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Preface
Water is an integral part of our planet. Its availability is indispensable for human beings,
the functioning of the biosphere and for a healthy economic and social development.
While often assumed to be an ‘infinite’ natural resource, this perception was proven
wrong in recent years. Because of ever increasing consumption and poor management
practices, water has indeed become a scarce reserve and is subject to controversies and
conflicts in arid and semi-arid regions of the world.
Moreover, future changes of global climate will lead to enhanced frequencies of floods
and extreme precipitation events in regions traditionally prone to this threat and with
increased water scarcity in already water deficient regions of the world. Given current
projections of climate change on a scale of 50 to 100 years, it seems likely that the
availability of water in large parts of southern Europe will be further reduced, thus
enhancing the water stress in this region.
Addressing these problems on Mediterranean islands and elsewhere in the world requires
a holistic, interdisciplinary approach that embraces natural sciences and humanities,
innovative technologies and stringent and effective administrative and management
practices. In addition, endurable solutions will only be found through recommendations
and/or regulations that are based on mutually agreed principles between the stakeholders
involved. This requires a stakeholder-based participatory process that builds on the results
of scientific investigations on the one hand and on the consent of major stakeholders on
the other.
However, in striving to solve water management problems, difficulties of quite a different
nature often emerge. They concern the lack of well-trained and enthused young
professionals, ready to take up the challenge of interdisciplinary water studies and the
implementation of management options derived from those projects. The underlying
reason for this problem lies in the prevalent focus of traditional universities on highly
specialized and discipline-focused curricula that is still largely maintained. In order to at
least partly resolve this problem, we devised and implemented an Advanced Study
Course, SUSTAINIS (Sustainable Use of Water on Mediterranean Islands: Conditions, Obstacles
and Perspectives; EVK1-CT-2002-60001). The course aimed to introduce advanced students
from various disciplinary and national backgrounds to the patterns of water supply and
demand, to obstacles preventing a rational utilization of water reservoirs and to
perspectives for a sustainable, equitable and stakeholder-based use of water on
Mediterranean islands. SUSTAINIS served to prepare 24 course participants for this task
by giving them the opportunity to understand the interdisciplinary nature of water
management and the importance of stakeholder-based strategies. In order to provide
them with an opportunity to learn about the specific environmental and socio-economic
features of Mediterranean islands, the course was carried out in Cyprus.
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Sustainable use of water on Mediterranean Islands
(SUSTAINIS):
Conditions, obstacles and perspectives:
Summary and conclusions
Manfred A. Lange/Dörte Poszig
Institute for Geophysics and Center for Environmental Research,
University of Münster, D-48149 Münster, Germany.
Email: langema@uni-muenster.de

Background and scientific objectives
Water is a vital and integral part of our planet. Its availability is indispensable for human
beings, the functioning of the biosphere and for economic and social development of
communities and societies. However, wasteful and inadequate use of water and
insufficient administrative practices have in many instances resulted in depleted supplies,
falling groundwater tables and diminished stream flows, particularly in the arid to semiarid regions of the world. This is at least partly due to the lack of integrated water
management practices that aim at linking natural, social and economic circumstances.
Water pollution, mainly caused by agricultural and industrial activities and tourism has
exacerbated these problems.
Addressing issues of water quality and the balance between water supply and water
demand, the Water Framework Directive (WFD) of the European Union has come into force
as of December 22, 2000. According to the Directive, two basic goals have to be achieved
by the parties to the WFD within the next 10 to 15 years: (i) users will have to recover the
full cost of the water supplied (c.f. Annex III, WFD) and (ii) water supply has to be
provided based on ‘good ecological status’. Moreover the WFD strives towards an
implementation of the ‘polluter-pays-principle’. In considering the long-term perspectives of
sustainable water use in the European Union, the Mediterranean in general and its islands
in particular deserve special attention. This is due to a number of reasons:
• While renewable water resources are usually scarce and difficult/expensive to
exploit, islands are largely dependent on the availability, timing and amount of
precipitation. At least in some parts of the Mediterranean, the amount of
precipitation has steadily decreased and the main precipitation period has
shortened over the last few decades (Figure 1). This trend is likely to continue
and may lead to further diminished water resources as a result of regional climate
change, thus exacerbating the problem (Figure 2). Figure 2 gives differences in
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precipitation for the summer months (June, July, August) for the time periods
1960-1990 versus 2070-2100 that were computed by a regional climate model by
colleagues at the Max Planck Institute for Meteorology in Hamburg, Germany
(see also the contribution by Lange, M. A. “Global and Regional Climate
Modelling: Basic Methodologies, Limitations and some Results”, this book). As
can be seen, the precipitation deficit for the summer months (June, July, August)
amounts to approximately 10 mm/month for most of the Mediterranean Basin.
This agrees well with the decrease of approximately 11 mm/decade (s.a.) that has
been observed for Cyprus over the period 1904-1994 (Figure 1).
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Figure 1: Precipitation on Cyprus over the last century has been steadily decreasing (graph provided
by G. Constantinou).

Figure 2: Differences in mean summer precipitations (in mm/month) for 1960-1990 minus 20702100 as derived from the regional climate model REMO 5.1 as driven by the HadleyCentre-GCM HadAM3H (graph provided by Semmler; further details, see text).
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• Because of the prevailing, extensive and unsustainable (over-) exploitation of
groundwater reservoirs on these islands the demand for water will inevitably
increase. Consequently the conflicts between various users of water will grow in
the foreseeable future.
• Agriculture represents the predominant consumer of water for most of the
Mediterranean (Figure 3). Already today, agriculture and tourism compete for the
available water, which often leads to serious conflicts between various
stakeholders. However, agricultural activities not only threaten the availability
(quantity) but also the quality of water due to the extensive use of fertilizers,
pesticides and release of olive oil mill wastes. This will further reduce the amount
of potable water.

Figure 3: Distribution of water consumers on Cyprus in 2000 (graph provided by Iacovidis and
Glekas) demonstrating the predominance of agriculture as major user; this is, however,
typical for most islands in the Mediterranean.

• The over-abstraction/exploitation of aquifers has in many instances led to the
decline of the water table as well as to the deterioration of water quality,
primarily through saltwater intrusion in coastal areas. This has resulted in some
cases in the exploitation of deeper lying aquifers, thereby reducing the remaining
reserves of the island.
• The rational distribution and use of water requires the solution of conflicting
interests between various end-users of water (e.g., the tourism industry versus
agricultural activities). Such conflicting interests have contributed to
unsustainable use of water in the past.
While these problems that govern the availability of water in the Mediterranean will have
specific manifestations on different islands, the islands also share a number of general and
common characteristics/patterns. This enables a comparison between solutions to water
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management problems between the islands and offers the chance to develop more generic
strategies that may be applicable to all islands or to the Mediterranean Basin as a whole.
The overriding feature of the problems mentioned above lies in their complex and multifacetted nature, which requires a holistic approach involving the natural and social
sciences as well as the humanities in an integrated manner. Thus, in considering water
availability and use with the aim to derive strategies for a sustainable and equitable
distribution of water, interdisciplinarity is a necessary condition. In addition, these
strategies will have to be discussed with and will have to meet the consent of major
stakeholders in the region under consideration. Thus, the involvement and active
participation in deriving sustainable water management practices has to be seen as a
necessary prerequisite. It is this approach in conjunction with an interdisciplinary scope
that is being realised in the EU-funded project MEDIS (see contribution by Lange, M. A.
“Addressing conflicting demands and varying hydrological, social and economic
conditions for a sustainable water use on Mediterranean islands, the EU-MEDIS Project”,
this book) that is currently being carried out by a consortium which was also partly
involved in SUSTAINIS.
However, the motivation to carry out SUSTAINIS stems from the fact that the
specification and implementation of sustainable water management practices often faces
an additional problem apart from the one already mentioned. This problem is rooted in
the lack of suitably trained and sufficiently qualified professionals who are ready to face
the challenge of interdisciplinary investigations. This is mainly due to the fact that
universities and institutes of higher learning throughout Europe usually do not provide
the required education and training. Despite a wide-spread understanding that
interdisciplinarity needs to be cultivated early on in the training of young professionals,
disciplinary and often highly focused curricula are being practiced in these institutions.
SUSTAINIS aimed to provide a broad and interdisciplinary view on the many facets that
determine current water problems on Mediterranean islands and their possible solutions.
At the same time SUSTAINIS tried to demonstrate the need for holistic approaches in
formulating successful strategies addressing these problems and to nurture the motivation
of the participants to pursue such studies in their future careers.

Objectives
SUSTAINIS aimed to introduce advanced students from various disciplinary and national
backgrounds to the current characteristics of water supply and demand, to major
obstacles preventing a rational utilisation of water resources and to perspectives for a
sustainable, equitable and stakeholder-based use of water on Mediterranean islands. The
emphasis in the teaching lay on demonstrating the complex interrelationships between
environmental and societal systems that govern the water regimes on these islands.
Understanding these interrelationships requires interdisciplinary investigations and the
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involvement of decision makers and stakeholders in exploring rational and mutually
acceptable water distribution mechanisms.
With this in mind, the main objectives of the course comprised:
(i)

to review the cultural and historical background of water use in the
Mediterranean as well as the present perceptions and views on water as a
natural resource by stakeholders on the islands and to introduce basic concepts
in environmental ethics/philosophy to the participants;

(ii)

to describe the physical, geological, hydrological and climatic conditions of the
Mediterranean Basin;

(iii) to explore possible impacts of climate change on the future water regime of
Mediterranean islands;
(iv) to examine major water consumers and their possible conflicts, particularly
agriculture and tourism and to explore strategies for alternative/sustainable
water use in these sectors;
(v)

to review new technologies aimed at rational water management practices;

(vi) to explore current political/administrative conditions/initiatives and to
envision pathways towards a sustainable, equitable and stakeholder-based use
of water on islands in the Mediterranean and
(vii) to develop perspectives on equitable, sustainable and stakeholder-based water
use on islands in the Mediterranean.
SUSTAINIS was also meant to provide the participants with an intense group-learning
experience and to stimulate interdisciplinary studies during the course, thus motivating
participants to pursue interdisciplinary research in their future career.
By building on the ongoing research project MEDIS (Towards sustainable water use on
Mediterranean Islands: addressing conflicting demands and varying hydrological, social and economic
conditions; EVK1-CT-2001-00092) as well as on the expertise of colleagues of two other
EU-funded projects that jointly with MEDIS form the ARID cluster, WaterStrategyMan
(Developing Strategies for Regulating and Managing Water Resources and Demand in Water Deficient
Regions; EVK1-2001-0081) and AQUADAPT (Strategic Tools to Support Adaptive Integrated
Water Management under Changing Utilisation Conditions at Catchment Level: A Coevolutionary
Approach; EVK1-CT-2001-00104), we directly enabled a transfer of expertise and
experience from the level of project scientists to the course participants.
In order to provide the participants with an opportunity to appreciate some of the
specific features of Mediterranean islands, the course was held on Cyprus, an island that
experiences particularly severe and complex water problems. The course took place at the
Aktea Beach Village in Agia Napa, Cyprus from September 27 to October 12, 2004. The
Hotel was well equipped and provided an adequate and at the same time very pleasant
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environment for the course. An additional advantage of the chosen course location was
the immediacy of the two main water consumers in/near Agia Napa, agriculture and
tourism. To enable the students to gain at least basic knowledge in fields unfamiliar to
them, we distributed reading material prior to the course to facilitate distant learning. This
allowed the lecturers to concentrate on more specific and innovative elements of their
subjects during their lectures rather than having to spend time on reviewing basic facts.

Outline of the advanced study course SUSTAINIS
In designing the SUSTAINIS course, we built on experiences of two earlier Advanced
Study Courses, IRISEN I and IRISEN II (Lange 2001; Lange/Poszig 2004). The course
comprised lectures, reading assignments, field trips, discussion forums, student group
work resulting in a course paper, student presentations and questionnaires as well as
summary sessions.
SUSTAINIS was built on a modular structure and contained the following modules:
Module 1: Introduction: historical and cultural background of water and water use
in the Mediterranean and basic concepts in environmental ethics/philosophy
The management of freshwater resources always builds on customs and cultural practices
regardless of whether or not this may be apparent to those involved. The use of water, its
availability and distribution throughout the year and its use have a long tradition that
reaches far back to the Greek and Roman period of Mediterranean history. This module
introduced the students to some of the major historical developments and achievements
of water administration in the Mediterranean throughout the ages leading up to the
present. It familiarised the students with current patterns of perception on water
availability and water demand by major stakeholders and resultant water management
practices. In addition, some basic ideas and concepts in environmental ethics and
environmental philosophy were introduced. Dealing with environmental problems and
conflicts quickly brings up more general normative issues that are usually unfamiliar to
students (mainly but not exclusively) from the natural sciences. Yet, in deriving decisions
on water management, one is often confronted with such value judgments and normative
issues that need to be resolved.
Module 2: Perspectives on equitable, sustainable and stakeholder-based water
management on Mediterranean islands
This module explored possible future scenarios of water management on Mediterranean
islands. In so doing, the conditions for a sustainable and stakeholder-based water
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management regime were examined. Particular attention was paid to strategies aimed at an
effective and satisfactory involvement of stakeholders in this process.

Figure 4: Discussions continued throughout the coffee breaks.

Module 3: Essential geological and hydrological characteristics of Mediterranean
islands
An introduction into major characteristics and properties of the geology and hydrology of
Mediterranean islands was given. The lectures in this module included a more focused
description of specific conditions for sub-surface aquifers present on these islands and
their consequences for storage of contemporary and fossil water, the overabstraction/exploitation of ground water resources and the deterioration of water quality
through saltwater intrusion in coastal areas. Similarly, the module introduced the
participants to general principles of hydrology, hydrological modelling and the application
of such models in water management practices.
Module 4: Current and possible future climatic conditions and their impacts on
the hydrological regime
This module concentrated on issues related to global and regional climate modelling and
their strengths and weaknesses. This also included a review of our current understanding
about future trends of climate development and their repercussions for water availability
in the Mediterranean. Finally, a brief description on basic concepts and methodologies for
integrated climate impact assessments was presented.
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Module 5: Current patterns of water consumption, major stakeholders, existing
conflicts and resource policies
Module 4 primarily focused on agriculture and tourism as economic sectors representing
two primary consumers of water in the Mediterranean. The module reviewed the
relationship between economic potential and water consumption on the one hand and
between societal and political values and priorities related to these two sectors on the
other. In addition, the module explored some of the more general power relationships
governing resource policies and the patterns of decision making on Mediterranean islands.

Figure 5: Getting ready for the first field trip.

Module 6: A review of non-conventional technologies aimed at rational water
management practices
Water consumption can be optimised by employing appropriate and innovative
technology. This includes improved watering practices in agriculture as well as
techniques/precautions aimed to avoid undue loss when water is transported. Rainfall
harvesting may provide another possible means of collecting valuable water resources.
For some of the islands, desalination has become a necessary, though costly source of
potable water. Renewable energy sources instead of conventional ones may be employed
to reduce the needed energy requirements.
Module 7: Socio-economic and administrative conditions of water use on
Mediterranean islands
A lack of sufficient and verifiable administrative structures and regulations is a problem
for some of the Mediterranean islands. The module will provide an introduction to major
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economic, administrative and political conditions of water management on these islands.
The emphasis lay on a description of known patterns of conflict between various users
and on major administrative obstacles for a more controlled and sustainable use of
freshwater resources.
Module 8: Political options/initiatives/conditions for
management specifically in the context of the EU-WFD

sustainable

water

Brief descriptions of major political initiatives on the national and European level related
to the management and sustainable use of freshwater resources were given. The module
addressed the EU Water Framework Directive (EU-WFD), its major goals and the basic
steps towards its implementation. Each module required one to two and a half days of
teaching and involved two to ten lecturers. Care was taken to accommodate sufficient
time for discussions at the end of each lecture.

Summary Sessions
Summary sessions after each module served to briefly review the major topics of the
modules and to provide a synthesis of their content. The sessions were in addition and to
a large extent utilised to allow the participants to reflect, question and discuss the
individual lectures of the preceding modules. The participants had the opportunity to
hand in their (anonymous) questions in advance (using a collecting box), or were able to
pose their questions directly during the summary sessions.

Student Presentations
In order to enable a more active involvement of the participants but also to encourage
exchange and discussions between them, all participants were invited to introduce
themselves and their work during the first day of the course. In the frame of the Final
Plenary at the end of SUSTAINIS, students were invited to present their views as to how
the knowledge gained in SUSTAINIS had changed their view and may possibly help them
in their future research and work.

Student Questionnaires
In the beginning of the course, participants were asked to fill in brief questionnaires with
basic questions regarding their expectations of the course and their assessment of general
aspects of water management issues in the Mediterranean. Similar questions were again
posed at the end of the course. These questionnaires gave the organizers the opportunity
to assess if the participants’ main concerns and questions were addressed adequately
during the course. Any remaining open questions were addressed during the Final
Plenary.
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Discussion Forums and Student Course Papers
In light of the substantial amount of classroom teaching, three discussion forums were
included in the curriculum to provide an opportunity for the participants to play a more
active role. The first two forums consisted of a role game performed by four groups of
six participants each to be selected in the beginning of the course and extensive
discussions involving all participants. We invited all lecturers present in Agia Napa at the
time of the particular forum to participate in the discussions.
Each forum addressed an individual theme. While Forum I addressed the design of a
prospective research proposal addressing the general theme of New Approaches to Holistic
Water Management, Forum II dealt with the issue of reducing vulnerability to water scarcity
through the design of appropriate and effective adaptation strategies. Discussion Forum III was
devoted to discussing a number of key/overarching questions that arose during the
course, including the valuation of nature and natural resources; principal issues related to
sustainable use of water and conceptual guidelines towards equitable water management. The
study time and the evenings were utilised for the preparation of papers resulting from
these discussion forums.

Field trips and demonstrations
In order to introduce the participants to more concrete problems of resource
management on Cyprus, two field trips were carried out during the course. In addition,
the participants were introduced to basic geophysical survey techniques during one
demonstration close to the hotel.
A major component of the first field trip was a meeting with local stakeholders at a
Farmer’s cooperative in the south-western part of Cyprus. Here we met with a few
officials and a number of farmers and discussed agricultural practices as well as marketing
strategies for farming products. The field trip also exposed the students to local farming,
gave insight into the structure of a few local communities and included a visit to the local
waterworks.
The second field trip offered a variety of impressions and included stops at sites of
historical and modern copper mining, the city of Nicosia, local communities in the
Troodos Mountain area and the largest freshwater reservoir on the island. This enabled
insights into two major additional economic sectors besides agriculture: tourism and nonrenewable resource exploitation. Furthermore, the field trip also provided some insight
into the rich cultural and historical heritage as well as into the current political challenges
that Cyprus faces as a divided island.
In addition to the academic activities, a number of social events had been organized and
these eased the process of getting to know each other.
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Figure 6: During one of the Discussion Forums.

Figure 7: In an open-pit-copper mine during the second field trip.

Experiences and results of SUSTAINIS
SUSTAINIS dealt with an important but highly complex problem, the sustainable
management of a scarce resource that is likely to become even less available in the
foreseeable future as a result of decreasing supply (i.e., falling precipitation rates) and
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rising demand as well as possibly intensifying conflicts linked to the distribution of water.
This problem should be viewed under a number of different perspectives. Firstly, water
availability and its meaningful distribution have a long history in the Mediterranean in
general and on Cyprus in particular. Thus, considering this history may offer unexpected
insights into possible strategies to deal with water scarcity. Secondly, the current demand
for water is very unevenly distributed between the major consumers and different
economic sectors. Thirdly, the use of water in agriculture as the main consumer of water
deserves attention not only because of water-quantity considerations. The leaching of
agrochemicals from the surface to underground aquifers represents a major threat to
water quality and needs to be properly monitored and assessed. Appropriate irrigation and
leaking/contaminated distribution networks are issues that require innovative
technologies and methods, which represent a fourth major field for consideration. Fifthly,
influencing and steering the demand for water is a major topic with regard to economic
and political decision making. The EU-Water Framework Directive and its management
and economic instruments is a particularly appropriate point in case.
The eight modules of SUSTAINIS aimed to address these and additional perspectives and
to provide insight into the major determinants of a sustainable and equitable water
management on Mediterranean islands. It is obvious that this requires an approach that
goes beyond disciplinary considerations. Thus, demonstrating the need, usefulness as well
as the challenges of interdisciplinary research was one of the overarching goals of
SUSTAINIS. While the concept of sustainability with regard to water resources
management was familiar to most participants, the specifics of it and especially the
current and historical patterns of water use and management in the Mediterranean were
less familiar. A subject that also received great attention by the students was the EU
Water Framework Directive and its implications.
SUSTAINIS put great emphasis on encouraging the students to take an active role, by
asking questions, engaging in group work and presenting their work groups’ results in the
discussion forums (with role games played out by the students). The summary sessions
proved very useful since they gave the students a platform to pose questions or
comments that e.g. resulted from their group work or came up after having listened to a
number of talks. The discussion forums were an essential part of the course. Forum I was
primarily intended to deepen the students’ understanding of the complex, interdisciplinary
issues involved in sustainable water management. This was achieved by asking them to
write a mock research proposal integrating all relevant aspects for a study on ‘Holistic
water management’. The second forum encouraged the creative communication of all
concerned parties when developing appropriate and effective adaptation strategies to
reduce vulnerability to water scarcity. The third forum addressed a number of important
issues that had emerged repeatedly during the course (valuation of nature and natural
resources; sustainable use of water; equitable water management).
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Four student groups had been initially selected and were comprised of participants from
different disciplines and nationalities which ensured that the preparation and the
realisation of the role games came close to reality with regard to interdisciplinary, but also
cultural/national ‘barriers’. In addition, these role games contributed significantly to the
development of a 'team spirit' within each group but also across groups and led to a very
friendly atmosphere among the participants. Two field trips enabled the participants to
obtain a vivid impression of how water has been and is currently being used and also
managed in Cyprus. More importantly though, all participants (students as well as
lecturers present at the time of the field trip) had the opportunity to meet stakeholders –
representatives from a farming cooperative and the waterworks – during the field trip.
The participants gained considerable understanding regarding the importance of transfer
of knowledge and experience and the concrete difficulties involved in the dialogue
between scientists and regional stakeholders. These experiences could not have been
gained in the classroom because regular university curricula rarely accommodate for
knowledge transfer between academia and the political and economic decision makers.
The last day of the course with its final student presentations followed by the final plenary
should be noted as very positive. First, students presented their views as to how the
knowledge gained in SUSTAINIS had changed their views and may possibly aid them in
their future research and work. This was followed by the final plenary which reviewed the
interdisciplinary ties between all subjects covered and the current understanding about the
central issues that were introduced in SUSTAINIS. Interdisciplinary learning and research
is not an easy undertaking as all students experienced in their student group work and
agreed upon in the final plenary. However, it was openly expressed that courses such as
SUSTAINIS are very useful to further such goals, and that the course was a very
rewarding experience.
Student Feedback
As required by the European Commission, the participants were asked to anonymously fill in
questionnaires about SUSTAINIS at the end of the course. Of 24 questionnaires handed
out, all 24 were returned and analysed. The overall rating of the course was very positive
(cf. Figure 17). Being exposed to a wide variety of disciplines and research fields on the
one hand and being able to interact with a group of individuals from a wide spectrum of
national and cultural backgrounds were again, as experienced during the Advanced Study
Courses IRISEN and IRISEN-II, the most important factors contributing to the success
of SUSTAINIS. While Figures 8 and 9 provide general information on the course
participants, a detailed evaluation is illustrated in Figures 10 to 17.
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Conclusion
While the topics of a holistic and sustainable water management gain increasingly
attention in science and decision making, the capacity to deal with these issues adequately
and rationally is still not sufficiently developed. This is mainly due to the scarcity of
motivated and appropriately trained (young) professionals ready to make interdisciplinary
investigations and studies their profession. Traditional university curricula, while
recognising the need for interdisciplinary investigations still largely discourage holistic
approaches to graduate and post-graduate teaching (see, e.g., Moore/Lange 1995;
Waddington/North Atlantic Treaty Organization 1995). Striving to excel in a particular
discipline or a specialisation thereof remains the major goal of university students. This is
primarily due to the fact that universities maintain a system of academic evaluations that
rests on disciplinary achievements rather than interdisciplinarity.
While we do not question the validity and the success of the above outlined preferences
by the current university systems, we are convinced that the problems of a sustainable and
equitable water management and the need for more professionals to tackle them warrants
an attempt as pursued by SUSTAINIS. We also do not want to underestimate the
difficulties of such an attempt nor the numerous problems and possible pitfalls
encountered during its realisation.
However, the feedbacks provided by the participants as well as those by the lecturers,
which have not been documented here, are seen as an encouragement for such an
undertaking. By largely reflecting similar responses to IRISEN and IRISEN-II, the
response of the SUSTAINIS-participants is even more supportive than the previous ones.
Thus, we feel that SUSTAINIS has reached its major goal by introducing advanced
students to the concepts of sustainable and integrated water management as well as to the
role of stakeholders and local communities in reaching an acceptable and equitable
distribution of a scarce resource. While reaching only a relatively small group of advanced
students, we are convinced that the experiences gained and the knowledge shared by them
will have far greater repercussions, and will help to prepare ourselves better to the
challenges that lie ahead of us.
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Introduction
Ancient water technology has become a special discipline in archaeology. Many
archaeologists and engineers as well have dedicated themselves entirely to this field of
study or do at least a lot of research work in this field. Accordingly, a comprehensive
bibliography on this topic would be enormously long. Therefore a paper on ancient water
supply as short as this one can only give a very rough overview. This will be done by
illustrating some especially interesting and meaningful examples showing important
developments in this field. On the other hand, a great number of interesting aspects
cannot be touched at all. This overview will be limited to a certain period of time – from
the Archaic period until the end of the Roman Empire; this means from about the 6th
century B.C. until the 5th century A.D. It will focus on classical archaeology, hence the
most interesting water supply systems of Pharaonic Egypt or the Eastern Empires
(Assyrians, Hettites etc.) will not be touched.
People in antiquity needed water for almost the same reasons as we need it today: for
drinking, for washing (personal hygiene, cleaning things), for work (pottery and textile
production, mining etc.), for drainage and for irrigation. They also used water for their
personal delight as one can see when looking at the sometimes very complex and costly
water instalments in the gardens of their private houses and especially in the gardens of
the imperial palaces. People in antiquity got water from very different sources. One such
source is of course rivers. But in Mediterranean countries many rivers do not carry water
during the whole year and often they are far away from the towns. In almost all regions of
the Mediterranean, people collected rainwater in cisterns. Another possibility to get at
water was by digging wells. Throughout antiquity, wells were a prime, if not the prime
source for water. Because of its generally high quality, water from springs played a very
important part in ancient water supply. But water from this source often had the
disadvantage that it was not available at the very spot where it was needed and therefore
had to be transported – sometimes over great distances – to very humble settlements as
well as to big cities. Therefore people started quite early to build aqueducts.
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On the term aqueduct: The Latin word “aquaeductus” combines the two Latin words
“aqua” (water) and “ducere” (to lead). This means that any kind of installation for
transporting water can be called an aqueduct. According to modern linguistic convention,
the word aqueduct is normally used for bridge-like constructions carrying a water channel.
In this paper the term will be used in its very genuine meaning, so any water conduit,
whether underground or above ground on arches will be called an aqueduct.

Wells
Wells are found in all regions of the ancient world and they do appear in all periods. An
example is Athens, in the area of the Agora, where American excavators uncovered more
than 400 wells. The early ones were normally left unlined. Those of the 6th century B.C.
are occasionally lined with small stone masonry (Figure 1), and beginning in the 4th
century B.C. they were often built of circular drums of terracotta; each drum was made of
three separate parts (Figure 2). The average well in the Athenian Agora was about 10 m
deep. Wellheads were first made of terracotta (Figure 1) and later of stone. Those made of
stone often carry deep grooves on their lips deriving from the ropes with which the
buckets or pitchers full of water were pulled up (Figure 3). Wellheads of the Roman
period often were richly decorated.

Cisterns/Reservoirs
Cisterns are underground tanks of almost any shape: circular, rectangular, bottle shaped
etc. For building a cistern in rocky ground it was sufficient to just cut out a chamber, in
soft ground it was necessary to make it of masonry. In both cases the chamber had to be
lined with waterproof cement. Normally, cisterns were fed by rainwater; domestic ones
collected the rainwater running off the roofs of the houses. Some 140 cisterns have been
found in the immediate residential surroundings of the Athenian Agora, most of them
dating from the 4th to the 1st centuries B.C. Most of them are bottle shaped (sometimes
connected by a little tunnel), 2-3 m deep with a maximum of 1-1.5 m in diameter (Figure
5). Such domestic cisterns are advantageous due to the fact that the water is available at
the very spot where it is needed and does not require transport.
One town that was very well-equipped with cisterns is e.g. Pompeji. The typical Pompejan
house had a shallow basin (impluvium) in the atrium. Above the basin there was a square
hole in the roof and the roof was built with its four sides sloping inwards. Thus a
maximum quantity of water could first be collected in the impluvium and then went to
the cistern underneath it. Apart from domestic cisterns which normally are not extremely
big, there also existed communal cisterns of enormous dimensions. These can be found
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especially in areas which lack springs and/or have never been equipped with an aqueduct.
An example is the Island of Delos. In addition to the rather large domestic cisterns under
the central courtyards or peristyles of the Hellenistic houses, there also existed a large
communal cistern near the theatre (200 m2), built in the 3rd century B.C., which collected
the rainwater from the cavea of the theatre (Figure 6). Cisterns with enormous capacities
were also used in agricultural and industrial contexts. Structures of often enormous
dimensions built at the end of aqueducts should not be called cisterns but water
reservoirs. Generally they are not intended to be fed by rainwater, but they were used as
storage tanks for water drawn from springs. A most impressive example of that kind is
the so-called Piscina mirabilis at Misenum/Bácoli (Figure 7), which collected water from
the Serino aqueduct (almost 100 km long). The reservoir is 71 m long, 27 m wide and 15
m high, and has a capacity of almost 13,000 cubic metres.

Springs
Springs normally provided water of a better quality than cisterns and wells could do.
Towns therefore often grew up in the vicinity of springs. It was quite common to build
fountain houses at spots where springs were located. Later, fountain houses were built at
central spots within the towns, but this led to the problem that water had to be
transported to them from the springs. This transport was generally done by pipelines.
These first consisted of terracotta pipes made by potters on the potter’s wheel (Figure 4).
In the 6th century B.C. such pipelines were carefully laid out in narrow trenches cut into
the ground and then covered with earth. In the 4th century B.C., channels were built of
stone slabs to protect the pipes which were simply laid on a layer of earth. These pipelines
could either be made of circular terracotta pipes or of open rectangular ones (Figure 8).
Only in the late 4th century B.C. and mainly in Hellenistic and Roman times, a special
hydraulic cement had been developed which made it possible to let the water flow
through the channel directly. To let water flow from a spring outside the town to a
fountain house within its centre, the pipeline had to maintain a continuous gradient; water
thus flowed continually and could not be regulated. To collect the overflow, a reservoir
was often attached to the fountain house.

Fountain Houses, Nymphaea
The so-called fountain house of Theagenes in Megara is a good example of the
combination of a fountain house with a reservoir (Figure 10). From written accounts we
know that Theagenes had built a fountain house in Megara in the second half of the 6th
century B.C. The building connected with his name though dates from the first quarter of
the 5th century B.C., so it cannot be the tyrant's fountain house. The reservoir behind the
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draw basin was divided into two halves by a central colonnade with barrier-plates. Both
were supplied by separate feed lines and could therefore be cleaned in turns. 28 octogonal
pillars supported the roof. 11 pillars stood on the low wall between the reservoir and the
draw basin. The fountain house probably had five columns in the front. Part of the
pipeline providing the fountain house with water has been found (Figure 9). In an
underground channel built of poros slabs first a circular pipe and afterwards, just on top
of it, an open rectangular one had simply been put on a layer of earth.
Another interesting fountain house has been excavated at the ancient territory of
Perachora, located at the Gulf of Corinth and well-known for its sanctuary of the
goddess Hera. Here archaeologists found a puzzling system of waterworks. Three deep
shafts giving access to the underground water table belong to this system. The shafts are
connected among themselves by a tunnel. Access to this system is given by a long
staircase (about 160 steps) leading to the middle shaft. Water must have been lifted from
these shafts by water-raising wheels turned by animals (most probably oxen), to be
poured into a runnel (small open channel) which led to a fountain house with three long
storage chambers at its back (Figures 11.1, 11.2). Here the water filled the three
underground chambers (Figures 11.1, 11.2, R) and the draw basins (Figures 11.1, 11.2, A).
The chambers vary in length from 26 to 29 m; they are about 1.70 to 1.80 m wide and
2.50 m high. The storage chambers with the draw basins included had a capacity of about
350 m3. The fountain house was built at the end of the 4th century B.C. It can be
reconstructed with an Ionic façade with six columns in the front.
A rather well-preserved fountain house showing four different periods of construction,
respectively remodelling, can be seen on the agora of Amathous, on the Island of Cyprus
(Figures 12, no. 17 + 18; Figure 13). When the fountain house was built in the 2nd century
A.D., it had a water basin measuring 9.3 m by 5.8 m. Two columns set between the side
walls and integrated into the big limestone slabs forming the parapet wall carried the roof.
Later a second draw basin had been added in front by erecting a second very similar kind
of parapet wall. This had later been destroyed when a pipeline made of hollowed out
column drums – the drain – was built (Figure 12, no. 11; Figure 13). During the last
period the basin was divided in half. The west side (Figure 12, no. 17) was filled in, and
only the east side (no. 18) remained in use; it had been vaulted, and as the parapet wall
had been raised the eastern of the two columns had been cut down (Figure 13). The
fountain house must have been fed by an aqueduct, probably erected in the Hellenistic
period, which had undergone a thorough restoration under the Roman emperor Hadrian
(117-138 A.D.). A terracotta pipeline (Figure 12, no. 12) went from this fountain house to
a fountain right in the middle of the huge agora square (Figure 12, no. 8). This was a
fountain of remarkable size; parapet walls formed a quadrangle of about 10 by 10 m. In
its centre a pediment measuring about 4 by 4 m had been built, which carried a water
basin. This basin had a roof supported by four spirally fluted columns set up in the
corners of the basin. Water first flowed into this basin and then to the bigger one around
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it. From here people could draw water for their own use. The fountain dates from the
early 2nd century A.D.
In the Roman period, fountain houses also developped into monumental structures, the
so-called façade nymphaea. Many of these have been built in Asia Minor – but they are to
be found in all parts of the Roman Empire. Most of them have been built in the 2nd and
3rd centuries A.D. Some of them are connected with the names of rulers or other
influential benefactors – often reflecting their political interests. Others were financed
entirely or in part by the cities and communities themselves. Generally, they resemble the
multi-storied stage façades of the Roman theatres.
The city of Miletos had such a monumental nymphaeum for example, located in the city
centre on the agora (Figures 14, 15). It had been built by the father of the emperor Traian
– a high ranking official (proconsul) of the province Asia – in 79/80 A.D. A big water
basin with a small draw basin in front had been aligned on three sides by a structure
which had two storeys in the beginning and received a third one in the 3rd century A.D.
The nymphaeum must have been about 17 m high. The main façade had a row of 9
niches in each storey. The niches with their rich architectural ornament each bore a statue
– in most cases a god or a hero. Together with some simple water spouts at the basis of
the main façade, the statues of the lowest storey also served as water spouts. Behind the
façade there were two water reservoirs fed by an aqueduct – and public toilets. Measuring
about 20 m in length the nymphaeum of Miletos is for sure an impressive structure, but it
is still considerably smaller than the biggest nymphaeum in Asia Minor – the one in
Hierapolis (today Pamukkale), which is 60 m long.

Samos, Tunnel of Eupalinos
A most famous water supply system is the pipeline built in the 6th century B.C. on the
Greek island of Samos which provided its main city with water from a spring. This
pipeline includes the earliest and most impressive tunnel of all antiquity, and was such a
highlight in engineering that even the ancient historian Herodotus (III 60) mentioned the
tunnel, its dimensions and the name of the man, who built it: Eupalinos from the city of
Megara. The pipeline started at a spring beyond the gently sloping hill on which the city
of Samos had been built (Figure 16). Water was first collected in a water reservoir roughly
triangular in shape with 15 limestone piers supporting the roof. From this reservoir to the
distribution basin in the centre of the city water ran in a terracotta pipeline (Figure 20).
For a distance of about 900 m – i.e. from the reservoir to the entrance of the tunnel – the
pipe was laid out in an underground channel cut into the rocky ground to a maximum
depth of 5.20 m (Figure 17). The tunnel itself is 1036 m long, and more or less square:
about 1.8 by 1.8 m (Figure 18a). It was dug simultaneously from both ends, which meant
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that the line of the track had to be carefully measured. To prevent the two parts of the
tunnel from not meeting in the middle, Eupalinos did the following: At the estimated
meeting point he let both tracks perform a little bent (Figure 19 top), and he widened the
tunnel at the location of the meeting point (Figure 19 bottom). As the tunnel is more or
less horizontal it lacks the gradient necessary for a steady flow of the water. Therefore a
trench was excavated in the tunnel floor to carry the terracotta pipeline (Figure 18b-c).
This trench was getting progressively deeper, starting with a depth of 3.5 m and being
8.5 m deep at the downhill end of the tunnel, thus providing a gradient of 0.4%. The
terracotta pipes soon collected a thick layer of calcium carbonate and had to be cut open
to remove this layer (Figure 20 top).

Pergamon, Hellenistic Madradağ Aqueduct
A considerable progress in science including hydraulic engineering can be noticed in the
Hellenistic period (323 – 30 B.C.). For the first time aqueducts show the use of the
inverted siphon. Like aqueducts of the former periods (Archaic and Classical), the
Hellenistic ones did not make use of the bridge-like constructions which afterwards
became so very typical for Roman aqueducts. By only using embankments and causeways,
Hellenistic aqueducts normally followed the contours of hills – like their predecessors did
– thus getting a very long and serpentine course. In some cases intervening highlands and
ridges were pierced by tunnels. But unlike their predecessors, who were not able to cross
a valley or depression, the Hellenistic builders knew that by making use of the principle of
communicating tubes it was possible to send water down on one side of a valley and up
the other side. How this principle worked can be described very well using the example of
the aqueduct built by King Eumenes II in the 2nd century B.C. for the city of Pergamon.
This aqueduct with a length of 42 km started at a spring in the Madradağ mountains north
of the city (1230 m high) and ended at the peak of the citadel of Pergamon (335 m high).
In the beginning the aqueduct had only one terracotta pipe, after a certain distance the
water was distributed into two pipes and finally into three. About 200,000 single
terracotta pipes have been used for this aqueduct. It included a 180 m long tunnel. The
pressure pipeline – the siphon – formed the last part of the aqueduct and started at
Mount Agios Georgios, where the water from the three terracotta pipes was collected in a
basin – the header tank – and was then pressed into the one pipeline of the siphon
(Figure 21). The siphon was 3.2 km long and went down about 200 m; there was a loss in
height from the header tank to the siphon’s end at the citadel of about 40 m. What has
been left of this siphon is a number of pierced stone slabs originally set upright on the
sloping hillside and carrying in their round holes the lead pipes of the pressure pipeline
(Figure 22). Although not a single pipe of this siphon has been preserved, we know from
analysis of the soil in the vicinity of its track that the pipes must have been made from
lead; terracotta pipes on the other hand would have not been strong enough to withstand
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the enormous pressure. The stone slabs had been set up in intervals of 1.2 to 1.5 m, so
the pipes must have had about that length. As lead was a precious metal in antiquity it is
not astonishing that the pipes were stolen, most often by cutting off the upper part of the
slabs. There must have been a very prominent nymphaeum where the siphon ended at the
citadel; but of such a building nothing has been left. Also, it is not possible to reconstruct
how the water was distributed from the point where it reached the citadel to the other
parts of the city.
Because of its gigantic size the siphon of Pergamon is without parallel in antiquity. It is a
project of monumental magnitude and a high-point in Hellenistic engineering.

Aspendos, Aqueduct
A siphon of the Roman period can be studied at the aqueduct of Aspendos. The ancient
city of Aspendos lies on a flat-topped hill about 30 m above the surrounding plains with
steep slopes on all sides. The aqueduct of the 2nd century A.D. had been fed by springs in
the mountainous landscape north of Aspendos. For the largest part of its track the
aqueduct consists of a simple free-flow channel 60 cm wide and 95 cm high, with walls 40
cm thick. The aqueduct incorporated a number of tunnels and bridges, but its most
interesting element is the 1670 m long siphon. This way it was possible to cross the wide,
shallow depression between the hills 1.5 km north of the acropolis and the acropolis hill
(Figure2 24, 25). Before entering the pipeline of the siphon, the water from the aqueduct
channel was first collected in a header tank, measuring about 2.7 by 2.2 m. From here it
went down about 50 m. In the depression a bridge-like construction (venter bridge) –
about 5 m high – had been built to support the pipeline. After that venter bridge the
pipeline was laid on a mortared rubble wall, before it went up to the top of a pressure
tower, where the water was probably collected in an open tank. As the northern pressure
tower (Figure 26b) with its preserved height of almost 30 m misses about 10 m of its
original height, nothing is left of such a tank. Then follows the second part of the siphon,
consisting of a 510 m long and about 15 m high venter bridge with a second pressure
tower at its end (Figure 26a); at the south tower, too, the open tank on top has not been
preserved. From here the pipeline ran over a two-tier bridge – the third venter – and up
to the receiving tank, a tower measuring 1.80 by 2.35 m, preserved to a height of 4.5 m.
The difference in height between header and receiving tank is about 14.5 m. The distance
between header tank and north tower is almost 600 m, the distance between the two
towers more than 900 m. At each tower the track of the pipeline changes the direction
(Figure 24). The pipeline which ran over the whole distance of the siphon was made of
perforated limestone blocks about 88 to 90 cm square and 50 to 100 cm long, with a
perforation of 28 to 30 cm (Figure 23).
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Another quite impressive example of a siphon built of stone blocks perforated by a
cylindrical hole is the well-preserved pipeline near the ancient city of Patara built in the
2nd half of the 1st century A.D. (Figure 27).
Apart from lead pipes and perforated stone blocks, terracotta pipes have also been used
for siphons – but they had to be covered with a thick layer of opus caementicium (Roman
concrete) to withstand the pressure; this is the case with the siphon of Almuñécar
(Figure 28).
Comparing the Hellenistic siphon of Pergamon with the one of Aspendos, built about
four centuries later, it is obvious that the engineering principles are mainly the same, but
there is one big difference: The aqueduct of Aspendos, like all Roman aqueducts, makes
use of arches and concrete. But although bridge-like constructions with arches are so
typical for Roman aqueducts, it has to be stressed that 80-90% of the total length of all
Roman aqueducts is underground and therefore out of sight. Some aqueducts are entirely
built this way: e.g. the Aqua Appia in Rome or the Eifel aqueduct in Cologne. A. T.
Hodge is therefore right when saying that judging aqueducts from their arches and
bridges only is like "trying to form a picture of a complete railway system only on the
basis of its bridges and viaducts" (in: Handbook 2000: 67).
The typical Roman aqueduct consisted for most of its way of a channel which was
normally 0.50 - 1 m underground for reasons of protection. Brick, concrete and rough
stones are the usual building material for such channels (Figure 29). Inside they were lined
with waterproof cement. They are roughly 0.8 - 0.9 m wide and 1.7 - 2.4 m high, and most
often have a vaulted roof. Nearly all Roman aqueducts acquired a deposit of calcium
carbonate – the so-called Sinter – on their walls over the years. To prevent the channel of
being reduced to a small slit, the deposits had to be removed from time to time. The
channel of one of the most famous Roman aqueducts, the Pont du Gard near Nîmes e.g.
shows an incrustation up to 47 cm thick on the bottom and the sides of a conduit only
1.2 m wide (Figure 30). But the Nîmes aqueduct is not famous for its thick calcareous
deposits, but for another most remarkable feature: its extraordinarily high bridge.

Nîmes, Aqueduct with Pont du Gard
Built around 19 B.C. and fed by a spring near Uzès, the aqueduct of Nîmes had a length
of about 50 km. As the source was at an elevation of 76 m above sea level and the
distribution basin, the castellum aquae, in the ancient city at 59 m, there was only a
difference in height of 17 m. This meant that the aqueduct's average gradient was
extremely shallow, only 34 cm per km – about one-tenth the average gradient of some of
the aqueducts of Rome. In some parts it was even less: only 0.07% – this is only 7 cm per
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km! With the route of the Nîmes aqueduct laid out as it is, it was possible to avoid the
mountains Garrigues de Nîmes between the source and the city, but it was impossible to
avoid a crossing of the river Gardon. This could only be done by building a bridge of
considerable height – much higher than normal Roman bridges; for the water level of the
river was very low at the spot where the bridge – the Pont du Gard – had to be built: 18
m above sea level. The bridge finally had a height of 48.77 m and was 275 m long (Figure
31). It has three tiers; the bottom and the middle ones have big arches, the upper tier
considerably smaller ones; the arches of the upper tier remain constant in width, whereas
the arches of the other two tiers have a maximum size in the middle and become smaller
towards each side. The conduit on top is covered by stone slabs (Figure 30).
When the water had crossed the river Gardon and had finally reached the city of Nîmes, it
was first collected in a distribution basin (Figure 32-33). The castellum aquae of Nîmes –
one of the best preserved examples of that kind – is a circular structure with a basin 1 m
deep and with a diameter of 5.5 m. Over this basin some kind of pavilion was probably
erected. The water entered from an oblong opening in the back and was then distributed
by 10 holes to different pipes – made of lead; these were grouped into five pairs soon
after they had left the basin.

Pompeji – Distribution of water within the town
Another most interesting castellum aquae has been found in Pompeji – at the Porta del
Vesuvio, a rather high spot within the city (Figure 38 castellum publicum). Inside a brick
building there is a basin with most interesting distribution arrangements. Thorough
investigations (Ch. Ohlig) have shown that the basin, as can be seen in the building today,
results from a rebuilding of the original structure at this point. This original structure
most probably was a circular open basin, fed with water by an aqueduct built in the period
of Sulla (after 80 B.C.). Pompeji thus drew its water from springs in the mountains near
Avella. When in ca. 35 B.C. Pompeji was linked to the almost 100 km long aqueduct
transporting water from Serino to Misenum, the spot where the Roman fleet was
stationed, the basin was rebuilt (Figures 34, 35). It was now housed inside a brick building
and it was equipped with several distribution arrangements. From the analysis of calcium
carbonate deposits on the walls of the basin and from traces left from screens and gates
once installed in this basin, it is possible to say that the water coming in from the channel
first had to pass through a screen to remove impurities and was then confronted with a
kind of gate blocking the entrance to a row of three parallel exit channels (Figures 34, 35).
This gate probably consisted of a sheet of lead with narrow slots. By putting larger or
smaller wooden wedges into these slots the amount of water flowing to each of the three
pipes could be regulated. After having been distributed to three pipes the water went to
further distribution elements. Such elements were the so – called water towers (castella
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secundaria) – brick pillars, about 6 m high (Figure 40). Distributed over the whole city
(Figure 38), they served to regulate the pressure within the water pipe system. This was
done by sending the water up to a lead tank on top of such a tower (Figure 40). From
here the water was distributed to several lead pipes and went to public fountains, public
buildings and to those private houses which were connected to the water pipe system.
Most of the public fountains are located in such a way that only few inhabitants had to go
further than 50 m to be able to draw water from a fountain (Figure 36).
Due to the fact that Pompeji was destroyed by the volcanic eruption of the Vesuvius in
79 A.D. and was covered by enormous layers of lava, the components of the water supply
system are much better preserved here than in other ancient towns. Some of the
Pompejan houses show all the typical elements of that system: lead pipes (Figure 41), lead
(distribution) boxes (Figure 43), bronze taps (Figure 42) and fountains (Figure 39).
Bronze taps very often are found at distribution boxes to which several pipes have been
fitted (Figure 43). More than 20 of those distribution boxes have been found in Pompeji,
normally near the impluvium in the atrium, in the peristyle or garden; sometimes hidden
in marble cassettes. More than 100 taps have been found.
The Casa del balcone pensile shows a completely preserved water pipe system (Figure 37).
Here a lead pipe can be followed from the public water tower to the front door of the
house and from here to a small courtyard where the pipe was fitted to a lead distribution
box. Here the water distributed to four different pipes, each one connected to the lead
box by a tap, and it fed an ensemble of four fountains (Figure 39); the spouts of these are
installed in the figure of a putto, in the pedestal of the putto and in the two framing
pillars. The water from these four spouts fell into the basin in front of the putto. The
spillover went to a cistern underneath the courtyard or was led to the rainwater drain and
from there out of the house into the street.
Quite astonishing for us is the fact that water pipes in Pompejan houses did not in the
first place provide those rooms with water we would consider the rooms in greatest need
for water supply: bath, kitchen, toilet. Sometimes branches to these rooms exist, but in
most cases pipes first went to the atrium with its impluvium and then continued to the
next open courtyard or garden to supply the fountains or nymphaea in that area with
water.

Rome
“From the foundation of the city for 441 years the Romans were content with the use of the waters which
they drew, either from the Tiber, or from wells, or from springs. Springs have held, down to the present
day, the name of holy things, and are objects of veneration, having the repute of healing the sick; as for
example, the springs of the Prophetic Nymphs (Camenae), of Apollo, and of Iuturna. But there now run
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into the city: the Appian aqueduct, Anio Vetus, Marcia, Tepula, Iulia, Virgo, Alsietina, which is also
called Augusta, Claudia and Anio Novus.”
Sextus Iulius Frontinus, Rome’s water commissioner (curator aquarum) from 97 to 103
A.D., wrote these sentences in his book on the water system of Rome (De aquaeductu urbis
Romae, 4), before giving a detailed report about the nine aqueducts of Rome existing at the
time when he wrote this personal account. From him we know that Rome acquired her
first aqueduct, the Aqua Appia, at the end of the 4th century B.C. When the last aqueduct
was built in the 3rd century A.D., the city had a total of eleven aqueducts (Figure 44).
These had a total length of about 500 km. Most of these aqueducts drew their water from
springs and provided the city of Rome with excellent water. Only the two Anio aqueducts
(Figure 44, no. 2: Anio Vetus; no. 9: Anio Novus) took the water directly from a river –
the Anio; the water was of poor quality and when water of better quality became available
later, it was not used for drinking any longer but went mainly to the baths (including
latrines), gardens, and industrial facilities. Of poor quality was also the water taken directly
from the Lacus Alsietinus – nowadays Lago Martignano (near Lago Bracciano) – and
transported to the city by the Aqua Alsietina (Figure 44, no. 7) built by Augustus at the
end of the first century B.C. The water was used to fill the emperor’s naumachia, a basin
for mock sea-battles located in the quarter of Trastevere and for irrigating nearby gardens
and country villas. As usual, the aqueducts ran underground for the largest part of their
tracks. Only about 60 km were carried above ground on arches. Even if no traces of
inverted siphons have been found in connection with the aqueducts of Rome, it is very
likely that they existed.
Very little is known of the 17.6 km long track of the first Roman aqueduct, the Aqua
Appia (Figure 44, no. 1). It ran almost entirely underground and has mainly been
reconstructed from the description given by Frontinus. Water from this aqueduct only
reached those regions of Rome that were not higher than 20 m above sea level.
With its more than 90 km the Aqua Marcia (Figure 44, no. 3), built in 144-140 B.C. by
the Roman official (praetor) Q. Marcius Rex, was the longest aqueduct of Rome, providing
the city with a high volume of excellent water. Its source was a series of springs in the
Anio Valley below Agosta on the road to Subiaco. It ran mostly underground along the
Anio River’s bank, but for the last 10 km to Rome the water channel was laid out on
substructures and arches. It entered the city at the same spot where the Aqua Appia and
Aqua Anio Vetus did – and where five more aqueducts would enter the city later: at Porta
Maggiore (Figures 45, 46, 49). But because of the substructures and arches it employed on
its last stretch, it entered the city at a higher level and could therefore bring water to areas,
like e.g. the Quirinal, which had been too high to be supplied with water by the two
earlier aqueducts. The water of the Aqua Marcia was much appreciated for being so clear
and cold.
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In 126 B.C. a new channel was superimposed on the one of the Marcia. It belonged to the
Aqua Tepula (Figure 44, no. 4; Figure 46) which took warm water from springs at the
foot of the Alban Hills to Rome. In 33 B.C. a third channel was added: the Aqua Iulia
(Figure 44, no. 5; Figure 46), erected by Agrippa to transport greater amounts of high
quality water from the foot of the Alban Hills to Rome.
The water which fed the 69 km long Aqua Claudia (Figure 44, no. 8) was taken from
springs in the Anio Valley near Agosta, quite close to the sources of the Marcia. Started
by the emperor Caligula in 38 A.D. and finished by his successor Claudius in 52 A.D., the
Claudia, like the other aqueducts, too, consisted of an underground channel for the
longest part of its track. This channel emerged from the ground at about the same spot as
the Marcia (near Capannelle) and it continued into the city on top of a long and lofty
series of arches (Figure 48). At the convergence of the Via Praenestina und Via Labicana
the Aqua Claudia had been built into a monumental archway (covered with travertine
slabs), now called Porta Maggiore (Figures 47, 49). When the city wall of the 3rd century
A.D. (Aurelian Wall) was erected, these arches were incorporated as a gate called Porta
Praenestina. The Aqua Claudia was higher than all aqueducts built before, and after
branch aqueducts had been added to it by the emperors Nero and Domitian, it could
supply water to all of Rome’s districts.
Like the Aqua Marcia, the Claudia, too, had the channel of another aqueduct placed on
top of its own for about the last 10 km before entering the city (Figure 48). In this case it
is the channel of the Aqua Anio Novus (Figure 44, no. 9), an aqueduct built at the same
time as the Aqua Claudia. Like the Anio Vetus the Novus was fed by water from the Anio
River and therefore provided Rome with water of poor quality. But the quality improved
substantially when the emperor Traian moved the source of the Anio Novus upstream to
a lake formed by Nero when he dammed the Anio in order to get sufficient water for a
pleasure villa. The aqueduct was thus lengthened from 87 km to 92 km.
The latest of the aqueducts of Rome is the Aqua Alexandrina (Figure 44, no. 11) built by
the emperor Alexander Severus in 226 A.D. With its 22 km only it is a rather short
aqueduct which had its sources at the hill Sassobello. It mainly served the baths Alexander
Severus had erected near the Pantheon to replace the earlier baths of Nero. Like the Aqua
Anio Vetus and the Appia it entered the city at Porta Maggiore at ground level.
Rome’s 11 aqueducts brought huge quantities of water into the city. The water first went
to distribution tanks of first and second order and from there to the underground water
pipe system (lead and terracotta pipes). In the 4th century A.D. 11 big public baths, 15
nymphaea, 5 naumachiae, about 850 smaller baths and about 1350 fountains were fed
from these aqueducts.
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Table 1: Rome's eleven aqueducts.
Aqueduct

Date of
construction

Total
length
(km)
ca.

Length
on
arches
(km) ca.

Height at
terminus
(m above
s.l.) ca.

Discharge* Water quality

Appia

from 312 B.C.

16

0.1

20

73,000

Excellent water
from springs in
the Anio Valley

Anio Vetus

from 272 B.C.

64

–

48

180,000

Poor water
from Anio
River

Marcia

144-130 B.C.

91

10

59

190.000

Excellent water
from springs in
the Anio Valley

Tepula

from 126 B.C.

18.5

9.2

61

17,800

Warm water
from volcanic
springs in the
Alban Hills

Iulia

33 B.C.

23

10

65

48,000

Excellent cold
water from
springs in the
Alban Hills

Virgo

21-19 B.C.

21

1.2

20

100,000

Water from
springs in the
Anio Valley

Alsietina

10-2 B.C.

33

0.5

17

16,000

Poor water
from Lake
Martignano, no
drinking quality;
used for
naumachia

Claudia

38-52 A.D.

69

14

67

185,000

Excellent water
from springs in
the Anio Valley

Anio Novus

38-52 A.D.

87/92

11

70

190,000

Poor water
from Anio
River

(m3 per 24
hrs) ca.
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Table 1 continued

Traiana

109-117 A.D.

Alexandrina

from
A.D.

60

226 22

–

73

–

Quality of water
unknown; from
springs near
Lake Bracciano

2.4

50

–

Water from
springs at
Sassobello

* calculated from figures of Frontinus (De aquaeductu urbis Romae)

Concluding remarks
Apart from the aspects of ancient water supply dealt with in this paper there are many
further aspects, which could not be touched in a paper as short as this one: e.g. public
baths and their water supply system, drainage and sanitation, irrigation, land drainage,
water mills, water lifting devices, water landscaping etc. Being aware of this dilemma,
readers with a deeper interest in this topic and with the desire for further reading are
advised to turn to the bibliography attached to this paper.
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Figure 1: Athens, Agora, well with stone-lined shaft and terracotta wellhead, 6th century B.C. (Waterworks Agora 1968,
Figure 5)
Figure 2: Athens, Dipylon, Hellenistic well built of terracotta drums (Tölle-Kastenbein 1994, 31 Figure 13)
Figure 3: Aphrodisias, wellhead of stone with deep grooves at the lip (H. Fahlbusch, in: WAS 2, 1987, 137 Figure 3)
Figure 4: Athens, Agora, terracotta pipes of the 6th century B.C. (Tölle-Kastenbein 1994, 51 Figure 70)
Figure 5: Athens, Kolonos Agoraios, two bottle shaped cisterns with tunnel (Waterworks Agora 1968, Figure 4)
Figure 6: Delos, Hellenistic cistern at the theatre (Tölle-Kastenbein 1990, 112 Abb. 70
[photo École Française d'Athènes])
Figure 7: Misenum/Bácoli, large water reservoir called "Piscina mirabilis" (Hodge 1991, 277 Figure 193 [J.-P. Adam])
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8

9

10

11.1

11.2
Figure 8: Athens, channel of the water pipe system of the 4th century B.C. (TölleKastenbein 1994, 43 Figure 51 [F. Gräber])
Figure 9: Megara, channel with water pipes leading to the so-called fountain house
of Theagenes (Tölle-Kastenbein 1994, 44, Figure 53)
Figure 10: Megara, so-called fountain house of Theagenes, cross section and plan (Hodge 1991, 26 Figure 7
[G. Gruben])
Figure 11.1-2: Perachora, fountain house, reconstructed view and section (1); ground plan (2) (Handbook 2000, 431
[Figure 13 [R.A. Tomlinson])
Figure 12: Amathous, Agora, map (Aupert 1996, 73 plan 1)
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13

14
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Figure 13: Amathous, fountain house (photo S. Rogge)
Figure 14: Miletos, façade nymphaeum, plan (Dorl-Klingenschmid 2002, 215 Figure 142)
Figure 15: Miletos, façade nymphaeum, reconstruction (F. Glaser, in: WAS 2, 1987, 122 Figure 21 [J. Hülsen])
Figure 16: Samos, track of the Archaic water supply system (Hodge 1991, 29 Figure 9a [H. Kienast])
Figure 17: Samos, aqueduct, cross section of the channel between the water reservoir at the spring and the tunnel
(H. Kienast, in: WAS 2, 1987, 214 Figure 2)
Figure 18: Samos, tunnel of Eupalinos, cross section (Hodge 1991, 29 Figure 9b [H. Kienast])
Figure 19: Samos, tunnel of Eupalinos, meeting point of the two halves; plan (top) and vertical section (bottom)
(Hodge 1991, 29 Figure 9c-d [H. Kienast])
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Figure 20: Samos, tunnel of Eupalinos, pipe, cut open (top) and section (bottom) (Kienast 1995, 106 Figure 29)
Figure 21: Pergamon, Hellenistic Madradağ aqueduct: profile and plan (Hodge 1991, 43 Figure 20)
Figure 22: Pergamon, Hellenistic Madradağ aqueduct, stone slabs once carrying the lead pipes of the siphon
(Garbrecht 1995, 86 Figure 8 [Fabricius/Graeber])
Figure 23: Aspendos, aqueduct, blocks of the stone pipeline (Hodge 1991, 38 Figure 15a [K.G. Lanckoronski])
Figure 24: Aspendos, aqueduct, siphon, plan (Kessener 2000, 117 Figure 19)
Figure 25: Aspendos, aqueduct, siphon, profile (vertical dimensions enlarged) (Kessener 2000, 117 Figure 20)
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33

Figure 26: Aspendos, elevation and plan of aqueduct between north and south tower (a); elevation of north tower (b)
(Hodge 1991, 158 Figure 112 [K.G. Lanckoronski])
Figure 27: Patara, stone pipe blocks of the siphon (Hodge 1991, 34 Figure 15 [K. Grewe])
Figure 28: Almuñécar, terracotta pipe of the siphon in thick concrete layer (K. Grewe, in: WAS 3, 1988, 179 Figure 2)
Figure 29: Lyon, cross section of the aqueduct of La Brevenne (Hodge 1991, 96 Figure 48 [Cl. Lutrin])
Figure 30: Nîmes, Pont du Gard, channel of the aqueduct with deposit of calcium carbonate
(Hodge 1991, 97 Figure 49e)
Figure 31: Nîmes, Pont du Gard, elevation of central section (Hodge 1991, 132 Figure 82 [E. Espérandieu, Léger])
Figure 32: Nîmes, Castellum aquae (Hodge 1991, 284 Figure 198 [J.-P. Adam])
Figure 33: Nîmes, Castellum aquae (H. Fahlbusch, in: WAS 2, 1987, 161 Figure 29)
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Figure 34: Pompeji, Castellum aquae, plan (Ohlig 2000, 76 Figure 13)
Figure 35: Pompeji, Castellum aquae, model (Ch. Ohlig, in: Cura Aquarum in Campania 1996, 19 Figure 1)
Figure 36: Pompeji, plan marking the location of all public water fountains with a radius of 50 m (Hodge 1991,
Figure 213 [H. Eschebach])
Figure 37: Pompeji, Casa del balcone pensile, plan with water pipe and fountain (asterisks) (Jansen 2000, 89 Figure 7)
Figure 38: Pompeji, plan showing the location of the water towers (Tölle-Kastenbein 1990, 144 Figure 92
[J. Dybkjaer Larsen])
Figure 39: Pompeji, Casa del balcone pensile, reconstruction of the fountain (Jansen 2000, 91 Figure 9)

58

39

Sabine Rogge: Water supply in antiquity in the Mediterranean world

41

40

42

43

44
Figure 40: Pompeji, reconstruction of a water tower with lead box on top and with public fountain connected to it (postcard)
(Ohlig 2001, 30 Figure I.30.b)
Figure 41: Manufacturing of a lead pipe (G. Jansen, in: Handbook 2000, 120 Figure 11 [J. Hansen])
Figure 42: Pompeji, bronze taps (Jansen 2000, 88 Figure 3)
Figure 43: Pompeji, distribution box with taps (G. Jansen, in: Cura Aquarum in Campania 1996, 47 Figure 3)
Figure 44: Rome, map of aqueducts (Garbrecht 1995, 109 Figure 1)
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Figure 45: Rome, map of aqueducts in the city (Aicher 1995, 50 map 3)
Figure 46: Rome, Aqua Marcia, with the superimposed channels of the
Aqua Tepula and Aqua Iulia, built into the Aurelian Wall
near Porta Maggiore (Pace 1983, 143 Figure 99
([photo C. di Fenizio, 1930])
Figure 47: Rome, Porta Maggiore with the channels of Aqua Claudia and
Aqua Anio Novus (G. Garbrecht, in: WAS 2, 1987, 211
Figure 6)
Figure 48: Rome, Aqua Claudia with the superimposed channel of the
Aqua Anio Novus, photography of the 1860ies (Rom in
frühen Photographien 1846-1878 [1978]) 214 no. 102)
Figure 49: Rome, map of aqueducts at Porta Maggiore
(Aicher 1995, 54 map 5)
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Let us begin answering this question by stating what ecological ethics is not: it is not part
of the environmental research of facts about the natural environment and it does not
investigate the issues of how ecological systems function or what malfunctions or
damages can be found in what may be summed up as the “environment”.
Rather, ecological ethics is a normative science. It is concerned with questions about the
criteria, values and norms of action. Thus not questions like “what is the case?”, but
questions like “what should we do?” constitute the main issues dealt with. In engaging
with (not only ecological) ethics as a normative discipline, one tries to find out for what
reasons we should do one thing, and refrain from doing another, whereas this “we” refers
not only to individuals and their actions, but also to a society or mankind as a whole and
to the preferable options of action. Ethical investigation, then, is focussed on the issue of
how common standards of behaviour – as for example the claim “do not harm the
environment” – are justified.
We usually take this for granted. For instance, we say that we should not pour oil waste
into the sea. But why should we not do that? An expectable answer would be: because by
pouring oil into the sea we would destroy sea life, harm seabirds and their nourishment
and soil the beaches. But the initial question remains unanswered: why should we not do
that? As a next step one might answer “because it's prohibited”, but this, of course,
cannot be the whole answer to the question of justification. Alternatively, one might say
“because we want to eat the fish”, “because we want to watch the birds” or “because
there are people who want to go swimming at the beach”.
Digging deeper into these reasons one arrives at more general principles such as: people
should not harm themselves or others. But shall we, for example, protect seabirds only
because you or others like watching them? Then we might even want to know who and
how many people will want to watch the birds? Or is it because of the importance of the
ecological balance? And for whom is it important? Are birds creatures that deserve
respect? – These are (though the list is far from being complete) all questions discussed
by ecological ethics.
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Let us look at them a bit more systematically and discuss the following two questions:
1. What is ethics?
2. What is ecological ethics?
Since there has been an important shift in the meaning and scope of ethics, especially
concerning the relation between man and nature, we must discuss these questions both in
a systematic and a historical perspective.

What is ethics?
The concept “ethics” comes from the Greek Aethos (or ethos) which may be translated
as “customs” or “character”. In Greek philosophy ethics or “ethike episteme”
correspondingly deals with character traits or virtues one the one hand – i.e. with
permanent dispositions to do the right thing, which above all means tempering the
affections correctly - and with the right customs and laws on the other (nomos).
Ancient Greek ethics asks what kind of life is good and thereby contributes to the
happiness of people. According to ARISTOTLE, the founder of ethics as a distinct
philosophical discipline, this happiness of people depends on developing and practising
the specifically human faculties. And these again depend on the human being's speciesfunctions and his place within the cosmic order. The execution of functions typical for
the species instigates pleasure, according to ARISTOTLE, and their continued
accomplishment brings about fulfilment, prosperity and well-being. Since nature has
designed such functions and since nature is evidently wisely and expediently organized, it
is a question of "living in harmony with nature". However, the idea behind this is that
human beings have a share in the spiritual sphere of the gods or the superlunar spheres
(planet gods). This gives rise to a philosophical dualism: The highest and most worthy
part of the world is the spiritual sphere of the gods and human reason. The “rest” of the
world is less “real” and of minor value. It can serve as a means to the higher beings.
Sometimes this dualism took a radical turn: the human being should rid himself of all
natural needs. In association with the high religions of the Near and Far East (Judaism,
Christianity, Buddhism etc.) this developed into ascetic, world-negating and naturesubjugating ethics. But also without this turn modern ethics is often limited to the rights
and duties of rational beings against each other.
Modern times are characterized by a different concept of ethics. Ethics as a philosophical
discipline was, as stated above, originally the study of admirable character, of the virtues
(justice, level-headedness, friendship - wisdom, science etc.) and of the good life
(candidates: prosperity, political success or knowledge). In modern times this conception
is subject to a fundamental change. Nowadays the rights and duties of human beings - all
humans, whatever their religion and ideology, and as equal in their original claims, rights,
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dignity – are of particular interest in philosophical ethics. So, for philosophical ethics two
questions came up:
1) How can the original rights and duties of humans, namely the mutual
respect of freedom and well-being, be justified to egoists, cynics, despisers
of mankind?
2) Which enforceable and which (merely) desirable duties - i.e. legal and moral
duties - does the human being have and how are the traditional duties of
Christianity and the legal traditions (above all Roman law) to be judged by
reason?
In order to answer the first question various strategies have been devised: one strategy
claimed that reason was the source of moral and legal duties, so that wanting or doing
something immoral was taken to mean wanting or doing something unreasonable or even
contradictory. Another strategy identified self-interest as the reason for long-term
cooperative conduct. This is, especially today, considered to be the most promising
argument to convince a moral sceptic who holds the view that there are no universal
reasons for moral behaviour. In the 18th century, philosophers developed a strategy which
referred to proofs of the existence of God and claimed the justification of moral rules on
this basis.
With regard to the second question, the traditional catalogues of rights and virtues were
examined in the light of the respective foundation of ethics and its highest rules. As a
result the unreasonable was differentiated from the reasonable. Even allegedly formal
moral philosophers such as KANT have – in the so-called metaphysics of ethics – used
this procedure in order to arrive at concrete catalogues of rights and duties. In addition,
until the early 19th century there was a widespread praxis of “class ethics” which imposed
comparatively concrete duties upon the members of various social strata, professions and
institutions (i.e. university, administration, military). In modern society the influence of
concrete virtue doctrines of both religious origin and class ethics is on the decline. The
privatisation of large areas of life and the domination of “technical” functions in
occupations and institutions was a contributory factor.
But nowadays the need for ethical orientation is becoming more evident again. The
reason for this is the expansion of human possibilities for action through modern
techniques, above all their conscious use on human beings (medicine), their unintentional
repercussions on them (chemistry, energy) and, finally, the necessity for political decisions
about the registration, promotion or control of such technical options. The core question
that arises out of the contexts is: what part of that which is technically possible, is (also)
ethically permissible? How do things stand regarding the rights anchored in the
constitution and laws, and what about the values and virtues that still enjoy a broad social
consensus (such as peacefulness, consideration, justice etc.)?
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In sum, modern ethics has become more concrete, more applied to particular questions
of modern society and of the professions which deal with them. Parallel to the societal
development which can be described in terms of differentiation and mechanisation
processes, the formation of Applied Ethics as an interdisciplinary field of research on
ethical problems that arise in the various spheres of the human (social) life can be
observed. Ecological ethics is part of this enterprise.
Against the background of these general qualifications of the term “ethics” and the
specification of ethics as a philosophical discipline, we can now turn to the delineation of
ecological ethics.

What is ecological ethics?
In short, ecological ethics is the part of ethics which is concerned with the right way for
human beings to treat the natural environment and its living beings. In the European
history of ethics we can distinguish between two different traditional approaches to this
topic:
1) The first approach emphasises the aspect of imitation and integration of man
into nature. Here, nature is understood as a meaningfully organized cosmos or
creation. Some proponents of this view refer to the “scala naturae” as the
organization or structure of being and goods.
2) In contrast to this view, the second approach stresses the domination of man
over nature. The biblical “be fruitful, and multiply, and replenish the earth, and
subdue it” (Genesis, 1:28) (historically the legitimization of growing plants and
animals against magical concepts of nature) reaches new heights in modern times
due to the application of science and technology.
The conflict between these two traditions has been evolving since the 18th century mainly
because of the experience of urbanization, then industrialization, (loss of rural homes,
discovery of natural beauty etc.) in the 20th century also through agriculture, the use of
chemicals and most recently genetic biotechnology.
To sum up, the main questions ecological ethics has to discuss are the following:
1. How to deal with natural resources and justice towards future generations
(sustainability)?
2. How to avoid the disturbance of natural balances such as climate or regional
ecosystems (rainforests etc.)?
3. How can the diversity of species be obtained?
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4. The appropriate handling of animals according to species - either in cattle
breeding, in the habitats [“lebensraum”] of wild animals, or in research.
Ecological ethics as a scientific discipline is part of applied ethics (as are economic ethics,
medical ethics, animal ethics, technical ethics, computer ethics, etc.). It deals with the
proper relations within the natural human environment, whereby "environment" is
already a problematical, controversial term.
It may already have a so-called “anthropocentric” bias and be defined as that which is all
around the human being, associated with him. The German philosopher Klaus Michael
Meyer-Abich proposes the term “Mitwelt” (the world we live in and with) and puts
forward various arguments for the claim that we are part of nature: we owe our lives to
nature, are related to the animals, have the elements (carbon, nitrogen etc.) in us, consist
of micro-organisms and water – to mention just a few of his theses. This is a so-called
“physiocentric” point of view. It is one of four central positions in bio-and ecological
ethics, namely anthropocentrism, pathocentrism, biocentrism and physiocentrism (or holism). These
positions differ with regard to the questions as to what has to be taken into account in
moral deliberations and what behaviour is ethically justified or appropriate. In many cases
these differences do not matter when concrete measures are on the cards.
In order to provide a systematic overview over these main positions and the differences
between their arguments in ecological ethics, we shall now define and explain them one
by one with reference to the example of oil pollution of oceans mentioned above. The
guiding question for this differentiation is: “why should human beings refrain from
pouring oil waste into the ocean?”
a) Anthropocentrism
As the term indicates, the ethical position of anthropocentrism centres around the
anthropos, i.e. the human being including his or her particular interests and moral as well as
legal claims. Humans are, according to this position, the only bearers of a moral status.
Consequently, the answer to the question of pollution from an anthropocentric point of
view refers to one of the following aspects, which are all part of particularly human
interest: the food from the sea is necessary as well as valuable for humans and therefore
the sea should not be polluted; if beaches were soiled, someone would have to take the
hard job of cleaning and they could not be accessed during leisure time or for any other
purpose; finally, humans do appreciate the aesthetics of the seaside and oceans, they like
watching the seabirds and many other activities.
b) Pathocentrism
The main conviction of pathocentric arguments is that the decisive criterion for judging if
something is ethically valuable is the question whether the objects dealt with or influenced
by certain actions can suffer from the consequences of these actions. Thus, pathocentrism
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is in a way “broader” than anthropocentrism in that it does not restrict the scope of
ethical deliberations to aspects which are important only to humans, but to all beings
which can suffer or feel pain. Pathocentrists sometimes accuse anthropocentrists of socalled speciesism, a position according to which one species has a privileged moral status.
According to the pathocentristic position the prohibition of oil pollution is justified,
because there are animals which perish miserably in the polluted sea. To be consistent
with the fundamental claim of pathocentrism, this argument has to imply that the animals
actually affected by the pollution can in some sense “subjectively” feel pain. So it applies
only to animals with a higher level of sensitivity – i.e. it does apply to seabirds, but
probably not to the billions of micro-organisms which live in the sea.
c) Biocentrism
According to the biocentristic view, all living entities have a moral status and shall not be
seen or treated instrumentally (i.e. only as a means for other purposes) by humans. In
principle, biocentrism argues against the privileged treatment of any living being.
As this position again expands the scope of the foregoing one, its argument against oil
pollution refers to arguments like the following: the pollution of the water harms all living
beings affected (and not only the ones which suffer); all living beings are “ends in
themselves”, i.e. every living being deserves consideration of its own development, own
movement, own objective; respect for life is the highest decree.
This view excludes only water as such, beaches as such etc., as it does not consider them
as important, at least not as decisive for ethical issues.
d) Physiocentrism/Holism
According to physiocentrism, the scope of ethics has to include unanimated nature
(water, crystals, mountains, oceans etc.) as well. Its proponents argue roughly as follows:
as all nature is part of God’s creation or alleged being – as Hans Jonas puts it –, humans
shall not instrumentalise or disavow any parts of it. Humans are part of nature and, as
they are part of the same evolutionary processes, they are kindred to all precedent levels.
Thus, there is no reason for assuming an exposed moral status for humans and there is no
justification for an instrumental treatment of other beings.
In answering the question about oil pollution, a physiocentrist would refer to the claim
that pollution contradicts the aims of living in harmony with nature and of not wasting
non-regeneratable energy sources. Pollution, so the physiocentrist would argue, harms all
of nature, her own independent forms and landscapes, which we are generally not to
interfere with. Here we have a strict opposition to anthropocentrism, which takes only
human interests seriously and demands that conflicts between them be avoided or settled
fairly.
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In this case of oil pollution the different positions do not contradict in terms of the
conclusions, as far as ethically endorsable or contemptible conduct is concerned. But
especially when we look at the argumentative emphases, we do come across considerable
divergence. One example of this is the cloning of animals and humans. The cloning of
humans could help the individual by creating individuals endowed with excellent genetic
make-up. In spite of this rather positive valuation which seems close to the
anthropocentric position, there are also anthropocentric counterarguments which criticise
the possible emergence of a market of genetic enhancement or of new social classes based
on “better” genetic outfits. Arguments against cloning are decidedly different, when the
naturalness of the human body is considered as a separate value. The case is even clearer
with regard to the cloning of animals. Neither of the positions of anthropocentrism or
pathocentrism can provide any argument against it – as long as we may presuppose that
cloned animals do not suffer, which does not seem likely. But from the physiocentrist
perspective cloning of animals is an interference with evolution, natural individualization,
and the development of diversity. In our view, the anthropocentric approach is also
inadequate for ecological ethics. If we want to ethically justify the protection of diversity,
sustainability, species appropriateness, respect of ecosystems, flourishing of plant life etc.,
then we will have to hark back to the value concepts of nature or naturalness. These
concepts can be clarified in terms of three main aspects:
a) The first is that naturalness itself implies independence from human volition. The
corresponding ethical claim is that there should also be room for naturalness;
this is meant to set a limit to the continuous striving for spaces riddled with
design and technology.
b) The second aspect concerns especially the characteristics of nature which are
valuable as such and include the existence of diversity, which indicates the ability
to share out living spaces or habitats [“lebensraum”] for the benefit of all beings
involved – these phenomena are described by reference to symbiosis, ecosystems
or evolutionary balance, in other words we can call it a kind of “natural justice”.
In addition, the value of the natural embraces the random-character of evolution
and reproduction that serves diversity, independence and the exoneration of
humans who are not responsible for the genetic lottery.
c) The third aspect refers to the stages of nature with special ways of naturalness at
every stage, whose modification by humans is subject to justification. Let us list
these stages together with the corresponding ethical charge in view of possible
human interferences.
1) Possibly damaging or monotonising changes of natural forms, as for example
the cultivation of landscapes, need justification.
2) Living beings “deserve” prima facie consideration of their development, their
own movements and aspirations. This especially applies to the flourishing of
plants.
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3) Animals as higher forms of life deserve the consideration of their natural
evolution and their way of life appropriate to the species. On this level of
nature the worth of individuals gains increasing ethical significance,
whereupon the promotion of the well-being of individuals is “right”.
Limitations in favour of human beings must, on the other hand, have weighty
reasons and goods on their side.
4) Living beings that can feel pain must have their aversion to pain taken into
consideration. Unnecessary pain must be avoided.
5) Living beings closer to the human species (primates) must have their higher
capabilities protected, as we can comprehend them “from the inside”.
6) On the level of human beings the consideration of interests and preferences of
autonomous individuals must be taken into permanent consideration. But
also the enabling of common or shared values and revered ways of life. On
the wide interpretation we account for, this also counts for groups as for the
diversity of cultures and species.
This application of the ethical charges connected with the various stages of nature can be
clarified further by considering the case of dealing with humid biotopes (wetlands). Here
we have to ask what exactly is to be regarded as important when we think about
interfering in natural spheres of this kind. As a consequence of the approach sketched in
this paper, we would suggest to reflect upon the consequences for the countryside, the
variety of living beings in the respective area, the prosperity of plant as well as animal life,
the possible influences on climate and aesthetics, on the economic usefulness and
damage. This emphasis on the multitude of aspects does not include a support of what
philosophers call a “consequentialist” ethical position, it is rather meant to stress once
again that – against the narrower “centrisms” mentioned above – in such reflections the
appeal to the diversity of natural forms is most adequate to the wide and in itself complex
concept of nature and naturalness. Holists still have to weigh the worth of these different
spheres and stages of nature and the respective values or interests, but especially the
holistic approach can serve to open up the connected discourse.
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Introduction
Whilst the drivers for public participation in water resources management have been
firmly established by the Water Framework Directive, guidance on the design,
implementation and management of appropriate tools and processes to support such
participation remains sparse. Within the context of water management in arid
environments, the importance of such collaborative planning is highlighted by the
potential for conflict over a dwindling resource. This session begins by reviewing the
motivations for stakeholder participation in water resources planning & governance and
highlighting some of the methodological and technical problems associated with the
design and deployment of suitable support tools. It then goes on to demonstrate several
specific tools designed for use in stakeholder debates. Finally, the session draws out
lessons for future design and implementation activities and comments on some of the
limitations emergent from the use of such tools.

Why participation?
Over the thirty-four years since the publication of Sherry Arnstein’s seminal text on
citizen participation (Arnstein 1969), there has been a significant increase in the level of
public participation and stakeholder involvement in natural resource planning and
management. Motivated by considerations of social justice (of both the procedural and
distributive versions) and ethical practice, a number of formal approaches have emerged
to support the involvement of lay communities. These approaches go under a variety of
labels (e.g. stakeholder engagement, stakeholder consultation, participative planning,
public consultation), but have the common objective of extending the intervention
process franchise to previously excluded groups. Whilst there are distinctions to be made
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between the various flavours of participation – for example, ‘stakeholders’ are often
considered to be group or institutional representatives rather than individual citizens – for
the purposes of this text, we use the term ‘public participation’ to signify a process
whereby non-experts are brought into a resource planning or management activity.
The extent to which such actors are incorporated into the activity can be structured along
an axis of increasing influence on a final decision variable. The types of participation
move from circumstances in which stakeholders are largely passive in the process and the
power lies with those in control, to stakeholders becoming more active and in control of
the process themselves. One type of participation may not in itself be intrinsically ‘better’
than another and indeed different types of public participation are appropriate in different
situations, with different objectives and with different stakeholders. In some
circumstances, specific stakeholders will have a greater right to more inclusion in, or
control of, the process than others and some will have greater capacity to participate than
others. Perhaps the most influential proposal for the classification of modes of
participation came from Arnstein herself (see Figure 1) although others have been
proposed, e.g. by Choguill (1996). The various types of participation can be associated
with governance styles.

Figure 1: Citizen participation and governance styles (adapted from Arnstein 1969 and Vanderwal 1999).

72

Paul J. Jeffrey: Principles and tools for supporting participative water resources planning and management

Originally elaborated as a response to failures in the implementation of aid programmes
to developing nations, public participation is now seen as a cornerstone of an emerging
management paradigm based on social responsibility. Indeed, not only do the major
development funders now strongly prescribe stakeholder engagement as an integral
element of the development process and provide guidance on appropriate methods (see
Clayton et al. 1998 for an example), but large corporations publicise their commitment to
participative processes. But what are these organisations trying to achieve through
participation?
The case in support of wider participation is commonly worded in terms of the links
between economic efficiency, equity, justice and environmental concerns. There are
therefore a set of normative concerns driving wider participation;
• Transparency
• Democracy
• Procedural as well as distributive justice
• Failures in existing approaches
• Social responsibility
• Communitarian principles
• Decision quality
• Capturing diversity of experience and knowledge
However, it should be noted that these are reasons why one might engage in the process
rather than being a list of realised benefits. Indeed, although there is a widespread belief
that participation is intrinsically good as a process (motivated by a set of normative
considerations) and whilst there is limited evidence that participation generates broadly
‘better’ outcomes (Isham et al. 1995), there have been surprisingly few empirical studies
which evaluate the benefits of participation in either qualitative or quantitative terms.
Those that are reported have emphasised the importance of engaging both stakeholders
and public at an early stage (Grima 1983), and the need to include information sharing
and education of the community as integral parts of the process (Pena/Cordova 2001).
Other work has been limited to pointing out the ability of participation to ‘alleviate an
initial uneasiness’ amongst the public about planners’ and politicians’ intentions
(Moorhouse/Elliff 2002) and a backlash against the often yawning gap between the
theory and practice of participation is emerging (Cooke/Kothari 2001).
The primarily normative drivers which were listed above have been supplemented over
recent years with regulatory incentives. For example, in the Water Sector, the Water
Framework Directive (WFD) which came into force on 23 October 2000, and the Aarhus
Convention, are playing a major role in promoting wider and more structured forms of
participation.
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The expansion in opportunities for participation has generated new tools to support the
process itself (Sanoff 2000). These include frameworks for organising face-to-face
dialogue and debate, consultation techniques based on interviews or questionnaires and,
increasingly, the deployment of bespoke ICT platforms and Internet applications (e.g.
Kingston et al. 2000). As is the case with evaluating the benefits of participation (see
above), we would note that few useful evaluations of the various available methods have
been conducted; eminent exceptions being those pertaining to Citizens’ Juries and
Community Advisory Committees reported by Petts (2001) and the review conducted by
Hinchcliffe et al. (1995), and the evaluation of participatory tools from a users’
perspective reported by Halvorsen (2001). From these and other sources we can identify
reasons why we might want to and why we might not want to undertake a participation
activity.
Why

•
•
•
•
•
•
•

Regulatory requirements (e.g. Water Framework Directive)
Capture local knowledge/identify local issues/problems
Promote consensus/coalitions
Identify achievable objectives/solutions
Facilitate early trade-off debates
Educate and inform
Identify key personalities, stakeholders, and interest groups who may help or
hinder the project.
• Involve stakeholders before they involve you!!

Why not
• Can lead to reactive planning
• Closes the expert – layman gap
• Variability of commitment across participants (i.e. small group can dominate the
agenda)
• Danger of sensitising the community
• Dominance of entrenched power structures
• Emergence of turf wars between stakeholder groups
• Cost & resource burden (important if process is non-statutory)
• Raising unrealistic expectations
• Delay decision making process
• Agenda nabbing – project creep
• Undermining role and authority of elected representatives
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Principles of participation
In developing guidance on the practice of participative activities, some agencies are also
moving towards ‘principles of engagement’ with stakeholders. For example, The UK
Environment Agency is considering the following tenets (Orr 2002):
• Productiveness – engagement should make a difference
• Efficiency in the use of resource both of stakeholders and the Agency
• Consistency
• Transparency
• Respect for the views and concerns of all participants
• Openness to participation by anyone with an interest
• Encouraging learning by all – stakeholders and the Agency
• Honesty, especially about assumptions and uncertainty
• Justice in the distribution of environmental benefits and disbenefits.
The World Wildlife Fund (Harrison et al. 2001) provides a similar set of principles, which
include some commentary as to their justification and intended role (see Box 1).

BOX 1 – World Wildlife Fund’s principles of public participation
Openness – It is important that the decision about which type of public participation to enter
into is taken jointly with those whose participation is being sought. One of the hardest ‘tricks’
of participation is managing the expectations of stakeholders. Being clear about what are the
boundaries of discussion – what can and cannot be left to all stakeholders to decide together is
important. Participants need to be happy with the level of participation that they are ‘allowed’.
If they do not feel that they have a say in the process then they will not be committed to its
outcome. Participants need to be able to influence the agenda, influence who participates and
influence the ‘tools’ that are to be used as much as the people initiating the process.
Adaptability – One of the greatest barriers to effective participation is the level of uncertainty
involved. Since participation involves a genuine two-way communication and a sharing of
decisions then it is less easy for those initiating the process to be able to determine its
outcome. Participation is an iterative process whereby all stakeholders learn together as it
progresses. At the same time the lack of skills and knowledge in using participatory tools
means that there is a second level of uncertainty about what needs to be done to achieve
effective participation. Participation depends on facilitators acting as convenors and catalysts,
but without dominating the process.
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BOX 1 continued
Connections – One of the major benefits of a more open, wider and inclusive process of
decision making is that it cast more broadly the net that catches the information needed to
make better decisions. For such sustainable decisions to be made, new partnerships and
connections between different stakeholders are needed. Participatory processes are needed to
bring together different stakeholders to bring new perspectives to old problems and to use the
capabilities of all stakeholders to their maximum. What is also important is to recognise the
connections between the levels or scales at which participation should happen. The tools
relevant to working for instance, at a community level in a sub-catchment of a river, are not
the same as will be used at a river basin level.
Action – Without the ability to turn decisions into reality to act on those decisions
stakeholders will rarely continue to participate in a process. If they do not feel that they can
influence outcomes then they will not spend their time and energy engaging in what becomes a
pointless exercise in which they are essentially being manipulated. Participation takes a great
deal of time and effort. If people do not see a concrete return on that time and effort they will
very quickly decide that it is wasted. It is always important to return to stakeholders with the
results of their participation and to keep them informed and involved.
Evaluation – It will always be important to stand back from participation and evaluate what it
is delivering against given participation objectives that should be set at the outset. Has it
succeeded against those objectives and if not how no, how can things be improved for the
future and processes adjusted.
Political – Participation is essentially a political process. At its core is a fundamental decision
to share power with a wider range of stakeholders than have traditionally been involved in
decision making. Participatory tools and approaches are often used simply to extract
information from stakeholders and often to dress autocratic decisions in the clothes of
participatory democracy. Without the cultural and political decision to share power
participation is simply public relations at its most cynical.

Strengths and weaknesses of different engagement methods
Techniques and tools to support participation can be classified into three groups;
information providing, information gathering, and interaction support tools (see Table 1).
Public participation can take a variety of forms, from one-on-one interviews, through
citizens’ juries and panels, to large open meetings and internet facilitated engagement.
Some short descriptions of the major forms used are given below.
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Table 1: Different types of participation support tools.
• Briefings
• Exhibits/Displays
• Feature stories in media
• Information repositories
• Mailings containing technical or environmental reports
Information-providing techniques

• News conferences
• Newsletters
• Newspaper inserts
• News releases
• Press kits
• Public service announcements
• Web sites
• Focus groups

Information-gathering techniques

• Polls
• Surveys
• Questionnaires
• Advisory groups/task forces
• Hotlines
• Interviews

Interaction/Information exchange
techniques

• Open houses
• Participatory television/cable television
• Paid advertisements
• Public meetings
• Retreats
• Workshops

Opinion polls/surveys: These may be used to find out citizens’ views on specific issues.
Opinion polls are generally used to obtain immediate reactions. A ‘Deliberative opinion
poll’ would be used to compare a group of citizens’ reactions before and after they have
had an opportunity to discuss the issue at hand.
Interactive web-sites: These may be based on the internet or on a local authority-specific
intranet, inviting e-mail messages from citizens on particular local issues or planning
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matters. Alternatively, a discussion forum might be used to elicit a long term and more
detailed picture of citizens’ concerns.
Citizens’ panels: These are ongoing groups who function as a ‘sounding board’ for a
planning team. Panels focus on specific service or policy issues, or on wider strategy. The
panel is ideally made up from a statistically representative sample of citizens.
Consultation documents: These are a more traditional method of communicating issues for
discussion or decision-making options to citizens. They may be specific to a particular
service, citizen group or neighbourhood. They may be used in conjunction with public
meetings or other forms of participation and often have a regulatory function (e.g. as with
Environmental Impact Statements).
Public meetings: These are widely used to facilitate debate on broad options for a specific
planning application, strategy or development plan. They may be initiated by the local
authority (or a particular department) or be convened in response to citizen or
community concerns.
Citizens’ juries: A citizens’ jury is a group of citizens (chosen to be a fair representation of
the local population) brought together to consider a particular issue. Citizens’ juries
receive evidence from expert witnesses and cross-questioning can occur. The process may
last several days, at the end of which the group reaches a decision or prepares a short
report setting out the views of the jury, including any differences in opinion.
Focus groups: One-off focus groups are similar to citizens’ juries in that they bring together
citizens to discuss a specific issue. Focus groups need not be representative of the general
population however.
Visioning exercises: A range of methods (including focus groups) may be used within a
visioning exercise, the purpose of which is to establish the ‘vision’ participants have of the
future and the kind of future they would like to create.
Open house/exhibition: Event at which the public is invited to drop by to speak with staff
about a particular planning issue, view displays and perhaps break into small discussion
groups.

The perils of practice
Even with adequate resources, high levels of commitment and plenty of experience,
public participation is undoubtedly very difficult to do well. Not least of the challenges is
determining who should be involved from the 'public', how to involve them effectively,
and how to define desired outcomes from the process. There is no foolproof recipe for
participation. Approaches need to be adapted to the needs of the particular situation and
of the participants who are being involved. Posed as a set of rhetorical questions, the
following guidance (Table 2) is taken from the World Bank’s documentation on setting up
and managing participation activities (World Bank 2003).
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Table 2: Questions to be addressed when organising participation activities (Source: World Bank 2003).
ISSUE

QUERY

Is the objective to:
Inform people about policy decisions that have already been made?
Consult interested groups about one or more of the decisions that need
to be taken?
Develop policies that meet people's needs and expectations?
Selecting the type of Give people a role or say in the implementation of the policy?
public participation Give people a say in the design of the policy?
Give people control over one or more of the policy's component?
desired:
Are the objectives the same for all the stakeholders being considered?
Are there differences in the objectives for participation among the
various organisations involved in formulating or implementing the
policy? What about conflicts?
Will increased participation:
Improve the technical content of the policy?
Enhance the legitimacy of the policy?
Increase ownership of the policy?
Is support from external actors required to adequately design or
implement the policy? How much will be needed?
Can the organisation managing the participation process meet the
Assessing the
benefits and costs of participant groups' expectations? What level of participation will be
required to satisfy them?
increased
Are there actual or potential conflicts among the expectations and
participation:
demands of the various participant groups?
How much additional time will be required to incorporate participation
by the various groups into the policy process?
Are there fixed deadlines and timetables that need to be considered?
Will the benefits of increased participation outweigh the costs?

Selecting
participant groups:

Who are the policy's stakeholders (winners and losers), and what are
their interests?
What does each participant group have to offer ….
New and important support?
New insights or technical information?
Will support or input offered by the group significantly improve the
quality of policy formulation or implementation?
Will the group's participation attract other groups to support the policy?
Will it reduce opposition to the final decisions?
Will failure to include the group and respond to their demands cause
implementation problems, policy failure, or problems in other quarters
(e.g. criticism in the media, social unrest)?
What will be the costs of incorporating a new group into the policy
coalition? Can their expectations and demands be balanced with other
interests supporting the policy?
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Table 2 continued
What kinds of financial, human, and organisational resources are
required to manage the policy participation process effectively and
efficiently? How much is needed of each kind?
Finding the
resources necessary
for increased
participation:

Do the various organisations managing policy participation have
sufficient resources and capacity? Will capacity building be needed?
If the organisations do not have enough resources or capacity, are other
sources available? Can donor funds be accessed for purposes of
increasing participation?
What resources and capacity do the external participant groups
command? Will some groups need financial help or capacity-building in
order to participate?
Can some groups provide resources to assist in policy design,
implementation, or monitoring?

