.

2.3.2 Simulating Mt. Hermon Streams

This mountainous region (Figs. 2.1 and 2.2) is the source of most of the water in the
catchment. On one hand, the “two buckets” conceptual structure of the WEAP
groundwater model (see Golan Heights simulations below) is not suitable for
modeling the complex karst hydrology of Mt. Hermon. On the other hand, there is
fairly small local water consumption in the Mt. Hermon region. Therefore,
rainfall-runoff procedure on this area were modeled and calibrated separately with
the Hydrological Model for Karst Environment (HYMKE; Rimmer and Salingar
2006). The input to HYMKE is two time series: a. equivalent rainfall on Mt.
Hermon, and b. predetermined daily potential evaporation (ET; see Fig. 2.2). The
daily output of the calibrated model (i.e., the discharge of the Dan, Hermon and
Snir streams) formed the calculated discharge of the JR, and was introduced as
monthly input to the WEAP model of the Hula Valley. Local consumption in the
Hermon is relevant only to the Snir River in Lebanon, where consumption data are
not available to us. Therefore the model was calibrated with monthly flows of the
Dan, Hermon and Snir River measured at a gauging station located on the Israel—
Lebanon border.

2.3.3 Simulating the Hula Valley

The Hula Valley is mainly an agricultural area. The water balance of the valley was
calculated using simple mass balance equation because: (1) the local rainfall- runoff
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in the Hula Valley is negligible compared to the external inflows-outflows; (2) large
inflows and outflows of the JR are measured directly; (3) on a monthly scale it is
assumed that no significant storage change is available in the valley; (4) it is
assumed that most of the Hula direct rainfall seeps into the upper soil layer, and
later evaporates with very little contribution to the groundwater discharge or surface
flow, and thus this component could be omitted. We therefore define the monthly
water balance (m® month™") equation for the valley as:

Qoul: Qin + Qsp + Qro - QET - Qzemer (21)

where Qgr is the evapotranspiration (ET), attributed mainly to water “import” into
the valley for irrigation; Q,, is the JR natural inflow to the valley (calculated using
HYMKE) including the volumes allocated for agriculture; Qg, is the local Hula
Valley springs discharge; Q,, is the runoff (unmeasured flow into the valley), Q,,, is
the JR outflow at the obstacle bridge, and Q,,,,, is the water exported from the
valley for agricultural use in the Eastern Galilee (Zemer Project). The Qg in
Eq. 2.1 includes evaporation from open water surface, as well as ET from land
following irrigation and from riparian vegetation (Fig. 2.2).

Most of the water (95 %) consumed in the valley is used for agriculture. Only the
agricultural consumption was simulated using the FAO crop evaporation method
(Allen et al. 1998) which is available within WEAP “Irrigation Demands Only”
Method. It allows simulating changes in water demands by man-induced alterations
using the “crop coefficient” Kc. The Kc incorporates crop characteristics and
averaged effects of evaporation from the soil (Allen et al. 1998). Climate-driven
changes are simulated by changing the values of potential input ET (Fig. 2.2).

The information on the land-use in the Hula Valley was extracted from maps
generated by the Survey of Israel and by the Crop Ecology Laboratory, Migal
(Israel). The former was validated and updated with an orthophoto before seven
categories of land-use were defined (Table 2.1; Fig. 2.3). For calculation of water
demands within the valley, only consumers which directly receive water from the
JR were used, i.e., field crops, fruits, water bodies and riparian vegetation. The last
two categories, although not irrigated, do receive water directly from the JR and
thus they were aggregated into the non-irrigated category.

The land-use changes within a year were estimated with maps that elaborate only
part of the area (the Hula Project, a reclamation project conducted over 4000 ha in
the south Hula Valley area) between the years 2004 and 2006. These maps are
being updated twice a year (March and August) and therefore, could represent
general management trends within a year. For the purpose of this work we assumed
no land-use changes between years.

The reference ET and the Kc value determine the actual ET (Allen et al. 1997).
For the WEAP simulations, we used reference ET from the Israeli Meteorological
Service, which was calculated by the Penman Monteith equation using data from
the Kefar Blum meteorological station (Fig. 2.1). The crop factors, i.e. Kc values,
(Table 2.1) were based on the National Engineering Handbook (NEH 1993).
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The FAO crop evaporation does not account for domestic water-use. This part of
the simulation was evaluated by per capita calculation. The population size (8300
capita) was taken from the Israeli statistical bureau, and water consumption was
assumed to be 250 m>/(capita x year). The springs and the runoff flow (i.e. Ayun
and the Eastern Galilee streams) were used directly as time series data measured by
the Israeli Hydrological Service (IHS).

Calibration of the Hula area was performed by comparing the calculated flow at
the Obstacle Bridge (Fig. 2.2) to the measured flow (Fig. 2.4c). We calibrated the
model by adjustment of the irrigated portion out of the total field crops area for each
month. The calibration resulted in an irrigated portion that reached the maximum of
90 % at late spring and early summer, and decreased to 50 % at the end of summer
(August, September). This reflects general trends of decreased irrigation towards
the end of the summer crop season.

2.3.4 Simulating the Golan Heights

The Golan area consists mainly of non-cultivated open areas (i.e. grazing land,
nature reserve, army fire zone). Direct rainfall over the area is the main water
source; thus the total water input can be estimated by interpolation of rain records
over the Golan. In order to estimate the available water for the region, one must also
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know the total output of water. This component includes the ET, surface flow and
groundwater flow all of which are difficult to estimate. The ET was estimated with
the Penman Monteith equation similar to the Hula Valley. The surface water flows
through about 15 streams running from east to west into the JR in the north and into
the Lake Kinneret in the south (Fig. 2.1), but only five streams are equipped with
flow gauges. Moreover, some of the precipitations infiltrate into the basalt aquifer
which feeds many small springs located in the large streams and at the western
slopes of the Golan (Dafny et al. 2003). Here again, not all springs have flow
records. Evidently, no direct measurements of the total input and output in the
Golan are available and consequently, the water balance of this area could not be
simply completed.

The Golan area was therefore simulated with the rain runoff module
(RRM) inside WEAP (Fig. 2.2). In this modeling approach, the hydrological system
is treated as a “two bucket system” (Sieber and Purkey 2002). Meteorological
records are the forcing variables for the modeled hydrological system. The main
watersheds of the Golan area were delineated from a digital elevation model
(DEM) (50 m pixel) using ArcMap (ESRI). Since meteorological parameters such
as precipitation and temperature are strongly correlated with elevation (Rimmer and
Salingar 2006), each watershed was segregated into elevation belts (<0, 0-300,
300-600, 600-900, >900 m. a.s.l.) and meteorological parameters were calculated
as a linear function of the mean elevation of each elevation belt.

Since precipitation data show high variability between years, and precipitation is
correlated with geographic elevation, we used the monthly time series data of 14 rain
gauges (partly shown on Fig. 2.1) to generate the spatial distribution of rain on the
Golan. The other meteorological parameters used to force the RRM were air
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temperature, relative humidity and wind speed. Their values were based on the
monthly averages records from two meteorological stations, one in Kfar Blum (Israeli
Meteorological Service) at the elevation of 75 m, and the other in El-Rom (Ministry of
Agriculture and Rural Development) at the elevation of 900 m (Fig. 2.1).

The RRM was calibrated for five watersheds with flow gauges at their outlet:
Orvim (Fig. 2.4a), Meshushim, Yehudia, Dalyot and Samah. Parameters for cali-
bration were the soil hydraulic parameters (Sieber and Purkey 2002) and the sea-
sonal changes of Kc (Table 2.1) which in this case represent the growing stage of
the natural grass that cover most of the open areas on the Golan Heights. The
calibrated parameters were then used to run the RRM for the rest of the Golan
Heights watersheds.

Using the RRM we evaluated the inflow into the reservoirs on the Golan
Heights. The watersheds which include a reservoir were divided into two parts; one
part included only the watershed upstream the reservoir and the other part included
the watershed downstream. The reservoir overflow was linked to the main stream of
each watershed so that the total flow from each watershed was the sum from both
parts excluding the reservoir storage.

The agricultural water demands were simulated similarly to the Hula area. Land
maps from the local water company (Mei Golan) were used together with Kc
(Table 2.1) and ET values as the input for the FAO crop evaporation method inside
WEAP.

2.3.5 Simulating the Eastern Galilee

The Eastern Galilee (Fig. 2.1) has minor influence on the catchment water budget
because the large springs in the area are pumped into the local water system and
runoff occurs only after large rainstorms. Since we have only little information
about the consumption in this area, we decided to represent it by monthly time
series of the measured flow from all stream gauges at the Eastern Galilee (average
of 15 x 10° m® year '; Fig. 2.2). The flow is either to the JR or directly to Lake
Kinneret.

2.3.6 Simulating Lake Kinneret Water Balance

When measured variables of the water balances are separated from the unknowns
the water balance equation of Lake Kinneret is:

Qs - Qe = AVL + Z Quut - Z Qin (22)
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where the monthly measured quantities (m®) at the right hand side of Eq. (2.2) are
the change in water volume of the lake (AVy, positive if inflows larger than out-
flows); the outflows (Qy), including water released to the lower Jordan River
through the Degania Dam (Fig. 2.1), the withdrawal of water by pumping to the
National Water Carrier (NWC) and by private consumers. The inflows (Q;,) include
the flow from the upper JR, the runoff from the direct watershed, water diverted to
the lake from the Yarmouk River, direct rainfall, and discharge from several gauged
saline springs. The monthly-unknown quantities (m’) at the left hand side of
Eq. (2.2) are evaporation loss (Q.), and the unmonitored contribution of saline
springs (Qy).

The Lake is simulated in WEAP as a reservoir on the JR, and as such, uncer-
tainties in the water balance (Rimmer and Gal 2003) were not taken into account.
Following Eq. 2.2, inflows (Q;,) were calculated from the cumulative models of the
upstream units- the JR and the direct watersheds. The JR includes the Hermon, the
northern parts of the Golan Heights (see Sect. 2.2.3) and the Western Galilee, and
the Hula Valley. Direct watersheds are the southern parts of the Golan Height and
the Western Galilee. The pumped outflows (one part of Q) were set as monthly
measured time series of pumping to the NWC and to private consumers. In Eq. 2.2
both the evaporative loss (Q.) and the contribution of the saline springs (Qs) are
unknowns of the water balance which are not possible to evaluate with the WEAP
built in modules. These unknowns were introduced as calculated time series, based
on the long term solution of the water-solute-energy balances (Assouline 1993).
The change in water volume of the lake (AVy in Eq. 2.2) was determined by the
WEAP simulations, using the Israeli official hypsographic curve (volume-elevation
and volume-storage capacity curves) of the lake (Mekorot 2003). Comparison
between the simulated and the observed lake storage is presented in Fig. 2.4b.

2.3.7 Scenarios

In this part of the study, we have generated artificial rainfall and ET scenarios in
order to evaluate the effects of the changes in precipitation and ET on the water
availability in the entire LKW. Note that by combining the four units into the
general WEAP-LKW scenario, the priorities of water allocations could be
re-examined. For example, the system allows testing how allocations should be
determined for both local water consumers and NWC consumers, together with the
considerations of maintaining the required water level in Lake Kinneret. The main
purpose of this part was to test the performance of the complete WEAP-LKW under
various forces, and it is by no means a prediction of climate change scenarios.
Four scenarios (SC) were determined in WEAP: SC1 real daily rain time series
in the years 1996-2005 and average monthly ET; SC2—based on SC1, but the rain
reduced by a factor of 0.8, and the ET increased by a factor of 1.05; SC3—artificial
rain series (see Samuels et al. 2009 base scenario) and average monthly ET.
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The SC3 time series represent hypothetical precipitation (no real meaning to dates)
with an averaging monthly rainfall as in SC1, but daily and monthly precipitation
vary stochastically; SC4—based on SC3, but the rain reduced by a factor of 0.8,
and ET increased by a factor of 1.05.

In SC1 we verified that the HYMKE results and the entire LKW inflows and
outflows were consistent with the real water system, while SC2 was used to detect
the effect of extreme reduction in precipitation and increase in ET. These scenarios
served as references for the SC3 and SC4, respectively, used for simulating the
same long-term conditions as in SC1 and SC2, but with random climate conditions
for each year (Samuels et al. 2009). These four scenarios are used for (1) verifying
that the WEAP LKW system is reliable under general trends of climatic forcing,
and (2) compare between the results of two scenarios—business as usual (SC1,
SC3) and severe drought (SC2, SC4).

2.4 Results

The calibrations of the different parts of the model were good (Fig. 2.4) with
Nash-Sutcliffe Efficiency (NSE) values of 0.09, 0.85, 0.87 and 0.83 for the Orvim
stream, Kinneret water storage, JR at the obstacle bridge and the sources of the JR,
respectively. Moriasi et al. (2007) suggested that a model performance was satis-
fying if the NSE is greater than 0.5. The NSEs here are well inside this range except
for the NSE of the Orvim stream which is low even compared to the NSE of other
streams in the Golan, i.e. NSE of 0.58, 0.87, 0.75 and 0.79 for the Meshushim,
Yehudia, Dalyot and Semeh, respectively. Thus, overall performance of the model
is satisfying for the purpose of this work.