Managing the interfaces
The influence of the media on public perceptions of risk is now well documented (e.g.
Petts et al. 2001). The print and broadcast media have been criticised for the sensationalist
tone of their reporting. Such coverage can amplify public concern about minimal risks,
obfuscate the nature of significant risks, or hamper efforts to respond to a disaster. Risk
assessment scientists and public interest activists have frequently noted their frustration in
getting their messages to the general public through traditional media. Where messages
about risks and benefits have become distorted by over-simplistic or incompetent
reporting, public trust in both science and governance regimes has been challenged
(Frewer 2001) Important principles to guide the use of language and the design of
discourses for public participation include the need for information to be jargon free or
“jargon explained”, as much as possible, for transcripts to use value explicit and
undeterministic wording, and for ignorance to be acknowledged rather than being hidden
by ambiguity. Issues of uncertainty and quality of information are involved whenever
research related to policy is utilized in the policy process.
Critique of the way in which uncertainty of information and knowledge has been handled
in decision making and participative processes, has led to the development of new
approaches to managing both scientific inputs to decision making and portraying
knowledge quality. One of the major initiatives in this field has been the development of
the ‘NUSAP’ system by Funtowicz and Ravetz (Funtowicz/Ravetz 1990). The NUSAP
method enables evaluation of uncertainties in such a way that both the quantitative and
the qualitative aspects are addressed. NUSAP stands for Numeral, Unit, Spread,
Assessment and Pedigree. The idea is to characterise each part of the analysis in these
terms. Numerical, Unit and Spread are familiar concepts enabling the characterisation of
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estimates in quantitative terms. Assessment and Pedigree represent levels of uncertainty
that go beyond technical uncertainties. The advantage of the NUSAP method is that it
enables to characterise both the quantitative and the qualitative, subjective aspects of
uncertainty in a formal way. The disadvantage is that it concentrates on uncertainty in
variables and it does not address uncertainty in relationships between different variables.
Since the management of uncertainty is at the core of the quality-control of quantitative
information, NUSAP also fosters an enhanced appreciation of the issue of quality in
information. It thereby enables a more effective criticism of quantitative information by
clients and users of all sorts, expert and lay.

Dealing with stakeholder heterogeneity
Social and cultural differences can act as barriers to participation, both in the sense that
they may restrict access to the process, and that they might restrict participation, even if
access is secured. Variation in individual or even community socio-cultural characteristics
(e.g. ethnicity, language, religion) can make it difficult to design participation as the
question of what constitutes a legitimate process may be questioned. The credibility of
different scientific inputs and frameworks for dialogue (e.g. the format of meetings) can
also be influenced by cultural predispositions to valuing some forms of knowledge and
process over others. Often, scientific credibility may be enhanced by conveying the
message through locally trusted parties, and not by an international consensus system or
state based authority. Indeed, intermediaries with moral authority in the local cultural
setting are often essential if dialogue is to happen at all. Given that there may be different
styles of participation in different cultures (e.g. different countries), it is questionable as to
whether community-based approaches developed in regional settings can be transferred
to transnational assessments.
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Introduction
The scarcity of water resources in both arid and temperate countries alike is one of the
most pervasive natural resource allocation problems facing water users and policy makers.
In the EU this has been recognised in the recent work on the Water Framework
Directive. In arid countries this problem is faced each day in the myriad of conflicts that
surround its use. Water scarcity is a fact with which all countries have to become
increasingly involved. Water scarcity occurs across many dimensions. Firstly, there is
growing demand for water in residential, industrial and agricultural sectors stemming
largely from population and economic growth. Secondly, supply side augmentation options
have become increasingly constrained and restrictively costly in many countries. In
combination, demand growth and supply side interventions have stretched current water
availability to its hydrological limits. In addition to these quantity constraints, the limits to
the assimilative capacity of water resources for human and industrial waste have been
reached in many places, and the quality of freshwater has been degraded (Winpenny 1994).
In turn water scarcity has become an important constraint on economic development that has
resulted in fierce competition for scarce water resources between economic sectors that
rely upon it (Winpenny 1994; World Bank/EIB 1990). Water scarcity is important for
sustainability in economic development as well, on account of the many associated
environmental/watershed services. In the face of hydrological constraints, the focus of
current thinking in water resource management is on the allocation of scarce water
between competing demands (Dublin Conference 1992; Winpenny 1994; UKWIR 1999).
How is it possible to allocate water between its many competing uses, all of which depend
on water for their existence? Clearly water resources are necessities for many of the most
important goals of every society. Firstly, water is a necessity for human existence. The
absence of clean drinking water and sanitation leads to health problems, whilst the lack of
access to/property rights for water resources per se is a significant dimension of poverty
(UNDP 1998). Water is also an important input to economic activities and can be seen as
both a production and consumption good (Young 1996). Furthermore water is a public
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good contributing to recreation, amenity and general environmental and watershed values
as an input to ecosystems and habitats. How can it be possible to balance such crucially
important but competing uses? The fact is that a balancing of these uses must be
accomplished, and the mechanism for doing so must be carefully constructed. The
existing overlay of complex hydrological, socio-economic and property rights/legal
environments (in many if not most jurisdictions) predisposes water resources to open
access appropriation within the watershed, and the consequence of negative
environmental and economic externalities (e.g. the degradation of wetlands and coastal
fisheries, depletion of aquifers, and loss of watershed services). In short, the combination
of the arbitrariness of the prevailing property rights structure for water resources in most
jurisdictions and the failure of markets to capture the value of many watershed services
necessarily imply that the prevailing distribution of water within most societies is not
likely to be the most desirable one.
In what follows, a ‘watershed economics approach’ is proposed which is composed of 2
important stages. In Stage I economic valuation techniques are used to establish the
economic value of the competing demands for surface and groundwater, incorporating
where necessary an analysis of water quality. The valuation exercise allows the objective
balancing of demands based upon the equi-marginal principle to achieve economic
efficiency. In Stage II a policy impact analysis is proposed which addresses issues of social
equity and the value of water for environmental/ecological purposes. The analysis is
undertaken within the confines of the watershed; the most natural unit for the analysis of
water allocation and scarcity since it determines the hydrological links between competing
users and thus the impacts of one user upon another.

Balancing the demands for water resources: the methodology
In this section we outline the methodology we propose for application to the underlying
problem of watershed management. This methodology is based on 1) the identification of
the appropriate unit for management; 2) the agreement of the objectives of water
allocation; 3) the evaluation of the various attributes of water demand within that unit; 4)
the identification of optimal water resource allocations relative to objectives; 5) the
assessment of the impacts of the proposed reallocation.
The appropriate unit for management
The watershed is a natural unit of analysis for addressing the balance of supply and
demand for water, and the issues of efficiency, equity and sustainability for a number of
reasons. First, the aggregate availability of water resources, including sustainable yields, is
bounded by the hydrological cycle of the watershed. Second, the interaction of different
water sources (e.g. groundwater and surface water) is confined by the watershed. Third,
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the demands for water interact within the watershed and the hydrological impacts of one
water user upon another and upon the environment; that is, externalities are defined by
the watershed. For these reasons, an understanding of the hydrological cycle in the
watershed area in question is a pre-requisite for the determination of efficient, equitable
and sustainable water resource allocation.
The objectives of water allocation
Given the natural water resource constraints there is a clear need to address the pattern
and growth of water demands in order to address the imbalance. The methodology
proposed provides the policy maker and planner with an objective approach to balancing
the competing demands for water subject to the natural constraints. The approach is
based on the comparison of the economic value of water in different sectors, in terms of
quantity and quality, in comparable units of measurement. The overall objective of public
policy is to maximise societal welfare from a given natural resource base subject to those
valuations. The key objectives of public policy in the allocation of resources are as
follows:
• Efficiency: Economic efficiency is defined as an organisation of production and
consumption such that all unambiguous possibilities for increasing economic
well-being have been exhausted (Young 1996). For water, this is achieved where
the marginal social benefits of water use are equated to the marginal social cost
of supply, or for a given source, where the marginal social benefits of water use
are equated across users.
• Equity: Social welfare is likely to depend upon the fairness of distribution of
resources and impacts across society, as well as economic efficiency. Equal
access to water resources, the distribution of property rights, and the distribution
of the costs and benefits of policy interventions, are examples of equity
considerations for water policy.
• Environment and Sustainability: The sustainable use of water resources has become
another important aspect in determining the desirable allocation of water from
the perspective of society. Consideration of intergenerational equity and the
critical nature of ecological services provided by water resources provide two
rationales for considering sustainability. In addition the in situ value and public
good nature of water resources should enter into water allocation decisions.
The evaluation of water demand
For physical, social and economic reasons, water is a classic non-marketed resource. Even
as a direct consumption good, market prices for water are seldom available or when
observable, often are subject to biases; subsidies, taxes etc. Similarly, environmental and
ecological water values are rarely explicitly marketed and priced. Thus the economic value

87

Module 2

of water resources is seldom observed directly. The balancing of demands to resolve the
resource conflicts described above requires the identification and comparison of the
benefits and costs of water resource development and allocation among alternative and
competing uses. In addition, water management policies have widespread effects on the
quantity and quality of water within a watershed, and the timing and location of supplies
for both in- and off-stream uses. In general, these impacts have an economic dimension,
either positive or negative, which must be taken into account in policy formulation.
Again, the value of these impacts is seldom observed directly. Fortunately economists
have refined a number of techniques to value water resources and address objectively the
balance of demands and evaluate the impacts of water management policy. The first step
towards the evaluation of economic benefits requires the identification of the demands
for the resource. Water is needed for all economic and social activities, so the evaluator is
faced with the problem of identifying a multi-sectoral demand curve. The dimensions of
demand include municipal and industrial, agricultural, tourism and environmental
(recreation, amenity and ecological) ones. The valuation of each of the identified demands
calls for a different approach for two main reasons, a) the specific economic and
hydrological context: data availability etc. and b) because the use of the resource is sectorspecific. The residential and tourist sectors exploit the use value of water and use it as a
consumption good; the agricultural sector derives use value from water as an input in
production. The value of water related environmental goods can be a use value or a nonuse value, e.g. existence value. The overall evaluation strategy is shown in Figure 2.1 below.
The valuation techniques allow the estimation of the following desirable parameters:
• Marginal Value of Water: The efficient balance of demands from a given source is
found where the marginal value (benefit) of water is equated across users. In any
given context, efficiency is achieved where the marginal value of water is equated
to marginal social cost.
• Price Elasticities of Demand (PED): Measures the responsiveness of demand to
price changes. Characterises the demand function and tells the policy maker the
extent to which prices must change to cause demand to fall to a particular, e.g.
efficient, sustainable, level.
• Income Elasticity of Demand (IED): Measures the extent to which the demand for
water varies with income. Tells the policy maker whether water is a necessity or a
luxury good and provides one way in which to assess the fairness of pricing
policies. In combination with PED can be used to estimate welfare changes
resulting from policies.
• Marginal/Average Willingness to Pay for Public Goods (WTP): Estimates the strength
of demand for water as an environmental good. This determines in part the
efficient environmental allocation of water.
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• Marginal Willingness to Pay for Quality Changes of Common Access Resources: Estimates
the value of quality attributes of the resource, which are particularly important, if
the resource is used as a productive input.
• Risk Parameters: Measurement of preferences towards risk and uncertainty. Useful
for establishing policies, which reduce the impacts of risk on consumer groups
occasioned by reason of variability in water availability.
Balancing water demands in the watershed
The outputs of the demand analysis allow the determination of the economically efficient
allocations of water resources. The first element of an economically efficient allocation is
the equi-marginal principle: this provides that each use of the water resource should
achieve the same benefit from that water at the margin. In short, if water is more heavily
valued at the margin in one sector than another, then it should be reallocated toward that
sector until equality is achieved. The second element of the economically efficient
allocation is that aggregate water resources are allocated efficiently where the marginal
social benefit of their use is equated to the marginal social cost of supply. One option for
achieving an economically efficient water allocation is the use of the instrument of water
pricing, where water is uniformly and universally charged at the marginal social cost of
supply, which has the following implications. First, competing demands will each make
use of the supply until its marginal benefit is equated with marginal social costs of supply
(the equi-marginal principle). Note that this implies that every use must receive an equal
marginal benefit from water resources. The second implication is that aggregate demand
for water will expand until the marginal benefit is equated with the marginal social cost of
supply (aggregate efficiency). Note that this implies that demand is endogenous and
managed within this model. The third implication is that the key to the success of the
policy is the determination of the appropriate marginal social cost of supply and the
marginal benefits to environmental uses. Note that this implies that the methodology
used for implementing the policy is as important as the method that is used for
determining it.
Deriving policies from the methodologies – policy impact analysis
There is a second phase to the water allocation methodology that flows from the
consideration of the implementation of the conclusions from the first phase. First, the
discussion here has largely been phrased in terms of the use of water pricing as the
appropriate allocation mechanism, but this need not necessarily be the best or more
appropriate instrument for allocating water in every context. There are many different
approaches to enable the efficient allocation of water resources – pricing, marketable
permits, even auctions (Dinar 1996; Winpenny 1994; Easter et al. 1999). Ultimately, the
particular context (watershed) must be considered for the feasibility of the various
instruments, and the policy maker must determine the most appropriate allocation
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mechanism within that context. Secondly, it is crucial to note that an economically
efficient allocation need not necessarily be an equitable or sustainable one. Additional
analysis is required to assess the distributional impacts of the allocation recommended by
the equi-marginal principle. The hydrological impacts of the allocation need to be
assessed, in order to assess whether the various demands are compatible within the
existing watershed. Finally, the continued provision of basic environmental services
within the watershed needs to be considered. In sum, the watershed needs to be doublechecked for unforeseen externalities and for missing markets for watershed services to
ensure intra and inter-temporal efficiency is achieved and that equity and sustainability
considerations are properly considered. The methodology can be thought of as two
complementary stages, the first consisting of an objective approach to ascertaining
economically efficient water allocations and the latter phase consisting of the policy impact
analysis.

Summary of methodology
STAGE I: Objective Approach to Balancing Water Demands
Evaluate Demands. Apply appropriate methodologies to assess characteristics of the
demand for water arising from individual, sectoral and environmental uses. Derive the
parameters of water demand required for policy purposes: Marginal Value, PED, IED,
WTP, and risk parameters for all the relevant dimensions of demand. The evaluation
process should be undertaken in accordance with carefully constructed methodologies,
and be independent of any prior rights to water resources. This enables an evaluation of
water uses according to the benefits that accrue to all of society from them.
Determine Efficient Allocations. Evaluate the relative values accruing to society by virtue of
differing water allocations. Determine those water allocations that achieve an
economically optimal balance. An economically optimal allocation is one in which
aggregate demands are balanced with supply according to the equation of marginal social
value (benefit) to the marginal social cost of supply, and in which each source of demand
is achieving equal value from its marginal allocation of water.
Ascertain Impacts of Implementing Efficient Allocation. The policy maker may choose from a
wide variety of instruments to effect the desirable allocation (tradable permits, pricing,
auctions). Any proposed method of implementation should be considered for feasibility
within the relevant watershed, and then evaluated for its broader impacts on the society.
This evaluation process leads into Stage II of the Methodology.
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Valuing Water in a Watershed in the Absence of Market Prices

Identification of Sector Specific Water Demands present in the Watershed Area

Households

Tourism

Agriculture

Environme

Methods of Estimation of Sector Specific Water Demands: CYPRUS

Deriving the Demand for
Water given Existing
Tariff Pricing Structure
Method: Econometric
Estimation
Data:
•
Household
specific income,
water bills, other
socio-economic
characteristics,
location of
household and
characteristics of
residence
•
Detailed
information on
tariff pricing
structure among
localities
Outcome:
•
Price Water
Demand
Elasticities
•
Income Water
Demand
Elasticities

Investigating Agricultural
and Tourism Land-use
Valuing Groundwater
Quality in Coastal
Watersheds
Method: Combination
of Hedonic and Travel
Cost
Data:
•
Survey on parcel
specific attributes
and socioeconomic
characteristics of
owners
Outcome:
•
Willingness to Pay
for Agricultural
Land and
Groundwater
quality

Investigating the Efficient
Allocation of Groundwater
over Agricultural and
Residential Users and over
Time
Method: Dynamic
Mathematical
Programming
Data:
•
Hydrological data
from hydrogeological models
•
Economic data
from Econometric
Estimation

Valuing Wetlands
Preservation
Method: Contingent
Valuation
Data: Survey
Questionnaire
Outcome: WTP for
preserving the
marshes. Establish
the regional nature of
WTP

Outcome:
•
Efficient sectoral
allocation of water
given the equimarginal principle
•
Estimation of the
marginal value of
groundwater
•
Identification of
the Optimal
Timing for
Desalination Use

Objective Balance between Competing and Alternative Demands

Figure 1: The methodology for water demand valuation in a watershed area: Examples from the Kouris Watershed Case
Study.
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STAGE II: Policy Impact Analysis
Welfare Distribution. The impact of the allocation policy options should be evaluated to
establish the resulting distribution of the costs and benefits to society. That is, the change
in social deadweight loss resulting from resource allocation changes should be
determined, together with the actual distribution of this change. This is important both
from the perspective of equity and often for reasons of political economy.
Market Failures and Missing Markets. Consideration of sectoral demands in isolation may be
insufficient to ensure efficient outcomes. Where water users are conjoined by the
underlying hydrology of the watershed there are a number of potential
impacts/externalities that may arise from the chosen allocation. For example, policies
implemented in upstream areas of a watershed will impact upon downstream users where
the water resources are conjoined. Ignoring these effects will lead to inefficient allocations
of water. In effect, all the following facets of water demand should be considered:
(a) Sectoral allocation, that is water demands should be balanced between sectors;
(b) Spatial allocation, that is spatial variability and the conjoined nature of surface
and groundwater; and
(c) Temporal allocation, that is conjoined users may impose externalities upon each
other relating to allocation over time and the timing of resource use. Other
externalities arise from the demand for public goods, which frequently extends
beyond the watershed. Global and regional environmental goods for which
existence, bequest and option values are held provide an example of this.
Furthermore, where water scarcity is extreme, demands for water outside the
watershed may induce investments in inter-basin transfers.
Institutional and Legislative Analysis. As one of the main obstacles to water re-allocations a
review of the legislative and institutional environment required to effect the desired
allocation may finally be required.
The methodology described above addresses the problem of water resource allocation at
the level of the watershed and provides policy makers and resource managers with a
concrete procedure for attaining economic efficiency targets whilst considering equity and
environmental sustainability. The methodology proposes that competing demands,
including the environment, are traded off against one another and balanced against extant
hydrological constraints using the notion of economic efficiency, the marginal valuation
of water and the equi-marginal principle. The valuation exercises are undertaken
independently of prevailing property rights regimes for water resources and hence allow
the characterisation of efficient/optimal allocations of water, rather than those tainted by
property rights uncertainties, open access and missing markets. However, economic
efficiency itself must be traded-off against the contributions to social welfare derived
from equitable distributions of resources and policy impacts such as employment.
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Similarly, the complex nature of hydrological linkages requires additional analysis to
establish the value of water resources in non-marketed watershed services such as drought
mitigation/risk reduction and coastal wetlands. In addition, demands for in situ
environmental services external to the watershed need to be considered along with other
potentially subtle market failures. Where not addressed in Stage I, these considerations are
captured by Stage II of the methodology. In sum, the integrated water resource
management approach attempts to provide a coherent procedure for overcoming the
water resource allocation problem addressed at the level of the watershed.
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Background and Introduction
Water-availability in the Mediterranean and global climate change
Global changes, i.e., changes in Earth system parameters largely caused by human
activities will have a number of consequences or impacts with varying magnitudes for
different parts of our globe. In general, global climate change will lead to an
intensification of the water cycle with enhanced frequencies of floods and extreme
precipitation events in regions traditionally prone to this threat and with increased water
scarcity in already water deficient regions of the world (Alcamo et al. 2000; Gleick 2000;
Arnell et al. 2001). Changes in the availability of water through shifts in precipitation
patterns and reduced precipitation volumes as a consequence of altered climate
conditions thus represent a threat particularly to present arid or semi-arid regions. Given
current projections of climate change on a scale of 50 to 100 years (Houghton et al. 2001),
it seems likely that the availability of water in large parts of southern Europe will be
further reduced, thus enhancing the water stress1 in this region (Alcamo et al. 2000;
Lehner et al. 2001). This will result in increased vulnerabilities of communities and
ecosystems to water scarcity2 and will threaten the well-being and the future development
of societies and countries in the Mediterranean Basin, the region that this contribution
will focus on. The Mediterranean is already – and is likely to remain – an area of enhanced
water scarcity relative to other parts of Europe as well as in a global context (Alcamo et al.
2000).

The term water stress describes pressures on water resources quantity and quality, resulting in the
inability to meet human and environmental needs and generating conflicts and negative impacts.
2 The term water scarcity depicts an imbalance between availability of (renewable) water resources and
water demand for different uses and also embraces water quality aspects (see below).
1
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From the point of view of the long-term perspectives of sustainable water use in the
European Union, the Mediterranean in general and its islands in particular deserve special
attention due to a number of more specific circumstances and requirements:
• Islands, by their very nature are isolated. This implies that the use of transboundary water to compensate for temporal or seasonal water shortage, which is
frequently practiced in continental situations is virtually impossible. The
transport of water from the nearest mainland by either pipelines or ship
transport is excessively expensive and has been utilized in only a few exceptional
cases (e.g. on Mallorca and Cyprus during years of severe droughts). The supply
of potable water through seawater desalination is frequently practiced, even
though the relatively high cost and the use of non-renewable hydrocarbon
energy sources and associated emissions of various trace gases (most notably
carbon dioxide) continues to be a major obstacle. Thus, the precipitation that
falls on the island remains the primary source of water for recharge of reservoirs
and for consumption.
• At least in some parts of the Mediterranean, the amount of precipitation has
steadily decreased (Figure 1) and the main precipitation period has shortened
over the last century (see below). This trend may continue and will lead to
further diminished water resources as a result of regional climate change, thus
exacerbating the problem ( Xoplaki 2002; Bolle 2003b).

Figure 1: Mean annual precipitation on Cyprus (i.e., the Republic of Cyprus) from 1902 to
1997; the red line gives a linear fit to the data and underlines the steady decline
of precipitation in the eastern Mediterranean (Iacovidis and Glekas, pers. comm.).

• Against a background of already extensive and unsustainable (over-) exploitation
of groundwater reservoirs on these islands the demand for water is expected to
increase in the future. As a result, current pertinent conflicts between competing
users of water are likely to worsen in the foreseeable future.
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• Agriculture and – to a lesser extent – tourism (particularly during the summer
months) are the predominant consumers of water for most of the Mediterranean
(see below). Already today competition between these two sectors leads to
serious stakeholder conflicts. Agricultural activities not only threaten the
availability (quantity) but also the quality of water due to the extensive use of
fertilisers, pesticides and the release of olive-oil-mill wastes. This will further
reduce the amount of potable water.
• The over-abstraction/exploitation of aquifers has in many instances led to the
decline of the water table as well as to the deterioration of water quality,
primarily through saltwater intrusion in coastal areas. In some cases this has
resulted in the exploitation of deeper lying aquifers, thereby further reducing the
remaining reserves of the coastal zones.
• Given the need for the protection and the sustainable utilisation of the island’s
water resources coupled with the need for satisfying the increasing water
demands, the islands have to formulate strategic policies based on an integrated
water management system.
Water scarcity and the EU-Water Framework Directive
Addressing issues of water quality and water supply on the European scale, the European
Union introduced the Water Framework Directive (WFD), which came into force on
December 22, 2000 (Commission of the European Communities 2000). According to the
Directive, two basic goals will have to be achieved by the parties to the WFD within the
next 10 to 15 years: (i) users will have to recover the full cost of the water supplied (c.f.
Annex III, WFD) and (ii) water supply has to be provided based on ‘good ecological status’.
Moreover the WFD strives towards an implementation of the ‘polluter-pays-principle’.
In order to reach these goals, a number of new instruments and concepts have been
proposed/introduced/implemented, including:
• an ecological and holistic water status assessment for each EU member country;
• methodologies for an integrated river basin management (IRBM);
• strategies for the elimination of known contamination by dangerous substances
within the member countries;
• an emphasis on public information and consultation with regard to the
implementation of the WFD;
• various financial instruments aimed to address full cost recovery of water
resources.
Thus, the WFD has certainly the potential of introducing an effective avenue to address
the problems outlined above, but at the same time its implementation does present a
substantial challenge.
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However, while the problems that govern the availability of water in the Mediterranean
will have specific manifestations on different islands, the islands also share a number of
general and common characteristics/patterns. Thus, learning how to best implement the
WFD on selected Mediterranean islands, a subsequent and/or parallel process of intercomparisons, mutual learning and experience-sharing offers the prospects of deriving a
more generic set of recommendations that may ultimately contribute towards sustainable
water management practices in the Mediterranean as a whole.
An overriding characteristic that governs most of the problems with regard to water
scarcity and water management lies in their complex and multi-facetted nature, which
requires a holistic approach involving the integration of natural and human sciences.
Thus, in considering water availability and use to derive strategies for a sustainable and
equitable distribution of water, interdisciplinarity is a necessary prerequisite.
Vulnerability to droughts and adaptation measures
In addressing sustainable water management, another notion has been introduced and
utilized, the vulnerability to water scarcity on Mediterranean islands and ways to reduce
it. In dealing with vulnerability in the context of water management, the emphasis in the
past has been on minimizing risks and on adapting to changing or existing circumstances.
Given the concept of vulnerability (for a definition of the terminology used, see below),
planned adaptation has to be viewed as an essential strategy to reduce vulnerability.
Particularly so, when assuming that sensitivities of the considered system are relatively
robust and remain virtually unchanged, specifically with regard to possible changes in
climatic conditions.
With regard to adaptation to water scarcity, three different dimensions of water
management will have to be considered: a physical/environmental dimension, an
economic/regulatory/technical dimension and a social/institutional/political dimension
(Figure 2). It is important to keep in mind that these three dimensions are mutually linked
and interrelated. Thus, in deriving adaptation strategies, a holistic approach accounting for
all dimensions concurrently will have to be employed (see below).
Moreover, lasting solutions to sustainable water management in the Mediterranean as well
as effective adaptation strategies will only be found through recommendations and/or
regulations that are based on mutually agreed principles between the stakeholders
involved. This requires a stakeholder-based participatory process that builds on the results
of scientific investigations on the one hand and on the consent of major stakeholders on
the other (Lange et al. 1999).
Before addressing these issues in more detail, we will briefly describe the MEDIS project.
The remaining part of the paper will be devoted to the characteristics of each of the
vulnerability dimensions, the challenges for water management on Mediterranean islands
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associated with each of them at present and under changed climatic conditions and some
thoughts on possible adaptive strategies addressing these challenges.

Figure 2: Schematic depiction of different vulnerability/adaptation dimensions to water scarcity.

The MEDIS Project
Background, rationale and major objectives
In order to address the problem of water management on Mediterranean islands, the EUfunded MEDIS3 project has been initiated and is now in its third year. The overall goal of
MEDIS is to contribute towards the sustainable use of water on Mediterranean islands where conflicting
demand for water is combined with a wide range of hydrological, social and economic conditions. This is
to be achieved through a set of recommendations for the implementation of sustainable,
equitable water management regimes on each island that reflect the current and possible
future (climatic) conditions on each island. These recommendations will also address
adaptation strategies to reduce vulnerability to water scarcity on the islands and will be in
compliance with the WFD. Furthermore, the recommendations are going to be built on
the experiences and conclusions reached in consultation between stakeholders from all
five islands involved. In achieving these goals, work in MEDIS:
• concentrates on a synthesis of results from previous studies and the integration
of information from various disciplines;
• seeks to develop an infrastructure for a participatory stakeholder involvement,
which will enable an adequate involvement of relevant stakeholders and will lead
3

For more details, see http://www.uni-muenster.de/Umweltforschung/medis/index.html
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to recommendations for water management practices that meet the consent of
the stakeholders on the islands;
• considers altered water availabilities (i.e., due to changed precipitation
characteristics) that may arise as a consequence of changed climatic conditions;
• is carried out at a catchment-scale on major islands of the Mediterranean
extending from the west to the east: Mallorca, Corsica, Sicily, Crete and
Cyprus (in the project and in this paper, we refer exclusively to the southern
part of Cyprus, i.e., the Republic of Cyprus);
• concentrates on agriculture as the predominant consumer of water on
Mediterranean islands and a possible contributor to deteriorating water quality
and
• undertakes comparative analyses between each island in order to derive generic
conclusions and to utilise possible common solutions to water management
problems in compliance with the WFD.
MEDIS is carried out by a consortium of 12 institutions from seven countries4.
Methodology
Basic elements of the research strategy applied in MEDIS are depicted in Figure 3. The
figure illustrates the major stages in the project which are being carried out over a fouryear period. An integral part of the work in MEDIS is the involvement of stakeholders
and their help in specifying some of the above mentioned parameters. Being either part of
the supply mechanisms for water and/or a consumer of water, their experience and
expertise is indispensable for the initial assessment as well as for the following steps in the
project as mentioned above. Consulting with stakeholders takes place on two levels: on
each island in so-called Intra-Island Workshops and between the five islands involved in
Inter-Island Workshops, the first rounds of which have already taken place.

The MEDIS consortium consists of the following Institutions: Centre for Environmental Research,
University of Münster, Germany; Institute for Geoinformatics, University of Münster, Germany; Institute
for Geophysics, University of Münster, Germany; Centre for Ecology and Hydrology, National
Environmental Research Council, UK; Department of Political and Social Sciences, University of Cyprus,
Cyprus; Environmental Research Laboratory, Foundation for Research and Technology, Hellas, Greece;
NAGREF, Subtropical Plants and Olive Tree Institute, Greece; Regional Governor of Crete, Water
Resources Management Department, Greece; Dipartimento di Costruzioni e Tecnologie Avanzate,
University of Messina, Italy; Système Physique de l’Environement – URA CNRS 2053, Université de
Corse, France; Dep. de Ingenieria del Terreno, Universitat Polytecnica de Catalonya, Spain; Balearic Island
University, Spain.

4
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Figure 3: Schematic depiction of major elements/stages of the research strategy for MEDIS (additional details,
see text).

The spatial scales of the investigations carried out depend on the specific questions/issues
asked. Principally, MEDIS is being carried out on a local or catchment-scale and
inferences for the entire island are drawn through appropriate upscaling. The
Mediterranean scale is being addressed through the comparison between islands.
As for temporal scales, we will address aside from the present two time slices around
2025 and 2050 in correspondence to the IPCC-assessments.
In addition to dealing specifically with requirements for an improved water management
regime on each of the islands, these recommendations will also address adaptation
strategies aimed at reducing vulnerability to droughts. In the following, we will briefly
discuss the concepts of vulnerability and adaptability and will present concise summaries
on vulnerabilities under current and possible future conditions as well as some (but not
exhaustive) planned-adaptation strategies to address the reduction of vulnerability to
water scarcity on Mediterranean islands.
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Adaptive capacity and vulnerability reduction on Mediterranean
Islands
As pointed out before, in considering vulnerabilities to enhanced water scarcity in general
requires consideration of at least three dimensions (see above). Despite their complex
interrelatedness, which was also mentioned above, we will in the following consider each
of the three dimensions separately and try to come to some integrated aspects in the
concluding part of this paper and throughout the following sections. In so doing, we will
concentrate on islands of the Mediterranean with some reference to the Mediterranean
Basin at certain points.
A few basic concepts
Before embarking on the concrete issues of vulnerability reduction to water scarcity on
Mediterranean islands we will consider some basic concepts (for definition of terms
related to the concept of vulnerability, see IPCC 2001; Parry and Carter 1998; Scheraga
and Grambsch 1998) related to adaptive capacities. Enhancing or utilizing adaptive
capacity as a means of planned adaptation (for more details, see Lange, M. A. “Global and
regional climate modelling: Basic methodologies, limitations and some results” in this
book) serves to enhance a system’s coping capacity and increase its coping range. This
leads ultimately to a reduction in its vulnerability with respect to a particular type of
climate hazard, e.g., water scarcity, as mentioned above.
The mobilization of adaptive capacities depends critically on the resources available for
adaptation, the ability of those who need to adapt to deploy these resources effectively
and their readiness/willingness to do so. The ability to develop stringent strategies and
plans can be considered an essential prerequisite for the development of adaptation
strategies. Such a development requires a comprehensive assessment of the (climaterelated) risks and hazards the system is exposed to and the knowledge of possible
adaptation options.
The decision-making processes related to adaptation require the incorporation of
sustainable development principles, thus serving both objectives. The processes
themselves need to be legitimate, i.e., within the limits of any legal requirement and
acceptable to those involved, and open to scrutiny by stakeholders and the general public.
Vulnerability and adaptation: Physical/environmental dimensions

Current conditions
In this contribution, we consider the Mediterranean Basins and a number of its islands.
Table 1 provides some basic characteristics of these islands with regard to the physical
conditions and the availability and replenishment of water resources.
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Table 1: Basic characteristics related to water management on Mediterranean islands.

Parameter

Regional
Context

Climate type

Mallorca

Corsica

Sicily

Crete

Cyprus

Mediterranean,
temperate

Mediterranean

Mediterranean

Mediterranean;
subhumid

Mediterranean;
semi-arid

0,87

0,388
(semi-arid)

0,48
(semi-arid)

0,3-0,5
(semi-arid)

Aridity index
Total area

3 640 km2

8 682 km²

28 000 km2

25 706 km2

9 251 km2

Permanent
population

609 000

260 196

55 329

5 076 700

793 100

Annual tourist
arrivals

210 000
(max.:
405 000)

2 Mill.

> 4 Mill.
(1999)

2,7 Mill.

650
mm/a

900
mm/a

300-1600
mm/a

500
mm/a
(182-759);
477 mm/a 2

2 400⋅106
m3

8 000⋅106
m3

7 690⋅106 m3

4 015⋅106 m3

5 380⋅106 m3
(3 550-7 230)

2 918⋅106 m3
(72 %)

2 310⋅106 m3
(1 520-3 100)

1 097⋅106 m3

Water
Mean yearly
availability precipitation

Total annual
water supply

Water
resources:

500-1 000
mm/a

14 000 –
28 000⋅106
m3

Annual
Evapotranspiration

2 500⋅106
m3

Total water
resources/
availability

1 500⋅106
m3

2 472⋅106m
3

Surface water

12⋅106 m3
(21,2%)

10 500⋅106
m3

27%

924⋅106 m3
(40%)

250⋅106 m3
(23%)

Groundwater

37.4⋅106 m3
(66,1 %)

1 900⋅106
m3

71%

1386⋅106 m3
(60 %)

634⋅106 m3
(58 %)

2%

23.37⋅106m3
infrastructure

183⋅106m3
(16 %)

0

30⋅106 m3
(3 %)

Storage/
dams/
reservoirs

7,2⋅106m3
(12,7 %)

Desalination

Physical/environmental vulnerabilities
In considering the physical/environmental dimensions of water scarcity, only two main
aspects will be considered: the basic supply and the demand structure for water on
Mediterranean islands.
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Considering the current situation, particularly with regard to the eastern Mediterranean
can be described by two factors: a decline in precipitation for the last century (Xoplaki
2002; cf. Figure 1, Bolle 2003a) and a persistently large evaporation due to high surface
temperatures particularly during the summer months. The declining precipitation trend,
though specifically relevant for the eastern Mediterranean, is in agreement with trends
seen throughout the entire Mediterranean Basin (Xoplaki et al. in press).
Strongly influenced by large-scale circulation patterns such as the North Atlantic Oscillation
(NAO), precipitation for the wet season (i.e., the months October to March) over much
of the Mediterranean has steadily decreased by 2.2 mm month-1 decade-1 during the
second half of the 20th century after a general increase since the middle of the 19th century
(Xoplaki et al. in press).
Given current projections of global climate development (Houghton et al. 2001), this
trend is likely to continue. Regional climate models driven by IPCC general climate model
results have confirmed this hypothesis (cf. Figure 11 of Lange, M. A., “Global and
Regional Climate Modelling: Basic Methodologies, Limitations and some Results” in this
book). At the same time, demand is likely to increase as exemplified by projections for
Cyprus (Figure 4). Thus, climate change in conjunction with increased demand will
significantly enhance current management problems and will require new and appropriate
strategies.

Figure 4: Current as well as projections of future water demand by different sectors for Cyprus until 2020
(Constantinou, pers. comm.).

Given the present situation, what might possible adaptation strategies look like? In
considering such strategies, we will again underline the fact that even though we are at
this point concentrating on environmental/physical aspects, adaptive strategies will
include measures that address one or both of the other dimensions described above. With
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this in mind, the following list presents only a first and surely incomplete attempt at
summarizing such strategies:
1) Reduce water consumption
Under this heading, the most promising strategies embrace:
a)

Water pricing, i.e., an increase in consumer prices;
alternatively/additionally quotas on water extraction.

b)

Incentives for reduced water consumption.

2) Change in water allocation
a)

Sectors accounting for maximum gross-domestic-product generation
(GDP) and employment may be supported by the government; however,
avoiding possible one-sided economical advantages for specific sectors;
thus, incentives to save water for water-intensive sectors should be
introduced in parallel.

3) Reduce losses
Despite the current water scarcity in many parts of the Mediterranean, drinking
and irrigation water is being lost in large volumes. While this water is not ‘lost’ in
a strict sense (i.e., it is often fed-back into groundwater aquifers), such losses of
valuable potable water should be avoided. More specifically:
a)

Loss of water to the sea either as riverine discharge or through sub-sea
groundwater discharge (SGD) should at least be reduced (Burnett et al.
2003). However, in devising appropriate measures (dams, extraction wells
in near-coastal aquifers), care should be taken to avoid adverse impacts on
bio-geochemical cycles and on marine ecosystems in coastal waters.

b)

Reduce losses and contamination of water in distribution networks. To
illustrate this issue, losses in the distribution network on Cyprus annually
amount to 40x106 m3 equalling 15 % of the total demand or 23 % of total
domestic demand. In the town of Paphos distribution losses account for
30 % of the total domestic demand. An improvement and renewal of
distribution networks, even though an investment of substantial quantity
should therefore be pursued where appropriate.

4) Increase utilization of additional water resources
In particular, potable or irrigation water can be obtained trough:
a)

Waste water recycling;

b)

utilization of brackish water and

c)

rainwater harvesting (Figure 5).

All of these measures will need adjustments if future climate change leads to reduced
water availability and enhanced evaporation. As pointed out above, current climate
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models indicate that this may indeed be a likely scenario. Thus, reducing water
consumption and losses will be even more pertinent than today.

Figure 5: Water demand of different sectors for the islands of Cyprus (left; Iacovidis, pers. comm.. and
Mallorca (right, Candela, pers. comm.).

Vulnerability and adaptation: Economical/regulatory/technical dimensions
As mentioned above, water is an indispensable commodity when it comes to economical
and social development in a region. However, each economic sector requires different
amounts of renewable resources to thrive. In the case of water, we find an extreme
situation with agriculture/irrigation accounting for a substantial fraction of the water
demand (Figure 6).
The predominance of agriculture as the main consumer is a widespread characteristic of
the Mediterranean Basin and for many arid and semi-arid regions of the world. Given this
situation, it is somewhat surprising to realize that the contribution of these sectors to the
GDP and the employment on the island is contrary to its water demand (Figure 7).
As can be seen, while the water demand is highest for agricultural activities, the
contribution of this sector to the GDP and to employment is relatively small. The
situation is reversed when the tourism industry is considered (because of lack of data, we
were forced to group tourism, the services industry and private households into one
category), an industry which is largely responsible for economic growth and well-being on
most of the islands considered (Figure 7).
As mentioned before, despite the relatively low annual water demand of tourism on the
islands, peak needs arise during the summer months when water requirements for
irrigation also reach maximum values. This has led in some instances to significant unrest
if not conflicts between farmers and tourism operators. However, the tourism industry
has in some cases reverted to ensuring their water supply through other means, e.g.,
dedicated water desalination plants or use of waste water recycling for satisfying greywater needs, thus at least partly avoiding this problem.
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Figure 7: Comparison between water consumption, contribution to GDP and employment of agriculture versus
tourism/service industry on the five islands under consideration (Donta, pers. comm.).

Figure 6: Total water used and water need in Litres per Kilogram of agricultural products for various crops
grown on Cyprus (Constantinou, pers. comm.).
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Figure 8: Water meters (insert A) on distribution outlets such as those seen here in a picture from Ierapetra on
Crete are not always installed and/or functioning.

Before addressing possible adaptation strategies, an additional point with regard to
agriculture will be briefly described. As a result of traditional practices and/or certain
agricultural policies, crops grown on the islands often are quite water demanding
(Figure 8) and/or are the same time difficult to sell on the export- or the domestic
market.
A particular point in case is the cultivation of bananas on Cyprus. The species grown,
while not characterized by a particularly high specific water demand, nevertheless
accounts for the highest total water consumptions of crops grown on Cyprus. However,
the banana harvested are not suitable for the European market as they do not adhere to
European agricultural norms. Thus, they are difficult to sell on the European market and
the capacity of the domestic market is not sufficient to absorb the harvested products.
Consequently, large quantities of the harvest has in the past been discarded resulting not
only in the waste of the produce but also in the waste of the water needed to grow it.
Thus, practices like the one just described are to be avoided. This brings us to a brief
summary of possible adaptation strategies with regard to the economical/regulatory
dimension of vulnerability reduction:
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1) Support sectors with high economic potential and small water needs
This refers somewhat to point 2a) of the previous section. However, we would
like to stress again that such measures will have to be applied with great care,
ensuring that one-sided measures that do not account for the overall importance
of other, apparently less favourable sectors are being avoided.
2) Change agricultural practices (quantity, quality of water)
Under this heading, we make a plea for at least two alternatives to present
practices:
a) The first refers to the crops cultivated on each island. Stakeholders should be
consulted and informed about possible alternatives to currently practiced
cropping patterns, particularly with regard to the water requirement of plants
but also related to watering schedules and the amount of irrigation water
applied per plant (for a summary on possible alternatives, see Olesen/Bindi
2002). This is also to be seen in light of possible changes in water availability
due to climate change. Any reduction in precipitation may require new
considerations with regard to suitable crop selection and cultivation practices.
Furthermore, care should be taken to optimize tillage systems as well as
weeding and harvest controls with the aim to minimize irrigation needs.
b) The second recommendation/strategy refers to the application of fertilizers
as well as pesticides. Excess amounts of agrochemicals often leach into the
soil where they enter the groundwater bodies. This leads to a deterioration of
water qualities to the point where the water becomes unsuitable for human
consumption. Thus, the application of agrochemicals should also be
optimized in order to avoid adverse effects on groundwater quality. In fact,
the use of agrochemicals and the aforementioned changes in agricultural
techniques should be considered jointly in order to arrive at best practices
that not only maximize yield but also minimize water use and the possible
impact on groundwater quality.
3) Eliminate/reduce subsidies for water prices
Subsidies of various kinds have in the past contributed to either excessive water
use and/or – in the case of agriculture – to cropping patterns that are
economically and environmentally unsustainable (see above). Eliminating
subsidies for water prices for any sector is not only desirable with regard to a
healthy and just economic development, it is also required with regard to the
EU-WFD’s principle objective of achieving full-cost recovery (see above).
4) Promote cultivation of crops that have a high potential on the domestic
and the foreign market (eliminate wasting products and water)
This refers to the above described case of the ‘Cyprus-banana’ (Figure 8) and to
similar practices on other islands. Farmers need to be informed about possible
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alternatives and should be encouraged to pursue these, possibly with the help of
government agencies or – preferentially – with stakeholder-controlled initiatives
(e.g., farmers’ marketing organizations). Again, future changes in climatic
conditions may require significant adjustments in the selection of suitable crops.
5) Provide assistance in capacity building of farmers and for investments in
modern irrigation technology
Providing information and assistance in rational and careful, water consumption
as part of the capacity building of stakeholders on the islands is a particularly
important strategy to enable enhanced adaptation and to reduce vulnerability to
water scarcity. This can take place on various levels and in any sector with
sizeable water needs. As mentioned above, the agricultural industry is a
particularly pertinent point in case.
6) Provide economic incentives for rational water use in all sectors
This measure refers to some of the strategies already mentioned (e.g., point 1
and 4, above). Incentives may be provided through, e.g., specific water tariffs
and or relaxation of quotas and limitations in water consumptions to those
sectors that strive for a more rational use of potable water.
Vulnerability and adaptation: Social /institutional/political dimensions
Vulnerability to water scarcity under this dimension relates to a number of issues that are
either of a social, institutional or political nature. More specifically, the following issues
should be taken into account.
With regard to the social component of the problem, the prevalence of inadequate or
even false perceptions of the water issue by many stakeholders (often summarized by the
statement: ‘water is only a problem when it is scarce’) has in many instances rendered
initiatives for a more rational use of water unsuccessful. This is an issue that is hard to
‘quantify’ or even understand as it is often rooted in long-standing traditions and customs
that are hard to break.
A problem often related to this issue has to do with traditional ownerships of wells and
other water sources. It is often impossible to convince stakeholders to give up or share
what they consider their property which has supposedly belonged to their family for many
generations. Thus, cultivating an understanding for a more just and equitable distribution
of water among the various user groups is mostly considered intrusive and is
consequently rejected. Both issues lead not only to water use beyond an acceptable level,
they also make it extremely difficult to establish appropriate water management practices
aimed at a controlled and equitable distribution of water to all user groups.
Also along the lines of social patterns and traditions is the widespread practice of
extracting water from wells that are not registered let alone metered. Such practices,
which have evolved over centuries, sometimes even encouraged by government
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directives/recommendations, are considered quite legitimate and are hard to change.
However, they contribute not only to a lack of appropriate and sufficient data for water
management planning but also to an uncontrolled and often excessive exploitation of
already stressed reservoirs.
Against this background of a traditional and an often insufficient/inadequate problem
awareness lies the issue of competition for water resources on an island that is not only
prevalent between different sectors, as mentioned above. Competition for existing
resources that are often quite plentiful when considered integratively for the entire island,
takes place on all levels, from individuals, over municipalities to prefectures or regions.
The overall effect of such competition is mostly an unsustainable if not a wasteful use of
water by those consumers who claim to have the rights on the water resource in their
sphere of interest. It also creates problems when larger-scale, harmonized management
schemes are being envisioned and implemented, such as the EU-WFD. With regard to
institutional/legal issues, one is often surprised to learn that comprehensive and fairly
sufficient regulations, directives and laws do exist. These could potentially ensure an
appropriate water management on the islands and avoid some of the scarcity and water
stress experienced today. However, to achieve this requires that these regulations are
properly monitored and enforced. As mentioned above, traditional ownership and the
extraction of water from un-metered wells represents but one of the problems in that
regard (Figure 9).
In addition, what is also observed in some instances is the fact that violations of laws and
directives are not (sufficiently) penalized. Thus, even if an infringement of a law is being
recognized, local authorities often refrain from imposing the associated penalty, thus
undermining the value of these laws and their usefulness for an effective and equitable
water management regime.
Effective water management also hinges on an understandable and acceptable regulatory/
administrative structure. However, what is often observed is a network of complex,
diverse and overlapping responsibilities (Figure 10) that not only limits acceptance by
local stakeholders but also prevents the introduction of harmonized management regimes
according to the requirements of the EU-WFD.
Moreover, since the islands are a part of a larger country (except for Cyprus), whose
capital lies usually on the mainland creates a typical situation of the island being on the
periphery of the respective country. This implies that most of the laws that govern water
management pay only minor attention to the specific situations prevailing on the islands.
This – in turn – results in reduced acceptance and in difficulties imposing these laws on
the island. Regulations from outside the country such as the EU-WFD meet even more
opposition or at least negligence by the inhabitants of the islands.
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Figure 9: Schematic depiction of the major elements of the water management regime in Chania Prefecture,
Crete, Greece; O.A.D.Y.K stands for Organization for the Development of Western Crete; a TOEB
is a Local Farmers Irrigation Organization.

Figure 10: Pumping station and main building (insert) of the TOEB in Varipetrou on Crete.
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Being decided outside the islands, political decisions on new laws and regulations often
lack a sufficient factual basis or are even based on false information about relevant facts.
This has in some instances led to laws that are counter-productive with regard to a
sustainable water management regime on the islands. Along the same lines, some policies
and recommendations, often related to agricultural practices, have proven to be
inadequate and have contributed to wasteful use of water resources (see above).
What are possible adaptive strategies to address these problems and shortcomings? Again,
we will introduce a number of recommendations that are by no means exhaustive and
should only be viewed as indicative of possible solutions to be pursued:
1) Public awareness campaign (water use, ownership, conflicts); capacity
building
This recommendation seems to be particularly pertinent in light of the
aforementioned problems. Again, this measure should be geared specifically to
particular stakeholder groups and should enable a more adequate problem
awareness as well as an enhanced capacity to deal with water scarcity problems.
2) Implement a more complete monitoring of water extraction
As mentioned before, the legal and regulatory instruments to enable an adequate
water management regime on the islands is often already in existence. However,
to utilize such regulations, proper instruments for a comprehensive monitoring
need to be established and/or maintained (Figure 9).
3) Improve enforcement of existing rules and regulations
Equally important are adequate and consequently executed enforcement
mechanisms. This also relates to the penalties that are imposed in cases of
violation and that need to be followed through consequently and coherently.
4) Simplify/enhance efficiency of water administration
Administrative structures that are hard to comprehend and understand are prone
to be ineffective. Thus, there should be attempts to simplify and reduce the
administrative mechanisms/structures related to water management, in order to
improve acceptance by the stakeholders and water consumers.
5) Transfer of power to regional and local decision makers
A particularly effective way to increase administrative efficiency is the transfer of
power from central (distant) government institutions to local or regional
authorities. A particularly positive point in case for such user-based local
authorities are the Farmers’ Irrigation Associations that have been introduced to
Greece and its islands many years ago (so-called TOEBs, Figure 9). TOEBs have
the legal authority to distribute water to its members and to determine its price
on an annual basis. This is pursued through a democratic process involving all
members of the TOEB. Moreover, TOEBs also serve to provide information
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and training on rational agricultural practices and careful use of irrigation water
to farmers, thus enabling capacity building and sensible water use by its clientele.
However, care should be taken to ensure that such institutions do not become
an obstacle to harmonized and larger-scale water management regimes such as
the EU-WFD. In making this statement, we are well aware that what we are
proposing what constitutes a fine balance to be struck between local/regional
autonomy and national/international jurisdiction by the political decision
makers. However, we are convinced that institutions such as the TOEBs are
much better suited to become partners in the EU-WFD than individual users or
single municipalities.
6) Encourage stakeholder-controlled water management structures
This recommendation follows directly from what has been said above. Again, we
are convinced that the encouragement of stakeholder-driven water management
practices prepares the islands much better for dealing with water scarcity but also
with the implementation of the EU-WFD than individual stakeholders or
stakeholder groups.
7) Ensure/improve adequate factual basis for political decision making
This is a plea for a more extensive and more adequate alliance between political
decision makers and the scientific community. We are convinced that science has
to play a major role in devising new strategies for a sustainable water
management on Mediterranean islands. However, as has been stressed
throughout this contribution, we are equally convinced that such strategies need
the input from and the consent of all relevant stakeholders on the islands.

Conclusion
The availability of water in sufficient quantities and of adequate quality on Mediterranean
islands is a problem of significant importance. The EU-Water Framework Directive aims
to address water management in a comprehensive and harmonized manner. However,
implementing the EU-WFD meets a number of major challenges, not the least on the
islands of the Mediterranean. The EU-funded research project MEDIS (Towards sustainable
water use on Mediterranean Islands: addressing conflicting demands and varying hydrological, social and
economic conditions) aims to address the specific problems on the islands, strives towards
common solutions through a process of systematic intercomparison of answers that have
been found on each island and intends to derive recommendations for a sustainable,
equitable and stakeholder-driven water management regime on the islands. In so doing,
emphasis lies on a holistic, interdisciplinary research strategy that strives to involve
stakeholders in each phase of the project.
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Such a holistic research approach is also pertinent when addressing the problem of
current and future water scarcity on the islands. In considering water scarcity, we focus on
three vulnerability dimensions/aspects: the physical/environmental dimension, the
economical/regulatory dimension and the social/institutional/political dimension. We
present brief summaries on current and future challenges to be faced for each of the
aspects. This presents the basis for a set of recommendations/strategies that serve both
goals: the formulation of recommendations for improved water management and the
reduction of vulnerabilities to water scarcity on Mediterranean islands.
While not to be considered exhaustive or complete, we are convinced that these
recommendations will serve to alleviate some of the problems currently faced with regard
to water availability and to better prepare Mediterranean islands for future water
management and a swift and effective implementation of the EU-WFD.
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Strategic tools to support adaptive, integrated
water resource management under changing conditions
at catchment scale: A co-evolutionary approach –
The AQUADAPT Project
Paul J. Jeffrey
School of Water Sciences, Cranfield University, College Road,
Cranfield, Bedfordshire, MK43 0AL, Great Britain.
Email: p.j.jeffrey@cranfield.ac.uk

http://www.aquadapt.net

The overall aim of the AQUADAPT project is to generate knowledge which supports the
strategic planning and management of water resources in semi-arid environments at
catchment level under changing supply/demand patterns and water utilisation conditions.
Our intellectual framework for addressing this objective reflects recent thinking on the
co-evolution of natural resources and human societies (see below for more detail).
Practical deliverables at the project level will focus on the characterisation of indicators
suitable for understanding and monitoring co-evolutionary dynamics. Hence, we explicitly
seek to provide a basis for the integration of water resource planning with structural,
social, economic, agricultural and regional development planning. Indeed, the major
contribution of AQUADAPT is the provision of an intellectual and policy interface
between the planning and management of water resource utilisation and other aspects of
the built and natural environment. In order to achieve this general aim we take the river
catchment as the unit of analysis for our studies, reflecting recent EU policy documents
(such as the new Water Framework Directive) which suggest that the river basin is a
suitable geographical basis for the development of resource planning and management
tools.
Organised in seven work packages, AQUADAPT involves thirteen academic and
industrial partners from seven countries. Our investigation tool is a multi-thematic workprogramme, reflecting the multidisciplinary and Europe-wide approach demanded by
complex, strategic, and multi scalar/inter-temporal problems. Our specific objectives are
auditable through reference to the central project objectives;
•

To develop an integrated simulation/GIS based, pre-project strategic assessment
tool to support the planning and management of changing water utilisation
patterns at catchment level.
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•

To expose variations in the determinants of water use at individual, family,
community, and catchment levels.

•

To investigate the options and barriers for adapting water resource governance
structures (in line with the approach taken in the Water Framework Directive) to
changing demands stemming from more intensive water utilisation patterns and
anticipate problems which may arise.

•

To assess the relationships between changing rainfall patterns, land use patterns,
hydrological balances, agricultural potential, and environmental integrity in a
semi-arid region.

•

To support the development of contemporary water management policies by
generating an historical perspective on the co-evolutionary relationships between
societies, their activities, and water.

•

To collate and advance complimentary theories in the fields of knowledge
representation, knowledge transfer, sustainability, water system sensitivity, and
policy development.

It should be noted that we are not proposing a set of research activities which embrace all
the varied dimensions of strategic water planning and management. Neither do we set out
to simulate or model all aspects of water system co-evolution. A proper planning and
management response to co-evolutionary dynamics is not detailed prediction, nor
comprehensive contingency planning but rather improvement of the robustness and
adaptive capacity of technologies, infrastructures (both physical and non-physical),
governance arrangements, and socio-economic development of a catchment.
Accomplishment of our project level research objectives will generate knowledge to
improve understanding of the co-evolutionary nature of sustainable water management
and support moves towards strengthening adaptive capacity. The problem domains
included in our proposal are of contemporary and Europe-wide relevance, hopefully
leading us into discussion and/or collaboration with other research groups whose
investigations explore other aspects of the field. In terms of practical research outcomes
(deliverables) we distinguish between contributions which help us to understand or gain
insights into the dynamics of co-evolution, and those which generate guidance or support
decision taking.
Consequently, we have an additional objective at the project level, which is to construct
an informed evaluation of the co-evolutionary characteristics of water use at catchment
level. Project level output (final report, sector specific literature and publications) will
integrate the findings of both empirical and theoretical work to produce guidelines in the
form of 'guiding principles'. These principles will refer to desirable and detrimental
features of catchment planning from a co-evolutionary perspective, taking into account
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context and providing guidelines for action. In this way, we aim to generate knowledge
and tools which help planners and policy makers to appreciate the 'envelope' of options
available to them, learn about the consequences of their proposed actions, and explore
long term, sustainable resource management options.
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Aridity and the water management problems faced in
arid regions, The ARID Cluster Project

Dionysis Assimacopoulos, Paul Jeffrey, Phoebe Koundouri,
Manfred A. Lange and Evan Vlachos
http: arid.chemeng.ntua.gr

Aridity and water stress are global problems with far-reaching economic and social
implications. Within Europe, the imbalance between water demand and availability is
becoming increasingly serious. Demand is increasing while pollution limits the use of
resources and increasing climatic variability reduces the available supply for unpredictably
long periods. Water stress is an extremely complex problem caused by, and in turn
affecting, many sectors of European industry and society. These causes and effects are
not consistent from region to region, varying across diverse climatic conditions and
anthropogenic pressures. Responses to water stress are also extremely varied being
determined by the local geographical, political, socio-economic and cultural conditions.
Arid and semi-arid regions in the Mediterranean Europe present unique water stress
conditions. Constantly declining water resources and an increasing demand for freshwater
cause threats to the environmental sustainability of the region and provoke conflicts
between competing and conflicting uses and users, even in comparatively water rich areas.
Some issues related to the arid conditions are recurrent in these regions. In most, the
presence of continuous sources of water stress is combined with periodic droughts; the
limited amount of rainfall is not sufficient to support the local agriculture. New
infrastructure needs to be built to deal with the issue of ensuring and providing an
adequate supply. Yet infrastructure planning is made on the basis of average years and
deviations from those, but cannot be made to accommodate infrequent/rare events and
thus these events are not dealt with adequately. Coastal regions, where unevenly
distributed populations tend to concentrate, are an attractive tourist destination, thereby
further compounding the problem. Massive numbers of tourists arrive and stay for a
short time period and infrastructure planning needs to take into account seasonal peak
demands. Cost recovery to fund such ‘headroom’ provision is an increasingly sensitive
issue. Such disputes are characteristic of regions which are under increasing water stress.
The different demands for irrigation, domestic use, tourism and industry are competing
for an increasingly scarce resource. Effective and appropriate water management tools
and decision-making practices are clearly needed in order to complement integrated
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interventions for increasing the availability of supply and/or managing the growing
demand of scarce water supplies.

The ARID Project and constituents
The aim of the ARID project is to harmonize the research effort, to disseminate
conclusions, findings and data sets and to identify the most coherent methodologies and
strategies that result from the research activities of three research projects (AQUADAPT,
MEDIS, WaterStrategyMan) and an advanced training course (SUSTAINIS), for
“Integrated Water Resources Management (IWRM) for environments under water stress”. The ARID
Cluster attempts to develop methodologies, tools, and strategies in response to the need
of ensuring an adequate (in quantity and quality) supply of water for various competing
uses (drinking, irrigation, ecological and recreational uses). In addition, the Cluster
attempts to outline the unique characteristics of aridity and related concepts, to the
demands for comprehensive water resources planning and management as these are
proposed in the European Water Framework Directive 2000/60. The three Cluster
projects are financed under the “Key Action 1. Sustainable management and quality of
water, 1.6 Regulation of stocks and technologies for arid and semi-arid regions and
generally water deficient regions. 1.6.1 Improving knowledge on water resources use and
management”.
WaterStrategyMan aims to develop an integrated water resources management framework
that takes into account economic, technical, social, institutional and environmental
implications, to meet both directly and indirectly the EU requirements concerning
preservation and enhancement of the quality of the environment, the availability of
natural resources, and, sustainable development. Case studies from Southern Europe are
employed as paradigms for the development of improved resource demand/management
strategies. Emphasis is placed on the need for the design of alternative water cost
recovery options based on the particular socio-economic and institutional circumstances
of each distinct paradigm advanced throughout the study.
AQUADAPT aims to generate knowledge which supports the strategic planning and
management of water resources in semi-arid environments at catchment level under
changing supply / demand patterns. The intellectual framework which underpins the
project reflects recent thinking on the co-evolution of natural resource availability with
human societies. Hence, the project explicitly seeks to provide a basis for the integration
of water resource planning with structural, social, economic, agricultural and regional
development planning.
MEDIS focuses on the specification of recommendations for sustainable water
management, which will be built on a holistic, interdisciplinary approach, including
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physical, environmental, socio-economic and legal aspects. Emphasis is placed on an
involvement of the various stakeholders and end-users and the search for equitable and
sustainable water management on Mediterranean Islands (Corsica, Crete, Cyprus,
Majorca, Sicily). The systematic comparison among – and an exchange between key
stakeholders from the islands will lead to generic conclusions for the entire Mediterranean
Basin.

The regional context of aridity in the project
Table 1: The regional context of aridity in the project

Region

Location

Problems faced

Paros Island,
Cyclades

Greece

Demand peaks during the summer months, due to the high tourist influx
onto the island, and insufficiency of the existing infrastructure capacity to
cover demand at peak times, leading to temporary shortages.

Crete

Greece

Water supply on Crete is unevenly distributed. While the western parts
receive ample amounts of precipitation, the eastern half of the island faces
severe water shortage throughout the year. Notwithstanding the sufficient
supply of water in western Crete, water management and the distribution
of resources presents serious problems. Seawater intrusion and loss of
freshwater to sea exacerbate the difficulties.

Cyprus
Island

Cyprus

Competition for water resources exists between tourism and agriculture,
the two major sources of income on the island. However, while tourism
consuming only 20% of the water accounts for 83.4% of the GDP and
73.3% of employment, agriculture consuming 69% of the water
contributes only 1.5% to the GDP and 2.4% to employment on the
island. Because of substantial overexploitation, Cyprus currently derives
13% of its water through desalination, a fraction that is set to increase
over the next few years. Quality problems in terms of seawater intrusion
are pervasive in coastal aquifers.

Ribeiras do
Algarve

Portugal

Seawater intrusion of the underground aquifers is rapidly intensifying due
to the over-abstraction of water for use on golf courses and other
tourism-related uses, despite the relative abundance of water resources.

Tel-Aviv
and Arava
region

Israel

Intense conflicts are arising between the provision of water for urban
water supply and for irrigation in agriculture.
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Table 1 continued
Belice Basin,
Sicily

Italy

A peak in demand is observed during the summer, due to irrigation
demands in the region. Water management faces severe problems because
of lack of control regarding distribution and pricing and difficulties related
to water distribution systems. The legislative and institutional framework
on Sicily reflects a situation characterized by:
•

dominant political influence

•

a large number of control authorities

•

infrastructure backwardness

•

insufficient involvement of users and mistrust of institutions.

Corsica

France

Generally ample supply of water. Utilisation of rivers for hydropower
generation (satisfies 30% of the needs on Corsica). This notwithstanding,
first signs of water scarcity have been observed recently. Overexploitation
of water for agriculture in the north-western part of the island.

Tenerife,
Canary
Islands

Spain

A year-round high water demand is caused by a tourist influx much larger
than the local population, demanding a great infrastructure that
nevertheless needs to be paid for by the locals.

Majorca

Spain

Sporadic severe shortage of water supply, requiring ship-transport;
desalination as a major remedy. Conflicts between agriculture
(consumption: 62%; contribution to GDP: 2% and employment: 2%) and
tourism (consumption: 36%; contribution to GDP: 83% and employment:
77%). Seawater intrusion and diffuse pollution of agrochemicals pose
particular problems.

Herault
Valley

France

Increasing conflict over urban / rural and human / environmental uses of
water. Increased urbanisation.

Marina
Baixa

Spain

Increased development (particularly residential tourism) combined with
seasonal tourism and climate variation creates an uncertain future.

The ARID dissemination strategy
The ARID Cluster aims to disseminate the project findings and research outcomes
through the organization and realization of a series of conferences, the publication of a
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series of deliverables and multimedia training material, and through the Project Web Site:
http://arid.chemeng.ntua.gr.
The ARID conferences are aimed at the presentation and dissemination of the Cluster
results, as well as at developing the interaction between the three individual projects and
promoting the sharing of results and methodologies. They will be utilised as a forum for
intense stakeholder involvement, thus enabling a transfer of research results into concrete
policy recommendations. Moreover, the expertise of stakeholders will be employed in
performing somewhat of a ‘reality-check’ on the findings of the individual Projects and
will lead to conclusions that will prove acceptable to the communities in Mediterranean
countries.
The three conferences will present the research outcomes of the involved projects
towards the development of integrated water resources management strategies to the
public in a series of successive steps.
• The initial step, presented on the Island of La Palma of the Canary Islands,
involves the identification and analysis of traditional and new instruments that are
or can be used for the management of water resources in arid regions.
• The second step, presented in Sicily, will focus on the development of management
strategies using such instruments, reflecting the principles of Integrated Water
Resources Management, for regions facing water scarcity.
• The third and final step, presented in Cyprus, will be the attempt to relate these
strategies to water policy.

The LaPalma conference
The conference “Water Resources Management in Water Stressed Environments: Structural and
Non-Structural Interventions in the Context of Ecoadaptation” will take place from February 2-4
2004 on the Island of La Palma, Spain. The conference aims at presenting the research
outcomes of the ARID Cluster thus far, and at showcasing the instruments available for
the management of water resources in arid regions. Themes that will be focal to the
conference include:
• Vulnerability,
• Sustainable development,
• The role and importance of co-evolution,
• “Soft” approaches in balancing supply and demand management.
Many societies, especially in the South, have managed within the boundaries of tradition
in the past, and know rather well what demand management implies. What complicates
matters is that in fast modernizing nations, “hard” supply approaches are superimposed
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without a proper balance and creative mix of supply-demand innovative efforts. Structural
and non-structural instruments, both traditional and new, will be presented by experts
who will analyze their relative merits and applicability.
These instruments will also be discussed by stakeholders who will provide their own
hands-on experience and personal and professional outlook. Common sessions will be
held, where the stakeholders and researchers will be subdivided into smaller groups,
forming a Stakeholder Forum. Each group will be asked to answer specific questions
posed around the theme of traditional and other forms of adaptation of the local
population, when faced with increasing water stress and scarcity, drawn from common
issues already identified in the Projects’ ongoing research:
• Capacity building,
• Adequacy of institutions and administration,
• Uneven regional distribution of population and resources,
• Recovering the cost of creating and maintaining water infrastructure,
• Strategies for eco-adaptive approaches (in the past, present and future),
• How water demand management resonates among stakeholders, given the
current preoccupation with supply enhancement.
Thus, the Forum will steer discussions to structural and non-structural approaches, to
aspects of permanent and periodic water shortages (recurring droughts), the peak
demands generated by large tourist, transient populations, preparedness for extreme
hydrologic events (both droughts and floods), socio-economic disparities in meeting
emergencies, natural hazards and disasters, and generally strategic options for
comprehensive, participatory, anticipatory, and contingency-driven water resources
planning and management.
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Introduction
This lecture of the SUSTAINIS course gave an insight into the application of geophysical
methods in hydrogeology with some emphasis on karst hydrogeology. Resulting from
both the particularities of rock and the demands of hydrogeologists, the requirements for
the "Toolset Geophysics" applied to groundwater research are formulated. To get a basic
idea of the working principle of geophysics, the relationship between physical rock
parameters measured by geophysics and basic hydrological parameters are given. By
introducing several geophysical methods and presenting some case studies of subsurface
karst structure investigations, applicability and limitations of the methods are
demonstrated.

Why use geophysics and how?
Trivially spoken, the answer to the first question is to get information about the
subsurface. This is particularly necessary when subsurface information cannot be
provided by direct observation methods (i.e. geological mapping, boreholes). Geophysics
should never be a stand-alone-tool, but should be complemented by geological/hydro
geological background information. Therefore, the methodology of extrapolating
information derived from direct observations in various spots to larger scales with
geophysics is sensible. Direct observations provide geological/hydrogeological
information, whereas geophysical methods provide information on the distribution of
certain physical parameters in the subsurface, which can be linked to the direct
observations. Geophysics therefore does not provide a "photo" of the subsurface but
suggests a model of the underground derived from interpreting the distribution of these
physical parameters. Thus it is called an indirect observation method.
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The major intention of geophysics applied to hydrogeology is to deliver parameters and
subsurface models, which are helpful for the decision-making process in:
• groundwater exploration and
• groundwater protection.
To address these two major purposes, groundwater geophysics can have the following
basic aims:
• Discrimination of water bearing rock from non-water bearing rock
)(Exploration)
• Delineation of the dimensions of an aquifer )(Exploration, Protection)
• Delineation of preferential groundwater flow paths )(Exploration, Protection)
• Existence and thickness of impermeable overburden )(Protection)
In summary, the essential goal of hydrogeophysics is the
• indirect mapping of the distribution of the hydrological parameters porosity and
permeability.
Emphasis is again placed on the term "indirect" mapping since geophysics does not
measure porosity and permeability themselves but physical parameters, which are linked
to them.

Physical rock parameters measured by geophysical methods and
hydrological parameters
Generally, one can classify three groups of physical rock parameters to which geophysical
methods are sensitive: mechanical properties, electric properties and magnetic properties.
Table 1 shows which parameters are essential for which geophysical method. If we have a
look at the basic hydrological parameters, we see that they influence the geophysically
measured parameters of Table 1. A basic property for the existence of groundwater is a
sufficient "void volume" in pores or fissures, quantified by the porosity Φ, the ratio of
the total volume of voids of a given porous medium to its total volume:
Φ=

with

V pores
Vtotal

[%]

Vpores Volume of voids
Vtotal Total volume
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The dynamic behavior of groundwater is characterized by the permeability K:
K = kf ⋅

with

η
ρg

[Darcy = D = 10

-8

cm 2

]

η

pore fluid viscosity

ρ

rock density

g

gravity constant

kf

permeability coefficient in [m/s].

(2)

Table 1: Physical rock parameters and geophysical methods.
Rock Parameter
Group
Mechanic
Properties

Electric
Properties

Parameter

Measurement
Principle

Method Group

Density, elasticity

Travel time of
seismic waves

Seismics

Density

Gravitation

Gravity

Natural potential

Selfpotential

Induced currents

Geoelectrics

Electromagnetic
(EM) induction
through alternating
EM fields

Induction-Electromagnetics

Travel time of EM
waves

Ground penetrating Radar
(GPR)

Strength of magnetic
field

Magnetics

Resistivity

Dielectricity

Magnetic
Properties

Magnetic
Susceptibility

Influence of hydrological parameters on geophysical measurements
Without going into detail, some dependencies of rock parameters measured with
geophysics and the basic hydrological parameters are explained in a simple way in the
following section. This is exemplarily done for the seismics and resistivity methods to
explain the basic idea, why geophysical mapping can provide information about the
spatial distribution of hydrological parameters. Seismic velocities strongly depend on the
elastic properties of rock, which in turn are essentially controlled by its porosity. The so
called "time average equation" (Wyllie et al. 1956) describes the dependency of seismic
velocities on the porosity of rock in an elementary form:
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1 1− Φ
Φ
=
+
v vMATRIX vPORES

with

(3)

vMATRIX

seismic velocity of rock matrix

vPORES

seismic velocity of pore filling

and

Figure 1 demonstrates that increasing porosity generally leads to decreasing seismic
velocities. The amount of clay content has the same effect, but the influence of porosity is
more important.

Figure 1: Influence of porosity on seismic P-wave velocity (Kirsch 2000). 1: (Watkins et al. 1972),
unsaturated rock, refraction seismic survey; 2: (Raymer et al. 1980), saturated rock, synthetic
modeling; 3: (Klimentos 1991), saturated sandstone, laboratory samples; 4: (Kowallis et al. 1984),
unsaturated sandstone, laboratory samples; 3 and 4 with 20% clay content.

Most rock forming minerals (except clay, ore and graphite!) have remarkable high specific
electric resistivity. Therefore, the flow of electric current mainly takes place in the pore
liquids. The specific resistivity of water saturated rock can be expressed as:
ρ R = ρ PL ⋅ F

with
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ρR

specific resistivity of liquid saturated rock

ρPL

specific resistivity of pore liquid

F

formation factor.

(4)
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This is the main thought of Archie's law. The formation factor F combines all properties
influencing the behavior of electric current flow, namely porosity Φ, pore geometry and
degree of compaction:
F=

with

a

φm

Φ

porosity

a, m

material constants.

(5)

The shape factor m combines all parameters influencing the electric current flow in the pore
liquid, while the constant a describes the influence of the rock matrix. If the matrix is a
perfect electric isolator, then a = 1 (condition for the validity of Archie's law). If the
matrix also contributes to the electric conductivity, it is a < 1.The consequences of
equations (4) and (5) are that with increasing porosity the formation factor decreases, and
therefore the specific resistivity of water saturated rock will decrease as well. This is
furthermore illustrated in Figure 2.

Figure 2: Archie's law: Influence of porosity Φ and shape factor m on the formation factor F (Kirsch 2000).

Since there is no general connection between porosity and permeability (only rough
empirical relations from laboratory measurements exist), particularly the derivation of the
permeability directly from geophysical measurements without geological background
information cannot be expected yet. There is a huge interest in this topic though, and
research is being carried out (e.g. induced polarization (Hördt et al. 2004)). Nevertheless,
the important information about the distribution of zones of higher or lower permeability
can be mapped employing geophysical surveys, as well as a better interpolation of
hydrological results between boreholes can be achieved.
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Requirements for geophysical methods, particularly for karst aquifers
One important characteristic of karst aquifers (in contrast to porous aquifers) is the
extremely heterogeneous nature of the medium resulting in a heterogeneous distribution
of hydraulic permeability. The medium permeability can be considered as consisting of
two extreme components, low permeability volumes of fissured rock and very high
permeability conduits. Kiraly (1969, 1975) even avoids using the term "medium
permeability". He emphasizes the "scale effect", which describes the observation of the
distribution of permeability (strongly connected to fractures and conduits). On a small
scale (m3), random probes show extremely low permeability, while permeability is
important on the regional scale (km2) when considering the enormous discharges of karst
springs. This motivates to speak of "high permeability singularities" in carbonate rocks,
meaning that the parameter "high permeability" seldom occurs but in a concentrated
manner (Bosch 2002). For characterizing a karst aquifer, the hydrogeologist needs
information about the distribution of these "high permeability singularities" (fractures,
conduits, faults). He also needs information about the thickness of protective cover
layers, or the depth down to the bottom of the saturated zone at catchment scale as far as
several tens or hundreds of meters. These defaults define the requirements for the
geophysical methods for investigating the necessary underground information, which
cannot be derived from direct observations (Figure 3).

Defaults:
Properties of karstic rock
►Demand of the Hydrogeologist:
• Information at catchment scale
Requirements:
High horizontal and vertical resolution at
local scale from shallow depths up to
1000s of meters
Ability to cover areas at regional scale
Rapid data acquisition and interpretation
Easy application in difficult terrain

Figure 3: Defaults and requirements for geophysical methods applied in karst aquifer research.

Seismic methods
Seismic methods are the common geophysical methods traditionally used for oil and gas
exploration.
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Application in Hydrogeology
• Delineation of lithological units
• Investigation of thickness and nature of covering layer
• Estimation of depth extension and thickness of aquifers
• Mapping of discontinuation zones: fractures, faults
• Cavity detection
Principle
• Production of a seismic signal at the surface (e.g. hammer, falling weight,
explosion)
• Seismic waves travel through the ground and reflect/ or refract at layer borders
or structures and travel back to the surface (
•
• Figure 5). Reflection occurs where the product of rock density ρ and seismic velocity
v, called impedance Z, changes:
Z 1 = ρ1 ⋅ v1 ≠ Z 2 = ρ 2 ⋅ v 2

• Refraction occurs in the case of:
v 2 > v1

i.e. quaternary deposits over limestone.
• Measuring the returning signals and their travel times at the surface with
GEOPHONES. Multi-channel seismic devices deliver a seismogram (=several
seismic traces) shown in Figure 5.
• Since the travel times of the seismic waves depend on the seismic velocity of the
penetrated material, the separation of different formations of the subsurface is
possible by the analysis of a seismic registration.
• Repeating the measurement process shown in 4 by changing the shot point and
the geophone points a certain distance enables to create profiles of any length.
Grouping the different traces to seismic sections and further processing leads to
a data representation, which can be read as an image of the subsurface (see
Telford et al. 1990; Knödel et al. 1997).
• An example for karst structure mapping in Florida with seismic methods is
shown in taken from Kindinger et al. (2002),
http://coastal.er.usgs.gov/publications/ofr/00-180/.
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Figure 4: Example of a seismic registration.
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Figure 5: Top: Travel paths of seismic waves, red star = seismic source, brown triangles = geophones; Bottom:
Graph of "first arrival times", picked from each geophone trace of a seismogram as shown in Figure 4
(shot points interchanged).
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Figure 6: Seismic profiles with line drawing interpretations of six types of features described for the lakes of
northeastern Florida (Kindinger et al. 2002).

143

Module 3

Conclusions
Seismic methods provide detailed results about the structure of the subsurface for both
sedimentary and karstic aquifers. A limiting factor for the application in hydrogeology is
the expensiveness of the method. Seismic profiling of large areas needs a remarkable
amount of "man-power" and logistics. Due to the resulting high costs, the method is
primarily used in the oil industry or for national geological surveys.

Geoelectric methods
Geoelectric methods obtain the distribution of the specific electric conductivity σ (in Siemens/
m) or the inverse, the specific electric resistivity ρ (in Ohm•m), which are strongly influenced
by the porosity of rock and the degree of water saturation of the pore volume. This and
its cost effectiveness make geoelectrics suitable for hydrogeology. Due to the working
principle of the method it is obvious that its application is more appropriate for porous
than for karstic aquifers, except for karst structure mapping at very shallow depths.
Application in Hydrogeology
• Delineation of lithological units
• Investigation of depth and thickness of aquifers and aquicludes as well as the
weathering layer above the bedrock
• Mapping of saltwater intrusions
• Detection of fracture and fault zones
• Mapping of preferential water pathways
• Detection of cavities
Principle
DC geoelectric methods work with artificial stationary electric fields. The basic principle
of DC geoelectric methods is a 4-electrode configuration: 2 current electrodes (called A, B
or C1, C2) and 2 potential electrodes (called M, N or P1, P2). Figure 7 illustrates the
distribution of the potential fields in the ground.
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Figure 7: Principle of DC geoelectric method (modified after Knödel et al. (1997)).

A, B = current electrodes; M, N = potential electrodes
Via the two grounded current electrodes, a direct current or an alternating current of a
low frequency is injected into the ground. As a consequence, a spatial potential field
establishes itself, which is influenced by the electric resistivity distribution of the
subsurface and measured as a voltage drop (in Volt•m) between the two grounded
potential electrodes. Theoretically, a huge number of geometrical electrode configurations
is possible, but mainly linear configurations are applied due to logistic reasons. The
different configurations have different properties regarding investigation depths,
resolution capacities, etc. For different electrode configurations see (Telford et al. 1990).
While knowing the injected current I and measuring the voltage drop U between the potential
electrodes, one simply obtains a resistance R as a result of Ohm's law:
R=

U
I

(6).

Multiplying R with the geometric configuration factor K, which is specific for the electrode
configuration used, delivers the resistivity ρ. In case of a homogeneous half space, this
value is the true specific resistivity ρs. For a layered or fractured subsurface the obtained value
is the apparent resistivity ρa:
ρ a = K ⋅ R in [Ωm]

(7).
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The depth of investigation is controlled by the distance between the current electrodes
while the investigation depth increases with the electrode spacing. To obtain an
underground model of true specific resistivities, the measured apparent resistivities must
be processed by inversion algorithms. Besides the different geometric electrode
configurations, three types of measurements can be carried out (see also Figure 8):
• Vertical electric sounding (VES)
• Variation of electrode spacing over a common centre point
• Provides the vertical resistivity variation under the centre point
• Applicable to horizontally layered, homogeneous ground
• Electric mapping (Constant Offset Sounding, COS)
• Horizontal movement of a constant electrode spacing configuration
• Provides the lateral variation of the resistivity at a certain "constant" depth
• Applicable to near surface mapping of fractures
• Multielectrode geoelectrics (Imaging, Tomography)
• Large number of electrodes controlled by a PC
• Combines VES and Mapping
• Provides 2D images of the subsurface

Figure 8: Investigating the subsurface with Vertical Electrical Sounding, Constant Offset Sounding and
Geoelectrical Imaging.
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Examples of the application of multielectrode geoelectrics at a quarry in the Swiss Jura
Mountains (Figure 9) are given in Figure 10.
The profiles are situated ca. 10 m behind the quarry wall shown in Figure 9. Mark I and II
coincide with the positions of the two major fracture systems.

.

Figure 9: Karstified Kimmeridgian Limestone near the village of Les Breuleux, Switzerland. Important
fractures are marked I and II.

► Dipol-Dipol

I

II

► WennerSchlumber
ger

► Wenner

Figure 10: Inversion results of multielectrode geoelectric measurements of different electrode configurations.
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Conclusion
Due to large distances between the current electrodes (e.g. 1000 m) for deeper
investigation depths, one obtains average values of the galvanic resistivity of the rock.
Consequently, for the purpose of investigating a heterogeneous medium with karst
structures (fractures, faults) at greater depths, this method is not very appropriate. For
shallow depth karst investigations (top ten meters) it is quite sensitive and appropriate for
detailed studies. Due to ground contact and measurement principles, geoelectrics are quite
cumbersome, which limits the applicability to mapping of large areas with high resolution.

Electromagnetic (EM) methods
The same as geoelectric methods, electromagnetic methods map the distribution of the
electric resistivity of the subsurface. Instead of injecting currents with galvanic contact
into the ground, EM methods use the principle of electromagnetic induction. The
method’s principles allow constructing light-weight equipment, partly used without any
ground contact.
Application in Hydrogeology
• Delineation of lithological units
• Investigation of depth and thickness of aquifers and aquicludes as well as the
weathering layer above the bedrock
• Mapping of saltwater intrusions
• Detection of fracture and fault zones
• Mapping of preferential water pathways
• (Cavity detection)
Principle
The basic principle of EM methods is to use alternating electromagnetic fields which
penetrate the ground and produce a secondary EM field of the same frequency as the
primary field. The strength of the secondary EM field depends on the resistivity of the
ground. The depth of investigation depends on the frequency used. Therefore, resistivity
sounding is achieved by using different frequencies instead of a variation of electrode
spacing as it is done in geoelectrics, which increases the resolution for typical, vertical
karst structures. The second parameter which controls the penetration depth is the
resistivity of the ground itself, expressed in the formula of the so called skin depth dS:
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d S ≈ 503

ρ [Ωm]
f [Hz ]

in [m]

(8).

Various types of equipment exist, some with ground contact, some without. This depends
on the fact which EM field components are measured: electric and magnetic field
components or magnetic field components exclusively. Some systems need transmitters
and receivers in the field (active EM methods), while others need only receivers on site
(passive EM methods). For further details, the interested reader is referred to the
literature (McNeill 1990; Telford et al. 1990; Knödel et al. 1997; Bosch 2002). Examples
for active methods are so called "dual-loop" systems (Figure 11), which can be designed
for horizontal resistivity mapping in the top 6 meters (Figure 12) or for both horizontal
mapping as well as vertical sounding down to 100 m depth and more by variation of
frequencies and loop spacing. Passive systems using remote radio transmitters (15-300
kHz) have been developed at the CHYN for the mapping of karst structures for both
resistivity contrast mapping (Radio Frequency Electromagnetic = RF-EM, Very Low
Frequency Electromagnetic GRADIENT= VLF-GRAD) and resistivity sounding
(Radiomagnetotelluric=RMT) (Turberg 1994; Stiefelhagen 1998; Bosch/Müller 2001).
The equipment is illustrated in Figure 13 and the principles in Figure 14.

Figure 11: Dual loop measurement principle.
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Figure 12: EM31 equipment and data.

Figure 13: CHYN's RF-EM, VLF-GRAD and RMT equipment.
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Figure 14: Field distribution and measurement principle for remote radio transmitter methods.
Left: RF-EM and VLF-GRAD, Right: RMT.

The RF-EM and VLF-GRAD devices measure the primary (from remote radio
transmitter) and secondary (from the earth) magnetic field components without ground
contact with two induction coils. The RMT equipment measures magnetic and electric
field components. A comparison of these mapping tools and multi-electrode geoelectrics
in karstic terrain is given in Figure 15.
Conclusion
Electromagnetic methods provide the potential to map the horizontal and vertical
resistivity distribution with high resolution. Thus, they are appropriate for the mapping of
karst structures. Furthermore, they offer the possibility to quickly cover large areas.
Limitations are the sensitivity to anthropogenic EM noise. Additionally, the investigation
depth is reduced in the case of the presence of low resistivity overburden.
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Figure 15: Survey for assigning a tracer injection site in karstic terrain in the Swiss Table Jura Mountains,
Canton Jura, Switzerland.
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Figure 16: Imaging fractures and faults with the VLF-GRAD method. Same purpose and location as in
Figure 15.
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Since the early 1980’s, a large number of models have been developed to describe the
complex interactive physical, chemical and biological processes. Most of them were
developed for research purposes but some have now entered into the management arena
and are used as tools in the decision-making process by public authorities, industry,
consultants and agriculture advisers. Models are cost-effective management tools since
they are both cheap and powerful. At best, they enable valuable insight into the workings
of the complex natural soil system and allow the user to evaluate the likely impacts of
alternative mitigation strategies while minimizing the need for extensive and expensive
field experiments. In contrast to physically based models, the conceptual models use
empirical process descriptions. They have been developed to describe runoff generation
and overall water balance but failed to provide details of water solute and energy flows
and soil moisture dynamics. These models are applied at larger scales than the physically
based models. Processes descriptions in hydrology are often studied at point scale.
Modelling water and solute transport at catchment scale is complicated by the natural
variability of the governing parameters.
Models are scale specific because:
1. different processes are important at different scales;
2. the input data availability is reduced at larger scales.
One of the weaknesses of the first generation of simulation models of water and solute
transport is that the soil was treated as macroscopically homogeneous. One frustrating
issue facing hydrologists in dealing with the unsaturated zone both in terms of modelling
& experiment is the overwhelming heterogeneity of the subsurface. One manifestation of
the heterogeneity at local scales involves the preferential flows of water and chemicals
through soil macropores and rock fractures. In contrast to rocks, soil near surface
processes such as shrinking-swelling, freeze-thaw, biological activity leading to
earthworms and root channels and physical manipulation such as cultivation, can
dynamically alter pathways leading to temporal variations in preferential flow processes.
Such temporal variation tends to decrease with depth where fractured rocks also
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dominate. Preferential flow is the accelerated movement of water, surface-applied
fertilizers, pesticides and pollutants into and through the unsaturated zone. Process-based
description of preferential flow invokes dual porosity models. Such models assume that
the medium consists of two interacting pore regions. Accounting for heterogeneity and
preferential flow is crucial in studies of agrochemical transport and in leaching saline soils.
Emerging issues: how to handle spatial heterogeneity, the existence or otherwise natural
or preferred time and space scales, and the linkages between scales of state variables,
parameters and conceptualizations.

The scale issue
The natural focus of many hydrologists was to investigate specific processes such as
unsaturated flow, overland flow, evaporation, etc. The outcome was verified against small
scale experiments. Hydrological modelling has been carried out at spatial scales ranging
from point scale to global scale. The importance of scale effects has been recognized by
hydrologists, water resources managers, and other water practitioners. The unanswered
questions are:
1. Do the mathematical descriptions often developed in laboratories or plot scale
apply to catchment scale?
2. How can physical properties such as hydraulic conductivity measured at isolated
points be used to accurately represent catchment scale water fluxes such as
groundwater recharge or contaminant fluxes such as nitrate flows?
3. How can this spatial variability be incorporated in a model grid square and how is
this affected by the size of the grid?
Hydrologists have made impressive gains in research leading to understanding and
quantifying individual hydrological processes and in a variety of environments. However,
theories of many processes such as infiltration, evaporation, overland flow, water, solute
and sediment transport have been and continue to be developed at small scale. The
record in implementing these theories towards the development of predictive models at
much larger space and time scales has not been equally impressive. The extrapolation of
theories of non-linear hydrological processes to larger scale natural systems such as
basins, flood plains, wetlands continues to pose serious problems. New analytical
formulations for atmosphere-soil-vegetation interactions and methods for their
experimental verifications are urgently needed in regional water resources planning, water
quality in large river basins, in validation of Global Circulation Models (GCM’s) and in
prediction and or interpretation of the hydrological impacts of global climate change. At
catchment scale, the hydrological processes combine and interact in a complex manner.
The development of physically based catchment scale models provides a framework to
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represent the interaction of these processes at catchment scale. Applying scaling where
several processes govern catchment flows and interact with each other, still represents a
formidable challenge. There is a need to discover hydrologic laws at catchment scales that
represent more than a single process. However, it is recognized that different hydrological
processes are dominant at different scales.
Although a clear picture is emerging about the nature and extent of the “scale problem”,
there is, as yet, no consensus on the solution to the problem. The need for continued and
sustained research on scale issues is therefore self-evident. The problem of scale may be
differentiated as scale and scaling problems. The scale problem: Different processes may
dominate hydrological processes at different scales so that different theories and models
may be appropriate at different scales. The scaling problem: Denotes that processes
description at one scale to be formally transferred to represent the hydrological response
at a different scale. In other words, it is about the development of a theory that would
allow predictions at larger scale on the basis of small scale process information. Due to
the uniqueness of place, different points in the landscape are characterized by different
parameters such as slope, aspect, vegetation characteristics, and soil physical, biological
and chemical properties. These parameters are measurable but in practice this is a very
difficult task to do given the spatial and temporal variability. In reality, these parameters
are measured at different and often incompatible scales and it is inconceivable that they
will be measured everywhere in the landscape.

Upscaling
Aggregation: Denotes that small scale equations are applied at the small scale where they
were derived and the outputs are aggregated to larger scale units. This allows the smaller
scale parameters to be assigned directly from field data.
Upscaling: Process equations and associated parameters are modified or substituted when
moving from the small scale to the larger scale. It can be conducted in three ways:
1. The small scale equations are assumed valid at larger scale without change. In this
case the effective parameters are corresponding to the larger scale computational
unit and produce a bulk behaviour of heterogeneous medium. The estimation of
parameter values in such a case needs to be done by calibration of key
parameters.
2. The small scale equations are extended in a theoretical framework to account for
spatial variability of small scale parameters over a larger scale. This is often
carried out in a stochastic framework. Here it is possible to assess the large scale
parameters directly from field data. However, effective parameters need to be
assessed through calibration.
3. New equations are developed particularly for larger scale.
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One of the major goals of the hydrological research is to extend our understanding of
impact of changing scale on hydrological processes. Indeed, the issue of scaling represents
not only a scientific challenge but also a practical problem in water resources management
and hydrological modelling. Obviously there is a need to develop tools to properly treat
these scale problems.
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Mediterranean basin and Mediterranean climate
The Mediterranean region lies in an area of great climatic interest. The basin and the
surrounding lands are influenced by some of the most relevant mechanisms acting upon
the global climate system. The Mediterranean marks a transitional zone between the
deserts of North Africa situated within the arid zone of the subtropical high and central
and northern Europe affected by the westerly flow during the whole year. In addition, the
Mediterranean climate is exposed to the South Asian Monsoon (SAM) in summer, the
Siberian High Pressure System in winter, the El Niño Southern Oscillation (ENSO) and
the North Atlantic Oscillation (NAO) (e.g. Corte-Real et al. 1995; Ribera et al. 2000). The
main physical and physico-geographical factors controlling the spatial distribution of the
climatic conditions over the Mediterranean are the atmospheric circulation, the latitude,
the altitude and generally the orography (Figure 1), the land-sea interactions (distance
from the sea) and smaller scale processes (Lolis et al. 1999; Xoplaki et al. 2000). Further,
Mediterranean climate is also influenced by the almost enclosed Mediterranean Sea itself.
The Mediterranean Sea is a large basin surrounded by 21 African, Asian and European
countries. It covers 2.5 million km2 and is 3700 km long. It represents an important
source of energy and moisture for cyclone development and its complex land topography
plays a crucial role in steering air flow (Bartzokas et al. 1994; Trigo et al. 1999; Maheras et
al. 2001).
In October, the rainy season begins and lasts until spring. The summer eastward extension
of the Azores subtropical high pressure cell collapses quite suddenly and the southward
movement of the high pressure belt is associated with the first invasions by cold fronts.
Autumn like spring is a transitional season between the warm and dry summer and winter.
Usually, it is a short period with a quite sudden beginning of winter. The generally wet,
windy and mild winter season is succeeded by an indecisive spring lasting from March to
May. Winter-like days are followed by summer-like days during this unpredictable season,
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due to the collapse of the Eurasian high pressure and the discontinuous expansion of the
subtropical high. In summer, the high pressure belts of the subtropics drift northwards.
The Mediterranean region is peculiarly distinctive (Figure 1), and the configuration of seas
and peninsulas produces a great regional variety of weather and climate. The arrangement
of land and sea reveals intriguing variety over short distances. The Mediterranean is one of
the main European regions where the impacts of human-induced climate change are
estimated to be high (Hulme et al. 1999). One of the most critical aspects of the
Mediterranean region is the hydrologic cycle and its variability in relation to global climate
variation and climate change. In fact, due to the characteristics of local climatological
precipitation and evaporation, the areas to the south of the Mediterranean basin have the
tendency to be rather dry for most of the year, especially during the summer season. This
implies that any changes in the hydrologic balance, as well as the manner in which
precipitation occurs, can have an important impact on the quality of life in these regions.
The balance between precipitation and evaporation also influences the circulation and the
quality of the waters in the Mediterranean Sea. Any change in this budget can have an
impact on agriculture, fisheries and tourism, with important societal and economic
consequences.
Especially the variability of precipitation plays an essential role in water resources, the
management of regional agriculture, ecosystems, environment, economics as well as social
development and behavior. For instance, many parts of the Mediterranean suffered from
drought in the 1990s after winter rain failed to replenish the reservoirs and aquifers. It is
crucial to understand the physical mechanisms that are responsible for the precipitation
variability on different time scales (interannual to interdecadal) over the entire
Mediterranean area. In addition, summer air temperatures over the Mediterranean are an
important issue and of major concern, since their variability and extremes have important
social and economic implications. For instance, extended heat waves appear to become
more frequent in the Mediterranean. They are connected with disastrous consequences for
humans and forests. The heat waves are associated with short-term increases in all causes
of mortality (Kovats et al. 1999), exacerbation of the air pollution, extension of vector
borne diseases and water shortage problems (Albritton et al. 2001). Heat waves cause rises
in the death rate, especially in urban areas (e.g. July/August 1983, July 1987 and 1988 in
Greece, 1998 in Cyprus). Further, the Mediterranean countries, with their limited water
resources, are undergoing intensive demographic, social, cultural, economic and
environmental changes. Population increase is exerting a demographic burden with an
estimated increase from 420 million in 2000 to 530 million in the year 2025 (Tsiourtis
2001). Finally, migration caused by soil degradation or even desertification is a very
important issue in the Mediterranean area, the southern part of which is mostly dry and
vulnerable to climate change. Desertification is not only caused by climate but also by
decisions at all levels in society regarding land use.
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Figure 1: Topographic map of the Mediterranean basin and surrounding lands.

Spatial patterns of Mediterranean temperature and precipitation, trends
Figure 2 presents the spatial distribution of winter (NDJF) precipitation and summer
(JJAS) air temperature over the Mediterranean area for 1950-1999. The data set used is a
collection of around 300 stations along and close to the Mediterranean of homogenized
and quality controlled time series.

Figure 2: (left) Winter (NDJF) mean precipitation (mm) and (right) summer (JJAS) mean temperature (ºC) for
1950-1999 for the larger Mediterranean area. From Xoplaki (2002).

The winter seasonal precipitation map clearly shows the much greater spatial variability
compared to the temperature map. The highest precipitation amounts are found along the
western coast of Portugal where Atlantic cyclone systems are the major source, further
along the eastern Adriatic coast and over southwestern Turkey. The cyclones from the
Genoa Gulf steer southeastward through Italy, down to Albania and Greece and then
further to the southern coast of Turkey. The depressions are reinforced as they move over
the warmer Mediterranean and together with the orographical forcing they cause high
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amounts of precipitation. The summer temperature pattern presents a gradient from
south (warm) to north (cool), though with regional modifications. The most extensive
areas of high air temperatures up to 32°C are over the desert area of North Africa and the
Near East. The northernmost part of the area under consideration has approximately
10°C lower temperatures.
Figure 3 presents the linear trends of winter station precipitation (mm/50yr) and summer
air temperatures (°C/50yr) for the period 1950-1999 and the corresponding MannKendall test values. Over this 50 years period, winter precipitation mostly decreased over
the majority of the larger Mediterranean area. Significant decreases are found for stations
in Italy, Albania, Croatia, western Greece and Algeria as well as single stations in
southwestern Turkey, Cyprus, Israel and Romania. Most of these regions receive the
highest precipitation totals over the larger Mediterranean area. Despite the general
downward trend of winter precipitation, there are a few areas with increased rainfall,
though not significant. Only four stations have been found with a significant precipitation
increase. The enhanced zonallity, or in other words the upward trend of the North
Atlantic Oscillation and the connected stability could well explain the downward trends,
however not in all areas. Concerning summer temperature there is a clear east-west
differentiation in temperature trends. Cooling, though mostly not significant, was
experienced over the Balkans, parts of Turkey, Israel and Jordan. In the other areas, there
is a significant warming trend of up to 3°C/50yr. Such warming is ascribable to the
observed strengthening and eastward extension of the Azores high and the stabilization of
the atmosphere. In general, the spatial variability has inherently smaller scale for
precipitation than for temperature. Precipitation is more influenced by smaller time scale
processes than temperature, resulting in a dispersed and less coherent pattern. In addition,
the regional trend signals for precipitation are less significant than for temperature. The
basic difference in the trends between the eastern and western basins over the last few
decades (Figure 3) suggests that there is a complex relationship between the
Mediterranean climate and the general atmospheric circulation and sea surface
temperatures (SST). Thus, on a larger scale, the climate variability, changes in the air
temperature and precipitation distribution, is influenced by changes in the atmospheric
circulation, which in turn alters the storm tracks and the air temperature and precipitation
distribution. Therefore, the attribution of the cause of the observed variability in
Mediterranean air temperature and precipitation needs improved understanding of the
origin of the atmospheric circulation changes.
In the following two paragraphs, the large-scale state of the atmosphere at different levels
and the Mediterranean SSTs have been related to regional summer (June to September) air
temperature and wet season (October to March) precipitation. This relationship has been
investigated with a common approach, namely the combination of the Canonical
Correlation Analysis (CCA) in the Empirical Orthogonal Functions (EOF) space.
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Figure 3:(left) Linear trends of winter (NDJF) station precipitation (mm/50yr); (right) Summer (JJAS)
surface air temperatures (°C/50yr) for the period 1950-1999. Stations with a significant trend
(90% confidence level, based on the Mann-Kendall test) are encircled (from Xoplaki 2002).

The EOF method reduces the dimensionality of the problem, reveals the important
signals and achieves independency of the data. Further, the CCA relates climate and
atmospheric circulation in an optimal way such that the correlation between them is
maximized. In order to look more thoroughly at the Mediterranean climate variability we
assessed the simultaneous relationship between the combined information of atmospheric
circulation and thickness fields and SSTs. The most important patterns, responsible for
summer temperature and winter precipitation variability are presented. The question of
the influence of the large-scale atmospheric circulation on the Mediterranean air
temperature and precipitation is addressed in more detail in Xoplaki et al. (2003a, b).

Mediterranean summer (June to September) air temperature variability
and its connection to the large-scale atmospheric circulation and SSTs
The three most significant large-scale predictor fields, including 300 hPa, 700-1000 hPa
thickness and Mediterranean SSTs, explain more than 50 % of the total Mediterranean
summer (JJAS) temperature variability. In Figure 4 the most important of the relationships
that stemmed from the CCA approach is presented. Overall positive temperature with a
gradual decrease of the above normal temperatures from central Europe towards the
eastern Mediterranean (Figure 4d) is connected with a blocking pattern at the 300 hPa
level, thus at a height of around 9 km, that covers the whole Mediterranean basin (Figure
4a). These conditions are connected with an anomalous easterly flow and subsidence. In
addition, the warming at the Mediterranean can be related to the warmer troposphere, as
suggested by the 700-1000 hPa thickness field (Figure 4b). The increased stability leads to
clear sky conditions and maximum insolation. High air and sea surface temperatures
(SSTs; Figure 4c) lead to increased heat fluxes. Due to stable conditions, the vertical flux
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is restricted to the lower boundary layer. Therefore, the warm air masses are trapped
within this layer. Such a configuration that favors the observed overall warming was
experienced in the 1980s and 1990s.

Wet season (October to March) Mediterranean precipitation variability:
influence of large-scale dynamics and trends
The combination of five predictors (300 hPa, 500 hPa, 700 hPa, 850 hPa and SLP)
accounts for more than 30 % of the total wet season (ONDJFM) precipitation variability.
The importance of the wet season precipitation should be emphasized, in order to realize
the significance of the explained variance. The spatial distribution of precipitation (Figure
5c) presents positive anomalies that get highest values at the western coasts of the
peninsulas at the luv sides of the major mountain chains. Below normal winter
precipitation characterizes the Near East and northern Africa. As far as the connected
atmospheric circulation is concerned, at upper levels, the precipitation distribution relates
to a negative East Atlantic/Western Russia-like pattern (Figure 5a). This pattern presents
negative geopotential height anomalies over Western Europe and positive anomalies
centered on the Caspian Sea region. The western part of the basin is connected mostly
with instability and enhanced westerlies, while on the eastern part subsidence leads to
stable atmospheric conditions and dryness. At sea level, the anomalous high is restricted
to the northeast and below normal pressure dominates over the entire Mediterranean
(Figure 5b). Such conditions guide maritime air and precipitating weather systems from
the mid-Atlantic to the Mediterranean basin. These systems are reinforced over the sea
and precipitate to the western sides of the peninsulas. Dry conditions characterize the lee
mountainsides.
Although the large amount of precipitation variability explained by the large-scale state of
the atmosphere, regional rainfall is also influenced by smaller scale processes. Land-sea
effects and interactions, the influence of the SSTs, orographical features and
thermodynamical aspects interact with each other and also on different time scales and are
superimposed on the influence of the shown atmospheric circulation. Overall wetness was
experienced during the 1960s and 1970s.
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Figure 4: Canonical spatial patterns of the first CCA. The CCA patterns depict typical anomalies of the

°

Figure 5: Canonical spatial patterns of the first CCA. The CCA patterns depict typical anomalies of the
variables, with (a) 300 hPa; (b) sea level pressure and (c) wet season precipitation anomalies (mm).
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Global large-scale circulation and the Mediterranean
Teleconnection patterns refer to recurring and persistent, large-scale patterns of pressure
and circulation anomalies that span vast geographical areas. They have been identified
through statistical correlations (in space and time). Teleconnection patterns are also
referred to as preferred modes of low-frequency (or long time scale) variability. Although
these patterns typically last from several weeks to several months, they can sometimes be
prominent for several consecutive years thus reflecting an important part of both the
interannual and interdecadal variability of the atmospheric circulation. Teleconnection
patterns reflect large-scale changes in the atmospheric wave and jet stream patterns, and
influence temperature, rainfall, storm tracks, and jet stream location/intensity over vast
areas. Thus, they are often the culprit responsible for abnormal weather patterns occurring
simultaneously over seemingly vast distances. The most important for the Mediterranean
climate teleconnection patterns are the North Atlantic Circulation (Hurrell 1995), the
Arctic Oscillation (Thompson/Wallace 1998), the East Atlantic/Western Russia pattern
(Barnston/Livezey 1987) and the Scandinavian pattern (SCAND; Barnston/Livezey
1987). The influence of the El Niño Southern Oscillation phenomenon on Europe and
the Mediterranean is still controversially discussed.
North Atlantic oscillation
The North Atlantic Oscillation is the most important large-scale mode of climate
variability in the NH. It describes a large-scale meridional vacillation in atmospheric mass
between the North Atlantic regions of the subtropical anticyclone near the Azores and the
subpolar low pressure system near Iceland (e.g., Wanner et al. 2001). Synchronous
strengthening (positive NAO phase) and weakening (negative NAO phase) have been
shown to result in distinct, dipole-like climate change patterns between western
Greenland/Mediterranean and northern Europe/northeast US/Scandinavia (Walker/Bliss
1932; Hurrell 1995; Hurrell/van Loon 1997). The North Atlantic Oscillation index is
based on the surface pressure difference between the Azores high (Azores or Lisbon) and
the Icelandic low (Reykjavic). The positive phase of the NAO is connected with more and
stronger winter storms crossing the Atlantic Ocean on a more northerly track, and this
means for Europe warm and wet winters (Figure 6). During the negative NAO phase
fewer and weaker winter storms crossing on a more west-east pathway and moist air into
the Mediterranean, cold weather to northern Europe (Figure 6).
Arctic oscillation
The Arctic Oscillation is the dominant pattern of non-seasonal SLP variations north of
20°N (leading EOF of the monthly SLP fields), and it is characterized by SLP anomalies
of one sign in the Arctic and anomalies of opposite sign centered about 37°N-45°N
(Thompson/Wallace 1998). Thompson/Wallace (1998) showed that the AO is more
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strongly coupled with the temperature fluctuations over Eurasia than the NAO. The AO
mode of variability resembles the NAO in many aspects, though it is more zonally
symmetric than the NAO, especially in the Pacific sector. The positive phase of the AO,
implying a strong pressure gradient over the eastern north Atlantic, is connected with
strong westerlies over Europe bringing rain and mild temperatures to Northern Europe
(Figure 7). Additionally, the majority of low pressure systems is driven north of southern
Europe with small precipitation amounts over the Mediterranean. The opposite is valid
during the negative phase of the Arctic Oscillation. The AO posits stratospherictropospheric feedback mechanisms for the whole NH. The AO has a vertical structure
that is related to the polar vortex (Thompson/Wallace 1998) and it can be interpreted as
the surface signature of the polar vortex aloft.

Figure 6: (left) Positive NAO phase; (right) Negative NAO phase (Source: Martin Visbeck, LamontDoherty Earth Observatory of Columbia University).

Figure 7: (left) Positive polarity of AO; (right) negative polarity of AO.
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East Atlantic/Western Russia pattern
The East Atlantic/Western Russia pattern (EU2 by Barnston/Livezey 1987) is one of the
two prominent patterns that affect Eurasia during most of the year. This pattern is
prominent in all months except June-August. In winter, two main anomaly centers,
located over the Caspian Sea and Western Europe, comprise the EA/WRUS pattern. A
three-celled pattern is then evident in the spring and fall seasons, with two main anomaly
centers of opposite sign located over western-northwestern Russia and over northwestern
Europe. The third center, having the same sign as the Russia center, is located off the
Portuguese coast in spring, but exhibits a pronounced retrogression towards
Newfoundland in autumn.
Scandinavian pattern
The Scandinavian pattern (Eurasia-1 by Barnston/Livezey 1987) consists of a primary
circulation center, which spans Scandinavia and large portions of the Arctic Ocean north
of Siberia. Two additional weaker centers with opposite sign to the Scandinavia center are
located over Western Europe and over the Mongolia/western China sector. The SCAND
pattern is a prominent mode in all months except June and July. The positive phase of this
pattern is associated with positive height anomalies, sometimes reflecting major blocking
anticyclones, over Scandinavia and western Russia, and negative anomalies over the
Iberian Peninsula and northwestern Africa, while the negative (positive) phase of the
pattern is associated with negative (positive) height anomalies over these regions. The
SCAND pattern plays a considerable role in precipitation over Europe (Wibig 1999).
Connections with the Mediterranean climate
Winter (NDJF) precipitation
Figure 8 demonstrates that winter precipitation over the entire Mediterranean sector is
significantly negative correlated with the NAO and the AO. The spatial correlation
pattern of the NAO and the AO are very similar. The most negative correlations are
found for the Spanish, Portuguese and Moroccan stations. The southeastern rim of the
Mediterranean reveals significant positive correlations. The positive phase of the North
Atlantic and Arctic Oscillations, implying a strong pressure gradient over the eastern
north Atlantic, is connected with strong westerlies over Europe. This causes advection of
warmer oceanic air masses over the European continent north of 40°N. Over Africa, this
pattern is connected with cooler conditions. Additionally, the majority of low pressure
systems is driven north of southern Europe with small precipitation amounts over the
northern Mediterranean. The above normal precipitation amounts over northern Africa
could be attributed to the action of other systems like depressions regenerated over the
Mediterranean or of African origin (Atlas Mountains).
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Figure 7: Spatial correlation between four teleconnection patterns (NAO, AO, EA/WRUS, SCAND)
and winter (NDJF) Mediterranean station precipitation for the period 1950-1999.

The spatial correlation patterns of EA/WRUS show resemblance with the AO and NAO
patterns. Significant positive correlation is visible between EA/WRUS and winter
precipitation over northeastern Africa, the Near East, eastern Turkey and the Black Sea
region. Significant negative correlations are found generally north of 40°N. Anomalous
positive pressure over northwestern Europe and the central and western Mediterranean
area lead to subsidence and stability conditions and reduced precipitation over continental
Europe and the northern coast of the Mediterranean. At the western flank of the
anomalous low pressure over the Black Sea/eastern Mediterranean area, cold air is
advected from the north. The combination of cold air with warm SSTs in the eastern
Mediterranean and the interaction with the orography (Turkey, Cyprus) leads to enhanced
cyclogenesis, connected with higher precipitation amounts over the eastern basin. As
dictated by the linearity of the correlation technique, an opposite polarity would be
expected for cases with a negative EA/WRUS index. Almost over the entire
Mediterranean area, significant positive correlations can be found between winter
precipitation and the SCAND pattern. A strong positive pressure anomaly centered over
Scandinavia and western Russia and negative anomalies over the Iberian Peninsula cause
anomalous easterly to southeasterly airflow over the eastern basin and anomalous
southwesterlies to southerlies over the central basin. The combined effect of these air
masses connected with the relatively warm Mediterranean Sea leads to distinct
cyclogenesis connected with high precipitation amounts over Italy, along the eastern
Adriatic coast and the southern part of the Alps and the luv side of the Pyreneas. The

171

Module 4

high correlation over entire Italy points to the fact that the country seems to be affected
by different airmasses; the western part dominated by anomalous southwesterlies and the
eastern part by southeasterlies. In regions with highest correlations, the effect of
orographic lifting seems to play an important role.
Winter (DJFM) temperature
The winter (DJFM) NAO and AO (Figure 9) are significantly negative correlated with the
winter air temperature over a huge area mainly in the southeastern part, including midAlgeria, Libya and Egypt, southern Italy, Greece, Turkey, Cyprus and the entire Near East
countries. In the case of the AO, the entire African part returns negative correlations. The
areas from southern Iberia over Italy, the southern Balkans towards the Black Sea return
non-significant correlations with respect to wintertime air temperature. Positive
relationships are prevalent over the northwestern Mediterranean coast, central and
Eastern Europe with maximum values north of 45°N. The EA/WRUS pattern in its
positive (negative) phase tends to bring increased anomalous northeasterly (southwesterly)
circulation connected with significant higher (lower) precipitation and lower (higher)
temperatures over the southeastern part. Concerning the central and western area, its
influence is restricted to reduced (increased) precipitation without any connection to the
air temperature regime. It is interesting to note, that the EA/WRUS pattern, though
uncorrelated with the NAO and the AO shows a quite similar correlation pattern with
precipitation, except for the Black Sea region and Eastern Turkey, where the sign is
reversed. Similar findings have been reported for the eastern Mediterranean
(Kutiel/Benaroch, 2002) based on the so-called North Sea-Caspian pattern (NCP), which
is closely related to the EA/WRUS pattern but derived from the 500 hPa level.
Only small relations have been found between the SCAND pattern and Mediterranean
winter air temperature. The influence of SCAND is therefore mainly restricted to
precipitation.
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Figure 9: Spatial correlation between four teleconnection patterns (NAO, AO, EA/WRUS, SCAND)
and winter (DJFM) Mediterranean station air temperature for the period 1950-1999.

General facts on ENSO and its global impacts1
El Niño
The El Niño Southern Oscillation phenomenon is recognized as a major source for global
climate variability (Halpert/Ropelewski, 1992) either via standing modes over the entire
Tropics or via coherent large scale low-frequency spatial patterns referred to as
“teleconnections” over midlatitudes (see also Wallace/Gutzler 1981; Allan et al. 1996;
Diaz et al. 2001). El Niño is closely related to a global atmospheric oscillation known as
the Southern Oscillation (SO). During El Niño episodes lower than normal pressure is
observed over the eastern tropical Pacific and higher than normal pressure is prevalent
over Indonesia and northern Australia. This pattern of pressure is associated with weaker
than normal near-surface equatorial easterly winds. These features characterize the warm
phase of the SO, which is often referred to as an ENSO episode. During warm (ENSO)
episodes the normal patterns of tropical precipitation and atmospheric circulation become
disrupted. The abnormally warm waters in the equatorial central and eastern Pacific give
Much of the text of this section stems from the Climate Prediction Center (CPC);
http://www.cpc.ncep.noaa.gov/

1
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rise to enhanced cloudiness and rainfall in that region (Figure 10 left), especially during the
boreal winter and spring seasons. At the same time, rainfall is reduced over Indonesia and
northern Australia. Thus, the normal Walker Circulation during winter and spring, which
features rising air, cloudiness and rainfall over the region of Indonesia and the western
Pacific, and sinking air over the equatorial eastern Pacific, becomes weaker than normal,
and for strong warm episodes it may actually reverse. By studying past warm episodes
scientists have discovered precipitation and temperature anomaly patterns that are highly
consistent from one episode to another. Within the tropics, the eastward shift of
thunderstorm activity from Indonesia into the central Pacific results in abnormally dry
conditions over northern Australia, Indonesia and the Philippines in both seasons. Drier
than normal conditions are also observed over southeastern Africa and northern Brazil,
during the northern winter season. During the northern summer season, Indian monsoon
rainfall tends to be less than normal, especially in northwest India. Wetter than normal
conditions are observed along the west coast of tropical South America, and at subtropical
latitudes of North America and South America.

Figure 10: (left) El Niño conditions; (right) La Niña conditions.

La Niña
At times ocean surface temperatures in the equatorial Pacific are colder than normal.
These cold episodes, sometimes referred to as La Niña episodes, are characterized by
lower than normal pressure over Indonesia and northern Australia and higher than normal
pressure over the eastern tropical Pacific. This pressure pattern is associated with
enhanced near-surface equatorial easterly winds over the central and eastern equatorial
Pacific. The normal patterns of tropical precipitation and atmospheric circulation during
La Niña become disrupted. The abnormally cold waters in the equatorial central give rise
to suppressed cloudiness and rainfall in that region, especially during the NH winter and
spring seasons (Figure 10 right). At the same time, rainfall is enhanced over Indonesia and
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northern Australia. Thus, the normal Walker Circulation becomes stronger than normal.
Studying past La Niña episodes precipitation and temperature anomaly patterns have been
discovered that show high consistency between episodes. During La Niña, the colder than
normal ocean temperatures in the equatorial central Pacific act to inhibit the formation of
rain-producing clouds over that region. Wetter than normal conditions develop further
west over northern Australia, Indonesia and Malaysia, during the boreal winter, and over
the Philippines during the boreal summer. Over southeastern Africa and northern Brazil,
wetter than normal conditions are also observed during the northern winter season.
During the northern summer season, the Indian monsoon rainfall tends to be greater than
normal, especially in northwest India. Drier than normal conditions during cold episodes
are observed along the west coast of tropical South America, and at subtropical latitudes
of North America and South America during their respective winter seasons. Mid-latitude
low pressure systems tend to be weaker than normal in the region of the Gulf of Alaska,
during a cold episode winter. This favours the build-up of colder than normal air over
Alaska and western Canada, which often penetrates into the northern Great Plains and the
western United States. The southeastern United States, on the other hand, becomes
warmer and drier than normal.
Relation between ENSO and climate variability over the Mediterranean
The implications of ENSO for the North Atlantic-European climate are still largely
unknown and various studies indicate even contradictory results. According to PozoVázquez et al. (2001), there are several difficulties to detect ENSO signals in the North
Atlantic European area. Firstly, there are different types of El Niño and La Niña events,
with different characteristics that can lead to different responses of the extratropical
atmospheric circulation. Secondly, climatological planetary atmospheric waves, natural
noise, ocean-atmosphere interactions, complex aggregations and mutual influences of a
wide range of weather-climate variations and the complexity of the numerous feedbacks
(including possible nonlinear relationships), can hide the ENSO signal in the extratropics
(Trenberth 1997; Cassou/Terray 2001; Pozo-Vázquez et al. 2001).
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Abstract
The scale at which a climatological study is performed may affect its results dramatically.
This is specially true regarding precipitation, the key fresh water resource on islands. As
precipitation has a pronounced inter-annual variability in the Mediterranean, broad scale
climatic studies tend to use only the longest observational series, usually collected at
airports and in main towns. As a result, mountains, where precipitation is enhanced by the
forced ascent of the air imposed by the orography, are strongly undersampled. And hence
the water input into the hydrological system is often underestimated. To improve the
knowledge on the spatial distribution of precipitation, and other climatic variables
(temperature, evapotranspiration, etc.) we must:
1) Make a better use of all available climatological records.- This involves applying
methods to homogenize the series, in order to obtain averages and other statistics
which can be compared between the different observatories, despite their
different observational periods.
2) Estimate the climatological values in areas with lacking data.- This may be done
through the use of statistical regression methods, which relate precipitation and
other climatic variables to physiographic features (altitude, distance to the sea,
slopes and aspects, etc.). At present times, temperature distributions may be
studied with satellite infra-red images, and precipitation may be monitored with
meteorological radars. Moreover, mesoscale meteorological models may also help
by giving hints on these spatial distributions.
With respect to the perspectives of future precipitation resources, the use of a dense
raingauge network allows us to study the spatial variability of the trends, which is higher
than would be expected. Thus, trends of opposite signs may be observed over short
distances, such as the northeast and the southwest of the Balearic Islands. High density
trends have also been computed for the Mediterranean Spain, showing a high variability
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embedded in more general patterns that appear in fairly good accordance with those
forecasted by climatic change simulations for the area. Finally, finer time resolutions
(from months to days) have a strong influence on the terms of the hydrological balances,
due to the Mediterranean rainfall concentration in a few days per month.

Introduction
Development on the Mediterranean islands, most of it linked to the tourist industry, is
exhausting the islands’ hydric resources, which receive their natural input from
precipitation. Rational planning of land uses requires a better knowledge of these
resources, which are affected by a great variability both in time and in space. The available
climatic maps generally come from broad scale studies that use the longest (best)
observational series of climatic data, usually collected at airports and in main towns. This
way the mountainous areas, where precipitation is enhanced by the forced ascent of the
air flowing through them, are strongly undersampled though. This often results in an
underestimation of the water input into the hydrological system. Therefore, we should
strive for more detail of the spatial distribution of precipitation and other climatic
variables (temperature, evapotranspiration, etc.). To achieve this goal, we must take
advantage of all available climatic information, whether short or incomplete, and then we
will need to estimate the values of the climatic variables in places with no observations at
all. In the following paragraphs, examples will be presented on some techniques used to
achieve these objectives, and their advantages and drawbacks will be discussed. Although
the examples come from the Balearic Islands (in the Western Mediterranean), the
techniques are of general character.

Precipitation maps of different scales of study
Figure 1 represents a comparison of precipitation maps for the Balearic Islands coming
from studies made at different scales. The background map is a detail of a general climatic
atlas of the whole Spain (INM 1983), at a 1:3000000 scale, while the attached maps come
from a regional study done with a 1 km² resolution (Guijarro 1986). They are not strictly
comparable since the average precipitation was computed for different periods (1931-60
and 1961-80 respectively). A reliable station with long observational series, Sant Lluís (in
the southeast of Menorca), shows a higher precipitation average in the first period
(651 mm in 1933-60) than in the second (588 mm). On Mallorca, the isoheights are fairly
similar to the precipitation distribution shown in the more detailed study, but in the latter
the values are shown in 100 mm intervals. Moreover, the method, as will be explained
later, estimates the mean precipitation in mm for every squared kilometer, allowing
precise calculations of area average precipitation in the different basins of the island.
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Precipitation gradients are quite high, with more than 1400 mm at the maximum and only
800 mm just 5 or 6 km away. In the southern, drier places, precipitation is less than 300
mm.

Figure 1: Precipitation maps at 1 km² resolution compared with those from a 1:3000000 scale atlas.

On the other islands, the isoheights are quite different, mainly on Ibiza and Formentera,
the southwestern islands of the archipelago, where the detail of the 1 km² map is by far
much better. To produce these maps, we must obtain a homogenized set of climatological
data from as many sites as possible, and then we have to develop a statistical model that,
through multiple linear regression analysis with physiographic factors, will allow us to
estimate climatological values in places void of data. The methodology will be further
explained in the next two sections.

Homogenization of climatological data
The Balearic Islands have a good set of precipitation data, with around 180 raingauges
from 1970 until now (most of them on the main island, Mallorca). However, the number
of complete records is much lower, as can be seen in Figure 2 that displays the number of
complete records of precipitation for a decreasing number of decades, from 1911-2000
(90 years: 0 records) to 1990-2000 (10 years: 76 records). Only 28 complete records are
available for the last 30 year period (1971-2000). The number of thermometric stations is
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lower (around 35 in the last decades), but this is compensated by the lower spatial
variability of temperature compared with that of the precipitation.

Figure 2: Number of complete pluviometric records for different periods (spanning backwards from the year
2000).

Therefore, to achieve a better coverage of the territory, we must also use the information
from the incomplete records. Figure 3 shows the variety of situations that can be found,
illustrated for the working periods of the 24 pluviometric stations of Ibiza and
Formentera. We not only find the problem of different setting and ceasing times, but also
many interspersed missing monthly values. To homogenize these records, in order to
make their data comparable during a prescribed period of time, two groups of strategies
can be used, depending on whether we are interested solely in obtaining homogeneous
averages or whether we also want to estimate the missing data.
In the first case, the simple methods of ratios or differences (Conrad/Pollack 1962) will
yield good results. We need a complete record that will serve as reference for the process,
and then we can apply:
P/p = R/r (ratios); P-p = R-r (differences)
Where P and R stand for Problem and Reference stations, the capital letters indicate the
averages of the complete period, and the lower cases are used for the averages of both
stations in the period covered only by the problem station (the one to be homogenized).
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Therefore, only P is unknown in both expressions, and can be easily derived from the
other variables.

Figure 3: Working periods of the 24 raingauge stations on Ibiza and Formentera. (Pink to red colors indicate
years with a variable number of missing monthly data).

The ratio method is usually applied when the climatological variable has a natural zero, as
happens with precipitation, wind speed, sunshine hours, etc. Otherwise, as in the case of
temperature, the difference method is preferred. But if we want to estimate the missing
data, a wide variety of methods can be used. The simplest would be to apply also the ratio
or difference method to individual data. A little more elaborate method implies the use of
linear regression between the problem and reference series. And, finally, we can use
different multivariate methods to estimate the missing data of a whole data set (with many
stations). Young (1992) made a comparison of three of these methods:
A. Multiple discriminant analysis (similar to Empirical Orthogonal Functions).
B. Gandin's (1963) optimum interpolation.
C. Interpolation of rates to the normal values (the "normal ratio method", formerly
used by Paulhus/Kohler in 1952).
He found that method A produced the greatest reductions in the errors of the
estimations, followed by method C. But the last method required far less computer time,
its estimations had a less reduced variance, and it was the only method that produced
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unbiased estimations. This illustrates that sophisticated methods are not necessarily the
best. The normal ratio method works by interpolating the missing data from neighboring
stations, but not in its original form, but expressed as ratios (when applied to
precipitation) to their respective normals (average values of a long, reference period).
There is an additional problem: we can not compute the normals in our usually
incomplete series; but we can begin with provisional normal values (the averages of our
available data) and apply an iterative recalculation until the normal values become stable.
But the problem of missing data is not the main obstacle, since we must assume that there
will be errors of different origin in the series: reading or transcription errors, bad
calibration, and changes of instruments, station location and/or station local environment
(urban growth, crop irrigation, etc.).
There are several statistical methods to detect inhomogeneities (departures from
randomness) in the series, but, as climatological records do not behave as random
processes, it is better to apply those methods not on the original records, but on series of
ratios (or differences) between the test station and a reference series, that can be
computed with the same method used to estimate the missing values. (It is advisable to
construct this reference series with several neighboring stations, to minimize the impact
of their own errors). The ratio or difference series should behave as a random variable,
because the climatic trends (if any), cycles and serial correlation will affect both the test
and the reference stations, and therefore the derived series will be free of these
characteristics. Hence, its graphics representation could be that of the lower graph of
Figure 4 (a "white noise"). In the same figure, from bottom to top, the same series is
represented with three different simulated types of error:
a) Two point errors, that could be ascribed to human errors of reading conventional
instruments, or random artifacts induced either in the sensors or the lines of an
electronic automatic instrument.
b) Two shifts in the series, that typically happen when the station moves to another
neighboring place, or when the instrumentation is changed by another different
calibration. Sudden changes in the environment, e.g. beginning irrigation on
neighboring fields, can also produce these shifts.
c) A trend, that might be due either to a progressive drift in the sensor calibration or
to gradual environmental changes (such as city growth).
Finally, the upper graph shows all these errors combined, and illustrates the difficulty of
detection when all of them are present (the normal situation).
More discussions on the problems of homogenizing data sets (of diverse origin) can be
found in Peterson et al. (1997).
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Figure 4: Simulated series of ratios or differences between data at a test station and a reference series: 1) No
errors (white noise). 2) Point errors of +5 s and - 5 s (s = standard deviation). 3) Two shifts (-2 s
and +3 s). 4) A trend of 4 s increase from the first to the last term of the series. 5) All previous
errors combined in the same series.

Detailed climatic cartography
When we manage to have a homogenized dense climatic database, we are ready to
produce climatic maps of the variables included in it. This would be an easy task (a mere
geometric interpolation) if our climatic network accounted for all the spatial variability,
but this will not be the case. Stations are usually located at airports, in towns and villages.
Even the countryside stations will generally be placed at farms, in plains or foothills. But
very few will be measuring conditions in high relief areas. Figure 5 shows the example of
Ibiza and Formentera, where the 24 raingauges (present or historical) leave capes and hills
relatively unsampled. And indeed, it is in the more accidented regions, either with
mountains or just moderate hills, where the precipitation will be enhanced: the air flowing
through them is forced to ascent, and then it expands (as it encounters lower pressure), its
temperature falls, and its relative humidity increases, eventually resulting in condensation
in form of clouds that may produce precipitation. Therefore, we could use a modern tool
such as a Geographical Information System (GIS) to produce a map with our data, but
the result, no matter how beautiful, would be essentially wrong if we use only a geometric
interpolation procedure. It is then necessary to build a model able to take into account the
dependence of the climatological variables (precipitation, temperature, etc.) with the
relevant physiographic parameters (altitude, geographic coordinates, distance to the sea,
etc.).
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Figure 5: Location of the 24 available historical raingauge measurements on Ibiza and Formentera.

Ecologists have since long been concerned about obtaining reasonable climate
estimations for their wild areas of interest, far away from "civilized" areas provided with
climatological stations. It is not surprising that one of the first efforts to build such a
regression model was carried out by an ecologist (White 1979), in Great Britain, followed
in Spain by other investigators in the same field (Carballeira et al. 1981; Guijarro 1986).
The detailed maps of Figure 1 are from this last study, in which not only different
geographical factors were tested for statistically significant relationships with monthly
precipitation and average maximum and minimum temperatures, but also different
parameters for each factor were optimized, thereby computing the factors (average and
standard deviation altitude, slopes to East and North, percentage of sea surface, etc.) over
different distances to the climatological stations. The parameters, for every factor, were
selected looking at the best correlation coefficient with the monthly climatic variables.
Then, the selection of the model was carried out through a backward multiple correlation
procedure, beginning with a multiple regression equation with all the selected parameters,
and successively eliminating the less significant, until all were worth retaining at a 95%
confidence level. Of paramount importance is the study of the residuals of the model
(differences between the observed and estimated values): if their distribution is not
random, there may be problems of non-linear dependencies that must be solved, possibly
through logarithm or other kinds of data transformation. If lack of random persists, we
must acknowledge that the geographical factors used are not able to account for all the
spatial variability, and then we must add to the model the spatial interpolation of the
residuals as a correction term.
In the case of the Balearics, the 12 monthly precipitation equations needed such a term,
while the residuals of the temperatures showed enough randomness to avoid this
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procedure. It may be tempting to apply the correction term in all situations: this way, the
model estimations will be in complete agreement with the observations at the station
locations. But this is only advisable if we are quite confident, not only in the reliability of
the observations, but also in the representativeness of the stations. And, although there
are standard requirements to install the meteorological observatories, it is too often
difficult to meet them: in urban environments, there will always be interferences with
nearby buildings, and, even on farms, the manager of the station (many times an amateur
observer) will be tempted to put it too close to the house. Therefore, the observations
may be affected by local conditions, making them less representative of the climate of the
open field on a broader scale. The root mean squared errors of the equations derived for
the Balearics ranged, depending on the month, between 2.7 and 14.7 mm for precipitation
and from 0.4 to 0.9°C in temperatures. These errors were comparable to those made by
an experienced climatologist after a long work, while the regression model, once
developed, has the advantages of objectivity and ease of use. From the monthly values of
precipitation and temperatures estimated by the model, other derived variables can also be
computed, either simple (yearly totals or averages of the monthly variables) or more
elaborated (evaporations or potential evapotranspirations, average hydric balances,
climatic indexes, and any other variable that may be computed from the
thermopluviometric monthly values). And these results can be applied in an "intensive"
way, computing all variables for a single site, or an "extensive" one, computing one single
variable for all the cells at the resolution of the study. The first case yields a climatic
report with graphs and tables of monthly and annual values of the average conditions in
the selected cell, while the second produces a map of the desired variable (as that of
Figure 6). More beautiful maps may be obtained nowadays with the use of a GIS (Pons et
al. 2000).
An example of this is the parameter "Distance to the sea in the North direction", highly
significant to explain the variance of the minima Balearic temperatures, but unexplainable
from a physical point of view. The statistical association must be derived from the fact
that the coldest temperatures in our Islands are recorded at the Palma de Mallorca airport
and, most of all, at a station located in salt producing lagoons, very near the southernmost
cape of Mallorca. And hence, due to the rhomboidal shape of this island, the maximum
northernward distance to the sea bears a high correlation with monthly minima
temperatures. Therefore, parameters whose relationship with the variables can not be
explained should be removed from the models. This will lower the (otherwise merely
apparent) goodness of fit, but can be advantageously compensated by using other
predictor variables that can be obtained from teledetection products or mesometeorological model outputs.
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Figure 6: Example of cartography of a derived variable: Emberger's climatic types distribution on Mallorca.

One example of use of teledetection is that of meteorological radar images, whose
raindrop reflectivity data gives us information on the location and relative intensity of the
precipitation. The use of these images for climatological purposes is still in the process of
development, because of the lack of stable relationships between both variables, affected
by the state of the atmosphere, the screening effect of the foreground rainfall on the
background, the bending of the microwave beam through its path, etc. Due to these
problems, ground raingauges will still be indispensable in the future. But a more readily
usable product is the infra-red satellite imagery, as shown in the example of Figure 7,
where the NOAA image shows us the distribution of the colder spots (the lighter areas)
during the night of March 18th, 1998. Thermal inversions developed that night, since the
darker zones in land correspond to hills and mountains. High valleys in the northwestern
part of Mallorca appear also cold, but not as much as other lower inland places. Noon or
early afternoon images will give, correspondingly, indications on the distribution of
maxima temperatures.
Obviously, the useful images will be those of clear sky days, but it is also necessary that
the wind stays as calm as possible, to avoid thermal mixing by air turbulence near the
ground. Other promising tools to improve climatic cartography are the mesometeorological models, whose resolution has been increasing during recent years. Figure 8
presents the output of one such model, run at 1 km resolution, for the same night as in
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Figure 7. There is a general agreement on the distributions of colder areas, and it will be
interesting to compare this output and the infrared image with conventional
measurements on the ground, which is currently under investigation at the University of
the Balearic Islands.

Figure 7: Infra-red image of the Balearics from a NOAA series satellite on a calm, cloudless night, depicting
the distribution of temperatures on the ground; the image shows Ibizza and Formentera, Mallorca
and Menorca (from left to right).

Figure 8: Model output ground radiation temperatures (scale in tenths of °C) for the 18 March 1998 at
03 hours UTC.
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Finally, when singular points in our zone of study have no data at all in their
surroundings, we can always ask local ecologists or botanists. With their knowledge of the
vegetation requirements, they can provide us with estimations of annual average
precipitation and possibly extreme temperatures, which we can introduce in our analysis
as bogus data. (Monthly values can be derived from the annual amounts using the ratios
found at the nearest stations). This will always produce better results than going without
any data in these relevant points.

Temporal variability of precipitation
Another key point of managing hydrological resources on islands is the study of the
temporal variations of precipitation: inter-annual variability, cycles and long term trends.
And, as this variability is very high (mainly in the Mediterranean), a dense homogenized
database gives more reliable information than a set of selected stations. Trend analysis, in
particular, is a common way of assessing the evolution of future precipitation resources.
But the results may be quite different depending on the period of study. Figure 9
illustrates the trend values that are obtained from the long series of Palma de Mallorca
(1862-2000, but formed by combination of several subseries) in moving windows of 15,
30, 45 and 60 years. The 15 year trends are highly variable, and basically useless for
planning. Trends based on 30 year series are more stable, but different signs are obtained
in different periods. The 45 and 60 year width windows seem more reliable, though there
is still a change of behavior, from the earlier periods to the later ones. These changes may
be natural but are they representative of the whole archipelago, of Mallorca, or only of
Palma de Mallorca? When the same trends are computed for Mahon (on Menorca Island),
for which a long series may also be formed from several subseries, the 60 year moving
trends are fairly symmetrical to the Palma de Mallorca graph, with opposite variation
trends (Guijarro 2002).
Are there different long term trends in the precipitation in such a relatively short distance
(140 km)? What is the effect of the spatial variability of precipitation in the computed
trends? To answer these questions, 281 stations with a minimum of 10 years of data in
1931-2000 were selected, and their missing data were estimated by the procedure
previously explained, though no checking for inhomogeneities was performed. The
difference between the 1971-2000 and 1941-70 average precipitation is plotted in Figure
10, showing a high spatial variability. Part of these variations may be attributed to
inhomogeneities in the data (in particular, the lower values in a couple of Mallorcan
southern capes may be explained by a poorer observation rate due to the automation of
the lighthouses during the last years), but the spatial patterns suggest a different behavior
of the trends of Menorca and northern Mallorca compared to that of the rest of the
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islands, that can be attributed to changes in the frequencies of the different types of
atmospheric circulation in the Western Mediterranean.

Figure 9: Moving annual precipitation trends of 15 (black), 30 (red), 45 (green) and 60 year (blue) windows
at Palma de Mallorca.

Figure 10: 1971-2000 minus 1941-70 precipitation averages at the Balearic Islands (in % per 10 years).

High spatial density trends were also computed for the Mediterranean Spain (this time as
1964-78 to 1979-93 differences) that revealed also zones with opposite trends (Figure 11),
and in agreement with a possible increase of Algerian sea depression frequencies. Long
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term climatic predictions are made by means of circulation types forecasted by global
climate models that simulate the influence of an increased CO2 concentration during our
present century. And one of these studies (Sumner 2003), focused on Mediterranean
Spain, shows a good agreement between the forecasted precipitation variations and our
computed trends based on the 1964-93 observations. Another aspect of the influence of
temporal precipitation variability on the study of hydrological resources is that there are
fewer number of days with precipitation in comparison with the more temperate climates
of higher latitudes. This has a special impact when computing hydrological balances:
Typical Thornthwaite average monthly balances may give reasonable results but, if aware
of the ETP underestimation by Thornthwaite's method in the Mediterranean, more
realistic computations (e.g. by Penman-Montheit's method) are introduced, ETP results
are in most places higher than precipitation in all the months of the year, yielding a 0
ground water content through all the annual cycle. However, there is a natural vegetation
in these places, and its roots must be able to extract some water from the ground. Where
does this water come from? The explanation resides in the concentration of the monthly
precipitation in only a few days, in which the water surplus is able to recharge the ground
to a certain extent. Hydrological balances must then be performed on a daily basis to
produce realistic results.

Figure 11: 1979-93 minus 1964-78 precipitation averages at the Spanish Mediterranean regions
(in % per 10 years).

Conclusions
For a proper evaluation of hydrological resources on small but mountainous or just hilly
islands we need to know the climatology at a meso- or micro-scale detail, and therefore
we must:
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1) Make the best use of all available climatological information.- This implies tasks
of series homogenization and error detection.
2) Estimate climatological values in areas without data.- As we will rarely have an
adequate sampling of the study area, purely geometric interpolation will yield
poor results. Regression models with physiographic parameters, satellite images,
mesoscale meteorological models and even bogus data will greatly improve the
climatological resolution.
The dense, homogenized series will also be very valuable for a better assessment of the
trends of precipitation and other climatic variables linked to the water cycle (temperature,
evapotranspiration, etc.). In particular, precipitation trends of isolated stations may be
quite unreliable, due to the high spatial and temporal variability of Mediterranean
precipitation.
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Introduction: Why climate modelling?
Climate and climate processes are major determinants of the global Earth system. They
strongly affect life on Earth and are conversely influenced by biospheric and human
processes/activities. For the first time in human history, modern industrialised societies
exert decisive influences on global (climate) processes through the emission of
greenhouse gases and aerosols. Therefore, the recent discussions in various groups,
institutions and fora on the issue of climate change have focussed on man’s role for the
development of climate during the recent past and into the future. An issue of particular
relevance but also one that has caused significant controversies pertains to the reduction
of greenhouse gas emissions through mitigation1 measures. Similar to most components
of the global system, climate has undergone various and sometimes drastic changes
throughout Earth’s history. The current conditions and variations of climate in the nottoo-far past (i.e., the last few hundreds of years) can be obtained through direct
measurements and recorded observations. However, information on earlier climate
development can only by derived indirectly through natural climate archives and so-called
proxy records (Mackenzie 1998). The latter comprise among others: data from tree-rings,
pollen deposits, lake and deep sea sediments, coral reefs, records from the terrestrial and
marine crust and information obtained from glaciers and ice-sheets. Through these
records, we have a fairly good representation of climate variations for the last ten- to
several hundreds of thousands of years and somewhat less reliable for the last few million
years (see, e.g., Folland et al. 2001). However, when it comes to obtaining information on
future climate, there remain much less options. One is the projection of statistically
derived trends in climate parameters into the immediate future (up to 100 years) for
specific regions of the world or on a global scale (see, e.g., Schönwiese 2003). Supposedly
more reliable are numerical climate models that have been used throughout the last
decades and that provide a wealth of climate parameters (for early papers on climate
An anthropogenic intervention to reduce the sources or enhance the sinks of greenhouse gases.
(Nakicenovic et al. 2000)

1
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modelling, see Manabe/Stouffer 1980; Cubasch/Cess 1990). Despite various
shortcomings, uncertainties and even errors intrinsic to climate modelling, numerical
models are regarded as the only realistic “tool” to derive projections of future climate and
to assess the role of human interference on climate development. Modelling in the
context of this paper comprises the numerical representation of basic equilibria and
natural exchange processes in the climate system.
In the following, I will first introduce a few basic terms and principles related to climate
and climate change, describe some of the methodological foundations for (global) climate
modelling and will close with a brief description of regional climate models and of some
results of such models for Europe and the Mediterranean.
Climate: Basic concepts
Before embarking on describing climate models and their results, we need to clarify and
define a number of basic terms. Most of these terms can be found in standard text books
on Climatology,(e.g., Schönwies 2003), although they are not always used in a compatible
manner. First of all, the term climate itself will be explained. Although commonly
assumed to be somewhat of a mean weather state of a region or locale climate has to be
understood as being more than the mean weather prevailing throughout the year. When
considering the climate of a region, we have to take into account not only mean values
but also the variability of each of the climate elements (i.e., their variance, maximum- and
minimum values, etc.) that determine climate (see below). In order to assess the climate
characteristics of a location, fairly long observations from this locale are required. Climate
is always determined for a specific geographical unit of limited extent. According to the
World Metrological Organisation (WMO), climate is defined as follows: “Climate comprises
the synthesis of the weather over a time span that is sufficiently long to enable the
specification of its statistical properties”. In climatology, it has been agreed that a 30-year
period can be considered as “sufficiently long” (Schönwiese 2003). Currently, the period
1961 to 1990 is often used as reference period against which past and future climate
scenarios are compared. [deleted parenthesis “)”]
When speaking about climate we apply this term mostly to the properties of the nearsurface atmospheric layer, i.e. the lower few tens to hundreds of metres. However, it is
equally possible and sometimes necessary to consider also the climate of the upper
atmosphere, e.g. the stratosphere. Atmospheric parameters are by no means constant with
height and require specific assessments depending on the height range considered.
In addition, it is important to specify the lateral scale that is being considered when
speaking about climate. Here we distinguish the following categories:
• Global climate, i.e. the climate of the entire Earth,
• Macro-climate, comprising climate of more extensive regions or entire
continents;
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• Meso-climate or regional climate, i.e. climate conditions on the scale of regions
to continents,
• Urban-climate, i.e. climate states confined to the area of larger municipalities and
cities,
• Micro-climate, i.e. climate of small scale areas, i.e., with extensions on the order
of metres to kilometres.
We often use the term climate factor or the term climate forcing. Climate factors or
climate forcing comprise the processes and states which determine the generation,
maintenance or alteration of the climate of a locale or region. Climate factors comprise:
•
•
•
•

the solar insolation and its spatial and temporal variability,
the land-/sea distribution,
the orography,
the surface-albedo, its spatial distribution and possible anthropogenic alterations
due to land-cover changes (e.g., the transformation of pastures into urban
structures),
• the atmospheric trace-gas concentration, specifically the greenhouse gas
concentrations which are indicative of the human interference mentioned above,
• the atmospheric circulation patterns, sometimes called secondary climate factor.
Another term that needs clarification is the term climate element. Climate elements
represent meteorological and other quantities which singularly or jointly characterise the
climate of a specific place or a region (Figure 1).They are usually determined by in-situ
observations and include:
• near surface air temperatures (usually determined at a height of two metres
above ground),
• precipitation,
• atmospheric pressure,
• wind speed and wind direction,
• relative humidity,
• the components of the surface radiation budget, i.e. the incoming and outgoing
short- and long-wave radiation,
• the cloud cover,
• the albedo.
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Figure 1: Schematic depiction of major elements of the global climate system and their mutual interactions
(after Houghton et al. 2001).

The term climate system was first introduced at the beginning of the 1970s (Figure 1).
The climate system of the Earth includes:
• the Atmosphere,
• the Hydrosphere (mainly the oceans),
• the land surfaces (more specifically, the pedosphere, i.e., the global soil cover),
• the Biosphere,
• the Cryosphere (i.e., the global snow and ice cover),
• the solar insolation as well as its spatial and temporal variability.
The components of the climate system are closely connected and are involved in various
feedback processes.
Having defined basic terms and concepts, we can now turn to climate modelling and the
related basic methodologies.

198

Manfred A. Lange: Global and regional climate modelling: Basic methodologies, limitations and some results.

Climate modelling
Introduction
Climate modelling represents a relatively young branch of science, which developed only
over the last forty years (more detailed descriptions on the subject of climate modelling
can be found at, e.g., Cubasch and Cess 1990; Manabe and Stouffer 1980; McAvaney et al.
2001; Washington and Parkinson 1986). Climate models are usually conceptualised as
“long-term versions” of weather prediction models. When looking back on the
development of climate modelling, we note that a number of factors contributed to the
progress made over the years. For one, it was the improvement in our understanding of
major climate system components and processes that allowed advancements in climate
modelling. In addition, climate modelling made progress also because of improvements in
the technological capabilities of computer hardware. This gave rise to major advances
with regard to the complexity of processes being modelled and a constantly decreasing
spatial and temporal scale that has been realised in numerical climate models. Over the
years, a hierarchy of models has been developed which allows more and more processes
to be considered (Figure 2).

Figure 2: Schematic depiction of major developmental steps in climate modeling over the last few decades
(after Houghton et al. 2001).
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As can be seen, the first models dealt mainly with atmospheric and later with atmospheric
as well as land-surface processes. Coupled atmospheric-ocean models as introduced in the
early 1990s are still somewhat of a standard in climate modelling (see, e.g., Cubasch et al.
1992). However, in more recent years, significant progress has been made with regard to a
number of important process models dealing, for instance, with the fate of sulphate
aerosols, dynamic vegetation covers and atmospheric chemistry. However, the application
of these specialised models in more common experiments remains forthcoming. In
general, the technical and computational limitations still represent a major obstacle for a
comprehensive modelling of important processes and for applying high spatial-resolution
model grids. In fact, most global models today still fail to represent important processes
that take place at sub-grid spatial dimensions (i.e. the width of the utilised computational
grid, see below). Such processes include:
• the formation of clouds and the feedback between clouds and the atmospheric
radiation budget,
• the dynamics of sulphate aerosols and the light scattering on aerosol particles
and droplets,
• the (smaller scale) eddies in atmosphere and ocean that operate on sub-grid-size
scales,
• sea-ice dynamics and sea ice development; these processes are still only roughly
accounted for and represent a major source of uncertainties,
• feedback and exchange processes between the biosphere and the atmosphere,
• terrestrial and marine eco-system dynamics.
In the following, I will briefly describe some of the physical foundations of climate
modelling (more details can be found in, e.g., Washington/Parkinson 1986).
Foundations
So-called energy budget models comprise the beginning of the climate modelling
development. These models are based on the first principle of thermodynamics, which
can be formulated in reduced form as:
P+E=Q+W

(1)

where Q, E, W, P represent the delivered heat energy, the increase in internal energy, the
work done by atmospheric gases and the potential energy, respectively. The StefanBoltzmann law (also called radiation law) enables the specification of a mean global surface
temperature Ts of the Earth based on the value of the solar constant fs (= 1360 W m-2)
and a mean surface albedo, A, of the Earth (= 0,39):
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Ts =

4

fs ⋅ (1 − A )
4⋅σ

(2)

where σ represents the Stefan Boltzmann constant (= 5.67×10-8 Wm-2K-4), respectively.
When the values for fs, A and σ are used in equation (2), a value for Ts≈245 K is
obtained. The difference between this value and the measured value of 283 K can be
attributed to the natural greenhouse effect. First attempts in climate modelling comprised
zero-dimensional energy balance models, which treat the Earth as a point in space and
describe the exchange between global incoming short-wave radiation and outgoing longwave radiation.
During the next stage, the development of one-dimensional energy-balance models was
pursued. In these models, the energy balance is expressed as a function of geographical
latitude, i.e. these models consider the latitude-dependent solar insolation but do not
distinguish between different longitudes. Consequently, these models do not account for
the meridional energy transfer between land and sea (for an explanation of these terms,
see Figure 3).

Figure 3: Schematic depiction of some parts of the atmosphere used in deriving various climate models (see text).

This is considered explicitly in two-dimensional models, which represent the next stage in
the development of climate modelling. A special class of this type of models are radiationconvection models. They allow the computation of vertical temperature distributions in
the atmosphere. However, this almost exhausts the possibilities of energy balance models,
since they do not consider any atmospheric dynamics. Thus, a different class of models
was needed. The limitation of two-dimensional models have been addressed by the
development of so-called global circulation models. As mentioned before, they are based
on weather prediction models, but are applied at significantly longer (i.e. climatological)
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time-scales (typical time-scales involve decades to thousands of years). The foundations
for these models are the first principle of thermodynamics and the radiation law, as
mentioned above. These basic equations are substituted by a number of additional
equations, i.e. three equations of motion describing meridional, zonal and vertical
movements and transports based on Newton’s second law (conservation of momentum).
In addition, the rotation of the Earth has to be accounted for through a Coriolis term.
Furthermore, an equation of state which characterises a gas volume by its temperature,
total pressure and partial pressure of the involved components has to be supplied. The
provision of partial pressures accounts for the properties of the atmosphere as a
compound gas consisting of various constituents. Finally, the continuity equation
(conservation of mass) which assumes that the considered system is free of any loss in
mass completes the set of equations needed to develop a climate circulation model. These
equations are also called fundamental equations of climate theory.
The fundamental equations of climate theory
In the following, I will briefly introduce the most important equations describing
atmospheric circulation that are used in numerical climate models (for a more complete
treatment of the subject, see, e.g., Washington/Parkinson 1986). The equations of motion
contain time derivatives of the horizontal velocities u and v as well as the vertical velocity
w and are therefore predictive equations:
du ⎛
tan φ ⎞
1
1 ∂p
−⎜f +u
+ Fλ
v=−
⎟
dt ⎝
a ⎠
a cos φ ρ ∂λ

(3)

dv ⎛
tan φ ⎞
1 ∂p
+⎜f +u
+ Fφ
u=−
⎟
ρa ∂φ
dt ⎝
a ⎠

(4)

dw
1 ∂p
=−
− g + Fz
dt
ρ ∂z

(5)

with the total derivative d/dt defined as:
d
∂
u
∂ v ∂
∂
= +
+
+w
dt ∂t a cos φ ∂λ a ∂φ
∂z

and the velocities specified as:
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u = a cos φ

v=a

w=

∂λ
∂t

∂φ
∂t

∂z
∂t

(7)

(8)

(9)

The Coriolis factor f is defined as
f = 2Ω sin φ

(10)

The terms in equations (3) to (10) not yet defined are: the latitude φ, the longitude λ, the
radius of the Earth a and the height above the Earth’s surface z in a spherical coordinate
system, the pressure p and the density ρ of a parcel of air, the acceleration of gravity g,
time t and the frictional forces Fφ, Fλ and Fz in the three space coordinates; Ω is the
Earth’s angular velocity.
The principle terms in equations (3) to (5) are the pressure gradient, the Coriolis- and the
gravity terms. Reducing equation (5) to the gravity term leads to
g=−

1 ∂p
ρ ∂z

(11)

an equation also called hydrostatic balance. It reflects the balance between the force of
gravity and the vertical pressure gradient.
The equation of continuity as given by
⎡∂
⎤ ∂
1
∂ρ
∂
=−
( ρ u ) + ( ρ v cos φ )⎥ − ( ρ w )
⎢
∂t
a cos φ ⎣ ∂λ
∂φ
⎦ ∂z

(12)

and the First Law of Thermodynamics
Cp

dT 1 dp
−
=Q
dt ρ dt

(13)

represent predictive equations for density ρ and temperature T; Cp is the specific heat at
constant pressure and Q is the net heat gain or loss to the system. Equations (12) and (13)
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are also defined as conservation-of-mass- and conservation-of-energy equations,
respectively.
The last equation needed is an equation of state, which for the atmosphere is represented
by the ideal gas law, which relates pressure, density and temperature
p = ρR T

(14)

where R is the gas constant for dry air (=287,04 J kg-1 K-1).
Equations (3), (4) and (11) to (14) represent the above introduced fundamental equations
of climate theory. These six equations contain six unknowns (u, v, w, ρ, p and T) and thus
represent a principally solvable system, given values of the constants and of Q, Fφ, Fλ and
Fz. However, because of computational convenience, these equations are further modified
for use in climate modelling; however, a more detailed description lies beyond the scope
of this paper and will not be attempted here (the interested reader is referred to standard
text books such as Washington/Parkinson 1986).
Model design
Once the basic equations have been implemented and major parameterisations defined
(see below), the next step in model building constitutes the design of a spatial grid
(Figure 4) and the specification of time steps for the computation. Grid dimensions and
the size of the time steps are related through numerical stability criteria. In addition to the
lateral grid (currently common grid dimension are 125 to 250 kilometres), the vertical
dimension is accounted for by a number of layers that cover the entire extent of the
atmosphere (usually twenty to thirty layers with vertical dimensions on the order of one to
a few kilometres) and the ocean (an additional ten to twenty layers). Given a typical grid
size of 250 kilometres and nineteen vertical atmospheric layers result in a total of 155,648
grid nodes. The computations are than carried out for either discrete grid boxes or grid
nodes i.e. the junction between four grid boxes.

Figure 4: Schematic representation of a computational grid in its lateral and vertical dimensions
(after Cubasch/Kasang 2000).
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For each of the 155,648 grid nodes, all of the fundamental equations have to be solved,
i.e. 778,240 equations (this is less than the 6×155,648=933,888 equations to be expected,
because of simplifications and mutual dependencies, which reduce the number of
equations to be solved). If the temporal evolution of climate is to be computed, this has
to be done for each time step, where time steps range in length from minutes to hours
(again, depending on spatial scale through stability criteria). Thus, covering a time span of
several decades to hundreds of years requires a large number of computations, which
even with today’s technological capabilities remains a substantial challenge. This explains
why a reduction of grid dimensions (and thus of admissible time steps) has still some
ways to go and implies that model results are insufficient to explain smaller scale features
and processes. Thus, over the last 10 to 15 years, there have been numerous attempts to
‘downscale’ global climate model results to smaller scales (see below).
Models that focus primarily on atmospheric processes are commonly called atmospheric
general circulation models (AGCM). In recent years, these models have been combined
with ocean models in order to simulate oceanic circulation and transport processes and
the coupled atmosphere-ocean system, leading to atmosphere-ocean general
circulation models (AOGCMs; c.f., Figure 2). The coupling involves the “linkage” of an
oceanic grid underneath the atmospheric grid with both grids having identical lateral
dimensions, but different vertical layer spacings. Even more recently, there have been
attempts to couple AGCMs or AOGCMs with models that account for carbon exchange
between different components of the Earth system and with dynamic vegetation models
(cf. Figure 2).
Climate models generate a wealth of results that comprise many meteorological
parameters (temperature, pressure, precipitation, wind speed, etc.) as well as parameters
pertaining to surface and near-surface conditions (e.g., timing and duration of snow cover,
soil temperature and humidity, etc.). They are usually highly aggregated in order to
become practical and comprehensible for the non-specialist. Thus, what is often shown
are global annual mean temperatures (or temperature changes relative to a reference
period, e.g., 1961-1990) and mean values for sea level rise. However, while valuable in
their own right, these presentations are often misleading, since they mask significant
regional deviations from the mean values that may be devastating to ecosystems and
communities affected by such extreme changes. Even if results are presented in their
geographic reference, the coarse resolution of global climate models is often insufficient
to provide information on a scale that is relevant for regional or local decision makers and
stakeholders. This is another motivation to pursue downscaling and/or regional climate
modelling (see below).
In order to run a climate model, initial and boundary conditions have to be provided for
the entire study region (i.e., on a global scale). The provision of these parameters and their
reliability represent another major source of uncertainty in climate modelling aside from
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the uncertainties introduced through the parameterisation of various climate processes
(see below). In general, at least some of the desired parameters are only scarcely given – if
at all – and therefore, assumptions about these quantities are often introduced or these
parameters are arbitrarily chosen.
In fact, the issue of sufficient and reliable boundary conditions presents somewhat of a
dilemma in climate modelling. While modellers strive to reduce grid sizes and enlarge the
number of processes included in their models, the provision of an increasing quantity of
required boundary parameters often does not keep pace with the model improvement.
Thus, what might be gained in terms of more comprehensive and more detailed results
due to more extensive models that operate at smaller grid dimensions is often
compensated or lost by uncertainties and errors in model results as a consequence of
insufficient boundary parameters.
Emission scenarios and anthropogenic climate change
An important set of boundary conditions needed for time dependent model runs of
future climate development are the so-called emission scenarios and the resultant
concentrations of the most important greenhouse gases in the atmosphere, i.e., carbon
dioxide: CO2, methane: CH4, nitrous oxide: N2O, which relate to the enhanced
greenhouse effect due to the afore-mentioned human influence on climate. Scenarios for
greenhouse gas emissions have been specifically developed for the Third Assessment
Report of the Intergovernmental Panel on Climate Change (IPCC) by Nakicenovic et al. (2000)
and are known as SRES-scenarios. They represent plausible and often simplified
descriptions of how the future may evolve, based on a coherent and internally consistent
set of assumptions about key driving forces (e.g., rate of technological changes, economic
development, demography, etc.) and their mutual relationships. Scenarios are neither
predictions nor forecasts. However, each scenario represents an alternative image of how
the future might unfold (Nakicenovic et al. 2000).
In the process of developing the SRES scenarios, the approach was to build on a set of
four "scenario families". The SRES-scenarios have been developed along so-called
narrative storylines, which are defined as a narrative descriptions of a scenario (or family
of scenarios) highlighting the main scenario characteristics, the relationships between key
driving forces, and the dynamics of their evolution. The storylines of each of these
scenario families describe one possible demographic, socio-economic, political, societal
and technological future. Within each family one or more scenarios explore global energy
industry and other developments and their implications for greenhouse gas emissions and
other pollutants. In building the scenarios, two basic questions were addressed, which still
remain unsolved:
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• Can adequate governance, i.e., through institutions and agreements, be
implemented in order to manage global problems?
• What will be societal priorities for future development, i.e., will societies focus
more on enhancing material wealth or be more broadly balanced, incorporating
environmental health and social well-being?
These two questions led to two basic sets of determinants that broadly govern each of the
four scenario families (Figure 5):

Figure 5: SRES scenario families in the context of the four major determinants of future development considered in the
SRES working group (left) and schematic depiction of trends in major driving forces for each of the scenario
families (after Nakicenovic et al. 2000).

• global versus regional, i.e., a development that is either driven by globalization
and global interests versus a development that focuses more on regional to
national interests, and
• economic versus environmental, i.e., a development that is largely driven by the
desire to achieve economic growth and prosperity versus a development that
pays attention to environmental and social health and integrity.
Against the background of these major determinants, the four emission scenario families
can be briefly described as follows (for more details, see Nakicenovic et al. 2000):
SRES-A1 scenarios envision a future world of very rapid economic growth, low
population growth and the rapid introduction of new and more efficient technology.
Major underlying themes are economic and cultural convergence and capacity
building, with a substantial reduction in regional differences in per capita income. In
this world, people pursue personal wealth rather than environmental quality. The A1
scenario family develops into three groups that describe alternative directions of
technological change in the energy system. The three A1 groups are distinguished by
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their technological emphasis: fossil intensive (A1FI), non-fossil energy sources
(A1T), or a balance across all sources (A1B).
SRES-A2 scenarios describe a very heterogeneous world. The underlying theme is
that of strengthening regional cultural identities, with an emphasis on family values
and local traditions, high population growth, and less concern for rapid economic
development.
SRES-B1 scenarios depict a convergent world with rapid change in economic
structures, "dematerialization" and the introduction of clean technologies. The
emphasis is on global solutions to environmental and social sustainability, including
concerted efforts for rapid technology development, dematerialization of the
economy, and improving equity.
SRES-B2 scenarios imagine a world in which the emphasis is on local solutions to
economic, social, and environmental sustainability. It is again a heterogeneous world
with less rapid, and more diverse technological change but a strong emphasis on
community initiative and social innovation to find local, rather than global solutions.
After having been determined based on the specified emission scenarios, atmospheric
greenhouse gas concentrations are converted into radiative forcings, which account for
the effect of a specific greenhouse gas on the atmospheric radiation balance. The term
“radiative forcing” has been employed in the work of the Intergovernmental Panel on Climate
Change (IPCC) and its Assessment Reports and denotes an externally imposed
perturbation in the radiative energy budget of the Earth’s climate system (for details, see
Ramaswamy et al. 2001). Such a perturbation can be brought about by secular changes in
the concentrations of radiatively active substances (e.g., CO2, aerosols), changes in the
solar irradiance incident upon the planet, or other changes that affect the radiative energy
absorbed by the surface (e.g., changes in surface reflection properties).
Figure 6 presents the emission scenarios for the three greenhouse gases CO2, CH4 and
N2O as well as for sulphate (SO2), which gives rise to sulphate aerosols. The latter play an
important role in the radiation budget. While not conclusively clarified, most results
indicate that sulphate aerosols lead to reduced surface temperatures mainly due to their
scattering and reflection properties (see, e.g., Mitchell et al. 1995). Also shown are
atmospheric concentrations of the greenhouse gases evolving from the SRES emission
scenarios and the resulting radiative forcings.
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(A)

(C)

(B)

Figure 6: Greenhouse gas- and SO2 emissions (A) for each of the SRES scenarios (and a previous emission
scenario used in the Second IPCC Assessment Report (IS92a), derived atmospheric concentrations of
the greenhouse gases (B) and resulting radiative forcing (C) for the time span 1980/1990 to 2100
(1760 to 2100 for radiative forcing); for more details, see (Houghton et al. 2001).

Results
The above introduced emission scenarios lead to significantly different projections of
future climate. Figure 7 represents both, mean global temperature and sea level changes
for the period 1980/1990 to 2100 for all emission scenarios as well as mean annual
temperature changes for the period 2071 to 2100 relative to the 1961 to 1990 period as
obtained from climate models that utilised the A2 emission scenario (top) and the B2
scenario (bottom).
Limitations, parameterisations, and uncertainties
Despite their relative complexity, the implementation of the fundamental equations of
climate theory (see above) in a numerical climate model only partly accounts for the real
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complexity of the global climate system. In fact, there are a number of important
components missing that are not treated by commonly used global climate models:
• the complete water cycle of the atmosphere including clouds;
• the means to account for the spatially (and temporarily) varying surface
characteristics including the albedo, surface roughness and changes in the landsea distribution;
• the orography and the vegetation cover;
• the snow and ice cover.

(A)

(B)

(C)

Figure 7: Projected mean global sea level rise and mean global surface temperatures for the period 1990 to
2100 and relative to 1990 as obtained from global climate models used in IPCC and employing the
SRES emission scenarios as indicated (A) and (B), respectively; part (C) depicts mean annual
temperatures for the period 2071 to 2100 relative to the 1961 to 1990 reference period (the scale is
in oC) and utilising the A2 and the B2 SRES emission scenarios; for more details, see (Houghton et
al. 2001).

Relevant processes that operate on spatial scales that are smaller than the model grid, i.e.,
its spatial resolution, have to be calculated based on the principle variables, i.e., winds,
temperature, pressure, specific water vapour, and cloud water content (Christensen 2001).
This is relevant in both the atmospheric and oceanic model components of an AOGCM.
It is essential to incorporate these so called parameterised processes as adequately as possible
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in the model algorithms. Thus, they should be treated in a way that enables a complete
description of their impact on the principle variables. Important processes that have to be
parameterised include radiative processes, cloud condensation and precipitation and
processes at the soil surface and within the soil layers. The numerical description of these
processes should largely follow the physical principles that govern them. Only under this
condition, i.e., by avoiding empirical relationships as a means of their representation in
the models can they be regarded as an adequate analogy for the processes to be
parameterised. A major distinction between the various climate models in use today lies
primarily in the way these parameterisations are handled (more details, see Christensen
2001).
Climate models, just as any other model of reality, are prone to errors and uncertainties.
This is firstly due through errors and misconceptions in the understanding of relevant
processes and parameters and their mathematical/numerical representation in the model.
In addition, as mentioned before, some important processes are not represented in
models, at all. Major shortcomings include:
• clouds, their radiative properties and their overall effects on climate development
as well as cloud formation processes and
• the treatment of sea ice dynamics as well as ice growth and decay processes.
The results obtained by the atmospheric component and by the oceanic component in an
AOGCM are usually combined once per computational day. However, the results thus
obtained often tend to drift away significantly from the observed climate after some time.
This is due to the cumulative effects of minor errors in both the atmospheric as well as
the oceanic model components and represents another major source of model
uncertainty. In many models a so-called flux correction/flux adjustment is therefore
applied in the forward-time stepping procedure. This correction used to be quite
substantial for most models, but has been decreased steadily throughout the years. Thus,
many modern models are now able to simulate present day climate conditions without
any substantial drift, entirely without this correction term added (Christensen 2001).
To illustrate the range of uncertainties still inherent in present global climate models,
Figure 8 represents the comparison between 19 different AGCM-runs. They have been
conducted in the framework of the Coupled Model Intercomparison Project, CMIP2 (additional
details, see McAvaney et al. 2001). Each experiment consist of an 80-year control run with
constant present day CO2 concentrations and of an 80-year greenhouse run with gradually
increasing (1 % per year) atmospheric CO2 concentrations. A doubling of CO2
concentrations in the CMIP2 experiments takes place after 70 years. Figure 8 shows the
annual mean warming relative to the control run at a time slice between 61 to 80 years
after the initiation of the run. The figure in the lower right hand corner gives the mean of
all 19 models. As can be seen, there is a large spread between the results of the various
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models. While some models (CCSR2) show dramatic warming over the northern
hemisphere (larger than 10°), other models (IAP) show only very moderate warming
(0°-2°). Thus, there is clearly a need for improvement and harmonisation between these
different numerical models.

Figure 8: Comparison of mean annual temperature changes relative to a reference runfor the northern
hemisphere for 19 different AGCMs (further details, see text); J. Räisänen, pers. comm.
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Regional climate modelling
Rationale
As already pointed out, global climate models, while providing valuable insight into
possible future climate development, have a number of important shortcomings. These
include:
• poor representation of a number of important processes (e.g., in hydrology),
• inadequate spatial and topographic detail,
• insufficient temporal resolution,
• difficulties in interpreting the results on a regional to local level.
These shortcomings and the prevailing uncertainties (cf. Figure 8) have resulted in
increasing scepticism about the usefulness of global models and their reliability in
determining climate development on a regional scale. This has led to the development of
various regionalisation techniques aimed to downscale global climate model results to
scales relevant for regional climate impact assessments (for more background, see, e.g.
Yarnal 1998; Lange 1999, 2000; Lange 2004). In fact, there are now a number of different
methodologies available to derive climate data or climate projections on a regional scale
(regional in this context comprises spatial scales on the order of tens to hundreds of
kilometres):
• empirical/statistical downscaling: basically a static interpolation method,
• dynamical downscaling: interpolation methods employing known empirical
relationships between different climate elements,
• high resolution or variable resolution “time slice-“ or “nested” models: AGCMs
or AOGCMs that are run for only limited time slices at high resolution and
otherwise at coarser resolution,
• nested limited area or regional climate models (RCMs).
Figure 9 illustrates the lack of detail in conventional global climate models in comparison
with higher-resolution models and grid dimensions as currently used in regional climate
models. As can be seen, while there is not even a hint of important topographic features
such as the Ural Mountains in the lower-resolution grids, they become quite apparent in
the high-resolution RCM-grid.
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(A)

(B)

(C)

Figure 9: Representation of topography in three different model grids: T42 (grid size≈ 2,8o; A), T106 (grid
size≈ 1,1o; B) and a currently used RCM grid (grid size=16 km; C); more details, see text (after
Christensen 2001; Christensen and Kuhry 2000).

Basic concepts
The basic objective of RCMs (and the other downscaling methods mentioned) is to
enhance the regional information provided by coupled global climate models in particular
by capturing the effects of sub-GCM grid-scale forcings and processes, e.g., complex
topographic features and land cover inhomogeneity. The RCM methodology is basically
similar to GCM methodologies and also has its roots in weather prediction modelling (for
more detailed reviews on the subject of RCMs, see, e.g., Christensen et al. 1998; Giorgi et
al. 2001; Giorgi/Mearns 1991). GCM results are utilised as initial and boundary
conditions for the RCM runs at the perimeter of the model domain. Thus, independent of
the method used, regional climate scenarios all rely on the quality and the reliability of
GCM results.
Some RCM results for Europe and the Mediterranean
In the following, a few results from regional climate models will be presented. They were
obtained at the Max-Planck-Institute for Meteorology in Hamburg (MPI) with the REMO
RCM (version 5.1) and focused on Europe, the Near East and North Africa.
In order to test the reliability of the REMO model, a set of model runs for present-day
climate was undertaken. The model was driven by reanalysis data of the European Centre for
Medium Range Weather Forecast (ECMWF) and was operated at a spatial resolution of 1/6°
corresponding to a grid box length of approximately 18 km. The calculations were carried
out for the period from 1979 to 1993. The results obtained (Figure 10) generally agree
well with the observations over the same time period and confirm the reliability of
REMO.
Once a satisfactory reliability had been established, REMO 5.1 was utilised for climate
change scenario runs, based on global-climate-model results of the Hadley Centre (i.e., the
model HadAM3H, driven by the A2-SRES scenario) as boundary conditions. For these
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experiments, REMO was operated at a spatial resolution of 1/2o, i.e. at a grid size of
approximately 55 km), 20 vertical levels and a time step of 300 seconds. The model was
run until 2100 and results for the time slice 2070-2100 were analysed. The scenario results
were compared to a reference run for the period from 1960 to 1990. The aim was to look
in particular at extreme weather events. In so doing, the following definitions were used:
• dry days: precipitation < 1 mm per day;
• day with high precipitation: precipitation > 10 mm per day;
• days with extreme precipitation: precipitation > 25 mm per day.

Figure 10: Surface temperatures obtained by REMO 5.1 for 1979-1993 and driven by ECMWF reanalysis
data (more details, see Text); Rechid and Kotlarski, pers. comm.

Figure 11 presents some of the results for temperature and precipitation for 2070-2100.
As can be seen, when focussing on the Mediterranean Basin, the model results imply a
general warming and a decrease in precipitation for the period 2070-2100 in comparison
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with the reference period. Thus, it is to be expected that water scarcity will be enhanced
as a result of global climate change in the foreseeable future.

(a)

(b)

(c)

(d)

Figure 11: Maximum 2m-temperatures for 1960-1990 (a) and 2070-2100 (b) and summer precipitations
for 1960-1990 (c) and 2070-2100 (d) derived from the regional climate REMO 5.1 and based
on the Hadley-Centre-GCM HadAM3H (Semmler, pers. comm.).

Conclusion
While the development of past climates can be derived through various means, most
reliably through historical measurements, projections of future climate presently depend
on the application of numerical climate models. Over the last four to five decades, climate
models have been developed and have achieved increasing reliability and completeness.
However, there are still numerous challenges and problems that need to be addressed in
future developments of climate modelling methodologies. While useful for looking at the
larger picture, global climate models remain less useful when it comes to determining the
more specific changes for a region or a country. To that end, regional climate models
have been developed over the last 10 – 20 years. While in principle dependent on GCM
results, they are capable of resolving spatial details that are needed to determine the
impacts of climate change for important sectors and components of natural and human
systems on a regional scale, which is relevant for political and economical decision
making. The results for Europe and the Mediterranean demonstrate that regional climate
models are indeed providing us with information that will be needed in determining and
specifying strategies to deal with increasing water scarcity in the Mediterranean in general
and on Mediterranean islands in particular.
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Water resources management and patterns of
water use in Cyprus
Iacovos Iacovides
10 Vathis street, CY-2060 Strovolos, Nicosia, Cyprus.
Email: iaco@cytanet.com.cy

Part I. Water Resources Management
Introduction
Sufficiency of water resources for water supply and irrigation is a long lasting problem in
the Mediterranean region, and particularly on islands and in isolated coastal areas. The
shortage of water imposes an increasing burden upon the administration and the policy
makers, and calls for intelligent and economic solutions and prudent water management.
The water management problems on the islands in the Mediterranean are exacerbated by
their isolation and thus the impossibility to draw on more distant sources of water, and by
the threat of saline intrusion, which reduces the utilization of existing, near-shore aquifers
in particular. The overall problem becomes even more difficult due to the serious
seasonal demand for water exerted by tourism which in many cases increases the normal
demand by ten-fold or more. Consequently, some islands often resort to extremely costly
measures such as sea water desalination or the transport of freshwater from the mainland
with tankers because of their inability to manage with the existing water resources on the
island. Other islands face a permanent lack of water of sufficient quantities to meet their
demand which seriously affects their socio-economic development.
While the availability, demand and distribution of water on each island are determined by
specific conditions, there are a number of attributes common to all Mediterranean islands
which may be of help to the formulation of generic solutions to the above mentioned
problems. Some of these attributes are:
• Physiographic features such as topographic relief, geology, hydrogeology, the
soils and the vegetation cover, the location and shape, and the extensive contact
with sea water;
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i) High relief islands have steep topography with flashy stream flows. These
islands have small perennial streams at high elevations and the surface water
may form an important component of the water balance. Low relief islands
with their flat topography have little surface runoff with groundwater being
a major component of the water balance.
ii) Groundwater may be abundant on islands with soils and rocks of moderate
to high permeability. Very high permeability, as in karstic limestone islands,
causes the mixing of freshwater and seawater, resulting in brackish
groundwater.
• Small islands are usually densely populated with high water demand and high
potential for pollution of the water resources. High water demand causes overabstraction and depletion of the aquifers. Increased development (housing) has
led to the contamination of the underlying or nearby aquifers. Small islands are
vulnerable to aquifer depletion, groundwater contamination by human and
animal activities, and seawater intrusion and suffer from water scarcity.
• The local administration of small islands usually does not have the means and
expertise to optimally develop and manage the available water resources. The
distance from the main decision centres is a major problem.
• The intensive exploitation and management of water resources has resulted in a
great number of structures which should be incorporated into a unique
management system to optimally exploit the available quantities and sufficient
infrastructure to satisfy the increasing demands.
• The essential condition for the optimal management of water resources, in
addition to good organization, is the availability of necessary basic data, which is
still missing on most islands. Thus special attention should be paid to gathering
and processing of necessary data.
In the text that follows some basic points and issues on the water resources management
and patterns of water use as applied to Cyprus are presented as a case study. Cyprus, with
an extent of 9250 km2, is classified (UNESCO 1991) as a large island. Small islands are
those having an area equal or less than 2000 km2 and their width does not exceed 10 km.
“Very small islands” are those whose surface area does not exceed 100 km2 or the width
is not greater than 3 km and where the water scarcity is even more acute and surface
water resources are normally absent.
Cyprus is the third largest island in the Mediterranean. The Government of Cyprus
controls 63 % of the island, with the remainder under Turkish occupation since 1974.
(Unless specified, the figures used refer to the areas under government control). The total
population of Cyprus is estimated to be 730 000 people (Demographic Yearbook UN
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1992). In the government-controlled (GC) areas, the population is estimated to be
638 000, of which 68 % is urban and 32 % is rural (1994 Census). Low population growth
rates, around 1 %, suggest the population will reach 800 000 in 2020. Administratively,
the island is divided into six districts: Nicosia, Larnaca, Limassol, Paphos, Famagusta and
Kyrenia. The latter two districts are partly or entirely under Turkish control. Two
mountain ranges run east to west. The Troodos mountains cover approximately
3 500 km2 in the west and rise to nearly 2 000 m. The Kyrenia mountain range along the
northern coast covers 400 km2 and rises to 950 m. In between these two mountain ranges
lies the central plain of Mesaoria covering 2 500 km2. The remaining land forms narrow
coastal plains which are suitable for agriculture. There are no perennial streams. Most of
the winter streams passing through these plains originate in the Troodos Mountains, and
have deep alluvial beds in which substantial volumes of groundwater can be stored (see
Figure 1).
Average annual rainfall is 500 mm, but varies from 300 mm in the central plains and the
south-eastern parts of the island to 1100 mm in the Troodos Mountains and 550 mm in
the Kyrenia Mountains (Figure 1). The variation in rainfall is not only regional but also
annual. Two or even three-year consecutive droughts have also been observed. More than
two thirds of the rainfall occurs between October and April. Due to the arid climate
evapotranspiration consumes as much as 80 % of the total annual precipitation. In
general, full irrigation is necessary from late spring to late autumn to sustain crop
production. Of the total land area in Cyprus, approximately 47 % is arable and another 34
% is uncultivated, made up of bare land, fallow, built-up areas and water surfaces. Forests
are mainly state owned and cover 19 % of the island. Farm sizes in Cyprus are small on
average, 3.8 ha, and fragmented. Part-time farming is the norm with 60 % of landowners
in other occupations. The agricultural labour force has declined from 17 % in 1980 to
11.6 % in 1994. Most farm-labour is family labour, often undertaken at weekends.
Cyprus’s application to join the European Union (EU) is expected to change present
agricultural marketing strategies and open it to agricultural imports from the rest of
Europe.
The availabilitiy and quality of water resources
Most rain falls in winter but water demand is highest in summer for irrigation and
tourism. In addition, regional variation in rainfall necessitates costly inter-basin transfers
to the main areas of water demand. Water scarcity is exacerbated by large inter-annual
variations that can result in two, or even three, year droughts with rainfall below 300 mm.
This incongruity of water availability with demand determines water management
approaches and necessitates drought planning.
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Figure 1: Cyprus physical characteristics.

Figure 2: Indicative water resources balance (1951 - 1980).
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The water resources balance
An indicative water resources balance for the whole island appears in Figure 2. This is
based on the 30-year period of 1951 to 1980 for which data for the whole island are
available. Water resources availability is directly dependent on precipitation. The average
rainfall over this period was 477 mm which is 95 % of the long-term average of 500 mm
for the whole period of record since 1916. The estimated water balance calculated on the
basis of 1951 to 1980 is bound to show reduced water resources availability as compared
to estimates prepared in the past on the basis of the long-term average rainfall of 500 mm.
The average annual water crop for this period amounts to 780 Mm3. Some 65 %, or 510
Mm3, of the total annual water crop appears as surface runoff. Of the total surface runoff
only 45 %, or 230 Mm3, (or 29 % of the total water crop) is lost to the sea. This indicates
the high level of surface runoff utilization and control achieved in Cyprus over the last
35 years. This is even more important if one considers that a large proportion of the
losses to the sea include overland flow and flow from minor streams which do not render
themselves for regulation and control. Some 27 %, or 140 Mm3, infiltrates into riverbed
aquifers and coastal alluvial fans. Part of this water is drawn through wells and boreholes,
and the remainder goes to the sea. 8 %, or 40 Mm3, of surface runoff is used for spate
irrigation in late winter or early spring, and especially during wet seasons. A large quantity
of the surface runoff is captured in surface reservoirs which provide inter-annual storage.
Thus, these reservoirs generally are able to hold two to three times the average annual
flow of a stream. The island’s total surface reservoir capacity is 300 Mm3. Current use of
stored water for irrigation and domestic supply is about 20 % or 100 Mm3.
Excluding surface runoff, the remainder of the annual water crop, or 270 Mm3, is
assumed to directly replenish the island’s aquifers. Added to the direct recharge of 270
Mm3, is surface runoff recharge of 140 Mm3, amounting to a total recharge of 410 Mm3
annually. Of the total annual replenishment 54 %, or 220 Mm3, is pumped for irrigation
and domestic uses, with the remaining 56 %, or 230 Mm3, going to the sea. Where
pumping exceeds recharge, a deficit of 10 %, or 40 Mm3, is created in certain aquifers.
The result of long-term over-pumping has been sea-intrusion in certain major coastal
aquifers. Statistical analysis of the precipitation records available for the period of the
hydrological years 1916 to 2000 shows a step change around 1970 as shown in Figure 3.
The time series can be divided into two separate stationary periods. The mean
precipitation of the recent period (1970 to 2000) is by 100 mm lower than the mean
precipitation of the older period. This decrease ranges between 15 % and 25 % of the
mean annual precipitation of the older period. As a consequence there is a significant
reduction in the water available on the island. The reduction in the surface runoff, of
which 80 % is generated in the Troodos Mountains, after 1970 with respect to the older
time series varies between 20 and 60 %.
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Figure 3: Troodos Mountain regional annual precipitation with indication of the mean and standard deviation
for the 1917 - 1970 and 1971 - 2000 periods (Rossel 2001).
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Figure 4: Relation between annual precipitation and annual inflow to the Kouris dam (Rossel 2002).

The mean annual surface runoff for the studied period (1970 to 2000) for 31 watersheds
is equal to 190 Mm3 of which 127 Mm3 (67 %) flow into government dams and irrigation
systems. Further reduction in stream flows was caused by human intervention, such as
exploitation of aquifers. Figure 4 shows the effect of reduced rainfall on the Kouris river
flows. Consequently, the decrease in the mean annual inflow to dams, referred to as
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design estimates, varies between 24 % and 58 %, with an average of around 40 %. Thus,
the actually available surface water on the island is indeed substantially less than what had
been assumed as a basis for the water development works, and it can be said that the
island has roughly 40 % less water than had been assumed based on pre-1970 records.
Groundwater, available throughout the year, traditionally provided the resource needed
for domestic use and irrigation. The construction of dams on the main rivers of the island
in the last 30 years secured an additional supply that would otherwise be lost to the sea.
However, groundwater remains the main source for the non-governmental irrigation
sector and most of the village water supplies. The biggest and most dynamic aquifers are
phreatic aquifers developed in river or coastal alluvial deposits (see Figure 5). During the
last decade, aquifers exhibited serious depletion trends. Repeated and persistent drought
episodes reduced direct and indirect groundwater recharge, while the construction of
dams further reduced recharge of downstream aquifers. Farmers have continued
extracting the same quantities of groundwater and in many cases have increased these
quantities. Recent estimates of groundwater resources on the basis of the hydrogeological
conditions of 1991 to 2000 and covering sixty-six aquifers within the area under
Government control are shown in Table 1.
Table 1: Annual groundwater balance of Cyprus (Mm3 – ave. 1991 - 2000, Georgiou 2002).
Natural recharge from:


Rainfall

205



River flows

45



Return flow from irrigation/ domestic

22



Groundwater inflow

9



Dam losses

2

283

Artificial groundwater recharge

10

Sea intrusion to aquifers

13
Total Replenishment

306

Outflow from aquifers:
 Extraction

129

 Groundwater outflow

167

 Sea outflow

25
Total Outflow

321
321

The aquifers show an overall annual negative balance (net over-extraction) of 15 Mm3.
The aquifers are at a very low level and partially intruded by seawater. For sustainable
aquifer management and protection of groundwater resources, it is estimated that the
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extraction from all aquifers should not exceed 81 Mm3, somewhat less than the annual
recharge, to allow aquifers to recover once the drought is over.

Figure 5: The aquifers of Cyprus (Georgiou WDD 2002).

Groundwater resources in Cyprus are overexploited by about 40 % of sustainable
extraction. The average annual extraction for domestic water supply over the period of
1991 - 2000 was 25 Mm3; for irrigation it was 102 Mm3 and for industrial use around 2.5
to 3 Mm3. The use of groundwater for domestic water supply has been significantly
reduced in recent years, being replaced by desalinated seawater. Groundwater is also being
abandoned for domestic supply because of quality problems. Intensive agriculture and
excessive use of fertilizers have resulted in nitrate pollution of many aquifers. Similar
nitrate pollution problems appear in aquifers developed in inhabited areas because of
direct sewage disposal in adsorption pits. In the Kokkinochoria aquifer, in south-eastern
Mesaoria, annual pumping of 27 Mm3 for irrigation exceeded the annual safe yield
estimated to be 15 Mm3. This excessive annual pumping of 10-12 Mm3 over thirty years
(early 1960s to late 1980s) has resulted in the aquifer being mined of 300 Mm3. Currently,
the groundwater reserves remaining in the aquifer are estimated to be only 15-20 % of the
1960 reserves. The losses to the sea from surface runoff indicated in the water balance
(Figure 2) include unregulated minor streams. Subsurface losses to the sea derive from
minor aquifers during early spring when water is not needed for irrigation and from river
delta deposits during winter. The major aquifers also lose a small proportion which is
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needed to control sea intrusion. Thus, it appears that Cyprus’s water development is
approaching its limits. Only improved water management and redistribution to water
conserving uses would be able to provide more water in the future. In a normal year, with
long-term average rainfall, the water availability is sufficient to cover both domestic and
irrigation demands, and keep a favourable water balance overall. However, quoting a
figure for total annual water availability on the island on the basis of average conditions
would be misleading due to the high variability of climatic conditions. For this reason all
the surface water reservoirs are planned and built on the basis of inter-annual operation
of at least 2-3 consecutive years. As an indication of the variability in annual water
availability, inflows into the surface reservoirs which can hold 300 Mm3, are given over
the period 1987-1998. Though it averages 81 Mm3, inflow varied from 198 Mm3, in 1987,
to only 12 Mm3 in 1991. The occurrence of dry years greatly affects the availability of
water and on many occasions the water stored in the reservoirs, both surface and
groundwater are far below the annual demands. The water shortage often results in a
proportional reduction in supply to meet these demands. The impact is more severe on
the major towns which depend upon central surface reservoirs, rather than on mountain
villages which receive water from springs and borehole abstraction. Irrigated agriculture
that depends on major government schemes also suffers considerably during droughts, as
domestic supply is prioritized over other uses.
The water quality
Water quality is generally good for domestic and irrigation uses. However, insecticide
residues and high nitrate concentrations have recently been observed in dams and
groundwater, especially where there is intensive agriculture. Water salinity is also
increasing in coastal areas due to sea intrusion in aquifers.

The water management institutions
Figure 6 shows the structure of the water management institutions. The Council of
Ministers is responsible for water policy and is formed jointly by four ministries Agriculture, Finance, Interior and Commerce. Executive power is divided between the
Ministry of Agriculture, Natural Resources and Environment (MANR&E) and the
Ministry of Interior. MANR&E has technical responsibility for water resources policy,
assessment and monitoring, but also for development and bulk selling water to end users.
The Ministry of Interior is responsible for enforcing water-related laws which include
issuing groundwater permits. Its representatives act as the chairmen of municipal water
boards, village water commissions and local irrigation associations, known as Irrigation
Divisions (ID). The Water Development Department (WDD) is responsible for
implementing MANR&E’s water policy to have a rational development and management
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of water. The WDD collects, processes, classifies and archives data. The information
includes hydrological, hydrogeological, geotechnical and other data necessary for the
study, maintenance and safety of water development works. The WDD plans, designs,
constructs, operates and maintains water works. It also monitors and protects water
resources from pollution. Major studies and construction works are often subcontracted
to private firms. At the regional level, a key role is played by the District Administration
(DA) under the Ministry of Interior. The DA is responsible for implementing and
enforcing water-related laws including the issue of groundwater permits. The District
Officer (DO) is the chairman of District Water Boards, Irrigation Divisions, Municipal
Water Boards and Village Water Commissions in their respective district. Thus, all
municipal water supplies and non-government irrigation schemes are in principle under
the jurisdiction of the Ministry of Interior.

Figure 6: The water resources organization chart in Cyprus (2000).

Other government departments are also involved in various aspects of the water industry
of the island. These are:
• The Geological Survey Department of MANR&E that conducts groundwater
investigations and drills wells.
• The Agriculture Department of the MANR&E, which is responsible for
improved irrigation practices at the farm level.
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• The Fisheries Department of the MANR&E administers sewage effluent
standards and monitors marine disposal.
• The Environment Service of the MANR&E coordinates environmental
monitoring and water quality issues.
• The Land Surveys Department is responsible for water rights registration.
• The Ministry of Health monitors drinking water quality and establishes standards
consistent with WHO guidelines.
The end-users
A number of local institutions are responsible for water administration at the local level.
The Municipal Water Boards and Village Commissions deal with domestic supply, the
Irrigation Divisions, Irrigation Associations, Waterworks Committees and WDD deal
with irrigation, and the Sewage Boards deal with wastewater collection and treatment. All
these organizations, except the WDD come under the Ministry of Interior’s jurisdiction.
At the user level, farmers have the right to form Irrigation Divisions and Associations to
construct and manage irrigation schemes. An Irrigation Division is formed by landowners
for sharing water whilst an Irrigation Association is formed by water-rights owners.
Villages also have the right to establish their own commissions to develop domestic
supplies from local resources. Any group of 10 or more landowners can form an
Irrigation Division (under the Irrigation Divisions Villages Law, Cap 342), in order to
share amongst themselves in an agreed fashion the resources and costs of a supply of
water (well, borehole, surface reservoir, major government reservoir etc.). The District
Officer chairs the committee and the Village Chairman is an ex officio member. There
can be several Irrigation Divisions in a village area. The committee balances its own
finances and recovers its costs from the Division members. New Irrigation Divisions are
set up as the Water Development Department implements new water schemes. Seven or
more proprietors of private sources of water held under a title or an ab antiquo right can
form an Irrigation Association, (under the Irrigation (Private Water) Association Law,
Cap. 115), to develop such sources for irrigation purposes. These associations draw up
their own rules that are administered by a committee under the chairmanship of the
District Officer. In view of diminishing water supplies, falling water-tables, old chains of
wells becoming dry and acquisition of water rights within major water development
schemes the Irrigation Associations are falling into disrepair and most are reformed into
Irrigation Divisions and provided wherever possible with a new supply.
The Irrigation Divisions (IDs) operate and maintain minor non-government irrigation
schemes. IDs are established on the basis of the Irrigation Division’s Law. They normally
function well, with a high level of participation by users in making decisions, and
requesting new or extended schemes. The WDD is involved when technical assistance is
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required which results in lower operation and maintenance costs and a higher level of user
satisfaction. The WDD frequently makes available bulk supplies of water to IDs which
are then responsible for collecting charges from their members and paying the WDD.
This frees the WDD from having to allocate scarce supplies and charging individual
farmers, and from dealing with any resultant disputes. Though the Irrigation Divisions
can be considered to be private entities, practically they are quasi-public since the DO
administers the IDs and also chairs the Committees. An Irrigation Committee or
Waterworks Committee is established under the Government Waterworks Law, Cap 341
to administer dams and use of water supplied by them. The committee is chaired by the
District Officer and has one member from the WDD and two representatives of
proprietors appointed by the District Officer. Such a committee was established only for
one major scheme involving two dams. This has now been modified to be under the
WDD since the scheme has been placed under a more comprehensive water scheme (the
Southern Conveyor Project). No other such committee has been or is envisaged to be
established at present. The Town Water Boards distribute water to the domestic and
industrial consumers within a town. These are set up under the Water Supply (Municipal
and Other Areas) Law, Cap 350, 1951. These derive their bulk supplies partly from
boreholes and partly from bulk supplies of treated water delivered to storage reservoirs by
the Water Development Department’s trunk main system. Their governing Boards
consist of three members nominated by the Government (the District Officer as
chairman, the Accountant General and the Director of WDD) and up to three members
from each of the municipal areas supplied by the Board. Many Municipalities (Paphos for
example) operate their own water undertaking on the basis of own sources or from bulk
supplies from the WDD, through a committee made up from the council. Under the
Water (Domestic Purposes) Villages Supplies Law, Cap 349, each village or part or a
group of villages establishes a Village Water Committee chaired by the village chairman.
This Committee manages its own water undertaking on the basis of (a) spring(s),
borehole(s) and some by direct supply with bulk supplies from WDD. Individuals may
drill a borehole or well on his or someone else’s land (with their consent) and use such
water for irrigation, domestic, industrial and housing development supplies under the
Wells Law, Cap 351. Permits for the drilling as well as a license for the use of the water
are required.
Problems of present water management set up and plans for change
Inter-agency co-operation in managing water is as good as can be expected given the various
approaches and goals set by each participating agency. Fragmentation of responsibility has
caused many problems in all sectors. Since the WDD is responsible at the executive level for
water management, the technical situation is very good. However, effective decision-making,
implementation of works and enforcement is made difficult because legal and management
responsibilities rest with the District Officers. These difficulties lead to considerable delays in
project authorization, implementation and overall water management. Through various laws
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the District Officer is the controlling authority at the user level. The WDD and the
Department of Agriculture assist the District Officer in an advisory capacity on technical
matters. This is not a satisfactory arrangement because there is no single agency responsible.
When there is a conflict of interest and purpose, the technical departments are unable to
implement agricultural policy even though it should be a major criterion in irrigation works
and domestic water supply allocation. The District Officer for example is the authority by
Law issuing drilling and water use permits. Usually but not always, the advice of the Water
Development Department is requested. This has repercussions both on the management
of the aquifers but also on the agricultural activity. The District Officer (Ministry of
Interior) is the chairman of the Irrigation Divisions and the Town Water Boards whilst
the Water Development Department representative participates in an advisory role.
Although there is generally good cooperation amongst the District Officer and the
technical Departments of the Ministry of Agriculture, Natural Resources and
Environment, on many occasions conflict of interest does not allow clear policies to be
followed which, in turn, may not lead to sustainable management of scarce water
resources. It is broadly recognized that this dual responsibility, especially at user level
where the WDD is only an advisor, has many disadvantages. It is proposed to bring this
responsibility for water under a single ministry. The Cypriot Government, in 1997,
appointed the WDD as the single Water Entity responsible for water while continuing to
operate as a government department. The Water Entity is responsible for the following
activities: issuing drilling permits; groundwater use and abstraction from all sources by any
organized entities; monitoring, control, collection and treatment of wastewater from rural,
industrial and livestock areas. A law and regulations required to get a modern water law
that is in full harmony with the European Union have been prepared by the Attorney
General and have been submitted to the House of Representatives in 2000. Although
discussions on the draft law have been initiated, these have not been completed as yet.