In some cases the non-satisfying WEAP performance in modeling rain-runoff
processes and especially peak floods, could be attributed to the time step in the
model (Yates et al. 2009). This should be at least as long as the longest resident
time in the system (Purkey et al. 2008). Like many others, a monthly time step was
used here because only monthly consumption data is available. This choice
inherently scales the soil parameters to monthly values (Purkey et al. 2008) and puts
a limitation on modeling the rain-runoff process which occurs on shorter time
scales, i.e. hours to days. Despite this limitation, the Rain-Runoff method inside
WEAP gives good results for the needs of the integrated hydrological system, as it
is evident here and in other works (Purkey et al. 2008; Yates et al. 2009; Joyce et al.
2011; Vicuna et al. 2011a, b; Mehta et al. 2013).

Results of the scenarios are focused mainly on the ability of WEAP to examine
the differences between “business as usual” SC3 and drought SC4. Available water
in the Golan, in the Hula and in LK is presented and discussed as the difference
between SC3 and SC4. The flow from the Golan was aggregated into two com-
ponents, the flow to the JR in the Hula Valley (north) and the direct flow to LK
(south). The decrease in the flows (SC4 compared to SC3) is presented in Fig. 2.5a
as the percentage of the accumulated flow of SC3. As expected, SC4 generated less
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flow. The decrease is sharper in the direct flow to Lake Kinneret (southern Golan)
where it reaches ~ 25 %, compared to only ~ 15 % decrease in the northern Golan.
The larger decrease in the southern part is explained by the higher storage volume
in this area compared to the north of the Golan Heights, which causes larger
percentage of the water to be stored in local reservoirs. The decrease in the available
water from SC4 compared to SC3 is seen not only in the discharge but also in the
reservoir storage and the unmet demands (the monthly volume of water needed
which could not be supplied by the present water system; Fig. 2.5b). The calculated
maximal storage in each year is reduced by ~4-8 x 10° m>. The very close
similarity between the decrease in storage volume and the increase in unmet
demands is due to the high reliance on reservoir storage for irrigation in the Golan.

The results from the simulation of the Hula area are presented in Fig. 2.6. The
simulated JR accumulated flow at the Obstacle Bridge under SC4 was reduced by
about 30 % with respect to the simulated flow in SC3 (Fig. 2.6a). Most of it is
attributed to reduction of stream flow in the JR sources. Although the simulation
showed significant reduction in the available water, most of the demand for irri-
gation in the Hula Valley could still be met (Fig. 2.6b). The reduction in available
water in the Hula is reflected in the reduction of the water export through the Zemer
project (Fig. 2.6b). In this case the simulation showed 6 summer month of unmet
demand. Unlike the local reservoir system on the Golan Height, the water supply to
the Zemer project is supported by the entire JR system, and therefore unmet
demands occurred only during extreme cases of draught, in the middle of the
summer, when large amount of water is needed.

Fig. 2.5 Available fresh
water in the Golan. a The
change in accumulated flow

from the Golan in SC4 as
percentage of accumulated
flow in SC3. b The change in
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Fig. 2.6 Available fresh water in the Hula. a The change in accumulated flow at the Obstacle
Bridge in SC4 as percentage of accumulated flow in SC3. b Unmet demands of the Zemer Project
and of the Hula agricultural area

The storage volume in LK is influenced greatly by the decrease in precipitation
(Fig. 2.7a). Similarity can be observed between the steady water storage in SC1 and
SC3, compared to the severe reduction in lake storage in SC2 and SC4. These
reductions were caused since lake deployment was considered the same for both the
regular (SC1, SC3) and drought (SC2, SC4) scenarios. When the operation of the
lake is unrestricted, no unmet demands are expected in the NWC (as long as there is
water in the lake). However, realistically, the operation of the lake is restricted
between the upper red line (flood risk) and the lower red line (operational and
environmental risks). Therefore, practically pumping from the lake should not
continue when water level is under the lower red line. When SC3 and SC4 were
modified to meet the red line restriction (i.e. minimum lake storage of 3660 x 10°
m°®) the restrictions created unmet demands in the NWC (Fig. 2.7b), which was
given lower priority. Unmet demands were observed in three out of nine years in
SC3 but increased to six out of nine years in SC4. The unmet demands reached a
maximum of about 50 x 10° m> a month, and a total of 148 x 10° m® and 649 x 10°
m® in SC3 and SC4, respectively.

The “coverage” was suggested to be a good estimation of the vulnerability of
agricultural area (Vicuiia et al. 2011a, b) to changes in available water. It is defined
as the ratio between the water demand and water supply. Since all scenarios had the
same land use, the changes in coverage reflect the ability of a watershed to sustain
current agricultural activity under climatic/operational changes.

The change in monthly average coverage in the SC4 simulation with respect to
the SC3 simulation is presented in Fig. 2.8a. In the Golan, during most of the
summer and the autumn month, the simulations showed a reduction of the monthly
average coverage. This reduction reached to about 20 % in July and September. In
the Hula area the reduction in coverage was evident only in July. Thus, we see that
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Fig. 2.7 a Simulated storage
volume in LK in SC1-4;

b The unmet demands in the
National Water Carrier in SC3
and SC4 when storage
volume is restrict to above
3660 x 10° m?

Fig. 2.8 a Changes (%) in
coverage calculated for SC4
relative to SC3. b Changes
(%) in coverage calculated for
SC4 Red Line relative to SC3.
The coverage is defined as the
ratio between the water
demand and water supply.
The negative values indicate
decrease in coverage
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the agriculture in Golan area is more vulnerable to “climate change” then the
agriculture in the Hula.

The comparison between the two areas is interesting since they represent two
different kinds of water production strategies. The Golan area relies on local
reservoir which is nearly fully exploited every year, i.e., there is no long term
storage. The Hula area irrigation relies on the supply of water from direct pumping
from the JR. The low vulnerability of the Hula area is due to the large volume of
water flow in the JR with respect to total water demand in this area.

The regional picture becomes more complicated when we analyze the coverage
if the water authorities will change operation rules in the lake, so that the water level
is restricted above the red line (Scenario SC4 Red-Line, Fig. 2.8b). In this case the
coverage of the Hula area and the NWC is significantly reduced. The reduction of
the coverage in the Golan is kept similar to the original SC4. These results imply
that the NWC and the Hula area are more vulnerable to the lake operation rules,
then to “climate change”. The Golan is operated almost autonomously, thus is less
vulnerable to the operation rules of the lake.

2.5 Summary

According to the Global Water Partnership (GWP) website (http://www.gwp.org),
Integrated Water Resources Management (IWRM) is a “...process which promotes
the coordinated development and management of water, land and related resources
in order to maximize economic and social welfare in an equitable manner without
compromising the sustainability of vital ecosystems.”

In this study, emphasize was set on one of the IWRM basis: the quantification of
finite natural water resources which have many different uses, under scenarios of
reduced available water. The integrated model tested how irrigation demands in two
locations, are met together with ecological management of Lake Kinneret and its
tributaries. Some aspects of IWRM such as economic and social welfare, including
trans-boundary water sources and the touristic significance of the Lake Kinneret
Watershed, were not included in this project. However, the quantification basis set
by this study may lead to farther enhancement of these aspects as well.

Here we used several modeling tools together with detailed databases of mon-
itoring to assemble, test, calibrate and predict simultaneously the water availability
within the entire LKW. The system is now in the required form, capable for
integrated water resources management in the LKW. Two main aspects of water
management were demonstrated in this study:

The first aspect is from a watershed modeling technical point of view - how to
incorporate and integrate the main hydrological components of a complicated
hydrological system into an IWRM using various, independent models. The central
modeling tool was WEAP however, although it was designed to integrate natural
watershed processes with various types of water demands, application of this tool
alone to complex watersheds such as the LKW was not the preferred choice.
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The hydrogeological structures that we tested required an operation of several
complimentary modeling tools: (i) HYMKE (Rimmer and Salingar 2006) for the
hydrology of the karst Mt. Hermon springs; (ii) Input of monthly time series (lake
evaporation and offshore springs discharge) originating from an independent lake
water balance calculations (Assouline 1993); (iii) the usage of two different WEAP
built in catchment modules- one (“Irrigation Demands Only” Method) for the Hula
and one (“Rain Run Off, Soil Moisture” Method) for the Golan Heights; and
(iv) Artificial rain series based on stochastic rainfall generation tool (Samuels et al.
2009). It is suggested that in complicated hydrological problems the approach of
integrating several independent models and analytical tools into a single modeling
system might be more accurate and easier to produce than using a single modeling
tool.

The second aspect is from a practical water management point of view. We
defined the coverage as a parameter of water availability; we show how to identify
vulnerable partial areas inside the watershed, which are more sensitive to extreme
conditions; and exemplified how to separate between the effect of “climate change”
and the effect of operational decisions on water availability. It is the heterogeneity
of the LKW water system that made it possible to demonstrate various types of
hydrological approaches and water availability considerations within a single case
study.
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Chapter 3

Assessment of Anthropogenic Impact

on the Environmental Flows of Semi-arid
Watersheds: The Case Study of the Lower
Jordan River

Assaf Chen and Noam Weisbrod

Abstract The escalation in hydrological alteration of rivers on a global scale,
potentially causing environmental degradation, initiated the establishment of the
Environmental Flow Assessment science where the quality and quantity of water
required for ecosystem conservation is determined and taken into consideration.
The Lower Jordan River (LJR) Basin has gone through massive exploitation of its
scarce water resources in the last half century: man-made stream regulations and
diversions have drastically affected the LJR’s natural flow regime and degraded its
water quality. This research aims to investigate the continuous degradation of water
flow in the LJR, by looking into its past natural temporal and spatial flow vari-
ability. River flow data were obtained for years 1921-2011. Both natural and
regulated flow regimes were examined. The software tool ‘Indicators of Hydrologic
Alteration’ (IHA) was used for daily flows’ comparisons. The IHA tool results
show significant changes in rates of base flows and frequency and magnitude of
extreme flow events, between pre-impact and post-impact periods. According to our
results, in order to mitigate these flow alterations, a relocation of 100 MCM/year of
fresh water to the LJR river system is needed, which will be used to: fortify its
depleted base flow; generate two yearly flood events; and introduce four additional
high flow pulses. This reallocation would enable a mimicking of the LJR’s natural
variability of flow at a relatively minimal amount of water. This research constitutes
a first step towards understanding the LJR’s hydrological natural conditions. Its
findings could be very useful when weighing different rehabilitation options for the
LJR and other anthropogenic impacted semi-arid basins.
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and rehabilitation - Indicators of hydrologic alteration
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List of Acronyms

CMS Cubic Meter per Second

EFA Environmental Flow Assessment
EFC Environmental Flow Components
EFR Environmental Flow Requirements

IHA Indicators of Hydrologic Alteration
IHS Israeli Hydrological Service
MS Israeli Meteorological Service
IWA Israeli Water Authority

KAC King Abdullah Canal

LJIR Lower Jordan River

LIJIRB  Lower Jordan River Basin
MAR  Mean Annual Runoff

MCM  Million Cubic Meters

NWC  National Water Carrier

SOG Sea of Galilee

SWC Saline Water Carrier

UJR Upper Jordan River

UJRC  Upper Jordan River Catchment
WWTP Waste Water Treatment Plant
YR Yarmouk River

3.1 Introduction

Humans can’t survive without rivers. From the dawn of time, rivers have been
providing food, drink and habitation sites. People have relied on rivers for cleaning,
waste removal, decomposition, transportation, commerce, power generation and
recreation. Humans have been thus altering and regulating natural rivers’ flows to
meet these needs. Rivers won’t be able to continue to meet the full array of
humanity’s needs if people continue to look at river management from a purely
economic and exploitative point of view. The flow of rivers is part of the planet’s
water cycle and breaking it would harm not only the rivers’ flow but also the entire
web of life (Karr and Chu 2000).

The alteration and regulation of rivers flows in order to supply human needs
comes at the great cost of damaging the rivers’ integrity. Variability of natural
stream flow quantity and timing is critical in determining water quality, tempera-
ture, habitat diversity and channel geomorphology. Thus, altering hydrological
variability in rivers is ecologically harmful, and has chain reaction effects (Poff et al.
1997).

Unregulated river flow is dynamic and can be measured at different scales. Flow
regime consists of five main components, which regulate ecological processes and
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directly and indirectly influence the river’s integrity. These components are:
magnitude of flow, frequency of a flow event (or aggregated events within a time
period), its duration, timing (predictability) and rate of change (how quickly flow
changes amplitude) (Arthington and Pusey 2003; Dyson et al. 2003; Poff and Ward
1989; Poff et al. 1997; Richter et al. 1996, 1997; Smakhtin et al. 2004; Tharme
2003). These components help to explain different hydrological phenomena such as
floods and low flows (droughts), and can be used to measure human impacts.