Legal and regulatory framework
Water legislation
There is currently no umbrella law covering water, however, all surface water,
groundwater and wastewater belong to the government, which has the power to construct
waterworks and undertake their management. Legislation on water has evolved on an ad
hoc basis. The result is that present statutory water laws are numerous, complex,
duplicatory, with divided authority and recognition of private rights. Primary responsibility
for enforcing these laws is divided between the two Ministries of Agriculture and the
Interior. There are seven important water laws in force as well as another 15 that include
provisions related to water. These laws form the basis of resource development,
interaction between the government and users, and establishment of local water bodies.
The legislation covering groundwater abstraction is particularly deficient in light of
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significant degradation of several aquifers. Private individuals have the right to apply for
permits to sink boreholes or dig wells. Several surface and groundwater sources may
constitute private property in the form of registered water rights. Still the government has
the power to declare some groundwater aquifers to be under “Special Measures” and
impose restrictions on borehole drilling and water abstraction. Illegal drilling of wells has
been quite common and in one particular area up to 47 % of the wells was drilled without
a permit. The responsibility for monitoring compliance and dealing with illegal well
drilling lies with the District Officer of the Ministry of Interior. In practice, monitoring of
compliance is also executed by the WDD who must refer such cases to the DO to take
action and bring such illegal actions to court. Illegal drilling occurs mainly because farmers
need to improve their economic situation. Illegal drilling not only continued but increased
because of the limited supervision and control, the light penalties imposed, the possibility
of each case being reconsidered, the issuing of a covering permit after discovery and
interference in the process by non-technical lobbies. Added to this, the leniency in the
case of farmers with regard to their social and economic situation plays an important role.
The protection of the environment and of the water quality has been encoded in the
Control of Water Pollution Law 69 of 1991. This law provides for the elimination or
reduction and control of water pollution, for the improved protection of water resources,
the health of the population and the protection and improvement of the environment and
the water’s flora and fauna.
Water pricing
The Government sets prices for water delivered from government schemes to individual
farmers, Irrigation Divisions and Communities, and Water Boards. Irrigation Divisions
that have their own water sources set their own prices. These prices cover operation and
maintenance costs and the portion of capital costs that they are responsible for. Irrigation
water is subsidized by law and subsidies can represent up to 60 % of the total cost.
Irrigation water from government schemes is currently set at 34 % of its actual cost
whereas domestic water is supplied at full cost. Water tariffs are established as follows:
For publicly supplied irrigation water, the government sets water rates which are ratified
by Parliament. For domestic water, the Government sets the water rates for bulk sales
from government schemes. The Water Boards add their own costs and then submit the
new rates to Parliament for approval. Towns and villages managing their water supply (i.e.
not under a Water Board) do not need parliamentary approval. Recently, Parliament
requested new rates being proposed to be first considered by the Price Committee before
being submitted to Parliament. Parliamentary approval is necessary to set or adjust
sewerage tariffs. A uniform rate is charged for all government schemes in Cyprus. Bulk
drinking water tariffs are reviewed periodically in order to recover full operating costs,
depreciation, working capital and debt servicing in excess of depreciation. Current
municipal water tariffs vary, depending on local cost structures, from € 0.39 in the south
which has locally available cheap groundwater, to € 1.00 per m3 in central Cyprus.
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Changes to water tariffs, especially uniform domestic water tariffs, are difficult since the
Water Boards, Municipalities and Village communities can not readily implement them.
The difficulty arises because production and purchase of water differ according to the
source, whether it is groundwater or surface government schemes. Furthermore, the
administration, distribution, network maintenance and improvement costs vary from one
organization to the other due to size, organizational structure and personnel. The water
tariff structure imposed by the Water Boards is made up of two parts: a fixed charge and
a volumetric charge. Tariff rates are progressive; for example, the volumetric charge
increases as consumption increases. This progressively promotes water conservation. The
uniform domestic water cost to the Water Boards, Municipalities and Villages is equal to
the uniform production cost of water from dams, boreholes and desalination plants. The
uniform domestic water cost is C£ 0.385 per m3 (€ 0.65). The water tariff currently in
effect is C£ 0.335 per m3 (€ 0.57) which has not been adjusted to include the production
costs of desalinating 14 Mm3 per year since 1997. The Water Boards at present buy bulk
water from government schemes at C£ 0.27 per m3 (€ 0.46) which becomes
C£ 0.335 per m3 (€ 0.57) when their additional costs are added. Current charges are in
effect subsidizing water supply by C£ 0.115 per m3 (€ 0.19) or 30%.
Household water use metering is universal in Cyprus. Capital expenditures for rural water
supply is subsidized depending upon a number of factors including the population. The
subsidy varies from 83 %, for less than 100 people, to 50-75 % for more people.
According to the Waterworks Law irrigation water fees are limited to 40 % of the average
total cost of water. In exceptional cases, such as high-income agricultural activity and
greenhouses, charges can be increased to 65 % of the average total cost of the water.
However, this increased charge has never been applied. Non-governmental schemes
users, such as the Irrigation Divisions, are eligible for grants amounting to 65 % of the
construction costs. The IDs then set tariffs to recover costs that have to do with
operation and maintenance and the remaining capital costs. For government schemes,
tariffs are currently set to cover 34 % of the weighted average cost of water delivery. This
translates into a tariff of C£ 0.065 per m3 (€ 0.11). This tariff is high enough to provide an
incentive to farmers to use water conserving technologies. However, this tariff is still
equivalent to a subsidy of C£ 12.5 million (€ 21.3 million) annually and is the only direct
subsidy to irrigated agriculture. Although current tariffs may encourage cultivation of high
water consuming crops, increasing the tariffs would make many of these crops
unprofitable. Some crops, however, such as most vegetables, deciduous fruits and nuts,
would remain profitable. An additional consideration is that as surface water becomes
more expensive, it could lead to excessive use of local groundwater. This could result in
saline intrusion and further degradation of the aquifer reserve leading to greater inequities
between the farmers depending on government schemes and those depending on nongovernment schemes. Parliament is unwilling to raise tariffs from 34 to 38 % for political
and economic reasons. It is feared that raising tariffs to 38 %, or higher, of the average
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unit cost of water could well discourage irrigated agriculture and lead to further
urbanization with all its associated social problems.

National water policies and plans
The initial water policy
Water resource development in Cyprus initially focused on groundwater, because of the
high cost of surface water development. However, depletion of key aquifers, together
with rising overall demand necessitated a revision of this strategy. With independence in
1960, the slogan, “not a drop of water to the sea”, determined the water policy of the
Government of the new Republic of Cyprus and all subsequent governments. Though
this policy is still prevalent, water management approaches now are only storing amounts
of water that do not affect the recharge of aquifers downstream of the dams, and that
prevent saline intrusion in the coastal aquifers. In the 1960s the Government
comprehensively surveyed the island’s water resources under the “Cyprus Water Planning
Project” with the FAO’s assistance. This survey paved the way for implementation of five
major development projects based on the conjunctive use of surface and groundwater
(Figure 4). These projects, comprising ten dams and using a number of local aquifers,
provided 17 Mm3 of water. The water would be used to irrigate 21 000 ha and provide
domestic water to the major cities and surrounding towns and villages. To date, only 70
Mm3 have been taken up by the farmers. Present storage capacity in Cyprus is 300 Mm3,
having increased from 5 Mm3 in 1960. The Government also worked on schemes toward
the replenishment and protection of groundwater resources and to provide piped water to
all towns and villages for domestic and industrial uses.
The present water policy
The basic objectives of Cyprus’s present water policy are:
• To secure a sustainable balance between supply and demand at the least possible
cost.
• To keep in check increasing demands for water by appropriate pricing
mechanisms and information being passed on to the end users.
• To apply irrigation water in line with the actual crops’ water requirements.
• To modify, as much as possible, cropping patterns in favour of crops with lower
water requirements or annual winter grown crops.
• To reduce losses from the urban water distribution systems and to increase the
efficiency of domestic water use.
• To emphasize high value crops.
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The current Development Plan for 1999 to 2003 has the following basic objectives and
specific aims:
• To complete the construction of major and secondary water works as per the
development program. In particular, the works for the combined domestic water
supply delivery to the Nicosia area and irrigation on the Tylliria rivers in the
northern part of the Troodos mountains yielding a total yield of 0.018 km3. The
remaining water development projects are limited and therefore are not expected
to augment the water supply substantially;
• To improve the operation, maintenance and control of the water works to ensure
optimal exploitation of existing works;
• To monitor international technological developments regarding desalinating
brackish and sea water. With specific regard to how to apply such methods, reuse
treated effluent sewage and suppress evaporation from reservoirs;
• To improve the domestic supply of urban and rural areas with a view to securing
at least 180 l/c/d and 135 l/c/d, respectively. In particular to use nonconventional sources to ensure a permanent supply of water and remove the
dependency on the weather conditions;
• To promote demand management through technical and pricing mechanisms;
• To promote an institutional reorganization to allow effective management of
water resources, through the establishment of a single Water Entity;
• To protect water resources (surface and groundwater) from pollution, irrational
use and sea intrusion;
• To harmonize Cyprus’s water policy with the European Union’s policy as much
as possible.

The existing water infrastructure in Cyprus (the system)
Surface water
To alleviate water scarcity strangling the national economy since the 1960’s, Cyprus
embarked on a program to increase water supply by constructing dams and conveyance
infrastructure under the motto “No drop of water to the sea”. Since 1960, the freshwater
storage capacity was increased 50 times from 5 Mm3 to 300 Mm3. Nowadays Cyprus
ranks as one of the countries with the highest degree of dam development in the world.
Water storage capacity in Cyprus is about twice the average annual runoff and a good
degree of national water security was achieved in the face of unreliable rainfall. Many of
the dams have as yet not spilt water over their spillways owing to their large capacity with
respect to annual runoff and a persistent dry spell. While most river catchments are small,
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the construction of the Southern Conveyor and controlled connections to rural and urban
user communities enabled a wide area water management. Of all possible dams that
engineers can construct in Cyprus, a large number of the more attractive opportunities
have already been implemented. More dams are possible but carry a high price tag: the
cost of water from new sources is higher than the cost of water from sources that have
already been developed. The maps below show the major waterworks constructed on the
island (Figure 7) and in a schematic form the ambitious Southern Conveyor Project
(Figure 9) which is the largest constructed on the island. As discussed earlier, the recent
WDD/FAO study produced evidence that in about 1970 and onwards there is a clear
decrease in average annual rainfall. The dams were designed on the basis of the rainfall
and river flow data series collected since 1917 in which the after 1970 years had little or
no weight. In terms of surface runoff, the reduction in rainfall results in a runoff that in
average is about 45% lower than had been foreseen when designing the works. The
calculation underlying the economic benefits of the dams is thus significantly
undermined: no water is lost to the sea, but the amount of water retained is less than had
been expected and the cost per m3 of water is consequently higher than previously
calculated. The negative water demand and supply balance for the period of 1996 to 2001
is shown in the graph in Figure 8.

Figure 7: Major water development works.

240

Iacovos Iacovides: Water resources management and patterns of water use in Cyprus

Figure 8: Government Water Works - Water supply and demand balance in 1996 – 2001.

Figure 9: Schematic drawing of the SCP water collection and distribution.
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The Southern Conveyor Project
The Southern Conveyor Project (SCP) in the southern and eastern part of the island
covers over 40 % of Cyprus (see Figure 9). The plan was suggested in 1970 based on
earlier ideas for integrated river basin development introduced by the joint FAO-Cyprus
“Water Planning Project”. The SCP is a multi-basin, -unit and -purpose development
scheme using surface and groundwater. It collects, stores and redistributes surplus runoff
collected on the south coast, for use in irrigation and domestic supply to 80% of the
population in the southern and eastern areas. It also supplies domestic water to Nicosia in
the central part of the island. The SCP was implemented because it complied with the
Cypriot Government’s policy to develop alternative sources of domestic water. This was
due to increasing demand due to a rising population and tourism which coincided with
decreasing groundwater availability. An additional factor is the priority placed upon
agricultural produce for the export market, despite the importance of industrial and
tourism development for the economy. Water allocation to the different sectors is
prioritized in the following order: domestic, tourist, industrial and irrigated agriculture.
After considering the needs of existing projects and users, the surplus water of six rivers
was used in the SCP. Based only on the Kouris reservoir and diversion from the
Dhiarizos river, water availability in the SCP amounts to 65 Mm3 with 26 Mm3 for
domestic supply and 32 Mm3 for irrigation. Two other existing water development
schemes have been integrated into the SCP’s operation. The project was carried out in
two phases and is almost complete except for the irrigation distribution system supplying
2 500 ha. The SCP has cost € 276 million and has been funded mainly by the World
Bank, Kuwait Fund, European Investment Bank and the Resettlement Fund of the
Council of Europe.
The principal features of SCP include: (i) the Kouris reservoir capacity 115 Mm3; (ii) the
14.5 km long Dhiarizos diversion taking 21 Mm3 per year from the Dhiarizos river to the
Kouris reservoir; (iii) the 110 km long Main Conveyor from the Kouris reservoir to the
Akhna Terminal reservoir; (iv) the Akhna Terminal reservoir capacity 6 Mm3; (v) the
Germasogia reservoir capacity 14 Mm3; (vi) tertiary treatment of Limassol sewage capacity
13 Mm3 used as a source for artificial recharge and irrigation; (vii) irrigation development
areas with pressurized distribution networks covering 13 500 ha; (viii) two treatment
works (total daily capacity 100 000 m3) supply domestic water to a number of urban and
tourist areas; and (ix) a telemetry system to monitor and operate the system. The Water
Development Department operates the SCP. The domestic water supply is supplied in
bulk from the water treatment works to the Town Water Boards and Village Water
Commissions who undertake its distribution to consumers. A full cost recovery policy for
domestic water supply is followed. The works have been designed to meet expected
demands up to the 2010-year horizon. Two major areas have been developed for
irrigation with three other minor areas still pending in view of the drought experienced in
the last 10 years. All irrigation areas contain some groundwater which is already exploited
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for irrigation and which is integrated within the system. In the Akrotiri area covering
1 755 ha, west of Limassol, a major part of the irrigated area is envisaged to be gradually
served by re-using tertiary treated sewage effluent from Limassol. In this area four nightstorage reservoirs (NSR) have been constructed to provide adequate pressure and to
enable conveyor water and re-pumped treated effluent which is recharged artificially into
the local aquifer to be economically used. The easternmost area of Kokkinochoria, a
major potato-producing area, makes up 60 % of the SCP’s irrigation water demand. Water
is supplied to 48 Central Distribution Points (CDPs) beyond which the farmers assume
responsibility for its distribution. This is done through the formation of nine Irrigation
Divisions. A CDP comprises a small operational reservoir and pumping station that
boosts the water providing sufficient pressure for on-farm irrigation equipment.
Water is supplied to the CDPs either directly from the Main Conveyor in limited cases, or
from the Akhna Terminal reservoir. Local groundwater generated by the farmers
themselves, due to the small borehole yields, is taken into account when project water is
allocated. Under normal conditions the supply of water for irrigation is estimated to be
30 Mm3, although in certain years this supply could be halved. In such cases and on the
occasion of prolonged droughts the farmers are warned and irrigation water for seasonal
crops is allocated accordingly. Farmers are free to choose the crops that they grow,
although a cropping pattern has been envisaged according to various parameters such as
soil, climate and markets. Land consolidation has been implemented in the main irrigated
areas. On-farm irrigation systems involve sprinklers, mini-sprinklers and trickle (drip).
However, irrigation water is still subsidized as described in the main text. The effect of
the SCP can be seen in areas such as Kokkinokhoria when, with its long experience in
irrigation and potato export, it was facing complete disruption of agricultural activity due
to reduced water availability. This region had “mined” its groundwater reserves for more
than 30 years with the result of reduced borehole yields, sea-intrusion into the aquifer and
a reduced overall yield of water amounting to one third of the original yields. The SCP
allowed agricultural activity to continue in this area at past levels. A similar effect has been
produced in the Akrotiri area where increased pumping for domestic supply caused
exhaustion and sea-intrusion into the local aquifer. The increased demand for domestic
water supply due to population growth, increased living standards and especially due to
increased tourism has largely been met and allowed irrigation to continue using local
aquifers. The prolonged drought of the past 10 years would have had far more serious
repercussions had the SCP not been in operation. This is so although the project itself has
not been able to meet all the set targets due to reduced inflow to the reservoirs.
Desalination plants, which were envisaged for the time period beyond 2010, had to be
brought forward due to the drought. The SCP has also enabled flexibility in meeting
various supply problems through the installed pipelines and waterworks infrastructure.
Budgetary impacts were reduced considerably within the framework of the national
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economy through careful planning and phasing of the project’s implementation over 10
years, after the feasibility studies (1979-1983).
Groundwater
The groundwater resources have been and still are under considerable stress mainly due
to the easy access by individuals, the relatively cheaper cost of groundwater, the
exclusiveness of supply in certain areas and the dry spell that the island has experienced
since 1970. As indicated earlier, groundwater may account for about 50% of the supply or
130 Mm3 per year. Almost all aquifers exhibit a negative balance, with coastal aquifers
having been seriously intruded by seawater, some having been “mined” down to 15% of
the original reserves and some not being able to maintain their yielding capacity
throughout the year. The reduction of the natural recharge due to the cut-off caused by
upstream dams is, under normal conditions, being substituted by releases for artificial
recharge. This has not been the case though in the last few years.
Seawater desalination
Aggravated water scarcity in the 1990’s and the situation of deficient water supply for
domestic use, including the tourist sector, caused State intervention to ensure a stable,
continued supply of good quality drinking water through seawater desalination. Two
desalination plants are presently in operation, one at Dhekelia built in 1997, with a daily
production rate of 40 000 m3 at 54 cents/m3 (€ 0,92), and the second at Larnaca airport,
built in 2001, producing 51 000 m3 per day at 41 cent/m3 (€ 0,7) . Both have been under
the BOOT financial arrangement and both use the Reverse Osmosis method. The
measure was successful in providing a steady supply of water to the domestic sector,
including the economically important tourist industry. However, considering that close to
70% of all water resources on Cyprus are used for agriculture, a sector that contributes
only a minor part to national wealth and struggles with a lack in labour force, a close
scrutiny of water allocation policy appears to be needed. It is important when designing
policies, to consider the ways in which water can best contribute to national wealth.
Water Recycling
A substantial amount of water is reused and has become available for agriculture and the
urban and rural environment. Recycled domestic water is a growing resource in Cyprus.
Policies may strengthen its role in enhancing the urban and rural environment (green
areas, parks, forestation) by backing up agricultural water needs and recharging
groundwater reserves. Policies should probably discourage using the boon of recycled
water for expanding an already subsidized agriculture. At present about 3 Mm3 of tertiary
treated sewage effluent is used for agriculture and landscape irrigation. The crops irrigated
with recycled water are citrus, olives, vines and fodders. It is estimated that by the year
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2012 an amount of approximately 30 Mm3 of treated sewage effluent will be available for
agriculture and landscape irrigation.
The micro-irrigation programme
The micro-irrigation programme was successfully implemented due to incentives for the
farmers such as subsidies and long-term low interest loans for purchasing and installing
improved irrigation systems. Extensive field demonstrations by the Government
convinced farmers of the need to use improved irrigation systems to save water and
increase their crop-yields. The farmers gradually moved from flood irrigation to sprinklers
for vegetables, hose-basins for tree crops and other micro-irrigation systems. As a result
of these efforts the flood-irrigated area declined from 13 400 ha in 1974 to 2 000 ha by
1995. Over the same period, micro-irrigation cover has increased from 2 700 ha to
35 600 ha. There are few margins for further improvements in water application
technology. The area still under flood irrigation, 2 000 ha, is mostly cropping deciduous
trees in the hilly areas of the country. These crops are usually irrigated using small springs
that cannot be easily changed to improved irrigation techniques. The Ministry of
Agriculture, however, is trying to improve irrigation in these areas through partial grant
assistance, land levelling and infrastructure improvements.
Measures to deal with drought
Cyprus experiences droughts quite often. Statistical analysis of annual rainfall island-wide
(1916-1974) shows that “dry” years (390-470 mm) and “most dry” years (390 mm and
less) can be expected to occur once every five years. Dealing with drought includes
measures to reduce water supply to users, conserve water and increase water availability.
Water allocation mechanisms under drought conditions have been set up to provide
priority to maintaining domestic and municipal water supplies. The second priority is to
maintain supplies to perennial crops at 80% of the recommended application levels, with
third priority going to seasonal vegetable crops. Farmers are compensated for the
resultant loss of production. In 1998 there were severe reductions in the water supply in
force. Reductions from the government schemes for domestic supply amounted to 20%
for the Paphos scheme in the west, and 29% for the Southern Conveyor in the south and
southeast. Reductions in the irrigation supply ranged from 20-82%. The reduction in
industry and animal breeding was similar to the domestic supply and averaged 28%.
User participation in the water management of projects
Public participation in planning and water management is insufficiently “institutionalized”
at the local level. Four Farmers Unions, based on political affiliation, are active members
of the Government Advisory Committee which advises the Minister of Agriculture on
agricultural policy issues. They are also represented on all Agricultural Marketing Boards

245

Module 5

and are financed partly by the Government and partly by member fees. Public
involvement is limited and takes only place in water allocation decisions made by WDD.
However, WDD does “seek” irrigators’ views when there is need for water rationing,
particularly during droughts. There is no formal procedure for consultations with farmers
regarding water use. Consultations regarding water use are made on the occasion of
planning a new water scheme for irrigation, based on surface water development or
groundwater. This consultation is made through meetings with farmer-unions’
representatives and village chairmen of the particular area involved. These meetings may
continue during the design stage of such a scheme. On a number of past projects, local
farmers were given the opportunity of an in situ description of the local water conditions
and the scheme being planned. Staffs of the Water Development and Agricultural
Department usually carry out these demonstrations. A somewhat similar procedure is
followed on the occasion of plans for land consolidation. Occasionally, the project is also
discussed at meetings with the Parliamentary Committee on Agriculture where local
Parliamentary Representatives may take particular interest. Meetings with farmers’
representatives and local Water Boards are also made on the occasion of drought
measures and rationing of water resources.
Water conservation practices
Where there is a serious water shortage or where a water shortage is likely to exist the
Government can declare aquifers to be controlled areas. “Special measures” can then be
taken to conserve water resources. This allows that water supply maintenance can be
enforced and restrictions can be periodically imposed on every permit regarding
groundwater extraction and use. Water-meters have to be installed at every well, and a
permit may only be issued if the WDD concurs. All aquifers are monitored for water-level
fluctuation, water quality (sea-intrusion), extraction and use. In addition, artificial recharge
of aquifers is being carried out permanently in areas where there is over-extraction and
upstream dams have reduced the natural replenishment. Aquifers are still mainly used for
irrigation. Only for one major aquifer, which has been declared a water conservation area
and is under “special measures”, has groundwater control been successful. In this area the
groundwater used for irrigation was reduced substantially. Other water conservation
measures that have been promoted by the Government include: subsidies for the drilling
(C£ 100 or € 170) and use (C£ 100) of a well or borehole within an urban water supply
area for house-gardens, toilet flushing and other household uses. In 1997, 1743 drilling
applications and 1012 use applications were approved. Plastic bags installed in toilet flush
reservoirs were encouraged with the distribution of 201 370 such fixtures in 1997. Public
awareness campaigns were promoted in the media and these have been quite effective.
There has been considerable effort to reduce distribution losses in urban water systems
through improved monitoring, installation of automated control mechanisms and an
increased use of water-meters at strategic points. In Nicosia losses have been reduced
from 35% to 15-18%. No new applications for irrigation water from government
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irrigation schemes were considered, and approvals for seasonal crops given the previous
year were even discontinued. No surface water from government schemes was supplied
to land that could use groundwater from private wells. A penalty for over-consumption
was placed and a subsidy of C£ 150 per unit of greenhouse collecting rainwater was
applied. Funding of 20% was extended to cover the cost of installing improved irrigation
systems. Public campaigns and farmer training to operate and maintain improved
irrigation systems was carried out.

Part II. Water Use Patterns
An overview of water use
Cyprus’s water resources are highly developed with the economically most viable plans
already implemented. A comprehensive approach to water management has been adopted
involving conjunctive use of surface and groundwater and addressing the
interrelationships between demands for domestic and irrigation water. Demand
management is used to control consumption. The techniques include pricing, rationing
and water conservation measures. Nonetheless, Cyprus continues to face, due to current
drought conditions, an increasingly serious water shortage. Exploiting the remaining
scarce water resources will be expensive. The main implication of this shortage is that
water consumption used for irrigation may have to decrease if Cyprus is to continue to
rely on conventional rather than non-conventional sources of water. Difficult policy
decisions will be necessary. Cyprus has always been confronted with the problem of
inadequate water resources both for its domestic and its irrigation needs arising from its
traditional inclination towards agriculture and the booming tourism industry. The
problem of inadequate water resources for domestic water existed in the past because
infrastructure did not keep pace with the expanding urban areas. This problem was
further exacerbated in times of drought. Today, and after most of the water resources of
the island have been developed, the problem still persists. This is due to the increasing
number of tourists and the high seasonal demand for water, the increased standard of
living and the drought conditions experienced in the last few years. Due to climatological
conditions and development, Cyprus will always be short of water. Land availability on
the island surpasses water availability. The result is that despite considerable ground and
surface water development, only a small proportion of the land is irrigated. In total,
irrigated land does not exceed 20 % of the total cultivated land. The competing demands
for domestic and agricultural purposes, the degradation of certain groundwater areas and
the ongoing drought all exacerbate the problem.
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Total annual water consumption in GC areas is estimated to be 266 Mm3. Irrigation
consumes the bulk of the water, 182 Mm3, with municipal and industrial uses consuming
71 Mm3. Water for the environment is estimated to be about 13 Mm3. In the Turkish
controlled areas irrigation is estimated to use 82 Mm3 with domestic demand standing at
9 Mm3. In recent years water demand has increased in the tourist and municipal sectors,
and this is likely to continue. Projections indicate that under present water policies, water
demand will increase to 314 Mm3 by 2020. It is expected that this demand would be met
at the expense of agricultural uses. Competing demands for water in Cyprus are raising
some interesting issues, exacerbated by the recent dry years. The dynamic competitive
tension between agriculture, urban growth including tourism, and the environment is
becoming quite apparent. This competitive pressure on the limited water resources of the
island, and the conflicting use of it, calls for a significant reallocation of this valuable
resource. In fact, it can be said that Cyprus is now entering a third era of water policy:
The first being water development, which prevailed through the period of 1960 to 1990;
the second being water conservation, which prevailed from the 1970s onwards; and the
third being water reallocation, the wave of the future. The sustainability of water
resources and the maintenance of their “good quality status” is also becoming of
significant importance in view of the need for the successful implementation of the Water
Framework Directive. Methodologies and tools that could assist in this new effort are
very pertinent and urgently required. Medium to long term water management strategies
need to be developed that take into account economic, technical, social, institutional and
environmental implications. Such strategies will be well within the spirit and context of
the Water Framework Directive (WFD) which aims at the preservation and enhancement
of the quality of the environment and the availability of natural resources and their
sustainable development.
The following issues are of particular interest to Cyprus and need to be addressed:
• The development and assessment of alternative scenarios for current and future
water resources allocation;
• The addressing of the inter-sectoral competitive water uses such as:
 Development of tourism as opposed to water availability for the resident
population,
 Water usage in the agricultural sector as opposed to the availability of water
for other uses,
 The development of alternative integrated water resources management
options that will take into account the full economic and environmental
costs;
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• The evaluation of Institutional interventions such as stricter water conservation
measures in the main sectors, changes in water tariffs and subsidiary issues in
contrast to structural as opposed to non-structural solutions;
• The development of alternative integrated water resources management options
that will take into account the full economic and environmental costs;
• The development of improved resource and demand management strategies;
• The formulation of widely applicable guidelines and protocols for the efficient
implementation of the Water Framework Directive under the local
socioeconomic conditions, and
• The formulation of principles of an integrated water resources management
framework appropriate for the climatological conditions of the country, in the
context of implementing the Water Framework Directive.

The water demand
The current and projected total annual water demand, including losses, in the government
controlled area of Cyprus as it was estimated (FAO/WDD- Savvides 2001) is shown in
Table 2 below:
Table 2: Projected annual water demand (Mm3) for the main sectors (2000 – 2020).
Sector of Demand / Year

2000

2005

2010

2020

Agriculture

182

182

182

182

Inhabitants

54

58

63

74

Tourism

14

18

23

31

Industry

3

5

6

7

Environment

13

14

16

20

TOTAL (million m3)

266

277

290

314

Domestic

Agriculture is the main user with 69 % of the total water use, followed by domestic supply
being 25 % of which only 21 % goes to the tourist industry (Figure 10). As can be seen in
Table 2, a constant water allocation to agriculture is assumed. Water shortage in scarcity
situations is settled through rationing and, where it is possible, through increased
groundwater extraction.
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The current water demand by sector and the source of supply are shown below in Figure
11 and in Table 3. Groundwater remains the main source of water supply, particularly for
the agricultural sector and in areas outside the government-owned irrigation schemes.

D is trib u tio n o f W a te r D e m a n d fro m v a rio u s S e c to rs - Y e a r
2000

A g ric u lt u re
69%
D o m e s t ic e x c l.
To u ris m
20%
To u ris m
5%

E n viro n m e n t
5%

In d u s t ry
1%

Figure 10: Distribution of Total Water Demand amongst various Sectors for the year 2000
(Savvides et al. 2001).

Water Dem and by Sector and anticipated sources used for the year 2000

Groundwater

200

AGRICULTURE
182.4 MCM

Surface water
DOMESTIC
67.4 MCM

Springs
INDUSTRY
3.5 MCM

Desalination
ENVIRONMENT
12.5 MCM

180
160

Million m3 / year

140

Surface Water
82 MCM

120
100
80
60

Groundw ater
100.4 MCM

40

Desalination
33.5 MCM
3.5
14.5 MCM

20

16 MCM
0
Agriculture

Domestic

3.5 MCM
Industry

Figure 11: Water Demand by sector and source of water supply (2000).
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Table 3: Current water demand by sector and the source of supply.

Current water demand by sector and source of supply
Surface water

Groundwater

Springs

Desalination

Total

Mm3

%

Mm3

%

Mm3

%

Mm3

%

Mm3

%

Agriculture

82

45

100

55

-

-

-

-

182

68

Domestic

15

22

16

24

4

6

33

48

68

26

Industry

-

-

3

100

-

-

-

-

3

1

Environment

5

42

8

58

-

-

-

-

13

5
100

Total

102

127

4

33

266

%

38

48

1

13

100

Some 57 % of the agricultural water demand (100 Mm3) under normal weather conditions
is met through supply from Government Waterworks and the remainder from nonGovernment sources of water (75 Mm3). Almost 96 % of the water demand outside the
government schemes is satisfied by groundwater. Of the domestic water demand some
78 % occurs in the main cities and suburbs and the remainder is rural water demand.
Permanent crops take the largest share of water for agriculture (59 %). This is partially
explained by preferential quotas allocated to the sector during drought periods. The per
capita daily water use (including network losses) in the year 2000 varied from 150 l/c/d in
Nicosia to 222 in the Paphos area. The average consumption in rural areas was 144 l/c/d.
The demand by tourists was 465 l/c/d, on average. The total annual water demand for
natural ecological areas and landscaped, irrigated areas is estimated at 19 Mm3. Municipal
potable water that was extensively used for watering house gardens has, in the last few
years, been considerably reduced due to the water shortages. Boreholes drilled within the
main towns by individuals, subsidized by the Government, have led to groundwater of
marginal aquifers in urban areas becoming the main source for irrigating house and hotel
gardens. Furthermore, part of the municipal areas and a number of hotels receive treated
sewage effluent. Small treatment units exist also in many hotels, where the treated water is
used for irrigating landscaped areas.
Agricultural water use
Total agricultural land under government control is 200 000 ha. On approximately 45 %
grow annual crops and on 21 % perennial crops (Agricultural Census of 1994). Irrigated
land covers 37 000 ha representing about 25 % of the cultivable land (crop and fallow)
and accounts for 60-70 % of income generation. Extensive carob and olive tree
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plantations are located in the foothills of Troodos. Vines cover large areas, mainly at
elevations of 600-1 200 m. Dry-land farming is practiced in the plains where wheat and
barley are widely cultivated. Irrigated crops include citrus, deciduous fruits, table grapes,
potatoes and vegetables. The annual island-wide water demand for irrigation is estimated
at 264 Mm3 divided into 100 Mm3 for government projects, 82 Mm3 for private and
communal projects, and 82 Mm3 in the Turkish controlled areas. In GC areas irrigation
uses 74 % of total water demand. The agricultural sector dominates water use in part
because of agriculture’s traditional role but also because of the water policy developed in
1960 after independence. The economic viability of major water development works at
the time depended on maximum utilization by agriculture. Only 12-13 % of the arable
land is irrigated. Increasing water supply in order to expand the irrigated area is expected
to depend heavily upon tertiary-treated domestic wastewater. Minor additions may
originate from new dams in the future, particularly in the Paphos area and on the
northern slopes of the Troodos range. The remaining arable land receives agricultural
subsidies focusing on rain-fed wheat and viticulture.
For irrigated crops, the only direct subsidy is the water supplied from government
irrigation schemes. In the case of private investment in tube-wells and other irrigation
works, farmers can get short or medium-term loans from commercial banks and
cooperatives. Irrigation water from government projects is sold either directly to the
farmers or through their local irrigation division (ID) on a volumetric basis. Cost recovery
amounts to 34 % of the average cost per unit of water delivered and includes
depreciation. The government directly subsidizes communal irrigation projects to cover
two thirds of the capital cost, and also provides soft loans to cover the remaining one
third. Operating costs, however, remain the responsibility of the participating farmers.
Water-efficient technologies are used on government schemes, such as pressure pipe
systems, mini-sprinklers or trickle systems and water metering at the farm-gate. On nongovernment schemes there remains some scope for water-conserving technologies,
especially in the mountain areas. Several government irrigation schemes, especially near
the coast, have not had their farming potential realized. Farmer uptake in these large
irrigation schemes has varied between 35-70 %. One major reason for low farmer uptake
is the recent drought which has resulted in the government discouraging farmers from
joining. Furthermore, these schemes were conceived before the rapid expansion of
tourism. Landowners, now, prefer to retain the land for prospective tourism development
rather than installing irrigation networks. Meanwhile, the national policy on irrigated
agriculture still aims to maximize water availability for irrigation and to produce high
value crops for export. The national policy also aims to substitute imported produce with
local products wherever technically and economically feasible. This is expected to stop
sectoral reallocation of water from agriculture to service industries such as tourism.
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Projections for irrigation’s water demand depend on a number of factors. (These factors
include the local economy, social policy, labour force and international commercial and
political developments, such as Cyprus’s entry into the EU). Until recently, demand
projections for irrigation were over-estimated, whilst municipal and tourist water
demands were under-estimated. If existing irrigated areas and current pricing policies are
maintained, overall irrigation water demand is anticipated to remain steady at about
182 Mm3. This is reasonable since virtually all the island’s water resources have been
developed. In the Turkish controlled areas irrigation is not expected to expand and may,
in fact, decrease because of over-pumping and limited surface water. Total demand for
annual irrigation water for the whole of Cyprus is projected to reach 284 Mm3 out of a
total demand of 396 Mm3 by 2020. The agricultural water demand is assessed on the basis
of the irrigated areas per crop category in a “normal” (non-drought) year. The amount of
water consumed is then calculated according to the water demand of the crop under the
climatological conditions of Cyprus. Computed in this way, the total agricultural water
demand is of the order of 182 Mm3, distributed between irrigated agriculture and animal
husbandry as shown in Table 4 and Figure 12:
The major government irrigation schemes use 57 % of the total water (100 Mm3),
including 15 % estimated conveyance losses. The remaining 43 % (75 Mm3) is used in
scattered irrigated areas developed by individuals and communities. Almost 96 % of the
water demand outside the government schemes is satisfied by groundwater. The
distribution of water demand by crops is shown in Table 5 and Figure 13. It is worth
noting the large share of permanent crops, in particular citrus, with regard to water
demand. This is partially explained by preferential quotas allocated to the sector during
drought periods. The distribution of water demand for animal husbandry is shown in
Table 6 and Figure 14.
Table 4: Estimates of agricultural water demand.
Mm3

%

100.1

55%

74.3

41%

174.4

96%

Animal Husbandry

8.0

4%

TOTAL Agriculture

182.4

100%

Irrigated Agriculture
•Within major Government Irrigation Schemes
• Areas Outside the Government Irrigation Schemes
Total Irrigated Agriculture
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Distribution of Agricultural Water Demand
Animal
Husbandry
4%
Areas Outside the
Government
W ater Schemes
41%

Major Government
W ater Schemes
55%

Figure 12: Distribution of Agricultural Water Demand (Savvides et al. 2001).

Table 5: Distribution of water demand by crop.

Permanent
Crops

Citrus

32%

Deciduous*

11%

Olives
Table Grapes

5%
3%

Bananas

2%

Remaining
areas

6%

Total

59%

Annual
Crops

Greenhouses
Open Field
Vegetables
Potatoes
Fodders

2%

Total

41%

22.5%
9.5%
7%

* Deciduous: apples, pears, peaches, cherries, prunes and plums, kiwi, diospiros kaki or lotos, walnuts, pecan nuts,
hazelnuts, figs, pomegranates and irrigated almonds. Source: Savvides et al. (2001).

Distrib u tio n o f T o ta l W a te r De m a n d fo r P e rm a n e n t
a n d An n u a l Cro p s

An n u a l
Cro p s
41%

P e rm a n e n t
Cro p s
59%

Figure 13: Distribution of total water demand for permanent and annual crops.
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Table 6: Number of animals per District for year 2000.
District
Nicosia
Famagusta
Larnaca
Limassol
Paphos
Total

Cattle
19 041
4 360
26 415
3 255
908
53 979

Pigs
239 507
8 817
114 485
32 695
15 923
411 427

Sheep/Goats
85 044
28 605
114 768
105 540
116 514
450 471

Poultry
10 160 443
677 269
3 307 615
1 622 534
232 139
16 000 000

Distribution of Water Demand for Animal Husbandry
for year 2000

Cattle
37%
Poultry
18%
Sheep/Goats
17%

Pigs
28%

Figure 14: Distribution of water demand in animal husbandry.

The desalination of seawater in the last few years was an immediate and expensive
solution to the domestic water for a large part of the population. However, considering
that close to 70% of all water resources on Cyprus are used for agriculture, a sector that
contributes only a minor part to national wealth and struggles with labour scarcity
problems, a close scrutiny of water allocation policy appears to be needed. This may
partly be achieved if the correct price for irrigation water is charged. In a farmer’s
calculations, the cost of water represents only one parameter; other farming costs include
infrastructure, labour and marketing risks. Rather than by the amount of water used for
growing a crop, farmers are likely to be guided by the profit that can be derived from the
crop.
Figure 15 shows, for a small selection of crops, an estimate of water requirements in m3
per hectare and the value obtained per m3 of water. It appears that crops with high water
requirements, such as “colokasia”, (Colocasia esculanta), and fodder, yield a low value per m3
of water. Figure 16 shows, for the same selection of crops as in Figure 15, the cost of
water, other costs (labour, financial, etc.) and the benefit per hectare reaped by the farmer.
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None of the crops in the example appears to be particularly sensitive to the cost of water.
The water-greedy colokasia shows a good benefit for relatively small costs. Greenhouse
tomatoes appear to be profitable and little affected by the cost of water but the high
incidence of other costs suggests that the farmer may be running high risks and a shift in
market prices could lead to a situation similar to that exemplified for “French” beans
(large non-water cost and financial loss). Citrus, which takes 32 % of all irrigation water,
shows a low value-in-use of water and modest net benefits and invites to closer scrutiny
in agricultural water policy.
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Figure 15: Water requirements in m3 per hectare and value obtained per m3 of water.

Water use efficiency, in terms of water used per ton of crop, is reasonably good.
However, use of water in the services and light industries sector bears a potential to
generate more and better remunerated employment. The schematic cost structure of most
agricultural crops shows that the cost of water is only a minor factor when compared to
the cost of investment and labour, suggesting that there may be leeway available towards
achieving a higher level of water cost recovery. In this context, a review of water
allocation criteria and tariffs should take place. The irrigation water tariff is CY£ 0.0631
(or € 0.11) per m3, about one tenth of the cost of desalinated water. The EU Water
Framework Directive calls for this tariff to be increased to “adequate” cost recovery at
about CY£ 0.30 (or € 0.51) per m3. However, this target will be very difficult as a result of
social, environmental and economic effects of full cost recovery. Water policy for the
agricultural sector may consider a number of incentives and disincentives to conciliate
water availability with demand and to ensure that adequate food security and rural targets
are achieved in exchange for the substantial subsidy the sector is receiving. The matter is
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complicated by the traditional two-tiered nature of water rights: users of government
owned water systems pay the established tariff, while owners of “old” water rights and
wells do not pay. Under such circumstances, an increase in water tariffs in the public
systems is bound to encourage further overexploitation and mismanagement of
groundwater. Realizing a policy of uniform water rates over the island remains a difficult
problem.
Cyprus: cost of water, other costs and benefits, for selected crops
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Figure 16: Cost of water, other costs (labour, financial etc.) and benefits per hectare of selected crops.

Municipal demand
The sources for domestic water supply are desalination (50 %), groundwater (23 %),
surface water (22 %) and springs (5 %). Per capita daily water use (including network
losses) in the year 2000 in the main towns and the aggregated villages is shown in Table 7.
The projected domestic water demand is shown on Figure 17.
Table 7: Actual per capita daily water consumption during the year 2000.
Litres/capita/day
Litres/capita/day
Town
including losses
including losses
Nicosia
150
Paphos
222
Limassol
215
Villages
144
Larnaca
162
Note: Paphos has the higher losses in the distribution network, which are over 30 %. (Savvides et al. 2001).
Town
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The domestic water demand based on 215 l/c/d for the main towns, 180 l/c/d for rural
areas and 465 l/c/d for tourist premises is shown in Figure 18 and in Figure 17 and
Table 8.
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Figure 17: Water demand of residents and tourists per main town and suburbs for the year 2000 (Savvides
et al. 2001).
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Figure 18: Projected domestic water demand (incl. tourism) for 2000 to 2020.

258

2020

Iacovos Iacovides: Water resources management and patterns of water use in Cyprus

Table 8: Domestic water demand for residents and tourists for the year 2000.
Water demand (Mm3)
Resident
Tourist
Total

% of Total

Nicosia & Suburbs
16.6
0.7
17.3
26%
Limassol & Suburbs
12.8
3.6
16.4
24%
Larnaca & Suburbs
5.8
2.0
7.8
12%
Paphos & Suburbs
3.0
3.5
6.5
10%
Famagusta
1.2
3.5
4.7
7%
All villages
11.3
0.8
12.1
18%
British Bases
1.8
1.8
3%
Turkish Sector / Nicosia*
1.0
1.0
1%
Total
53.4
14.1
67.5
100%
*) Note: The Water Board of Nicosia provides about 1 Mm3 of water annually to the Turkish sector of Nicosia
(Savvides et al. 2001).

Waterworks produce a total of 218 litres per capita per day (l/c/d). After deducting losses
and unaccounted water, the water actually delivered for municipal purposes corresponds
to 166 l/c/d. Domestic consumption stands at 136 l/c/d or 83 %. Piped water of
satisfactory quality reaches most of the population. However, water rationing is required
in years of particularly low rainfall. The municipal uses for the GC areas is estimated to be
about 71 Mm3, including industry. The Government supplies most of the water in bulk to
water boards in the major cities, municipalities and village authorities. Most villages still,
however, maintain their own sources such as springs and boreholes. Municipal water
management is relatively efficient. Unaccounted water use, which includes a high
percentage of unbilled water, is estimated to be 23 % of the total demand. Water quality
in GC areas is excellent and meets World Health Organization (WHO) and EU standards.
Demand for municipal water for the whole island is projected to be 98 Mm3 per year until
2015.
The domestic water tariff is CY£ 0.335 (or € 0.57) per m3, way below the cost of
desalinated water (CY£ 0.62, or € 1.0 per m3). Besides recovering the cost, the water
policy for this sector will have to consider disincentives to the use of drinking quality
water in garden irrigation and to foster and encourage use of cheaper, lower quality water
(groundwater, recycled water) for this purpose. Unaccounted water and water losses in
many domestic water distribution networks, mainly in rural areas, are quite high and
considerable additional effort should be made to detect and replace defective pipes and
increase water awareness. Seawater desalination has ensured a continued supply of good
quality drinking water for domestic uses, including the economically important tourist
industry. However, it represents a trend that leads the island’s water security into
dependence on oil imports for desalination.
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Water Demand for Tourism
The domestic water demand for Tourism was estimated to be 14.1 Mm3 for the year 2000.
However, due to water shortage the actual consumption was probably lower. The
distribution of this demand is shown in Table 9.
Table 9: Water demand (Mm3) of the various regions for the year 2000.
Region

Water Demand

Region

Water Demand

Famagusta

3.53

Nicosia

0.71

Hill Resorts

0.77

Limassol

3.59

Larnaca

1.95

Paphos

3.56
14.11

TOTAL

Role of water in economic and social development
Tourism is the largest economic sector contributing 20.5 % to GDP in 1997, and it is
responsible for the rapid economic development since the 1970s. Agriculture (including
crop production, livestock and forestry) contributed 4.1 % to GDP in 1997, down from
10 % in 1980. Agriculture employs 11.6 % of the labour force. Scarcity of water, land
fragmentation and utilizing agricultural land for tourist development have led to
agriculture’s decreasing contribution. Though tourism demands 20 % of the total
municipal water on average this can be higher both seasonally as well as spatially. Under
water scarce conditions in south-eastern Cyprus, tourism represents up to 40 % of
municipal demand. This figure can be even higher in the summer which exerts
considerable pressure on the water supply systems. Tourism’s seasonal nature and need
for clean beaches necessitated a rapid expansion of the water supply systems, sewerage
conveyance and treatment works in coastal areas. Together with commerce, industry uses
less than 7 % of all municipal and industrial water sales. Most industries are not highly
polluting.

Problems and impacts in the water industry in Cyprus
Water Management
Water management in Cyprus has met difficulties owing to the inherited legal and
institutional framework. Most of these problems are on the way to rectification through
the new legislation under consideration by Parliament. Most of the problems arise from
the fragmentation of jurisdiction in the planning, design, implementation and control of
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the water resources management. The Water Development Department of the Ministry of
Agriculture, Natural Resources and Environment, is responsible at the executive level for
water management at the technical level and to this effect the situation is very good.
However, effective decision-making, implementation of works and enforcement is made
difficult because legal and management responsibilities rest with the District Officers of the
Ministry for the Interior. These difficulties lead to considerable delays in project
authorization, implementation and effective overall water management. Through various
laws the District Officer is the controlling authority at the user level. The WDD and the
Department of Agriculture assist the District Officer in an advisory capacity on technical
matters. This is not a satisfactory arrangement because there is no single agency responsible.
When there is a conflict of interest and purpose, the technical departments are unable to
implement agricultural policy even though it should be a major criterion in irrigation works
and to define domestic water supply allocation.
The built water infrastructure
The built water infrastructure has been the result of master-plans, extensive and
comprehensive feasibility studies and sound workmanship.
The problems with the water-works are two-fold:
One basic problem was the need to achieve a sufficiently high internal rate of return to
have a sound project for finance. This was accomplished by including new lands for
irrigation, creating thus a water demand that did not exist before. This is not unreasonable
for development works but this policy should have been more prudent in view of the arid
to semi – arid nature of the climate of the island. Coupled with this was the exclusion of
the dry weather conditions of 1931 -33 and 1970-73 on the assumption that the
intervening 40-year sequence was sufficient for the evaluation of the hydrology and yield
of the works. This has resulted in higher yields and inclusion of larger areas under the
commanded area. These decisions were not only taken on the basis of economics but also
due to political lobbying and pressure from local farmers. In addition to this, one should
also mention the changed cropping pattern compared to the envisaged one at the
planning stage, such as high water demanding bananas rather than table-grapes. The
devastating results of the above were felt with the occurrence of the drought spell of 1990
onwards.
The other problem was in the opposite direction to the above. Lack of labour and the
development of the tourist industry in certain areas did not allow the development of
agriculture as planned and thus the use of the waterworks has been limited. The same
effect was caused by reduced export prices of certain agricultural products indicating that
the market studies done during the feasibility studies were not exhaustive enough. Added
to the problems above, were the decisive reduction of natural recharge to downstream
aquifers due to the cut-off effect by the dams, the built-up of nitrates, pesticides and other
substances in the groundwater due to increased irrigation with water from the reservoirs
and the absence of the flushing effect of winter floods. Finally the high cost of surface
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water for irrigation, although subsidized, compared to the cost (for operation only) of
groundwater, the increase in demand and the lack of surface water in the last few years
has led to the over-exploitation of the aquifer systems on the island, the reduction of
yield, sea-intrusion and groundwater quality deterioration. On the other hand, the built
water infrastructure has been designed with a 2 to 3 year capacity under normal weather
conditions and it involves extensive inter-basin transfers in the south – south-eastern part
of the island (the Southern Conveyor Project), and in the southwest to western part of the
island (Paphos Irrigation Project). These allow considerable flexibility in the water
management in most areas of the island. Finally, the seawater desalination plants have
freed the domestic supply for major cities and tourist areas from the vagaries of the
weather.
Groundwater management
During 30 years of generally less rainfall and several dry spells, the aquifers were overexploited and depleted of water. Because aquifers are depleted, the agricultural risk has
increased. Unless groundwater is left to recover to a reasonable level, this resource will be
of limited help to mitigate future water shortages. It is relevant for the island’s water
security that the adverse trend in groundwater is checked and reversed. It should not be
taken for granted that all farmers necessarily subscribe to the principles of sustainability: it
can well be, for example, that pumping groundwater for profitable crop production is
seen by the farmer as a temporary activity that will allow earning enough money to get the
children through college and out of farming. Policies should therefore reflect national and
communal objectives as much as the legitimate objectives of individual farmers.

Actions and options
The actions and options arising out of the problems and impacts, as outlined earlier, that
could be applied as a response to the existing infrastructure and the water demands are
outlined in the text that follows. New water demand scenarios could be considered as
demand management scenarios. Some of these actions and options that need to be
examined are listed below:
On the State of the Water System:
• There is a need, capacity and time horizon for new seawater desalination plants at
Limassol (capacity of ultimately 40 000 m3 per day), and at Paphos and in the
Paralimni area (each at a capacity of 20 000 m3 per day) to serve the domestic and
tourist needs in these areas.
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• Investigation of the need for the mobilization of water resources from a number
of catchment areas on the northern slopes of the Troodos Mountains through
the construction of 10 dams of about 80 Mm3 capacity and an estimated annual
yield of 20 Mm3, and a conveyor. This project, called the Northern Conveyor
Project, similar to the already constructed Southern Conveyor Project, will enable
the transfer of water for the domestic supply needs of Nicosia after having
satisfied local irrigation needs. The repercussions on downstream demands of the
“occupied” areas and aquifers will need to be assessed. It is estimated that some
14 Mm3 per year could be added to the water system.
• Investigation of the economic feasibility of the infrastructure required for the
reuse of tertiary treated domestic wastewater. The production of recycled
domestic water is expected to grow to 30 Mm3 per year by 2020. This water could
be used for the enhancement of the environment, for artificial recharge of
aquifers and for the irrigation of selected crops within existing agricultural areas,
replacing freshwater which can be made available for domestic supply. The
Greater Nicosia Sewage Scheme for example, envisages a yearly production of
some 10 Mm3. Unless a new area is to be developed for irrigation within the
peripheral lands of Nicosia, something that should be avoided in view of the
difficulties the sector has due to the lack of water, this water will possibly need to
be transferred through the last section of the Southern Conveyor towards the
Kokkinochoria potato producing area for artificial groundwater recharge. A
change in cropping pattern may need to be investigated for crops suitable for
uncontrolled use of this water.
• An increased use of surface water for irrigation replacing groundwater will need
to be investigated in order to provide an opportunity for the groundwater
aquifers to recover, both quantitatively and qualitatively, and to build up strategic
reserves to enable coping with future water scarcities due to droughts. At present
the aquifer systems, as was discussed earlier, are not in a state to render this
service. This scenario will impart a stress on the Government Surface Water
Works but it might be possible in view of the seawater desalination plants and
the reuse of treated effluents. The costs for the farmers and for production will
need to be investigated if drawing such a policy to relieve pressure on
groundwater systems for a selected time period.
• The extension of the policy on Integrated Rural Development for the villages of
the Pitsilia area of the Troodos Mountains, which among other measures
involved the construction of small membrane-lined, off-channel ponds (100 to
250 thousand m3 capacity) for local irrigation, should be further investigated for
other village complexes. This will dam the movement of the rural population to
urban centres and maintain the rural areas. This policy will have to be formulated
in such a way so as not to affect already built, or planned, downstream water
structures.
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• As a result of a successfully implemented program (subsidies, long-term low
interest loans and effective extension/demonstration programs), the floodirrigated area declined from 13 400 ha in 1974 to 2 000 ha by 1995. Over the
same period, micro-irrigation cover has increased from 2 700 ha to 35 600 ha.
There are few margins for further improvement in water application technology.
The area still under flood irrigation, 2 000 ha, is primarily deciduous trees for
cropping in the hilly areas of the country. These crops are usually irrigated using
small springs that cannot be easily changed to improved irrigation techniques.
However, further efforts should be made to improve irrigation in these areas
through partial grant assistance, land levelling and infrastructure improvements.
The economics of this need to be investigated.
• Water losses in domestic water distribution networks, mainly in rural areas, are
quite high and additional effort should be made to detect and replace defective
pipes and to establish a caring attitude towards precious water. The unaccounted
water in the main urban domestic supply distribution networks is estimated to be
15 to 20 % and about 20 to 30 % in the rural communities. The costs and the
water savings need to be evaluated.
• Reduction of losses from irrigation water distribution networks should be further
investigated although it is expected that these losses are small since all the water
is transferred though closed conduits.
On Water Demand Management
• Coupled with the scenarios for new seawater desalination plants, the impact and
stress of tourism on the local resources will need to be evaluated and a ceiling
should possibly be set.
• Modification of the irrigation water allocation matrix. The current cropping
patterns should be reviewed and water intensive crops such as bananas, citrus,
Colokasia (Colocasia esculanta) and summer vegetables should be substituted with
less water demanding crops such as flowers, aromatic plants and winter crops
which rely more on rainfall. The water savings and the impact on economic
returns to farmers and to the economy as a whole will need to be investigated.
The “water pricing” is an important component of the integrated water resources
management process. It is the most effective tool of “demand management” as the price
of water approaches its full cost. The highly subsidized irrigation water, which accounts
for nearly 70 % of the water consumed while the agricultural sector’s contribution to the
gross domestic product is less than 5 %, needs to be checked. Thus, a review of the
prevailing water allocation and pricing policies should constitute a good response to
demand management in an effort to make the demand meet the available supply. In the
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same context, the impact of uniform water pricing per sector as compared to
differentiated pricing among different regions and/or different uses needs to be
evaluated.
Need for a Decision Support System Tool
In this talk, the available water resources of the island have been presented, especially as
these have been affected by the prolonged drought experienced on the island in the last
10 to 12 years. The pattern of water uses and the current and forecasted demands have
also been presented. Also, some of the current problems and impacts arising from the
present water system and its ability to cope with the demand have been set out together
with a selection of scenarios that will be required to balance the supply with the demand
both for the present as well as for the future. The evaluation of selected strategies for the
water management in Cyprus needs to be done using a Decision Support System. This
DSS will need to optimally allocate water from available and user-defined sources to userdefined uses, taking into account user-defined priorities for each use and the selected
strategy under different scenarios, and will need to assess the quality of the available
resources. Furthermore, it will need to estimate how much water is needed and to
determine what interventions, as well as when and where, might be necessary and their
cost. It will need to provide indicators of performance for the selected strategy under
every given scenario, and rank those scenarios.
In the past, detailed techno-economic feasibility studies were being carried out for each
individual project with limited transgression to other projects in the vicinity or elsewhere
in the country. This may have affected the coherence of the water management although
all the projects fell under the general strategy of water resources development. Thus, all
projects should be linked and hence the overall effect of a decision could be examined.
Viewing the present water resources system of the island, the possible future scenarios
and the type of problems that need investigation - such as seasonal population (tourism),
water pricing, water re-allocation, wastewater and its reuse, demand management,
additional waterworks, competing and conflicting demands between the various sectors
of the economy, building strategic reserves in aquifers etc. - it appears that such a tool
could be quite useful in developing local, regional and country-wide water management
strategies.

The challenge for the Water Framework Directive implementation
The purpose of the WFD is the protection of all water bodies and the enhancement of
their “good status” and the promotion of sustainable water use based on long-term
protection of available water resources. It balances the interests of the environment with
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the interests of those that depend on it. Cyprus faces a set of unique challenges in the
implementation of the Water Framework Directive. As a small isolated Mediterranean island, the
country needs to rely on its own water resources; the biggest challenge will be the compromise between
conflicting and competing uses while at the same time protecting the resource and using it in a
sustainable manner.
Some of the major problems in implementing the WFD in Cyprus are:
• Insufficient quantitative and qualitative data, these data are required for the initial
crucial steps in implementing the Directive;
• Lack of a rationally organized national network for observation and collection of
information as well as the lack of a unified database;
• Difficulties in the coordination among the responsible authorities and all the
other involved agencies;
• Limitation of sufficient expertise and appropriate human potential and necessary
technological means;
• The attitude of water users;
• High implementation costs;
• Fragmentation of responsibilities, jurisdiction and lack of a unified Water
Authority;
• Particular difficulties due to extended periods of drought and the fact that the
WFD is more adapted to the large water basins of Europe.
In Cyprus, Water Services face demand from three sides: the provision of potable water
that can cover the demand in settlements ranging in size from the metropolitan/urban
centres of Nicosia, Limassol and Larnaca to the smaller villages, while at the same time
supporting the traditional agricultural activities of the island, and developing its already
thriving tourist industry. Aside from the provision of adequate drinking water, which
remains the priority, both the other uses are extremely important to the island. Tourism
provides a very large proportion of the local income, complemented by the agricultural
exports, while the local demand for agricultural products remains high. This creates a
major pressure on the finite, already overexploited water resources of the island. Cyprus
has come a long way in developing its limited water resources and quite frequently it is
used as an example. Nevertheless, the pressure on its water resources continues to
increase by the expanding tourism, the continued agricultural activity and the increased
standard of living coupled with the observed reduction of rainfall in the last 30 years. This
calls for a continuous effort in improving both the management of existing water
resources and for the development of whatever quantities can economically still be
developed. Development of unconventional water resources such as reuse of treated

266

Iacovos Iacovides: Water resources management and patterns of water use in Cyprus

effluent and seawater desalination are already well in line. Other options are water
demand management, reallocation of supply to less water demanding crops, reduction of
losses from networks and from irrigation systems. The sustainable use of the available
water resources ensuring the good quality levels is a major goal of the WFD. Hence, a
water management strategy needs to be developed that could arrive at a compromise and
smooth out all the competing and conflicting water uses to the level of the available
resources.

Key issues and problems
In discussing the water resources management and patterns of water use in Cyprus a
number of key issues and problems have been identified. Some of these are:
• The reduction of available water resources due to the prolonged drought and the
required measures to deal with drought;
• The effective and efficient allocation of the limited water resources in time and
space and to the various uses;
• The high investment costs for new water development schemes and the even
higher cost for utilization of secondary water sources such as desalination and
treatment and reuse of sewage effluent;
• The difficulties in water pricing, especially their approval and definition of
subsidy for irrigation water;
• The weakness of existing institutional and organizational structures (limited cover
and overlap of responsibilities);
• Identification of conflicting points between the Cypriot water policy and the
EU’s water policy and their successful harmonization;
• The ineffective exploitation of many water development schemes due to the wish
of the landowners to use them for tourist/domestic purposes;
• The reduced interest of farmers towards agriculture due to lack of labour and
lack of effective marketing of agricultural produce;
• The need for integrated water management, in particular the linkages between
irrigation and municipal demand and supply;
• The need for demand management through water conserving technologies,
pricing, public awareness and water allocation and regulation;
• The linkage between sources of surface water and groundwater, in particular the
impact of surface storage schemes on downstream aquifers;
• Further improvement of irrigation systems and increase of irrigation efficiency;
• The reuse of treated Municipal water;
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• Modification of current cropping patterns.
The challenge over the next few years will be to address these issues and problems so as
to secure essential water supplies in a cost-effective way. In view of the significance of
water to the quality of life and economic development of the country coupled with
extreme water scarcity it is imperative that the National Water Policy is redefined to
ensure the sustainability of the country’s water resources and investments.
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Glossary
C£

Cypriot pound equivalent to € 1.7

DO

Division Officer

GC

Government controlled

ID

Irrigation Divisions

MANR&E

Ministry of Agriculture, Natural Resources and Environment

WDD

Water Development Department

Mm3

Million cubic meters
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Case study – Malta:
Present conditions of water resources
and major patterns of water use in Malta
Anthony Sammut
Malta Resources Authority, Millennia, Aldo Moro Road, Marsa, LQA 06, Malta.
Email: anthsam@maltanet.net

Abstract
Water in the Maltese islands is a scarce resource. Malta has one of the highest population
densities in the world, a small surface area (316 km2) and high percentage of urban
development. All these contribute towards intense pressure and high competition for
available water resources. Water to meet the needs of the population is obtained from
two main sources: groundwater and desalination. Desalination facilities were introduced
in the 1980s in response to water scarcities arising from increasing demand and
insufficient natural supplies. Other secondary water resources available in Malta include
treated sewage effluent and stormwater. Their production and collection is currently
limited and their use is restricted to agriculture and some industries.
Management of water resources in Malta is a challenging issue. The need to implement
sustainable actions in an integrated manner to ensure greater environmental protection
and improvement in the quality of life is recognised. Major challenges include the
protection of existing water resources from contamination, improvement of the quality of
the water supplied, fair allocation of resources between users and reduction in
unsustainable water consumption patterns.
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Introduction
The Maltese archipelago consists of 3 inhabited islands, Malta, Gozo and Comino and a
number of uninhabited islets. Its location is approximately 96km south of Sicily and
290 km from Tunisia and it is located at latitudes 350 48’ and 360 05’ North and
longitudes 140 11’ to 140 35’ East. The total surface area is approximately 316km2 and the
perimeter of the shoreline of Malta is 136km whilst that of Gozo is 43km. The Maltese
Islands have a population of approximately 376,000 and with a population density of
1,190 inhabitants/km2, it is amongst the highest in the world. Malta is highly urbanised
and 21 % of the surface area is built-up. The climate of Malta is typically Mediterranean,
characterised by hot, dry summers and mild, humid winters with short seasonal rainfall
periods which are generally of high intensity. The mean annual rainfall is 506 mm and
there are high season and interannual variabilities. Malta has a rapidly growing elderly
population with declining household size and changes. There is an increasing shift with
the elderly making up ¼ of the total population and this has immediate effects on
economic and social structures. Tourism plays an important role in the country’s
development and through the multiplier effect contributes towards an employment
complement of 40,000. Approximately 1.1 million tourists visit the islands and with an
average of 9.35 days / tourist this contributes to an average population increase of 29,000.
This increases pressure on local resources particularly in summer which coincides with the
main tourist season. Urban development in Malta has increased dramatically in the last 50
years and development has drastically altered the physical characteristics of catchment
areas and increased the quantity of impermeable surfaces thus preventing infiltration
processes and reducing natural groundwater recharge.

Figure 1: Land use in 2001 (Source: National Statistics Office, 2003).
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Historical Developments
Historically, Malta has had a lack of natural water resources in relation to demand and
water resources have always been considered of strategic importance. Thus, for example,
in the vicinity of the world heritage site of Hagar Qim and Mnajdra, one finds a group of
rock cut cisterns known as Misqa Tanks. The antiquity of these tanks is uncertain
although it is generally presumed to be contemporary to the megalithic temples.

Figure 2: Misqa Tanks.

In 1524, when King Charles V offered the Maltese Islands to the Knights of St John, a
fact finding mission reported that: “The water is salty and putrid but there are good springs which
are probably due to rain fallen in winter time. The origin of these springs is not very deep, they often
disappear in summer but they always diminish in volume. One generally drinks rain water collected in
tanks or in ditches.” (Knight 1536)
In 1610, a major public water supply system was embarked on in the islands. Valletta was
up to that time being supplied solely with stored rainwater and Grandmaster Alof de
Wignacourt commissioned an aqueduct to carry spring water from the springs in the
Rabat plateau to Valletta.

Figure 3: Wignacourt Aqueduct.

During the British rule, various major infrastructural works were undertaken, including
the digging of a deep well dug close to Valletta and a motorised pump installed in 1851.
In 1866, galleries were constructed to extract water from the perched aquifers, while in
1881 a boiling type distillation plant was built at Tigne.
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Figure 4: Building which housed the 1881 Distillation Plant at Tigne.

Other important works undertaken over the years included the construction of Sta. Marija
Reservoir in 1886; the construction of galleries and the pumping station at Wied il-Kbir,
installation of a pipeline water system supplying Valletta, Floriana, Sliema, Birkirkara,
Zebbug, Siggiewi, Rabat and Mdina in 1887; the construction of galleries and pumping
stations, Fiddien reservoir (91,000 m3), Qrendi reservoir (54,500 m3) and major pipe
laying works between 1955-61. Between 1965-68, four multi-flash seawater distillation
units with a maximum production of 20,500 m3 were installed.

Water Resources
Margat and Vallee (1999) have highlighted the high competition for water resources in
Malta, and place the country with the highest competition index (24,800
inhabitant/hm3/year during the 1990s) amongst national Mediterranean basins (Table 1).
Table 1: Water resources indicators.

Country
Malta
Gaza Strip
Israel
Libya
West Bank
Tunisia
Morocco
Cyprus
Algeria
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Reference
period
1995
1995
1994
1994
1995
1994
1990
1995
1987

Population
(thousand)
372
843
5,472
3,246
1,407
8,033
4,426
734
10,791

Surface Area of
Country's
Mediterranean
Basin (km2)
316
365
10,500
158,864
2,420
90,000
80,000
9,251
133,000

Water
resources /
capita
(m3/yr/cap)
40
66
178
216
277
437
859
1,076
1,087

Competition
index
(inhabitants
/hm3/yr)
24,800
15,054
5,612
4,637
3,608
2,289
1,165
929
920
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Table 1 continued.
Egypt
Syria
Lebanon
Spain
Italy
Turkey
France
FYR of
Macedonia
Yugoslavia
Greece
Albania
HR
Slovenia
Bosnia
Herzegovina

1995
1994
1992
1991
1990
1995
1990

46,545
4,530
3,000
16,360
57,104
17,180
11,937

200,000
22,000
9,800
185,600
301,277
195,000
130,100

1,210
1,269
1,546
1,733
2,934
3,565
5,906

827
788
647
577
341
280
169

1991
1991
1991
1990
1991
1992

2,100
1,246
10,264
3,256
1,403
227

25,700
6,322
131,944
28,748
37,205
4,835

5,952
6,301
6,450
13,080
18,598
23,927

168
159
155
76
54
42

1991

545

16,301

25,039

40

Notes: 1. Data refers to Mediterranean basin only of the country
2. Countries sorted in ascending order of water resources per capita
Source: Margat, J./D. Vallee 1999

Table 2: Comparison of natural renewable water resources indicators with other islands.

Island

Surface Area Precipitation
(km2)

Averange total runoff (km3/year)
Surface water Grounwater
Total
3
3
(km /yr)
(km /year) (km3/year)

6,235
6.1
0.91
Dalmatia
Islands
9,251
4.7
0.51
Cyprus
8,722
8
5.4
Corsica
8,259
8
1.7
Crete
1,398
0.14
Rhodes
25,461
18.8
3.52
Sicily
24,089
18.3
12.93
Sardinia
316
0.2
0.0005
Maltese
Islands
Balearic
3640
2.3
0.215
Islands –
Majorca
702
0.5
0.05
Minorca
541
0.2
Ibiza
514
0.1
0
Jerba
Notes: (1) Amount exploitable with no imbalance of fresh/salt water.
Source: Margat/Vallee 1999 .

1.86

2.7

0.28
0.6
0.2
0.06
2.25
0.4
0.04
(0.015)

0.79
6
1.9
0.2
5.77
13.33
0.04
(0.015)

0.35

0.57

0.07
0.024
0.00013

0.12
0.0013

Groundwater contributes approximately 49 % of the water supplied to the public
distribution system with approximately 18.6 million m3 abstracted during 1998/99

275

Module 5

(WSC 1999). Groundwater abstracted for irrigation purposes based upon official
registered irrigation areas and net weighted irrigation requirements has been estimated at
34,000m3/day (12.4hm3/year) (Mangion 2001). No reliable data exists to estimate the
amount of groundwater abstracted by industry. The other 51 % of public supply
(19.4 million m3) is obtained from seawater desalination using RO technology.
Desalination facilities were introduced in the early 1980s in response to water scarcities
arising from increasing demand and insufficient natural supplies. This arrangement
increased water availability and satisfied demand but it is recognised that this was
accomplished at a high cost, given that desalination is expensive and energy intensive.
Other secondary water resources available in Malta include treated sewage effluent and
stormwater but their use is currently limited and restricted to agriculture and some
industries.

Boreholes
20,81%
Pembroke RO Plant
30,35%

Pumping Stations
26,48%

Cirkewwa RO Plant
11,66%
Lapsi RO Plant
10,51%

Springs
0,19%

Figure 5: Potable water production 2001-2002 (Source: Water Services Corporation).

Groundwater Resources
The geology of the Maltese Islands is composed of tertiary limestone and marls with
minor quaternary deposits. The rocks resulted from accumulation of carbonate sediment
in a shallow marine environment. Tectonical structures are dominated by block faulting.
The southern part of Malta is hilly with extensive globigerina outcrops and locally
exposed lower coralline limestone formations. There are two main types of aquifers in
Malta: the mean sea level aquifer (MSLA) and the perched aquifer. The MSLA covers an
area of 180 km2 on Malta and 50 km2 on Gozo. It is contained in the pores and fissures
of globigerina limestone and lower coralline limestone in the region of the mean sea level
and underlies most of the islands. The MSLA provides 93 % of groundwater production
for public supply. Approximately 7.1 hm3 per annum is extracted from a system of 36km
of galleries situated near the central area of the island (9 pumping stations) and a further
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8.0 hm3 per annum are pumped out of 136 boreholes. The perched aquifer covers a
surface area of 60km2 on Malta and 13 km2 on Gozo. It occurs on top of impervious blue
clay within the Upper Coralline Limestone formation and occurs as distinct blocks in the
North and North-west. The perched aquifer accounts for approximately 7% of
groundwater production for public supply. The flow is seasonal, intermittent and highly
variable. Its yield is used extensively by farmers. Public supply (approximately 1.3 million
m3) from this aquifer comes largely through springs and underground galleries (WSC
1999).

Figure 6: Ta’ Kandja Gallery (Source: Water Services Corporation).

Groundwater Quality
Due to the size of the islands, high population density, anthropogenic factors and
pollution associated with urbanisation and extensive pressures on land, water protection is
a sensitive and difficult issue, with frequent conflicts between users and stakeholders. The
quality of Maltese groundwater is known to be variable. The aquifers are prone to saline
intrusion from the bounding seawater and pollution from human activity. The main
threats to groundwater quality are associated with point pollution incidents, e.g.
unlawfully discharged substances in the soil, nitrate contamination attributed to
anthropogenic activities including agricultural practices, application of fertilisers and
contamination from human and animal wastes and high chloride concentrations
associated with seawater intrusion. Groundwater abstracted from the MSLA has high
levels of chloride concentrations as a result of over-abstraction and seawater intrusion.
Chloride levels in pumping stations range from 500 mg/l to 2000 mg/l in 2001. Chloride
levels in water abstracted from the perched aquifer are lower as a result of the
topographical nature which protects the aquifer largely from sea water intrusion. Chloride
levels in perched aquifer pumping stations generally range from 150-200 mg/l. The higher
values of the Bingemma and Mizieb pumping stations are attributed to periods of
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increased abstraction and the influence by seawater intrusion since the top layer of clay
lies below sea level.
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Figure 7: Average chloride values at pumping stations (MSLA) (Source: Axiaq and Sammut 2002).
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Figure 8: Average chloride values at pumping stations (Perched Aquifer)
(Source: Axiaq and Sammut 2002).
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Figure 9: Average nitrate values in pumping stations (MSLA) (Source: Axiaq and Sammut 2002).
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(Source: Axiaq and Sammut 2002).
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Analysis of nitrate values measured at pumping stations over the 25 year period
(1976-2001) indicates a steady increase of nitrates in groundwater. Nitrate contamination
in groundwater is thus largely attributed to anthropogenic activities including: agricultural
practices through the application of nitrogenous fertilisers on arable agricultural land and
contamination from human or animal wastes and refuse dump run-off. The mean sea
level pumping stations reveal high nitrate contamination at Wied il-Kbir, 65-130 mg/l;
Tal-Hlas 40-93 mg/l and Speranza Pumping Stations 59-90 mg/l. The highest values
occur in the North-west of Malta at Mgarr and Bingemma pumping stations. Nitrate
contamination at the Gozo pumping stations appears to be less pronounced and is
generally below the 50 mg/l.

Legislative and administrative framework
The main legislative instruments in connection with water resource management include:
• Water Services Corporation Act 1991;
• Malta Resources Authority Act 2000;
• Environment Protection Act 2001;
• Food Safety Act 2001.
The Water Services Corporation Act (XXIII 1991) provided for the establishment of the
Water Services Corporation (WSC) as the public utility with overall responsibility for
water resource management in the Maltese Islands. In 2000, with the enactment of the
Malta Resources Authority Act, the Malta Resources Authority (MRA) was established as
the regulator for water, energy and mineral resources. The MRA assumed regulatory
responsibilities for operations and activities which were previously exercised by the Water
Services Corporation. Article 4 of the Malta Resources Authority Act outlines the
functions of the MRA, which may be broadly summarised as regulating, monitoring and
keeping under review, as well as licensing, permitting and authorising all practices,
operations and activities relating to water resources. The MRA Act provided for the
separation of operational and regulatory functions and addressed previous institutional
weaknesses. There are also various overlaps and areas of shared interest with other
regulators including:
• Health regulation (e.g. with respect to quality of drinking water);
• Environmental regulation (with respect to groundwater) – Malta Environmental
and Planning Authority;
• Consumer protection and regulation (quality of service by regulated
monopolies).
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The Water Services Corporation is a public utility with responsibility for the development,
maintenance and promotion of a safe and efficient water production and distribution
system. The functions of the WSC are established in the WSC Act of 1991 and include
the acquisition, production, storage, distribution, sale, export or disposal of water (other
than bottled water) for domestic, commercial, industrial or other purposes. In October
2003 the Drainage Department, which is responsible for collection, treatment, storage
and disposal or re-use of sewage, was amalgamated with the WSC. Other important
legislative acts include the Environment Protection Act 2001, which establishes the duties
to protect the environment. The Malta Environment and Planning Authority is the
competent authority for the purposes of the Environment Protection Act 2001, to carry
out the functions of the Competent Authority under this Act. The Food Safety Act
regulates the quality of drinking water.

Water Supply and Demand
Desalination
In the late 1970s and early 1980s the country was suffering from extreme shortages of
water because demand greatly outstripped supply. In 1982, the first desalination plant was
constructed in Malta at Ghar Lapsi with a maximum capacity of 20,000 m3/day. This was
the start of a successful desalination programme.

Figure 11: Lapsi RO Plant (Source: Water Services Corporation).

281

Module 5

Desalination has been crucial towards the country’s economic development. The
investment in desalination increased water availability and satisfied demand for potable
water supply. Water from desalination today accounts for approximately 50 % of potable
water supplied through the public distribution system.

Lapsi RO Plant
20,01%

Pembroke RO Plant
57,79%

Cirkewwa RO Plant
22,20%

Figure 12: Water production (2000-2001) – RO plants.

Energy usage is a major cost element and environmental impact in the operation of
desalination plants. In 2000/2001, the total energy consumption for operation of the RO
plants amounted to 103,562 MWh. The energy consumption of the WSC during
1999/2000 was 131,043 MWh or 8.8 % of the total energy sales by EneMalta Corporation
(WSC 2001). At the same time various projects have been undertaken to improve the
energy efficiency of the RO plants. This includes the installation of pelton type turbines at
Pembroke RO as part of the plants refurbishment and the installation of pressure
exchangers at Lapsi RO plant.
Table 3: Specific energy consumption – RO plants (Source: Water Services Corporation 2001).
Specific Energy Consumption – kWhr/m3
Plant

1997-1998

1998-1999

1999-2000

2000-2001

Lapsi

6,85

6,69

6,55

6,55

Chrikewwa

7,55

7,43

7,14

7,04

Pembroke

6.03

5,84

6,03

5,84

Average

7,22

6,94

6,37

6,34
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Figure 13: Pelton wheels at Pembroke RO Plant (Source: Malta Desalination Services Ltd.).

Figure 14: Pressure exchangers at Lapsi RO Plant (Source: Malta Desalination Services Ltd.).

Water Distribution
The municipal water distribution network consists of approximately 2,000 km of
pipework of varying materials and sizes and a further 1,700 km of service pipework
connecting over 200,000 premises to the network. As villages grew and merged together,
the network has been extended over the years from a village based system. With
increasing urbanisation, the distribution system became outdated and lacked flexibility.
Since 1993, extensive investment has incurred as the distribution system was strengthened
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through various trunk main projects and large-scale replacement of undersized, blocked
or corroded water mains. In 1995, a project was initiated for the replacement of
galvanised iron pipes with polyethylene pipes. This followed studies that revealed that the
consumer service galvanised iron pipes were responsible for 80 % of the number of all
leaks. The abovementioned projects have contributed to an availability of constant supply
and practically eliminated problems associated with interruptions and low pressures.
Water Demand Management
Water demand management may be broadly subdivided into two categories, namely:
• Greater efficiency of use through improved water saving technologies and
management practices.
• Behaviour modification through public awareness campaigns and incentives
(e.g. pricing etc.) (Global Water Partnership 2000).
Various demand management measures have been undertaken in Malta particularly over
the past decade. Considerable effort has been dedicated towards reducing the dependency
on desalination through improvement in the efficiency of the distribution system and
adoption of other demand management measures as amplified further on. Water demand
has decreased from 142,000 m3/day in 1994 to 93,000 m3/day in 2001. Figure 15 shows
the reduction in water demand since 1994/95. This has been due to various factors;
initiatives and programmes including leakage control, meter replacement, water
conservation programmes and tariff changes.

160,000
140,000
120,000
m3/day

100,000
80,000
60,000
40,000
20,000

Au
g9
D 4
ec
-9
Ap 4
r-9
Au 5
g9
D 5
ec
-9
Ap 5
r-9
Au 6
g9
D 6
ec
-9
Ap 6
r-9
Au 7
g9
D 7
ec
-9
Ap 7
r-9
Au 8
g9
D 8
ec
-9
Ap 8
r-9
Au 9
g9
D 9
ec
-9
Ap 9
r-0
Au 0
g0
D 0
ec
-0
Ap 0
r-0
1

0

Groundwater

R.O. Plants

Figure 15: Water demand (Source: Axiaq and Sammut 2002).
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Leakage Control
Leakages in the water distribution system can be significant and various investigations
were carried out to control leakages and improve water supply. Leakage control is
considered to have been a major element in water demand reduction. Leakage control
comprises active leakage localisation, leakage repair, pressure control and network
infrastructure management. Works carried out included the segmentation and
rationalisation of the distribution network into zones. Water balances were developed and
studies of flows and minimum night flows in areas carried out. The system was
rationalised and over 200 hydraulic zones established.

Flow in zone
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Figure 16: Effect of interruption of supply (Source: Water Services Corporation).
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Figure 17: Effect of pressure control (Source: Water Services Corporation).
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Ricasoli
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Figure 18: Effect of leakage repairs (Source: Water Services Corporation).

High leakage zones were also sub-divided into step-testable areas and data logging of
zone inlets permits computation of accurate leakage figures. Zones of high pressure
caused by improper system design and network condition are being eliminated through
installation of automatic pressure control. Methodologies for estimating and operating
within economic leakage levels were also refined by the WSC. Leakage has been
progressively reduced over the whole distribution system from 2,800 m3/h
(19.76 m3/km/day) in 1995; 1,475 m3/h (10.41 m3/km/day) in July 1999; 1,346 m3/h
(9.5 m3/km/day) in 2000 to 1,210 m3/h (8.21 m3/km/day) in 2001. The unavoidable
annual background loss of the distribution system is estimated to be 300 m3/h and there
are plans to reach this target by 2010 (WSC 2001).
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Figure 19: Leakage reduction and water production trends (Source: Water Services Corporation).
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Water Tariffs
It is widely acknowledged that tariffs are potentially effective water demand management
tools. Prior to 1994 water prices charged to domestic consumers was based upon a rising
block tariff system. In 1994, the tariffs for domestic consumers were increased to take
into account the number of persons in each household. Government subsidises a certain
level of water consumption per person. Special subsidises are also given to persons
benefiting from social assistance. Above a subsidised level of consumption, water is
charged at cost price. The water tariffs were revised in 1997 and 1998. The 1997 revisions
were considered to be highly controversial and politically sensitive and these were
subsequently revised in 1998.
Table 4: Water tariffs (2002).
Type of Consumer

Domestic
Social Assistance

1

Meter rent
(per 4
month
cycle)
Lm4
Free

Agriculture and agro foods

Lm8

Personal health use in field

Lm4

Industrial
Food and beverage
Tourist Flats

Lm8
Lm8
Lm8

Hotels

Lm8

Laundry

Lm8

Sea Craft
Government
Boat-house, Garden, Garages

Lm8
Lm8
Lm4

Non-commercial

Lm4

Commercial and other

Lm8

Consumption
charge
(per 4 month
cycle)
0 – 11 m3 /person
> 11 m3/person
0 - 5.5 m3 /person

Tariff (2002)1

- 11 m3/person
> 11 m3/person
0 - 2270m3
>2270m3
0 -5m3
>5m3

16.5 c/m3
Lm 1.10 /m3
18 c/m3
35 c/m3
22.5 c/m3
60 c/m3
85 c/m3
60 c/m3
75 c/m3
Lm 1.10 /m3
90 c/m3
Lm 1.10 /m3
75 c/m3
Lm 1.10 /m3
Lm 1.10 /m3
Lm 1.10 /m3
85 c/m3
Lm 1.10 /m3
Free
35 c/m3
50 c/m3
Lm 1.10 /m3

0 – 84 m3
> 84 m3
0 - 14m3/bed
>14m3/bed
0 – 2270 m3
> 2270 m3
0 – 10 m3
>10 m3
0-57 m3
>57 m3
0 – 57 m3
>57 m3

16.5 c/m3
Lm 1.10 /m3
Free

Note Lm1 is approximately equivalent to € 2.5.
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Tariffs for non-potable water supply
Tariffs for non-potable water have remained largely unchanged over the past decade.
Non-potable water abstracted from certain groundwater sources supplied to industry and
agriculture is charged at 4c/m3. The rate for building and other consumers is established
at 40 c/m3. On the other hand treated sewage effluent supplied for irrigation is charged at
a flat rate of Lm 36/hectare/ annum irrespective of volume used.
Educational and water conservation campaigns
Various water conservation and educational campaigns have been carried out to influence
consumer behaviour and reduce water demand. This included educational initiatives and
organisation of theatre workshops for schoolchildren. The support of industry and
governmental organisations has been sought to target and involve specific sectors of the
population that could assist in influencing others on water conservation.

Water consumption patterns and use
The total potable water supplied (inclusive of unbilled consumption) during 2000/2001 is
estimated at 222 l/capita/day, while the total billed consumption during 1999/2000 was
18,002,000 m3.2 All consumers in Malta that are connected to the public distribution
system are metered. This permits detailed analysis of consumption patterns and use by the
various sectors. With a total of 200,000 consumers, the service density is amongst the
highest in the world. The domestic sector is the major consumer of potable water
supplied through the public distribution system with a demand of approximately 64% of
billed consumption as outlined in Figure 20 shows the domestic consumption on the
basis of local councils and indicates higher consumptive patterns in summer.
Figure 21 shows the seasonal variation of water consumption of the tourist industry. The
highest relative increases in the tourist industry were registered in Gozo with increases of
over 100 % at Ghajnsielem, Sannat and Munxar. The popular tourist area of St. Paul’s Bay
registered the highest water consumption for this sector.

Figure excludes groundwater abstraction by farmers and other entities for their own use as well as private
desalination or rainwater harvesting carried out by third parties (particularly hotels and for industrial
concerns).

2
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Table 5: Billed potable water consumption.
Consumer
Type

Estimated
billed
consumption
(1998/1999)

Estimated
billed
consumption
(1999/2000)

% total
consumption
1999/2000

Increase
in billed
consumption
between
1999/2000

Average
charge
(1999/2000)
- Lm/m³

Average
consumption per
account
(1999/2000)
- m³

Number
of active
accounts
as on
15/6/2001

10,075,000
700,000

10,547,000
715,000

59%
4%

472,000
15,000

0.34
0.24

65.81
55.51

160,250
12,878

139,000

173,000

1%

34,000

0.96

11.39

15,230

1,139,000
1,333,000

6%
7%

132,000
321,000

0.21
0.56

625.05
1,264.40

1,822
1,054

1,391,000

8%

433,000

1.11

718.96

1,935

1,448,000
290,000

8%
2%

8,000
14,000

0.85
0.84

725.31
186.27

1,997
1,557

738,000

4%

81,000

0.69

44.96

16,409

225,000

228,000

1%

3,000

0.37

344.45

662

16,489,000

18,002,000

100%

1,513,000

0.47

84.2

213,794

Domestic sector
Residential
Social
assistance
Other
domestic

Agricultural and industrial sector
Farms
Industrial

1,007,000
1,012,000

Government
958,000

Commercial
Tourism
1,440,000
Bars and
276,000
restaurants
Other
657,000
commercial

Other
Total
Source: Water Services Corporation (2000); Water Services Corporation (2001).

January – March 2000

July – September 2000

Figure 20: Geographic and seasonal variation of consumption by local council (Source: Water Services
Corporation 2001).
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Figure 21: Seasonal variation of water consumption by the tourist industry (hotels & holiday flats) (Source:
Water Services Corporation, 2001).

Water Metering
In 1994 as part of a programme to tackle non-leakage losses, the WSC started a meter
replacement programme following investigations on meter accuracy. Studies at the time
indicated that meter under-registration could account for 20 % of the unaccounted water.
Tests revealed that meters in use at the time were highly inaccurate at low flows and
degenerated with time. Results of investigations on meter accuracy are shown in Figure
22. At low flows inaccuracy of measurements was found to vary up to 80 %. Inaccuracy
in measurement was also found to vary according to meter age and with the type of class
of meter installed.

Conclusion
Water is a limited resource and under intense competition from various users in Malta.
The social and economic development of the country together with the need for greater
environmental protection depends upon the implementation of sustainable actions that
address the exploitation and management of water resources in an integrated manner.
Extensive progress has been made in various areas. Thus, for example, problems of the
past including the unavailability of sufficient amounts of potable water to meet increasing
demands have to a large extent been solved while the levels of service provided to
consumers have increased. It is however recognised that the management of water
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resources remains a major challenge, not least in view of increasing consumer demands
for higher standards of operation and greater environmental protection, particularly
protection of the aquifers, improvement in the quality of water and fairer allocation and
use of available resources.

% Error

Test on 100 randomly chosen meters
withdrawn from domestic services
100
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0
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54 meters tested , others stopped

% Error

Domestic meter accuracy
Random sample of water meters
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Figure 22: Results of investigations on meter accuracy (Source: Riolo 2001).
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Accuracy vs. age of domestic meters
Random sample
% Error
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Figure 22 continued
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Introduction
Physiography
Majorca is the biggest of the Balearic Islands located approximately 300 km far away from
the Spanish coast. Majorca is 3640 km2 and measures approximately 70 km from N to S
and 100 km from E to W; it has a total of 555 km of coastline. Its relief can be divided
into three main features: The Tramuntana Range stretching parallel to the coast along the
NW of the island with a direction SW to NE is a very abrupt relief with a maximum
altitude of 1443 m a.s.l. It is composed of dolomites, marls and limestone of the Mesozoic
age and conglomerates, marls and clays from the Miocene age. It has a complex geological
structure and numerous materials present karstic formations. The Llevant Range has a
similar geological structure as the Tramuntana Range, but a much smoother relief. It
extends along the SE coast in a discontinuous way. Its highest peak is 561 m a.s.l. The
Central Plains are located in the centre of the island and form open valleys and small
reliefs of up to 300 m a.s.l. The thickest materials correspond to marls, conglomerates,
limestone and sandstone of Miocene age and loose conglomerates, sands and silt of
Quaternary age. The Northwestern coast along the Tramuntana Range is formed by cliffs
that reach up to 300 m with little coves/beaches. In the North there are two major bays
with large sandy beaches. The eastern and southern coasts also have cliffs but are
generally of lower altitude and numerous torrents dissect the cliffs and form little sandy
beaches. In the SE there is also the big Bay of Palma with numerous sandy and rocky
beaches.
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P
Tramuntana range
Central plains
Llevant range
Palma bay

Figure 1: Map of Majorca indicating major physiographical features and hydrogeological characteristics
(Carbonated permeable terrain is marked in green, detritic permeable terrain is yellow and aquifers
of local interest are white. Blue lines delineate the boundaries of the hydrological units and the main
urban centres are marked in red) (Govern Balear 1999).

Climatic aspects
The climate is typically Mediterranean, with an increasing aridity from N to S as
determined by the topography. The mean annual temperature is approximately 17ºC, with
a mean monthly temperature of approximately 11ºC in January and 24ºC in August.
Precipitation usually occurs as rain. Snowfall is rare and almost exclusively restricted to
the Tramuntana Range. The amount of precipitation is highly dependent on the
topography, ranging from maximum values of 1400 mm/year in the Tramuntana Range
to less than 400 mm/year in the southern plains (Figure 2). Majorca has a mean annual
precipitation of 625 mm/year. Nevertheless, an important feature of the rainfall with
regard to water resources is the inter-annual variation rainfall experiences. Another
important feature in light of the management of water resources is the seasonal variation
of precipitation: 60 % of the precipitation usually occurs between October and January,
whereas less than 10 % of the precipitation falls during the summer season (Figure 3).
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Figure 2: Mean annual rainfall on Majorca (Govern Balear 1999).

Figure 3: Inter-annual relative anomaly of the rainfall (1955-2002) (Instituto Nacional de Meteorología).

Socio-economic aspects
Before the 1950´s the economy of the Balearic Islands experienced slow development and
the major economic activities were agriculture and manufacturing/industry. Since then a
big constant growth of the tourism industry has led to an important economic growth and
a steady growth of the per capita Gross Domestic Product (GDP). In 1999 the tertiary
sector was responsible for nearly 83 % of the Gross Added Value (GAV) and employed
73 % of the active labour force. Traditional industrial activities, represented mainly by
leather and shoe manufacturing, have declined over the past decades. In 1999 the
industrial activity represented 8 % of the GAV and nearly 50 % of it was related to the
energy, water and food sector. The construction sector, which is closely related to the
development of tourism, represents nearly 8 % of the GAV. Agriculture has experienced

297

Module 5

an enormous decline and its contribution to the Balearic economy over the last decades
represents less than 2 % of the GAV in 1999 (Instituto Balear d’Estadística).
Nevertheless, although it is a sector in recession it is still considered a strategic sector of
the Balearic economy by government policies. As a consequence of the booming of the
Balearic economy, the archipelago has evolved from a region characterised by emigration
to a region of immigration. In 2001 Majorca had a permanent population of
approximately 702,000 inhabitants and an average population of tourists of 219,000
people (in 1999), although the peak tourist population during the summer reached
approximately 410,000 people. As will be discussed later, the combined effect of the
growing permanent population and an increase in arrivals of tourists is exerting high
pressure on the water resources of Majorca and the Balearic Islands. This is especially the
case during summer when the weather is dry and demands are highest.