The escalation in hydrological alteration of rivers on a global scale, causing
environmental degradation, initiated the establishment of the science of
Environmental Flow Assessment (EFA) where the quality and the quantity of water
required for ecosystem conservation is determined and taken into consideration
(Tharme 2003). Therefore, Environmental Flow Requirements (EFR) is a com-
promise between human development plans exploiting the ecosystem’s resources
and aquatic system maintenance (Smakhtin 2008).

Arid and semi-arid watersheds are especially vulnerable to increasing demands
on freshwater resources, due to the scarcity of water resources. In particular, shared
water resources within semi-arid to arid regions, such as the Middle East, are a
source for dispute. The control over water and its allocation has been a root cause
and reason for exacerbated political tensions in this area (Mimi and Sawalhi 2003).

Shallow groundwater often supports the base flow of many arid streams and
river tributaries (Arthington and Pusey 2003). Consequently, overpumping for
irrigation or domestic purposes, combined with water diversions, result in
groundwater depletion and stream dewatering (Stromberg et al. 1996). Such
extreme changes in flow conditions pose considerable implications on riparian plant
and animal species (Poff et al. 1997). Arid watersheds’ temporal variability of flow
is inherently high. According to climate change forecasts, this variability is
expected to rise, along with an overall decrease in the amount of available pre-
cipitation, in semi-arid to arid zones (Givati and Rosenfeld 2007; Abdulla et al.
2009; Iglesias et al. 2007). Therefore it is probable that these environmental con-
ditions will continue to deteriorate without having firm rehabilitation strategies in
place.

3.2 Lower Jordan River Hydro-System

The Jordan River, located in the Middle East region, is considered to be a sacred
river according to the Jewish and Christian religions. Its total drainage area is
18,000 km?. Its total length from the Hermon Mountain in the north to the Dead Sea
in the south, along the Syrian-African Rift system, is around 250 km in aerial
distance (Fig. 3.1). The LJR extends for a 105 km distance from the Sea Of Galilee
(SOG) in the north to the Dead Sea in the south. Its total length, due to meandering,
is almost double (Farber et al. 2007; Klein 1985). The LJR constitutes the border
between the Hashemite Kingdom of Jordan (to the east) and Israel and the
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Palestinian Authority (to the west). Access to the river is limited due to imposed
military restrictions on both sides. Precipitation in the Jordan river basin varies from
1,400 mm/a in the north (Mount Hermon, including snow) to 250 mm south of the
SOG, further diminishing to around 100 mm/a near the Dead Sea, averaging at less
than 200 mm/a on both sides of the Jordan River (Lowi 1993; Klein 2005).
Therefore, much of the basin is semi-arid to arid, requiring irrigation for agricultural
development.

For thousands of years the Jordan River flowed freely. During the last century up
until fifty years ago, the LJR carried an amount of 1,300 MCM of fresh water
annually, to the Dead Sea. The river contained healthy, balanced and sustainable
ecosystems rich with fauna and flora (Orthofer et al. 2001; Farber et al. 2005; Lynch
1853).

The LJR has two main water sources: (1) the starting point of the LJR at the
outlet of the SOG (currently at Degania Dam), which is fed by the Upper Jordan
River (UJR); and (2) the Yarmouk River (YR) which originates in Syria, travels
through the Hashemite Kingdom of Jordan and confluences with the LJR at
Naharayim, 7.5 km south of the origin of the LJR at the SOG. Currently, the
majority of the other tributaries contribute water to the LJR only during extreme
high flow events during the winter season, while most of the steady springs’
contribution is exploited mainly for agriculture needs (Klein 2005).

The LJR was flowing naturally without any interruptions until the construction
of the Degania Dam in 1932, blocking the natural starting point of the LJR at the
outlet of the SOG. The dam was functioning to produce electricity between the
years 1932-1948. In 1964, the Israeli NWC was inaugurated, diverting water away
from the SOG to the southern parts of Israel, thus reducing greatly the amount of
water available for the LJR. Another two more recent, artificial man-made sources
originating at the starting point of the LJR are: an effluent of the Bitania Waste
Water Treatment Plant (WWTP) and saline water from the Saline Water Carrier
(SWC), which diverts saline springs’ water from entering the SOG. Currently, the
only source of water at the outlet of the SOG is effluent, which flows at a relatively
constant rate of 23 MCM/y, from the SWC and Bitania WWTP. This is less than
4 % of the SOG’s historical mean annual runoff to the LJR (Chen 2011).

The flow of the YR into the LJR was uninterrupted until the inauguration of the
King Abdullah Canal (KAC) at 1964. During the 1980s, Syria had constructed a
series of dams along the tributaries of the YR in its territory, further diminishing the
amount of water available for the YR (Hassan and Klein 2002). The recently joint
Syrian-Jordanian construction of the Unity Dam (El Wahdeh dam) which has
recently been inaugurated (in 2011), and can hold up to 110 MCM, is going to
further impound the natural flow of the YR (Klein 1985; Shub and Anisfeld 20009).
Due to these diversions and regulations, the LJR contributes approximately only
120 MCM/y out of the original amount of 1,300 MCM/y of water flow into the
Dead Sea, with the majority of the water being effluents, agricultural runoff and
drainage of poor water quality (Orthofer et al. 2001; Shaham 2007; Venot et al.
2008; Holtzman et al. 2005; Farber et al. 2004, 2005; Chen 2011). Due to massive
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decline in inflow, the Dead Sea level has dropped more than 25 m within the last
30 years (Ali 2011; Lensky et al. 2005; Hersh 2005; Abu Ghazleh et al. 2009).

It is a great challenge to design and implement an ecologically sustainable water
management program which can satisfy both human needs, such as storing and
diverting water for human consumption, without degrading or simplifying the
affected ecosystem, culminating in the loss of species’ biodiversity and services for
society (Richter et al. 2003). EFR should be prescribed in a way which would
mimic important features of natural ecosystem flow regime to the fullest extent
possible (Poff et al. 1997; Richter et al. 2003; Arthington and Pusey 2003;
Arthington and Zalucki 1998). A river basin is considered “closed” when all its
river flow is allocated for uses other than the maintenance of its aquatic ecosystem
services (Smakhtin 2008). Since the structure and function of every river is
determined by temporal and spatial variability of flow, it is important to find out the
historical natural flow regime of the LJR before its basin was “closed”. For that
purpose, examining historical data regarding past flow patterns of the LIR is nec-
essary in finding out natural flow trends of the river and in suggesting solutions that
would mimic this natural behavior and will restore the river’s ecological integrity
(Poff et al. 1997).

The overall objective of this research was to investigate the continuous degra-
dation of water flow in the LJR and to prescribe a rehabilitation plan for the river.
This was done by comparing the LJR’s past natural uninterrupted flow regime with
contemporary anthropogenic regulated flow. Looking into the river’s natural flow
helped determining the natural uninterrupted temporal and spatial flow variability of
the LJR, and facilitated in constructing EFR for the river.

3.3 Methods

River flow was measured by the British mandate authorities, and later by the Israeli
Water Authority IWA) within the time periods of 1921-2010 at different scales,
including: daily, monthly, seasonally, and yearly. In this research, emphasis was
given to: (1) differences between distinctive magnitudes of flow—base flows versus
extreme flow events (floods and droughts); (2) frequency, duration and timing of
extreme flow events; and (3) rate of change in flow amplitude. Comparisons were
conducted in three different locations as described in Table 3.1: (1) the outflow of
the LIR from the SOG; (2) the YR tributary, before its confluence with the LJR; and
(3) the point of confluence of the LJR and the YR (Naharayim and Gesher)
(Fig. 3.2). Hydrological data was obtained courtesy of the Israeli Hydrological
Service (IHS), from eight different monitoring stations (Table 3.2).

As can be seen in Table 3.2, these monitoring stations were in operation for
different periods of time, where the period of record at most stations is broken and
not continuous. Therefore there was a need to rely on all possible available data in
order to get a continuous flow data. For example: the two adjacent monitoring
stations on the YR—Yarmouk-gate 121 and Yarmouk-below gate 121 are only a
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Table 3.1 Compared pre and post impact periods on the LIR, with the corresponding hydrometric
stations and flow data resolution

Location Pre-impact period Post-impact period Resolution
Degania (I in Fig. 3.2) 1921-1931 1933-2008 Monthly
Yarmouk (IT) 1934-1948 (Dec—Apr) 1989-2010 (Dec—Apr) Daily
Yarmouk (III) 1926-1964 1989-2010 Monthly
Gesher/Naharayim (IV) 1927-1931 1933-1946, 1978-1999 | Monthly

Fig. 3.2 Locations of
hydrometric monitoring
stations on the LJR and YR,
used in this study

few hundred meters apart (Fig. 3.2) and would provide the same flow data.
Therefore, theoretically there would be a need for only one of the station’s data.
Nevertheless, since their operation was interrupted, it was necessary to use both
stations in order to get a continuous flow data. The same goes with the two
monitoring stations on the LJR main stem—Gesher and Naharayim (Fig. 3.2): both
stations were in operation only part of the explored time period, so data from both
stations had to be combined. Since the distance between Gesher and Naharayim is
only 2 km, and there are no other tributaries joining the LJR in between, these two
points were considered as a single point of reference for measuring water flow.
Yarmouk-Power-Company and Yarmouk-Naharayim monitoring stations may refer
to the same location, whereas the former was used only during the British mandate
and there is no mention to its exact location. Degania monitoring station has been in
operation almost uninterruptedly since the inauguration of the Degania dam.
However, when the NWC was constructed, and saline spring water was diverted
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Table 3.2 Available data on the LJR: location, timing and resolution

Hydrological Hydrological | Latitude/longitude | Years Resolution
station name station
number
Degania 31,198 3271153/ 10/1921-8/22, 10/25— | Monthly
35.57300 9/32, 10/33-4/48,
5/49-9/08
Gesher (Jisr el None 32.62463/35.56460 | 10/26-9/46 Monthly
Majami)
Naharayim 34,185 32.63516/35.56550 | 1/78-4/2000 Monthly
Yarmouk-gate 34,159 32.68280/35.6395 | 10/95-2/99 Monthly
121
Yarmouk—gate 34,159 32.68280/35.6395 | 10/88-9/91 Daily
121
Yarmouk- below | 34,160 32.68498/35.6364 | 10/91-2/99, 1-9/2000, | Daily,
gate 121 1/01-9/10 Monthly
Yarmouk— None - Dec—Apr/34-48 Daily
Power-Company*
Yarmouk— 34,180 32.64482/35.5729 | 5/26-9/95 Monthly
Naharayim
SWC at Alumot | None 32.70217/35.5630 | 1/65-9/2008 Monthly

“There is no specific location information. It is assumed to be in the vicinity of station number
34,180

away from the SOG via the SWC into the LJR, it was necessary to monitor and
include this additional amount of water to the LJR water budget, therefore adding
the monitoring of the flow of the SWC at Alumot dam was also included in our
study. The fact that the river is marking an international border, which until 1994
was an antagonistic border between enemy countries, might explain the lack of
cooperation between the countries in maintaining and constructing hydrometric
monitoring stations along the river in order to monitor its flow.

Meteorological data containing monthly and annual precipitation information
from seven rain gauging stations within the catchment area of the UJR and LJR
were obtained courtesy of the Israeli Meteorological Service (IMS), for the years
1921-2010. Precipitation measured in the K. Gilady rain gauging station, which is
located in the upper Galilee area, was found to correlate best to the uninterrupted
flow discharge of the LJR, thus was chosen for this study. A comparison between
the multi-annual precipitation patterns of pre- and post-impacted years was con-
ducted in order to find out if there were different trends in precipitation during the
two periods, in order to estimate what the contribution of climatic changes (if any)
was to the alteration of the LJR flow regime, besides the anthropogenic impact that
was discussed already in the introduction.

With such ample daily scale hydrological data, it was possible to use the
“Indicators of Hydrologic Alteration” (IHA) software tool for statistical analysis of
temporal flow variability regimes, comparing the daily flows of the YR during the
pre-impact period of 1935-1948 and post-impact period of 1989-2010 (Richter
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et al. 1996). IHA works best with daily scale mean flows, providing 32 hydrologic
parameters for each data series along with 34 additional parameters representing the
Environmental Flow Components (EFC) analysis which are also available within
the THA tool (Mathews and Richter 2007). These parameters were calculated for
each period and compared in order to measure alteration in flow. These statistical
capabilities proved to be very advantageous in pinpointing and identifying the
major differences between the different flow regimes (Richter et al. 2003, 1996).
Since access to the LJR is restricted due to military restrictions, there are no
substantial records of botanical or zoological data comparing between pre and post
impact eras. This lack of information provided another incentive to use the IHA
tool, which can provide flow recommendation “standards”, based only on hydro-
logic alteration.