Gross Added Value for Balearic Islands
(Total: 15590 Mill€)

1,8%
8,0%
7,8%

Agriculture
Industry
Construction
Services

82,4%

Figure 4: Relative importance of the main economic sectors for the Balearic Islands’ economy (Majorca is the
most important island of the Balearic archipelago) (Instituto Balear d’Estadística).

Water Management Institutions
The main actors and institutions dealing with the management of water resources on
Majorca include:
• Regional Government Water Agency
• Water administration at the local level (Municipalities)
• Main user groups
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The Balearic Islands have a popularly elected Autonomous Regional Government that has
a Regional Ministry of Environment which includes the Water Agency. The Water
Agency has competencies in water laws, water regulations and in the monitoring of
surface water and groundwater bodies. It is responsible for the management of the
islands’ water resources and in charge of coordinating actions with other agencies, such as
those responsible for the management of land use development, natural parks, etc. The
main body within the Water Agency is the Administrative and Legal Department in
charge of supervising and implementing all actions related to water resources, beneath
which there are the Departments for Surface Water, Groundwater and Wastewater as well
as the Department for Planning and the Technical Department. Working in parallel with
these Departments are the Balearic Institute for Water and Energy (IBAEN) and the
Balearic Institute for Sanitation (IBASAN) which were created to develop new policies
and projects for water resources management in their respective fields. At a local level it is
the municipalities which have competencies regarding the water supply and wastewater
treatment in urban zones. On Majorca there are several municipalities that fulfil these
tasks and several that award contracts for these tasks to private companies which are
supervised by the municipality. Finally, there are also some small villages which delegate
these competencies to the Regional Government.

Regional Government
Ministry of Environment
Water Agency

IBAEN
Water Supply
Desalination
Plants

Surface
Water Dep.

Groundwater
Department

Administrative
and
Legal
Department

Planning
Department

IBASAN
Wastewater
Treatment
Plants
Technical
Department

Wastewater
Department

Figure 4: Institutional structure of the water management agencies on the Balearic Islands.

The main user groups on the island, gathered in associations to defend their interests,
correspond to
• Farmers’ association: two major associations that can be linked to the two main
political parties and several small groups from different areas
• Tourism boards: one major union gathering main hotel groups
• Industrial users: there are no relevant groups representing this sector

299

Module 5

• Environmental groups: there is one major local NGO that is very respected by the
people and the mass media named GOB
There are several ways for public participation in the management of water on Majorca.
Some of them are through existing institutions that could be of general character or
initiated specifically for the management of water. There are also less formal ways for
participation. Among the specific ones there are a Water Board for the overall archipelago
and another Water Board for each island. Both are formed by members elected by water
users (1/3), insular Councils (1/3) and the Regional Government (1/3). Some less formal
meetings have been held to increase participation: they consist of Water Forums regulated
by means of well established procedures like ‘EASW’.

Water Laws and Regulations
Some of the main legal documents relating to the management of water resources that
apply to the Balearic Islands are:
• Spanish Water Law (1985)
• Regional Plan for Water Management (1999)
• Water management regulations against drought
• Sensible zones of the Balearic Islands
• Farmers´ Water Bank
The main change introduced by the Spanish Water Law, passed in 1985, was to declare
surface as well as groundwater public property, giving all the responsibilities for the
management of the water resources to the government. The governmental agencies in
turn grant temporal extraction rights to those individuals or enterprises fulfilling certain
criteria and going through a standardised application procedure. This law also established
the creation of river basin management agencies in charge of the river basin management.
These agencies are part of the Autonomous Regional Government if the basin is totally
included in its territory. The law demands that these agencies prepare a River Basin
Management Plan. The Balearic Island Hydrological Plan (Govern Balear 1999), approved
in 2001, describes the present state of the water resources and the patterns of water uses,
estimates the future demands and proposes programmes of action to meet these future
demands in terms of quantity and quality. The policy of this Hydrological Plan sets
priorities among the different uses as follows:
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1) Supply to resident and visiting population, including industries of low water
consumption connected to the distribution system
2) Farming uses, excluding irrigation
3) Irrigation and other agrarian uses
4) Industrial uses not included under 1)
5) Recreational uses including irrigation of golf courses
6) Artificial recharge of aquifers
7) Aquaculture
8) Other uses
The Balearic Islands also passed a water management regulation against drought in 2000, which
regulates actions to be taken during drought periods. The main aim is to set legal rules for
water use in order to obtain an equilibrium for the seasonal development of the water
table. In the case of Majorca, the first measures to be taken are to reduce the water
volumes pumped by wells, to control the construction of new wells, to establish water
management plans for new developments, to increase the use of water meters, etc. The
law on Sensible Zones of the Balearic Islands was passed in 2003 with the aim of protecting
ecologically important zones of the islands. It sets minimum standards for the treatment
of wastewater before it is discharged into water bodies like reservoirs, wetlands and
coastal zones.The Farmers’ Water Bank, created by a law passed in 2003, sets the legal
framework for the creation of a centre in which farmers with rights to use water and who
plan not to use it for a certain period, can transfer their rights to others who have no
water for their land during a limited period of time.

Patterns of water use on Majorca
Water use
As we explained in the first section of the lecture, water demand has increased over the
last decades. In the last few years, this was mainly due to the expansion of urban water
supply, a rate of more than 6% per year. In 1996 the total water use on Majorca
amounted to 246 hm3/year of which the major part, 61%, was for agricultural irrigation.
37% was used for urban water supply and less than 1% for industrial uses that are not
connected to the urban water network; whereas golf courses, gardens and parks were
supplied with nearly 2% of the total amount (Govern Balear 1999). Nowadays,
agricultural irrigation nearly equals the use of water for urban supply (120 hm3/year were
assigned to irrigation in 2001).
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Total Water Use (246.0 Mm3/yr)

1,3% 0,7%
36,7%

61,1%
0,2%

Urban supply

Industry

Irrigation

Golf

Others

Figure 5: Water uses per economic sector on Majorca estimated for 1996 (Govern Balear).

Water availability on Majorca
a. Precipitation
As we have seen in the introduction, the average precipitation for Majorca is
625 mm/year, which is equivalent to a total of 2275 hm3/year distributed over the entire
island. A portion of this water will infiltrate and recharge the groundwater, another
portion will run off as surface water and the rest will evaporate and return to the
atmosphere. The sum of the infiltrated water and the runoff are known as natural water
resources, as opposed to the available water resources, which is the fraction of natural
water resources that can be extracted, or made available for use in sufficient quantity and
quality at a location over a period of time appropriate for an identifiable demand.
b. Surface water availability
There are nearly no permanent rivers on Majorca. The intermittent flows exist mainly in
the high mountains due to higher precipitation, whereas in the plains the lower
precipitation and the high permeability of the soils restrict runoff to only intense rain
events. The available measurements of flow for the diverse rivers are generally of poor
quality. It has been estimated that the mean natural surface water resources on Majorca
are 180 hm3/year. Nevertheless, due to the great temporal variability, regulation would be
extremely expensive and thus they cannot be considered available resources. At present,
the only surface water resources that can be considered available are an average of 7.2
hm3/year regulated by two dams (Gorg Blau and Cuber) in the Tramuntana Range. A
project for collection of 12 hm3/year from a spring (Sa Costera) is now being planned. It
has been estimated in the Balearic Island Hydrological Plan that, of the total runoff
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generated, 24.5 m3/year infiltrate the riverbed and recharge the aquifers. The rest
(between 115-183 hm3/year) of the surface runoff ends up in the Mediterranean Sea.
c. Groundwater availability
On Majorca, the main aquifers correspond to Tertiary and Quaternary terrain located on
the plains of the island. In the mountain ranges the aquifers correspond to carbonate
formations of karstic nature with some springs with a high discharge rate. The mean
annual recharge volume of freshwater to groundwater resources on Majorca, including the
infiltration of precipitation, water supply and wastewater network losses, irrigation returns
and infiltration through riverbeds, estimated by the Balearic Island Hydrological Plan is
374.1 hm3/year. The same study estimates that a minimum annual volume of 123.9
hm3/year has to be discharged from these groundwater sources to the sea and/or the
wetlands connected to them, in order to avoid saline intrusion and deterioration of the
ecological function, respectively. That leaves a total of 250 hm3/year of available
groundwater resources. The outlets of groundwater resources, including extractions for
irrigation and supply, natural springs and aquifer drainage into rivers and outlets to the
sea, sum up to 396.8 hm3/year in total.
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Figure 6: Flow diagram of natural water resources on Majorca Island. (Generated by the authors based on
Govern Balear 1999).

The balance for groundwater resources is completed with the incoming 22.2 hm3/year of
saline water into the hydrological units that suffer saline intrusion. Thus, the total balance
of inlets and outlets has a difference of 0.5 hm3/year, which corresponds to the loss in
groundwater storage due to descending levels at the intensively exploited S´Estremera
aquifer.
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Groundwater resources are clearly in a highly-stressed condition on Majorca, which has
consequences for the quantity and quality of the water resource reserves.

Inflows to Groundwater systems [hm3/yr]:
Infiltration Infiltration
of
of Irrigation
Precipitation
305.4
21.9

Riverbed
infiltration

Supply net- Wastewater Saltwater
work losses
losses
intrusion

24.5

12.7

9.6

22.2

Total
396.3

Outflows of Groundwater systems [hm3/yr]:
Extractions

Springs

219.2

49.3

Discharge
to sea
128.3

Total
396.8

Change in Groundwater storage (∆S):
∆S = 369.3 – 396.8 = -0.5 [hm3/yr]
Change in groundwater quality:
Seawater intrusion = 22.2 [hm3/yr]
(+ NO3- contamination due to overmanuring)
Figure 7: Total groundwater resources balance for Majorca.

d. Balance of Natural, Available and Usable Resources: Problem of temporal variability
Summing up the Total Natural Resources, i.e. surface- + groundwater, there are 494.1
hm3/year on Majorca. The Total Available Resources are 257 hm3/year. These values are
estimates using the mean values of 25 years. They are thus only representative of long
term averages and do not visualise the important inter-annual oscillations that occur in
function of the yearly precipitation. In wet years not only water availability does increase,
but also the demand decreases, mainly in the agricultural sector. In general, the combined
effects allow for the recuperation of the piezometric levels then. On the other side, during
dry periods, which might last for various years, problems arise: surface water availability
decreases and groundwater abstractions at some aquifers increase in volume, but also in
costs due to decreasing levels, while in other aquifers abstractions might decrease due to
lack of reserves or diminishing water quality. The Balearic Island Hydrological Plan
estimates that during droughts the usable water resources of dams and the main
hydrological units may be reduced by 30 to 50% of the mean annual volume.
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Taking into account that we have previously calculated a total water use of 246 hm3/year
for Majorca, it is clear that the water resources problems on Majorca do not have their
origin in lacking natural resources, especially with regard to surface water resources, but
rather in the extremely variable spatial and temporal distribution of the resources. This is
why regulation of surface water resources would be so extremely expensive per available
m3, groundwater management is so necessary and desalination needs to be able to
compete.
e. Water quality issues
Quality of surface water resources has been monitored systematically only for the water of
the dam reservoirs, indicating good potable quality. For the rest of the natural waters
there is a limited number of samples (up to 4 times a year). In principle the quality should
be acceptable, although at specific sites quality might be altered by natural contamination
where the torrents or underground flows cross evaporitic materials. On top, the negative
influence of liquid and solid waste discharges to torrents would have to be considered.
The quality of groundwater resources on Majorca has been mainly affected by intensive
exploitation, agricultural land-use and wastewater disposal. As a consequence,
groundwater quality has deteriorated mainly due to salinisation and/or high levels of
nitrates:
1. The development of new groundwater abstraction for water supply, especially
from the 70´s onward, in addition to the existing abstractions for irrigation have
created two types of problems regarding groundwater:
• increase of the water salinity in aquifers connected to the sea, and
• systematic drops in aquifer levels not connected to the sea.
2. Bad practices in the agricultural sector regarding overmanuring in the past decades
have induced diffuse pollution in nearly all aquifers of the Majorcan plains. Some
zones have concentrations above 250 mg/l (50 mg/l is the maximum limit for
potable water set by WHO) (World Health Organization).
This combined situation has already had an effect on the groundwater resources quality
status. At present we already have 6 out of 21 hydrological units on Majorca that have
deficient water quality and another 5 units which are at imminent risk of deterioration. As
a consequence some sources of water need to undergo a desalination treatment before
entering the supply network. Nevertheless, occasionally some important locations such as
Palma have been temporarily supplied with brackish water.

305

Module 5

f. Non-conventional water resources
As the development of natural groundwater resources has grown to critical levels,
Majorca has had to turn to the use of non-conventional water resources such as re-use of
treated wastewater or desalination of brackish and saline water. On Majorca nearly 100%
of the wastewater originating from diverse activities is treated at least to secondary
treatment (Institut Balear de Sanejament 2002). As can be seen in Table 1, approximately
86% of the volume of treated wastewater undergoes even some kind of tertiary treatment.
Table 1: Secondary and tertiary treatment of wastewater in treatment plants of Majorca Island foreseen for 2004
(produced by the authors).
Total
Plants

Secondary

Ponds (Tertiary) Nutrients (Tertiary)

Total Tertiary

Number

Number

%

Number

%

Number

%

Number

%

63

22

35%

6

10%

35

56%

41

65%

[m3/d]

[m3/d]

%

[m3/d]

%

[m3/d]

%

[m3/d]

%

289,095

39,875

14%

12,530

4%

236,690

82%

249,220

86%

The first experiences using treated wastewater for irrigation in agriculture date back to
1972. In 1996 effluents of 35 wastewater treatment plants were used to irrigate 1050 ha of
agricultural land using 14 hm3/year (Mateos et al. 2001). The legal regulations oblige golf
courses to irrigate with treated wastewater. In 1996, not all courses had adapted to the
new regulation, but 3 hm3/year of treated wastewater were already used for golf courses.
Finally, 1.8 hm3/year were used to irrigate gardens and parks.
g. Desalination
In 1996 there were no desalination plants on Majorca yet. Now there are 3 desalination
plants on Majorca located near Palma Bay and Calviá with a total nominal production
capacity of 29.2 hm3/year (Palma: 70,000 m3/d, Calviá: 5,000 m3/d and Andratx: 2,500
m3/d). There is also a desalination plant for brackish water near Palma run by the private
supply company EMAYA with a treatment capacity of 40,000 m3/d.
Water balance on Majorca
A final flow diagram of total, natural and unconventional water resources can be seen in
Figure 8.
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Figure 8: Flow diagram of total water resources on Majorca Island (all numbers are in [hm3/yr]).
Generated by the authors based on information of Govern Balear (1999).

Estimated future demands
According to the development model of the government the tourism industry of the
Balears shall improve in quality of services but not in quantity of visitants. In accordance
with this model, the forecasts of the Balearic Island Hydrological Plan suppose a stagnant
tourism population with a slight increase in per capita water use volume. The permanent
population of Majorca is forecasted to continue to grow mainly due to immigration and
less to an increase in births. To calculate the future water demands for urban water supply
of the growing permanent population, the Balearic Island Hydrological Plan has
concluded a successive small decrease in the per capita water use volumes in accordance
with the policy of the water administration (Figure 9). The future increase in demand of
treated water for golf courses has been calculated based on the present development plans
for new golf courses. It has been assumed that no new golf courses will be developed
afterwards.Agricultural activities are presumed to stay stable with regard to water demand,
whereas it is supposed that industry and “others” will grow only slowly. Thus the biggest
increase in demand for water is foreseen to be for water supply.
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Figure 9: Estimation of future water demand per sector (Govern Balear 1999).

Identified problems and planned actions for the management of water
resources
Identified problems
The main problems identified with respect to water resources management on Majorca
are:
• Inadequate supply in terms of quantity
• Inadequate supply in terms of quality
• Overexploitation and saline intrusion of aquifers
• Environmental problems related to hydraulic resources
a. Inadequate supply in terms of quantity
At present it is generally no problem to provide the demanded quantity of water for urban
supply because the internal deficits of some hydrological units have been bypassed by
importing water from other hydrological units or overexploiting the aquifers. The latter
has far-reaching consequences for the deterioration of the water quality of the coastal
aquifers. The total inflow of seawater, estimated to be 22.2 hm3/yr, is approximately the
deficit of the island with the present infrastructure. This deficit could be clearly coped
with the total production of the seawater desalination plants (29.2 hm3/yr).
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b. Inadequate supply in terms of quality
As we have mentioned in the previous sections, the groundwater resources of Majorca
have been under stress for the last decades and the main consequences have been for the
quality of water. The main problems with respect to water quality are the advancement of
saline intrusion due to overexploitation and the contamination due to agricultural
activities, mainly NO3- and K+. Another problem to be considered is the quality of
effluents from water treatment plants. There are very few analyses of the quality and some
results exceed the limits set by regulation.
c. Overexploitation and salinisation
At present there are 6 overexploited and salinised hydrological units and 2 more under
high risk of being so as well.
d. Environmental problems related to hydraulic resources
A lot of care will have to be taken with regard to the extracted volumes in each aquifer in
order to respect minimum flows necessary to maintain the wetlands present on the island.
As identified during an inventory of wetlands, the main risks to these ecosystems are:
presence of toxic solid and liquid discharges, natural drying up due to droughts,
overexploitation of aquifers, intentional drying up for agricultural use, artificial limitation
of water resources feeding the wetland, urban pressure around the limits, etc.
Executed and planned actions towards sustainable water management
The Balearic Island Hydrological Plan has set some ambitious goals that are summarised
by:
• Keeping the total demand at present levels
• Reducing the nitrate contamination to levels below 50 mg/l in every aquifer by
2016
• Remediation of overexploited aquifers
The overall idea how to reach these goals is to:
• manage the water demand to control the future increase in water use
• reduce/replace extractions from overexploited aquifers
• increase the re-use of treated wastewater
• construct desalination plants to augment the available water resources
• augment pumping rates in less stressed hydrological units
• arrange exploitation of springs
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• recharge S´Estremera aquifer artificially
• construct a distribution network across the island (Transversal Water System)
The proposed measures to solve the problems are:
• Management of water demand: Actions on the water demand side are mainly focused
on the urban supply. Their goal is to reduce the present per capita water consumed
volumes in the major cities and to maintain it in the smallest villages, as well as
improvement in quality for tourism in order to have a more balanced distribution.
This way the development of the total demand for water supply should be kept
under control.
• Reduce extractions: The Balearic Island Hydrological Plan includes specific goals for
each aquifer as to the desired pumping rates based on calculated recharge criteria.
In many cases it means closure of extractions and in some cases it also foresees the
relocation of existing extractions to new locations.
• Increase the re-use of treated wastewater: There is a plan to increase the volume of
treated wastewater for re-use from 20 hm3/year to 74 hm3/year. The effluents are
mainly going to be used for irrigation in agriculture (45 hm3/year), golf courses
(10 hm3/year) and gardens and parks (10 hm3/year).
• Construct desalination plants: Desalination plants exist on Majorca with an average
production of 20 hm3/year, although their maximum capacity, including brackish
water treatment, reaches 42 hm3/year. These are mainly going to supply water to
Palma and allow to reduce the pumping rate from Llano de Palma hydrological
unit that has suffered saline intrusion.
• Augment extractions from little stressed aquifers: As there are still some aquifers that can
cope with bigger pumping rates in a sustainable way, these shall be developed and
connected to the Transversal Water System.
• Transversal Water System: A big infrastructure project is under way to facilitate the
transport of water in all directions on the island. This infrastructure will allow the
management of all water resources in an integrated and thus more efficient way, as
it will allow to take from the diverse sources independent of the geographical
distribution of the demand. It will thus improve the management of problems
produced due to varying temporal distribution of water resources. This will have
direct consequences for the preservation and remediation of the reserves and is an
important tool to achieve the water quality and quantity goals set in the Balearic
Islands Hydrological Plan.
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Figure 10: Schematic figure of the Transversal Water System under construction on Majorca.

Discussion
Total natural freshwater resources available for Majorca, in an average year, are 250 x 106
m3. Nevertheless, most of the aquifers are overexploited, with a periodically significant,
but continuous, decrease of the piezometric levels, and salt-water intrusion at the coast.
Summer peak demands combined with drought periods and a poor water management
are the origin of this situation. Water transport from the mainland and seawater
desalination have been used as a response to the continuous increase in water demand.
Under the current patterns of water use, water consumption per capita has reached 367.4
litres per day, including water losses during transport and in the distribution system, in
1999. Water consumption by tourists is nearly twice as high as the one of the local
population (575.8 litres per day in 1999). Meanwhile, the share of water for agriculture,
which used to be the main consumer, has decreased and nowadays equals urban supply
(Rullan/Rodriguez-Perea 1999). Mediterranean climate patterns point to the fact that an
integrated management of water resources is the best answer in order to achieve an interannual regulation of available water resources. Aquifer recharge, integration of surfaceand groundwater and the intensive use of existing desalination plants, as well as an
effective full-cost recovery policy would help to recover the groundwater resources and
the aquatic ecosystems in the medium run. The use of unconventional resources, like
treated wastewater for irrigation of crops, golf courses and green areas, and the
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implementation of water demand management policies start to be seen as a solution for
the water of the future.
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Introduction
Water deficiency in many regions in Southern Europe is increasingly becoming a major
constraint for the economic welfare and sustainable regional development. While in most
European countries there is no water deficit considering the national long-term water
balance, in many arid and semi-arid regions in Southern Europe severe water shortage
conditions exist. Moreover, the quality of both surface and groundwater resources is
deteriorating due to the intensive use of agro-chemicals by the agricultural sector,
inadequate urban waste water treatment and sea water intrusion due to overexploitation
of aquifers.
The Project
The EU project “Developing Strategies for Regulating and Managing Water Resources
and Demand in Water Deficient Regions”- WaterStrategyMan-WSM has four underlying
ideas which make up the goals of the project. Firstly, it seeks to understand the
accomplishments of past efforts and to learn from the existing literature on subjects such
as integrated water resource management, demand management, water planning and
management schemes and also developmental strategies. Secondly, it studies the
differences between quantity and quality dimensions in water resource management and
highlights the importance of regionalisation. Finally, alternative options will be developed
to respond to uncertainty, increased complexity, new circumstances and the need for a
balance between present and future water demands. The principal objectives include the
definition of a typology of water deficient regions (arid and semi-arid), taking into account
the socio-economic, cultural and environmental characteristics involved and the
development of a methodology for use in the evaluation and analysis of supply and
demand scenarios. The project consists of four phases: The first phase (diagnostic phase)
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is aimed at identifying a set of representative regions in Southern Europe and at defining
representative paradigms for water deficient regions which will form the theoretical
framework for developing, analysing and evaluating water management options. In phase
two (analysis phase) a consistent methodology for analysing and evaluating different water
allocation scenarios and water management options has been developed that encompasses
the entire range of water management conditions. The strategy formulation phase is
aimed at comparing and identifying appropriate plans, actions and policies that apply to
the paradigms. The main objective of phase four, the synthesis and dissemination phase,
is the synthesis of the results from the previous project phases. Based on the six identified
paradigms, widely acceptable guidelines and protocols are to be formulated in order to
implement the European Water Framework Directive (WFD) timely and efficiently. The
WFD essentially aims at improving the quality of aquatic ecosystems and at basing the
utilisation of water resources on the principle of sustainability. The project phases and
their interrelations are depicted in Figure 1.

Figure 1: Project phases.

To study the above-mentioned objectives, fifteen case study regions in six countries have
been selected. The selection of case study regions was based on the following criteria or
their combinations:
• The existence of arid conditions in the areas
• The existence of water shortage conditions (seasonal or permanent)
• The insufficient efforts of water management
• The lack of adequate institutional or administrative frameworks that affects water
management
• Socio-economic conditions affecting water management.
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The selected regions (Figure 2) are:
In Greece:
• Attica prefecture that hosts over forty percent of the total population in Greece,
concentrated in the Capital city and the surrounding areas, with limited natural
resources.
• Thessaly region, where large plains are intensively cultivated, requiring great
quantities of irrigation water.
• Cyclades, a complex of islands in the central Aegean Sea, which attracts large
numbers of tourists in the summer months, in a fragile area with limited natural
resilience.
In Italy:
• Emilia Romagna, which hosts several large cities, has significant agricultural
activities and also attracts a great number of tourists, leading to conflicts between
the users over water allocation, environmental degradation and water resources
overexploitation.
• Belice Basin, an area with intensive agriculture, low rainfall and inadequate
infrastructure.
In Israel:
• Tel Aviv, an area with a large population and significant industrial activity.
• Arava, which hosts mainly a rural, scattered population that is occupied with
agriculture.
In Cyprus:
• Akrotiri, which hosts the urban area of Limassol and also significant cultivated
plains.
• Germasogeia, an area with both agricultural and tourist activities, where the water
resources system is the most intensively exploited in Cyprus.
• Kokkinochoria, where tourist resorts have been developed and high efficiency
irrigation is used.
In Spain:
• Canary Islands, a region that is made up of a group of volcanic islands, where the
existence of intensive agriculture characterised by high water consumption, the
very rapid rise of population and the spectacular development of mass tourism
create serious conflicts and risks with regard to water availability.
• Doñana, which includes one of the most important wetlands of Europe, the
Doñana National Park, but at the same time its surroundings host a large
population.
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In Portugal:
• Sado, an area where irrigation, industry and power generation demands are all of
great significance.
• Guadiana, where irrigation demand and the poor water quality create deficit
problems.
• Ribeiras do Algarve, a region that attracts a large number of tourists, especially in
the dry semester and where there is also a lot of pressure due to irrigation water
uses.

Common trends of water use
In terms of water resources, the existence of aridity is the most striking characteristic. The aridity
index (Figure 3), which is defined as the ratio of precipitation and potential evapotranspiration, is
lower than 0.7 for all regions (Emilia Romagna being the only exception). Virtually all regions

are further characterised by conflicting uses between agriculture and tourism, the uneven
distribution of water resources in time and in space. The agricultural sector is by far the
largest consumer of water. Temporal water shortages are common in all regions. All
regions face water quality problems that are due to the pollution by agro-chemicals, the
overexploitation of aquifers and resulting seawater intrusion and inadequate wastewater
collection and treatment. The institutional framework for water management is partly
characterised by a fragmentation of responsibilities and a lack of public participation. Due
to highly subsidised prices for water in the agricultural sector, inadequate tariff systems
and a high percentage of unmetered water, cost recovery of water services is low in
general.

Water management options
Simply speaking, water management options in response to water shortage conditions can
be classified into supply augmentation measures and demand reduction measures. Supply
augmentation and demand reduction options can be further classified into measures to
increase the efficiency of the existing use of water and the use of previously untapped
resources. Such measures include inter- or intra basin water transfer (e.g. Attica, Sado),
the construction of new reservoirs to increase the storage capacity (e.g. Cyprus), the
construction of desalination plants (Cyprus) or the use of re-used waste water for
irrigation purposes. Water use efficiency in the agricultural sector (being defined as the
ratio of water that actually reaches the plant compared to the total water allocated) is
approximately 60 per cent in general and can sharply be increased by a change to pressure
systems instead of gravity systems and by simple measures such as lining of canals,

316

Dominik Wisser: The EU-WaterStrategyMan Project

covering of reservoirs etc. In water supply systems, the efficiency can be increased greatly
by reducing losses in the distribution system which amount to 40 per cent in some
regions (e.g. Ribeira do Algarve in Portugal), so that a lot of water could be saved by
introducing efficient leakage detection and control measures. Economic instruments
towards a sustainable use of water include economic incentives, cost recovery of water
services and the implementation of the polluter-pays-principle.

Figure 2: Case study regions of the WSM project.
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Figure 3: Aridity indices of the selected regions.
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The decision support system
Objectives
The main objective of the DSS is the evaluation of water demand and water supply
strategies using scenarios. Strategies involve structural measures as well as non-structural
measures as described above. The performance of a given strategy is evaluated using a set
of scenarios that reflect conditions that cannot be directly influenced by the decision
maker (e.g. changes in water availability, an increase in tourist arrivals, altered market
conditions for agricultural products etc.). In order to include the occurrence of dry and
wet periods, the simulations are usually done over a sufficiently long period (multiple
years). The model runs on a monthly time step. For each time step, the water demand and
availability is computed based on the scenario assumptions, and water is subsequently
allocated according to the algorithm described below. Based on the allocation of water,
water quality is estimated. The spatial range in which the tool can be applied ranges from
settlement level to river basins and regions.
Tool Architecture
Any given water resources system (region, river basin, island) is schematised by a network
representation (Figure 4). Nodes in the network represent physical entities and are further
subdivided into supply nodes (characterised by a supply rate si) such as wells, treatment
plants, reservoirs etc., and demand nodes (characterised by demand rate di) such as
irrigation sites, settlements, industrial sites etc. Links in the network are characterised by
the maximum capacity cj of the link and by a flow rate fj. For the modelling of the
geodatabase, a fully object-oriented approach has been implemented. The river basin or
region itself is presented as a set of map layers (elevation, topographical maps etc.) on top
of which the network is superimposed. An example of the schematisation of a region in
the DSS is given in Figure 5. The structure of the DSS is depicted in Figure 6.
The GIS database has been implemented using the ESRI Geodatabase and provides the
basis for the modelling environment as it contains spatial data as well as time series of
attribute data for each node and for the entire region. The system was implemented using
the Microsoft.NET Environment for Visual Basic.NET. The topological relation of
network objects is derived from the core database. The tool consists of four basic
modules for a complete representation of supply and demand scenarios.
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Figure 4: Network Conceptualisation.

Figure 5a: Example of Network Schematisation of a Region.
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Figure 6: Structure of the decision support system.

Hydrological Model
The hydrological model (water availability module) estimates monthly values of resources
for each supply node (groundwater, river nodes, reservoirs and lakes). Scenarios of both
rainfall and evapotranspiration over the simulation period can be created either by
repeating a recorded rainfall pattern for the entire period, by assigning a trend to a
recorded rainfall pattern or by creating a series of predefined rainfall months. The water
balance is calculated using a simple rainfall runoff. If detailed data for nodes is available
(e.g. through direct measurements or external models) it can be entered directly.
Demand Estimation
Water demand for each node is estimated by the demand model that is based on a
hierarchical disaggregation of water demand into any of the following sectors: Agriculture,
industry, tourism, domestic demand, hydropower and environment. The distinction
between demand for tourism and the demand for residential population (domestic) is
stimulated by the fact that not only the seasonal demand pattern between the two users is
largely different but also per capita demand varies greatly. The (simplified) water quality
module calculates values of loads and concentrations, respectively, for any nodes. Net
irrigation water demand is estimated using the FAO-CROPWAT approach (FAO 1998)
that is based on the cropping pattern and the irrigated area during the growing season and
is computed as the difference between crop-specific evapotranspiration and effective
precipitation. Gross irrigation water demand is computed by dividing net irrigation water
demand by the overall efficiency rate of irrigation. Domestic and tourism demand are
computed by multiplying the number of inhabitants (or tourists) by the average demand
per capita and by adding the volume of water that is lost during delivery. Given the very
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complex nature of industrial demand and demand for environmental requirements, those
values have to be defined by the user. All demand variables are subject to long-term and
short-term fluctuations and trends which are reflected in the scenario formulation.
Water Quality Model
The water quality module simulates transport and degradation of significant water-qualityrelated substances in reservoirs, rivers and groundwater. The substances modelled are:
Biochemical Oxygen Demand (BOD), Total Phosphorus, Nitrates, Salinity, Dissolved
Oxygen, Heavy Metals, Chlorophyll Alpha and Coliform Bacteria.
Water Allocation
The mathematical concept of the allocation model is to find stationary solutions for the
flow in the network so that the deficit (demand- inflow) is minimised at any node for each
time step. Formally,
⎛
⎛
⎞⎞
−
min ⎜
d
f
⎜
∑nodes i i all inco min
∑g links j j ⎟ ⎟⎟
⎜ all demand
⎝
⎠⎠
⎝

(0.1)

is subject to the following constraints:
Supply constraint

∑

fj −

∑

fj −

∑

fj −

all outco min g links j

∑

f j ≤ si

(0.2)

all inco min g links j

Demand constraint
all inco min g links j

∑

f j ≤ di

(0.3)

∑

fj = 0

(0.4)

all outco min g links j

Flow conservation constraint
all outco min g links j

all inco min g links j

Capacity constraint
0 ≤ f j ≤ cj

(0.5)

The above problem is solved by first reducing it to a MAXFLOW problem which is
solved using a standard algorithm. Further details can be found in (Manoli et. al. 2001). If
a water shortage exists, the model will allocate water according to user-defined priorities
for any demand site representing water rights. Similarly, priorities reflecting the decision
makers’ preference to use a given supply source can be defined in cases where a demand
node is connected to more than one supply node.
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Evaluation of Scenarios
As the general idea of the decision support system (DSS) that has been developed is to
compare the performance of different water management strategies over a sufficiently
long period of time, the evaluation approach that is implemented in the Decision Support
System (DSS) of the WaterStrategyMan Project is based on a two step procedure. The
first step involves a temporal aggregation of time series into single values, the second step
is aimed to provide the decision maker with time series of indicators as additional
information.
Temporally aggregated values
Based on the primary objectives of a water management strategy (environmental
compatibility, cost recovery of water services and coverage of demand for all sectors), a
set of indicators is used that “measures” the performance of a strategy compared to those
objectives.
Table 1: The selected indicators

Indicator
Environment
Resources

Dependence on Inter-basin water transfer
Desalination and reuse percentage
Groundwater exploitation index
Non-sustainable water production index

Efficiency

Demand coverage-Animal breeding
Demand coverage-Domestic demand
Demand coverage-Environmental demand
Demand coverage-Hydropower demand
Demand coverage-Industrial demand
Demand coverage-Irrigation demand

Economics

Rate of cost recovery

A temporal aggregation is done according to a system performance approach suggested
by the American Society of Civil Engineers (ASCE) that is aimed at temporally aggregated
time series of performance indicators of a system (see Figure below).
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System Performance
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Figure 7: System performance indicator.

For each of the indicators used in the WSM-DSS, the following values are computed:
• Average value
• Reliability
• Resilience
• Max. Extent
• Duration
Reliability is the probability that a criterion value will be within the predefined range of
satisfactory values. Resilience is an indicator for the speed of recovery of an unsatisfactory
condition. It is defined as the number of times a satisfactory value follows an
unsatisfactory value related to the total number of values. For the evaluation of a given
strategy, an overall score is computed using the temporally aggregated criterion values.
Weights can be assigned to indicator values to reflect the preference structure of the
decision-maker. The aggregation of all indicators mentioned above results in a score for
any given strategy so that a ranking of those strategies can be directly obtained.
Time series of indicators
In addition to the indicators and indices that are directly used for the evaluation of water
management strategies, the DSS provides a number of additional time series of indicators
and indices based on the primary data that is either modelled by the system or entered as
initial data. Their purpose is merely to provide the user with additional information on the
evaluation process.
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Table 2: Additional time series of indicators in the WSM-DSS.

Indicator
Environment
Resources

Exploitation

Total Water production
Groundwater exploitation index
Consumption index
Non-sustainable gw production

Dependencies

Dependency ratio
Anthropogenic
production

Water quality

water

produced/total

water

Percentage of treated urban water
Share of primary treatment
Share of secondary treatment
Share of tertiary treatment

Social
Indicators

Pressures

Agricultural demand per ha
Tourists per inhabitant
Water abstractions per capita

Deficits

Domestic deficit as percentage of demand
Industrial deficit as percentage of demand
Environmental deficit as percentage of demand
Hydropower deficit as percentage of demand
Irrigation deficit as percentage of demand

Economics

Direct costs
Environmental costs
Revenues
Rate of cost recovery
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Figure 8: Results navigation.

Conclusion
The entire range of existing circumstances in water deficit regions in Southern Europe has
been analysed, taking into account water resources availability, water supply options,
water policy options as well as socio-economic and institutional constraints. Based on
water shortage conditions, fifteen regions in Southern Europe have been selected as case
study regions. A prototype spatial decision support system has been developed that is
aimed at analysing different supply scenarios and evaluating necessary structural and nonstructural measures to meet water demand and to meet the requirements of the Water
Framework Directive (WFD). It integrates a spatial database of the region and its
infrastructure and allocates water in such way that the deficit for each demand node is
minimised. Different water management strategies can be evaluated using a set of
scenarios that affect demand and hydrological conditions. Based on a set of indicators,
strategies can be evaluated and ranked taking into account the decision makers’
preference structure.
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Introduction
Water is considered to be the most critical resource for sustainable development in most
Mediterranean countries. It is essential not only for agriculture, industry and economic
growth, but it also is the most important component of the environment, with significant
impact on health and nature conservation. Currently, the rapid growth of the population,
together with the extension of irrigation and industrial development, are stressing the
quantity and quality aspects of the natural system. Because of the increasing problems,
man has begun to realize that he can no longer follow a "use and discard" methodology,
either with water resources or any other natural resource. As a result, the need for a
consistent policy of rational management of water resources has become evident. The
global irrigated area has increased more than six-fold over the last century, from
approximately 40 million hectares in 1900 to more than 260 million hectares (Postel 1999;
FAO 1999). Today, 40% of the world’s food comes from the 18% of the cropland that is
irrigated. Irrigated areas increase almost 1% per year (Jensen 1993) and the irrigation
water demand will increase by 13.6% by 2025 (Rosegrant/Cai 2002). On the other hand,
8-15% of freshwater supplies will be diverted from agriculture to meet the increased
demand of domestic use and industry. Furthermore, the efficiency of irrigation is very
low, since only 55% of the water is used by the crop (Figure 1). To overcome water
shortage for agriculture is essential to increase the water use efficiency and to use marginal
waters (reclaimed, saline, drainage) for irrigation.
Under scarcity conditions, considerable effort has been devoted over time to introduce
policies aimed at increasing water efficiency based on the assertion that more can be
achieved with less water through better management. Better management usually refers to
improvement of allocative and/or irrigation water efficiency. The former is closely related
to adequate pricing, while the latter depends on the type of irrigation technology,
environmental conditions and on scheduling of water application. It is well known that
crop yield increases with water availability in the root zone, until saturation level, above
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which there is little effect (Hillel 1997). The yield response curve (Figure 2) of specific
crops depends on various factors, such as weather conditions and soil type as well as the
reduction of the agricultural inputs like fertilizers and pesticides. Therefore it is difficult
for a farmer to tell at any given moment whether there is a water deficit or not. Since
overabundant water usually does not cause harm, farmers tend to “play safe” and increase
the irrigation amount, especially when associated costs are low. Efficient irrigation
management can be achieved through reduction of losses from water conveyance
systems, obligatory use of localized (drip) irrigation systems by the farmers (with or
without subsidies), proper irrigation scheduling and the application of salinity
management techniques. The aim of this work is to review existing methodologies of
irrigation scheduling and to discuss the water quality issues for using marginal waters for
irrigation.

Farm destribution
losses
12%
Water used by the
crop
55%

Irrigation
distribution losses
8%

Field application
losses
25%

Figure 1: Water losses in agriculture.

Irrigation scheduling
Irrigation scheduling is the decision making process for determining when to irrigate the
crops and how much water to apply. It forms the sole means for optimizing agricultural
production and for conserving water, and it is the key to improving performance and
sustainability of the irrigation systems. It requires good knowledge of the crops' water
requirements and of the soil water characteristics that determine when to irrigate, while
the adequacy of the irrigation method determines the accuracy of how much water to
apply. In most cases, the skill of the farmer determines the effectiveness of the irrigation
scheduling at field level. With appropriate irrigation scheduling deep percolation and
transport of fertilizers and agro-chemicals out of the root-zone is controlled, water-
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logging is avoided, less water is used (water and energy saving), optimum soil water
conditions are created for plant growth, higher yields and better quality are obtained and a
rising of the saline water table is avoided. In water-scarce regions, irrigation scheduling is
more important than under conditions of abundant water, since any excess in water use is
a potential cause for deficit for other users or uses.

yield response curve

relative yield

deficit regime
saturation regime

maximum wateruse-efficiency

available water
g responseFigure
Figure 2: Plant yield
to water.2. Plant yield response to water

Irrigation scheduling techniques and tools are quite varied and have different
characteristics relative to their applicability and effectiveness. Timing and depth criteria
for irrigation scheduling (Huygen et al. 1995) can be established by using several
approaches based on soil water measurements, soil water balance estimates and plant
stress indicators, in combination with simple rules or very sophisticated models. Many of
them are still applicable in research or need further developments before they can be used
in practice. Most of them require technical support by extension officers, extension
programmes and/or technological expertise of the farmers. However, in most countries
these programmes do not exist because they are expensive, trained extension officers are
lacking, farmers’ awareness of water saving in irrigation is insufficient and the institutional
mechanisms developed for irrigation management give low priority to farm systems.
Therefore, in general, large limitations occur for their use in the farmers’ practice. A brief
description of irrigation scheduling techniques with reference to their applicability and
effectiveness is given below.
Soil water estimates and measurements
Soil water affects plant growth directly through its controlling effect on plant water status.
There are two ways to assess the availability of soil water for plant growth: by measuring
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the soil water content and by measuring how strongly that water is retained in the soil
(soil water potential). The accuracy of the information relates to the sampling methods
adopted, and to the selection of locations where point observations are performed due to
the soil water variability both in space and depth (Peymorte/Chol 1992). Soil water
estimates and measurements used for irrigation scheduling include:
a. Soil appearance and feel. Assessment of the soil water status by feeling how dry is
the soil using hands or a shovel. It is applicable mainly to field crops rather than
to fruit trees, and its effectiveness depends on the farmer’s experience in sensing
the changes in the soil moisture by hand touching the soil.
b. Soil water content measurement. It can be done through soil sampling for laboratory
analysis, or using a neutron probe or time-domain reflectometer (TDR). Neutron
probes use the property of scattering and slowing down neutrons by the
hydrogen nuclei of the water molecules. The TDR measures the propagation of
an electromagnetic wave through the soil (Topp et al. 1980). The characteristics
of this propagation depend on the soil water content through the dielectric
properties of the soil. The main advantages are that non-destructive and direct
measurements can be performed without disturbing the soil allowing one to
follow water content changes with time. The main limitation for neutron probes
is safety rules, which have to be followed to operate, transport and store the
probe, while for TDR it seems to be due to gaps and cracks which may arise
during installation of the rods or as a result of shrinking of the soil during drying.
Assessment of the soil water content can be done using porous blocks or
electrode probes by sensing the changes in the electrical resistance in the soil due
to variations in soil moisture. The above mentioned techniques are precise, their
applicability is great, but they are expensive and require calibration and expertise
and/or external support to farmers. Their effectiveness depends upon the
selected irrigation thresholds.
c. Soil water potential measurement. Tensiometers, soil psychrometers and pressure
transducers are highly precise instruments for measuring soil water potential.
Tensiometers, which assure low cost, simple operation and provide information
for precisely determining the irrigation timing and depths when irrigation
thresholds are well established, are widely used for the irrigation of horticultural
crops. There should be at least one, and preferably two, tensiometer locations
(two or more tensiometers at one location being a station) for each area of the
field that differs in soil type and depth (Figure 3). The depth of tensiometer
installation in the soil varies with crop type (Table 1), therefore advice to farmers
is desirable. The only limitation is that they do not operate beyond their sensing
ability (0-80 kPa). Soil spectrometers and pressure transducers are complex,
expensive and require highly qualified farmers, so their farm application is very
limited. However, a combination of devices measuring soil water content (i.e.
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TDR) and soil water potential is applicable to highly advanced technological
farms and in research experimentation.

Evaluates soil water content in:
Top layer

Deeper
layer

3. Tensiometers
and schematic
representation
of their
proper installation
Figure 3:Figure
Tensiometers
and schematic
representation
of their proper
installation
in the field.in
the field.

Table 1: Depth of tensiometer installation for various crops.
Depth of tensiometer installation for various crops
Plant type

Effective root depth (cm)

Grasses

15

Vegetables

15-30

Shrubs

30-45

Tree crops

30-60

d. Remotely sensed soil moisture. Data on soil moisture, mainly for the shallow soil layer,
can be obtained with an airborne thermal infrared scanner, and usually work on
large areas. Its applicability is very limited and further development is required.
Crop stress parameters
Instead of measuring or estimating the soil water parameters, it is possible to get
‘messages’ from the plant itself, indicating the time of irrigation but not defining the
irrigation depths. This message can either come from individual plant tissues, then it will
be necessary to have a correct sampling, or from the canopy as a whole. Therefore, crop
stress parameters are useful when irrigation depths are predefined and kept constant
during the irrigation season. Crop water stress parameters include:
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a. Plant appearance. Leaf rolling, changes in leaf orientation or colour are signs for
plants under water stress, so they can be used for determining the time of
irrigation. However, this technique is applicable to crops/plants that give
detectable signs of water stress prior to wilting and its effectiveness depends
upon the farmer’s experience.
b. Leaf water content and leaf water potential. The main interest of these measurements
lies in the possibility of linking values of pre-dawn leaf water potential and/or
leaf water content to relative evapotranspiration. However, both have limitations
such as representative sampling, require relatively sophisticated equipment
(pressure chamber, psychrometer), timeliness for observations and expertise in
interpretation of the results. Thus, they are mainly used for research purposes.
c. Changes in stem or fruit diameter. Trends in diameter growth and diurnal changes of
stems or fruits are measured using micrometric sensors (Deumier et al. 1996).
They are not difficult to install, mainly on tree branches, and are connected to a
data logger. The main problem encountered is that, sometimes, the same
response is obtained with an excess as with a lack of water. Furthermore, this
technique is expensive, requires expertise and well-selected thresholds, hence its
use by farmers is limited.
d. Sap flow measurement. Sap flow measurements using appropriate electronic sensors
are sometimes used to evaluate plant water stress criteria for irrigation scheduling
(Valancogne/Nasr 1989). In fact, one can obtain relative ET values by measuring
sap flow along the trunk and comparing trees under water shortage to wellirrigated trees. The techniques available are the sap flux density technique
(Cohen et al. 1981) and the mass flux technique (Sakuratani 1981). The former is
limited by the need to determine the cross-sectional area of the water conducting
tissue. The latter is restricted to the estimation of small trees' transpiration. Both
techniques need tree sampling, require expertise, well defined thresholds and are
mainly used for research.
e. Canopy temperature. This technique is applicable to field crops for large areas. It is
based on the fact that the surface temperature of a well-watered crop is some
degrees lower than the air temperature, while the surface temperature of a
stressed crop is close to the air temperature. Surface temperature measurements
are performed using infrared thermometers, while the determination of the crop
water stress index (CWSI) is necessary (Idso et al. 1981; Jackson et al. 1981).
Despite efforts to simplify calculations (Itier et al. 1993), and the continually
decreasing price for infrared thermometers, its use seems to be limited to
industrial farms or farm advisers. Furthermore, CWSI can be used only if
weather conditions are not rapidly changing (wind and radiation) and only for
fully developed crops (in order to avoid soil surface temperature influence on
measurements).
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f. Remote sensing of crop stress. Airborne and satellite scanners sensing several
wavelengths including the thermal infrared are used. Information may be made
available through a spatially distributed format with a geographical information
system (GIS). The accuracy of the technique is higher when it is applied to large
cropped areas with big fields and small crop variety. It is useful for the support
of regional irrigation programmes, while good expertise in interpreting and
transmitting information to farmers is required.
Climatic parameters
Climatic parameters are widely used for local or regional irrigation schemes. Weather data
and empirical equations that, once they are locally calibrated, provide accurate estimates
of reference evapotranspiration (ETo) for a given area are used. Then, crop
evapotranspiration (ETc) is estimated using appropriate coefficients. Information may be
processed in real time or, more often, using historical data. These techniques include:
a. Evaporation measurements. Evaporation is used to calculate the ETo by the formula
ETo =Kp Epan. The coefficient (Kp) depends on the type and size of the pan
and the state of upwind buffer zone. The crop evapotranspiration (ETc) is
estimated using appropriate coefficients that relate evaporation to ETo. Pan
evaporation data should be averaged to 7 or 10 days. Its effectiveness depends
on the reliability of evaporation measurements, accuracy on computing ETo and
how the information reaches the farmers. Usually this information is given on a
weekly base using bulletins or broadcasting.
b. Assessment of crop evapotranspiration. The ETo is estimated using climatic data (air
temperature, RH, wind speed, sunshine hours) through specific equations, while
crop evapotranspiration (ETc) is calculated by the formula ETc=Kc ETo, where
Kc is the crop coefficient (Allen et al. 1998). Factors determining Kc are the
crop type, climate, soil evaporation and crop growth stage. The effectiveness of
this procedure depends on the accuracy of data collection and calculation
procedures, and on the way the information is given to farmers. This technique
is applicable to regional irrigation scheduling programmes, while advice to
farmers is desirable.
c. Remotely sensed ET. Can be done using thermal infrared and multi-spectral
scanners combined with surface weather data. It is applicable to large areas, so
useful for regional irrigation scheduling programmes. However, there are some
limitations in the application and further progress is required.
Soil-water balance
The aim of the soil water balance approach is to predict the water content in the rooted
soil by means of a water conservation equation: ∆ (AWC × Root depth) = Balance of
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entering + outgoing water fluxes, where AWC is the available water content. Soil water
holding characteristics, crop and climate data are used in sophisticated models to produce
typical irrigation calendars. This approach can be applied to individual farms up to large
regional irrigation schemes. However, it needs expertise, support by strong extension
services or links with information systems. Its effectiveness is very high, but depends on
farm technological development and/or support services. Examples of commercial
software for irrigation scheduling based on the soil-water balance approach are:
IMS-Real time irrigation scheduling (Hess 1996), Institute for Water and
Environment, Grandfield University, UK.
MARKVAND: An Irrigation scheduling system for use under limited irrigation
capacity, Danish Institute of Plant and Soil Science, Denmark.
SALTMED: A computer model for generic applications that illustrates the effect of
all the parameters affecting crop growth and yield (Ragab 2002), Institute of
Hydrology, Wallingford, UK.
SIMIS: A decision support system that processes information about the system soilwater-plant to provide crop water requirements and estimate irrigation needs
at farm and canal level (FAO 1999b).

Effective Irrigation scheduling
It is recognized that appropriate irrigation scheduling should lead to improvements in
irrigation management performance, especially at farm level. The farmer should be able to
control the timing and the depth or volume of irrigation. However, the practical
application of the techniques and methods has been far below expectation. The
dependence on a collective system implies social, cultural and policy constraints. The
main constraints are the lack of flexibility, either due to rigid schedules or the system
limitations, the non-economic pricing of water (price covers less than 30% of the total
cost), the high cost of irrigation scheduling (either for technology and/or labour), the lack
of education and training of the farmers, the institutional problems, the behavioural
adaptation, the lack of interactive communication between research, extension and
farmers and finally the lack of demonstration and technology transfer. The effective
application of any irrigation scheduling method and effective implementation of the
corresponding delivery schedule are subject to the physical capability of the collective
system for delivering water according to this schedule and to the capacity of the
management for operating the system properly. One of the major obstacles for effective
implementation of crop-based and water-saving irrigation scheduling is the inability of
most conveyance and delivery systems to deliver water at the farm gates with the
reliability and flexibility required. In surface irrigated areas supplied with water from
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collective irrigation canals, discharge and duration impose constraints on farm irrigation
scheduling. In case that the time interval between successive irrigations is too long, the
farmers usually apply all water that is made available and over-irrigation is practised. In
modern pressurised irrigation networks water is available on demand, although discharges
may be limited due to technical or economic reasons. The farmers are free to select and
adopt the irrigation schedules they consider more appropriate for their crops and farming
practices. However, in case of drought or limited water supply, managers can enforce
restrictions to volumes delivered and/or price penalties for excess water use.
Finally, all agencies involved in efficient irrigation water management should make every
effort to disseminate knowledge, improve education and training at all levels, transfer
technology, incite decision-makers to changes, involve the farmers in the decision process
and urge the funding agencies and governments to set up the financial means required.

Quality of irrigation water
Water scarcity in the Mediterranean basin appears as one of the main factors limiting
agricultural development, particularly in the 2000-2025 period. During the next 25 years,
although irrigated areas will increase, sustainable quantities of freshwater supplies will be
diverted from agriculture to meet the growing water demand in the municipal and
industrial sectors in the region (Correia 1999). To overcome water shortages and to satisfy
the increasing water demand for agricultural development, the use of marginal quality
waters (brackish, reclaimed, drainage) will become necessary in many countries. However,
the use of saline water for irrigation requires an adequate understanding of how salts
affect soil characteristics and plant performance. The importance of water quality issues
for irrigation was only recognized during the last century. Water quality refers to the
characteristics that influence its suitability for use and is defined by certain physical,
chemical and biological characteristics. Irrigation water quality depends on the type and
quality of dissolved salts. The type and quality of salts is influenced by the geological and
chemical form of petri-fraction at which water penetrates or is stored, the climatic
conditions (rainfall, evaporation, etc.), the type of vegetation, the infiltration rate and runoff. The laboratory analyses required for irrigation water evaluation is given in Table 2.
Freshwater is considered to have a total dissolved solids (TDS) concentration of less than
500 mg/l (EC < 0.6 dS/m), brackish water between 500 to 2,000 mg/l (EC 0.6 to 3.0
dS/m), moderately saline water 2,000–5,000 mg/l (EC 3.0-8.0 dS/m), saline water 5,000
to 10,000 mg/l (EC 8-15 dS/m), highly saline water 10,000-30;000 mg/l (EC 15-40
dS/m), while sea water has TDS averaging 35,000 mg/l (EC 49 dS/m). Brackish and
saline waters (naturally or due to human activities), drainage waters and reclaimed waters
are considered low quality water for agriculture (Maas 1990; Hillel 2000).
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Table 2: Laboratory determinations needed to evaluate irrigation water quality.
Water parameter
SALINITY
Salt Content

SALINITY
Cations & Anions

NUTRIENT

Symbol

Unit

Usual range in
irrigation water

Electrical conductivity

ECw

dS/m

0–3

Total Dissolved Solids

TDS

mg/l

0 – 20

Calcium

Ca++

me/l

0 – 20

Magnesium

Mg++

me/l

0–5

Sodium

Na++

me/l

0 – 40

Carbonate

CO3--

me/l

0 – 0.1

Bicarbonate

HCO3-

me/l

0 – 10

Chloride

Cl-

me/l

0 – 30

Sulphate

SO4-

me/l

0 – 20

Nitrate – Nitrogen

NO3-

mg/l

0 – 10

Ammonium – Nitrogen

NH4-

mg/l

0–5

Phosphate – Phosphorus

PO4-P

mg/l

0–2

Potassium

K+

mg/l

0–2

Boron

B

mg/l

0–2

pH

1 – 14

6 – 8.5

SAR

me/l

0 – 15

MISCELLANEOUS Acid/Basicity
Sodium Absorption Ratio

Water qualitiy related problems
Irrigation enriches the soil with salts. Even good quality water (EC 0.4 dS/m) contains
250 ppm of salts, so irrigation with 500 mm of this water introduces 125 kg of salts on
1000 m2 of soil. Furthermore, water logging and related problems have occurred in many
irrigated areas. Such problems could arise even more quickly and more severely when
saline water is used.
The main problems associated with the use of saline irrigation water are:
a. Reduced soil water availability: – The salts in the soil solution retain part of the soil
water, causing a significant reduction of water available to the crop as salinity
increases (osmotic effect). To withdraw water from the soil, the plant must
overcome the osmotic potential in addition to the soil water potential.
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b. Toxicity hazards: – Certain ions (sodium, chloride, boron) accumulate in excess in
the plant tissues causing crop damage (specific ion effect). The toxicity
symptoms appear as a burning of the outer edge of the leaf, progressing inwards
between the veins and finally end with leaf drop and necrosis of the stem or
plant (Figure 4). The degree of the damage depends on the time of exposure, the
concentration of salts, the crop sensitivity and the crop water use. Toxicity
symptoms appear in salt sensitive crops when leaf Cl exceeds 0.30-0.50% (d.w.),
Na exceeds 0.25-050% (d.w.) and boron 250-300 mg/kg (d.w.).

Figure 4: Salt toxicity symptoms.

c. Nutrient imbalances: - Caused by excess concentration of certain ions or the
prevention of crop uptake of others due to ion antagonism (limited Ca and K,
excess NO3, phosphate).
d. Soil degradation: - Improper use of saline water results in salt accumulation in the
root zone and soil surface, so the soil becomes saline. When its sodium content
is relatively high compared to other cations (Ca and K, high SAR), the soil
becomes sodic with reduced infiltration rate and permeability. Both are linked to
the structural stability of the soil surface. Related problems are soil crusting,
reduced availability of water to plants, poor seedling emergence, lack of aeration,
root and plant disease development. Guidelines on the use of saline water for
irrigation are given in Table 3 (Ayers/Westcot 1985).
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Table 3: Water quality for irrigation and required restrictions in its use (Ayers/Westcot 1985).
Slight to
Water
No
Severe
Problems
moderate
characteristic
restrictions
restrictions
restrictions
Salinity effects
on water
availability

EC

(dS/m)

< 0.7

0.7 - 0.30

> 3.0

TDS (mg/l)

< 450

450 - 2000

> 2000

SAR <3

EC >0.7 dS/m EC: 0.7-0.2 dS/m

EC <0.2 dS/m

3 to 6

>1.2

1.2 to 0.3

<0.3

6 to 12

>1.9

1.9 to 0.5

<0.5

12 to 20

>2.9

2.9 to 1.3

<1.3

20 to 40

>5.0

5.0 to 2.9

<2.9

Surface irrigation: SAR

<3

3 to 9

>9

Sprinkle/spray
(meq/l)

<3

>3

Surface irrigation
(meq/l)

<4

4 to 10

Sprinkle/spray
(meq/l)

<3

>3

Boron (mg/l)

< 0.7

Trace elements

Variable

Sprinkle/spray
irrigation

Bicarbonate (meq/l)

<1.5

Plant nutrition

pH

Salinity effects
on soil
infiltration

Sodium

Chloride
concentration

Toxicity

>10

0.7 to 3.0

>3.0

1.5 to 8.5

>8.5

Normal 6.5 to 8.5

Conditions affecting saline water suitability for irrigation
The suitability of water for irrigation is based on the kind and amount of salt content, the
management capability of the user and the specific conditions of use. The conditions
affecting the suitability of saline water for irrigation are:
1. Climatic conditions
The amount and distribution of rainfall influences the leaching of salts in the
root zone. Temperature influences the water amount and the interval between
irrigations. In regions with high precipitation and sufficient drainage, low quality
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water can be used without damaging crops and soils. In arid or semi-arid regions
with low precipitation great attention must be paid to the quality of water.
2. Physical properties of soil
Soil texture, structure and permeability define the situation in which the root system
of the plant lives after irrigation. High sodium content in water reduces infiltration in
heavy soils (high salt content). Therefore, the use of saline water should be avoided.

3. Drainage conditions
If drainage is not adequate (water table less than 2 m depth), the use of low
quality water may cause severe problems. Water rises up to the active root zone
by capillary and if the water table contains salts it becomes a continual source of
salts to the plant root zone. In semi-arid regions the water table must be below 2
m depth, if saline water is used for irrigation.
4. Irrigation method
In basin and border irrigation salt accumulation in the root zone is not likely to
occur if the water table is below 2 m. However, both require abundant water and
adequate land levelling. In furrow irrigation salts tend to accumulate on top of
the ridges, so leaching is required prior to planting. Salt accumulation in the root
zone under sprinkler irrigation is not likely to occur, while severe leaf damage
may occur from the salt accumulating on the external leaf surface. In sub-surface
irrigation there is no accumulation of salts in the root zone, although limitations
for use are the clogging of a porous medium by salts contained in the water.
Under drip irrigation salt accumulation in the root zone is not likely to occur,
except in wetted fronts. Due to frequent irrigation, the high water content below
the dripper ensures the dilution of salts, providing control of stress and toxicity
and yield losses are minimized.
5. Crop tolerance
Crops and different cultivars of the same crop vary considerably in their
tolerance to salinity (Maas 1990). Maas and Hoffman (1977) concluded that crop
yield is not reduced until a threshold of salinity is exceeded, according to the
following equation:
Yr = 100 − (EC e − t ) ⋅ s

where, Yr is the relative yield, t is the threshold value of salinity where the yield begins to
decline, s is the rate of yield decline and ECe the soil saturation extract salinity. Beyond
the threshold level the yield decreases linearly with rising salinity. The salinity value at zero
yield provides an estimate of the maximum salinity that plants can tolerate, and is used to
calculate the leaching requirements. Salt tolerance is characterized by the values of both

339

Module 5

the threshold and slope (Figure 5). Using this model, Maas (1990) classified the crops
according to their salt tolerance into four groups (sensitive, moderately sensitive,
moderately tolerant, tolerant).

120

Relative yield

100
80

Egg-plant

60
40

y = -0.61x + 98.85
r = -0.998
y = -1.52x + 104.83
r =-0.991

Cucumber

20
0
0

40

80
120
NaCl salinity (mM)

160

Figure 5: Relative yield response of eggplant and cucumber to salinity (Chartzoulakis/Loupassaki 1997).

Salt tolerance of the crops is affected by plant factors (stage of growth, root system
development, cultivar, and rootstock), soil factors (soil water content, fertility, aeration,
water table) and climatic conditions (drought, humidity, etc.). The germination and
seedling stages are the most sensitive to saline water irrigation. Any adverse effects at
these stages will lead to a reduction in crop production proportional to the degree of plant
loss during germination and establishment. Another growth stage sensitive to salinity is
the reproductive phase, while critical stages vary from crop to crop.

Management practices using saline irrigation
The management practices must prevent excessive salt and sodicity accumulation in the
soil surface and root zone and control the salt balance in the soil-water system. Irrigation
practices for using saline water include the proper irrigation scheduling (amount of water
and interval), efficient leaching (amount and timing), proper irrigation method,
management of multi-source irrigation water of different quality, establishment of
artificial drainage, use of water or soil amendments and crop selection.
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1. Irrigation Scheduling
Under saline water application the set-up of an appropriate irrigation scheduling
is much more complicated than when freshwater is applied. When saline water is
used for irrigation the plant growth is a function of the salinity and matrix
potential of the soil. The necessity that arises is to narrow the watering intervals
down to keep soil solution concentration low (diminishing the harmful effects of
salts) or to lengthen the interval and to apply large amounts of water. In the
literature, evidence exists supporting both cases. So, exact irrigation intervals
depend, among others, on salt concentration level in the irrigation water, soil
type as well as the prevailing climatic conditions. However, more frequent
irrigation is practiced because salts are diluted, ensuring higher water availability
to plants and lower SAR, since dilution favours the absorption of Ca and Mg
over sodium.
2. Irrigation Method
The method of application of saline water for irrigation may have a large influence
on crop production and salt accumulation and distribution in the soil profile. Drip
irrigation is recommended as it keeps soil moisture continuously high, at least in part
of the root zone, maintaining a low salt concentration level, besides avoiding leaf
injury. The problems arising are the need to remove salts that accumulate at the
wetting front and to avoid the clogging of the drippers.

3. Leaching Requirements
The amount of water (in terms of a fraction of the applied water) that must be
applied in excess to the crop to control salts is referred to as ‘Leaching
Requirements’ (LR) and can be calculated, for drip irrigation, using the following
formula (Ayers/Wescot 1985)
LR =

ECw
5( ECe − ECw)

where, ECw is the electrical conductivity (dS/m) of the irrigation water and ECe
the average electrical conductivity (dS/m) of the saturation extract of the soil
tolerated by the crop. Leaching interacts closely with crop growth, crop yield,
irrigation methods and soil physical properties. Depending on the crop and the
salinity of the water and soil, a 15-20% leaching fraction is recommended. For
efficient leaching management, when low quality water is used, the EC value of
leaching water must be lower than that of the soil, and if possible lower than that
of the irrigation water. Frequent tests should be performed in soils under
leaching (keeping the soil salinity equivalent to that of the water), the leaching
should be periodically applied when salts become more excessive, rather than
doing it during each irrigation, and finally leaching should be applied during the
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cool season when evaporation losses are lower and, if possible, in periods of low
water use.
4. Management of Multi-Quality Waters
The simplest solution to the problem of high EC is to change the water supply.
Frequently, this is not possible. Where water sources of different quality are
available, blending will increase the total quantity available for irrigation and at
the same time it will improve quality (dilution of salts). If blending is not
possible, the cyclic use of water of low and high salinity prevents the soil from
becoming highly saline while permitting, over a long period, the substitution of
brackish water for a substantial fraction of the irrigation needs.
5. Establishing Artificial Drainage
When saline water is used for irrigation, existing drainage problems greatly
complicate water management for salinity control. Temporary or permanent high
water tables (1.8 m or less) make the control of salts difficult because leaching
may be ineffective. A more effective way for controlling the salinity problems
associated with a high water table is to establish artificial drainage with open or
covered drains.
6. Using Water or Soil Amendments
Soil permeability problems related to water quality can often be prevented or
corrected using soil or water amendments. Improved soil permeability will result
if either the sodium in the irrigation water is reduced or the calcium and
magnesium are increased. At present there is no process available for removing
the salts from irrigation water cheap enough for use in agriculture. Chemicals,
however, can be added to the soil or irrigation water to increase calcium and
improve the sodium/calcium ratio. Gypsum, sulfur, or sulfuric acid are the most
commonly used soil amendments, while gypsum, sulfuric acid and sulfur dioxide
are used as water amendments. Rates for application of gypsum to soil range
from 2 ton/ha to 20 ton/ha, while an amount of 10 ton/ha is usually
recommended. Less gypsum per hectare is required with water than with soil
applications, although for water with high salinity levels, gypsum application is
less effective than for that in the soil. From the acid forming substances, sulfur is
not satisfactory for water application, while sulfuric acid is highly corrosive and
dangerous to handle.
7. Crop Selection
The selection of crops is the practical solution to salinity. Furthermore, the dual
rotation strategy with sensitive crops (lettuce, alfalfa, etc.) to be irrigated with
low salinity water and the salt tolerant crops (sugar beet, cotton, etc.) with
drainage water is quite effective in overcoming salinity hazards.
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Conclusions
Irrigation scheduling is the technique used to timely and accurately measure water to the
crop and is the key for conserving water and energy, maximizing profit, improving
irrigation performance and sustainability of irrigated agriculture. Irrigation scheduling
techniques and tools are quite varied and have different characteristics relative to their
applicability and effectiveness for coping with water scarcity. These are based on soil
water indicators, crop indicators and climatic indicators or a combination of them. An
efficient irrigation schedule should take into account the soil properties, soil-water
relationships, type of crop and its sensitivity to drought stress, stage of crop development,
availability of a water supply, and climatic factors such as rainfall and temperature.
Effective irrigation scheduling should be based on the specific technology level of the
farm, the irrigation method used, an interactive communication and participatory research
involving researchers, system managers, extension workers and farmers. Furthermore, it
requires modern pressurized irrigation networks plus rules and regulations for flexible
water allocation, which are determined by a set of social, cultural and institutional
conditions.
Water quality is becoming increasingly as important as quantity. Salinity is one of the most
severe environmental factors limiting the productivity of agricultural crops. Salinisation of
agricultural land, associated with improper irrigation practices, soil management and
increasing use of marginal waters (brackish, saline, drainage, reclaimed) for irrigation, is
increasing all over the world. The major potential hazards associated with the use of such
water in agriculture are: a) Yield decrease due to reduced soil water availability to the crop
(osmotic effect), excessive concentration of toxic ions -mainly Na and/or Cl- in the plant
tissues (specific ion effect) and/or nutrient imbalances caused by ion antagonism. b) Soil
degradation due to salinisation, sodification and loss of productivity, and c) Effects on the
environment (pollution of aquifers, changes in plant communities). Actual response to
salinity varies with other conditions of growth, including climatic and soil conditions,
agronomic and irrigation management, crop variety and the sensitivity of crops at
different growth stages. Consolidated standards are available for assessing the water
quality and management practices allow marginal waters to be used safely for irrigation.
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Abstract
An increased tourism development has taken place in the Mediterranean basin. This has
induced some positive and negative consequences over diverse aspects of life and the
natural system. One important consequence has been the increasing pressure put on
natural resources, namely on fresh water resources. The patterns of water use related to
tourism activity that lead to a situation of scarcity of water resources in a Mediterranean
islands context are presented. Next are presented the main problems of hydrological,
environmental and socio-economic nature that are a consequence of the increasing
tourism development and accompanying increasing scarcity of water resources. As one of
these main problems is often the insufficient water supply to meet the water demand, a
discussion of the pros and cons of the diverse alternatives to increase the water supply
and an explanation of some alternatives to control the water demand are presented.

Tourism development in the Mediterranean basin
Tourism activities have grown nearly everywhere in the world in the past decades.
However, tourism development has been especially important in the Mediterranean basin
with a 64 % increase in the last 15 years, raising the figure of visitants to some 200 Million
tourists, making it the most visited zone of the world [1]. In many cases the development
of tourism on Mediterranean islands has fostered an important economic growth and an
associated increase in social welfare, as exemplified by the Balearic Islands as shown in
Figure 1. In some cases this development of the tourism activity has also brought social
conflicts and environmental impacts as well as constraints to the use and exploitation of
some renewable natural resources. An example of the consequences of tourism
development on the societal structure is given by the evolution of the labour force on the
Balearic Islands shown in Figure 2. The immense amount of programmes and projects
dealing with the increasing problems associated with the tourism development are an

347

Module 5

indication of the dimension of the problems. Just to mention a few ones, there are:
INSULA, European Island Agenda, Agenda MED 21, Euro-Mediterranean Ministerial
Conference on Local Water Management, Mediterranean Commission for Sustainable
Development including Mediterranean Action Plan (MAP) and Plan Bleu, etc.

Factors that lead to water resources scarcity
In the context of the SUSTAINIS course, the interest is in the problems that tourism
development has induced specifically associated to water resources. It will be shown that
these problems are related to the increasing scarcity of good quality freshwater resources.
The three main factors, directly related to the development of tourism, which may cause
an enhanced pressure on the scarce water resources on Mediterranean islands are:
1. Seasonal variation of the tourism demand and the seasonal variation of the natural water
availability: Whereas the first one -demand- has its maximum during summer and
minimum in winter, the rainfall in the Mediterranean region generally shows
minimum values in summer and maximum in winter (Figure 3).
2. Inter-annual variation of the rainfall as opposed to the increased annual tourism activity:
Rainfall patterns in the Mediterranean region typically include alternating
periods, that last up to three or four years, of average annual rainfall, high annual
rainfall and low annual rainfall. Dry periods generally induce acute problems of
water scarcity (Figure 4).
3. Water demand per capita in the tourism sector: Water consumption per capita of the
tourism sector is generally much higher than that of a normal urban citizen. In
general, the water demand in the tourism sector is estimated between 250 to 400
l/day/capita or more, whereas figures of 200 to 300 l/day/capita are usually
accepted for urban water use. (Figure 3 and 4)

Problems associated with scarce water resources
The increasing scarcity of water resources induced by an increasing demand for water by
the tourism sector may constitute the driver of diverse problems associated with water
resources management. These problems may be of hydrological, environmental and/or
socio-economic nature.
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Figure 1: Evolution of the per capita income on the Balearic Islands from 1860 to 1998 (Manera 2003)
1€ = 166 Pesetas).

Number of employees x 1000

300

250

200

150

100

50

0
1977

1978

1979

1980

1981

1982

1983

1984

1985

1986

Agriculture

1987

1988

1989

1990

Industry

1991

1992

1993

Construction

1994

1995

1996

1997

1998

1999

2000

2001

2002

Services

100

1200000

90
1000000

Visitors to hotels

80
70
800000
60
50

600000

40
400000
30
20
200000
10
0

0
Jan

Feb

Mar

Apr

May

Jun

Hotel visitors

Jul

Aug

Sep

Oct

Nov

Average monthly rainfall (mm/month)

Figure 2: Evolution of the labour force on the Balearic Islands between 1977 and 2002[2].
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Figure 3: Monthly evolution of rainfall and visitors to hotels for the Balearic islands [3].
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(Ministerio de Medio Ambiente 2000).

Figure 5: Coastal aquifers of Spain affected by seawater intrusion in diverse degrees (green arrows: local
intrusion; blue arrows: regional intrusion; and red arrows: general intrusion, green dots:
monitoring points; Hydrologic units are shown in brown colour) (Ministerio de Medio Ambiente
2000).
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Hydrological
• Losses of water resources: Related to the increased use of water for tourism, the
quantity as well as the quality of natural water resources has frequently been
degraded. Many times this intensive exploitation has led to important losses in
water reserves.
• Seawater intrusion: This is a special case of water resources losses that takes place
in coastal aquifers under important exploitation. This problem is present in
coastal aquifers all over the world and the drivers are very diverse. Seawater
intrusion is an especially latent problem on Mediterranean islands with an
important development of tourism, because the most important water demand is
usually located in the coastal area and thus preferably supplied by nearby sources.
How widespread this problem has become is exemplified by Figure 5 showing an
inventory of aquifers in Spain that have undergone some degree of saltwater
intrusion(s).
Environmental
• Degradation of ecosystems: A great variety of ecosystems which are very sensitive to
changes in the quantity and/or quality of water have been degraded by changes
in the natural equilibrium of water resources. The best examples for such
ecosystems are wetlands. In many areas these ecosystems constitute an important
attraction fostering tourism activity; a fine balance has to be found between the
development of tourism and ecosystem preservation. (Figure 5)
Socio-economic nature
• Conflict of interests. Under a scarce water resources situation there are possibilities
that different sectors compete for the same resources. They will apply their
political, social and economic pressure tools to obtain their objectives, which are
opposed to the objectives of the other sector. There are more and more cases of
conflicts arising between farmers and the tourism sector on Mediterranean
islands. This topic constitutes a complete chapter of this publication.
• Increasing costs of water supply. There are two main reasons to explain an increasing
cost of water supply: Increasing costs due to increasing scarcity of the resource
and increase of cost specifically associated with tourism activities demand. To
explain the latter with a simple example, imagine the evolution of a society where
in early times one more litre of water could be taken from the nearby spring, at
some later stage the extra litre required had to be taken out of a well which is
more expensive to obtain, and finally they are obtaining the extra litre from
desalination, which is even more expensive. This situation of increasing marginal
costs (the cost of making available one more unit of volume of water) happens
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everywhere, where there is an increasing scarcity. The second reason to
increasing costs is specifically associated with the demand created by tourism
activity. The temporal variation in demand produced by tourism obliges to
construct infrastructure that is capable of handling the peak demand moments in
summer, but that infrastructure will be used below operation capacity the rest of
the year, increasing the price of the unit volume of water even more. This
problem of increasing costs poses special challenges to water resources
management on islands in view of the implementation of the WFD (WFD 2000),
which fosters “full cost recovery”.
• Insufficient water supply to meet the water demand. This is usually a major constraint for
the further development of a region and thus poses the biggest challenge to
water resources managers. Although nowadays consensus has been reached that
a certain environment can only hold a given amount of human activities in a
sustainable way, which is known as the “carrying capacity”, there is yet no real
consensus on when that carrying capacity is reached. Therefore meanwhile water
resources planners and managers still have to make the best efforts to produce a
water supply that meets the water demand created by the diverse economic
activities. They can do so by increasing the water supply or by controlling the
demand.
Alternatives to augment the water supply
The main alternatives to augment the water supply can be classified into:
• building hydraulic infrastructure for traditional water sources (surface water and
groundwater),
• basin management by conjunctive use,
• desalination of brackish and/or saline water,
• direct re-use of treated wastewater, and
• import of water from external sources.
Construction of hydraulic infrastructure for traditional water sources
Building of new hydraulic infrastructure refers to the abstraction of groundwater through
pumping wells or storage of surface water in dams. The feasibility to augment the water
availability with these alternatives is obviously subject to further availability of natural
resources. In general, groundwater has been an important source on most Mediterranean
islands and has thus been intensively exploited leading in many cases to depleted
groundwater resources. A similar statement can be made for surface water resources.
When resources are still available, the pros and cons of these alternatives are presented in
Table 1.
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Table 1: Pros and cons of increasing water supply by constructing hydraulic infrastructure to capture traditional
water sources.

Pros
•

Wells

•
•

Storage
dams

•

Cons

requires a relatively small •
capital investment
in principle it has good natural
quality and is better protected
from contamination events
it is frequently available close
to where it is demanded
requires small maintenance and •
operational costs
•
•

•

overexploitation induces losses of
water resources and risk of saltwater
intrusion

requires high investment costs
long response time from feasibility
study to water availability
Mediterranean precipitation patterns
induce a poor relationship between
the size of the dam and the
regulated flows
Growing awareness of
environmental impacts

Basin management by conjunctive use
This alternative is especially useful in basins approaching the full development of water
resources. In this case, optimal beneficial use of the total water resources can be obtained
by conjunctive use, which involves the coordinated and planned operation of both
surface and groundwater resources in a manner whereby the interactions of both sources
in the cycle are managed in order to better conserve the water. The most basic scheme of
conjunctive use put into easy terms, is to foster surface-water use during the wet season
storing surpluses in subsurface formations (artificial or induced recharge) and use
groundwater reserves on top of scarce surface water during the dry season. In the Plana
de Castellón aquifer-river Mijares system (Spain) such a scheme has been developed with
positive results (Ministerio de Medio Ambiente 2000).
Table 2: Pros and cons of increasing water supply by implementing basin management by conjunctive use
Pros
•

Greater water conservation

•

Better timing of water distribution

•

Little environmental impacts

Cons
•

Requires good knowledge of the system
to plan an efficient scheme

•

More complex project operation

•

More difficult cost allocation
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Desalination of sea and/or brackish water
There are two main processes to obtain freshwater coming from brackish or saline water
which consist in thermal processes that work with heat using the distillation principle, and
membrane processes that work with pressure using the principle of osmosis. Other
methods, such as the freezing process using the principle that during initial formation of
ice-crystals dissolved salts are naturally excluded, have not been commercially successful
yet. In the Mediterranean region the total desalination capacity by the end of the year
1999 was of little less than 2 Mm3/day, of which 66 % is used by Municipalities and
tourism facilities, 25 % by industries and the rest by power plants, agriculture and others
(MAP 2002).
All desalination methods require a high energy input representing a substantial part of the
costs. In the desalination plants of the Balearic Islands the energy cost represents approx.
50 % of the unit of water cost (Novoa 2001). High costs and negative environmental
impacts of energy consumption have fostered an active investigation field developing
technologies for desalination with renewable energy sources (RES) and approaches to use
RES for desalination of water on Mediterranean islands (Manoli 2004; Assimacopoulos
2000).
Table 3: Pros and cons of increasing water supply through desalination of saline and/or brackish water.
Pros

Cons

•

Relies on “endless” source of
saltwater

•

High costs (although new technologies
are reducing costs)

•

Reliable source: not dependent on
climatic conditions

•

High energy consumption (increasing
research using RES technologies)

•

Environmental impacts (some are
partially, little known)

Direct re-use of treated wastewater
Direct re-use of treated wastewater is the use of water conveyed directly from the outlet
of the treatment plant to the site of application. It does not include treated wastewater
that has been discharged to the natural system and in turn abstracted downstream for new
use. The potential uses of the treated wastewater are a function of the degree of treatment
applied and its use is still mostly restricted to certain agricultural uses, irrigation of
municipal parks and gardens, and irrigation of golf courses. Mrs. Maureen Newcomb
addressed this topic in one of her SUSTAINIS lectures.
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Table 4: Pros and cons of increasing water supply through direct re-use of treated waste water.
Pros

Contras

•

Greater water conservation

•

•

Domestic demand (wastewater availability)
and agricultural demand (wastewater
demand) peaks usually coincide in time in
regions with tourism activity

Unknown consequences with
regard to some contaminant
processes

•

Reluctant opinion of society

• Geographical distribution
(coastal production vs. inland use)

Import of water
This alternative refers to the possibility to fill ships or barges with water extracted
somewhere else (mainland) and to take it to the site (island). Innovative technologies to
transport the water have been developed, but shipping remains the most common
practice. The import of water by ship is usually an alternative used only to solve
temporary extreme situations of water scarcity, but in some cases it has become a usual
source of water during summer season.
Table 5: Pros and cons of increasing water supply through import of water by ship.
Pros
•
•

Imported quantity can be adjusted to
demand

Cons
•

Extremely high costs

•

Subject to availability elsewhere

Quick response time from the
moment the decision is taken until
the water is available

Discussion of alternatives to augment the water supply
The positive and negative points of the most important alternatives that have been
discussed previously have only considered Mediterranean islands with important tourism
activity in a general context. When analysing possible alternatives of increasing water
supply it is crucial to realize that the results of the evaluation of the alternatives are very
much a function not only of the criteria evaluated but also of the prevailing local
conditions.
Alternatives to control the water demand
Until the 1980´s, efforts were generally put solely on increasing the possibilities of water
availability to meet this ever growing demand. Mainly the increasing marginal costs of
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producing a new unit of water for supply, but also the increase of problems associated
with water scarcity mentioned above, have fostered the idea of putting efforts towards
controlling the amount of water demanded. “Water demand management consists in the
total of actions and organisational systems that societies and their governments might
implement to increase technical, social, economic, institutional and environmental
efficiency in water management” (Plan Bleu 2003). Although these actions are nearly
never enough by themselves to solve emerging problems of water scarcity, they are
generally of low cost and help meet the objectives of water supply. The major goals of
water demand management are (Hamdy/Lacirignola 1999):
• Conserving rare or costly resources;
• Minimizing the cost and effort of providing water;
• Limiting disputes over use; and
• Making the best use of water.
For the specific case of water use in the tourism sector the main possible actions towards
a greater conservation of water resources are:
• Losses reduction in distribution networks;
• Rising of public awareness;
• Regulation and/or economic incentives regarding hydraulic infrastructure;
• Certification programmes of environmentally friendly facilities; and
• Water pricing policy.
Losses reduction in distribution networks
Reducing the losses in distribution networks does reduce the amount of water needed
from the source in order to supply the same quantity for usage. This option requires high
investment costs, but it is a very effective means to save water because losses from old
distribution networks can reach up to 40 to 50%.
Rising of Public Awareness
Increasing public awareness through education campaigns for tourists (and residents),
explaining the problem of scarce water resources and the people’s possibilities to
contribute to saving water, may lead to important reductions in the amount of water used.
Figure 6 shows the results of an awareness rising campaign in the city of Palma (Balearic
Islands). In the summer of the year 2000, the administration fostered a campaign through
diverse media and according to their estimations, the total water consumption was 1.9
Mm3 less than previously forecasted.
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Figure 6: Results of the awareness rising campaign in Palma de Majorca for the summer of 2000. In dark
blue the consumption in the year 1999, in magenta the consumption foreseen for the year 2000
and in green the actual consumption in the year 2000 (Baron).

Regulation and/or economic incentives regarding infrastructure related to
water use
The regulations regarding infrastructure related to water use are legally binding texts that
oblige facilities to install infrastructure related to water use that fulfils certain criteria,
which can have the objective to use less water or to reduce contamination. This objective
can also be achieved by implementing economic incentives such as subsidies or tax
exemptions to those who fulfil the objectives of the administration.
Certification of environmentally friendly tourism installations
‘Certification of environmentally friendly tourism installations’ programmes certify that
the installation (hotel, restaurant, recreation or any other facility) fulfils certain minimum
standards with regard to environmental protection, which might and will probably include
standards with respect to the management of water resources. This is similar to the
previous alternative in the sense that they foster the implementation of certain types of
infrastructure, but the difference lies in the fact that this is easily done at a local level
(municipalities) and that with this alternative it is the tourist who will have the main
influence through his consumer choices.
Water pricing policy
Water pricing is a means by which the regional or local governments can control the
demand of water. The authorities can apply diverse pricing policies on water services
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which might have very different objectives, and through which they can influence the
amount of water used by every economic activity. They can do so by changing the pricing
structure and/or the pricing level. For further details see Mr. Socratous’ contribution (this
publication). For results of pricing policy experiences in the Mediterranean see (ChohinKuper/Rieu/Montginoul 2003).

Summary and conclusions
The spectacular development in tourism on Mediterranean islands and the corresponding
increase in the demand for water resources were presented. By explaining the main
patterns of water use created by tourist activity and relating them to Mediterranean
climatic characteristics, it was explained how the increase in tourism has created or
enhanced an existing situation of water resources scarcity. Then the main problems that
appear to be associated with the scarcity of water resources were explained. Then it
concentrated on the possibilities to solve one of these problems, to satisfy the demand for
water, which in itself is also the cause of the problematic situation.
While the problems and some possibilities to solve these problems were presented,
technical issues of hydrological sciences were noted, but also interactions with
developments in other fields such as the environment, land management, regional
planning, social sciences, energy, etc. were mentioned. It was concluded that whenever
one deals with the management of water resources, one is influencing and being
influenced by those dealing with agriculture, energy, tourism, etc. Thus it can be
concluded that 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” is needed. Moreover, this process, known as Integrated
Water Resources Management (IWRM), has to look at water resources in the context of
the entire economic, social and eco-systems of the nation or region [4] (GWP 2001).
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Introduction
Water causes controversial and different problems in various parts of the world. Too
much water causes floods and too little causes drought, poor distribution causes famine,
poor quality causes health hazards and poor management creates competition and
conflicts. Water is essential for life. It is needed for: the health of the environment, food
security, human health, industry and energy. Water exists as surface water, soil moisture
and groundwater. It differs in quantities and qualities, it varies in time and space, it has a
long term trend and it leads to unexpected and unpredictable extreme events. Water use
has increased 5-fold since 1940 with agriculture accounting for two thirds of all water
used – mostly for ‘irrigation’. In arid and semi arid regions such as the Mediterranean,
population growth, rapid urbanization and industrialization are imposing rapidly growing
demands and pressures on the water source. This growing imbalance between supply and
demand has led to shortages, competition, rising pollution and other environmental
pressures. The costs of responding to these pressures have significant implications for
economic development.
The Mediterranean region is the leading tourist destination in the world with 250 million
domestic and foreign tourists annually. Tourism increases the demand of drinking water
in the reception areas by additional 500-800 litres per day per capita in luxury hotels. It
also causes more pressure on water distribution and sanitation facilities, lowering of
groundwater level through over-pumping and intrusion of sea-water into the aquifers.
The dilemma of having a limited water supply and steadily increasing water demand
implies that unless the decision makers act decisively now, inadequacy in the quantity and
quality of water supply could very well reach crisis level within a few years. In fact, the
problem is not only one related to inadequacy of water sources, but, equally, it is highly
connected to inadequacies in water management, distribution facilities and institutions.
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There has been a decrease in rainfall throughout the region over the past century. In
summer, rainfall is now 20 % less than at the end of the 19th century. In Cyprus the
annual rainfall decreased by 100 mm over the last century. In Tangiers, rainfall has
dropped by 100 mm in 40 years and at Ifrane, in the Moyen-Atlas Mountains in Morocco,
by 400 mm in 30 years. Such changes create uncertainty. The question now is: is the long
term average of rainfall or river flow valid as a basis for planning water resources use any
longer?

What the future holds?
The UK Hadley Centre's global climate model has been run to study the possible future
climate change. The model comprises several layers into the atmosphere and below soil
surface and accounts for most of the essential/dominant hydrological processes. The
model runs at a spatial scale of 2.5° × 3.75° grid squares for rainfall predictions and 0.5°×
0.5° grid squares for temperature (Viner/Hulme 1997). Version two (HadCM2) of this
model accounts only for CO2 impact (does not account for the aerosols impact). All the
scenarios are for the time horizon 2050. They are expressed as percentage change
(rainfall) or temperature change compared to the CRU climatology corresponding to the
baseline period of 1961-1990 (New et al 1999). The model has been run on a monthly
basis to predict the % change in rainfall with respect to mean monthly values. The model
was run for the dry (April-September) and wet (October–March) periods
(Ragab/Prudhomme 2002). By the year 2050 for the wet season (October-March), rainfall
could increase in central and eastern Spain, north of France, north of Italy and the Alps
by up to 15 %, while in the southern Mediterranean countries, the rainfall will decrease by
about 10 % to 15 %. For the same period (October-March), the temperature in the
northern Mediterranean countries will increase by 1.25 to 2.25 while in the southern
Mediterranean countries the temperature will increase by 1.5 to 2.5. Temperature of the
coastal areas will usually increase by less than that of the inland areas.
For the dry season (April to September), by the year 2050 rainfall is likely to decrease over
much of the Mediterranean countries, particularly in the southern parts where it could
decrease by up to 25 %. The decrease is more pronounced in the south than in the north
of the Mediterranean. This decrease in rainfall in the dry season (April to September) is
accompanied by a temperature rise between 1.5 to 2.75 in the northern part and between
1.75 and 3.0 in the southern part of the Mediterranean. Coastal areas will experience a
smaller increase than inland areas. The decrease in rainfall during summer time has a great
impact on both irrigation and tourism as both activities take place in summer time and
require more water supply.
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Figure 1: Basic precipitation based on 1961-1990 data and percent (%) changes in precipitation for the dry
season (April to September) and for the wet season (October to March) for the year 2050 according
to the HadCM2 model using IS92a forcing scenario.
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Figure 2: Basic temperature based on 1961-1990 data and changes in temperature °C for the dry season
(April to September) and for the wet season (October to March) for the year 2050 according to the
HadCM2 model using IS92a forcing scenario.
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It is clear that the Mediterranean region is becoming hotter and drier. This would lead to a
reduction in water resources per inhabitant both in terms of water availability and water
withdrawals. It is expected that the available water per capita will be reduced by nearly
50% of the present one. Exploitation of water at a relatively high rate with the risk of
water quality deterioration; excessive reduction in water withdrawals per capita, which will
impose its significant effect on the water use, creating notable competition and conflicts
among users in the various sectors; progressive degradation in the quality of available
water resources because of increasing waste load discharged into water bodies.

What are the Choices?
Possible ways to meet the imbalance:
Drinking water sector
At least one third of the volume of water produced and distributed as drinking water in
towns and villages leaks out through the network or is wasted by misuse, thus, huge sums
of money are wasted each year on producing and supplying water that is not used.
Industry Sector
Many industries use volumes of water that by far exceed their needs, lowering its quality.
Here again there are defects in recycling, leakage, loss and inefficient production
processes.
Irrigation Sector
Almost one half of the volume of water supplied for irrigation through systems is not
actually used in the field. FAO stated that water drawn and pumped for irrigation can be
wasted in a proportion up to 60%. The actual losses in the irrigation sector are nearly
115km3/year which correspond to nearly 88% of the total water losses.
The choices to meet the present and future demand
In order to meet the water demands in the next century, some dams and water
infrastructure will be built in some countries and a new paradigm by rethinking the water
use with the aim of increasing the productive use of water will have to be adopted. Two
approaches are needed:
• Increasing efficiency with which current needs are met and increasing the
efficiency with which water is allocated among different uses.
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• In addition, non-conventional sources of water supply such as reclaimed
wastewater, recycled water and desalinated brackish water or seawater are
expected to play an important role.
Innovative solutions to increase the water supply
New solutions to harvest rainwater. These could be based on old techniques used in the
past, especially in the deserts. Desalination of seawater by reverse osmosis (is electricity
consuming), evaporation using solar /wind energy (less expensive). The cost of
desalination is three to five times the cost of tapping groundwater. Brackish water could
be desalinated but a cheaper way is to develop salt tolerant crops that can be irrigated
with this water, either mixed with fresh water (to dilute it) or alone. The use of treated
wastewater for irrigation and other purposes is another significant water supply that is
always available.
The alternative solutions
Reducing demand
Directing water policies toward cutting the demand using advanced technology as a key
factor. Present computer systems can monitor flows and pressure, can detect leaks and
can prevent water wastage, whether in industrial or urban water-distribution networks. A
market-oriented approach to water should be adopted using price incentives to encourage
savings. Leaks and evaporation should be reduced; these could amount to 60 % in urban
areas. It amounts to 30 % in Damascus, 65 % in Malta and 45 % in Greek cities. The
evaporation rate in North Africa is 2 m per year and losses from surface waters and
reservoirs can be great. For example, evaporation losses from Lake Nasser are 14 %.
Efficient irrigation systems
Sensors linked to a computer system can control the flow of water in pipes and irrigation
can be applied at night to reduce evaporation losses. If applied, the saving in water could
be substantial (between 30 % to 50 %). Modern irrigation systems such as drip and
sprinkler irrigation are more efficient than surface irrigation.
Recycling
Treated wastewater of cities and farms can be recycled or reused for irrigation. This is
already taking place in Cyprus, Morocco, Egypt, Libya, and Tunisia.
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Water resources management and planning
The water resources management comprises two components
• supply management which covers those activities required to locate, develop and
exploit new sources and
• demand management which addresses mechanisms to promote more desirable
levels and patterns of water use.
Planning integrates the two aspects and provides the basis for choosing between
alternatives.
Water demand management
This should be directed to conserve water resources that are rare and/or costly to
produce and to minimize the cost and effort of providing water. The objectives would be:
to reduce demand or, at least, slow down its increase; to ensure equitable water
distribution; to maximize the output of a unit volume of water and hence to increase
efficiency of water use. The overall global average of agricultural water use efficiency is
40 %, meaning that more than half of the water allocated for agriculture never produces
food. There is no doubt that improving the irrigation efficiency using new technologies
such as new sprinkler design with low- energy application can increase the efficiency from
60 %-70 % to 90 %, as high as the drip irrigation. This can take different forms, from
direct measures to control water use, to indirect measures that affect voluntary behaviour
(market mechanisms, financial incentives, public awareness programs).
• Modernisation of irrigation schemes.
• Improvement of water efficiency: reduction in water losses is important to any
demand management program. Leak detection and repair programs.
• Canal lining and improved conveyance technologies can save significant amounts
of water. Surface irrigation can be improved through land levelling or replaced
by sprinkler or drip irrigation systems. The latter in particular saves more water
and allows fewer losses by evaporation and deep percolation.
• Regulatory measures: most direct regulation is to mandate water use. Prohibiting
car wash, garden watering during droughts, rotational delivery of water for
surface irrigation, controlling cropping patterns and rotation.
• Regulation of groundwater abstractions to prevent over-abstractions via
administrative capacity for direct controls. Regulation can also be through
indirect measures such as regulating the spaces between wells or the number of
drilling rigs.
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• Adoption of flexible policies, as the desirable balance between supply and
demand management measures varies over time as conditions evolve.
Water supply management
• Investment in new supply, i.e. construction of dams, reservoirs, wells, canals,
non-conventional sources such as treated wastewater, water imports,
desalination, etc.
• Surface storage: contributes to fresh water supply, controls flooding and captures
water otherwise lost to the sea and other sinks.
• Recharge rates and flows are not well known, quantity and quality is of great
concern, over-abstraction has led to declines in water tables, saline water
intrusion and pollution from urban and industrial wastewater are very costly to
reverse.
• Groundwater abstraction should not exceed renewable limits.
• Non-conventional water resources: they are more expensive than the
conventional. They include treated wastewater, desalination, and water imports
(e.g. by pipeline).
• Real-time management of supplies. Improved management is alternative to
investment in new supplies. Improved joint operation of basin wide facilities and
conjunctive use of surface and groundwater.
• Reallocation of supplies among different users is a key factor to ease water
constraints. Reallocation of water from agriculture will be inevitable and in
absence of effective market mechanisms, governments will have to take the
responsibility.
• The alternative supplies such as reclaimed wastewater will increasingly be used.
There has been a significant increase in the availability and the use of treated
wastewater in meeting the industrial & agricultural needs.
• Desalination can offer limitless fresh water as salty water represents 97% of the
global water resources. In 1997 the global desalination capacity reached 18
Mm3/day. Most of these in the Middle East and the Persian Gulf region where
water is scarce but money is not.
Integration of supply and demand management
In general we need to shift from water policies based on water supply management to
new policies that favour the management of water demand; to shift from preoccupation
with development of water resources by major construction programs towards a more
balanced approach that should emphasize: water demand management; water
conservation and efficient use of water; water pricing and cost recovery; sustainable use of
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non-conventional water resources; water quality management; capacity building
development; and tailored education and training. A more successful water management
would require integration of supply and demand management. In principle, integration
should account for the supply (surface, groundwater and non-conventional water
resources) and the demand (domestic, agriculture, industry, hydropower, creation, etc.). A
comprehensive integration between natural resources and human resources is crucial for a
successful water and land resources management.
In the following sections, the issue of conflicts among water users and examples of
implemented solutions are given.