3.3.1 IHA Parameters and Statistics Analysis
Characteristics

The following 32 THA parameters, which correlate to the different aspects of flow
variability were analyzed and are described in Table 3.3, according to their
characteristics.

Reversal events are calculated by first dividing the hydrological year into periods
in which flow discharge magnitude is either rising or falling. A reversal event is an
occurrence of alternation from a “rising” period to a “falling” period or vice versa.
A change in the sign of the difference between 2 consecutive couple of days will be
regarded as a reversal event (The Nature Conservancy 2009).

A two period parametric and nonparametric statistics analysis was created in [HA
comparing the daily flows of the YR during the pre-impact period of 1935-1948 and
post-impact period of 1989-2010. Means and standard deviation were used in the
parametric analysis in order to measure averaged flows and providing thresholds of
high and low flows using +1 standard deviation from the mean, respectively.
Median, 75 and 25 percentiles were used in the nonparametric analysis for the same
purposes. The uninterrupted YR flow distribution is a positively skewed distribution
due to extreme scattered high flow events (flood events) which drastically increase
the mean and standard deviation values, creating a narrow positive tail. Since flood
events are a crucially important component of measuring flow variability, these
values could not be ignored, in order to obtain a normal distribution. Even though the
flow distribution is not a normal distribution, parametric analysis was used in cases
such as measuring monthly flow volumes and flood frequencies, where mean values
gave a better affinity to reality than median values. A shortened water year including
only the winter months of December—April were compared for two reasons: (1) for
the years 1935-1948—there was availability of daily flow data only for these
months; and (2) the principal variability of flow in the YR occurs during the rainy
season, thus is more interesting to analyze.
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Table 3.3 Summary of hydrological parameters used in IHA, and their characteristics (Richter

et al. 1996, 1997)

IHA statistic group Regime Hydrologic parameters
characteristics
Group 1: Magnitude of monthly water | Magnitude Mean monthly flow discharge
conditions timing magnitudes (December to April)
Group 2: Magnitude and duration of Magnitude Annual minima 1-day means
annual extreme water conditions duration Annual maxima 1-day means
Annual minima 3-day means
Annual maxima 3-day means
Annual minima 7-day means
Annual maxima 7-day means
Annual minima 30-day means
Annual maxima 30-day means
Annual minima 90-day means
Annual maxima 90-day means
Group 3: Timing of annual extreme Timing Julian date of each annual 1-day
water conditions maximum
Julian date of each annual 1-day
minimum
Group 4: Frequency and duration of Frequency Number of high pulses each year
high/low pulses duration Number of low pulses each year
Mean duration of high pulses
within each year (in days)
Mean duration of low pulses
within each year (in days)
Group 5: Rate/frequency of water Rates of Means of all positive differences
condition changes change between consecutive daily values
frequency Means of all negative differences

between consecutive daily values

Number of rises (reversals)

Number of falls (reversals)

3.3.2 (Classifying Environmental Flow Components (EFC)

Whereas the basic 32 ITHA parameters enable conducting specific inter-annual
assessment of variability changes, they lack in providing concrete recommendation
towards riparian environmental flow needs and targets. The additional 34 EFC
parameters describe five major components of flow which are ecologically impor-
tant when describing hydro climatic regions. These five components are:
(1) Extreme low flows; (2) Low flows; (3) High flow pulses; (4) Small floods; and
(5) Large floods. These components can be accounted for the way an organism
experiences flow variability, and are especially of importance in semi-arid to arid
zones, where variability of flow is high and extreme flow events are commonplace
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pattern. Even though the IHA doesn’t provide an answer to how much alteration of
the EFC parameters might be too much, their great advantage over the basic [HA
parameters is that it is fairly feasible to construct EFR based upon the EFC. Even
though these two parameter types are slightly redundant, they complement each
other and enable to perceive the “big picture” of flow alteration. That is why both
types of parameters were chosen for this study (Mathews and Richter 2007).

For both analysis types (parametric and non-parametric), a daily flow is classi-
fied as a high flow or low flow occurrence if it exceeds 15.9 Cubic Meter per
Second (CMS) which is at the 66.6 percentile of daily flow for the uninterrupted
period or is below 12 CMS—the median flow for the uninterrupted period,
respectively. These numbers were chosen after examining the pre-impact data,
concluding that most of the winter flows of the YR (the winter base flows) were
within the threshold of these numbers. In between these two thresholds, a high flow
will begin if flow discharge increases by more than 40 % per day, and will end
when flow decreases in less than 25 % per day. A small flood event and a large
flood event are defined by initial flows greater than a flow magnitude with 1.1 and
3.5 years return interval, 84 and 405 CMS, respectively. An extreme low flow is
defined as an initial low flow below the 10 percentile of daily flow (7.19 CMS) for
the uninterrupted period. These values for the five different types of EFC were
introduced as a result of a thorough calibration which took into consideration the
nature of the existing pre-impact flow regime. The following EFC parameters were
analyzed: Small and large floods’ frequency, duration, peak flow, timing and rise
and fall rates.

3.4 Results

3.4.1 Meteorological Data Comparison

The correlation between K. Gilady annual rainfall, and the YR annual discharge
flow for the wuninterrupted period of 1926-1964 (as measured at
Yarmouk-Naharayim monitoring station) is very high, with correlation coefficient
of 0.81 and Eta-Square of 0.66 (Fig. 3.3a), confirming that rainfall pattern in the
Upper Jordan River Catchment (UJRC), correlates with the discharge flow pattern
of the YR, thus enabling a comparison of annual rainfall changes between pre
impact and post impact years, and correlates it to the YR discharge flow changes in
these years. In years with extremely high annual rainfall (above 900 mm/a), lower
correlation between rainfall in the UJRC and YR discharge is exhibited. The fre-
quency of such years, however, is relatively rare.

Both periods of 1935-1948 and 1989-2010 experience a decreasing trend in
annual rainfall, according to the annual rainfall trend in K. Gilady gauging station
(Fig. 3.3b). It is also evident that overall, pre impact period years are located
slightly higher on the graph then the post impact period. Supporting this
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Fig. 3.3 a K. Gilady annual rainfall and YR annual flow correlation (as measured at
Yarmouk-Naharayim monitoring station) for the years 1926-1964 with linear regression
correlation coefficient R? = 0.81; Eta® = 0.66; STD = 86.6, b K. Gilady annual rainfall trend
for YR comparison of pre (1935-1948) and post impact (1989-2010) years with linear regression
correlation coefficient R? = 0.35; Eta® = 0.12; STD = 135.6

observation is the fact that the average rainfall amount for the pre impact years is
833 + 150 mm/a, whereas the average rainfall amount for the post impact years is
only 736 + 228 mm/a. Whereas the difference in precipitation between pre and post
impact periods is almost 12 %, the differences in discharge flow on the YR are
evidently higher, suggesting that as expected, anthropogenic activities are the main
reason for such an impact. However, this trend of diminishing precipitation might
have been another factor that is responsible for a decline in base flow on the LJR (as
can be seen in Sect. 3.4.2).

3.4.2 Monthly Flow Comparisons

3.4.2.1 Degania: Pre-impact 1921-1931 and Post-impact 1933-2008
Time Periods

During the period before the construction of the Degania dam (1921-1931) the
peak flow occurred in April and had reached almost 60 £ 6 CMS, sharply
decreasing till reaching the minimum monthly flow during November (2.7 £ 0.6
CMS), at the end of the dry season. March and May had noticeably higher flows
than the rest of the year. During the period of electricity production (1933-1948),
the flow trend has changed: the regime flow has been smoothed out and was
lowered artificially during the winter months, relying on flow from the YR tributary
during the wet season, peaking during the dry season in order to provide enough
flow for electricity production during this period. During 1948—1964, the trend of
smoothing out differences in flow has been intensified. Since the inauguration of the
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NWC in 1964, there is a sharp decline in water flow, reaching a grave situation
during 2000-2008 where the peak flow occurred during August and stood at
0.48 + 0.12 CMS (which is 5 times lower than the lowest natural discharge flow),
indicating constancy of flow and river desiccation conditions. Pre-impact flow was
measured at Degania monitoring station; whereas post-impact flow was measured at
both Degania monitoring station and at the SWC at Alumot (Table 3.2). These data
are described in Fig. 3.4a.

3.4.2.2 Yarmouk: Pre-impact 1926-1964 and Post-impact 1989-2010
Time Periods

Trends for months of peak and low flows haven’t changed from pre to post impact
periods; only the amount of water flowing has reduced significantly. Yearly peak of
flow occurs in February, with an average flow of 74 + 14 and 12.8 + 6.5 CMS for the
pre and post impact periods respectively. Average flow during the summer and fall
months is 7-9 = 1 and 1 £ 0.08 CMS during the pre and post impact periods
respectively (Fig. 3.4b). Pre-impact flow was measured at Yarmouk-Naharayim
monitoring station; whereas post-impact flow was measured at both
Yarmouk-Naharayim and Yarmouk- below gate 121 monitoring stations (Table 3.2).

3.4.2.3 Gesher/Naharayim: Pre-impact 1927-1931 and Post-impact
1933-1999 Time Periods

During the pre-impact period, peak flow was during the months of February, March
and April, amounting to 99 £ 15, 85 £+ 12 and 59 + 9 CMS, respectively, dropping
gradually to a minimum flow in October (11.2 + 2.6 CMS). This trend is altered
during the period of electricity production, 1933-1946, where rate of flow is flat-
tened and ranges between 24-30 + 2.5 CMS during most months of the year. The
following time period still shows flow differences between summer and winter
months, but with a massive decline in flow rate due to water diversions. The flow at
Gesher and Naharayim is currently directly influenced by the flow of the YR and
the effluents from the SWC and Bitania WWTP—being the main water sources
upstream reaching this point in the river, with an average of 1 + 0.1 CMS flow rate
during the summer months (June—October) indicating the river’s main stem des-
iccation during low flow years (Fig. 3.4c). Pre-impact flow was measured at Gesher
monitoring station; whereas post-impact flow was measured at both Gesher and
Naharayim monitoring stations (Table 3.2).
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Fig. 3.4 Mean and + 1 standard error of the mean (standard deviation divided by the square root
of the sample size) of monthly flow: out of the Sea of Galilee (Degania dam), 1921-2008; YR to
the LIR, 1926-2010; and on the LJR main stem at Gesher/Naharayim, 1927-1999, labels a—c,
respectively. Degania’s pre-impact flow data are based on Degania monitoring station; whereas
post-impact flow data are based on Degania and SWC at Alumot monitoring stations. YR
pre-impact flow data are based on Yarmouk-Naharayim monitoring station; whereas post-impact
flow data are based on Yarmouk-Naharayim, Yarmouk-gate 121 and Yarmouk- below gate 121
monitoring stations. LJR main stem at Gesher/Naharayim pre-impact flow data are based on
Gesher monitoring station; whereas post-impact flow data are based on Gesher and Naharayim
monitoring stations (Table 3.2)
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3.4.3 YR Daily Flow Comparisons for the Time Periods
December—April/1934—-1948 and December—
April/1989-2010

IHA tool was used in order to compare historical (pre-impact) and contemporary
(post-impact) discharge flow on the YR in daily resolution. Pre-impact flow was
measured at Yarmouk-Power-Company monitoring station; whereas post-impact
flow was measured at both Yarmouk-gate 121 and Yarmouk-below gate 121
monitoring stations (Table 3.2).

3.4.3.1 Daily Flow Data with Environmental Flow Components (EFC)

During the pre-impact period (1935-1948), except for the winter of 1935-1936,
every year had at least one or more flood events (Fig. 3.5a, zoomed in Fig. 3.5b).
The periods with extreme low flows are rare. During the post-impact period (1989—
2010), the extreme low flow type is the most notable flow. Flood events and high
flow pulses are scarcely distributed (Fig. 3.5a, zoomed in Fig. 3.5¢).

3.4.3.2 Dates of Minimum and Maximum Flows

Almost 80 % of pre-impact period’s maximum flows occurred between Julian days
30-58, during the month of February. As for the post impact period, there is no
significant trend, with most events appear later in the hydrological year, suggesting
that maximum annual flows dates have been altered. For the pre-impact period,
roughly 70 % of the minimal flows occurred during December, and the other 30 %
occurred during April. As for the post-impact period, minimum flow dates are more
scattered: 40 % fall within February, 23 % in March, while the rest are distributed
between December, January and April equally.

3.4.3.3 High Pulse Count and Duration

During most years of the pre-impact period there were at least 6 high flow pulses
annually, most of them lasted between 3 to 5 days, with one exceptionally high
pulse duration of 22 days during 1938. On the other hand, more than 50 % of
post-impact years had zero high flow pulses, with the rest ranging mostly between 1
and 2 pulses a year.
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(a) Yarmouk River pre-impact 1935-1948 post impact 1989-2010
Environmental Flow Components (1935-2010)
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(b) Yarmouk River - Environmental Flow Components 1935-1948
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(¢) Yarmouk River - Environmental Flow Components 1989-2010
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