Conflicts among water users
Water use conflicts may be defined as a concrete expression of divergence in opinion
among a set of parties interconnected by their relations to water resources, with regard to
the use, the development or management of those water resources. Furthermore, water
use conflicts are territorial public disputes, to the extent that they affect a geographical area
(e.g., between upstream and downstream inhabitants). At first glance, water use conflicts
refer to conflicts among water users to access scarce resources, and therefore are assumed
to mainly imply private economic interests. However, a more careful examination of such
conflicts reveals that public interests may also be concerned (e.g., local authorities for the
abstraction of water intended for human consumption), and that conflicts involve a wide
range of issues (resource allocation, human safety issues in flood risk prevention,
preservation of water quality or wetlands…), which do not only cover economic aspects.
Impacts of water resources scarcity on the society:
1. Conflicts at international scale
2. Conflicts at national scale
Fast-rising water demand inevitably creates conflicts especially when uses are regarded as
"non-essential" or of benefiting only a few people or of being stolen by neighbouring
communities or countries.
Conflicts at national level
In Tunisia, there is a conflict between agriculture and tourism in the Cap Bon region,
where hotels with beds for more than 100,000 tourists are competing for water from the
local aquifer, which is already seriously overexploited, to meet farmers’ needs.
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Impacts of water resources scarcity on the Society
In Morocco, both tourism and industrial development are competing for water resources
currently used for irrigation around Casablanca. This has not stopped the government
from formulating a national plan to increase the area of irrigated land to more than one
million hectares by the end of the year 2000 under a programme known as the “Politique
des Barrages”.
Tourism Water Consumption
The Mediterranean region is the leading tourist destination in the world with 250 million
domestic and foreign tourists annually. Tourism increases the demand of drinking water
in the reception areas by additional 500-800 litres per day per capita in luxury hotels. It
also causes: more pressure on water distribution and sanitation facilities, lowering of
groundwater level through over-pumping and intrusion of sea-water into the aquifers.
Conflicts at international level
Political boundaries often do not follow hydrological boundaries. Instead, national
boundaries sometimes run down the middle of rivers as on the Danube, or rivers may
flow from one country into another. Thus, the Rhone passes from Switzerland into
France, and the river Jordan passes through Syria, Israel, Jordan and Palestine territory.
There is ongoing dispute between Israel and its neighbours since 1964 when Israel
diverted most of the water of River Jordan to the Sea of Galilee. It passes now down a
"new" River Jordan, the Israel National Water Carrier that takes water to all major cities
and even to the Negev desert in the far south. The West Bank aquifer receives its water
from rainfall over the West Bank hills. It extends beneath Israel and drains into the
Mediterranean Sea. With a new Palestinian state in sight, how will the two states jointly
manage this vital resource to provide an equitable allocation? Palestinian towns and
villages currently extract water from springs and shallow wells in the hills. The Israelis
extract it from deep boreholes to supply new West Bank settlements and from boreholes
on Israeli territory near the coast. Israel takes more than 300 Mm3/year from the aquifer,
with Palestinian villages taking much less, though the exact amount is disputed. In any
case, the resource is already over-abstracted by at least 100 Mm3/year (Pearce 1996). This
has resulted in a reduction of the size of the irrigated area from 27 % before the
occupation to 4 % by 1990s, whereas Israeli settlers on the West Bank irrigate 70 % of
their crops. Israeli hydrologists admit that in some areas such as the village of Jiftlik in the
Jordan valley and Barada near Nablus, Israeli boreholes sunk deep into the aquifer have
dried up shallow Arab wells, causing local disputes. Today Egypt, which is using most of
the Nile water, is in fear that upstream neighbours such as Ethiopia will begin to harness
the water for their own use. The Nile treaty was signed only between Egypt and Sudan in
1959.
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The River Jordan provides Israel with 40% of its water resources. Farmers on the east
bank suffer a great shortage to irrigate their lands. Also, Syria and Jordan are suffering.
Underground aquifers also frequently cross national boundaries. If anything, the potential
for conflict is even greater here because the aquifer, once emptied, might take centuries or
even longer to refill. There is a greater room for dispute over the basic data of the
resource: how much water it contains, what the recharge rates are, where the recharge
comes from, etc. Conflicts can be especially acute over the exploitation by one country of
non-renewable "fossil" reserves that extend beneath the neighbour. By pumping water
out from the aquifer beneath its own territory, it could begin to drain the water beneath
its neighbour’s territory forever. The great fossil-water filled aquifers beneath the Sahara
desert are a major potential cause of future water conflict. The Eastern Erg artesian
aquifer, south of the Atlas Mountains, extends from Algeria into Tunisia. The Nubian
aquifer underlies Libya, Egypt and Sudan and contains an estimated 6,000 km3 of water.
Only Libya is tapping it so far – but on a massive scale, with the "Great Man-made River"
project. The World Bank says there is a study on the region indicating that there is a fear
that this may substantially reduce the groundwater reserves in Egypt and Sudan. There are
already claims that the Libyan pumping is drying up Egyptian oases.
In the following sections three detailed examples of water resources based conflicts in
Turkey, Spain and France are given. The examples are extracts from presentations given
in the “Consensus to resolve irrigation and water use conflicts in the Euromediterranean
region” Workshop Proceedings. The Workshop was held as part of the 20th European
Regional Conference organized by the International Commission on Irrigation and
Drainage, ICID in Montpellier, September, 17-19, 2003. Full papers are accessible via the
following web site of the French National Committee of the ICID:
http://afeid.montpellier.cemagref.fr

Water conflicts in the Gediz Basin, Turkey
This example is given in a paper by Hammond Murray-Rust et al. (2003), ICID
Conference proceedings, Montpellier, France. Since 1988 the Gediz basin in western
Turkey has changed from a water-rich to a water-short basin. This has resulted in a series
of water conflicts. The first conflict occurred during the drought of 1989-1994 when
priorities for water use in the basin changed from flood control and hydropower to
irrigation. The second resulted from water shortages caused by overexploitation of
groundwater resources that have led to lack of water for nature reserves at the end of the
basin. The third conflict is due to pollution of surface water by industrial developments
that restricts crop choice in the delta. The Gediz Basin in western Turkey has long been
an important centre for agricultural production. It has a total area of some 17,000 km2. Its
boundary are mountain ranges exceeding 3,000 m on both the southern and north eastern
edges delineating a flat and fertile central valley, and a delta that reaches into the
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Mediterranean Sea just north of Izmir. The basin also serves as the source of much of the
drinking water for the city of Izmir, now the third largest city in Turkey with a population
exceeding 2 m, as well as supporting a population within the basin of up to 1.0 m. From
1972 until 1988 there were no serious problems with water availability at basin level.
Demirkopru reservoir spilled on several occasions. In 1989, however, the situation
changed dramatically with the onset of a four-year drought. The drought had two major
impacts: the start of disputes between different sectors (power, irrigation, flood control,
urban and domestic supply), and the onset of significant groundwater exploitation.

Figure 3: General location of water resources development, Gediz Basin, Turkey.

Water conflicts in the Gediz
Conflicts created by drought
The inter-sectoral conflicts created by drought focused largely on the use of Demirkopru
as a multipurpose reservoir. Originally the priority for reservoir operation was for flood
control, secondarily for hydropower and thirdly, at least in the summer months, for
irrigation. From 1989 onwards irrigation has been the priority for determining reservoir
operation rules, even when there was an increase in flow into the reservoir after 1995.
Hydropower generation was restricted to the amount of water required for irrigation (a
maximum of 75 m3 s-1), and no releases have been made since that time solely for
hydropower.
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Conflicts created by overexploitation of water resources
There has been a rapid increase in the number of conflicts between irrigation,
environment and health. The main conflict that developed in this period in the Gediz was
between irrigation demand and water requirements for the bird sanctuary (Kus Cenneti)
situated between the Menemen irrigation systems and the Mediterranean. From 1995
onwards, water diversions to the bird sanctuary have been small and there are reports that
the fresh water sanctuary areas have continued to shrink.
Conflicts created by industrial pollution
The third conflict has been caused by the persistent discharge of highly polluted
wastewater from the industrial park around the town of Kemalpasha in the Nif Valley.
There has been extremely rapid industrial expansion along the main highway from Izmir
towards Ankara, all of which is dependent on groundwater extraction. The polluted
waters flow downstream to the Emiralem regulator and are then diverted into both
Menemen Left Bank and Right Bank canals. Farmers in those systems claim the water
“burns” their skin, and will only use groundwater to grow vegetables and strawberries.
Cotton, grapes and fruit trees remain the main commercial crops irrigated using surface
water. However, despite the widespread recognition of the low quality of water below
Emiralem regulator, it is all used for crop production because most of the lower delta is
underlain with unusable saline water.
Response to water conflicts in the Gediz
Two main NGO reactions have occurred.
The first came through the Turkish Society for Protection of Birds which reacted strongly
to the damage of fragile habitats. It has established a visitor center with the aim of raising
awareness and has been able to convince DSI to provide additional water to the sanctuary
from the canal system in the order of 700 l/sec. The second major NGO activity has
been the establishment of the “Save the Gediz” campaign. This is a public interest group
trying to raise awareness over issues of water quality and water shortages.
Association for the Protection and Management of Bird Paradise
This association was established in 2002 as a joint venture between regional and
provincial governors, municipalities and village headmen, all related government bodies,
and Dokuz Eylul and Ege Universities to manage the bird paradise, cover all expenses
and ensure adequate water supplies.
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Federation of Water User Associations
Initially the 11 Water User Associations in the Gediz basin dealt individually with DSI on
matters of water allocations and irrigation calendars. However, from 1999 onwards there
has been a move towards federation of the WUAs so that they meet as a body with DSI
to address issues of water shortages and water allocation between different WUAs served
by a common main canal. This represents a significant departure from the original
concept of individual WUAs.
Basin-level consultative body
In reaction to perceptions that DSI had not done as much as it could have with respect to
water quality issues, a basin-level consultative committee was established by the three
involved Provincial governors (Izmir, Manisa, Usak). This body has close links with the
Department of Environment and NGOs, but little direct action has resulted. This is
because the governors have little direct authority over enforcement of water quality
regulations, and because the polluting industrialists are well organized and influential.
Basin level water management body
Because the Gediz is not the only water-scarce basin in the country, there is growing
interest in creating basin level water management bodies that can deal with the types of
issues that have emerged in Gediz. However, these discussions are so far inconclusive
because it would require considerable reorganization of public agency responsibilities and
would result in the emergence of a powerful new actor in the water resource field. DSI
takes the view that if it were given more powers in areas of water quality and
environmental protection, it could effectively play the role of a basin level organization.
However, other agencies do not share this view and do not see DSI as sufficiently
sensitive to the needs of the environment. They favour a more independent body with a
stronger willingness and capacity to enforce water quality. This debate continues.

The conflict over the water in the upper Guadiana (Spain)
This example is given in a paper by Ortega et al. (2003), ICID Conference proceedings,
Montpellier, France. The Upper Guadiana area in Spain is an example of the conflict that
can be created by the use of water in a semiarid area, where the feasibility of agriculture
depends greatly on the water. The serious problem posed at this time has to do with the
agrarian model followed in the area. The process of agrarian intensification in the Upper
Guadiana basin is due mainly to the use of groundwater for irrigation, but its
indiscriminate use has affected the availability of the resource for irrigation itself, for the
natural processes and for human needs. Following several plans for agricultural
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development and cleaning of swamp lands, the irrigated land increased from about 30,000
ha in 1974 to more than 125,000 ha in 1987, which caused the Mancha Occidental aquifer
to be declared overexploited in December 1994. In the same way, the Campo de Montiel
aquifer where the irrigated area reached almost 8000 ha in April 1998 was also declared
overexploited later on in June 1989.
The new agrarian development model
Developing a management model of the available water resources, accepted by all
concerned parties, with the maximum consensus over the distribution of the rights over
the water use and the effective control of the pumping. Encouraging crops for dry
farming and the social and economically efficient use of the water. Designing a program
for integrated rural development, emphasizing the consideration of natural resources,
especially aquatic ecosystems. The special Plan of the Upper Guadiana should consider
the following strategic objectives:
1. To regulate the pumping of water, consumption, purification as well as make use
of the environmental and socioeconomic indicators.
2. To promote the profitability of the crops for dry farming in relation to that of
irrigated crops. This is related directly to the assessment of the least water
consuming crops and with the highest added value per m3 of water used.
3. To design a new agrarian model with a multifunctional approach, which deals
with the role of agriculture as a “supplier of environmental goods and services”,
and the legitimacy of rewarding farmers for this operation.

Figure 4: Main aquifers in Castilla-La Mancha.
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Figure 5: Piezometric diagram of the plain of La Mancha: a) September 1980.

Figure 5: Piezometric diagram of the plain of La Mancha: b) February 1997.

Complementary Proceedings
1. The creation of a “bank of rights over the use of water”, managed by a
partnership with the participation of the public administrations, irrigators,
universities, etc.
2. To improve the efficiency of the use of water via:
• Improving and modernizing irrigated land.
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• Strengthening the advisory service for irrigators.
• Switching to less water-consuming crops (with greater added value per m3
of water).
3. To do a follow-up of the development of the Special Plan of the Upper Guadiana
through the following indicators:
• The piezometric levels.
• The quality of surface and ground water, state of the wetlands, etc.
• The changes in income, (farming and non-farming), employment, social
status, etc.
4. To define a general plan for artificial recharge of excess overflow during heavy
rainfall in the most suitable refilling areas.
5. To define a complete plan to reuse wastewaters.
The solutions for dry farming:
• To diversify farming alternatives with leguminous grains for human
consumption (lentils and chickpeas) as well as animal consumption (protein peas,
vetch and lentils), with oily products (rape and sunflower) and with other winter
cereal (durum wheat).
• To act on crops with special social repercussions: e.g. vineyards and olive
trees.(i.e introducing low water consumption varieties and managing techniques).
• To reforest land with low productive potential or high ecological value.
The solutions for irrigation:
• To select alternatives for crops which are adequate for the availability of water,
the agro-climatic conditions and market opportunities, emphasizing crops typical
of the spring cycle such as: leguminous grains (protein peas), oily products (rape
and mustard) and wheat.
• To promote horticulture with short-cycle crops and double use (fresh
consumption and industrial transformation).

A negotiated public action perspective for the resolution of water use
conflicts (France)
This example is given in a paper by S. Allain (2003), ICID Conference proceedings,
Montpellier, France.
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Case A –
Water use conflict resolution in the Boutonne river-basin, South–West, France:
In the Boutonne river-basin, irrigation developed strongly in the 80’s, because of the
introduction of corn production. The demand for irrigation was competing with other
demands: fishing and recreation activities, along the Boutonne River, but also oysterfarming in the Charente estuary, close to the Charente River locus into which the
Boutonne River flows. Critical water shortage situations in 1989, 1990 and 1991 made the
conflicts worse. The main solution thought of was the building of a dam, in the
framework of a large program covering the wide Charente river-basin, and initiated by the
Water Agency (there actually were three dam projects). A dam project was designed in
1996-97: a steering committee was created, gathering representatives from the Ministry of
Agriculture at the local level, the Ministry of the Environment, the Water Agency, local
authorities, farming and oyster-farming professions, in order to discuss the technical
propositions made by a new planning enterprise. However, instead of coming to an
agreement, local authorities and the Ministry of the Environment fell into a stronger
conflict, because the first one did not accept the imposition of more severe rules of
management for the irrigation. Each party had to resort to different authority to win
against the other (expert appraisals, lobbying…).
While a public inquiry took place in 1999, and while the project was adopted by the Prime
Minister himself in 2001, this project is still conditioned by the definition of a Summer
Management Plan. The latter is likely to determine quantitative rules of management at
the level of the river-basin, and by favourable juridical decisions.
Case B –
Water use conflict resolution in the Drôme river-basin, South-East, France:
In the Drôme river-basin, irrigation has been developing downstream in the valley since
the 70’s and above all in the 80’s (mainly for corn production, then also for seed
production and arboriculture). At the same time, there were growing needs of water for
human consumption and increasing demands for the preservation of famous ecological
systems in the valley. However, several successive years of critical water shortage (1989,
1990, 1991) increased the conflicts among local stakeholders, especially at the moment
when the river was completely dried up. In 1993, a task-force including representatives
from the State at the local level, from both downstream and upstream local authorities,
and from the Water Agency began to work together. In 1994, there was a critical water
shortage situation again. In order to enforce the 1992 Water Law, a committee from the
Ministry of Agriculture at the local level, farmers associations, the Chamber of Agriculture
and fishers associations, was set up to make decisions about the way to limit irrigation. In
that region two irrigation systems coexisted, one relying on individual abstractions and the
other on water supply systems, two kinds of measures were adopted: severe limitation of
irrigation for individual farmers and organization of turns among farmers using collective
systems.
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The implementation of those measures gave the opportunity to notice the efficiency of
such turning systems. In December 1997 a plan was adopted and three main rules were
then fixed:
1. the prohibition of increasing of irrigated surface areas, which was a necessary
condition to be able to reach the optimal flow objective;
2. the creation of new water resources, relying on existing systems or on local
potentialities;
3. the organization of turning systems, for both individual and collective irrigation
systems, to manage critical water shortage situations.
In order to be implemented, the measures a) and c) required subsequent legal decisions
made by the representatives from the Ministry of Agriculture at the local level, concerning
the giving of authorizations to irrigate, and the definition of the concrete measures to be
applied in the case of critical water shortage situations relying on turning systems.
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Abstract
The major agricultural use of water is for irrigation. Its supply is decreasing steadily due to
competition with municipal and industrial sectors. Therefore, innovations are needed to
increase the efficiency of the use of the available water. Traditional surface irrigation
methods (basin, furrow, border) require high water discharges and their application
efficiencies are low (range between 50-60 %), while in sprinkler irrigation (permanent or
mobile) application efficiency can reach 85 %. Drip irrigation is widely recognized as one
of the most efficient methods for watering the crops, achieving application efficiencies up
to 95 %. It is characterized by low rates of water application, partial soil wetting, high
frequency, long duration of water application and high soil water content, while losses
from evaporation, deep percolation and surface runoff are negligible. Furthermore, in
water-scarce regions irrigation approaches not necessarily based on full crop water
requirements must be adopted to ensure the optimal use of allocated water. Deficit
irrigation, an optimizing strategy under which crops are deliberately allowed to sustain
some degree of water stress, is already practiced. Regulated deficit irrigation (RDI)
maximizes water use efficiency (WUE) for higher yield per unit of irrigation water applied
by exposing the crop to a certain level of water stress either during a particular period or
throughout the whole growing season. In addition to RDI, partial root drying (PRD) is
also a new irrigation technique that subjects one half of the root system to a dry condition
while the other half is irrigated. The wetted and dried sides of the root system alternate on
a 10-14 day cycle. Subsurface drip irrigation (SDI) also improves WUE of crops and
reduces farming cost. The above techniques have already been successfully applied to a
wide variety of crops and are suitable for low input agriculture (organic farming).

Introduction
Agriculture currently uses about 70 % of the total water withdraw, mainly for irrigation.
Although irrigation has been practiced for millennia, most irrigated lands were introduced
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in the 20th century. The intensive irrigation could provide for the growth of irrigated areas
and guarantee increased food production. In the 1980s, the global rate of increase in
irrigated areas slowed considerably, mainly due to very high cost of irrigation system
construction, soil salinization, the depletion of irrigation water-supplying sources, and the
problems of environmental protection. However, as the population is growing at a rapid
rate, irrigation is being given an important role in increasing land use and cattle-breeding
efficiency. Thus, irrigated farming is expected to expand rapidly in the future with
subsequent increase of water use for irrigation. Irrigation is not sustainable if water
supplies are not reliable. Especially in areas of water scarcity the major need for
development of irrigation is to minimize water use. Effort is needed to find economic
crops using minimal water, to use application methods that minimize loss of water by
evaporation from the soil or percolation of water beyond the depth of root zone and to
minimize losses of water from storage or delivery systems. Nowadays, during a period of
dramatic changes and water resources uncertainty there is a need to provide some support
and encouragement to farmers to move from their traditional high-water demand
cropping and irrigation practices to modern, reduced demand systems and technologies.
Under water demand management most attention has been given to irrigation scheduling
(when to irrigate and how much water to apply) giving minor role to irrigation methods
(how to apply the water in the field). Many parameters like crop growth stage and its
sensitivity to water stress, climatic conditions and water availability in the soil determine
when to irrigate or the so-called irrigation frequency. However, this frequency depends
upon the irrigation method and therefore, both irrigation scheduling and the irrigation
method are inter-related.

Surface irrigation methods
Surface irrigation methods are the traditional methods used from ancient times until
nowadays and include basin, furrow and border irrigation. In basin irrigation the water is
applied to leveled fields bounded by dikes, the so-called basins. The shape and size of the
basin depends on crop type. For vegetables or row crops the basins are often furrowed
with the crops being planted on raised beds or ridges, while for tree crops the basin has
raised beds around the tree trunk to prevent disease development. Large irrigations can be
given when soil infiltration rates are moderate to low and soil water holding capacity is
high. Irrigation depths usually exceed 50 mm and a relatively high inflow rate (> 2 l/s per
meter width) is required. In furrow irrigation water is applied to small and regular
channels, called furrows, and this method is usually applied to row crops. Furrows must
have a mild slope and inflow discharges must be such that water movement is neither too
fast, nor too slow. Efficient furrow irrigation nearly always requires irrigation times longer
than advance times. Irrigation depths are usually >20 mm. In border irrigation water is
applied to short or long strips of land, diked on both sides and open at the downstream
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end. Water is applied at the upstream end and moves as a sheet down the border. The
method is best adapted to areas with slow slopes, moderate infiltration rates and large
water supply rates. The irrigation depths range from 20 to 50 mm. The main
disadvantages of surface irrigation methods are the low irrigation efficiencies (50-60 %),
the requirement of large discharges per unit area and the high labour cost, while they are
not able to apply small irrigation depths, so that they are not suitable for supplemental
irrigation. Improvements in surface irrigation methods aiming at reducing volumes and
increasing the water productivity include land leveling and reduced widths and/or
shortened lengths, while for the on-farm water distribution improvements include gated
pipes and lay flat pipes, buried pipes for basin and borders, lined farm distribution canals,
good construction of on-farm earth canals, easier control of discharges and control of
seepage.

Sprinkler irrigation
Sprinkler irrigation developed mainly after 1950, with the introduction of light-weight
aluminum pipes. Sprinkler irrigation uses specific devices (sprinklers) to apply water in the
field. If it is well designed the irrigation efficiency can reach up to 85 %. However,
sprinkler irrigation systems have high-energy consumption, high investment cost, while
technical support is required. The main sprinkler systems in use are:
• Set systems: the sprinklers irrigate in a fixed position and can apply small to large
water depths. They are costly and are best adapted to small farms.
• Traveling guns: a high-pressure sprinkler continuously travels while irrigating a
rectangular field. They have high-energy requirement, high evaporation losses in
arid regions and are not suitable for applying very small or large depths, or to
irrigate heavy soils and sensitive crops.
• Continuous move laterals: the sprinklers operate while the lateral is moving in either
a circular or a straight line. The laterals are equipped with sprinklers or sprayers.
This system is suitable to apply small and frequent irrigation on very large farms.
Improvements in sprinkler irrigation systems aimed to reduce the volumes of water
applied and increase water productivity include the adoption or correction of sprinkler
spacing, the design for pressure variation not exceeding 20% of the average sprinkler
pressure, the use of pressure regulators in sloping fields, the monitoring and adjustment
of pressure equipment, application of irrigation during non-windy periods, adoption of
smaller spacing and large sprinkler drops and application rates in windy areas, the
adoption of application rates smaller than the infiltration rate of the soil and careful
system maintenance.
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Localized irrigation methods
Localized irrigation is widely recognized as one of the most efficient methods of watering
crops (Keller/Blienser 1990). Localized irrigation systems (trickle or drip irrigation,
micro-sprayers) apply the water to individual plants by means of plastic pipes, usually laid
on the ground surface. With drip irrigation water is slowly applied through small emitter
openings from plastic pipes with a discharge rate ≤ 12 l/h. With micro-sprayer (microsprinkler) irrigation water is sprayed over the part of the soil surface occupied by the plant
with a discharge rate of 12 to 200 l/h. The aims of localized irrigation are mainly the
application of water directly into the root system under conditions of high availability, the
avoidance of water losses during or after water application and the reduction of the water
application cost (less labour). The main characteristics are:
a. Low rate of water application (discharge rate < 200 l/h for mini sprinklers, <12 l/h
for drippers and an application rate 1-5 mm/h)
b. Partial soil wetting. Wetted soil is a portion of the soil volume available to the roots,
30-40% for tree crops, and 50-80% for vegetables.
c. Low doses, high frequency, long duration of irrigation. Doses 1/3 - 1/10 of those used for
surface methods. High frequency (usually one irrigation per 1-7 days)
d. High soil water availability. Slow and frequent irrigations ensure that water content in
the soil remains high and fairly constant and the soil water tension remains low
(1/3 of Atm) resulting in high water availability to the plant.Studies in countries
as diverse as India, Israel, Spain and the United States have consistently shown that drip
irrigation reduces water use by 30 to 70 % and raises crop yields by 20 to 90 % (Postel et
al. 2001). The advantages of localized irrigation are: a) Efficient water use (efficiency up to
95 %); b) Reduced labour cost (can be highly automated); c) Easy and efficient application
of fertilizer and other chemicals; d) Reduced salinity hazards; e) Better phytosanitary
conditions; f) Simultaneous performance of other cultural practices; g) Can be used on
uneven or sloping areas, and h) Valorization of small water discharges. Drip irrigation’s
combination of water savings and higher yields typically increases the water use efficiency
(WUE, yield per unit water; Tab. 1) by at least 50 %, and makes it a leading technology in
the global challenge of boosting crop production in the face of serious water constraints.
Although the area of localized irrigation has expanded 50-fold over the last two decades,
it still represents less than 2 percent of the world’s irrigated area. The main barriers to its
expansion are the high investment cost, ranging from 1,500 to 2,500 € per hectare, and
the high sensitivity to clogging.
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Table 1: Irrigation water, yield and WUE in kiwi irrigated with different systems (Chartzoulakis et al. 1991).

Irrigation system

Water used* (mm)

Yield (kg/tree)

WUE (kg/mm)

Drip

340

33.2 a

4.00 a

Micro-sprinkler

477

30.9 a

2.65 b

Overhead sprinkler

782

34.6 a

1.81 c

* Average of 10 years

The main components of a drip irrigation system are: i) The pressure source (collective
pressurized network, pumping station or elevated water storage tank); ii) The control head
(different kinds of filters, fertilizer tank, pressure regulators, valves, water meters,
automation devices); iii) The pipelines (main pipe, manifolds and laterals), and iv) The
emitters (drippers –‘on line’, ‘in line’, self-cleaning or auto-regulated, mini-sprayers –
stable or rotating). The main components and layout of a drip irrigation system are given
in Figure 1. Improvements in localized irrigation systems aiming to reduce the volumes of
water applied and increase the water productivity include the use of a single drip line for a
double row crop, the use of micro-sprayers in high infiltration soils, the adjustment of
duration of water application and timing to soil and crop characteristics, the control of
pressure and discharge variations, the use of appropriate filters for the water quality and
the emitter characteristics used, the adoption of careful maintenance, automation,
fertigation (efficient fertilizer application) and chemigation (easy control of weeds and soil
born diseases).

Figure 1. Main components and layout of drip irrigation system.
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Filtration
Filtration is necessary for drip irrigation systems for prevention of emitter clogging, which
reduces the operational capability and life of the system. The cause of clogging can be
solid particles (soil, sand, solid material, etc.), organic matter (vegetative parts, algae,
protozoa, etc.) or chemical precipitates (salts, mineral deposits, etc.). The use of closed
reservoirs, wells and conduits prevents the entrance of mineral and organic material in the
water. When the source of irrigation water is open reservoirs, wells or canals the addition
of sulfuric copper (CuSO4) at a rate of 0.5-1.5 ppm will prevent the green algae growth.
Filters that can be used in a drip system are hydrocyclons, gravel filters and screen filters.
Hydrocyclone is used to remove dispersed solid material, particularly sand, from the water
and is generally used in conjunction with other types of filters. The hydrocyclone is a
conical vertical body and water is entering tangentially at the top and flows down at a high
rotational velocity. This pushes the solid particles against the walls of the filter, gathering
at the bottom, while the clean water flows upwards into the main system. Gravel filters
are used mainly to remove coarse material as well as organic matter, microorganisms and
very fine colloidal particles. The filtering material is fine gravel (1-2 mm) and coarse sand.
Backwashing for cleaning the filtering material can be manual or automatic. Screen filters
are mainly used for retention of suspended solid material. A 140-160 mesh screen (plastic,
synthetic cloth) is used as filtering material. The frame of the filter must be made of
stainless steel or painted with anti-corrosive material. Many types exist on the market with
manual, semi-automatic or automatic operation. The screen filter is used downstream
from the gravel filter. The type, size and number of filters required depend on the quality
of the water and the discharge in the control head.
Filters do not, as a rule, completely solve the problem of clogging, and drip systems can
be expected to have a certain percentage of its drippers clogged or operating poorly.
However, an efficient filtration system can reduce clogging to a reasonably low level.
Furthermore, filters do not overcome the problem of precipitation of calcium-carbonate
or organic material. Hydrochloric or phosphoric acid is usually used to remove mineral
deposits (calcium or iron precipitates). HCl (30 %), 4-6 liters per m3 of water passing
through the system and irrigation for at least 30 min, give good results. The frequency of
chemical application depends on the salt content of irrigation water, but is mostly
practiced at the end of the irrigation period.
Fertigation
The application of fertilizers through the irrigation system (fertigation) became a common
practice in modern irrigated agriculture. Localized irrigation systems, which could be
highly efficient for water application, are also suitable for fertigation. Thus, the soluble
fertilizers are applied through the irrigation system at concentrations required by crops to
the wetted volume of the soil. The potential advantages of fertigation are:
• Precise amount of fertilizer at the root system of the crop
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• Optimum conditions for the use of fertilizer by the crop
• High fertilization efficiency
• Flexibility in timing of fertilizer application in relation to crop demand
• Environmental friendly method of fertilization (control of nutrient losses)
• Increased yield and improved quality of the products
Possible disadvantages include the non-uniform chemical distribution when irrigation
design or operation are inadequate, the over-fertilization in case that irrigation is not
based on actual crop requirements and the use of soluble fertilizers. The injection of
fertilizer into the irrigation water can be done either using pumping systems or pressure
differential systems. With the differential pressure system a closed tank of 60-200 l
capacity is used, into which the solid or liquid fertilizer is placed. The tank is connected to
the main irrigation line by means of a by-pass. The gate valve generates a pressure
difference between the entrance and exit of the tank, which causes the flow of water
through the tank and dilutes the fertilizer. The main advantages are the simple operation
and the absence of moving parts, while the main disadvantage is that the rate of fertilizer
application is not constant (decreases with time). With the pumping system a pump
(electrical, hydraulic or venturi) is used to inject the fertilizer into the irrigation water. The
fertilizer must be in liquid form or diluted into the tank. Advantages of the pumping
system are the constant rate and the high control of dosage and timing of fertilizer
application, while no special tanks are required. However, it requires a source of power
and in some cases technical assistance. The volume of fertilizer in the tank is determined
by the formula V = W x A / P, where V is the volume of the tank (l), W the amount of
fertilizer required (kg/ha), A the irrigated area (ha) and P the dilution ratio of the solution
(kg/l). The solid, liquid and suspended form of fertilizers can be used for fertigation. The
fertilizers recommended for fertigation should be soluble in water, not precipitating as
insoluble salts by reacting with ions present in the water or other fertilizers applied
simultaneously and be available in the local market at a reasonable price. The solubility of
common fertilizers is given in Table 2. Fertilizers partially soluble may block the system
and create operational problems.
Table 2: Solubility of common fertilizers in water (kg fertilizer/100 l).

Fertilizer

Temperature range (oC)
Cold

Medium

Hot

Ammonium chloride

30

76

Ammonium nitrate

118

195

344

MAP

23

28

42

DAP

43

58

106
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Table 2 continued.
Ammonium sulfate

71

76

85

Potassium chloride

28

35

43

Potassium nitrate

13

32

86

Potassium sulfate

7

11

17

Mono-K-P

33

84

D-K-P

167

Calcium nitrate

341

346

Magnesium nitrate

42

58

Urea Phosphate

96

Monocalcium-P

18

P-acid

548

Urea

102

78

119

Deficit irrigation practices
In the past, crop irrigation requirements did not consider limitations of the available water
supplies. The irrigation scheduling was then based on covering the full crop water
requirements. However, in arid and semi-arid regions increasing municipal and industrial
demands for water steadily reduce water allocation to agriculture. Thus, water availability
is usually limited, and certainly not enough to achieve maximum yields. In this case,
irrigation strategies not based on full crop water requirements should be adopted for
more effective and rational use of water. Such management practices include deficit
irrigation, partial root drying and subsurface irrigation.
Regulated deficit irrigation
Regulated deficit irrigation (RDI) is an optimizing strategy under which crops are allowed
to sustain some degree of water deficit and yield reduction. During regulated deficit
irrigation the crop is exposed to a certain level of water stress either during a particular
period or throughout the growing season. The main objective of RDI is to increase water
use efficiency (WUE) of the crop by eliminating irrigations that have little impact on yield
(Table 3), and to improve control of vegetative growth (improve fruit size and quality).
The resulting yield reduction may be small compared with the benefits gained through
diverting the saved water to irrigate other crops for which water would normally be
insufficient under conventional irrigation practices.
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Table 3: Water use and yield of ‘Fino’ lemon under control and RDI irrigation (Domingo et al. 1996).

Irrigation
system

Applied
water (mm)

Yield (kg/tree)

Number of fruit per tree

Control

690.5

208.1 a*

1839 a

RDI

485.7

199.5 a

2069 a

* Different letters within the same column indicate significant differences at a=0.05 (LSD-test)

RDI is a sustainable issue to cope with water scarcity since the allowed water deficits
favour water saving, control of percolation and runoff return flows and the reduction of
losses of fertilizers and agrochemicals; it provides for leaching requirements to cope with
salinity and the optimization approach leads to economical viability. The adoption of
deficit irrigation implies appropriate knowledge of crop ET, of crop response to water
deficits including the identification of critical crop growth stages, and of the economic
impact of yield reduction strategies. Therefore, appropriate deficit irrigation requires some
degree of technological development to support the application of irrigation scheduling
techniques. Before implementing RDI it is necessary to know the crop yield response to
water (growth stage or whole period). Crop yield response for deficit irrigation is
described by the equation Y/Ym = 1-Ky [1-ETa/ETm] (Stewart et al. 1977), where Y and
Ym are the expected and maximum crop yield, ETa and ETm the actual and maximum ET,
and Ky the crop response factor. Ky gives an indication of whether the crop is tolerant to
water stress and depends on crop species, cultivar, irrigation method and growth stage.
High yielding varieties are more sensitive to water stress. Crops or varieties with a short
growing season are more suitable for RDI. Furthermore, in order to ensure successful
RDI, it is necessary to consider the water retention capacity of the soil. In sandy soils
plants undergo water stress quickly under RDI, while in deep, fine-textured soils plants
have ample time to adjust to low soil water potential, and may be unaffected by low soil
water content. Under RDI agronomic practices may require modifications, e.g. decrease
plant population, apply less fertilizer, adopt flexible planting dates and select shorter
season varieties.
The development of RDI is not possible without first understanding patterns of tree and
fruit growth. RDI must be applied during the period that shoot growth is rapid while fruit
growth is slow (Figure 2). Necessary steps for implementing RDI successfully are:
Measure shoot and fruit growth to determine the RDI period for fruit species/varieties;
determine the root zone distribution (width and depth); determine the wetting pattern of
the irrigation system and estimate the wetted root-zone; develop a season irrigation plan
(amount and interval) based on soil type and Epan or ETo, and install soil moisture sensors
(depth and number depends on soil). During the RDI period: Measure and record soil
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suction and irrigate at -200 kPa, and irrigate to wet the top 0.3 m of the root zone. During
full irrigation period: Irrigate to wet when soil suction at 0.3 m depth dries out to -30 or 50 kPa and irrigate to wet at least the top 0.6 m of the root zone. Where RDI is applied
and irrigation water contains moderate to high salt content (Na or Cl) careful monitoring
of soil salinity during the RDI period is necessary and strategic leaching irrigations (every
5-7 weeks) should be applied. RDI has been applied successfully for row crops like maize,
soybean, sugar beet, sunflower, potato, wheat (Stegman et al. 1990; Kirda et al. 1999), and
tree crops like citrus, olives, peaches, grapevines etc. (Domingo et al. 1996; Boland et al.
1993).
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Figure 2: Typical shoot and fruit grouth pattern for peach and RDI application period.

Partial Root Drying
Partial root drying (PRD) is a new irrigation technique, first applied to grapevines, that
subjects one half of the root system to dry or drying conditions while the other half is
irrigated. Wetted and dried sides of the root system alternate on a 7-14 day cycle. PRD
uses biochemical responses of plants to water stress to achieve balance between
vegetative and reproductive growth. During water stress development the vine’s first line
of defense is to close its stomata to conserve moisture. One of the principal compounds
that elicit this response is the abscisic acid (ABA). As soil water availability falls following
the cessation of irrigation, the ABA is synthesized in the drying roots and transported to
the leaves through the transpiration stream (Loveys et al. 1999). Stomata respond by
reducing aperture, thereby restricting water loss. Improvement of WUE results from
partial stomatal closure. However, an inevitable consequence is reduced photosynthesis.
With PRD, switching the wet and dry sectors of root zone on regular basis, this transient
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response was overcome (Dry/Loveys 1998). Commercial trials with grapevines have
shown that if PRD is applied properly, there should be no significant yield reduction,
even if the irrigation amount is halved. This contrasts with RDI technique, where savings
in irrigation water application have been often at the expense of yield. Furthermore, the
quality of the fruits is at least maintained if not improved. PRD has been successfully
applied with drip irrigation in grapevines (Dry et al. 2000), with subsurface irrigation in
grapevines (Loveys et al. 1997) and even furrow irrigation in pear, citrus and grapevines
(Clancy 1999). The cost of PRD application varies according to the irrigation system
employed and whether it is applied to new or existing vineyards. In existing irrigation
systems an additional line must be added. The additional cost of installing PRD is
economical where the cost of irrigation water is high and as water becomes an
increasingly valuable and scarce resource. In these areas the true environmental cost of
water justifies the implementation cost of PRD.

Subsurface drip irrigation
Subsurface drip irrigation (SDI) is a low-pressure, low volume irrigation system that uses
buried tubes to apply water. The applied water moves out of the tubes by soil matrix
suction. Wetting occurs around the tube and water moves out into the soil in all
directions. The potential advantages of SDI are: a) water conservation; b) enhanced
fertilizer efficiency; c) uniform and highly efficient water application; d) elimination of
surface infiltration problems and evaporation losses; e) flexibility in providing frequent
and light irrigations; f) Reduced problems of disease and weeds, and g) lower pressure
required for operation. The main disadvantages are the high cost of initial installation and
the increased possibility for clogging.
Subsurface irrigation is suitable for almost all crops, especially for high value fruits and
vegetables, turfs and landscapes. A large variety of tubes are available in the market from
PE tubes with built-in emitters or porous tubes that ooze water out the entire length of
the tube. The tube is installed below the soil surface either by digging the ditches or by a
special device pulled by a tractor. The depth of installation depends upon soil
characteristics and crop species ranging from 15-20 cm for vegetables and 30-50 cm for
tree crops. To avoid clogging problems it is essential for SDI to use a 200 mesh filter for
most tube materials. Porous tubes need more frequent flushing. However, the
performance and life of any system depends on how well it is designed and operated.
Back flush systems must be checked at regular intervals. Water quality affects the system
(high pH, salinity and iron may cause precipitates). Further problems arise if water
contains organic matter, bacteria or algae. For protection of the system occasional
injection of acid or acid-forming chemicals or chlorine at the end of the irrigation season
helps to stop precipitates. After the use of chemicals, the system has to run for a while to
remove residual chemicals.
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Introduction
Why do we need to expend special effort on finding the value of an aquifer?1 Estimating
the value of an aquifer is useful for both allocation decisions among different users and
long-term decisions with respect to investments in restoration, prevention, and
developing alternative supply or demand management decisions. The value of an aquifer
and the long-run analysis of groundwater use are strongly correlated to the problem of
sustainability. A society is not moving along a sustainable water resource management
path if ANY one of the following conditions holds: the decline of available freshwater
quantity and quality is not compensated by more effective and efficient water services; the
costs of water services required to relax physical resource limits are continuously
increasing over time; and there are political or social constraints that impede the
institution of reforms required to make freshwater resource allocation less inefficient. The
European Union, whose official documents, inter alia, seem to reveal a formal adhesion
to the strong sustainability rule (93/C138/01), has explicitly determined the linkage
between strategy towards sustainability and the need for proper “environmental
accounting”.

1

Aquifer and groundwater resources are used interchangeably in this chapter.
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If water in a given aquifer were traded in a market system, there would not be any specific
problem in estimating its value. However, things are not as simple in reality. Groundwater
resources are usually characterized by free access. Thus, at least partially, there is a
difference between the private value of the groundwater and its social value. Prices
therefore which should reflect opportunity cost, do not do the job as well as prices in a
well functioning market. Moreover, as will be discussed later on, some of the services
provided by the aquifer are not priced at all. Clearly, there is a need for governmental
intervention, accomplished through knowledge of the total economic value of the aquifer
and how different policies could affect it. Of course, policies should be targeted to
maximize the value of the aquifer, so without knowing the linkage between policy and
value it is impossible to make such a calculation. The aim of this chapter is mainly to
address the different approaches that should be taken to estimate the total economic
value of an aquifer. It should be viewed as just the first step to establish a policy agenda.
This policy agenda, which should be viewed as a normative criterion is omitted from this
chapter but is no less important.
After section 1 of this chapter which presents the introduction, section 2 is devoted to the
description of the rationale for using the concept of total economic value (TEV) and the
suggested taxonomy for the different services a given aquifer can provide. Section 3
describes the different approaches used in environmental economics to value these
different services. Some may undergo a market process and some not. A guiding list is
provided that will enable decision makers to get an initial feeling as to what kind of
research should be done with respect to a given aquifer, according to the main services it
provides. Next, different case studies are quoted in order to give a literature review on
this issue. There we show how difficult it is to obtain the TEV of an aquifer. However,
we recognize the great research effort with respect to specific services provided by the
different aquifers, and devote that section to describing how it was implemented. Finally,
section 4 contains a summary as well as recommendations for steps to be taken, as well as
the special research efforts needed with respect to valuation issues and policy formation.

Groundwater Valuation: Rationale and Taxonomy
The rationale for valuation
Goods that are characterized as private can be traded in a market system. The interaction
between supply and demand forces creates an equilibrium price. If property rights are well
defined, individuals can buy and sell according to that market price. The solution derived
is then an efficient one. However, some goods or services do not belong to anyone
specific. They are Common Property Resources (CPR) and for them there is no meaning
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to the term “equilibrium price”. This is because a potential buyer will learn that he can get
the good without paying, so a potential seller will not find matching buyers.
However, the fact that these goods do not have a market price does not mean that they
do not have a value on their own. They certainly do, but it is a more complicated task to
discover it. In the case of groundwater resources, their value is composed of “out of
pocket cost” as well as “opportunity cost”. The first term refers to the energy cost related
to pumping and usual maintenance cost. The second term refers to what could have been
done with the extracted unit of water, had it stayed within the aquifer and not extracted
out. Groundwater resources, as will be seen later on, have several services which they
provide. Part of them are considered related to the opportunity cost and do not have a
market price associated with them. The valuation techniques summarized in this chapter
could help decision makers in the water policy area in different ways. Most importantly,
they could help them understand how they can intervene to maximize the value of the
given aquifer. Alternatively, they could help them understand how specific policies affect
each value of the aquifer and its total value. In that regard, the concepts suggested in this
chapter can serve as a crystal ball by showing the implications of a specific policy rather
than asking: “What is the best policy?”
The linkage between prices and values
If we start from a usual demand function, given a price level we can know the quantity
consumed at this price. However, for our purposes it would be better to start from the
quantity as given, and then ask what the vertical difference to the (inverse) demand curve
tells us. It tells us the marginal willingness to pay for that amount. In figure 1 we see that
if the marginal willingness to pay for the Q0 unit is less than P0, one will not buy that unit.
Hence, it is not consistent with the demand function as revealed by the consumer. The
same argument, only in reverse, applies with respect to a potential willingness to pay that
is higher then P0. We may then conclude that the demand curve for a given commodity is
its marginal willingness-to-pay curve. If we have the marginal willingness to pay, we can
derive from it the total willingness to pay by finding the area under the demand curve
such as in figure 1. This is correct for every quantity. For example, if we wish to estimate
the total willingness to pay for Q0 units of that good, say water, this is given by the area
P1AQ0O. This is the linkage between prices and benefits. Knowing prices enables us to
deduct the demand curve, and doing so enables us to deduct the total willingness to pay.
But the total willingness to pay is the benefit of the asset or, as we term it, the value of the
asset. In cases where market prices are given and a demand curve can be traced, the
question of valuing the given asset is relatively straightforward. However, our aim is to
construct a demand function for each value, even if there is no market value associated
with it. This will be explained later, with special emphasis on groundwater. However,
before passing to the techniques used to measure the value of the aquifer, we turn next to
the issue of identifying the different services that an aquifer can provide.

399

Module 7

P
P1

A

P0

O

Q0

Q

Figure 1: Demand function and marginal willingness to pay.

Taxonomy for groundwater services
There is no single way of listing the different values of an aquifer. However, we suggest
using two distinct values, and within these two categories we can divide each one of them
into its sub-categories. The two main categories we suggest are Extractive (flow) Values
and In Situ Values. A list of the sub-categories is presented in Table 1. As can be seen
from the table, we divide the services of the aquifer into flow and in-situ. Within the flow
values we find agricultural, residential, and industrial water uses. These values are
associated with the amount of water extracted from the aquifer. Note that the demand for
each value here is dependent on the quality of the water. This makes the analysis even
more complex since taking water from the aquifer reduces the use available for other
alternatives but may well cause degradation in the water quality. Thus, we have not only a
shift along the demand curve of other uses but the demand curve itself shifts. Without
taking that into account, the benefit valuation would be misleading. For a given quality,
however, we can think about three major extractive uses for the water in a given aquifer,
namely agricultural, residential and industrial.
Agricultural water use: Here we simply mean a flow of water resulting from the aquifer
which is to be used either to irrigate crops or for watering livestock. Obviously, the cost
of abstraction as well as the quality of the water affects the demand for water. As will be
seen later, only part of the cost is borne by the farmer himself while the rest is a classic
externality case. So even here, where it is a classic example of a market good (agricultural
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commodities), there still are imperfections and a need to estimate the demand for water
not through the market, as will be explained later.
Table 1: A proposed list of Groundwater services.

Groundwater services
Extractive Value
(flow)
1. Agricultural water use
2. Residential water use
3. Industrial water use

In Situ Value
Stock value
Preventing sea water intrusion
Buffer value
Option value
Subsidence prevention
Recreation
Ecological values

Residential water use: Here we mean all kinds of residential water uses, including mainly
domestic and water for loaning. The major concern here is with regards to quality.
However, quantity issues are important as well, especially in dry seasons when water can
be saved by not being used for outside purposes (gardens, swimming pools, etc.). These
two kinds of concern will be outlined below.
Industrial water use: By this we mean especially water that originates in an aquifer and is
used for cooling, hydroelectricity production, washing, and also for the beverage industry.
Quality is not as important as in residential water use. Also, responsiveness to prices
changes dramatically between the short and long run. This has important policy
implications for demand management. Turning now to the other type of uses, the in-situ
values, these are associated with the opportunity cost of taking a unit of water now. In a
steady-state situation the average withdrawal should be equal to the long-run average
recharge of water. Policy makers sometimes ignore this simple truth of “water in equals
water out”. The important question is not how much water originating from the aquifer
we should use. The answer to that is quite simple. The relevant question should be what is
the best (or optimal) water level of the aquifer and how do changes in this level affect the
different values of the aquifer. We recognize several in-situ values of the aquifer as is
shown in Table 1. Later, we will describe different approaches to measuring these values
and some efforts made in estimating them. However, first we will try to explain what each
one of them means.
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Stock value: Stock value is related to the water table of the aquifer. If energy costs are
smaller in order to pump the same amount of water from a higher water table, the stock
of water plays a role in determining the value of the aquifer. We recognize that the
amount of water that is used would be the same in steady state (and equal to the recharge)
but we would prefer to pump it from a higher level. The opportunity cost of taking one
unit of water today is the discounted present value of the cost incremental due to future
pumping from a lower water table. This is called the dynamic shadow price of the aquifer.
The benefits of preventing sea water intrusion: This value is mainly applicable to coastal aquifers.
If the water level decreases, there is a greater chance that sea water will start diffusing into
specific parts of the aquifers. The problem is associated with uncertainty because this
critical level is not known for sure. Once it happens, it is not reversible for the foreseeable
future. Therefore, keeping the water table high serves as insurance against such damages.
Parts of the coastal aquifer in southern Europe, Israel, large parts of the US, and Australia
are being damaged by increased salinity.
The buffer value: This value is associated with uncertainty about future availability of water
supplies. The uncertainty here is with respect to the aquifer’s recharge rate or the supply
of surface water that serves the same area. If users were risk-neutral and were responding
only to the mean recharge there would not be any buffer value to the aquifer. However,
when individual users are risk-averse, uncertainty with respect to the recharge rate or
alternative water supply sources has negative implications for them. In that case the
groundwater aquifer has a buffer value which is equal to the difference between the
maximal value of the aquifer under uncertainty and its maximal value under certainty
where the recharge rate is stabilized at its mean (Tsur/Graham-Tomasi 1991).
The option value: This value is also connected to uncertainty. Here the uncertainty is about
future preferences. For example, suppose we anticipate using the aquifer in the future but
are not sure. Over-exploiting the aquifer now prevents us from even considering the
option to use it in the future. This is correct only if the damage is irreversible to some
extent. Then we can define the option value as the amount of money people would be
willing to pay in order to avoid the risk of that scenario.
Benefits from subsidence prevention: In some regions, groundwater stocks contribute to sustain
underground water/soil structure so as to prevent land subsidence. This generally occurs
when aquifer pressure levels are significantly lowered in basins where the substrate is
primarily fine-grained material such as clays and silts, which are more compressible than
more rigid coarse grains such as sand and limestone and sandstone formations.
Subsidence caused by the consolidation of fine-grained material cannot be reversed by
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artificially injecting additional water into the formation. Subsidence is reversible only in
aquifers usually dominated by sands, gravels, or sandstone, which can accept the
additional fluids (National Research Council 1997). On all continents, subsidence has
been observed in certain areas where groundwater is over-exploited for human use, or
where groundwater is extracted for underground access, such as in mines. In shallow
coastal areas, subsidence may cause flooding, as the land literally sinks into the sea. Water
stored in aquifers can also help to control flooding and erosion by providing a medium
for absorbing surface water runoff. The underground water/soil structure of an aquifer
also represents a medium for the absorption, transport, and dilution of wastes and other
by-products of human economic activity.
Recreational values: This is important when the groundwater is connected to surface water.
When the water table declines this also results in slow outflow in the connected streams.
This, in turn, affects an entire range of recreational uses such as swimming, fishing,
boating, etc.
Ecological performances: Again, this is important when groundwater and surface water are
connected. Reducing the outflow due to a lowered water table in the adjacent aquifer may
prove to be harmful to wetlands and the habitat for a wide variety of species.
We have listed ten different uses, three extractive and seven in-situ. Clearly, this is not a
clear-cut distinction between the different values. For example, one might consider
recreational and ecological values as being extractive in nature. The important thing,
however, is to list them all and find their relative importance, which varies, of course, case
by case. Finally, when the different values of the aquifer are summed to get the total
economic value, care should be taken as with respect to the time dimension. Some values
are given as yearly, while the others are given as present values. For example, the stock
value is given in a form of a discount sum of future increased costs. One should be
careful about adding numbers of different dimensions. Whatever the division and the
emphasis may be, the next step is to measure each value of the aquifer and the impact on
this value of different regulatory decisions. We turn now to the different approaches in
order to estimate the different values of the aquifer.

Alternative Approaches to Groundwater Valuation
General framework
In all cases listed below we use the willingness-to-pay criterion as a measure of the benefit
or value. In case of a cost-benefit analysis of a regulatory decision, the difference in value
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between doing with or without the program will serve as the benefit of the regulation.2
We use three categories of methods to value water services: methods relying on market
information, methods relying on surrogate (proxy) markets, and methods relying on
hypothetical markets. Relying on market information should be used whenever markets
for the service exist and are well functioning. For example, a change in the value of
agricultural production whenever there is a market for agricultural products falls in this
category. However, even here, one should be careful to implement market prices as a
marginal benefit proxy if there is government intervention within the crop market itself
(e.g., subsidies). Other cases that fall in this category are listed below. The other two
categories cover cases in which the specific service is not traded in a market, or
alternatively, market prices do not reflect the true social cost. The first approach here is
the one relying on proxy markets. Here we have a good without a market but there is a
nearby market that is somehow correlated with the absent market. These indirect
approaches include, for example, the travel cost method to estimate the value of
recreational areas, and hedonic price method which relates property value changes to
different environmental conditions. On the other hand, the direct methods are used when
there are no surrogate markets or these markets do not function well. In this case one can
use surveys, simply asking people questions regarding their willingness to pay for different
attributes. As will be seen later on, these approaches are the only ones that can estimate
some values of the groundwater. However, one should be very careful in interpreting the
results based on hypothetical questions regarding hypothetical scenarios.
Our general framework is presented in Table 2. As can be seen, some of the services have
two dimensions, namely quantity and quality. Both should be taken into account.
Methods based on market prices
We have to distinguish water as an intermediate good from water as a final good. The
former use applies mainly to agricultural and industrial water uses while the latter applies
mainly to residential water uses. We will start by describing the intermediate case and then
the final good case. However, we first describe a method that could be used in both
intermediate as well as the case of a final good.
Water markets: Here we simply rely on buyer/seller transactions involving exchange of
money for water. If these markets are well functioning, we can reveal the true marginal
willingness to pay, which is the equilibrium price. The problem is that water markets are
more the exemption than the norm. Therefore, whenever policy makers can, they should
try to create water markets which are self-revealing with respect to the market price.
There are some water markets evolving in the South western US (Saliba/Bush 1987) and
We deal here only with the benefit side of the program and not the direct cost. However, parts of the
benefits are avoidance of implicit costs such as seawater intrusion, etc.

2
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in other places in the world (Easter/Hearne 1995; Rosegrant/Binswanger 1994).
However, even if markets do not exist, one can hypothetically create one to reveal the
equilibrium price for water (Becker 1995). A theoretical model of water markets is also
when there are market distortions in the crop market, which obviously affects the water
value.
Table 2: General framework.
Groundwater services

Applicable valuation method

EXTRACTIVE
Agricultural water use
Quantity
Quality
Residential water use
Quantity
Quality
Industrial water use
Quantity
Quality

Linear programming method, farm budget
residual approach, relation between water
applications and crop yields
Contingent valuation, crop response model
Demand function
Contingent valuation, hedonic price method,
avoidance cost, cost of illness, benefit transfer
Demand function
Contingent valuation

IN SITU
1. Stock value (quantity)
2. Preventing sea water
intrusion (quality)
3. Buffer value
4. Option value
5. Subsidence prevention
6. Recreation
7. Ecological values

Energy price, dynamic optimization
Dynamic optimization, averting cost method
Dynamic optimization, contingent
valuation
Contingent valuation, dynamic
optimization
Hedonic price method, contingent
valuation
Travel cost method, contingent valuation
Contingent valuation

Water as an intermediate good: With this method we infer the value of the water from those
goods for which water serves as input. For example, the value of the agricultural crop

405

Module 7

should serve as the base for calculating the value of the groundwater. The best method
for estimating this value is by mathematical programming. By using these models the planner
not only comes to know what is the best water allocation but also to estimate the value of
the water in the groundwater, which is actually what we are after.
An objective function and the constraints are to be specified:
Max. Π = f ( ΣiVMPWi •Wi - ΣiTCWij • Wij)

(1)

S.T.
Σi Wij < Wj

(2)

Where:
Π stands for the total profit for the region.
VMPWi stands for the value of marginal product of water for crop i.
WI stands for the amount of water allocated to crop i.
TCWij stands for cost of producing water for crop i originated from groundwater
source j.
Wij stands for the amount of water delivered from groundwater source j to crop i
Wj stands for the total amount of water available in groundwater j.
Stands for other technological and institutional constraints.
The results of this programming model yield the optimal allocation of water from
different sources to one region with a vector of agricultural markets activities. The model
can be extended to include several demand regions by the addition of a summation
element to represent the entire spectrum of demand regions, of which region i is only
one.
The method for calculating the VMP for each crop is the so-called residual return for
water. Here we have to assume that there are competitive markets in the other production
factors, which is not such a strong assumption. We also have to determine the
competitive price for the commodities themselves, either by direct observation or by a
complementary study that deletes all market interventions. In that case we have:
Pi = ( PT*QT ) + ( PL *QL ) + ( PK *QK ) + ( VMPWi *QW )
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where:
Pi stands for the price of crop i.
Pj (j = T, L, K,) stands for the prices of land, and labour.
Qj (j = T, L, K, W) stands for the quantities of the above production factors.
VMPWi stands for the value of marginal product in crop i.
Assuming that all other variables except VMPWi are known, we can solve the last
equation for the value of marginal product of water. Usually, this calculation is done from
accounting data. To further simplify things, we usually normalize in one factor, mostly
land. That is, all the relevant data such as crop price, amount of capital, labor and water,
are given per one hectare.
Another sector of which water serves as an intermediate good is the industrial sector. In
this case, a value is assigned by calculation either of the demand function for water or of
the replacement cost. The demand for water in the industrial sector is relatively fixed in
the short run (almost zero) but gets more flexible in the long run. For policy purposes, it
is important to estimate elasticity of demand in that sector for the short and long run and
also the switching point between the two time spans. The main difficulty with estimating
the demand function for industrial uses is the lack of sufficient variation in prices. Most
of the water-using industries use self-supply water, which turns out not to be separable
from the total firm cost. Once we have the demand function, our next step is to calculate
the value of the water for the specific industry. This is done, as explained before, by
calculating the area under the demand curve over a relevant range. Say we have a constant
elasticity of demand (which is consistent with a logarithmic demand function where the
price coefficient represents the elasticity). Then, if we denote elasticity by γ, we can write
the area under the demand curve for a change in the quantity from Q0 to Q1 as

{(

)

B = p0Q1/ γ /(γ − 1 / γ )

}{Q0 / Q01/ γ − Q1 / Q11/ γ }

(4)

After deducting the payment for that water one can get the value of the water for the
industry. It is also quite useful to get the value per one unit of water. This is done by
dividing the net value by the amount of water consumed. Finally, leakage and other water
losses in the system should be taken into account by calculating the value of water that
actually was received by the consumer.
The method of the replacement cost is an alternative method, which actually assigns a value to
the water based on the difference between the cost of producing with water as a factor of
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production and the next best alternative. For example, in hydroelectric power generation
one can estimate that difference per kWh (kilowatt-hour). Caution, however, should be
applied with respect to the time span and the peak-load pricing. Including such elements
as depreciation and interest payments, which are accurate for the long run but not for the
short run, could make the difference with respect to the time span. Also, one should treat
the appropriate price, depending on whether the alternative is used to meet peak or base
load.
Water as a final good: The research in this area is aimed particularly at the municipal water
sector. Here the main component is the residential water demand, which refers to all
water uses inside or outside the household. The others cover such uses as public
recreational facilities, schools, etc. The theory of water demand for residential use is based
on consumer theory rather than on producer, as was the case when water was an
intermediate good. Deriving from a utility function of the household, there is a demand
function for water. The technique for finding the value of the water to the final consumer
is the same as in industrial and agricultural water uses, i.e., finding the area under the
demand curve. The difference lies in specifying the demand function. Usually, demand
functions for water are specified as being explained by the price of water, price of related
goods, income, weather, and other regulatory policies such as conservation, etc. Several
problems arise with the econometric estimation of residential water demand. The first
problem is associated with the lack of price variation, especially in the higher price. The
problem is important because of increasing urban population. The other problem is
closely associated with the price mechanism. Usually, residential water is priced by block
rates, mostly increasing. This causes two problems. The first is the price perception and
the other is the simultaneity problem. Price perception should be defined in the case of
block rate pricing. This is because it is not so obvious that consumers respond to
marginal price. They were found to react mostly to average lagged price one month
earlier. A regression equation that does not take this into account is likely to yield a biased
estimate. This is taken into account by specifying a perception variable which captures the
difference between what the consumer would actually pay if a marginal price were
charged for the entire amount of water consumed relative to what she had paid in reality.
The second problem, simultaneity, mainly occurs because the price of water affects the
quantity consumed, but the quantity consumed also affects the price level because of the
block rate pricing. Thus, quantity is located on both sides of the demand equation. Apart
from the econometric problems, there is also the quality question and reliability. So far,
we have specified methods that rely on markets that exist in reality. A lot of groundwater
services, however, are characterized by the absence of markets associated with them. We
therefore need a toolkit for these values. As explained before, we divide these value
estimates into two main categories: those that rely on proxy markets and those that rely
on direct valuations through surveys and questioners.
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Application of methods based on market price – agricultural, industrial,
and rural water uses
The importance in modeling agricultural water demand is in obtaining the value of the
irrigated water as reflected by the area under the derived demand curve. According to
Letey (1991) the Von Liebig production function, which assumes a fixed water use per
acre for a given crop at a given location, holds at the field level. Thus, the estimation is
done by determining land allocation among crops. A sample of such studies can be found
in Becker (1995) for Israel, Howeitt (1995) for California and McCarl (1993) for Texas.
The resulting shadow prices for water and land served for policy implication. For
example, in the case of Israel, the shadow prices for the two main aquifers proved to be
about 6 cents per cubic meter. This could be helpful in designing the impact of water
markets or a new water pricing policy. Given the total amount of water in the aquifer it
can also provide information regarding its value. In another study (Becker et al. 1997), the
value of the mountain aquifer was calculated in that way. Since this aquifer should be
divided somehow between Israel and the Palestinian authority, this value can be useful in
determining different allocation mechanisms. Finally, it serves as a signal for backstop
technologies. In the Becker et al. study, without optimal allocation, the shadow prices for
the Palestinians were found out to be $1 per cubic meter, which is higher than
desalination (about 80 cents per cubic meter). However, the equilibrium price in the
optimal allocation was found out to be 46 cents per cubic meter (including all uses and
not only agriculture). Thus, desalination proves to be a poor solution. In another study
Sunding et al. (1997) found differences in the marginal product of water to range from
$12 to $60 in California’s Central Valley project. These different shadow prices and
marginal values of water are justified only for different conveyance cost; the value of
water given for this situation is misleading.
The programming models prove to be particularly helpful since in most cases water
pricing does not represent marginal values. By using these programming models one can
find the shadow price of water for different amounts of water. These shadow prices
together with their matching quantities could be used to trace the derived demand
function for water, as was done in the three studies mentioned above. Boggess et al.
(1993) found that in general the elasticity of the water price varies. As the price of water
increases (corresponding to lower water use levels) demand gets more inelastic. Moore
and Dinar (1992) took another approach. They used econometric techniques to estimate
water allocation among crops. This, in turn, was used to assess water demand. They
found out that the implicit shadow prices were much higher than market prices. The
correct demand function for water was then derived from the quantity–shadow price
relationship. Finally, one can use the water-crop production function to demonstrate the
impact of changing input level (say water) on the output. While this approach is more
accurate than the foregoing ones, its limitations are the large cost involved in conducting
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such studies (mainly based on field experiments), and the limited application that they
have (usually to a very specific site). Dinar and Letey (1994) provide an example of such
an analysis, while Boggess et al. (1993) provide a recent literature review. Considering the
quality aspects, dissolved mineral salts as well as seawater intrusion are the major water
pollutants affecting irrigated crops. They include mainly chlorides, sulfates, and nitrates.
When water is applied for irrigation, these minerals stay in the irrigated soil which, in turn,
adversely affects crop productivity. The general approach is to add all minerals into one
measure called Total Dissolved Solid (TDS). Salinity affects different crops in different
degrees. However, the least sensitive crop is usually also the least valuable. To prevent
crop damages from the salt, farmers apply water in excess of the crop needs mainly in
order to drive the salts down below the plant’s root zone. But, in doing so, they affect the
groundwater and the subsequent users of water. The benefit of salinity abatement is done
in a similar approach as in the change in the quantity of water. A reduction in the salinity
brings about an increase in the net income, which is the perceived benefit of salinity
abatement. Letey’s (1991) study exemplifies production function reflecting the change in
yields due to reduced salinity.
However, attention should be paid to the farmer’s response to changing conditions of
salinity. This takes in two major forms. The first is to move to more salt-resistant crops
(albeit less profitable) and the second is to shift to high efficiency irrigation methods such
as sprinklers and drip irrigation (which are more expensive). This could be captured by a
mathematical programming that reflects the irrigators response to salinity in terms of crop
mixture as well as irrigation technology. An example of such approach is given by Booker
and Young (1994). As in agriculture, water for industrial use constitutes an intermediate
good. Therefore, the derived demand for water in that sector is a function of the price of
water, price of other inputs, and price of the final output. When the price of water
changes, two factors affect its use: the elasticity of substitution between water and other
inputs and its own price elasticity. Kindler and Russel (1984) present a survey of the
issues in modeling industrial water demand. There are two main approaches to estimate
the value of water: econometric techniques and mathematical modeling.
With regard to the econometric approach, the main problem in estimating the demand
function is that the number of cases in which water is volumetrically priced is rather
limited. Two main studies using this approach are by Babin et al. (1982) and Renzetti
(1992). In the first study a Cobb-Douglas production function was assumed. This implies,
however, a constant unitary demand elasticity for water. The other study allowed for
variation in the elasticity. It concerned industrial water users in Canada. Renzetti reported
an average price elasticity of (-0.38) while the specific number depended on the industry
itself. Another important result from this study was the importance of substitutability
among inputs. It confirmed that re-circulation of water was a substitute for both water
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intake and water discharge. Thus, firms would reduce water intake and increase recirculation. Finally, a large difference was found between short and long-run elasticity. In
the short run, elasticity was almost zero. In the long run, the value of water was restricted
from above by the cost of re-circulation. Alternatively, it is possible to use the same
approach as described for the agricultural sector to estimate the area under the demand
curve. Another technique to measure industrial water demand is through the adoption of
mathematical optimization models. This is described in detail by Kindler and Russel
(1984), in whose study the different water use technologies in a given industry are
specified. Then, by varying the water constraints one is able to impute a value through
cost saving among different technologies. Thus, depending on the water availability, a
demand function for water from the dual values associated with the different solutions
can be traced. The value of water for residential use can be split into two main values.
Namely, those connected with the quantity aspect and those dealing with the quality. The
quantity issue tries to capture the value of water given a fixed quality. On the other hand,
studies dealing with the quality aspects try to value the WTP for a fixed amount of water
in varying qualities. Clearly, the method used depends on the service which is being
estimated.
Considering the quantity side, when appropriate data are available, the econometric
approach is preferred to estimate the demand function for water. The dependent variable
is the water consumed, while the explaining variables are the price of water, income,
climatic factors, house characteristics (number of bathtubs, etc.), and number of people in
the household. A lack of price variation does not usually allow estimation of a time series
but a cross-sectional data set. In addition, quantity is rarely measured on a per-household
basis but on an average site basis. Price perception and simultaneity are the two other
main statistical problems. After dealing with these issues the target is to find the price
elasticity of water in order to estimate its value for residential uses. Price elasticity exhibits
a large intra-seasonal variation as well as spatial and inter-temporal (long-run vs. shortrun) variation. Gibbons (1986) gives examples of price elasticity estimated for Tucson,
Arizona, which ranges between –0.23 and –0.7 for the winter and summer, respectively.
In Raleigh, North Carolina winter and summer elasticity ranges between –0.3 and –1.38.
Carver and Boland (1980) produced an important study, which measured residential
demand for water in the Washington, DC metropolitan area using cross section, time
series, and panel data. This allowed Carver and Boland to separate short-run from longrun elasticity. Elasticity estimates range between –0.05 (Nov.-April, cross section, short
run) to –0.7 (Nov.-April, cross-section, long run). For policy purposes it is important
because demand management options would work out differently depending on the
season. Jones and Morris (’81), based on an extensive, cross-sectional sample of micro
data from metropolitan Denver, Colorado, estimated residential water demand, which
incorporated instrumental price variables for the average price and the variables of the
two-part price specification. The strategy of instrumental estimation was to identify a new
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variable or variables correlated with price but orthogonal to the disturbance term of
regression. Rizaiza (1991) conducted a socioeconomic survey to collect the needed
information for estimating a functional relationship between residential water usage and
the relevant independent variables. Three different models of annual residential water
usage per household (household served by tankers, those served by the public water
network, and the pooled groups) were estimated by ordinary least squares. The price
elasticity, along with a 95% confidence limit, were very similar to those estimated for the
United States (Howe/Linaweaver 1967; Howe 1982).

Methods based on proxy markets
By proxy markets we refer to markets which are related to the missing market: a good
correlation and a well functioning market can provide much insight.
The travel cost approach: This method is known for the estimates of recreational uses. It is
based on the cost of arriving at a specific site as a proxy for the willingness to pay. In the
case of groundwater, it can provide services such as recharging surface water into
wetlands and other recreational resources. The value of these lost activities should be
counted by that method. The theoretical foundations for this study and how to interpret
the results can be found in more detail in Freeman (1993)
The hedonic price method (HPM): This model applies to another class of cases in which proxy
markets can provide some information about the willingness to pay and the benefits of
environmental assets. Here the surrogate market is the market for property values. In
practice there is a hedonic function which relates the property price to its attributes, one
of which is water quality. If we have a relatively large sample with a good variation in
prices for areas that are affected and areas that are not, the contribution of clean or
reliable water from the adjacent aquifer can be monetized.
Averting cost method: This approach is based on the household production function. It is
assumed that a household produces goods using inputs. Some of them are subject to
pollution. The response by the household is to engage in averting behavior. This can take
several forms: buying water filters (durable goods), buying bottled water (non-durable
goods), and changing daily behavior such as boiling the water or reducing the length and
frequency of showers. A theoretical foundation is found in Bartik (1988). Note, however,
that averting behavior does not measure the total willingness to pay for water quality since
the latter is probably higher than the averting expenditures. The results of these studies
should only serve as a lower bound and should be coupled with other valuation
techniques (e.g. Abdalla 1994).

412

Nir Becker/Stefania Tonin: Issues in the valuation of groundwater benefits

Cost of illness (COI): Savings from possible expenses resulting from illness estimate the
benefits of groundwater pollution reduction. These costs are composed of direct costs of
medical treatment and opportunity cost such as lost earnings. Here again, the value
obtained by this approach can serve only as a lower bound since it does not represent the
real willingness to pay for the discomfort (one would be willing to pay more then $0.1 –
the cost of a pill – in order to prevent a headache).

Application of methods based on proxy markets
To our knowledge, only one study has applied the travel cost method to an aquifer
(Kulshreshtha 1994). Kulshreshtha gave an estimation of the value of groundwater in the
Carberry aquifer region. The value of water was estimated indirectly through the value of
recreational activities. From data for three regional and provincial parks, the average
willingness to pay for a visitor-day of recreational experience was estimated to be $4.46 in
1986 dollars. Adjusting this figure to the increase in the cost of living, one arrives at a
value of $5.17 per person per day. Multiplying it by the estimated number of visitor-days,
the total value of the recreational experience is estimated at $26,161 per annum. The
difficulty of determining the share of recreational value attributable to groundwater is one
of the major weaknesses of TCM. Malone and Barrows (1990) and Page and Rabinowitz
(1993) conducted hedonic price studies on groundwater contamination problems. The first
study investigated the effect of groundwater pollution on residential property values in
Portage County. The authors used statistical methods to isolate the effects of nitrate and
aldicarb pollution on property values. The results did not support the hypothesis that the
higher the level of nitrate contamination the lower the price of the residential property.
Page and Rabinowitz used case studies to analyze the effect of groundwater
contamination on both commercial and industrial and residential property values. The
cases showed that groundwater contamination significantly influenced the value of
commercial and industrial property, but they also found that residential property markets
behaved differently from commercial property markets in response to groundwater
contamination. According to the National Research Council, all these studies have had
limited results in isolating the effect of polluted groundwater on residential property
values. Moreover, the data requirements for a hedonic study are large, only WTP values
for small changes in groundwater quality can be accurately estimated from this approach,
and the functional form of the true underlying hedonic pricing equations are unknown.
The National Research Council reported a study on the risk of subsidence in the central
Tucson basin, where 60% of the city’s water supply is currently pumped. Subsidence costs
included disruption of all utilities (sewer, water, electric, gas, etc.); damage to roads and
buildings; and a possible permanent reduction in storage capacity of the aquifer. The
hedonic price method would be used since some areas were at considerable risk of
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subsidence and others were unlikely to experience any damage. Differences in market
prices across these zones may begin to reflect these costs. Few studies have used the
averting cost method to measure household level costs associated with groundwater pollution.
Raucher (1986) developed a model to measure the benefits of groundwater protection
within a probabilistic damages-avoided context. Damages avoided are calculated in a
linear form with the caveat that the associated social benefits be understated to an extent
inversely related to the actual degree of risk aversion. The damages-avoided approach also
understated the benefits of containment and detection policies because intrinsic values
related to efforts at avoiding groundwater contamination were omitted. Abdalla (1990)
estimated the economic losses from groundwater contamination in a central Pennsylvania
community. The data for estimating the benefits of non-marginal reduction pollution
were obtained from two sources: the household averting expenditures were collected via a
mail survey, and information for calculating the upper bound benefit measure was taken
from results of a survey of water treatment industry firms. Expenditures were estimated at
$148,900 over the six-month contamination period or approximately $252 per household
per year. The costs underestimated the lower bound measure of welfare losses associated
with groundwater contamination. The upper bound measure of welfare losses to
households from contamination was estimated at $383 per household per year. In
southeastern Pennsylvania, Abdalla, Roach, and Epp (1992) used averting expenditures to
approximate the economic costs to households in a community affected by groundwater
contamination. Mail questionnaires were used to elicit information about increases in
household averting expenditures taken in response to contamination in Perkasie. Averting
expenditures were estimated to range from $61,313.29 to $131,334.06 during 88 weeks of
contamination period. Under specific assumptions, the change in averting expenditures
associated with a change in environmental quality provided a conservative estimate of the
true cost, or benefit, of the environmental change.
This study indicated that the method was capable of yielding conceptually valid estimates
of an important category of the costs of environmental pollution. Recently, Yadav and
Wall (1998) compared the actual costs associated with the promotion and adoption of
best management practices (BMP) in the Garvin Brook Watershed (southeastern
Minnesota) area with the potential benefits of reducing groundwater nitrate
concentrations. They used the avoidance costs of treating water as proxies for estimating
the benefits of restoring groundwater quality. They estimated the potential annual
monetary benefits of groundwater quality improvement in the project area at $59,000
under the current situation. The cost of groundwater protection implemented was
estimated to be $577. Under the current level of contamination avoidance costs would be
equal to BMP program costs in about six years. The best solution for this area would be
to replace certain wells posing immediate health threats and at the same time
implementing groundwater protection measures.
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Blomquist (1992) studied the value of averting seawater intrusion in the Orange Country
in California by this method. Loss of the basin beyond any possible use would require the
district to rely on imported water for its entire water supply. Groundwater is generally less
expensive than imported water, primarily because of development and transmission costs
of the imported supplies. He estimated that the value of Orange County’s groundwater
over a 20-year period would be approximately $1.39 billion, and the value of imported
water would be as high as $4.80 billion. It indicated that the present value difference of
the two scenarios was approximately $3.41 billion and this was one measure of the value
of the groundwater basin, although it presumably represented a lower bound estimate of
the true value. In another study groundwater was modeled as a renewable resource and as
replaceable at a fixed cost by backstop resource (desalination) by Krulce et al. (1997) for
the Pearl Harbor aquifer. They adopted an efficiency simulation assuming that the cost of
extraction rose as the head was lowered and found that the efficiency price increased
from about four to six times extraction cost from the beginning of the simulation to the
time that the steady state was reached. Cummings and McFarland (1974) and Caussade et
al. (1998) conducted other studies about groundwater and salinity control.

Methods based on direct valuation
There are many situations in which no value measure could be derived from observing
individual choices through a proxy market. Here no choice remains but to ask people
directly their maximum willingness to pay for a possible improvement in the
environmental quality of the given resource. The most common approach is known as
contingent valuation method (CVM). The advantage of this approach is that it is the only
one that allows the measurement of non-use values. However, CVM have several types of
errors. The most important are associated with strategic bias (respondents have specific
intention to over-or underestimate their WTP). Other errors are starting point bias (where
the respondent is looking for clues one of which is the starting point) and the
misspecification bias (in which the respondent has a different picture of the
environmental good than what the researcher intended). A theoretical foundation could
also be found in Freeman (1993). CVM studies have the advantage of directly obtaining
the benefit of the program through the estimated WTP. For groundwater purposes this is
quite important since a large part of the services it provides are not associated with a well
functioning market, if any. In the next section we describe major studies conducted in this
area with the help of CVM, especially with regard to the WTP for improving the
standards of drinking water.
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Application of methods based on direct valuation
In the last decade there has been intensive research effort to estimate the value of
groundwater quality. A large number of studies about different causes of groundwater
pollution have been conducted by the contingent valuation method, given its ability to measure
all components of economic value. Shultz and Lindsay (1990) estimated the economic
value for a hypothetical groundwater protection plan in Dover where the cause of the
pollution was the leaching of chemicals and toxic wastes. A contingent valuation method
experiment, using the total design method, was administered via a mail questionnaire. A
logit technique was applied to analyze the relationship between the dichotomous and the
independent variables that were collected. The mean WTP value of $129, which is
associated with the truncation level at the highest bid offered ($500), can be considered
the best representation of mean WTP for groundwater protection in Dover. An
assessment of groundwater subject to contamination by toxic chemicals and diesel fuel
was estimated by Powell (1991) producing a mean WTP of about $61.55 per household
per year. Another investigation about national benefits of cleaning groundwater
contaminated by landfills was carried out by McClelland et al. (1992). To explore this
issue they constructed a model of intergenerational choice, which allowed both for
groundwater cleanup and assumed that the utility of the present generation depended on
the utility of future generations. Econometric analysis of a national mail survey was used
to correct for possible measurement error by means of a Box-Cox transformation.
Three alternative approaches for calculating non-use values were used to provide
remarkably consistent estimates of such values. The mean values for the WTP for
complete groundwater cleanup (in the full sample scenario) was about $84 per household
per year. Jordan and Elnagheeb (1992) used the CVM payment card for measuring the
value of drinking water subject to contamination by nitrates. They found that the mean
WTP was about $146 per household per year for the public water systems and about $169
per household per year for the private wells. Another groundwater contingent valuation
study that tested individual wells for nitrates was conducted by Poe (1997). A two-stage
survey design was created to test individual wells and obtain values based on well test
results. This study suggested that CV research on groundwater quality and other
environmental risks adopted a paradigm that WTP values should be based on actual
exposure levels. Moreover, it emphasized that values based on partial information would
convey limited and biased information to decision makers. Powell, Allee, and McClintock
(1994) investigated the use of contingent valuation information as a tool to persuade local
government decision makers to implement water supply protection policies. Respondents
were told that a water supply protection district would be established and all those
benefiting from such a district would be asked to pay by an increase in their water utility
bills. A major drawback of the study design was the fact that information was collected by
mail questionnaire with no system for checking if respondents had read the CV
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information before filling out the questionnaire. A mean WTP of $61.55/household/year
was revealed. In Europe, Press and Söderqvist (1996) and Stenger and Willinger (1998)
adopted the CVM for measuring groundwater quality.
The first study explored the economic value of groundwater resources in the Milan area.
A contingent valuation method was selected for the Milan case study in order to consider
also non-use values directly. An application of this method also permitted the researchers
to focus specifically on the quality characteristics that were most relevant from a policy
point of view, in terms of pollution control options. All the assumptions made resulted in
an estimate of mean annual household WTP of about ITL645,000 ($371 in 1998 dollars).
The second estimated the value that households assigned to the preservation of the
quality of the Alsatian aquifer. They chose this technique because groundwater quality was
a complex mixture of future use value, option value, bequest value, and existence value.
Respondents were interviewed face to face and had to respond to a yes/no question
followed by an open-ended question. The difficulty of the study derived from the scarce
visibility that groundwater quality had for the respondents. The observed mean WTP was
equal to FF617 ($104 in 1998 dollars) per household per year. The different regressions
done with the stated WTP for the open-ended method gave mean WTP estimates
between FF610 ($103 in 1998 dollars) and FF709($120 in 1998 dollars).
Edwards (1988) used a contingent valuation method to collect data on option prices to
protect a “sole source” aquifer from uncertain, future nitrate contamination. The
valuation question was the binary choice type that Bishop and his student introduced and
refined. This discrete yes/no format appears to elicit more valid responses than openended requests or bidding games. Different results were found: first, the sensitivity of
option prices to a change in the probability of supply indicated that, in this case, at least
the benefits of an aquifer management project should not be calculated from only certain
changes in the availability of the resource. A second surprising result was the small size of
option price. The small size of option value in this study suggests that the benefits of
aquifer management can be measured nearly completely as the increase in the expected
value of benefits. A third interesting result is the strong influence of bequest motives on
total willingness to pay. Finally, these results further illustrated that benefit-cost analysis
of groundwater problems is inherently site-specific. Each of these effects on option price
should be evaluated separately for homogeneous units. Another study, by Tsur and Zemel
(1995), studied the effects of irreversible uncertain events on the exploitation of
groundwater resources. Irreversible events are situations in which the resource can no
longer be used. The uncertainty in this model was partly exogenous, so the event might
occur regardless of whether the pollution stock increased, decreased, or remained
constant. The analysis is carried out via a relation established between the equilibrium
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states and the roots of simple functions of the state variable that depend on the structural
relations and parameters.
Quantitative and detailed studies on the ecological value of groundwater are still rather
scarce. The evaluation of the ecological impacts is highly dependent on the social
perception of ecological values in the corresponding region. Troyak (1996) studied the
total ecological and economic value of groundwater in the town of Caledon, Canada. He
gave a quantitative valuation only for the use value of groundwater (between $9.6 million
and $33 million in 1995), affirming that it is much less tangible, more subjective, and
more difficult to approximate dollar value for the non-use values of groundwater. From a
theoretical point of view and with the knowledge accrued from the different case studies,
CVM could be the only technique capable of valuing this kind of groundwater services.
According to the different CV studies on groundwater, it is possible to assert that the
method presents some drawbacks because of the nature of the resource, which has scarce
visibility for the respondents, so the values obtained could be based on partial
information, which in turn could give decision makers a limited and biased policy
direction.

Other methods and their application
Other estimation techniques do not fall in a specific category. We briefly mention them
here since some of them are noted in the next section.
Dynamic optimization: Here the problem is formulated in a dynamic form through the
equation of motion of water in the aquifer. The importance of this is the ability to capture
the scarcity value of the stock by finding the shadow price of the aquifer (Negri 1990).
This value is associated with the water table in the groundwater aquifer. Therefore, a
dynamic analysis is in order here to take into account the flow equation of the aquifer:
St+1 = St + Rt – Wt
where:
St is stock level at time t.
Rt is recharge at time t.
Wt is withdrawal at time t.
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We also know that the cost of abstraction is a function of the pumping technology,
energy cost and the water table. Assuming the first two are fixed, the cost is inversely
related to the water table.
∂ C / ∂S < 0

(6)

where C is cost of abstraction and S was already defined.
The stock value is the measure of the cost involved by lowering the water table now and
in the future, increasing the cost of abstraction for all future periods. The current water
use will be efficient and in a steady state only if two conditions hold:
1. Water withdrawal is equal to water recharge.
2. The marginal benefit of water is equal to the discounted extra costs associated
with lowered water table due to the use of that marginal unit of water. This
discounted cost is the stock value.
The first author to deal with this subject was Burt (1970 and the references there). He
showed that under perfect competition, the individual pumping water out of the aquifer
will not take into account that value provided for the individual’s demand is small relative
to the total demand from the groundwater. Therefore, there is a spillover effect on all the
other users which implies a lower water table rather than efficient water use. How large is
this effect is a function of the parameters of the problem, such as extraction cost, benefits
from extraction, storage facility, and the interest rate. Cummings and McFarland (1974)
developed a model that links water table to salinity, thereby deriving the stock value.
Gisser and Sanchez (1980) developed this model and looked at the difference between the
unrestricted and the optimal water use. Interestingly, they found that as long as the
aquifer is large enough relative to the overall demand, there is not much difference
between the two cases: up to 5% depending on the different assumptions (Gissar 1983).
Alternatively, Feinerman and Knapp (1983) showed that Gisser’s analysis was restricted to
high discount rate and low water demand. Relaxing these assumptions would dramatically
change the stock value, in their study it is called “the benefit from Management”. Thus, as
mentioned before, it is a question of the relevant parameters. Numerous other studies
have tried to evaluate the stock value. Negri (1990) presented a hypothetical example,
Becker and Easter (1992) found about 30% of the externalities of water use in the Great
Lakes associated with the stock value. Similar results where found in other studies, such
as Mueller (1983) for the Ogallala aquifer.
It would also prove useful to calculate the buffer value of the aquifer. Tsur and GrahamTomasi (1991) used dynamic programming methods to estimate the buffer value of
groundwater. They highlighted the potential for uncertainty in surface water availability to
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affect groundwater extraction over time, explicating the buffer role of groundwater. This
influence depends on the size of the aquifer stock, its extraction cost, and uncertainty. A
series of options or scenarios to reduce aquifer use in the long-term and to limit use to
periods of extended drought were examined. These authors found that this value can be
significant. Where small variability in surface water and relatively large aquifer stocks
existed, the buffer value accounted for 5% of the value of groundwater. In cases with
high variability in the supply of surface water, a smaller aquifer, and higher unit pumping
cost, the buffer value accounted for 84% of the total value of the groundwater stock, and
if this value were ignored, groundwater would be severely undervalued. The presence of a
positive buffer value implies that groundwater is more precious in uncertain
environments than in stable ones, and the difference represents the buffer value. Tsur and
Graham-Tomasi also verified that differences in the magnitude of the buffer value of
groundwater had important implications for the dynamic behavior of this type of water.
The static and dynamic optimization methods need particular production and cost
information, which are more easily available in the production of marketed goods such as
agricultural production. The utilization of these methods is limited to some of the
potentially less important groundwater services.
According to the National Research Council, two case studies dealing with the buffer
value of groundwater were conducted in Albuquerque, New Mexico, and the ArvinEdison Water Storage District in southern California. In the first case, Brown et al. (1995)
examined a series of options or scenarios for the city to reduce aquifer use to a long-term
sustainable level by limiting use to periods of extended drought. Alternative strategies
implied costs to present users but with potential long-term benefits. To weigh the benefits
and costs of alternative actions required the measurement of economic value, over time,
for the array of services under the range of options available to the city. In the second
example, in California less-than-average precipitation occurs at a frequency of about four
years out of seven. To the extent that precipitation shortfalls are reflected in reductions in
deliveries of surface water, groundwater buffering values will be realized in each year that
precipitation is less than average. The magnitude of the value will depend upon the degree
to which surface water deliveries are deficient. Because the water stored in the aquifer was
not available, a rough calculation suggested that in 1991 more than 26,000 acres would
have been fallowed. Assuming typical cropping patterns and typical prices, the gross value
of production on this acreage exceeded $38 million. The returns to growers’ net of fixed
and operating costs were almost $6 million.

Benefit transfer: This approach employs results from primary studies as secondary data
sources and uses regression techniques to estimate the specific site benefit. We would not
define this approach as an estimation approach but as a statistical way to verify the
validity of the estimate at the new site. The major benefit of this approach is that it saves
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the resources needed in order to engage in a new original study. However, measurement
errors in the original studies may be compounded when using old estimates for a new site.
Crutchfield, Feather, and Hellerstein (1995) illustrated how this type of method could be
accomplished in the groundwater protection context. The authors examined the available
groundwater valuation literature to identify benefit estimates for possible application in
their research, and they found three studies. For two of the three studies considered, the
value estimated, based on transfer of the valuation function, was about the same as the
value based on transfer of the mean willingness to pay. Aggregate willingness to pay for
groundwater protection was estimated at $197-$730 million per year. Troyak (1996)
estimated the value for the popular, recreational sport of cold-water fishing in Caledon
because the consistently cool temperatures of groundwater are necessary for creating
suitable habitat for this type of activity. He applied a benefit transfer method to determine
the groundwater’s value to cold-water fishing. By means of a prior estimate, the
groundwater’s value for this activity was approximately $1.3 million in 1995 or
approximately $34 per capita. According to the author this was a conservative estimate
since it considered only one area and did not consider the groundwater’s other indirect
contribution to recreational activities. Table 3 summarizes the different papers described
in section 3, and is divided according to the type of estimation and what value has been
estimated.
Table 3: Groundwater valuation studies.

DEMAND FUNCTION on agricultural water use (quantity aspects)
Study

“Good” being valued

Description of valuation
procedure

Letey (1991), Becker (1995), Howeitt
(1995)

Value of irrigated water

Land allocation among crops

Becker (1997)

Value of the mountain aquifer

Boggess et al. (1993)

Elasticity of water

Given the total amount of
water in the aquifer it can be
used to determine different
allocation mechanisms
Programming model

Moore and Dinar (1992)

Water demand through estimate of
water allocation among crops
Dinar and Letey (1994), Boggess et al. Impact of changing input level on
(1993)
the output

Quantity-shadow price
relationship
Water–crop production
function
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Table 3 continued

CROP RESPONSE MODEL on agricultural water use (quality aspect)
Letey (1991)

Salinity abatement

Mathematical programming
in order to find a production
function reflecting the change
in yields due to reduced
salinity

DEMAND FUNCTION on industrial water use
Babin et al. (1982), Renzetti (1992)

Industrial water use in Canada

Kindler and Russel (1984)

Industrial water demand

Cobb-Douglas production
function
Mathematical optimization
models

DEMAND FUNCTION on residential water use
Gibbons (1986), Carver and Boland
(1980), Jones and Morris (1981),
Rizaiza (1991)

Estimation of residential water
demand

Econometric approaches

CVM Case study on groundwater protection quality
Study

“Good” being
valued

Caudill (1992), and Protection of
Claudill and
groundwater subject
Hoehn (1992)
to pesticides and
nitrates

Rural: $43-$46/hh3/year
Urban: $34-$69/hh/year

Open questions in CVM

Powell (1991)

All data: $61.55/hh/year
Respondents with a history of
contamination: $81.66/hh/year
Respondents with no
contamination: $55.79/hh/year
Mean WTP: $129/hh/year

Method of computation
not specified. WTP for
private well users exceeds
WTP for public water
supply users by $14.04
Computed from logit
model

Groundwater subject
to contamination by
toxic
chemicals and diesel
fuel
Shultz (1989),
Groundwater, type of
Shultz and Lindsay contaminant not
(1990)
specified
Jordan and
Drinking water
Elnagheeb (1993) subject to
contamination by
nitrates
Poe (1993), Poe
Drinking water
and Bishop (1992) subject to
contamination by
nitrates
Sun (1990), Sun,
Bergstrom, and
Dorfman (1992)
Stenger and
Willinger (1998)

3

Estimated willingness to pay Description of
valuation procedure

hh= household
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Public water systems: $146/hh/year. Averages computed at
Private wells: $169/hh/year
midpoints from CVM
payment card
$168-$708/hh/year

Groundwater subject Mean WTP: $641/hh/year, ranges
to contamination by
from $165-$1,452/hh/year
agricultural fertilizers,
nitrates and pesticides
Groundwater subject Mean WTP: 1200 FF hh/year
to contamination by
intensive use of
fertilizers in
agriculture

Computed from logit
models. WTP estimates
vary depending on water
quality information given
by respondent
Computed from logit
model
Computed from logit
model (dichotomouschoice method)
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Table 3 continued
Press and
Söderqvist (1996)

Groundwater subject
to contamination by
pesticides

Mean WTP: Lit 645,000/hh/year

Computed from logit
model with truncation

CVM Case study on option value
Edwards (1988)

Groundwater subject $286-$1,130/hh/year
to contamination by
nitrates and pesticides

Derived from figure 2
published in the journal
article by Edwards

CVM Case study on non-use value
McClelland and
others (1992)

Groundwater, type of contaminant
not specified

Complete sample:
$84/hh/year

Predictions from BoxCox model

ACM on groundwater protection quality
Abdalla
(1992)

et

al. Groundwater subject $61,313-$131,334 during 88 weeks Estimated costs due to
to contamination by a of contamination period
TCE contamination from
volatile
synthetic
Dec. 1987 to Sept. 1989
organic
chemical
(TCE)
Abdalla (1990)
Groundwater subject $252/hh/year
Cost estimated
to perchloroethylene
empirically for a
(PCE)
community served by a
public water system
Raucher (1986)
Groundwater affected $0.64 million, $127.4 million and Estimated cost per cancer
by land-based waste from $6.2 million to $ 148.8 million avoided with different
disposal in three
time horizons
different case studies
(two in Florida and
one
in
new
Hampshire)

ACM on avoiding sea water intrusion
Blomquist (1992)

Orange County
The present value of the
aquifer affected by sea groundwater basin is $3.41 billion
water intrusion

Difference between the
value of Orange County’s
groundwater over a 20
year period and the value
of imported water

HEDONIC PRICE METHOD on groundwater quality
Malone and
Barrows (1990)

Groundwater
contamination
problem

Page and
Groundwater
Rabinowitz (1993) contamination
problem

The results do not support the
hypothesis that the higher the level
of nitrate contamination, the lower
the price of the residential property.
However, they do not accept the
hypothesis that nitrate levels have
no economic effect in the housing
market because the market may
react to nitrate in several ways.
They found no measurable effect on
property values in the residential
property case studies, in contrast to
the commercial and industrial case
studies

Regression on the effect
of nitrate level on
residential property values
in Portage County,
Wisconsin

They used case studies to
analyze the effect of
groundwater
contamination on
commercial, industrial
and residential property
values
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Table 3 continued

BENEFIT TRANSFER ANALYSIS on groundwater quality
Crutchfield,
Feather and
Hellerstein (1995)

Groundwater
protection

Aggregate WTP for groundwater
protection was estimated at $197$730 million per year. The
household values were multiplied by
the number of rural households in
each county considered.

Using 4 policy sites and
computed mean values of
the independent variables
on a county-by-county
bases

DYNAMIC PROGRAMMING METHODS on buffer value
Tsur and Graham- Evaluation of the
Tomasi (1991)
buffer value to wheat
growers of the fossil
aquifer underlying the
Northern Negev
Region

The buffer value comprises
between 5% and 84% (small
variability-high variability) of the
value of groundwater

The definition of buffer
value is based on value
functions for an
intertemporaloptimization problem

Summary
This chapter provides a general framework for analyzing the benefits of a groundwater
aquifer. For policy purposes, the benefits of changing the flow and stock of services
provided by the aquifer are more important. The most important point to be realized is
that the aquifer services could be used by more than one party and that the preferences
with regard to these services are conflicting. The services that a given aquifer provides
could be grouped into two main categories; quantity and quality, while the users are the
agricultural, municipal, industrial users as well as an increasing demand for environmental
services. We have listed the full category of services that we believe should be accounted
for when a groundwater policy is to be devised or a change in the policy is being
considered. Some of the services are pretty easy to be measured since they rely on market
transactions, others do not rely on market forces but still have a value associated with
them. Furthermore, there could be situations in which the only possibility is to ask people
to state their maximum WTP for a possible improvement in the environmental quality of
the given resources. We may conclude that for all we know an imbalance exists among the
different groundwater valuation areas. In our opinion, an additional research effort should
be directed to those groundwater functions that only recently have been recognized as
valuable (for example, all the environmental groundwater services). On the other hand, in
semi-arid regions, where the average is sufficient but the variance matters, the increasing
component of an aquifer as a buffer should be recognized and given the correct priority.
This point should become even more important if and when global warming takes place.
More comprehensive research efforts should take place within the European Union. As
may be seen from the reference list and the papers surveyed, the majority of them are not
from the European continent but rather from the US and other semi-arid regions in the
world. As water is becoming scarcer, quantitatively and qualitatively, the economic factors
determining its most efficient allocation and extraction also become increasingly more
important.
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and water basin management: Conditions for regime change towards sustainability, Dordrecht-Boston-London:
Kluwer Academic Publishers 2004.

Introduction
This chapter contains the comparative analysis of the case studies in the Euwareness
project. In these case studies we looked at the accessibility of water systems as a natural
resource for various users and use functions. In that context we considered rivalries
between users and use functions as an indicator of an insufficiently sustainable use of
water systems. A water system means a discrete and homogeneous element of surface
water or groundwater such as an aquifer, a lake, a reservoir, a stretch of stream, river or
canal, an estuary, or a stretch of coastal water. We assume that the sustainable use of
water systems requires an optimum distribution of use options among present and future
users and use functions. As an example of distribution of use options one could think of
the distribution between upstream and downstream users. An activity that pollutes water
upstream (using a stream to discharge waste or waste water) could interfere with the
downstream use of that stream for drinking water supply. Or an upstream weir could
impede the downstream flow and flow dependent use options. Such rivalries not only
exist between different (heterogeneous) use types, they may also appear among
homogeneous uses (uses of the same type). In arid areas farmers may feel the need to coordinate the water use for irrigation. Or in the field of fisheries, quotas may be used as an
instrument to prevent the depletion of fish stocks. A water system is often demarcated as
a river or water basin, which means the area of land from which all surface water run-off
flows through a sequence of streams, rivers and, possibly, lakes into the sea via a single
river mouth, estuary or delta. This implies that a water basin not only includes the water
beds, but also the surrounding area of land from which the water bed receives and
transports the water run-off. In this view the land use of river flood plains for urban
development should be considered as a use that interferes with the use of flood plains for
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river dynamics and flooding. Another example of a water use rivalry in a water basin
could be the rivalry between drainage of land for agricultural development versus the
function of a minimum groundwater level for nature conservation in that area.
The main question for the researchers in this project was whether the regime for the
management of a water system provided sufficient guarantees for its sustainable use, by
diminishing or preventing rivalries between users and use functions. To answer this
question we focused on institutional regimes for natural resources, both from a public
governance perspective (Bressers/Kuks 2001) and a perspective of private property and
use rights (Ostrom 1990; Bromley 1991). The first perspective focuses on the
management of natural resources from a public domain (although in interaction with
private actors). The second perspective focuses on the accessibility of a natural resource
in a broader sense, including the private domain, the domain of collective property and
use, as well as the domain of ‘no property’ (res nullius). By applying both perspectives in a
complementary way, we have developed a framework for understanding the access rights
that users or use functions may possess or claim, and the proportion between and
exclusiveness of the various domains. For instance, the option of having intervention
from the public domain could be blocked by the existence of a private domain based on
long term concessions for water use (which, especially in Spain and Switzerland, appears
to be a problem of redistributing water access rights). On the other hand, attempts
initiated by the public domain to redistribute private property and use rights could be
effective in providing a better access to or protection of alternative users and use
functions. Another question could be how the exclusiveness of the public domain is
interpreted by public authorities. Does the public domain offer equal access to society as a
whole, or are specific users and/or use functions discriminated against in favour of
others? A public domain could appear as a private domain in the hands of society at large,
or as a ‘no property’ domain, owned by nobody and thus equally accessible to everyone.
In this paper we interpret ‘regimes’ as institutional resource regimes, comprising a public
governance component and a property rights component. The combination of those
components can be more or less integrated and influences the sustainability of the use of
the given natural resource. In turn, these regimes, or rather their property rights and
governance components, are influenced by external change agents, which leads to regime
change. Figure 1 illustrates these dynamics1 as will be investigated in the case study
comparison.

We acknowledge the existence of several other possible feedback relations, but they are not presented in
the graph since they receive less attention in our discussion.

1
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Tradition of cooperation
Joint problem
Joint opportunity
Credible alternative threat
Institutional interfaces

Institutional Resource
Regime

S
Property and
use rights

Elements of
public
governance

R

U
E
S
S
T
O
A
U
I
R
N of C
A
E
B
I
U
L
S
I
E
T
Y

Figure 1: Research model.

As the figure shows there are three groups of variables. These are linked by the central
relationships in the research questions:
1. How far do more integrated water resource regimes lead to more sustainable
resource use?
2. What change agents and conditions cause shifts towards more integrated regimes?
The integration of the ‘institutional resource regime’ is the central variable. Question 1
should show the results of such integration. Question 2 should provide explanations for
it. In the next section, we start by explaining the regime components, the factors that
might contribute to the integration of resource regimes, and our expectation on how
more integrated regimes might benefit a more sustainable resource use. Section 3 goes
into the methodology of the study and the comparison. Section 4 shows the results of the
comparative analysis. Section 5 concludes with an outlook on the implications of these
results for the European water management policies.
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The public governance and property rights components
Governance
On the concept of ‘governance’ we will be very brief here. The following five elements of
governance are stipulated:
1. Levels and scales of governance (Where? - Multi-level)
2. Actors in the policy network (Who? - Multi-actor)
3. Problem perception and policy objectives (What and why? - Multi-faceted)
4. Strategy and instruments (How? - Multi-instrumental)
5. Responsibilities and resources for implementation (With what? - Multi-resourcebased)
6. This elaboration of governance is used in the Euwareness study, for instance to
determine the degree of coherence of governance.
Property and use rights
Property rights arrangements are the second important component of an institutional
resource regime (cf. Fuchs 2003). In the context of resource research, the property rights
approach is particularly worthy of mention (Bromley 1989, 1990, 1991; Burns/Dietz
1996; Feeny et al. 1990; Schlager/Ostrom 1992; Libecap 1993; Devlin/Grafton 1998),
specifically the common-pool resources theory (Ostrom 1990, 1992a, 1992b, 1994, 1997,
Ostrom et al. 1994). According to Ostrom, property and use rights exercise a decisive
influence on the use of natural resources in that they determine who has access to the
resource and when and in what form it can be used. They define the position of
interacting individuals in the community with respect to the utilisation of scarce resources
(Pejovich 1975: 40; Young 1994). As Stubblebine (1975) argues, the definition of property
rights becomes necessary as soon as two individuals share a living environment. Robinson
Crusoe didn’t need them, until Friday’s arrival on the island. Property rights are created or
changed in response to economic forces, as opportunities to gain arise (North 1989: 1324;
Feeny 1988: 273; Ensminger/Rutten 1991).
Property rights generally include the rights to use and consume the asset, to exclude
others from the use of the asset, to change its form and substance, to obtain income from
it, and to transfer these rights either in their entirety through sale or partially/temporarily,
for instance through rental (Barzel 1989; Furubotn/Pejovich 1975; Kasper/Streit 1998).
They are generally not unrestricted. This fact is important to remember in the context of
debates on the environmentally desirable property regime. In this debate, private property
rights are often treated as absolutes, which in reality they rarely are. Rather than having to
choose between private property regimes, common property regimes, and state
ownership, the imposition of some constraints on private property is often a reasonable
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alternative. Governments, for example, often impose regulations limiting the owners'
options in terms of how they can use their resource. Property rights should be conceived
of as bundles of rights. With respect to environmental resources, for instance, property
rights exist and frequently differ for the stock of a resource and the produced yield or the
goods and services derived from a resource. ‘Ownership of the resource’ would thus
pertain to a specific bundle of rights the owner holds with respect to the resource. The
owner may, for example, hold the right to farm the land, but not to kill rare species on the
land. What specific rights are regarded to be ‘normally’ included with the property title
and to what extent these rights can also be unbundled, differs between different periods
and cultures, and also between different resources or other goods. Different ‘property
regimes’ are likely to exist with respect to the attributes of many environmental resources.
Property rights and regimes for such a resource thus tend to form a complex structure
with several layers and dimensions.
In the context of the Euwareness project, the ‘coherence’ of this layering of property
rights is of particular importance, because some combinations of property rights can also
evoke rival demands for water resources. Farmers’ rights to extract water for irrigating
their land can rival each other in times of scarcity, such as in Ostrom’s early irrigation
studies, focusing on homogenous uses. In the case of scarcity in a homogenous use
situation, property rights are competing with each other, while in the case of scarcity in a
heterogeneous use situation, property rights are also conflicting with each other. This is
for instance the case when some farmers have the right to use a pond as a source for
irrigation water, while the local fishery association has the fishing rights for that small
lake. The objective of policy intervention in the context of an institutional resource
regime, then, can be to lead to a co-ordination and harmonisation of rights to different
attributes of the resource and pursue sustainable management through a reduction in
conflict between these rights.
Change toward more complex resource regimes
In general, we expect the elements of public governance (and the regime in general, i.e.
including property rights) to exert a stabilising influence on each other. This stabilising
influence occurs through processes of mutual adaptation of values, cognitions and
resources. Thus, while changes in the elements of the governance pattern can be caused
by changes in other elements, ultimately these changes must have external sources
affecting one or more elements from the outside. Mutual adaptation mechanisms that,
without external ‘disturbances’, have a stabilising influence then become the mechanisms
by which substantial changes in one of the elements are followed by responding changes
in other elements, resulting in complete regime changes.
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Sources of change
In principle, external change agents can enter the scene through all of the elements that
are discerned in the regime. There is a difference, though. Property rights might be
conceived as somewhat more stable and less oriented towards invoking change than the
elements of public governance. That means that, although property rights may act as a
powerful context for developments in public governance, changing governance patterns is
not their subject per se. On the other hand, interventions from the governance side often
have the specific and deliberate intent to change property rights. External change agents
for the governance pattern stem from changes in political institutions, in the general
policy process or policy processes in related fields, the spectrum of technological,
demographic, and cultural developments mentioned above, as well as feedback from the
actual problem situation. As examples, related to the subject of this project, below some
specific and general external sources of change are linked to the five elements of public
governance (cf. Bressers/O’Toole 1995):
• Levels and scales of governance: Rise of the European Union
• Actors in the policy network: Rise of environmental and nature organisations
• Problem perception and objectives: Rise of environmental degradation
information
• Strategy and instruments: Rise of general ideological preference for indirect and
procedural instrumental strategies
• Responsibilities and resources for implementation: Rise of proportion of
(relatively) independent and businesslike organised implementation organisations,
including privatisation of water management
While these fundamental sources of change agents are grouped by separate elements of
the regime, we will use in the empirical research a more general categorisation of the more
direct change agents that evolve from these fundamental ones:
a. European Union originated policy pressures;
b. National regime developments;
c. Problem pressures;
d. Various other pressures (e.g. rise of environmental NGO’s).
These groups of change agents can be related to the development of regimes. The regime
can be portrayed as moving from one stage to another. As long as one acknowledges that
various intermediate and mixed situations are possible and probable, such stages can be a
useful heuristic.
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Figure 2: Regime developments.

The integration of regimes can be described in terms of extent and coherence. The extent
of a regime is the scope of the uses and users that are regulated by one or more of the
regime’s elements. The coherence is about the degree to which these elements fit
together. Very simple regimes regulate only one resources use or user. It’s the way -- in
theory previously unregulated – resources begin to be a subject of regimes. Furthermore,
relatively singular (or simple) regimes (one level, one governing actor, one problem aspect
– e.g. a certain use or user – one instrument, one implementing agency) will not be in
need of coherence. Only after some growth in complexity does coherence become a
relevant concept. But then, it is by no means a logical follow up. Complex but fragmented
regimes are empirically quite common.2 While more complexity is part of a stream of
societal developments that seem ever to increase as time goes by, both coherence and
fragmentation seem to be common developments.
When we speak of complexity it means that regimes can be characterised by multiple
formats in most of their elements. The most eminent feature is the gradual increase of the
domain of the regime that is the uses and users regulated by one or more parts of the
regime. We will refer to this crucial variable as the regime’s extent. Regimes with an
insufficient extent are by definition weak as guardians of sustainable use, while some
In fact, while integration has clear theoretical advantages, it comes at a price. Every form of integration
creates the need for additional interaction and increases transaction costs, at least initially.

2
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relevant parts of the domain go unregulated. With it also comes an increase in relevant
property and use rights. The elements of governance will tend to differentiate too:
more layers and scales, more actors, and more perceptions of the problem and
accompanying goals are involved, more instruments are part of the policy mix and more
organisations share responsibilities for implementation. Complexity as such is thus not
wrong. Most of the time, growing complexity is an answer to real needs and
developments. As a matter of fact, societies generally grew into more complexity during
most of modern times. The sector of water management is no exception to that general
course of development. A growing complexity in governance can be viewed as a logical
adaptation to that development. This leads to the first hypothesis:
Hypothesis 1
The observed change agents (in the period and context of our cases) will lead to more differentiation
in the regime (resulting in more complex regimes), but not without additional prerequisites to more
coherent regimes.

Change toward more coherent regimes
While the growth of complexity in water management regimes seems a fairly
straightforward part of a more general development in society, integration as a
development is not. (See Figure 2) While the term ‘integration’ is common in most policy
papers (e.g. ‘integrated water management’), in this project we choose to use the term
coherence instead, for the reason that, in most policy papers the term integration (e.g. in
‘integrated water management’) is used in a sense that implicitly or explicitly includes an
increase in the domain of the regime, the extent to all relevant users and uses. Therefore,
we believe that integration as it is used in the policy sphere is a combination of what we
call extent and coherence. For the sake of conceptual clarity and the possibility to adapt to the
meaning of the term integration in policy practice, we use these terms further when
appropriate, and reserve ‘integration’ for the combination of the two. The resource
regime consists of two components and their mutual relationships: the regulative system
of property and use rights and the public governance system. Consequently we discern
three forms of coherence:
1. the internal coherence of the public governance component of the regime,
2. the internal coherence of the property rights component of the regime, and
3. the external coherence between the public governance and property rights
components.
By coherence of the public governance component we mean the following. When more than one
layer of government is dealing with the same water resource (as is often the case), then
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coherence means inter alia that the activities of these layers of government are recognised
as mutually dependent and influencing each others’ effects. When more than one actor or
target group is involved in the policy, coherence means that there is a substantial degree
of interaction in the policy network. When more than one use or user is causing the
unsustainable problem, coherence means that the various resulting objectives are analysed
in one framework so that deliberate choices can be made if and when goals are
conflicting. The same holds for instrumental strategies that are used to attain the different
objectives, as well as for the different instruments in a mix to attain one of these
objectives. To conclude, coherence of the organisation of implementation means that
responsibilities and resources of various persons or organisations that are to contribute to
the application of the policy are co-ordinated, or these actors themselves are co-ordinated.
The internal coherence of the property rights system is threatened when property or use rights are
given to actors for uses that decrease the possibility for uses that were already granted to
others. This can have several background reasons. Sometimes use rights that were long
seen as non-rival and thus compatible can become rival ones by a drastic increase in use,
or by the use of new techniques. The internal coherence of the property rights system is
thus the degree to which the interdependencies in the water system and its management
that occur in reality are reflected within and between the property and use rights. The
essence of this variable is that property and use rights of one actor do not inherently or
under the given circumstances make it unavoidable to clash with other rights and/or with
the sustainability of the resource, without external intervention to prevent it. The two
components of the resource regime lack external coherence in the first place in case of a
wrong match between the actors targeted by the public governance system and the actors
with relevant property and use rights. In the second place a mismatch of the goods and
services involved in both systems might also lead to a lack of coherence and thus a
possible form of change towards more coherence.
Non-trivial changes (even if they involve changes towards ‘consensual management’ or
the like) often involve some kind of conflict, struggle or manipulation, with losers also
involved. Even though these changes are heading towards integration, the change process
itself will often involve overt or hidden conflicts (as could be observed in several of the
case studies). Such opposition can also lead to ‘failed’ or partial regime shifts towards
more coherence, when changes in one element of the regime are encapsulated, rather than
followed by matching changes in the other elements of the regime. So, a change towards
more coherence will occur only when relevant actors acknowledge that coherence is
necessary to prevent further deterioration of the resource and take action. More
coherence is not a spontaneous development. Unlike an increase in complexity, then,
developments in the direction of more coherence need some sort of deliberate attempt by
motivated actors. This all leads to the question under what conditions such attempts will
be relatively successful.
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Conditions for coherence
Change agents and conditions belong to the same set of causal factors. We distinguish
them for the reason that the ‘conditions’ are often forgotten. Causal explanations are
often sought in the form of ‘new’ and ‘provocative’ factors that are labelled as the
‘causes’. In reality, this image of causality often forgets about the array of factors to which
the analyst is used as being the ‘normal’ status (causal factors that one is inclined to forget
about). It might then be delusory to think that the ‘causes’ really are the complete
explanation of what happens. A simple example may clarify this. When a fire burns a
house and one seeks the cause, one will be looking for sources of fire (e.g. an electrical
short circuit) and exceptional forms of flammable material (e.g. a leaking cooking gas
container). That there is a great deal of flammable material in a normal house and
sufficient oxygen will be considered ’normal’ or even not considered at all, while these
factors are, of course, as essential as the previous ones. In our cases, the division between
the ‘extraordinary’ causes (that we labelled ‘change agents’) and the ‘normal’ conditions
are not as clear cut as in the example. Nevertheless, also in the case studies analysed in
this chapter similar change agents sometimes also set in motion a development towards
coherence and sometimes they don’t. Compare similar seeds sown in different seedbeds.
For us, the reasons why similar problem pressures all over Europe and similar EU and
even national developments have dissimilar effects on water management regimes at the
case level are interesting. Here the ‘conditions’ enter the picture. We hypothesise the
following relationships:
Hypothesis 2
Attempts to change regimes into a more coherent status will have relatively more success when:
• There is already a longer tradition of co-operation in the water management sector.
• There is a common understanding that the counteracting (side) effects of non- integrated water
management harm sustainability and that this sooner or later will have to be stopped anyhow
(joint problem).
• There is a notion of possible joint gains from coherence, so-called ‘win-win situations’ (joint
opportunities).
• There is a credible threat of a dominant actor accumulating power and altering the public
governance pattern in his interest when no solution is reached (credible alternative threat).
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• There are well functioning institutions that provide fertile ground for coherence
attempts (institutional interfaces).3
The sustainability implications of more integrated institutional resource regimes
The sustainability of a given institutional resource regime depends on its property and use
rights component, the public governance component, and the interaction between these
components. The expectation that more integrated regimes will ceteris paribus perform
better for sustainability is part of European and many member states, political ideology on
water management. Here we will theoretically underpin this relationship only briefly. First
we make some remarks on how we dealt with the variable “sustainability of the use of the
natural resource”. There are many indicators that can genuinely be considered to
represent aspects of sustainability (cf. the ‘good status’ as specified in the EU water
directive). It is not the purpose of our research in this paper to assess the overall
sustainability of the resource use. Though, for various reasons, it is hard to give an overall
The indicators for the relevant conditions used are:
a Tradition of co-operation
- a dominant policy ideology that supports integration
- positive examples of integration known by the actors involved
- mutual respect and trust in ‘fair play’ of the actors involved
b Joint problem
- knowledge bases in the form of reports and statements by respected sources on resource deterioration
due to fragmentation
- information symmetry between the actors involved on these points
- a sense of responsibility for the future with the actors involved
c Joint opportunities
- knowledge bases from respected sources on opportunities stemming from more integration
- information symmetry between the actors involved on these points
- a sense of respect for each others’ interests among the actors involved
d Credible alternative threat
- sufficient imbalance of power favouring a dominant actor (government?) to enable unilateral action
- information on alternative options to ‘solve’ the problem from the perspective of the dominant actor’s
perspective
- alternative option has more severe consequences for the other stakeholders than the specific form of
integration would have
e Institutional interfaces
(not all indicators below are equally important to all forms of integration)
- clarity of assigned responsibilities (to prevent territorial battles)
- free and alert mass media to induce awareness of challenges to the system
- legal or practical possibilities to protect negotiated compromises from continuous litigation
- actors, independent or within the administration, with solely process objectives (brokers)
- a small number of stakeholders or a strong representative organisation for the major groups of
stakeholders to authoritatively enable a small number of interaction processes
- legal leeway for more integrative approaches
- official (not only laws, but also white papers and the like) policy guidelines to achieve more integration in
water management.

3
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assessment of the sustainability of the regime, it is less difficult to assess whether the
concrete regime changes lead in the direction of more or less sustainability. The overall
sustainability of the resource use was beyond our capacity as social scientists to judge.
Furthermore we were especially interested in the effects of the observed regime changes.
This starting point is also part of the solution to the first problem. So the assessment was
concentrated on the implications of the observed regime changes for indicators that are relevant to
sustainability. Developments in sustainability of use that clearly have nothing to do with
the observed regime changes, but for instance with climate change or rapid economic
development are excluded from the judgement. Further, the weighting between the
environment, natural resource protection and risk avoidance on the one hand and the
economic and social implications of these ecological changes and/or the measures taken
to achieve them on the other hand is a hard nut to crack. We weren’t inclined to judge in
favour of an increased sustainability without some ecological improvements, even though
economic or social indicators might have improved. Here we also paid attention to the
relevant EU ‘good status’ indicators.
That a sufficient ‘extent’ is a precondition for a benign effect on the sustainability of the
use has been previously explained. Non-regulated uses and users will tend to disrupt the
regime effects on sustainable use.
The ‘internal coherence of the property and use rights component’ is important for the
sustainability of the resource use since such coherence enables the stakeholders better
to come to an agreement to guard a sustainable use even without government
interference (Ostrom 1998; Sandler 1992).
The ‘internal coherence of the public governance component’ is important because it lessens the
chance that negative side-effects of one element (level, actor, instrument, etceteras)
undo the positive effects of another element (cf. Ligteringen 1996). A stronger
coherence will also increase the visibility and feasibility of chances to create more
synergy of the various elements. More coherence can also lead to experiencing less
uncertainty initially, and increasing information exchange and decreasing distrust,
which are important for dealing with uncertainties (cf. Arentsen, Bressers/O’Toole
2000). Thereby also the chances get better for productive combinations of the
motivation, information and balances of power of the actors involved in policy
implementation processes (cf. Bressers 2004).
The ‘external coherence between the property & use rights component and the governance component’
deals with the degree in which the proper connections are made between the elements
of governance (for instance policy instruments) and the relevant aspects of the
property and use rights, for instance whether the actors that hold the relevant property
and use rights are also the designated targets of such policy instruments.
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All in all this leads to the last hypothesis:
Hypothesis 3:
a. Regimes with a deficient extent will be more likely to lead to degradation of water resources or
inability to protect the ecological functions of the water resource, than regimes with a larger
extent.
b. Regimes with a large ‘extent’, but with low coherence will be more likely to lead to
degradation of water resources or inability to protect the ecological functions of the water resource,
than regimes with a similar extent but a higher degree of coherence.

Case study design
Selection of cases
In the research on which this chapter is based, the Euwareness project, two cases are
studied in each of the six participating countries. The main criteria for the selection of the
cases were:
• The demarcation of a case should follow the hydrological and geographical
boundaries of a water basin at a regional scale or with a tributary character.
• We have been looking for cases of rivalry between heterogeneous/homogeneous
uses/users of the same water resource. We preferred cases where several rivalries
show up to allow intra-case analysis. It was not necessary that these rivalries are
manifest in the whole case area, they might also be at stake in just a part of the
case area.
• There was a preference for cases where not only public ownership but also
private ownership of water resources could be found.
• Cases should be selected on the presence of at least attempts to obtain transitions
towards more coherence during the last two decades.
The sample of case studies is based on a combination of similarities and differences. In
some respects, it seeks similarities (e.g. medium size river basins) that define boundaries
of the research subject. In some respects, it deliberately encompasses different situations
(e.g. ‘wet’ cases and ‘dry’ cases). But the most significant decision has to do with how the
cases relate to the main three variable-groups, since these relations influence the
inferences that can be drawn about the hypotheses that relate to these variables. There are
various modes of sample selection, depending on the sort of inferences one wants to
make. On the surface, the last mentioned criterion, namely that there should be the ex
ante impression that a serious attempt to attain more integration in the regime took place
in the proposed case, looks similar to the other (similarity) criteria. Nevertheless, this
criterion is a combination of an extreme case sampling strategy and a random variation
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driven strategy (cf. Patton 1980). It is extreme case sampling in the sense that it leaves out
all possible cases where there is no ex ante evidence that attempts towards more
integration have been made. The implication of this is that if we don’t find improved
factual (‘real’) integration in our cases, the chances are slim that we shall find it on any
large scale outside of our sample.
It is also a random variation strategy though, since any attempt to attain more integration
surely doesn’t imply its success in close observation. On the contrary, we expect to see
anything, from major improvements to only symbolic alterations and everything in
between, due to the various conditions of the case. To re-use a metaphor from above: we
confine ourselves to cases where seeds have been sown, in the expectation that these will
be shown to bear fruits to very divergent degrees. This gives us the opportunity to make
an inventory of change agents observed and test expectations about beneficial conditions.
On a separate case level, the disadvantage is that in case that in practice little or no regime
change towards more integration could be shown, it is not possible to look for
sustainability effects of these non-existent regime changes. Nevertheless, on a
comparative level we’ll find some variation in the independent variable, with the
hypothesis to be tested that improved integration will show connections with some
improved aspects of sustainable resource use.

Case study protocol
The case studies had two stages. The first one is a descriptive one, in which the emphasis
lies on the story or stories to be told. The second one is an analytical one in which the
values of the variables are assessed that play a role in the theory that is used in the intraand/or inter-case comparisons to arrive at an answer to the research questions of the
project (Dente/Fareri/Ligteringen 1998). In many cases, the case study will contain not
only one story of regime change, but more than one. This may imply developments that
can be seen as partial coherence in geographical sub-units of the case study territory or
between certain aspects of the resource use but not between others. Our proposal was
not to submerge these sub-stories and force them into one over-all case description, but
to pay separate attention to them against the background of descriptions of the more
general case situation and development. So some of the cases contain more than one
more or less independent development or ‘story’. In these cases, sub-cases may be
discerned. There is only one case-story under the following conditions:
• If there is only one (major) or at least only one selected rivalry;
• If there is only one line of development or only one aspect with which the regime
has changed;
• If the regime changes observed are highly interdependent; and/or
• If the rivalries in the case are highly interdependent.
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If none of these statements hold true, we discerned separate subcases when analysing the
variables and hypotheses. A subcase is then a set of observations for which the above
criteria do hold.4 In many instances, this also meant that not only regimes on the water
resource, but also regimes on land use, nature protection and other natural resources (e.g.
fish) were at stake.
The analytical part of the case studies consists of the assessment of relevant variables
(translating ‘real life’ observations into theoretical language) and the inferences and
conclusions that can be based on these variables and their relationships. As an aid to the
comparative analysis, questionnaire forms were used for the case study researchers to fill
in. These ‘case study fact and assessment sheets’ represent the variables and indicators of
the theoretical model. Their purpose was to summarise the information in a uniform
format so that the case information is comparable along the lines of the theoretical
variables and hypotheses. The exercises of filling in the forms also proved very helpful in
getting a grip on the case analysis itself. Apart from the few short statements per variable
(‘key facts’), the researchers were asked to use a five-point scale to score the variables in
order to make the cases comparable. Of course such a score is not a fact, but a
judgement, much like marks are with school test papers. Therefore, we also wanted to
know the most relevant facts they observed that they had in mind while scoring (‘key
facts’). While it might give a case study researcher an uncomfortable feeling to transform
observations into scores, in fact, it gave them an influence on the way the case study
comparison is made. For when comparing cases one always makes, explicitly or implicitly,
these kinds of judgements on the rating of variables. We choose to do so explicitly. The
great advantage of this procedure is that the people who do the assessments have
extensive and intensive knowledge about the cases at hand, often even more than they
described in the reports. In this way, we tried to combine the better of two worlds: the
depth of information realised in extensive case studies and the clarity and overview of a
data-matrix enabling all kinds of comparative analysis (cf. Patton 1980). Compared with
the direct, qualitative comparison of the case studies as reported, the approach diminishes
the risk of bias that the comparative analyst is mislead by surprising, but anecdotal
evidence of only one or two cases that is not representative of the relationships in the
whole sample of cases.
Since subcases are treated as equal cases in the analysis of the assessments of the relevant
variables, cases that are split into subcases are in a sense over-represented in the data for
the comparative analysis. Therefore, we also constructed a ‘weighted database’ in which
4 Compare a detective story in which more than one murder takes place. If these are interconnected it
makes no sense, when analysing the plot, to divide them into subcases, but if they are just connected by
the fact that they take place in more or less the same period, they will probably have quite different plots
that require separate attention when analysed.
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all cases were assigned four units of research. That means that when a case is not split
into 2 or 4 subcases but analysed as a single case, that case was included fourfold in the
‘weighted database’. All the analyses were also done with this ‘weighted database’. Hardly
ever, though, did the results differ. In addition, one might question whether the case study
researchers were not unconsciously inclined to ‘fix’ the case by assessing the variables not
really independently of each other but having the scores on dependent variables
influenced by their assessment of independent variables or vice versa. The demanded
association with mentioned ‘key facts’ already gave some protection against this.
Furthermore, luckily, we were able to test this possible form of bias. In the theory, both
the forces of the change agents and the conditions for change explain regime change. The
latter are the less ‘visible’ elements of the causal set. In the case study reports, far more
attention was paid to the various change agents than to the conditions. This is often even
a large part of the story in the reports. If the suspected form of bias were real, then one
could expect the variables of ‘degree of regime change’ and ‘force of change agents’ to be
scored by the researchers in such a way that they would correlate strongly. But the
opposite is true: the force of change agents proved afterwards to be far less strongly
correlated with regime changes than the conditions are. This attests that the researchers
assessed the variables independently on their own merits.

The results of the comparative analysis
This section presents the results of the comparative analysis. This analysis is based on the
assessments of their cases (including subcases) by the researchers of the main variables of
the theory used. These assessments were based on ordinal scales with five values. The 24
(sub)cases and 13 variables per case are of course too many to be handled in a purely
qualitative way. Therefore the analysis below mostly uses descriptive and analytical
statistics that are apt for ordinal level variables. Some of the main conclusions are
illustrated by real life examples from the case studies. In this section we start first in 4.1
with presenting the developments for the central variable, the regime changes. Thereafter
we relate them first as independent variable with the sustainability of the resource use. In
4.3 the regime changes are themselves the dependent variable and we consider which
incentives and circumstances have influenced them.
Regime changes
What interests us here is the degree to which the listed aspects of the regime, separately
and as a set, moved in the direction of more integration (extent and coherence) in the
cases studied. The extent is the degree of completeness of the domain of the regime in
terms of relevant uses and users. In most of the cases and subcases in the study the extent
of the water resources regime changed positively, in many cases even to include more or
less all relevant uses and users. Almost always the introduction or the increase in valuation
of the protection of the environment and nature are part or even the core of the extent
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changes. Sometimes new human uses like tourism are the extra issues that are taken into
account. Where ecological values were already incorporated, new issues might arise and
be incorporated, like diffuse agricultural pollution. The internal coherence of public governance is
the degree to which the interdependencies in the water system and its management that
occur in reality are reflected within and between the contents of the elements of public
governance. The internal coherence of public governance generally increased, too, but less
than the extent. Almost nowhere could a ‘full coherence’ statement be made and in
several instances only small improvements occurred. The changes in the internal
coherence of public governance in most cases included aspects of all five elements of
public governance: levels and scales, actors and networks, perspectives and objectives,
strategies and instruments, and responsibilities and resources for implementation.
Illustration 1: Remaining difficulties with non-river basin jurisdictions
In France the SAGE process has generated a collective dynamic. Among other things the extent of the
regime that was slowly built before, was quickly enlarged. The SAGE process could build on the gradually
increased openness to cooperation that emerged over the last 25 years. The SAGE procedure has led to
awareness of most (and new) stakeholders that they are not the only one ‘main’ user. But that doesn’t always
imply that there is participation from all actors or this participation is dedicated to reinforcement of collective
action, but rather considered by some powerful users as a way to get information that helps them to keep their
power. They proceed actually in behind-the-scene negotiations. Therefore, the participation is often only to
defend one’s own interests. Some powerful actors, like industrialists, abstain from further participation once
their interests are safeguarded, mainly because their management of water and wastewater relies upon
technical supports (i.e. when their demand is satisfied they often don’t see an interest in participating any
more since they cannot really get more assets). The main problem remains that there can be lack of coordination or even competition between state administrations at the regional and departmental levels. There
can be incoherence in rules and public actions when administrations share the same river. In the case of the
Sèvre Nantaise, where the river is the boundary between two Departments, you can take all the water you
want on one side, while it is forbidden on the other side. (Isabelle Verdage, Jean-Marc Dziedzicki &
Corinne Larrue - Sèvere Nantaise case study)

The internal coherence of the property rights is the degree to which the interdependencies in the
water system and its management that occur in reality are reflected within and between
the property and use rights. The essence of this variable is that property and use rights of
the one do not inherently or under the given circumstances cause rival uses to affect
unavoidably the sustainability of the resource, without external intervention. With the
internal coherence of the property rights the picture is somewhat more differentiated. In
two cases no improvement or even new inconsistencies occurred. But there were also
four cases with a rather complete (change to) coherence in this respect. Generally, when
absolute limits of the resource are at stake (water, fish) the property and use rights are
more used for self-regulatory regimes, than when the protection of the quality of the
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resource (water, landscape, shores) is at stake. For the water resource in a stricter sense
this means that predominant protection by property and use rights occurs more in the
‘dry’ cases than in the ‘wet’ cases. In ‘wet’ cases property and use rights are often
restricted and must give way to public governance in order to improve the sustainability
of the resource use. At least, this is observed to be common practice. Here, for instance,
developments were reported like the transfer of shares in relevant private and public
companies, privatisation, gradual acceptance of the water body as a common good, lack
of introduction of concession system with new uses, introduction of tradable fishing
rights, multi-level issues like state ownership as a basis to allow new uses (e.g. to issue gas
drilling concessions), while provinces and municipalities hold the public authority to
protect other uses, the redistribution of property and use rights, like disposition rights, the
buying of land by a user or a public authority to solve conflicting property and use rights,
expropriation for similar reasons (rarely and sometimes on the basis of ‘expropriation
agreements’, as in Spain), regulatory unification of the property of land and water, the
organisation of users, the acknowledgement of traditional and ‘de facto’ use rights of
some users, agreements (between fishers and kayakists or irrigators and fishermen) to
share water use and the withdrawal of informal use rights.
The external coherence between public governance and property rights is the degree to which the
interdependencies in the water system and its management that occur in reality, are
reflected in the interdependencies between public governance and the property and use
rights. The external coherence between public governance and property rights changed
considerably in half of the cases for the better and in the other half only modestly or less.
Here the following developments were reported, among others: expired use rights were
gradually transferred to other (public or semi-public) institutions, the aim of a minimal
water flow is incorporated as a sort of use right for environmental protection, an EU
inspired programme gives compensation to farmers for not exerting their use right to part
of their farm land, some technical measures require new responsibilities and resources for
implementation that demand changes in property rights, adaptation of use rights to public
policy aims, voluntary restrictions of the property right holder accepting public policy
aims (one of the Belgian cases), the localisation of drinking water industry is problematic
but not really considered as a question per se, subsidies allow the regional administration
to influence nature management by owners, modification of property rights by creation of
zones that are liable to flooding, concessions given by law to user communities, a policy
plan to improve the information for self-governing user communities by the development
of a census to prevent free riders and by studies, creation of (semi-)public bodies or
platforms where practically every user is represented, policies opening up to take also
other users than those with a use right to the water itself into account (tourists, fishermen,
nature), incorporation of relevant use right holders (farmers, tourists) as targets in public
water policy.
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The overall assessment of the regime change is clearly in most cases that there were considerable
improvements on many of the important aspects. Nevertheless also seven occasions of
more or less failed attempts to regime change and 3 occasions where the results were
better than average and where at the end of the case period one could really speak of
integrated water management.5
Illustration 2: An example of broad improvements
In the Matarranya river process, there are clear signals of regime change, both regarding extension and
coherence of the water regime. The extension of the water uses increases as it includes irrigation, population
supply, cattle rising, nature protection and tourism. Rivalries between users can be interpreted in territorial
terms (intra-basin driven rivalries). There is also an increase of public governance coherence, as it regards
levels and scales, multilevel interaction and networks. The most relevant event proving the increase of
governance coherence is the Water Agreement reached by the main actors operating at the river basin level.
This agreement is the outcome of a process in which a wide range of actors operating at different scales of
governance interact: the regional government promotes environmental initiatives; local actors appeal to EU
regulation as a legal resource by local actors; the Central Union of Irrigation Communities is created as a
body representing all irrigation communities at the basin; PLADEMA -- an ad hoc local association -aggregates and mobilises actors against the construction of hydraulic works; the Ebro river basin
administration negotiates with the local irrigation communities; and the Ministry of Environment finances
the construction of lateral pools. These actors, especially those located at the river basin, share a perception of
risk caused by an extreme situation of drought among the basin actors and progressively adopt a new water
culture. Regarding the internal coherence of property rights, some improvements can be identified: the Ebro
river basin Plan establishes water needs and uses as well as a minimal ecological flow; some maladjustments
between legal aspects and real practices of the CHE and the Central Users Community increase its level of
influence regarding decisions on the watering out of the Pena dam and the distribution of water; traditional
use rights of some users are respected; and a kind of de facto use rights are given to illegal users of water by
the Irrigation Communities of the basin. After the signature of the Water Agreement, the external coherence
between public governance and property rights improves to a certain extent. All the main water users have
proved to be able to negotiate and reach an agreement based on a common perception of the river as a key
element for the future development of the basin. (Meritxell Costejà, Nuria Font & Joan Subirats –
Matarrana River case study)

While 7 of the 12 areas studied were analysed as single cases and the other 5 split into 17 subcases, one
might suspect that the subcases are on average more coherent than the single cases, while each subcase
only deals with a part of what is relevant. So we tested whether such an artificial ‘coherence’ bonus was
indeed observable in the assessments. This was hardly the case. The assessments of the internal coherence
of public governance, the internal coherence of property rights and the external coherence were almost
the same with the single (un-split) cases as with the subcases in the sample of 24.
5
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Implications of regime changes for sustainable use
The approach to the assessment of this variable (-group) is the following: the researchers
started with the rivalries that are at stake in the case story or stories. In the first instance,
the assessment of the changes in the sustainability of the resource use is limited to the
natural/environmental indicators that are directly at stake in these rivalries. Without any
ecological improvements the researchers were not inclined – in wealthy Western Europe
– to judge an improved sustainability even not when economic parameters would have
improved. In the second instance, the social and economical development consequences
of the changes in these indicators and/or the measures taken for this purpose are also
taken into account. In the last instance, a marginal check is also performed to see whether
the observed changes have important side effects on other natural
resource/environmental indicators and whether these in turn have indirect social and
economic consequences.
Illustration 3: Rivalries and ecology
In the Idro Lake and Chiese River case the problem generates from conflicting interest of the various users of
the lake and the water basin. The conflicts occur between water uses for agriculture, hydropower production,
tourism, ecological balance, and protection from risks related to flooding, soil erosion, and land sliding. As a
response the use of water was managed not only accounting for water needs, but also for water availability.
Environmental and land conservation was supported by the maintenance of a constant minimal vital flow,
even in summer and controlling the speed of lake depletion. The maximum water-storage level was reduced to
avoid the risk of flooding. (Bruno Dente & Alessandra Goria - Idro Lake and Chiese River case study)

Often the picture for the economic consequences is somewhat mixed. As negative economic
consequences the financial costs and/or restrictions for the sectors involved (agriculture,
fishery, resource extraction or industry) and in some cases higher water prices are
mentioned. On the positive side the following economic phenomena were also often
mentioned: gains for tourism, avoidance of future costs, job creation and job
safeguarding, and an improved natural resource basis for further economic development.
Sometimes lower water costs and increases in productivity were also reported.
Illustration 4: Nature reserves
In the Dender basin, the structure of the economy is modifying. The relative importance of industry and
agriculture diminishes as tourism is increasing. In this context changes in the ownership of land are occurring.
In fact, associations for the protection of nature buy land from the farmers. Their purpose is to develop
natural areas, creating ‘green corridors’ throughout the region. This activity was initiated and is still
supported by the Region. The Flemish Region subsidises the acquisitions. Nature associations negotiate with
individual farmers. The farmers are often aged and then get additional financial resources (to the pension).
The two groups of actors benefit from the subsidies of the Region that still manages the conduct of the policy.
(David Aubin & Frédéric Varone - Dender River Basin case study)
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Illustration 5: Tourism development in the Vesdre basin
The low quality of the Vesdre creates rivalries. Pollution prejudices the development of tourism, the only
economic reconversion expected for this former industrialised area. At the same time purification of urban
wastewater has become compulsory. The tourist sector and the water purification sector are mutually
supportive. In both cases the European Union plays the role of institutional interface. In the first place it
allocates structural funds. The valley of the Vesdre is classified as an area in economic reconversion. Both
tourism development projects and purification plants benefit from the subsidies. In the second place, the EU
compels the Member States to purify domestic wastewater. As a consequence, the competence authority, i.e.
the Walloon Region, developed an ambitious catch up policy and raised the necessary funds. The Vesdre river
basin is one of the main recipients. This context should allow tourist activities in the valley to take off.
(David Aubin & Frédéric Varone - Vesdre River Basin case study)

While the economic consequences were mixed, the social consequences were often very
positive and remarkably varied. The only negative social consequences mentioned were a
limitation of land ownership rights and a negative impact on the landscape, both
mentioned once. By contrast, the positive social consequences include: modernisation of
agriculture, development of new associations of people, more open public debates and
more information for the people in general, improved feeling of safety, stop to decline of
population and maintenance of young population, fairer distribution between upper and
lower communities, resolution of conflict in the local area, improved living conditions,
and the reinforcement of the qualities of the river as a key element of social identity.
Illustration 6: Concertation
In Wallonia, the tributary basin of the Hoëgne-Wayai hosted a conflict between the fishers and the local
mineral water producer. Fishers were complaining about accidental discharges of caustic soda that caused fish
disease. During the case, the actors exchanged violent arguments via the press. In order to come out of the
conflict, the fishers’ federation proposed to the mineral water producer to make a river contract. The river
contract is a non-binding, voluntary local concertation mechanism. All the local actors meet and discuss their
problems. A monitoring network is put in place. The rivalry is broadened to the whole range of uses. All the
quality aspects are taken into account. However, every action is done on a voluntary basis by the actor
concerned and at its own expenses. Even if results in terms of water quality are mitigated, the initial conflict
moved into cooperation and then every local water actor adopted a resource logic. (David Aubin & Frédéric
Varone - Vesdre River Basin case study)

Our expectations (hypothesis 3) regarding the relation between the regime (change) and
the sustainability of institutional resource regimes were:
a. Regimes with a deficient extent will be more likely to lead to degradation of water
resources or inability to protect the ecological functions of the water resource,
than regimes with a larger extent.
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b. Regimes with a large extent, but with low coherence will be more likely to lead to
degradation of water resources or inability to protect the ecological functions of
the water resource, than regimes with a similar extent but a higher degree of
coherence.
Indeed, the relation between the extent and the sustainability estimates is rather weak and
hardly significant, if one leaves out the coherence of the regime aspects (Spearman’s Rho
is .342 with one-tailed sign. p = 0.051, all calculations n = 24). The relation between the
general assessment of regime change and the assessment of sustainability is however
much stronger (rho = .533, p = .004). In a scatter plot this is shown (see Figure 3).
Remember that several (sub)cases share their values in this plot. This is made visible by
the size of the dots.
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Figure 3: The relation between the general assessment of regime change and the assessment of sustainability.

Of the separate regime aspects, by far the most important factor was the coherence of
public governance. It correlated even more strongly with the assessment of sustainable
resource use than the general regime change. The correlations of the development of
separate regime aspects with the development towards a more sustainable resource use
are as follows (all correlations in rho):
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General regime change

.533

(p = .004)

a. Extent

.342

(p = .051)

b. Coherence governance

.686

(p = .000)

c. Coherence property rights

.527

(p = .004)

d. External coherence b. & c.

.380

(p = .034)
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Illustration 7: Sustainability and regime changes
Regime changes in the case of the Mula river have some positive impacts on sustainability including the
environmental, economic and social dimensions. Regarding the environmental dimension, energy and water
savings are considerable, there is a decrease in water losses, some measures to avoid the overexploitation of
wells and aquifers are adopted, and a minimal ecological flow is established. Regarding the economic
dimension, the price of water to farmers is lower than it used to be and the productivity of the huerta
improves. Finally, regarding the social dimension, there are some training programs for farmers and an
improvement of quality of life. In general terms, the positive impacts on sustainability seem to be more related
to the increase of internal and external coherence rather than to the increase of extent. (Meritxell Costejà,
Nuria Font, Anna Rigol & Joan Subirats – Mula River case study)

All in all, the conclusion is that there is only weak support for our first expectation here
(hypothesis 3a): that an increased extent contributes as such to a more sustainable
resource use. The support for the second expectation (hypothesis 3b) -- that increased
coherence contributes to a more sustainable resource use -- is much stronger. Though this
can be regarded as supportive evidence for the proponents of ‘integral water
management’, it should be considered that this isn’t a sort of ‘mechanic’ causal
relationship. It still holds true that ‘the devil is in the details’.
Illustration 8: Voluntary restriction
The lower part of the Vesdre river basin was regularly under water due to water releases from the dams of
Eupen and the Gileppe. During periods of heavy rainfalls, the dam reservoirs reached their maximum
capacity and it became dangerous to stock more water. People and communes downstream were complaining.
Consultations went on to circumscribe the problem in the basin despite the lack of regulation. In fact the
manager of the dam agreed with the main user of the reservoir, i.e. the drinking water producer, to constitute
a higher safety margin in case of significant rainfall. The two actors have endorsed the risk of water shortages
in drought periods. The dams no longer threaten the downstream part of the basin. Informal agreements were
later extended to other consequences of water releases, i.e. minimum flows and extraordinary releases for
canoeing. Moreover, this kind of agreement generated an extended mobilisation of all the local actors involved
in water quantity management as the problem of floods remains, but with different patterns. (David Aubin
& Frédéric Varone - Vesdre River Basin case study)

Explaining regime changes by change agents and conditions
Change agents
This is the combined force of the listed change agents as an impetus to set in motion
regime changes in the direction of more integration. The joint force of the identified
change agents in the cases was assessed as moderate (4x), strong (12x) or even very strong
(5x). Only in 3 (sub)cases was it assessed as weak or absent. The types of change agents
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mentioned were EU originated pressures, national regime developments, problem
pressures and various other case circumstances. In 13 of the 24 cases EU policies were
mentioned as relevant.6 In all but two cases national policy and regime changes were
influential.7 In 19 cases there was influence from problem pressure.8 In 10 cases various
other circumstances were mentioned.9
Illustration 9: Example of a set of change agents on case level
Change agents in the case of the Mula River include the leadership of regional government, which has
technical and financial resources and support from other institutions (EU, national administration) in the
elaboration of the Modernisation Plan. Of crucial importance is the ability of the Irrigation Community to
break the Heredamiento monopoly of water distribution. Problem pressure also becomes an important change
agent – drought conditions precipitate a deep crisis of the traditional structure of the Mula huerta. In
addition, policy initiative and new scientific knowledge about the state of the resource are important variables
leading to a regime change. (Meritxell Costejà, Nuria Font, Anna Rigol & Joan Subirats – Mula River
case study)

Maybe national policy support is a necessary, though not a sufficient condition. Often the
national government provided crucial resources like formal rules and money. The two
cases where such influence was not reported had a very low overall force of change
agents. But generally it is not the type of change agents or the presence of a variety of
As such a great variety of EU policies were mentioned as relevant: the standard for minimal flow of
rivers, (national laws that were triggered by) directives on the water basis system, the 1991 waste water
treatment directive (5x), phosphate and nitrate standards, fishery policies, the 1972 wild birds and 1992
habitat directives with their special protected areas (3x), the 1975 drinking water directive (3x) (and the
role of the European Court of Justice to force implementation), the regional development policy with its
structural funds (2x). More generally various EU regulations were used as arguments in the debates, even
when not self-enforcing.
7 Apart from various ‘normal’ water (and some nature) policies, some more regime oriented pressures
were also mentioned: promoting regime development at the level of the water basins (3x), laws demanding
(land-use) planning (4x), acts that allow the government as owner of the water to regulate fishing on the
basis of considerations of nature protection, environmental impact assessment, white papers pushing for
‘integral water management’ (3x), federalisation (Belgium), legislation allowing expropriations and
indemnities in favour of flood protection, and the designation of parts of the basin as nature protection
area. Note that several of these are not or might not be independent from the relevant EU policies!
8 With the problems at hand there is a clear division between ‘wet’ cases (the majority) and ‘dry’ cases. In
the dry cases increased use by agriculture and tourism are main problem causes. In the wet cases pollution
and the risk of flooding are the problems mentioned most often. For almost all cases the increased value
attached to nature and environment considerations makes these enter the picture as ‘new’ problem
pressures.
9 Some examples are: the expiration of concessions for irrigation, changing market regulations pushing for
new economic developments, state withdrawal from participation in economic developments, expanding
land use for building, the break-down of traditional management regimes, experts providing new
information, local and environmental associations and devoted individuals.
6
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them that matters. Each change agent can ‘do the job’ of exerting a major ‘force of
change agents’ if it is pressing enough.
Our expectations (hypothesis 1) regarding the relation between the general force of the
change agents and regime change was: “The observed change agents (in the period and
context of our cases) will lead to more differentiation in the regime (resulting in more
complex regimes), but not without additional prerequisites to more coherent regimes.”
As expected of the various forms of regime change, only the extent seems directly related
to the force of the change agents. For the other relations more is necessary. And these
attempts to attain more coherence are expected to depend on several conditions. The
correlation of ‘the combined force of all change agents’ with the general regime change in
the direction of more integrated regimes, and with the separate regime aspects are as
follows:
General regime change

.200

(p = .175)

a. Extent

.446

(p = .015)

b. Coherence governance

.128

(p = .275)

c. Coherence property rights

.072

(p = .369)

d. External coherence b. & c.

.153

(p = .238)

Illustration 10: Finding political will
In Verviers, drinking water consumption has led to lead-poisoning for more than a century. Poisoning was
due to lead pipes attacked by naturally acid water. Diverging interests and the weakness of knowledge
around the nature of the contamination explained the status quo. The dam that provides water to the town
had initially been built for industrial uses. The network was later extended to private housing and water
declared to be drinking water without prior treatment. Acid water was very convenient for the industries
because of its cleaning properties. This position was well reflected in the municipal council. The commune was
the owner of the water distribution service. In 1980, the EU drinking water directive set up constraining
standards for lead concentration in drinking water. The commune of Verviers had to adapt but missed both
the political will and the financial means. Finally, the building of a treatment plant was taken in charge by
the Region and a deviation of the main pipe did not counteract the industrial interest. Work began only when
industry had guarantee on the unchanged properties of its water. The public health problem was taken into
account without inducing any redistribution at the detriment of other water uses, industry in the present case.
(David Aubin & Frédérich Varone - Vesdre River Basin case study)

Illustration 11: Bottom-up regime changes
Sometimes it was not national regime change influencing the extent of the regime at the case level, but the
other way around. Here are two examples of bottom-up processes and subsequent ‘legitimisation’ of local
developments through national legislation in Switzerland. The process of regional regime inventions arising
from local problem pressure which are subsequently supported and thus legitimated by changes in the policy
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design at federal level can be observed in both Swiss case studies. In the Seetal valley, the canton of Lucerne
had already issued a notice in 1988 reducing the restrictions on the number of production animals on farms
from four to three livestock units per hectare. Even if this restriction was never really implemented at regional
level, it served as a model for the introduction of the same restriction into the Federal Law on Water
Protection of 1991. In the Maggia valley in the canton of Ticino, quantitative protection of the water
resources dates back to 1976, anticipating the changes in the federal regime by a wide margin. At the level of
the water basin, protective measures in terms of minimal residual flows were applied in 1982, a full 10 years
before the enactment in the Federal Law on Water protection of 1991.
(Corine Mauch & Adèle Thorens – Swiss case studies)

Conditions
This is the degree to which the listed conditions provide, separately and as a set,
favourable or unfavourable conditions for regime changes in the direction of more
integration (extent and coherence). Hypothesis 2 was that attempts to change regimes into
a more integrated status would have relatively more success when:
• There is already a longer tradition of thinking in terms of co-operation in the
water management sector or such a thinking is built during the case early enough
to influence later stages of the case history.
• There is a common understanding that the counteracting (side) effects of nonintegrated water management harm sustainability and that this sooner or later will
have to be stopped anyhow (joint problem).
• There is a notion of possible joint gains from coherence, so-called ‘win-win
situations’ (joint opportunities).
• There is a credible threat of a (potentially) dominant actor accumulating power
and altering the public governance pattern in his own way and to his own interest
when no solution is reached (credible alternative threat).
• There are well functioning institutions that provide fertile ground for coherence
attempts (institutional interfaces).
Generally the researchers assessed that in their (sub)cases there was no very stimulating
tradition of earlier co-operation between the actors involved in the rivalry/ies. Joint
problem awareness has been present to some extent in several cases, though often only
on a part of the relevant aspects or only with some of the relevant actors. There has been
considerable differentiation between the cases in terms of the degree to which the actors
involved saw chances to actually gain together from solving the rivalry by a more
integrated regime. In one case there was even a sense of joint loss. With the condition of
a credible threat of interventions by a dominant actor to solve the disputes to his own
benefit, too, there has been a considerable differentiation among the cases. Generally
speaking the condition of institutional interfaces was somewhat better than most of the
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other conditions. Nevertheless, in many cases these were only a part of the relevant
aspects or not functioning very well.
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Figure 4: The relation between favourable conditions and regime changes towards more integrated
water management regimes.

All in all, in many cases the assessments of the conditions for regime change taken
together are regarded as rather favourable. In nine cases the conditions are viewed less
favourably. Especially the awareness of joint chances and good institutional interfaces -and to a lesser extent an existing tradition of co-operation -- was seen as important
positive conditions for regime change. These assessments of the favourability of the
conditions were especially related to the assessment of the institutional conditions (.679),
joint chances (.508) and previous experiences with cooperation (.405). Lower assessments
of the general conditions indeed correlate with smaller regime changes, as expected in
hypothesis 3. The correlation is .687 (p = .000). Figure 4 shows this relationship in a
visual way.
Illustration 12: Polders and wateringues versus water floods
All along the river Dender in Flanders, riparian landowners are involved in a particular kind of public
administration, the polders and the wateringues. The polders and wateringues manage drainage on their
territory. They finance their activity with direct taxation. Draining activities are in conflict with the need to
create buffer zones. The competent authority for water quantity management on the Dender faces frequent
floods of growing importance. As the problem pressure is growing, solutions introduced are residual. The
weakness is due to an absence of common concern between the involved users. The water manager has no
possibility to build new relief basins. It only builds dikes to divert the flood. It is not confronted with claims
from the polders and wateringues that come under flow as a matter of tradition. Moreover, there is no real
mechanism of concertation between the users and no coordination between the various competent authorities.
Mutual information remains weak. Everyone is only preoccupied by the evacuation of water out of its
territory. The problem should increase without a sustainable response put in place. The only answer consists
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in building a huge pumping station at the mouth of the Dender. (David Aubin & Frédéric Varone Dender River Basin case study)

The assessment of the conditions not only correlated with the general regime change, but also
with all other aspects of regime change.
General regime change

.687

(p = .000)

a. Extent

.721

(p = .000)

b. Coherence governance

.798

(p = .000)

c. Coherence property rights

.583

(p = .001)

d. External coherence b. & c.

.527

(p = .004)

Hypothesis 2 mentions the conditions separately. This implies that the various
circumstances can have different effects. We have investigated this by a correlation
analysis of all conditions mentioned with all regime aspects. Here we mention all
significant relations. Also a few almost significant relationships are mentioned, with their
uncertainty. The tradition of co-operation in the water management sector showed only
significant correlations with the internal coherence of public governance (.416) and
almost with the extent (.315, p = .067). The condition of a common understanding that
the counteracting (side) effects of non-integrated water management harm sustainability
and that this sooner or later will have to be stopped anyhow (joint problem) did not
correlate significantly with any of the regime indicators. Closest was the correlation with
the internal coherence of public governance (.313, p = .068). The notion of possible joint
gains from coherence, so-called ‘win-win situations’ (joint opportunities) again correlated
with some regime indicators (coherence governance .509, external coherence .599) and
with general regime change (.554). The fact that the correlation of the awareness of ‘winwin’ situations is even stronger with the external coherence between public governance
and property rights than with the general regime change is striking. It might point to an
often ‘public-private’ nature of such opportunities.
The credible threat of a dominant actor accumulating power and altering the public
governance pattern in his interest when no solution is reached (credible alternative threat) did
not correlate significantly with any of the regime indicators. It almost significantly
correlated with the extent though (.305, p = .074). Last but not least, the existence of well
functioning institutions that provide fertile ground for coherence attempts (institutional
interfaces) correlates with the extent (.751, p = .000), internal coherence of public
governance (.3431) and with the general regime change (.380). So all in all, of the separate
conditions (and the force of change agents) the joint opportunities and the institutional
interfaces conditions (see endnote 1 for a specification of these factors in this study) stand
out in the explanation of the various forms of regime changes.
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Illustration 13: Joint opportunities and institutional interfaces around the IJsselmeer
Sometimes rival uses can nevertheless be turned into win-win situations. The shores of the Dutch IJsselmeer
(Lake IJssel) have rival uses of inter alia nature (bird habitat) and tourism (boating marinas). Of course
tourism on the other hand benefits from beautiful nature. Seeking the balance between the two uses can
therefore be beneficial for both. With a homogeneous use like IJsselmeer fisheries there is rivalry between the
users, but on the other hand all users have a certain interest in a just distribution of rights, and therefore may
favour a regime that guarantees this while preventing a ‘tragedy of the commons’. This creates a basis for joint
action that can be further exploited by having the right institutional interfaces in place. These institutional
interfaces can be triggered by European and national measures. In the IJsselmeer case the national
government founded a negotiation platform, a steering committee on the so-called corner lakes, a producers’
organisation on fishery, environmental impact procedures (gas drilling) and land use planning procedures with
open participation. Such institutions catalysed the involvement of users and other citizens (cf. the EU WFD)
and functioned sometimes as ‘policy brokers’ and sometimes as forms of ‘institutional leadership’.
(Dave Huitema - IJsselmeer case study)

Outlook: our conclusions in the perspective of the European water
management policy
European water policy has developed along two lines -- water quality and emission
standards -- that reflect different national views. The new European Water Framework
Directive (WFD) is an attempt to reconcile the two approaches and to integrate water
quantity aspects. The purpose of the WFD is to achieve a good ecological quality for all
waters inside the European Union, at the scale of water basins, where an authority
implements integrated management programmes. The WFD should guarantee, as of 2015,
a ‘good status’ for all ground- and surface waters, in quality and quantity, according to an
eco-centred logic. In order to achieve this goal it promotes an integrated water
management, i.e. a management that considers all the water aspects and legislation in a
single picture and on a delineated territory, the water basin. The integration of control and
action should occur for quality and quantity aspects, surface and groundwater,
exploitation and preservation, objectives of quality and emission limit values and water
policy vis-à-vis other policies. The WFD sets up guidelines and leaves significant room
for manoeuvre to the Member States. The guidelines allow an evaluation and a
comparison of the efforts developed by the Member States and their results.
The main concepts of this paper are in close relation to the central themes of the new
European water policy. The ‘good status’ of the WFD is related to the ultimate dependent
variable in our analysis, the degree of ‘sustainable use’, especially to the ecological aspect
of sustainable use. However, even in the 1996 communication leading to the WFD due
attention is also paid to the ‘evaluation of costs’. This aspect is reflected in the ‘economic
consequences’ aspect of sustainable use. We observed that besides costs other negative,
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but often also positive economic consequences could be observed. A third aspect that
was included in our research was that of the social consequences. Here a remarkable
number of positive developments were reported from the case studies. Generally, a higher
degree of sustainable use correlated with a more integrated regime at the water basin level,
just as was expected by both the theory described in this chapter and the ‘practical policy
theory’ underlying the WFD. Though this can be regarded as supporting evidence, it
should be considered that this isn’t a sort of ‘mechanical’ causal relationship. Under
certain circumstances it can even be envisioned that more integration leads to
deterioration of sustainable use. It still holds true that ‘the devil is in the details’.
Nevertheless, in our 24 cases the relationship between integrated management and the
status of the water resources is empirically shown to correspond with the ideas guiding
the WFD.
The main venue by which the new European water policy seeks to improve the good
status of European waters is by ‘integrated water management at water basin scale’. The
cases that are studied were not at the full water basin scale, but at the lower level of
tributary river basins. The reason for this is that we believe that integration of
management is a multi-level endeavour. At the higher level of international rivers like the
Rhine or even large national rivers like the Loire, circumstances vary to such a degree that
there is not one, but several sets of uses and users and consequently also multiple
resource regimes needed at a sub-basin level. This is not to state that the full water basin
should not be in need of coordinated management, but only that for impacting many uses
and users, sub-regimes at a tributary river basin level are also needed. This idea is in
accordance with the principle of subsidiarity that is explicitly endorsed in European water
policy. The case studies concentrated on this level (with areas of some 500 to 2,500 km2)
and found many interesting experiences with (attempts to achieve) more integrated water
management. These illustrate the assumption of the European water policy that it is
necessary to accept some variation of the institutional arrangements that are used to
promote integrated management. Though the organisation of management on a sub-basin
level is left predominantly at the discretion of the member states, we think that at least
devices for Europe-wide communication and exchange on experiences with integral water
management on that level could be helpful for the actual practical implementation of the
WFD. This could be part of ‘joint implementation’ arrangements.
Integrated water management in this contribution is conceptualised with the help of the
concepts of extent and coherence. The ‘extent’ of the regime reflects the elements of
integration in the WFD that stress that all relevant directives and all waters in the area
should be managed in a combined approach. In this contribution we stress the
completeness of the regime to regulate all relevant uses and users. The elements that
stress multi-level (even international if necessary) and multi-actor (stakeholders and
citizens) involvement and the coherent action guided by management plans are reflected
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in the concept of ‘public coherence’. As a special feature of our research, not only the
coherence of public governance, but also the coherence of the property & use rights
regime and the coherence of the relation between public governance and property and
use rights are included in the assessments. The study illustrates that these are important
aspects of the water management regimes, especially - but not exclusively - when quantity
issues are at stake. Theoretically it can be expected that inclusion of former socialist
economies in Eastern Europe would increase the variation in the regimes of property and
use rights considerably and would make this issue even more important. In Switzerland
public policies that reduce use rights by more than 7% need to include compensations
acknowledging these rights. All aspects of integrated water management studied seem to
make a difference, though not equally in all cases. The research in this contribution has
shown that special attention to the property and use rights affected and the relation
between those and the public governance measures is a worthwhile extension of the focus
of integrated water management.
The integration between water management and other sector policies is envisioned by the
mechanisms embedded in ‘full cost pricing’ in the new European water policy. In our
cases we did not specifically encounter this subject. Consequently we don’t have a
conclusion on full cost pricing. But what we did encounter were a number of cases in
which other than direct water issues entered the process of development of new water
regimes. Examples are issues of landscape, wetlands and fishery, which were entered into
the debate by interested actors. Though ‘full cost pricing’ could be important to send the
right price signals to all actors, there will probably remain various rivalries that need a
form of integrated water management that deliberately tries to bridge externally to other
sector policies for coordination. The research in this contribution did spent a great deal of
effort in getting a better insight into a variety of change agents and conditions that
stimulate more integrated water management. For we learned that integrated management
regimes are not something that one can ‘proclaim into reality’. Deliberate attempts by
motivated actors are surely needed to realise it in practice. We won’t repeat all our
conclusions on this subject here, but concentrate on the points where EU policies come
in.
Among the change agents we have seen, in more than half of the cases EU directives and
other policies play an important role. Among these directives are also some that are not
directly ‘water directives’. Another observation is that national policies that are mentioned
as leading to regime changes were often in their turn triggered or in any case related to
EU directives. Even more important than the change agents mentioned proved to be the
conditions for change. The European Union can have important -- indirect -- effects here,
too. A first observation is that European policies are often used in the internal debate at
case level as arguments to pursue a certain position. This holds especially for NGOs and
other actors with little formal power and, of course, when they want to move in the same
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direction as the relevant EU policy involved. Even when these policies are non-obligatory,
in this way they have a certain influence. Of course, part of this influence is generated by
the prospect that these policy lines will become more compelling after a while. So for the
WFD aim of participation in water management, EU policies can play an important role.
Of the several conditions joint chances and institutional interfaces proved to be the most
important. Both can be seen as venues at which to aim supplementary EU measures in
the context of joint implementation, to improve the chances for regime changes in the
direction of integrated water management.
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Abstract
“Water demand management”, especially water pricing, can be effective in combating the
water shortage problems. At present, in Cyprus water for agriculture and households is
subsidized by as much as 78 % and 38 %, respectively. The prevailing policy is to achieve
tariffs in agriculture that are at least equal to the operating and maintenance costs and in
households equal to the full supply costs. Administrative difficulties as well as political
unwillingness have prohibited the increase in water prices.
Water prices should be revised upwards. This will promote efficiency and conservation in
water use. In addition, this will be in accord with the provisions of the new Water
Framework Directive (WFD) 2000/60/EC of the European Union (EU).

Introduction
Cyprus is a semi-arid country whose demand for water is by far surpassing its supply. The
recent unprecedented five year drought, from 1995 to 2000, demonstrated quite
convincingly how wide the gap between supply and demand may become. The
introduction of new non-conventional sources of water, such as recycling of sewage water
for irrigation and desalinated water for households has not solved the prevailing water
shortage problem. Under these conditions “demand management” for water becomes
very important. Certainly such measures as improvements in the transportation and use of
water, curtailment of demand through rationing, reallocation of water, modification of the
existing cropping patterns in favor of crops using less water, public awareness campaigns
for water conservation measures will help to bring about a better balance in the supply of
and demand for water.
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The best “water demand” management practice that offers the most effective
measure for combating the prevailing water shortage today is the adoption of the
principle that the price of the water should be equivalent to its full cost.
Both the methodology and the actual pricing of the water differ from use to use. The
main water use sectors in Cyprus are the agriculture and household sectors. The tourist
and industrial sectors are included in the household sector because in most of the cases
they are intertwined geographically and share the same distribution system. In the year
2000, 69 % of the annual water balance was used for irrigating agriculture, 26 % in the
household sector and the remaining 5 % in the environmental sector. The tourist and
industrial sectors use about 19,2 % and 3,8 %, respectively, of the total households’ water
consumption (WDDFAO 2002).

Water tariffs methodology
The methodology used in calculating the required water tariffs for the agricultural and
households sectors is described in the Loan Agreements with the World Bank (IBRD)
(Government Printing Office 1988) and the Kuwait Fund (KFAED) for the financing of
the Southern Conveyor Project, the largest water resources project in Cyprus. The water
tariff for agriculture is calculated using the “Present Worth Value” method while for the
households sector the “Balanced Budget” method is used.
Article IV, Section 4.02 of the Loan Agreement CY2914 with the World Bank dictates
that the “Borrower shall establish charges for irrigation water which shall be sufficient to cover 38% of
the weighted average unit cost of such water”. The weighted average unit cost is calculated “by
multiplying the unit cost for each water scheme by the corresponding projected volume of water sold, totaling
the results and dividing such total by the total volume of water available”, Section 4.03(a).
Article IV, Section 4.05 of the same Loan Agreement dictates the introduction of a
unified tariff for bulk water in the households sector that should “be sufficient to cover the full
operating and maintenance costs (including contingencies for working capital requirements) and debt service
requirements or depreciation, whichever is higher and take into account any shortfall or surplus in the
required revenues in the previous years”.
The methodology and steps followed in calculating the tariffs both for the households
and irrigation sectors are described in detail in Box 1.
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BOX 1 Methods for calculating the unit cost of water

Irrigation (agriculture) and domestic (households) sectors
Method 1

Present Worth Value

Irrigation (Agriculture) Tariffs
For a Single Water Scheme
40
(t-n) t-1
(t-n)
40
(t-n)
*
*
*
TOEt + [ Σ(Can* (1 + i)) ] = Σ [Cn Qn* (1+i) ] + Ct Qt + Σ [Cn Qn* (1+i) ]
n=1
n=1
n=t+1

Where

Ct
TOEt
Cat
Qt
i
n
t

= Unit price (cost) of water (tariff) in year t
= Total Operating Expenses in ₤/m 3, in year t
= Capital Investments in ₤, in year t
= Quantity of water in m 3, in year t
= Annual discount (interest) rate, e.g. 0,06 for 6%
= Years of analysis (n = 1,2,3…40)
= Year of analysis or base year (Tariff for year t)

Notes:
1: The three parts on the right side of the equation represent the proceeds
(or receipts) before, on and after the year of analysis (base year) “t”.
The proceeds are converted to Present Worth Value in the base year “t”,
by compounding, leaving them unchanged, and discounting them.
2: The second component in the left part of the equation is the present worth
value (in year “t”) of the capital investments including replacement costs.
Ct , can be made the subject of the formula
in the equation above.

For multiple Water Schemes
Now, “the Weighted Average Unit Cost (WAUC) of water is calculated by multiplying
the unit cost of each water scheme by the corresponding projected volume of water sold,
totalling the results and dividing such total by the total volume of water available”.
[IBRD, Loan 2914 CY, of 6/5/1988,Section 4.03(a)]
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N
N
Tt = Σ (Ct,j * Qt,j) / Σ Qt,j)
j=1

j=1

Where
Qt,j)
Ct,j
Tt
N
Method 2

= Quantity of water in m 3, in year t, of water scheme j
= Unit cost of water in ₤/ m 3, in year t, in water scheme j
= WAUC of water in ₤/ m 3 in year of analysis t
= Number of water schemes
Balanced Budget
Households Tariffs

The household tariff should “be sufficient to cover the full operating and
maintenance costs (including contingencies for working capital requirements) and
debt service requirements or depreciation, whichever is higher”
[IBRD, Loan 2914 CY, of 6/5/1988,Section 4.05(b)]

Debt Servicet
Ct = [ TOEt + Higher of { or } + (WCt – WCt-1)] / Qt
Depreciationt

Where

Ct

=

ΤΟΕt =

Τotal Operating Expenses, in £, in year t

t

=

Year of analysis (Tariff for year t) BASE YEAR = t

Qt

=

Quantity of water in m3, in year t

WCt =
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Unit cost of water in £/m3, in year t

Working Capital requirements in £, in year t
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Box 1 continued

Total Annual Operating Expenses
TOEt = Wages + Maintenance + Energy +
Water Purchases + Administration + Chemicals

i:

Wages

ii:

Maintenance

iii:

Energy

iv:
v:

Water Purchases
Administration

vi:

Chemicals

= f (Number of workers, Annual salaries,
Wage rate increase, Inflation rate)
= f (Initial investments, Age and type of works)
= f (Electricity tariff, Price of oil)
= f (Source, Pumping & Transportation costs)
= f (Salaries of employees at Headquarters,
Transportation, Communic., Computers etc.)
= f (Quantity, Quality of Influent & Effluent )
Irrigation
Recycling, Tertiary treatm.
Households
Cost of chemicals, e.g.
chlorine, aluminium, sulphate, etc.

Capital Investments (Cat)
i)

Base Cost for:
a)
b)
c)
d)
e)

Dams, Ponds, Small Reservoirs
Conveyors, Irrigation Systems, Filters
Boreholes
Pumping stations
Electromechanical equipment

ii) Capitalised interest
iii) Administration
Salaries and other running expenses at the Headquarters for
studies and invigilation for the construction of the works
Wct = Total Current Assets - Total Current Liabilities
Can be turned into cash
in a short period < 1 Yr.

Debts that fall due in a
short period < 1 year

=

APt + St

CAt + ARt + It
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Symbol

Description

Equation

Remarks

CAt

Cash

1/36 (TOEt + LCt)

Money available at any
instant to cover normal
operations.
10 days cash.

ARt

Accounts Receivable 1/12 (Total
Revenue)

Accounts not yet being
collected.
Bills 1 month in arrears.

It

Inventories

1/4 (Chemicals +
Maintenance)

Value of goods in stock,
e.g. chemicals, spare parts.
3 months of supplies.

APt

Accounts Payable

1/6 (Energy +
Chemicals +
Purchases of water)

Accounts due to normal
creditors.
2 months of annual costs.

St

Amounts due to
Suppliers

0,15 LCt

Retention money due to
suppliers of local
construction materials. It
is a special ‘AP’.

Notes: * Everything in £, in year t.
LC = Local Compon. Construction Costs
* Coefficients are empirical. Applicable for Cyprus conditions
* In case a structure gives water to Households (H) and to
Irrigation (I), then the allocation of costs and debts is proportional
to the Quantity of water (Q) to each water sector supplied.

RH
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The main features and conclusions that stem from these two methods are the following:
a: The tariff for irrigation water should be unified for all Government
Water Works (GWW) Projects. Similarly, the tariff for the households sector should be
unified for all cities and other centers served by GWW. The only exemptions are
the cities of Limassol and Paphos.
b: The tariff for the irrigation water should be at least 38 % of the weighted average unit cost
while the tariff for the households sector should cover the full financial cost. This is in accord
with the financial covenants of the loan agreements and most probably in
compliance with the WFD requirements.
c: Both methods calculate the water tariffs based on:
i:

the annual operation and maintenance costs

ii:

the amortization of capital cost including replacement costs

iii:

administration and other direct costs

Both methods do not consider
i:

environmental costs*

ii:

resource depletion costs**
as required by the Water Framework Directive, WFD, Article 9.1.

d: Over the years it became apparent that the “Present Worth Value” method is
straight forward and easy to apply while the “Balanced Budget” method is
complex and difficult, yet accurate. The “Balanced Budget” method is best
suited in case the Water Development Department (WDD) is a non-profit,
economically autonomous, organization, i.e. a Water Entity. In such a case the
method yields a good grasp of the financial implications of the Department’s
actions. It ensures the timely availability of the necessary income for covering the
Department’s running expenses and other financial obligations. Difficulties are
also associated with the “Present Worth Value” method because alternative
choices will have to be made for the estimation of the supply costs, especially
regarding investment lifetime, discount rates, depreciation method including
salvage values, and value of existing infrastructure. Hence, there is a variation in
the results that can be obtained by different users of this method. Finally, it is
stressed that general state taxes and subsidies should not be included in the
economic analysis of the supply costs.
e: The water for the households sector is supplied in bulk by WDD to organized bodies such
as the Water Boards or village authorities while the water for irrigation purposes is
supplied both in bulk, i.e. to Irrigation Divisions, and to individual farmers.
f: Revisions of the water tariffs are calculated by WDD and approved by the Council of
Ministers. The House of Representative’s approval is also needed in the case of new
water tariffs proposed by the three Water Boards of Nicosia, Larnaca and
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Limassol. Past practices determined that a price increase of water for
agriculture should have the prior approval of the House of Representatives
before the increase is applied.1

Existing and future tariffs
Household Water Tariffs
The GWW supply potable water to the three Water Boards of Nicosia, Larnaca and
Limassol as well as to the 91 Municipalities, Development Boards and Village Authorities
in the four districts of Nicosia, Larnaca, Limassol and Famagusta. Water is also supplied
to the Turkish occupied parts of Nicosia and Famagusta. The Turks refuse to pay any
water dues!
The present water tariff is 0,335 C£/m3 (0,58 €/m3). It was approved by the Council
of Ministers, Decision No. 39.301 dated 12/5/1993. With the commencement of the
operation of the Limassol Water Treatment Plant on April 1st, 1994, the same price of
0,335 C£/m3 was approved by the Council of Ministers, Decision No. 43.510 dated
20/12/94 for the Limassol area.
The approval of this new tariff for the three Water Boards by the House of
Representatives came after a prolonged period of waiting for eight years. The new price
was applied on 1/1/2002. Ironically, this price, before it is applied, needs to be drastically
revised upwards, i.e. to 0,543 C£/m3 (0,94 €/m3) so as to take into account the two
desalination plants producing in total 91 000 m3/day. These plants were introduced in
1997 and 2001. A third desalination plant of 20 000 m3/day is to be introduced, probably
next year in Limassol, and this has been considered in the calculations of the new tariff.
Characteristically, and for reasons of comparison, it is stated that the weighted average
unit price of desalinated water for the first five years of operation of the first Build, Own,
1

* Environmental Cost: Represents the cost of environmental damage (cost from damage of the
environment and aquatic ecosystems) that certain water users impose on other users, including future
users, or on society as a whole.
Example: Use of the water from the Kouris reservoir for irrigation and the households sectors, and not
for the Akrotiri wetlands as it used to be done in the past before the Kouris reservoir was constructed.
The lost value of the wetlands, due to the new, reduced allocation of water to them, constitutes the
environmental cost of the water from the Kouris reservoir.
**Resource Depletion Cost. It represents the cost of the foregone opportunities (loss of profit) which
other water users suffer due to depletion of a resource beyond its natural rate of recharge or recovery.
Example: The pumping of groundwater beyond its natural recharge should be charged with a
cost/charge quite high. This way water will be saved for use by future generations.
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Operate and Transfer (BOOT) desalination plant is 0,62 C£/m3 (1,07 €/m3)
(Socratous/Panteli/Avgousti).
The new proposed water tariff is seemingly high. It will certainly arouse the opposition of
the urban water consumers constituting more than 75% of the island’s population. For
reasons of affordability and acceptability of the new proposed tariff by the urban
consumers, it is recommended to introduce it in phases. It is the author’s view that half of
the required increase is immediate, i.e. by 1/1/2004 and the remaining 50% to be
recovered four years later, i.e. on 1/1/2008. This way, the WFD requirement, Article 9.1,
stating “that water pricing policies provide adequate incentives for users to use water resources
efficiently…” is satisfied a little before the deadline, i.e. the year 2010. It follows from the
above that the price of the households’ water will have to be raised to 0,44 C£/m3
(0,76 €/m3) by 1/1/2004 and to 0,543 C£/m3 (0,94 €/m3) by 1/1/2008.
Now, the new water price on 1/1/2004, i.e. 0,44 C£/m3 (0,76 €/m3) bears a 31,3%
increase from the existing price of 0,335 C£/m3 (0,58 €/m3). This increase is, however,
justified not only because of the European Acquis requirement explained in the previous
paragraph, but also because the last proposed increase dates back to 1994. In fact the
equivalent compounded annual percentage increase is only 2,8% which is not high
considering that the combined increase in wages and inflation has been more than 4,8 %
in the years from 2000 to 2003. In addition, previous increases in prices were higher, i.e.
5,6% and 5,5% in the years 1990 and 1994, respectively.
According to the “Family Budget Research 1996/97” conducted by the Statistics and
Research Department (Government of Cyprus 1999) the amount of money spent for
water by a household is only C£ 57 (€ 99) per year while for electricity it is more than
three times, i.e. C£ 182 (€ 315) per year, and for the telephone service almost four times,
i.e. C£ 202 (€ 349) per year. This shows that the cost of household water is low and an
increase to the level of 0,44 C£/m3 (0,76 €/m3) is not expected to substantially affect the
financial situation of any family. Reinforcing this conclusion is the willingness of the
consumers to pay for water for drinking purposes, as exemplified by the price of bottled
water, which is about 200 C£/m3 (346 €/m3).
The fact that the Limassol households’ water is sold at a price appreciably lower than that
of Nicosia and Larnaca creates problems of equity and friction among the people. For
example, a household having a water consumption of 180 m3 per year pays only C£ 31,80
(€ 55,01) in Limassol, C£ 54,00 (€ 93,40) in Larnaca and C£ 77,40 (€ 133,90) in Nicosia.
This stems from the fact that the Limassol Water Board gets about 4,4 million m3 of
water per year from the GWW without any charge, while Larnaca used to have a limited
number of very cheap groundwater sources. Undoubtedly ownership rights of water
confuse and make the whole pricing issue much more complicated and difficult to
resolve. Definitely, this inequity should be corrected. A time schedule should probably be
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agreed upon for the establishment of unified rates for all cities including Paphos. Paphos
city has the lowest water tariffs as it gets all its water from groundwater sources which are
comparatively cheap.
The Water Entity, to be established no later than 22/12/2003 according to the WFD
requirements, will be equipped with the powers to exercise control over all sources of
water and manage them in a consistent way, charging uniform prices to all users.
Irrigation Tariffs
The present tariff is 0,0631 C£/m3 (0,11 €/m3). It is equivalent to 22,3% of the
weighted average unit cost of water. The Loan Agreements with the World Bank and the
Kuwait Fund dictate that the price of the water should be at least 38% of the weighted
average unit cost, i.e. 0,1164 C£/m3 (0,20 €/m3). It follows that the price should be
increased to be in accord with the financial covenants of the Loan Agreements. The
increase can be progressive in time, for reasons of acceptability and farmers’ familiarity to
higher prices. It is the author’s suggestion to start in 2004 to increase the price of
irrigation water every other year so that by 2010, the Directive’s deadline, it is 0,1164
C£/m3 (0,20 €/m3), representing 38 % of the weighted average unit cost. It should
be noted that the last price increase was in 1992, twelve years ago, hence there is a
necessity of immediate fulfillment of the country’s obligations towards its lending
institutions.
Good management practices determine that the price of the water should reflect its full
cost. Based on this principle, it is argued that the new price representing only 38% of the
weighted average unit cost is not high. It is hoped that the new price, in spite of the fact
that it is low according to solely economic criteria, will reduce the planting of highly
water-consuming crops such as bananas and will curtail the production of such
economically non-viable products as lemons. Exports of water-rich agricultural produce,
such as water melons, will be negatively affected thus reducing the export of expensive
water whose marginal cost from the next alternative source, i.e. desalination, surpasses the
0,62 C£/m3 (1,07 €/m3). Subsidies in the price of water should be diminishing constantly
with time for the purpose of promoting efficiency and conservation in water use.
However, the temporary impact and burden the proposed increases in the irrigation water
tariffs may impose on the farmers should be alleviated by offering them varied assistance,
e.g. by adopting new non-water consuming and financially viable crops such as flowers,
early vegetables and aromatic plants.
The introduction of higher water prices will provoke the vehement opposition of the
politically strong agricultural lobby in spite of the fact that the increase may be
accompanied by various compensating financial measures. The lobby’s argument is that
agriculture is important because it ensures the supply of strategic food and raw materials
to the nation and for social and even environmental considerations agriculture should be
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further subsidized and not penalized with higher water prices. It is the author’s point of
view that the full cost of the water to agriculture will not be easy to apply in this
decade or even in the next.
Other Water Tariffs
The water tariff levels of other uses follow a middle course in between the existing
irrigation and households tariff levels. For example, the present water tariffs for
industrial use and animal husbandry are 0,20 and 0,13
C£/m3, respectively. All tariffs are approved by the Council of Ministers and then by the
House of Representatives. It is stated at this point that the present Government’s policy
regarding the irrigation of golf courses is that no water is to be allocated from the GWW
for new golf courses. Golf courses should instead use recycled water.
BOX 2 Water pricing
Fundamental to the delivery of any good or service, and its distribution among users, is the
way the price is determined. In a market economy, the expectation is that buyers and
sellers will interact and trade, and out of this come the prices of the items traded, which
will shift up or down through time as supply and demand factors change. But in the real
world any number of factors can upset this process. Some of these are technical,.. others
are political in nature, brought on by the fact that the public authorities often intervene in
markets for one reason or another.
Water is usually thought of as something special, with qualities that make it different from
“normal” commodities. One can get along without any goods, but one cannot get along
without water for very long…Over the years, politicians and other public authorities have
had a lot to say about how water has been priced. This obviously has had enormous
implications for the way water has been used and on the demand for expansion in water
supply systems.
Public water supply companies supply most domestic water in Cyprus. These are entities
that essentially function as public utilities, holding monopoly positions within communities
and subject to the oversight of public advisory boards or commissions. It is the pricing
ideas of these groups that have usually determined the actual prices that water supply
companies have set. Among the general public, and especially among public
administrators, the belief is widespread that the basic reason for having prices at all is to
cover the costs of production. For those in charge of water and other public utilities this
belief leads to a cost-based pricing rule: set prices so that revenues cover costs. Revenues
should not fall short of costs, because if they do, losses presumably have to be made up
some other way, for example, from general tax revenues. Nor should revenues exceed
costs, because this implies profits, which are thought to be inappropriate for public
enterprises. This type of reasoning has historically led to what is called average-cost
pricing. The total costs of delivering water are divided by the total quantity of water
delivered, and the unit water price set accordingly.
(Socratous/ Koundouri 2000)
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Water pricing in the European Union
The EU in its COM (97) (DRAFT) of 25/02/1997 requires in art.12 that “By 2010,
member states (MS) shall ensure full cost recovery for all costs for services provided for water users.”
Regarding environmental and resources costs, art. 12 mentions that they are to be
“reflected” in the water prices. The term “reflected” is rather vague and does not necessarily
mean fully recovered. There were negotiations, discussions and amendments to COM
(97) for three continuous years, till the WFD 2000/60/EC was formulated on
23/10/2000 (EC 2000).
The amendments were introduced as a result of the anticipated strong opposition of
some MS to certain provisions, e.g. full-cost recovery, of the COM (97). This is
understandable because these countries, e.g. Greece, Italy, Spain, Portugal and Ireland
cover only a fraction of the total O&M costs today. Highlights of this Directive, related to
the recovery of the water costs, are:
-

Article 9, Para 1 “Member States shall take account of the principle of recovery of the costs of water
services, including environmental and resource costs, having regard to the economic analysis conducted
according to Annex III, and in accordance in particular with the polluter pays principle. Member States
shall ensure by 2010
- that water pricing policies provide adequate incentives for users to use water resources efficiently,
and thereby contribute to the environmental objectives of this Directive,
- an adequate contribution of the different water uses disaggregated into at least industry,
households and agriculture, to the recovery of the costs of water services, based on the economic
analysis conducted according to Annex III and taking account the polluter pays principle.
Member States may in so doing have regard to the social, environmental and economic effects of the
recovery as well as the geographic and climatic conditions of the region or regions affected”.
Full-cost includes the supply, environmental and resource depletion costs. This
Paragraph, however, provides the possibility to derogate from the target of full-cost recovery
because of social, environmental, economic, geographic and climatic conditions/reasons. This derogation
is acceptable only when the water prices of the disaggregated parts, into at least three
water uses, i.e. industry, households and agriculture
a: provide adequate incentives for users to use water resources efficiently
b: contribute to the environmental objectives of this Directive
c: contribute adequately to the recovery of the cost of water services.
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Efforts should be made instead to increase the contribution of every water user in the
recovery of the costs of water services. Grants and subsidies and general state taxes
should not be considered in the calculations of the water services costs.
The Directive demands that the cost associated with the required treatment of the
polluted water should be paid by the polluter(s). The application of the “polluter pays
principle” is fair but difficult to apply in case of diffuse pollution. In such cases this cost
is by necessity distributed among all the users.
In general, this Article is weakly phrased and amounts to a simple commitment as
opposed to a “hard obligation”. This is exemplified by the words “take account of”,
“provide adequate incentives”, “adequate contribution”. The quantitative qualification of these
words is indefinable and the body politic makes the final assessment. The word “shall”,
however, denotes a “hard obligation”.
Article 9, Para 2 “Member States shall report in the river basin management plans on the planned
steps towards implementing paragraph 1 which will contribute to achieving the environmental objectives
of this Directive and on the contribution made by the various water uses to the recovery of the costs of
water services”.
Article 9, Para 3 “Nothing in this Article shall prevent the funding of particular preventive or
remedial measures in order to achieve the objectives of this Directive”.
This paragraph allows the provision of external subsidies to the water sector in special
cases. Such a special case is, for example the areas designated for the protection of
economically significant aquatic species. But more important “This provision may entitle
Member States to finance, for instance, the installation of water-saving devices in high-consuming
industries or farming activities, although EC rules on state aids and competition law must nevertheless
be observed”. (Grimeaud 2001)
Article 9, Para 4 “Member States shall not be in breach of this Directive if they decide in
accordance with established practices not to apply the provisions of paragraph 1, second sentence, and
for that purpose the relevant provisions of paragraph 2, for a given water-use activity, where this does
not compromise the purposes and the achievement of the objectives of this Directive. MS shall report the
reasons for not fully applying paragraph 1, second sentence, in the river basin management plans”.
It is clear that neither full-cost pricing nor adequate contribution of the
different water uses is required when in doing so the environmental objectives
of the WFD are not jeopardized. For example, an agricultural activity can be

481

Module 8

exempted from this water pricing policy if it is shown that sustainable water use is not
affected.
The WFD 2000/60/EC has evolved to be environmentally oriented. Its primary goal is
“preserving, protecting and improving of the quality of the environment”, (OJ C (11),
22.12.2000, p L327/2). Water pricing constitutes an important instrument for the
achievement of the Directive’s environmental objectives as noted in Art.9.1, subparagraph one.

Figure 1: The availability of water resources.

BOX 3 Assessment of resource and environmental costs
The assessment of the resource cost is based on the estimation of water price before and
after the reduction of water resources. The Figure below outlines the estimation procedure.
The demand curve should be available as well as the availability of water resources.
When the water demand for all the uses is covered adequately, the resource cost is zero. The
resource cost increases considerably when water shortages occur for certain water uses. The
resource cost for a specific use could be assessed on the basis of the foregone economic
benefits from competitive water uses.
The environmental cost can be assessed using several methods such as:
•
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Market methods. These methods use price fluctuations of products and services in
existing markets. The fluctuations that depend on changes of environmental
parameters provide a measure of the environmental costs; however the market
data required for use of these methods are not always available.
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Box 3 continued
•

Methods based on costs. These methods estimate the cost of the preservation of an
environmental good, which represents a measure of the environmental value of
the good. Although environmental costs are underestimated, these methods
provide a good starting point. Costs of measures already taken should not be
included.

•

Preference methods. These include methods such as hedonic pricing, recreational
demand models, behavioral models based on the estimation of the value specific
activities as a measure of the environmental costs and benefits. These methods are
complicated and time demanding, and can only be applied to specific problems.

•

Willingness to pay method. These methods assess the willingness of the public to pay
for the preservation of an environmental good by using questionnaires.

D. Assimacopoulos
From: “The cost Recovery Principle in the Directive 2000/60 Complexities and Problems”,
End of Project Seminar, “Reassessment of the Water Resources and Demand of the Island of
Cyprus”, Nicosia, Feb. 2003.

Water pricing in Cyprus and the EU
It constitutes an obligation of Cyprus to enforce the European Acquis and hence the
Union’s water pricing policy, as described in the WFD, when the country joins the EU.
The implications of this commitment are varied. They are, however, not easily
quantifiable due to the general and indeterminate terminology the WFD employs. The
most important and immediate implications of the WFD on the Cyprus pricing policy
are listed below:
a: Environmental and resource costs in pricing calculations
The WFD in Article 9, Para 1, requires that the water pricing calculations must
consider, apart from the supply costs (capital, O&M, administration), the
environmental and resource costs. In Cyprus, as in most other countries, only
the supply costs are considered, see Box 2. Nevertheless, it is imperative before
deciding on the final level of the water prices, to know the full-cost of the
water. When estimating the full cost it is necessary to include the
environmental and resource costs in the calculations as well.
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It should be stressed, however, that both the environmental and resource costs are not
readily evaluated owing to the lack of data and complex procedural calculations
required, see Box 3. In most cases existing data should be augmented with special
surveys and research. For these reasons the Directive does not demand the detailed
calculation of these costs by 2004 when the first results of the economic analysis should
be finished, but merely a first approximation of these costs. In contrast, the assessment
of the supply costs is an easier undertaking. Some “grey” areas are associated with these
supply costs as explained in Section 2, Para “d”.
b: Unified prices per water sector
Unification of water prices per water sector/user is the prevailing policy
in Cyprus. This is the case in the households sector, with the only exception
being Paphos and Limassol, see Section 3.1, penultimate paragraph. In the
agricultural sector, the water prices vary from project to project area, although
not very much. The unification of the water prices is required by the IBRD
and the KFAED Loan Agreements. The WFD neither imposes nor
prohibits unification of prices. As long as the water prices do not negatively
affect the environmental objectives of the Directive, they are acceptable. Now
“rising block pricing, seasonal and over-consumption prices for conservation of water and for
increasing water use efficiency are allowed (by the WFD) provided the revenue collection to
the level needed is secured” (Communication from the Commission 2000). The
local authorities responsible for the distribution of the water within their
geographical area are responsible for the setting of these different prices. In
contrast, the Government sells the water, to these authorities, at a unified
price.
c: Higher prices for water
In Cyprus, as in most countries, the existing water prices are low, covering
only a fraction of the supply costs, let alone the environmental and resource
costs. This does not give a clear signal to“ users to use water resources efficiently” as
required by WFD, Article 9.1. The prices should be revised upwards. On the
other hand, the water prices need not be equal to the full-cost. The final
price of water per use/sector will be decided by the body politic
considering economic principles, environmental objectives,
willingness to pay and affordability on part of the users.
It is the author’s view (WDD plans are not publicly available at present) that the
Cyprus Government should raise the water prices from the GWW as noted below
and suggested in Section 3, Article 1 and 2.
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1. Agriculture: The present price of 0,0631 C£/m3 (0,11 €/m3) to be raised
immediately to 0,085 C£/m3 (0,15 €/m3). Hence, the price should be
increased in stages so that by 2010, it reaches the new level of 0,1164
C£/m3 (0,20 €/m3). The increase in water prices is in stages (phases) for
reasons that are explained in paragraph “d” below. As the price elasticity of
demand is rather elastic, appreciable quantities of water are expected to be
saved with the raising of the price of water.
2. Households and Industry: The price of water for both sectors should be
raised to 0,44 C£/m3 (0,76 €/m3) by 1/1/2004 and to 0,543 C£/m3 (0,94
€/m3) by 1/1/2008. The price elasticity of demand is known to be rather
inelastic. In spite of this, some savings of water are expected with the increase
in prices.
d: Time plan for water price increases:
The final water prices will be imposed in phases for reasons of both
affordability and political acceptability. Phased implementation of water
prices gives users time to adjust to new conditions. This is particularly true for
users and sectors that do not currently pay for the full supply costs of services,
e.g. agriculture. In case there are adverse climatic conditions and drought in
Cyprus, then there may be a reason for exemption/derogation of the program
of measures.
e: Cross-subsidies and other subsidies to Agriculture:
In Cyprus, as in almost all countries, agriculture pays lower prices than other
sectors. Agriculture gets direct subsidies from the Government and crosssubsidies from the households and industrial sectors. Subsidies are
allowed in Article 9, Paras 3 and 4 of the WFD. Now, subsidies constitute a
violation of the EC rules on state aid (Articles 87-89 EC Treaty) and
competition law. In addition, the liberalization of certain agricultural products
such as potatoes by the EU’s “Common Agricultural Policy” (CAP), and the
“General Agreement on Trade and Tariffs” (GATT), demand the abolishment
of subsidies. There seems to be a contradiction with regard to subsidies.
However, there are exemptions to the stringent requirements of the above
Agreements. For example, state aid is permitted under Art. 87(3)(c) when it
aims ´to facilitate the development of certain economic activities or certain economic areas,
where such aid does not adversely affect trading conditions to the extent contrary to the
common interest´. This exemption has been used in environmental cases. It is also
noted that the March 2001 EC Commission’s Guidelines on State Aid for
Environment allows aid for investment, for environmental awareness and for
operating expenses within certain time and financial limits. In general, water
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prices for agriculture are expected to increase with the WFD
implementation.
f: Users’ involvement in water pricing policies:
WFD, Article 14, requires national authorities to encourage and promote
the involvement of users concerned and NGOs in the formulation of the
water prices. This is at present not the case in Cyprus. The benefit of this
involvement is the acceptability of the new pricing policies by the public.
g: Polluter pays principle
This principle, possibly with some exemptions, has not been applied in Cyprus.
The WFD will initiate new management techniques to be applied in Cyprus for
the polluter to bear the cost of his pollution.
h: Personnel implications
In establishing the water prices as dictated by Article 9 of the WFD, a large
amount of data is needed, as well as a nation-wide system of observations and
monitoring. Technologically advanced equipment and methods are needed for
the efficient/effective running of this system. In addition a large number of new
personnel knowledgeable with the new philosophy of the WFD is required to
undertake the complex new tasks demanded by the WFD. This will prove to be
a problem especially at the beginning of the implementation process.
Disregarding the high cost, which may be largely covered by the EU, the lack of
personnel may be overcome via the purchase of local or foreign consulting
services and through an intense training program of the local staff. In general, no
critical or insurmountable problems are anticipated in the implementation
of the water pricing policy of the WFD in Cyprus.
i: Important dates for the implementation of the Directive’s Pricing Policy.
i: 2003. MS shall bring into force the laws, regulations and administration
provisions necessary to comply with the WFD including its pricing
policy.
ii: 2004 Economic analysis of water uses.
Assessment of current level of cost recovery.
iii: 2006 Assessment of gaps in environmental objectives and
cost of measures to reduce these gaps.
iv: 2008 Selection of measures and assessment of costs.
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Cost effectiveness analysis of measures.
v: 2009 Program of measures, cost. Publication of river basin plans.
vi: 2010 Water pricing policies, appropriate contribution of water uses.
Both the program of measures and the water services pricing policies should be
revised every six years for the maintenance of the good status of the water bodies.

Conclusion
The present water tariffs in Cyprus are low and should be revised upwards, but in
stages. The tariff for irrigation water should be at least 38% of the weighted average
unit cost, i.e. 0,1164 C£/m3 (0,20 €/m3) while the tariff for the households and
industrial sectors should cover the full supply costs, i.e. 0,543 C£/m3 (0,94 €/m3).
The environmental and resource depletion costs are not considered in the two
methods employed for the calculation of the tariffs. The “Balanced Budget” method
is found to be superior to the “Present Worth Value” method and should be
preferred. The implications of the WFD water pricing policy in Cyprus will be a
challenge since the existing management policies and in particular the Cyprus pricing
policy is different from that proposed in the WFD. It is anticipated that the most
serious pricing problems will be faced by agriculture, not only because of the
prevailing low tariffs but mainly because of the constraints to subsidies demanded by
State Aid and Competition Laws, the CAP and the GATT Agreements. The lack of
personnel to deal with the numerous and complex applications demanded by the
WFD can be faced by purchasing local or foreign consulting services. In general, no
insurmountable problems are anticipated in the implementation of the water
pricing policy of the WFD in Cyprus.
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The new EU-Water Framework Directive (WFD) was adopted and finally entered into
force in December 2000. As opposed to the water protection of the 1990s in Europe, the
area covered by this Directive extends to all aquatic systems, surface waters (rivers and
lakes), groundwater and coastal waters. Land eco-systems depending on groundwater are
also included in the protection of the quantity of groundwater. Therefore water resources
should be managed across national boundaries, choosing a co-ordinated approach within
the river catchment areas. The WFD further bundles the approaches from the first and
second wave to form a coherent overall concept and abolishes some of the individual
directives. Within thirteen years the WFD will replace most existing water legislation: The
main target of this Directive is to achieve the “good status” of all surface, ground and
coastal waters in the European Community by 2015 whereby there is a differentiation
between the ecological and chemical status of water.
The WFD is one of the first environmental policy directives of the European Community
that explicitly integrates economic considerations for achieving its objectives. The
integration of such considerations into integrated water management can improve
decision making, not only in EU countries but also in Mediterranean countries in general.
The main economic principles are addressed in Article 5 (and Annex III) and Article 9 of
the Directive. According to the requirements stipulated in Article 5, an economic analysis
of water uses has to be carried out on a river basin scale by 2004 as part of the Directive’s
river basin management approach. Annex III complements Article 5 by detailing which
factors need to be included in the economic analysis. Article 9 requires Member States to
account for the principle of cost-recovery, including environmental and resource costs.
The polluter pays principle will be key to establishing who should pay for existing and
future water services. More specifically, Member States have to ensure by 2010 that
pricing policies provide the adequate incentives for water users to use water efficiently
and that different water uses contribute adequately to the recovery of the costs of water
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services. Article 11 of the Directive stipulates that each Member State shall ensure for
each river basin district, or for the part of an international river basin district within its
territory, a programme of measures, which takes account of the results of the analyses
carried out under Article 5 in order to achieve the Directive’s objectives. Therefore,
Annex III requires the economic analysis conducted in reference to Article 5 to be in
sufficient detail for allowing the programme of measures to be selected on the basis of
cost-effectiveness.
Table 1: The European Water Framework Directive.
The European Water Framework Directive
•
•
•
•
•

re-orders European water legislation
imposes the Integrated River Basin (Water Shed) Management Approach
thus affects administrative structures and
reduces the importance of frontiers in Europe
introduces/reinforces the use of economic concepts in water resource management (cost
recovery, polluter pays principle etc.).

→ Chances and difficulties!

Designation of heavily
modified water bodies

Defining
environmental
objectives

Justify extended
deadlines for achieving
objectives

Justify less stringent
objectives

Monitoring and
evaluation

Identify and qualify
water uses

Analysis of
River Basin

Implementation of
selected measures

(impact & pressure)

Developing River Basin
Management Plan
Cost effectiveness

Pricing

Identify possible
measures to meet
env. objectives
Cost recovery level

Figure 1: Main Steps of the WFD process and role of economics.
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New approaches to holistic water management:
Sustainable water use in Eastern European cities
Karol A. Bajer, Dörte Bernhardt, Philippa D. Booth,
Gerald Dörflinger, Aikaterina Lioni and Asem H. Nabulsi

Introduction
The discussion required a response to a call from the European Commission for
proposals which include new approaches to holistic water management. Through initial
discussion the group decided to take an original approach and focus on urban areas rather
than management of water resources within a river catchment. To increase the feasibility
of this approach the scope of the study area was reduced to cities. Eventually this was
narrowed again to Eastern European cities as some of the group members felt the scope
of the project was still too wide and that research into water management in these
countries was required more than in Western Europe where research has already been
carried out. The cities chosen for inclusion in the study were Warsaw (Poland),
Dubrovnik (Croatia), Budapest (Hungary), Valmiera (Latvia) and Prague (Czech
Republic). The smaller city of Valmiera was chosen to clarify the differences in water
management issues between small and large cities in Eastern Europe. We were required to
explain how we would structure our proposal, addressing a number of specific points, and
detail what consortium we would require to reach the objectives of our proposal. It was
decided within the group that we would justify the selection of our study area and outline
our objectives and then address the specific points outlined in the handout.

Justification
The cities chosen for inclusion in the study are located in accession and candidate
countries for entering EU. As such they will need to improve their water management
practices to meet EU requirements such as the Water Framework Directive. A large
requirement of this directive is public participation which has previously been lacking in
these countries due to their political situation. Other reasons for the need for research
into holistic management of water in the cities are the serious environmental and health
concerns caused by poor water quality.
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Objectives
• Assess current water use and availability.
• Assess the socio-economic determinants of water management.
• Develop strategic management plans based on stakeholder participation.
• Strive towards efficient, equitable and sustainable water management.

Temporal and spatial scales
In an attempt to ensure EU funding it was decided the project would be carried out over
the normal period for projects of this type, three years. Extension of the project to
consider other cities in Eastern or Western Europe would be considered depending on
the results of the studies carried out in the initial five cities. The project needs to be
carried out at several scales. The largest scale would need to include all water source,
consumption and discharge areas. This means that the catchment of all rivers and aquifers
providing water for the city or receiving waste water from the city as well as the city itself
would be considered. Smaller scale analysis of consumption areas would need to be
carried out. The smaller units would be selected depending on the urban area’s
architecture. To aid the scaling of data, where possible data will be geo-referenced
allowing aggregation at different levels to different spatial units, e.g. post-coding of social
information obtained from census data.

Assessing water availability
To assess the current water availability quantitative analysis of all present and possible
sources of water would need to be carried out, including groundwater, surface water and
desalinized water. The maximum sustainable yields from each source would need to be
established. Consideration of water loss in distribution networks, etc. would also be
required. To ascertain the true amount of water available for use assessment of water
quality with regard to requirements for specific water uses would be required, too.

Assessing water demand
Assessment of water demand requires the identification of major water consuming
sectors, such as housing, commerce, industry, agriculture. Once identified, each sector
needs to be surveyed collecting data on water use and cost, allowing prediction of overall
use within each sector. Assessment of efficiency and losses in distribution systems is again
also required.
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Socio-economic studies
Socio-economic studies should include an investigation into the existing social structures,
formal and informal institutions and their influence on water use patterns on both
community and larger scales. Aiding the development of an understanding of local values
and water use at present and in the past. Existing socio-economic data such as census
results should be collected and collated with sectoral water use data.

Stakeholders
Institutional, industrial and individual stakeholders in each region will be identified and
involved from the very beginning of the surveying process. It was felt it was important to
involve stakeholders from the beginning of the process as people within the countries of
the study are not accustomed to being involved in decision making and it will take time to
build up trust and encourage people to become involved. A two stage approach will be
taken:
1. The collection of information relating to problems, attitudes and awareness
carried out in parallel with availability and demand assessment.
2. Explanations of problems based on earlier research and discussion of possible
solutions, gaining information on opinions and preferences to different
scenarios.
Information will be passed to the stakeholders through a variety of traditional and
innovative methods enabling participation from a broad spectrum of society. These
methods will include CD-ROMS, newspaper articles, leaflets and discussion forums. The
group felt it was important to use a wide variety of techniques to ensure all sectors of
society were reached.

Quality assurance
It is believed that the use of participatory methods and involvement of stakeholders from
the beginning of the study will help ensure the quality of the outputs of the study. The use
of a facilitator to run meetings and workshops will minimize conflicts, ensuring all
stakeholders are encouraged to participate equally. In an attempt to ensure maximum
benefit the three step economic approach will be employed. The use of this method to
assess the benefits and costs of selected scenarios to each sector and groups within each
sector will allow the cost and benefits to be assessed and the scenario with minimum cost
and maximum benefits chosen. This method can be used to include the three pillars of
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sustainability, that is social and environmental factors as well as economic ones, ensuring
that the chosen scenario ensures maximum benefit as well as being sustainable.

Project consortium
It is believed to carry out the project the following professionals will be required:
• Project coordinator
• Hydrologist
• Geologist
• Socio-economist
• Urban planner
• IT group (GIS, multimedia)
• Lawyer
• Public relations
• Agronomist
• Mediator
• Anthropologist

Deliverables
It is hoped that on completion of the project the following will have been completed:
• Assessment of water availability and demand in each city.
• Identification of conflicts and public issues in each city.
• Proposed plan of action for improved water management in each city.
• Publication of findings and proposals in journals and a detailed report. A
summary of findings will also be published to be distributed amongst the people
within each city. The main findings and conclusions will also be published within
local newspapers which will be reporting on the progress of the project
throughout the three years.
• Website construction.
• Workshop to spread gained knowledge amongst water management
professionals in other cities.
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New approaches to holistic water management:
The Po River Delta – a case study
Anthi-Dionissia Brouma, Atul Haria, Ilaria Principi,
Manuel Sapiano, Thoralf Schlüter and Sarah Staunton
(The Frog Island Consortium)

Background
The Po delta is an important wetland ecosystem of high biodiversity in northern Italy. It
represents an important transitional ecosystem between the northern Adriatic Sea and the
freshwaters of the Po River (Figure 1).

Figure 1: The Ecosystem between the northern Adriatic Sea and the freshwaters of the Po River.
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However, increasing social pressures (e.g. housing, tourism) and economic pressures
(e.g. agriculture and industry) are threatening the delicate balance of the ecosystem. The
protection of this habitat is essential to maintain the biodiversity (flora and fauna) and
natural heritage of the region. Consequently, a novel management tool is required for the
management of water resources in the delta and the wider catchment area. The new tool
must provide a platform on which social, political, economic and natural aspects can be
integrated to develop a holistically sustainable future for the region. The maintaining and
preservation of a precious ecosystem such as the wetland, together with economic and
social development of the area will represent a template for other regions facing the same
problem.

The Problem
The Po Delta is a wetland showing signs of deterioration resulting from a range of
pressures. These pressures (and associated) sectors are listed below. Note the stresses in
both water quality and water quantity at a range of scales:
• Agriculture – high water use and pollution concerns from agrochemicals
(nitrates, pesticides etc.)
• Industry – Effluent discharge
• Urbanization – Increasing housing demand and associated increase in water
supply, sewerage etc. needs.
• Tourism – A growing sector that also requires an increase in water supply,
sewerage etc. needs.
• Global climate change – Reduction in precipitation and changing sea levels
(associated salt water intrusion) are projected to cause problems in the long term.

The solution
An expert consortium will develop a novel tool based on Multi-Criteria Analysis (MCA)
that will be driven by stakeholder participation along guidelines set out by the consortium.
The consortium will be from both the scientific and non-scientific communities and will
comprise of:
1. An ecologist (Wetland expert)
2. A climate change expert
3. An agronomist
4. An economist
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5. A chemist
6. A hydrologist
7. A planner (housing)
8. A social researcher
9. A representative from the local park authority
10. A representative from the local government authority
11. A representative from the river basin authority
The stakeholders will include representatives from those sectors that have a major interest
in water issues in the basin (including water users):
1. Farming
2. Industry
3. Planning department (housing)
4. Fishing
5. Water companies
6. Wastewater companies
7. Local government
8. Local habitants
9. Tourism
10. Park authority
11. NGOs
12. River basin authority
The MCA model will be applied at 2 scales: the delta region and the whole river basin.
The MCA model will be applied to criteria or indicators of change in the catchment.
These indicators will be from the natural sciences, political sciences and economic and
social sciences. They include:
• Hydrological data (quantity)
• Water quality data
• Social and urban indicators
• Laws and regulations
• Institutional framework data
• Tourism information
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The importance of water (in terms of quality and quantity) within the social, political and
economic framework for each sector will be given a weighting. This weighting will be
driven by stakeholder participation at different scales. Therefore, for example, a high
water user may be given a high mark for providing many jobs, but a low mark for
polluting. Hence, the overall output from the model will give weighted recommendations
on water management based on social, political and environmental drivers. These results
will assist in policy development for the preservation of the Po wetland through regional
sustainable water resource allocation and management.

Costs
The project will be over 3 years at a total cost of 2M Euros.

Dissemination of results
1. Scientific publication and conference
2. Annual reports
3. Web site development
4. Stakeholder conferences
5. Public awareness information
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Proposal for the establishment of sustainable IWRM
in water stressed Mediterranean catchments
through stakeholder engagement
Maria Bertaki, Ioannis Chatzidakis, Meritxell Costejà,
Frank Hensel, Reeta K. Nikkanen, Robert P. Walters

Introduction
This report was written as part of the SUSTAINIS Advanced Study Course “Sustainable
Use of Water on Mediterranean Islands: Conditions, Obstacles and Perspectives”, held at
Aktea Hotel in Agia Napa, Cyprus from September 27th-October 12th 2003.
This group’s first discussion presentation title was ‘Proposal for the establishment of
sustainable IWRM in water stressed Mediterranean catchments through stakeholder
engagement’.

Situation overview
Technological developments and socioeconomic transition, combined with climatic
change are placing water resources in many Mediterranean coastal catchments under
increasing stress. Prior to recent technological developments and socio-economic
transitions, water resources were sufficient for traditional (agricultural and domestic)
water use within Mediterranean coastal catchments. Supply conflicts may be created by
the subsequent growth of other economic sectors (such as tourism), bringing about
resource depletion. Where water resource management is not integrative, cohesive
planning strategies are not possible. Therefore this EU proposal aims to suggest viable
tools for the development of demand management, in place of supply augmentation.

Valos Catchment
The catchment of Valos presents an example of a typical Mediterranean coastal area
where conflicting economic interests are competing for the available water resources. A
growing tourism sector is placing increasing pressure on water resources already strained
by pre-existing domestic, agricultural and environmental uses.
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Valos catchment is approximately 100km2, with a permanent population of 10,000
persons (including a visiting population of 50,000 during peak season). The catchment is
semi-arid, with a wetland delta at the land/sea interface. The Alio dam was built in the
lower upstream section in 1960 and comprises an HEP facility. This enabled the
development of irrigation agriculture, facilitating a consequent expansion of the
agricultural sector. A flourishing tourism sector was later facilitated after both HEP
production came online and following establishment of the downstream wetland reserve
(in 1971, following the Ramsar Convention). There is a significant groundwater aquifer
being exploited. Historical records show that water resources at surface level are
characterised by decreasing river flows downstream of the reservoir which are threatening
critical flow inputs to the wetland.

Supply Conflict
Supply conflicts exist between three competing economic sectors within the catchment
and extractions are depleting downstream flow volumes: Initially by agriculture in the
upper reaches, then mostly for domestic use in the middle reaches and for the wetland
ecological system in the lower reaches. Pollution inputs also increase downstream, which
are further exacerbated by decreased flow levels. Combined, these pose a particular and
increasing threat to the Wetland area (Figure 1).

Methodologies
It is intended that the findings of this project will provide suggestions and tools for
demand management within other EU catchments with similar supply conflicts.
Preconceived demand management solutions are for technology transfer, water pricing, a
shift towards less water demanding crops and training programs in new agricultural
practices. Through stakeholder engagement, public receptivity for preconceived measures
will be tested, additional stakeholder suggested remedies can be assessed and finally, bestfit solutions will be established (Figure 2).
Chronology: A description of water regime institutional developments during the last 25
years (policy designs and regulations) regarding the main uses of water examined with
identification of major previous trends may prove suggestive for the prediction of future
trends.
Multilevel Analysis, upscaling the Valos catchment scenario (national, regional, local/river basin):
The definition of formal and informal institutions governing the use of water at river
basin level (considering the various sectors), combined with interviews with stakeholder
representatives, will clarify the existent uncertainty resulting from the overlapping
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authorities. Furthermore a thorough analysis of policies and regulations will have to be
performed in order to incorporate the Valos catchment experience into a regional or even
national water strategy.
DOMESTIC USE
(including tourism)

Pollution
Supply conflict

Supply conflict
Pollution

Ecotourism

DAM
Irrigation

AGRICULTURAL USE

ENVIRONMENTAL USE
(wetland)

Flow volume
Negative
relationship
Positive
relationship

Supply conflict

Figure 1: Water use and conflicts among users in Valos catchment.

Hostel owners (small
units)

Other local business
people

Hotel owners
(large units)
Local politicians
Farmers

Stakeholder
consultation &
discursive forums

Local water
authorities

General public
Environmental activist
groups

Park wardens

Figure 2: Stakeholder engagement.
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Full assessment of water supply and demand within the catchment
boundaries
The full quantitative and qualitative characterisation of water (for both potable and
irrigational purposes) is an important prerequisite for the establishment of a sound water
strategy. The following set of actions will have to be performed to this end:
• Characterisation of Resources for Potable Water Use:
• Quantitative characterisation: Assessment of the GW aquifer reserves
including hydro-geological parameters.
• Qualitative characterisation: Determination of aquifer pressures
 Saltwater intrusion
 NO3- pollution (excessive fertiliser application)
• Determination of potable water consumption
 Tourism, settlement
• Determination of recharge
 Collection and processing of historical climatic data; socio-economic
study predicting future population and tourist growth
• Characterisation of Resources for Irrigation Water Use:
• Installation of meters for the determination of precise water consumption
by farmers
• Field survey investigation into current irrigation practices > Opportunities
for introduction of modern agricultural techniques
• Water quality in dam reservoir: Evaluation of eutrophication risk
• Hydraulic study for the determination of a critical flow for the wetland >
sustainable maintenance of this ecosystem
• Estimation of reservoir evaporation: Hydraulic study for decrease of
retention time within the reservoir > closer to natural flow (redesign of
irrigation channels)
• Determination of future water demand after proposed changes in crop
production
Duration of the project: 3 years
Budget: €380,000
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Table 1: Timetable of the project’s actions.

YEAR 1

YEAR 2

YEAR 3

Data collection and evaluation of
current situation
Survey and dissemination
Stakeholder consultation and
discursive forum
Consideration of remedial
measures
Implementation of remedial
measures

Partners:
• University of Alio, Department of Agriculture
• Ilisa Hydrological Institute
• Yalo Tourist Board
• Elta Institute for Social Science Studies
• EU Environmental Protection Board
• Sima Wetland Park Authority
• Alio Municipal Authority
• Alio Community Partnership
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Sustainable water management and European agricultural
policy in the Mediterranean
David L. Kitching, Astrid Bischoff, Elias Dimitriou
Vasso Monokrousou, Dermot P. O’Regan and Mário P. Pereira

This document is an output from an exercise conducted during the Advanced Study
Course SUSTAINIS - ‘Sustainable Use of Water on Mediterranean Islands: Conditions,
Obstacles and Perspectives’, Cyprus, September/October 2003. SUSTAINIS was
coordinated by the Centre for Environmental Research at the University of Münster,
Germany, and supported by the Energy, Environment and Sustainable Development
Programme of the European Commission.

Introduction
The European Common Agricultural Policy (CAP) has been critical in maintaining and
shaping the agricultural sector in Europe since the middle of the last century. A number
of pressures, including expansion of the Union and shifts in perception with regard to the
management of the natural environment, are driving change in the way that the CAP is
implemented. In particular, the way that subsidies to farmers are applied is being
significantly reviewed. Concurrent with this process of change is the emergence of the
Water Framework Directive as a response to a growing recognition of the need to
manage our water resources more efficiently due to the threats and implications of climate
change and also a historic tendency to over consume this increasingly scarce resource.
Both of these developments have profound implications for the way in which farmers
throughout Europe operate their farms and manage their land and water resources. This
document proposes a programme of research to determine the real impacts of these
legislative changes on farming practices in a well-defined and discreet area of Europe. In
considering the real implications of the legislation – how farmers conform to it and how
they implement it, what factors act as constraints to adoption and which factors could be
leveraged to encourage change on working practices – legislators will gain a better
understanding of how to structure such legislation, or its delivery, for best effect.

507

Discussion Forum I

The problem
Throughout the Mediterranean, water resources are becoming depleted, seriously so in
some areas. This is due to a variety of factors including inappropriate agricultural
practices, climate change, and a massive expansion of tourism and development in the
area over the last fifty years. Irrigation practices in particular account for upwards of 70%
of abstracted water in some areas. Such rates can be reduced by altering existing
incentives to current farming methods and goals and through the adoption of more
efficient irrigation technologies and practices to encourage more rational water use.
Regionally, diverse management practices and policies exacerbate the problems and fail to
cope with conflicting needs between different users and sectors. Partly as a response to
this crisis, the European Union is implementing wide ranging changes to the Common
Agricultural Policy, including decoupling subsidy from commodity crop production and
instead rewarding, at least to a degree, environmentally sound management practices in
order to encourage sustainable resource management. A parallel legislative development is
the Water Framework Directive which is designed to standardise water management
practices across regions and to encourage a more sustainable use of water, as a limited
resource, through such measures as pricing policy. Farmers, however, are notoriously
vulnerable to market realities and are known for being very resistant to change. To
succeed, policy implementation should make reference to the priorities and perceptions of
farmers, and the problems that they perceive they have in adapting to legislative change.
In this way, policy will become more participatory in nature, more in keeping with the
defined nature of sustainable development, and more likely to be adhered to by farmers.

The project goal
The primary goal is to monitor how farmers react to policy and institutional changes and
how they implement, or otherwise, changes in working practices in order to conform to
recommendations and requirements of the new legislative regime. In considering how
farmers react to the changes, how they alter their working practices, and whether such
adjustments actually help to achieve the benefits that CAP reform and the WFD were
intended to achieve, this research will give:
• insight into how the policies, or their mechanisms of delivery, might be ‘fine
tuned’ to properly take account of realities on the ground
• an understanding of the true attitudes, priorities, and circumstances of farmers
themselves, in order to maximise the impact of the legislation
• a localised assessment of policy implementation efficiencies and change impacts,
to help national and regional government to develop their approach to policy
implementation
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• an understanding as to whether, in the chosen region, CAP reforms and the
WFD actually do result in more sustainable use of water in the key sector of
agriculture
• an understanding of the actual, local impacts of these policy changes on the
agricultural sector and on communities as a whole

Proposed locations
Water scarcity is particularly acute in the Mediterranean region. Islands in the region offer
an opportunity to study discreet geographical areas and self-contained communities
within a context where the problem is made more pronounced by the geographical nature
of islands. The proposed study would be carried out in two catchments; one on the island
of Cyprus, the other on Crete. Rather than choosing two catchments on the same island,
the selection of these two islands allows the study of communities of differing culture
whilst simultaneously minimising other variables such as climate.

Objectives
Figure 1: Intended location of the research, Cyprus and Crete.
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The research programme will identify appropriate local stakeholders in each region.
Factors relating to sustainability will be identified and a range of data will be collated in
order to establish baseline conditions and to define the factors to be monitored for the
duration of the project. Data types will include those relating to local environmental
status, land use patterns, socioeconomic conditions and existing water management
practices and patterns of use. A system of indicators will be established to monitor
changes relating to these data. A comparative study will be carried out in each catchment,
relating the data to sustainability issues. Conclusions resulting from the study will
eventually be disseminated to stakeholders, including national and regional government
and EU policy-making bodies.

Methodology
The methodology will involve an iterative review of data and processes, providing
feedback mechanisms that will serve to refine the monitoring process as change takes
place. Initially, a comprehensive literature review and assessment of existing data sources
including maps, government GIS data, and government and NGO statistics, will be
carried out to yield a baseline framework against which subsequent environmental and
socioeconomic changes can be assessed. Hydrological and water quality and quantity
monitoring equipment will be installed to monitor water supplies both as they exist now
and how they come to exist as a result of policy-change implementation. Particular
attention will be paid to monitoring saline intrusion levels. Remote sensing data will be
acquired and commissioned in order to monitor land-use change, particular as it relates to
policy change. Ground survey data will be used to supplement and confirm the efficacy of
this data. Local stakeholders will be engaged in a process of participatory consultation,
initially qualitative and subsequently quantitative. This consultation will identify farmers',
and general local, responses to legislative change, perceived problems and issues and
opinions as to likely implications of the changes. Consultation will be ongoing and
iterative to monitor how these attitudes change as implementation takes place. Changes in
the way in which water is used and deployed, the effects of policy on local socioeconomic
conditions and on the environment, and changes in land use will all be monitored and
assessed with baseline comparisons and recommendations being made. Special attention
will be paid to monitoring how the policy changes affect the take up of more efficient
irrigation technologies and the adoption of less water intensive crops. Every eighteen
months, a review of interdisciplinary findings will be conducted and a preliminary report
will be generated. This will help policy makers to assess the impacts and suitability of
policy changes and also help regional government fine tune the way in which policy is
implemented. Local media, scientific journals, meetings and forums will be used to
disseminate findings.
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Project team
The Team will comprise a vertically-oriented, multidisciplinary group of experts from a
range of relevant fields. Project coordination and socioeconomic analysis will take place at
the Centre for Hypothetical Research (CHR) in the UK. This centre is chosen for its
previous track record in researching similar issues in semi-arid countries and a particular
interest in the socioeconomic conditions of island communities. Environmental
monitoring expertise will derive from the Institute of Environmental Experts (IEE) on
Lesvos in Greece, renowned for their experience in this area and very close to the chosen
study location. Colleagues in the Mediterranean Association for Research into Irrigation
Optimisation (MARIO), based in Portugal, will provide human and technical resource for
assessing land-use change and the implications of changing agricultural practices. Finally,
the Water, Hydrology and Management Institute (WHAMI) in Munich will provide the
water management and resource assessment expertise.

Chronology and budget
Policy changes such as CAP reform and the WFD have many profound ramifications,
some of which can take years to appear. In order to carry out a comprehensive study of
the short-term and, necessarily, the medium-term effects of these policy changes, a period
of five years will be required.Estimated costs for the project stand at 900,000 Euros per
year. A breakdown of these costs can be obtained from CHR in the UK.

Stakeholders
Stakeholders will be both local and remote. They will include:
• local farmers and their organisations
• NGOs
• water companies
• local and national government departments
• certain local groups with a stake in land-use change
• EU policy makers
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Project outputs
Outputs will include comprehensive information and measurements covering a
continuous five-year span and relating to most water and environmental factors as well as
socioeconomic conditions. Intermediate policy recommendations will be produced every
eighteen months and a comprehensive review will be forthcoming at the end of Year Five
which will serve as an invaluable tool for the assessment of policy-change impact and
implementation methods. A network of stakeholders will be established should further
research be intended. Some stakeholders, by being party to the research, will become
more able to adapt to new legislative and environmental conditions. Finally, a powerful
indication will be obtained of the priorities and influences that affect stakeholders’ ability
or willingness to adapt and that help to determine their adaptation choices and reactions
to change.
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Drought adaptation measures
for ensuring the future of the island:
Effective adaptation strategies from the point of view
of a director of a major tourist operation
Karol A. Bajer, Dörte Bernhardt, Philippa Booth,
Gerald Dörflinger, Aikatarina Lioni and Asem H. Nabulsi

Introduction
An important approach to reducing vulnerability to water scarcity lies in the design of
appropriate and effective adaptation strategies. It is assumed that the region under
consideration has experienced three consecutive years of extreme drought. The mean
annual precipitation is 30 % less than the long-term mean resulting in the near-depletion
of the available reservoirs. In spring time it doesn’t look like the situation will improve
soon. The groups were asked to come up with remedial measures to deal with this
situation by either selecting the perspective of a political decision maker responsible for
environmental protection measures and safeguarding of natural resources, a manager of a
major water distributing authority, a director of a tourist operation, an owner of a large
farming business or a national/regional/local chairperson of a major environmental
NGO. Our group chose to tackle the problem from the point of view of a director of a
tourist operation. His five star hotel, Katarina Resort, is the largest single tourist complex
on an island. It provides 3000 beds and 30 king size water beds. The majority of the 800
people the hotel employs are recruited from the local community. The Katarina Resort
also obtains 92 % of its supplies locally and contributes 13 % to the local GIP. The
director of Katarina Resort belongs to a group of decision makers from the private and
public sector, who care about the difficult situation on the island for various reasons. His
business depends on the beauty of the national reserves of the island, the reliability of
supplies from the local market and the availability of local employees. Maintaining strong
bonds between the tourist sector, the agriculture sector and the local society, which
currently exist, is important. The director tries to reach a decision with the other group
members on adaptive strategies for the island for the short and intermediate term. In the
following paragraphs the adaptive strategies, which the management of Katarina Resort
has developed, are discussed. The strategy includes specific on-site and off-site measures
as well as some general ideas to encourage and convince other stakeholders.
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General measures
In the short term the supply of water on the island can’t be raised. Importing bottled
water is too costly. Overexploitation of the aquifers is unsustainable and would destroy
the environmental appeal of the island. The community has to adapt to reduced water
availability, this means water needs to be used more efficiently. In this situation the quality
of water is especially crucial. Implementing ISO 14001 environmental standards and
promoting eco-labelling as has been done in the Katarina Resort should be encouraged
throughout the business sector. In the long run water supply security needs to be
addressed and improved. Possible actions range from installing new and renovating
existing water treatment plants to the development of new unconventional water sources
(e.g. environmentally sound desalinisation).

On-site measures
Katarina Resort has already been a model regarding its own water treatment plant. Today,
80 % of the hotel’s waste water is treated and re-used locally. The remaining 20 % are
connected to the sewerage system of the community. To reduce costs Katarina Resort
plans to install a grey water system in the new bungalows, which will be built this year on
the west side of the island. The roof areas of the new development will also be used for
rainwater harvesting. In addition, Katarina Resort has a study underway on rainwater
harvesting potential and treatment and re-use possibilities on the hotel premises.
Regarding the hotel operation, the management identified the need for training and
awareness rising for the personnel, the reduction of laundry, the installation of water
efficient toilet systems (balloons in toilet cistern etc.) and reduced-flow showers. Without
the acceptance by and the help of the guests some measures can’t be implemented
successfully. Guest information and education should include an information board,
brochures, appropriate stickers in bathrooms etc. The weekly rain-dance festival with
tourist participation can also add to awareness rising. If the tremendous water shortage in
summer persists, the number of tourists in high season will be unable to grow like it has
done in the past. Instead off-season tourism should be promoted through appropriate
pricing policy and advertising.

Off-site measures
The management of Katarina Resort believes that the sustainable development of the
island and the preservation of the precious national park areas can only succeed as a result
of a combined effort by all stakeholders. Most important measures include the
development of a large sewage treatment plant and an environmentally sound
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desalinisation plant as well as the introduction of a pricing system based on full cost
recovery. The sewage treatment plant enables the supply of re-used water for agriculture
and landscape irrigation. The desalinisation plant should use environmentally sound
techniques (e.g. UV sterilisation) and be powered by renewable energy sources (solar
and/or wind). They could cater for the whole island and be maintained by local
authorities. Katarina Resort is willing to contribute to the initial financing of the
innovative desalinisation plant. Currently water tariffs are heavily subsidized.
Consequently the aquifers are overexploited and salinisation is occurring in some areas.
Most water has traditionally been used by the agriculture sector. This is still the case, but
the share of the business sector is rising. A new tariff system based on full cost recovery
will encourage water saving and help to allocate the scarce resource more efficiently.

Benefits
The proposed measures benefit Katarina Resort, the local community and other
stakeholders alike. They ensure ongoing regional business development and promote
sound environmental practice throughout the region (e.g. introduction of ISO 14001).
The economic growth generated through direct and indirect employment helps to
maintain local employment. Improved water security through the new water treatment
plant should improve hygiene and health in local communities. The process safeguards
good relations with stakeholders and together best use of EU subsidy and/or European
Development Bank credits for regional development plans can be made. In addition the
environment will profit from environmentally sound desalinisation and sewage treatment
plants as well as sustained local agriculture, services, etc.

Strategies
This embracing strategy of Katarina Resort’s management is likely to succeed, because it
takes into account various interests of other stakeholders. Local authorities are interested
in water supply security. New investment in water infrastructure that can partly be
financed by the European Union with additional funding from the major tourist
operation of the island, are necessary and welcomed. The local workforce is concerned
about safeguarding and creating new jobs. Environmentalists are pleased because the
concept supports sustainable development. Wasteful water use and deterioration of water
quality will be discouraged. Investment in innovative water plants secures the livelihood
of future generations. Only farmers will have to give up some of the privileges they
currently experience. However, their numbers are declining and the remaining farmers are
aware that salinisation of groundwater needs to be stopped if their livelihood is to be
maintained.
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Conclusions
The crisis has brought together the relevant decision makers. It is likely that the long
overdue measures, especially those regarding the agriculture sector, will be executed. The
economic importance of the agriculture sector has, like in many other European
countries, declined. Today, less than 10 % of the population works in agriculture
contributing only 11 % to local GIP, but using 80 % of the island’s water resources. Some
of the proposed measures will benefit the community in the long run. The introduction of
grey water systems and rainwater harvesting will provide long term protection of the
island’s scarce water resources. The proposed desalinisation plant has a lifetime of at least
25 years and the sewage treatment plant should operate for at least 30 years. The
strategies proposed provide benefits for all stakeholders on the island.
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The Frogs of the Po River Wetland
Anthi-Dionissia Brouma, Atul H. Haria, Ilaria Principi,
Manuel Sapiano, Thoralf Schlüter and Sarah A. Staunton

Background
On the 8th October 2003 we, the Wetland Watch, called for an informal meeting to
launch our campaign for the frogs of the Po River Wetland. We invited representatives of
the local and regional government, various stakeholders from the agricultural and
industrial sectors as well as people from the Po Delta region. The attendance was high
and during the discussion that followed our presentation, we gathered fruitful feedback
on future action points regarding the frogs, the wetland and the river basin as a whole.
Below is the presentation we prepared for the meeting.

Introduction
We are the Wetland Watch (WW), a national non-governmental organisation dedicated to
the protection of the environment and the wetlands in particular. Our organisation was
founded in 1991 and its members are experts coming from a wide range of disciplinary
backgrounds. Moreover, we regularly co-operate with the Frog Island Consortium, whose
expertise has proven valuable in the case of the Po River Delta. Our organisation believes
strongly in the principles of multi-disciplinarity and subsidiarity; we work closely with
people on a local level and our work is dedicated to the improvement of the relation
between human beings and nature. Our work mainly involves a) raising public awareness
on environmental issues, b) campaigning for the wetland protection and c) carrying out
research projects on biodiversity and environmental sustainability. Our current campaign
involves the protection of the Po River Delta Frogs. We consider the situation to be so
important that we will include this campaign to the permanent activities of our
organisation through a slight modification of our constitution.
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The problem
The Po River is a delicate ecosystem with great variety of biodiversity, both in terms of
fauna and flora. However, the intense socio-economic development of the area
(agriculture, industry and urbanisation) has put significant pressure on the already fragile
balance of the ecosystem. Moreover, the institutional fragmentation with regard to water
management has resulted in a large number of actors being involved without, however,
any clear distribution of responsibilities. This situation was further exaggerated through
the recent three consecutive years of drought that resulted in reduced water quantity and
deteriorated water quality for the river basin as whole. This reality has put the wetland at
risk and the frogs a nearly endangered species.

Water demand by sector
The users of water in the Po River include the agricultural sector, the industry, the
households/tourism and the environment. Due to the recent drought the water
availability has been reduced in all sectors. However, the wetland and the frogs are in a
critical situation and further reduction of the water supply may cause irreversible damage.
Our goal through this campaign is to return the water supply for the environment to the
levels prior to the drought period. In order to do so, it will be essential to re-allocate water
to the different sectors and guarantee that more water is allocated to the environmental
component. As the sectors form part of one entity (the river basin), we cannot see the
situation of the wetland in isolation nor can we advocate in favour of a fragmented water
management approach. Thus, we support the use of a holistic approach through the
Integrated Water Resources Allocation and Management framework.

Measures
The measures we propose for the river basin management are both of general nature as
well as specific to our organisation’s expertise. They involve both quantity and quality. We
will analyse the proposed measures in the short-term (one year) and in the intermediate
term (two-three years).
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River Basin
Quality

Quantity
Short Term

Intermediate
Term

Short Term

Intermediate
Term

Figure 1: River basin management.
Table 1: Quantity measures.

Quantity measures
Short term

Intermediate term

• Public awareness

• Public awareness

• Reduce pressure in the pipes (leakages)

• Water re-use concepts

• Night irrigation

• Certification programmes

• Quotas

• Legal tools (illegal boreholes)

• Reduce domestic usage

• Irrigation techniques

• Sanitation instruments

• Water pricing
• Grey water use
• Reduce leakages in system (domesticagriculture)
• Promote environment friendly technology
(industry)
• Wastewater (industry, domestic)
• Pesticide usage in agriculture
• Legal tools (EU Directive 91/676/EEC)
• Tertiary treatment (where appropriate)

The specific-to-our-expertise measures involve the following:
• "Water frog for a frog" Campaign: It will be a two month campaign during which
we will distribute plastic water frogs to households for use in the toilet so as to
reduce the used amount of water.
• Public awareness: this is our main field since our aim as an NGO is to influence
people on a local level and affect their decision making, which in turn may
influence the official policy making at a higher level. This can be done through:
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• Leaflets and posters that will be distributed in markets and public spaces and will
be given out along with the water frogs.
• The setting of a website, which will be updated on a regular basis.
• Meetings with stakeholders from the private and public sector (similar meetings
like the one we are having tonight).
• School trips (our goal is to contribute to the education of younger generations
through direct involvement with trips and presentation and also through
teachers’ training)
• Festivals and social gatherings during which there will be talks from experts on
the importance of the environment and the wetlands and people can personally
engage in various interactions relating to the environment.
• Cooperation with other green NGOs, academia and environmental institutions in
order to create clusters and networks of actors being concerned with and
working on similar topics. Our activities already include carrying out research
projects on our own or in co-operation with other actors.
• Promote the signing of an agreement with the companies administering the
upstream hydroelectric power dams for the release of extra water in emergency
situations.
The evaluation of the long-term effects of the measures will be done through:
• Measuring the water flow reaching the wetland
• Measuring the quality of water

• Using the density of the frog population as the ecological indicator for the wetland’s
condition

Conclusions
• The wetlands are important ecosystems
• Frogs are a key indicator of ecosystem’s health
• Promote an ecological ethic that will involve the request for more water for the
environment and also the protection of biodiversity and the frog in particular
• Finally, we strongly support the IWRAM approach for the Po river basin as the
most efficient tool for water management.
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NGO campaign to protect the Pingandu Wetlands
Maria Bertaki, Ioannis Chatzidakis, Meritxell Costejà,
Frank Hensel, Reeta Nikkanen and Robert P. Walters

Introduction
This report was written as part of the SUSTAINIS Advanced Study Course “Sustainable
Use of Water on Mediterranean Islands: Conditions, Obstacles and Perspectives”, held at
Aktea Hotel in Agia Napa, Cyprus from September 27th to October 12th 2003. This
group’s second discussion presentation title was ‘NGO campaign to protect the Pingandu
Wetlands’.

Situation overview
Considering a proposed aim to design and campaign for appropriate and effective
adaptation strategies as a useful approach to reducing vulnerability to water scarcity, a
fictitious Mediterranean catchment was presented, to be representative of the physical,
economical and socio-political conditions and major problems related to water use and
management that real coastal areas are typically facing in the Mediterranean basin. Given a
three-year extreme drought situation, resulting in near-depletion of the available surface
reservoirs and with little prospects for improvement during the short to medium term our
team proposed remedial adaptive measures to cope with this situation, from the
perspective of a local environmental NGO.

Description of the catchment area
The main features that characterise the proposed area of study are the following:
• The Arhalia area is located in a coastal zone on Klassos island.
• It is an important area containing the economically significant city of Sudandu.
• It includes the Pingandu wetlands, located on the Rio Pingandu which contains
unique flora and fauna and is a relevant area for bird migration - notably the
Pingandu Woodpecker (Picus pingandulis).
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• The main current users of water are tourism and agriculture, which compete with
each other for available water resources (supplied by the Alio dam/reservoir and
groundwater).

The problem
The vulnerability of the Arhalia area has increased considerably over the last 3 years, as
changes in the physical and socio-economic conditions have led to increased water
scarcity and conflicts among water users. The main problems that characterise the present
situation may be summarised as follows:
• Long periods of severe drought (mean annual precipitation 30 % less than the
100 year mean);
• Increased water consumption and supply conflict between main users
(Agriculture and Tourism);
• Priority demand favouring tourism and agriculture has seen the Wetlands
sidelined in water supply;
• Reduced flows as a result of the drought period are causing wetland degradation
and shrinkage;
• Increased levels of water pollution (agrochemicals and wastewater);
• Governmental policies and subsequent economic activities are placing the
wetlands under stress (construction of new hotels and tourist resorts,
enlargement of irrigated areas);
• Illegal constructions (residential areas) and water extractions (mainly for
irrigation);
• Upscaled (international) problem: bird migration patterns upset and food chain
disruption.

Action strategy and proposed measures
As representatives of the WetWetWet environmental NGO and in order to address this
situation, we propose a short and mid-term strategy, including measures aimed at:
• Promoting sustainable notions of ecotourism
• Increasing water savings
• Increasing the reuse of wastewater
• Protecting the wetland by establishing (urban) planning restrictions
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In the short term our strategy aims to address the following 2 key issues: raising public
awareness, and promoting environmental education.
Raising public awareness
The main aim of this first set of measures is to increase citizen awareness of the need to
protect the Sudandu wetlands, by providing public information about the area via a variety
of sources. Proposed actuations in this regard include:
• Organisation of exhibitions in larger conurbations, illustrating the flora and
fauna (in the capital Sudandu, and other smaller cities). Aside from visual inputs
(posters, photography, prints etc.), visitors will be given leaflets and brochures
containing information both on the natural value of the area and the activities of
WetWetWet NGO.
• Construction of a website highlighting the natural, as well as social and economic
value of the wetlands.
• Invitations for the local press to visit the wetland area and production of a
newsletter publication to be dispersed amongst the resident catchment
population.
• Increasing presence of the NGO at local events.
Environmental education
Whilst informing the general public, special focus will be given to children in order to
prioritise the involvement of new generations in the protection of this special area. Being
the future users of the water resources and those who will assume the protection of the
wetlands, we believe their education on environmental issues to be especially important.
Furthermore, as children are commonly enthusiastic during their interaction with nature,
they are predicted to help spread learnt information both at school and in their homes.
The main aim in this sense would be to impress environmental values and the functions
of the wetlands as natural ecosystems upon children living in the area and the importance
of their conservation. Some proposed related activities are as follows:
• Approach schools in the region in order to coordinate visits for children to the
wetlands.
• Organise a series of talks within schools on the importance and values of the
natural environment of the area (especially for the endangered endemic Picus
pingandulis population).
• The creation, in collaboration with teachers, of a set of learning materials
regarding wetlands, with special focus to the Pingandu wetlands.
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By increasing leisure opportunities within the wetlands to the population at large, it is
anticipated that public awareness of related environmental issues may be further
disseminated. Some such proposed activities include:
• Establishment of bird watching trips.
• Celebration of the World Day of Birds, organising several activities at the local
level as well as international publicity collaboration with trans-national
ornithological bodies.
• Arranging an awareness concert supported by plays, poetry readings and an
interactive arts fair.
In the longer term we propose two major courses of action: The promotion of protective
policy and regulation measures, and the implementation of a Water Demand Management
Plan.
Policy and regulation measures
The main objectives regarding policy and regulation would be twofold. On the one hand,
to increase the involvement of WetWetWet NGO in the decision-making processes and,
on the other hand, to campaign for the support of other political, social, and economic
actors to our campaign for protecting the wetlands.
WetWetWet aims to achieve these objectives by:
• Promoting dialogue and co-operation between competing demand sectors with
various forums;
• Promoting public discussion and citizen participation;
• Increasing participation and influence of the NGO in policy making and
decisions;
• Liaising with European and international bodies focusing on the Picus pingandulis
in order to upscale awareness campaigns to the international level (inclusion of
the Pingandu Wetlands in the RAMSAR Convention and in the Birds Directive);
• Offering environmental monitoring consultancy services to local governments;
• Increase participation of the NGO at regional government level discussion, in
order to promote the following targets:
 Creation of the Pingandu National Park
 Establish urban planning restrictions: moratorium in the construction of
residential areas and tourist resorts
 Increase the wetland protection budget
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 Approve a Management Plan for the establishment of a minimal river flow
to the wetlands > resulting in a more optimal allocation of water resources
between competing demand sectors
 Establishment of an eco-tax in the tourist sector
 Establishment of a pricing system
Water demand management
In order to increase efficiency of water use and reduce the level of conflict among the
main uses (and users) of water in the area, WetWetWet has developed a Water
Management Plan to include:
A. The modernisation of the irrigation systems
• Promoting a shift to more efficient irrigation systems (new technologies
and practices among farmers)
• Promoting a shift to less water demanding crops
• Assessment of the available (surface and groundwater) resources and
assignment of a water quota to each farmer
• Reduce water losses in the distribution system, partly through investment
provided by the proposed eco-tax
• Controls on groundwater extractions and the establishment of a monitoring
system of water quality
• Installing water meters and the establishment of a control system for water
consumption
• Promoting the reuse of waste water for irrigation
• Promoting the storage of rain water for agricultural use
B. Water demand strategy for the tourist sector
• Installation of water meters and establishment of a control system for water
consumption
• Create grey water circles for hotels and housing
• Reduce water losses in the distribution systems (partly funded by the
proposed eco-tax)
• Establishment of an eco-tax
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C. Long-term monitoring of wetland environmental status
• Establishment of criteria regarding the quality of
(agrochemical suspension and salinisation level monitoring)

groundwater

• Periodic controls of groundwater levels (through hydraulic means)
• Biodiversity surveys to map regional flora and fauna over time

Summary
The effectiveness of WetWetWet NGO’s campaign strategy will be illustrated by
achievement of the following: The prevention of further degradation of wetland water
resources and related ecosystems, a reduction in pollution levels (from agrochemicals and
wastewater), increased efficiency in the use of water, the halting of unlawful construction
and water extractions (the protection of water use rights for all users) and the creation and
enforcement of environmentally protective legislation at local and regional government
level for the specific protection of wetlands.

528

Student Group IV: Adaptive strategies to overcome water scarcity problems in Mykonos

Adaptive strategies to overcome water scarcity problems
in Mykonos
Astrid Bischoff, Elias Dimitriou, David C. Kitching
Vasso Monokrousou, Dermot P. O’Regan and Mario P. Pereira

This document is an output from an exercise conducted during the Advanced Study
Course SUSTAINIS - ‘Sustainable Use of Water on Mediterranean Islands: Conditions,
Obstacles and Perspectives’, Cyprus, September/October 2003. SUSTAINIS was
coordinated by the Centre for Environmental Research of the University of Münster and
supported by the Energy, Environment and Sustainable Development Programme of the
European Commission.

Figure 1: Ano Mera, central village on Mykonos (Photo by Astrid Bischoff).

Introduction – The problem
There is a significant water problem on Mykonos Island due to the semi-arid climatic
conditions of the area (av. rainfall ~ 450 mm with a high annual and interannual
variability) that has been intensified by a continuous three year drought. As a result, the
groundwater and surface water storage has fallen below warning levels with the side effect
that on several small coastal groundwater bodies the intrusion of saltwater has occurred
and endangers the quality of the aquifer. As the summer period approaches, immediate
action has to be taken to tackle the water scarcity problem and meet the short-term
demands.
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Further, more stresses are imposed on water availability by the high losses due to natural
conditions (high evaporation, intense relief and erosion) and anthropogenic reasons (old
supply network), while the uneven water demand throughout the year (a five-fold increase
in population in the summer months due to tourism when there is almost no rainfall)
makes sustainable water management a very difficult task. Another important factor that
also impacts on water availability in the island is the low groundwater storage potential
caused by the regional geology which comprises metamorphic and plutonic formations
(mainly granodiorit) that present low infiltration rates. Given the fact that the island’s
economy is based on tourism, the proposed short-term measures should not impact
tourism at a significant level and thus should attempt to cover all the expected water
demands.

The project goal
The goal of the proposed adaptive strategy is to develop measures that will contribute to
overcoming the water scarcity problems on Mykonos in both the short- and long-term.

Figure 2: Mykonos Island.

Location of the study area
Mykonos is a Mediterranean island 150 km southeast of Athens in the Aegean Sea and
part of the Cycladic island group. It has an area of 85km², 81 km of shoreline and a
population of 9,660 permanent inhabitants. The main economic activity in the area is
tourism, providing 94% of the local GDP. Except of the diesel power plant for electricity
production, there is no industry. The agricultural sector is less developed, with mostly
barley, grapes and vegetables being cultivated on the island. The dominant irrigation
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practice is surface irrigation with water abstracted from the relatively small aquifer by
using non-metered wells. The domestic supply depends on two dams (4x106 m3 storage
capacity for both and about 1.2x106 m³/year usable for drinking water after treatment)
and one desalination plant (2,000 m³/d).

Proposed measures
Since there is a necessity to undertake immediate measures to provide adequate water
resources for the forthcoming tourist period, we propose, as short-term measures, to:
• transfer water from Athens to Mykonos by ship, while not an efficient practice,
in terms of financial and sustainability aspects of water management, it will cover
the immediate needs of the island and is the only method for rapidly increasing
water storage without a further deterioration of the island’s aquifer
• promote water-saving measures in the tourism industry by producing leaflets and
informative signs to motivate tourists to decrease water consumption
• introduce temporary quotas among large consumers (hotels) by taking into
account their annual average water consumption during the last 3 years, which
can be also very beneficial for achieving the management objectives. Moreover,
it must be ensured that everybody is following the obligation to only use
seawater for swimming pools
• re-use treated wastewater for agriculture since the local plant incorporates in the
near future tertiary treatment and disinfection processes which make this practice
feasible and safe. This approach will provide significant benefits to the water
saving efforts since agriculture consumes significant amounts of water during the
dry period while the outflow from the wastewater treatment plant is maximised
during the same period
• increase water prices on a stepped pattern by introducing higher rates as
consumption increases. This will have an immediate impact on the behaviour of
the large consumers and will motivate them to apply water-saving measures since
they will undergo a significant financial burden from any water price increase
• monitor and limit agricultural use of groundwater by enforcing the installation of
meters equipment in private boreholes and by assigning quotas to each farmer
according to the extent of his agricultural fields and the actual needs of his
specific crop type. This will decrease significantly the short-term agricultural
water consumption and will pave the way for future measurements regarding
more efficient irrigation practices
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Long-term measures
1. Replace the old water supply network (decrease leakages, increase quality)
2. Prevent water crises by developing IWRM strategy incorporating ‘water
emergency’ scenarios
3. Keep up the ‘stepped’ water pricing system to encourage big hotels to construct
small private desalination plants or grey water reuse systems
4. Subsidise farmers to develop alternative agricultural practices – subsidise the
change of the current irrigation system to more water efficient irrigation
practices such as drip systems with scheduling that promotes night irrigation,
drip irrigation systems, greenhouses, restore terrace and dry land farming etc. (to
policy makers)
5. Expand the existing desalination plant capacity and use RES technology
(wind power plants)
6. Expand the wastewater treatment network for irrigation
7. Produce local press publications, organise informative forums and leaflets to
publiccise water saving methods for the public (re-use grey water for gardening
and toilets, decreasing flushing water in toilets, etc.)
Mykonos Water Authority will implement all the aforementioned measures, in
collaboration with local municipality and stakeholders’ organisations. A participatory
approach will be adopted for the decisions and activities to be undertaken under this
project, in order to achieve the necessary consensus for the efficient application of the
suggested measures.

Advantages of proposed strategies
• Long-term solution to water scarcity problem
• Use of IWRM to take into account all the different management options and
cover all the various demands
• Tackles short-term demands effectively

Evaluation of long-term effects
The evaluation will be carried out and revised periodically for groundwater levels in
several boreholes of the island and the surface water levels in the dams. Groundwater
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abstraction rates and volumes will be monitored and ensured to correspond to the safe
yield of the aquifer. In order to determine a safe yield, further hydrogeological studies to
investigate the exact storage capacity and natural recharge capacity of the groundwater
bodies will be necessary. The system of meteorological data collection will be extended
and the future development of water consumption will be monitored as well as the
measurements of water leakages in the supply network.

Project outputs
• Assessment of the collected data and adoption of indicators for recognising
when droughts or water shortage is about to occur.
• Production of annual reports and publication of a summary in the local press.
• Preparation of a drought mitigation plan.
• Proposal for an integrated water resource management plan, adapted to the
specific variable conditions of Mykonos Island.
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Climatology of the
Mediterranean

Email: pmd@inm.es
jaguijarro@inm.es

E- 07015, Palma de Mallorca
Dr. Iacovos Iacovides
10 Vathis street

Cyprus

CY- 2060 Strovolos, Nicosia

Tel.: +357-22-429988
(residence)
+357-22-429444 (Office)
+357-99-654457 (mobile)

Water resources
management in
Cyprus

Email: iaco@cytanet.com.cy

Mr. Eduard Interwies
Ecologic – Institute for
International and European
Environmental Policy
Pfalzburger Strasse 43/44

Germany
Tel.: +49-30-86880106
FAX: +49-30-86880-100

Water Framework
Directive

Email: interwies@ecologic.de

D -10717 Berlin
Dr. Paul J. Jeffrey
School of Water Sciences
Cranfield University
College Road
Cranfield , Bedfordshire
UK-MK43 0AL
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United Kingdom
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ext. 2014
FAX: +44-1234-751671
Email: p.j.jeffrey@cranfield.ac.uk

Sociology,
Integrated water
management
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Dr. Phoebe Koundouri
School of Business
Department of Economics
University of Reading
PO Box 218
Whiteknights , Reading

United Kingdom

UK-RG6 6AA
Mr. Stefan Kuks
Center for Clean Technology
and Environmental Policy
University of Twente
Postbus 217

Tel.: +44-118-9875123,
ext. 786
FAX: +44-118-9750236

Field of
Expertise
Economics,
Integrated water
management

Email:
p.koundouri@reading.ac.uk

The Netherlands
Tel.: +31-53-4893195
FAX: +31-53-4894850

Water policies in
Europe

Email:
Stefan.Kuks@cstm.utwente.nl

NL-7500 AE, Enschede
Prof. Dr. Manfred A.
Lange
Centre for Environmental
Research
University of Münster
Mendelstraße 11

Germany
Tel.: +49-(0)251-83-38470
FAX: +49-(0)251-83-38467

Global change,
Integrated
assessment

Email:
langema@uni-muenster.de

D-48149 Münster
Dr. John Mangion

Malta

Malta Resources Authority
Water Resources
Directorate
Millenia, Aldo Moro Rd.

Tel.: +356-22955150
FAX: +356-22955200

Hydrology
Email: jmangion@mra.org.mt

Marsa, LQA06
Dr. Maureen Newcomb
8 Roebuck Castle
Clonskeagh
Dublin 14
Antoni Rodríguez Perea
Departament de Ciéncies de la
Terra
Universitat de les Illes Balears
Cra. de Valldemossa
E-07122 Palma de Mallorca

Ireland
Email:
Newcomb@cnr.colostate.edu

Alternative models
of water
management

Spain
Tel. : +971-173162
+971-610600 - 696
969975
FAX: +971-173184
Email: arperea@uib.es

Water use and
tourism

arperea1@hotmail.com
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Dr. Ragab Ragab
Centre for Ecology and
Hydrology Wallingford
Maclean Building
Crowmarsh Gifford
Wallingford, Oxfordshire

United Kingdom
Tel.: +44-(0)1491-692303
FAX: +44-(0)1491-692424

Field of
Expertise
Hydrology,
Hydrological
modelling

Email: rag@ceh.ac.uk

UK-OX10 8BB
Dr. Sabine Rogge
Institute for
Interdisciplinary Cypriote
Studies
University of Münster
Schlaunstr. 2

Germany
Archaeology
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Email: rogges@uni-muenster.de

D-48143 Münster
Mr. Gadi Rosenthal
Kivun - Economic Strategy &
Business Development
Bet Kalka
116 Menachem Begin Road
Tel Aviv
Dr. Anthony Sammut
Malta Resources Authority
Millennia
Aldo Moro Road
Marsa , LQA 06

Tel.: +972-3-5613144
FAX: +972-3-5613127
mobile: +972-50-267746

Resource policies,
Political decision
making in the
Mediterranean

Email: kivun@kivun-2001.co.il,
gani5@netvision.net.il

Malta
Tel.: +356-2295-5163
FAX: +356-2295-5200

Hydrology,
Hydrological field
investigations

Email: anthsam@maltanet.net

David Schweikard
Department of Philosophy
University of Münster
Überwasserstr. 26
D-48143 Münster

Germany

Prof. Dr. Ludwig Siep
Department of Philosophy
University of Münster
Domplatz 23

Germany

D-48143 Münster
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Bioethics
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864158 (priv.)
FAX: +49-(0)251-83-29858
Email: beverfo@uni-muenster.de
(Secretary)
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94 Makarios Av
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Cyprus

Nicosia

Tel.: +357-22-388736
FAX: n.a.
Email: gsoc@cytanet.com.cy

Mrs. Stefania Tonin
Palazzo Querini Stampalia
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Geotechnical Engineering
and Geosciences Department
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Field of
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Water pricing
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Directive
Water and
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conditions

Tel.: +34-93-4010733
FAX: +34-93-4017251

Water use and
tourism

Email: wolf.von.igel@upc.es
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Mr. Dominik Wisser
Institute of Hydrology
Water Management and
Environmental Engineering
Ruhr-University Bochum
D-44780 Bochum
Dr. Elena Xoplaki
Climatology and Meteorology,
Institute of Geography
University of Bern
Hallerstr. 12

Germany
Tel.: +49-234-32-25875
FAX: +49-234-32-05875

EU WaterStrategy
Man Project

Email: Dominik.Wisser@ruhr-unibochum.de

Switzerland
Tel.: +41-31-631-85-45
FAX: +41-31-631-85-11

Climate of the
Mediterranean

Email: xoplaki@giub.unibe.ch

3012 Bern
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Warsaw University
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University of Applied Sciences
Darmstadt
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Cranfield University
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University of London
United Kingdom

Acton Street 18A, Flat 6
London WC1X 9ND
United Kingdom
+44-20-7427-2361
anthidbrouma@yahoo.com
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SUSTAINIS Course Schedule
Saturday, September 27, 2003
19:00 –

Arrival of course participants at Aktea Tourist Village
M. Lange: Welcome, Icebreaker, thereafter Dinner

Sunday, September 28, 2003
07:30 – 08:30
09:00 – 09:30
09:30 – 10:30
10:30 – 11:00
11:00 – 12:30

Seminar room
Seminar room
Seminar room

12:30 – 13:30

Breakfast
M. Lange: Introduction
M. Lange (chair): Student presentations
Coffee/tea break
M. Lange (chair): Student presentations
Lunch

Module 1:
Historical and Cultural Background of Water and Water Use
13:30 – 14:15

Seminar room

14:15 – 15:30

Seminar room

15:30 – 16:00
16:00 – 19:00
19:00 – 20:00
20:00 –

G. Constantinou: Water in the Mediterranean – the
history of a scarce resource throughout the ages
G. Constantinou: The recent history of water
management and its importance for health, well-being
and prosperity for the inhabitants of Mediterranean
islands; thereafter Summary of Module 1
Coffee/tea break
Free/study time
Dinner
Free/study time

Monday, September 29, 2003
07:30 – 08:30

Breakfast

Module 2:
Perspecitves on Equitable, Sustainable and Stakeholder Based Water
Management on Mediterranean Islands
09:00 – 09:45

Seminar room

09:45 – 10:30

Seminar room

10:30 – 11:00
11:00 – 12:30

Seminar room

P. Jeffrey: New conceptual models for understanding the
relationships between social, natural, and technological
processes; the EU-AQUADAPT project
P. Koundouri: Design and implementation of an
integrated water management approach (Part I)
Coffee/tea break
P. Koundouri: Design and implementation of an
integrated water management approach (Part II), and: the
EU-ARID Cluster
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12:30 – 13:30
13:30 – 15:00

Seminar room

15:00 – 15:30
15:30 – 16:15

Seminar room

16:15 – 19:00
19:00 – 20:00
20:00 —

Lunch
P. Jeffrey: Use of information and communication
technology tools to support public participation in water
resources planning/management
Coffee/tea break
M. Lange: Addressing conflicting demands and varying
hydrological, social and economic conditions for a
sustainable water use on Mediterranean islands, the EUMEDIS Project
Free/study time
Dinner
Free/study time

Tuesday, September 30, 2003
07:30 – 08:30
09:00 – 10:00
10:00 – 10:30
10:30 – 11:00

Seminar room
Seminar room

Breakfast
P. Jeffrey: Research design for Integrated Water
Management
Summary of Module 2
Coffee/tea break

Module 3:
Essential Geological and Hydrological Characteristics of Mediterranean Isalnds
11:00 – 12:30

Seminar room

12:30 – 13:30
13:30 – 15:00
15:00 – 15:30
15:30 – 19:00
19:00 – 20:00
20:00 —

J. Mangion: Principal hydrological properties of
groundwater resources and field methods for their
characterisation
Lunch
Free/study time
Coffee/tea break
Free/study time
Dinner
Free/study time

Wednesday, October 1, 2003
07:30 – 08:30

Breakfast

Module 4:
Current and Possible Future Climatic Conditions and their Impacts on the
Hydrological Regime
09:00 – 10:30

Seminar room

10:30 – 11:00
11:00 – 12:30

Seminar room

12:30 – 13:30
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E. Xoplaki: Climate of the Mediterranean; processes and
trends
Coffee/tea break
J. Guijarro: Microclimate of islands of the Mediterranean
and implications for their hydrological regime
Lunch
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13:30 – 15:00

Seminar room

15:00 – 15:30
15:30 – 19:00
19:00 – 20:00
20:00 – 22:30

Seminar room

M. Lange: Global and regional climate modelling and
future scenarios for the Mediterranean climate
Coffee/tea break
Free/study time
Dinner
M. Lange (chair): Discussion Forum I

Thursday, October 2, 2003
07:30 – 08:30
09:00 – 10:30

Seminar room

10:30 – 11:00
11:00 – 11:30
12:00 –

Seminar room

Breakfast
M. Lange: Regional climate impact assessment – basic
concepts and methodologies
Coffee/tea break
Summary of Module 4
Field trip (to Module 3; with M. Farconis and B.
Charalambous), lunch on trip

Friday, October 3, 2003
07:30 – 08:30

Breakfast

Module 5:
Current Patterns of Water Consumption, Major Stakeholders, Existing Conflicts
and Resource Policies
09:00 – 10:30

Seminar room

10:30 – 11:00
11:00 – 12:30

Seminar room

12:30 – 13:30
13:30 – 15:00

Seminar room

15:00 – 15:30
15:30 – 17:00

Seminar room

17:00 – 19:00
19:00 – 20:00

Part I:
Parallel sessions (case studies):
I. Iacovides: The water resources management in Cyprus
A. Sammut: Case study – Malta: Present conditions of
water resources and major patterns of water use in Malta
W. von Igel: Major patterns of water use on Majorca
Coffee/tea break
Part II:
Parallel sessions (case studies):
I. Iacovides: The water resources management in Cyprus
A. Sammut: Case study – Malta: Present conditions of
water resources and major patterns of water use in Malta
W. von Igel: Major patterns of water use on Majorca
=> student presentations of group work results
Lunch
D. Wisser: Common trends of water use in the
Mediterranean, the EU-WaterStrategyMan Project
Coffee/tea break
K. Chartzoulakis: Irrigation scheduling and water quality
for agriculture
Free/study time
Dinner
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20:00 —

Free/study time

Saturday, October 4, 2003
07:30 – 08:30
09:00 – 10:30

10:30 – 11:00
11:00 – 12:30
12:30 – 13:30
13:30 – 15:00
15:00 – 15:30
15:30 – 17:00

Seminar room

Seminar room
Seminar room

Seminar room

17:00 – 19:00
19:00 – 20:00
20:00 —

Breakfast
C. Constantinou: Threat of deteriorating water quality
through the application of agrochemicals and waste water
practices
Coffee/tea break
W. von Igel: Water and tourism on Mediterranean islands
Lunch
R. Ragab: Conflicts of water use in the Mediterranean
region
Coffee/tea break
R. Ragab: Modelling tools at different scales and
examples of applications and methods of groundwater
modelling (to Module 3)
Free/study time
Dinner
Free/study time

Sunday, October 5, 2003
07:30 – 08:30
09:00 – 10:30
10:30 – 11:00
11:00 – 12:30
12:30 – 13:30
13:30 – 15:00
15:00 – 15:30
15:30 – 19:00
19:00 – 20:00

Breakfast
Free/Study time
Coffee/tea break
Free/Study time
Lunch
Free/Study time
Coffee/tea break
Free/study time
Dinner

20:00 —

Free/study time

Monday, October 6, 2003
07:30 – 08:30
09:00 – 10:30

Seminar room

10:30 – 11:00
11:00 – 12:30

Seminar room

12:30 – 13:30
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Breakfast
G. Rosenthal: Basic resource policies and the patterns of
political decision making on Mediterranean islands –
Lessons from the Israeli Experience
Coffee/tea break
L. Siep: Basic concepts of environmental ethics and
environmental philosophy (to Module 1)
Lunch
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Module 6:
Innovative Technologies Aimed at Rational Water Management Practices
13:30 – 14:45

Seminar room

K. Chartzoulakis: Innovative irrigation practices in arid
regions
Coffee/tea break
Summary of Module 5
Free/study time
Dinner
Free/study time

14:45 – 15:15
15:15 – 16:00
16:00 – 19:00
19:00 – 20:00
20:00 -

Tuesday, October 7, 2003
07:30 – 08:30
09:00 – 10:30

Seminar room

10:30 – 11:00

Breakfast
M. Newcomb: Water recycling and reuse: Domestic and
agricultural; thereafter Summary of Module 6
Coffee/tea break

Module 7:
Socio-Economic and Administrative Conditions of Water Use on Mediterranean
Islands
11:00 – 12:30
12:30 – 13:30
13:30 – 15:00
15:00 – 15:30
15:30 – 19:00
19:00 – 20:00
20:00 – 22:30

Seminar room

Seminar room

Seminar room

N. Becker: Estimating the value of water in its different
uses
Lunch
N. Becker: Cost benefit analysis of water projects
Coffee/tea break
Free/study time
Dinner
M. Lange (chair): Discussion Forum II

Wednesday, October 8, 2003
07:30 – 08:30
09:00 – 10:30

Seminar room

10:30 – 11:00
11:00 – 12:30

Seminar room

12:30 – 13:30
13:30 – 17:00

17:00 – 19:00
19:00 – 20:00

Seminar room &
outside

Breakfast
S. Rogge: Water supply in antiquity in the Mediterranean
world (to Module 1)
Coffee/tea break
M. Newcomb: Water consumption, public awareness and
alternative models of water management; thereafter
Summary of Module 7
Lunch
F. Bosch: Principal geological/geophysical properties of
groundwater resources and field methods for their
characterisation incl. demonstrations (to Module 3)
Free/study time
Dinner
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20:00 —

Free/study time

Thursday, October 9, 2003
07:00 – 08:00
08:30 —

Breakfast
Field trip (with G. Constantinou), lunch on trip
Friday, October 10, 2003

07:30 – 08:30

Breakfast

Module 8:
Political Options, Initiatives, Conditions for Sustainable Water Management
Specifically in the Context of the EU-Water Framework Direction
09:00 – 10:30

Seminar room

H. Bressers: Water management in the Netherlands and
Europe
Coffee/tea break

Seminar room

G. Socratous: Water pricing policy in Cyprus and the
implications due to the WFD

10:30 – 11:00
11:00 – 12:30
12:30 – 13:30
13:30 – 15:00

Seminar room

15:00 – 19:00
19:00 – 20:00
20:00 – 22:30

Lunch
E. Interwies: Integrating Economic approaches in IRBM
in Mediterranean countries: what does the WFD teach
us?; thereafter Summary of Module 8
Free/study time
Dinner
M. Lange (chair): Discussion Forum III

Saturday, October 11, 2003
07:30 – 08:30
09:00 – 10:30
10:30 – 11:00
11:00 – 12:30
12:30 – 13:30
13:30 – 15:00
15:00 – 15:30
15:30 – 19:00
19:00 – 20:00
20:00 —

Seminar room
Seminar room
Seminar room

Breakfast
M. Lange (chair): Student presentations
Coffee/tea break
M. Lange (chair): Student presentations
Lunch
M. Lange (chair): Final plenary
Coffee/tea break
Free/study time
Dinner
Free/study time

Sunday, October 12, 2003
07:30 – 08:30
09:00 —
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Breakfast
Departure of participants from Aktea Tourist Village
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Module 4
Current and Possible Future Climatic Conditions and their Impacts
on the Hydrological Regime

Supplementary article
Regional climate impact assessment: Basic concepts and methodologies
Manfred A. Lange
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Manfred A. Lange: Regional climate impact assessment: Basic concepts and methodologies

Regional climate impact assessment:
Basic concepts and methodologies1
Manfred A. Lange
Institute for Geophysics and Centre for Environmental Research, University of Münster,
D-48149 Münster, Germany.
Email: langema@uni-muenster.de

Introduction and background
Recognizing and accepting that the fate of our globe may be significantly influenced by
human activities has introduced a new dimension to the study of the global Earth system
and its perpetual changes. The exploitation of natural resources has been identified as one
of the basic mechanisms of human interference. Natural resource utilization, which
served as the main prerequisite for the rapid economic and technological development
known as the ‘industrial revolution’ in the course of the last 150 years has taken on a
dimension that threatens the well being or very existence of natural ecosystems and
individual species. The burning of fossil fuels has led to changes in the composition of
the Earth’s atmosphere, which may cause significant changes in global climate. While
climate change is nothing new in the context of Earth evolution, the expected and already
observed rate of change is, however, unprecedented in the Earth’s history (Figure 1). The
starting correspondence between temperature change, the emission of carbon as a major
precursor for CO2 from fossil fuel utilisation as well as other industrial sources and the
atmospheric concentrations of greenhouse gases over the last 1000 years has supported
the hypothesis that human actions are indeed a major cause for the observed change in
climate (Figure 1). A growing awareness of these issues, which have become known as
global change2 has raised concern among scientists, various non governmental
organizations, the private sector and the general public.
Political initiatives and processes
More recently, these issues have entered the international political arena and are now the
subject of high level political consultation and negotiation. While the ultimate success of
This contribution is partly based on earlier published papers (Lange 2000, 2001).
The terms global change and climate change will mostly be used synonymously; however, global changes
do not only include climate variations, but also encompass other variations in global characteristics such as
changes in the stratospheric ozone layer, the change (reduction) in biological diversity, large-scale
pollution events and the over-exploitation of natural resources.

1
2
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international political initiatives might be arguable, conferences such as the Earth Summit
in Rio de Janeiro, Brazil in 1992 (i.e., the United Nations Conference on Environment and
Development; UNCED) and its follow-on conference on Sustainable Development in
Johannesburg, South Africa in 2002, or the process of negotiations related to the United
Nations Framework Convention on Climate Change (UNFCCC), which resulted from the
UNCED attest to the recognition of global changes by world leaders.

Figure 1: Observed deviations in global mean annual temperatures from the 1961 to 1990 average for the last
140 years (a, left) and the last 1000 years (for the northern hemisphere; b, left); data have been
obtained from direct measurements or from ice cores and historical records (after Houghton et al.,
2001); global emissions of carbon from the utilisation of fossil fuels and other sources for the last
250 years (source: CDIAC; upper right); atmospheric concentrations of major greenhouse gases from
various proxy records and direct measurements for the last few decades (lower right) for the last
1000 years (after Houghton et al. 2001).
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When considering possible reactions to anthropogenic climate change, there are basically
two major strategies to adopt (Figure 2). As of now, the main emphasis of possible
actions that address the problem of global change has been on mitigation measures3 such
as the UNFCCC (e.g., Cohen 1997c). By setting out to stabilize atmospheric greenhouse
gas concentrations (carbon dioxide in particular) at a level that does not present “harmful
anthropogenic interference” to the atmosphere (UN 1992), the UNFCCC, which is now
part of international law, commits more than 150 nations to emission reduction targets
for the next 15 to 20 years.

Figure 2: Schematic depiction of principal responses to climate change (after McCarthy et al. 2001).

However, the question related to the possible management of and defence against adverse
effects of climate changes, i.e., the issue of (possibly pro-active) planned adaptation4 has
in the recent past not been dealt with appropriately (e.g., Cohen 1997c), though this is
currently undergoing changes. In addition, the UNFCCC is only gradually gaining
acceptance and momentum and current estimates indicate that most countries will not
reach their emission reduction targets as set out by the UNFCCC process (International
The term mitigation refers to actions that deal with and aim to minimize the causes of global changes
(Parry/Carter 1998).
4 The term adaptation refers to responses to the effects or impacts of global changes aimed to reduce the
vulnerability of a system to these changes (Parry/Carter 1998); autonomous adaptations, which are an
intrinsic property of an exposure unit (see below) to changed external conditions have to be distinguished
from planned adaptation, i.e., actions specifically designed to reduce adverse effects of climate change
impacts and to avoid positive feedback to ongoing change.
3
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Energy Agency (IEA) 1995). In fact, recent developments (specifically the withdrawal of
the United States of America from the UNFCCC-process) have enhanced doubts as to
the prospects of reaching the desired emission reduction targets in the foreseeable future.
Global changes and integrated assessments
A possible explanation for the reluctance to adopt the UNFCCC targets and to
implement appropriate measures to do so by the signatories may lie in a lack of broad
public acceptance of the need for and the usefulness of such reductions. Emission
reductions are instead often perceived as threatening economic progress and prosperity.
While there is a general awareness of and concern for global warming, there is
nonetheless a limited willingness to submit the sacrifices in order to better cope with
climate change (Bord et al. 1998). This may be due to the fact that the understanding of
and information about concrete consequences of global changes within a geographical
framework that is appropriate to the general public and to decision making (i.e.,
information on the local to regional level and not the global averages that are usually
publicized) is still largely lacking. These observations strongly suggest that there is a need
for addressing global changes on a regional level. This need is also evident, when
considering the distinctly non-uniform manifestation of global changes which imply that
the impacts of these changes will similarly have a distinctly regional character. The
International Geosphere-Biosphere Programme has addressed this concern early on and
has provided a rationale for a regional emphasis of global change research by stating that
(Eddy et al. 1991): "First, the research needed to develop a global perspective demands
that regional differences in characteristics such as biogeography and climate be taken into
consideration. Second, the goal of a practical predictive capability for global
environmental change makes it necessary that this capacity be developed for distinct subcontinental regions. Global change predictions will be of greatest value to decision makers
on a regional basis, and if scientists from throughout the region are involved from the
start in the processes through which change is generated." More recently, the United
States Global Change Research Program identified three major challenges to be addressed
within the next decade (USGCRP 1998). They comprise to a) develop regional-scale
estimates of the timing and magnitude of climate change, b) advance regional analyses of
the environmental and socio-economic consequences of climate change in the context of
other stresses, and c) conduct integrated assessments of the environmental and societal
implications of climate change. Thus, the emphasis of global change research, which
traditionally was focused on global-scale aspects of climate change is now shifting towards
regional and local implications of these changes (Shackley/Wynne 1995; Yarnal 1998).
Moreover, there is not only a shift in spatial scales that needs to be addressed by global
change research. Assessing the consequences of global changes comprehensively requires
an approach that goes beyond the mere biophysical aspects. Such an assessment needs to
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adopt a more holistic approach that also includes socio-economic and societal
consequences of global change that are either directly caused by these changes or come
about through the dependence of societal processes on natural resources and processes.
Furthermore, investigations of this –interdisciplinary– nature provide information and
guidance to the policy process. Research activities that comply with this requirement have
been called integrated assessment of climate change (e.g., Weyant et al. 1996) or
simply integrated assessment (abbreviated as IA). Similar investigations, however
carried out on a regional scale are known as integrated regional impact studies (in the
following abbreviated as IRIS, see below).
In addition, a given region is usually not only subject to prospective climate changes, but
is subject to additional stresses, such as large scale pollution and the over-exploitation of
natural resources (i.e., to global changes in the stricter sense; c.f. footnote 2). The
combined or cumulative effects of multi-stressors on an environmental system are
currently not fully understood. However, it is likely that the consequences of various
stresses on a particular ecosystem or region, i.e., cumulative impacts of various changes
will be more severe than those caused by a single stressor. Similarly, cumulative effects
will also be seen in the socio-economic sectors that are related to or dependent on the
natural resources of a given region. Therefore, within an IA or an IRIS, possible multistressor cumulative effects on the environmental and the socio-economic level should be
taken into account.
In the following, I will address integrated assessments, first from a methodological point
of view including integrated assessment modelling. This will be followed by a more
detailed look at regional climate change impacts and their assessments.

Integrated assessments: General background
This chapter introduces some of the methods employed in the assessments of global (as
well as regional, but see below) climatic change. More details can be found in reviews on
various of the subjects considered here and in descriptions of completed investigations
(see, e.g., Dowlatabadi/Morgan 1993; Carter et al. 1994; Cohen 1995,1997a; Weyant et al.
1996; Janssen 1998; Parry/Carter 1998; Yarnal 1998).
As a point of departure, global change poses a number of problems that are intrinsically
uncertain with regard to their impacts on natural or societal systems (the latter are usually
called ‘exposure units’ in the context of integrated assessments; see footnote 6 below). To
tackle these problems, specific tools have to be developed that allow a prioritisation of
policy options as well as of research activities in order to better understand and evaluate
the numerous intangibles and missing links of knowledge (Janssen 1998). Integrated
assessment can be considered such a tool. It comprises the process of combining,
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interpreting, integrating and of informing about and communicating knowledge. This
process involves various stakeholders5 such as scientists, non-governmental organizations,
private enterprises and the interested public at large.
Integrated assessment therefore provides a conceptual framework that enables the
integration of knowledge from a wide variety of disciplines and sources and strives to
reach the following goals (Weyant et al. 1996):
• a comprehensive and coordinated exploration of future projections of human
and natural systems in light of climate change;
• the provision of information and background to key questions of policy
formulation;
• a specification of priorities on research needed to enhance the ability to specify
robust policy options.
Integrated assessments of climate change represent a fairly well established research field.
First assessment studies were already carried out in the 1970s and 1980s. However, at that
time, their conceptualisation was ill-defined and such studies were therefore not widely
accepted (Rotmans/van Asselt 1996; Weyant et al. 1996). With climate change more
recently gaining increasing attention and importance, the scope and objectives of IA have
been formulated more precisely. Rotmans and van Asselt (1996) describe a framework for
IA that is rooted in a cyclical, iterative process that involves participation and
consensus building among scientific, political and societal stakeholders (Yarnal 1998). Reemphasising the already outlined characteristics of an IA, they can be summarized by the
following requirements:
• multi- or interdisciplinary approach,
• the attempt to address multiple stressors and their cumulative impacts and
• striving to derive information that assists in policy and decision making, rather
than in the sole advance of knowledge for its intrinsic value (c.f., Weyant et al.
1996; Yarnal 1998).
In the following, a brief account of the methodological development of IA will be given,
including the IPCC approach and integrated assessment modelling before turning to the
issue of regional integrated impact studies.

Stakeholders are institutions or individuals who have a professional, business or personal interest in the
fate of a locale or region.

5
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Integrated assessment: Methodology
Basic concepts and brief account on the development of methodologies
First attempts to specify the consequences of climate change viewed the problem as a
‘one-way process’, i.e., the change in climate is considered to cause changes on the socalled exposure unit6, which lead to particular impacts in this unit (Figure 3, A), e.g., a
change in crop yield, a decline in forest growth or the like (Parry/Carter 1998). This
approach was subsequently replaced by considering not only climate as the primary
stressor but also other factors and processes, which might be related to economic and
political constraints that the exposure unit will be exposed to (Figure 3, B). The emphasis
on interactions between climate and human activities in considering impacts relates to the
already mentioned need to consider multi-stressor conditions in IAs.

Figure 3: Schematic representation of three different approaches to assess the impacts of climate change (after
Parry/Carter 1998).

The following step in the development of IA (Figure 3, C) was a consideration of
different levels of interaction (Parry/Carter 1998), i.e.,

An exposure unit may be a particular economic sector (e.g., agriculture, forestry, fishing, etc.), or several
sectors separately or interactively, or be non-sectoral in character, e.g., an ecosystem a distinct regional
unit or a particular part of a population (Parry/Carter 1998).
6
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• a first order interaction, which included direct effects of climate change on, e.g.,
components of the ecosystem or a particular physical property of the system,
such as the melting of sea ice or the change in the sub-surface water table etc.;
• a second order interaction, which operates on the local or enterprise level, e.g., a
fish processing plant or a forestry company that depend on the availability of
natural resources and
• a third order interaction, which takes place at the regional or national level, e.g.,
the national economic development and the associated variation in the labour
market, or the migration of parts of the work force between different countries
as a consequence of changes in a particular economic sector that is prone to
climate change impacts.
In order to achieve a more comprehensive view of climate change impacts, the relations
and feedback within each of the interaction levels mentioned above was introduced in yet
another step of the methodological development (Parry/Carter 1998). Furthermore,
adjustments to first and second order interactions as well as the policy response at various
spatial levels were included. In addition to climate variation, other forcing functions are
allowed to be applied to the exposure units (Figure 4).

Figure 4: Schematic depiction of an interactive approach to the assessment of climate change with ordered
interactions, interactions at each level (grey boxes; similar to interactions as depicted in Figure 3B),
adjustments and social and physical feedback according to IIASA/UNEP (after Parry/Carter
1998).
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The IPCC approach
In attempting to systematize and standardize IA, the IPCC in its Impacts Working Group
has developed a methodology which builds on a seven step approach (Carter et al. 1996;
Carter et al. 1994; Carter et al., 1992; Parry/Carter 1998). Figure 5 depicts these steps and
their interrelationships, each of which is briefly characterized below (for more details, see
Parry/Carter 1998).

Figure 5: Basic steps in climate impact assessment (after Carter et al. 1992; Parry/Carter 1998).

1. Define Problem: This step comprises an outline of the goals of the assessment, the
definition of the problem to be addressed including the specification of the exposure
units, the spatial and temporal scales, the data needs and the overall context of the
investigation.
2. Selection of the method: Next, the appropriate methods for the impact assessment will
have to be selected. There are a variety of methods that may be employed including
qualitative descriptive studies, diagnostic as well as semi-quantitative assessments and
quantitative and prognostic analyses. An IA may include elements of one or more of
these methods.
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3. Test method/sensitivity: In this step, the methods are thoroughly tested as to their
robustness and reliability. This represents one of the most critical steps within an IA.
Within this step, three basic classes of activities may be carried out: a) feasibility
studies, i.e., case studies on a subset of the study region in order to demonstrate that
the model is appropriate and to validate model performance and accuracy; b) the
collection of data and their compilation, i.e., the gathering of past and current data and
information that describe climate change patterns and their impact as boundary
conditions and for model validation; c) model testing, i.e., rigorous testing of the
model’s performance and credibility through either validation or sensitivity analyses.
4. Select scenarios7: Performing an IA comprises the determination of differences between
a development that takes place in the absence (future baseline scenario) or presence
(climate change scenario) of climatic change (in the following also called scenario A
and B, respectively). A basic prerequisite for these scenarios is the specification of the
current baseline, i.e., of reference scenarios for present climatological, environmental
and socio-economic conditions. This also involves the determination of the region’s
current vulnerability8 to climatic changes, which will be a key to determine the future
vulnerability under changing climatic conditions. In order to carry out the IA, the time
frame for the assessment has to be selected. The selection will depend on the limit of
predictability for climate change, the compatibility of climate, environmental and
socio-economic projections and on the choice of either considering continuous or
discrete points in time for the assessment. In order to derive scenario A, projections
of environmental and socio-economic developments (in the absence of climatic
change) have to be determined. This activity will critically depend on the current
baseline scenarios. To carry out scenario B requires the provision of climate scenarios
for the time frame selected. With regard to climate scenarios a number of methods
have been developed; they include historical records, paleo-climate analogues,
arbitrary adjustments and the application of global climate models (GCMs).
Environmental changes considered for scenario B should be similar to those for
scenario A. The last component of this step to be accounted for are projections of
socio-economic development for scenario B. They are derived from changes in
environmental conditions, which are caused solely by climatic changes, which are used
in economic models.
5. Assess biophysical impacts and socio-economic impacts of climate change: In this step, the impacts
of climatic change are being determined. This is done by determining the differences
in environmental and socio-economic changes between scenario A and B of the
previous step.
A scenario is a coherent internally consistent and plausible description of a possible future state of the
world or a smaller geographical unit (Parry/Carter 1998).
8 The term vulnerability refers to the extent to which climate change may damage or harm a particular
system; vulnerability depends on both, the system’s sensitivity to a change of a particular parameter and to
its ability to adapt to the new (climatic) condition (Scheraga/Grambsch 1998).
7
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6. Evaluate autonomous adjustment/adaptation: During this step, adjustment options
addressing the impacts on the environmental and socio-economic level are being
evaluated. Two major response strategies are usually considered: mitigation and
adaptation (see footnotes 3 and 4 and Figure 2).
7. Consider adaptation options/strategies: This step involves the assessment of various policy
options aimed at defining planned adaptation to and mitigation of climatic change and
its impacts.
While each of the steps in this assessment (c.f., Figure 5) warrants a paper on its own, this
lies clearly beyond the scope of this contribution and the reader is referred to the more
extensive literature mentioned before.
Integrated assessment modelling
The construction of global models for an IA that include the treatment of atmospheric,
hydrographical/oceanographic and biospheric processes and linkages remains a major
challenge, despite significant progress made (see, e.g., Fisher 1988; Cubasch et al. 1992;
Krapivin 1993). An alternative strategy used to pursue a more holistic modelling approach
to global processes has been to construct reduced models that treat each particular
‘compartment’ of the global system separately. Such models are small enough to be
comprehensible, mathematically/numerically more feasible and readily linked to one
another (Janssen 1998). To reduce the complexity even further, so-called meta-models
have been developed, which usually represent simplified, condensed versions of more
complicated detailed models (expert-models, see below) that address a particular issue or
process. Meta-models are designed to provide similar behaviour and information as
expert models. An important prerequisite for adequately employing meta-models is that
they be tested, verified, calibrated and validated thoroughly against expert-models and
observational data. Interlinking a variety of meta-models requires the specification of a
single conceptual framework, which enables harmonization with respect to the
aggregation level selected and to spatial and temporal scales.
The undertaking of such an exercise, i.e., to describe quantitatively the functioning of
cause-effect-relationships within a particular part of an overall system (e.g., a particular
ecosystem within the biosphere or a certain economic sector within a national economy)
through meta- or expert models and to quantify the interrelationships and dependencies
between these parts has been called Integrated Assessment Modelling (IAM). To
construct and carry out an IAM represents a significant challenge, which requires a
balance between simplicity and complexity, aggregation and realistic prognosis, stochastic
and deterministic elements, qualitative and quantitative linkages and between transparency
and uncertainty (Janssen 1998; Rotmans/Dowlatabadi 1998).
First attempts to build IAMs go back to the work of the Club of Rome (Meadows et al.
1972; Meadows et al. 1974). These models proved useful more for their qualitative results
and projections than for any quantitative prediction. Despite their significant public
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attention, these studies were criticized for their apparent incompleteness and the lack of
validation of their results and were never fully accepted by the scientific community
(Janssen 1998).
In the eighties, the public and political emphasis shifted towards the problem of pollution,
specifically the issue of acid rain and the so-called Waldsterben. This led to the
development of integrated assessment models that focussed more specifically on these
problems. The RAINS model (Alcamo et al. 1990) was aimed at the problem of acid rain
in Europe and was considered successful and useful. With the topic of global change
gaining importance in the early nineties, a new strand of models developed, the most
important of which are the IMAGE model (Alcamo/Image Project. 1994; Rotmans
1990), the DICE model (Nordhaus 1992), the PAGE model (Hope et al. 1993) and the
ICAM (Dowlatabadi/Morgan 1993). The IMAGE model (Figure 6), which aims at
exploring the consequences of mitigation measures (i.e., greenhouse gas emission
reductions) on the global economy has been widely used in the IPCC process and for
support in policy decision making.

Figure 6: Schematic depiction of major elements of, their mutual interactions and the results to be obtained by
the IMAGE 2 IAM; as can be seen, the initial input variables are replaced by the model results,
thus giving rise to an iterative approach in IAM (for more details, see Alcamo/Image Project 1994).
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Another class of models considered the relationship between the ecological and economic
development on a regional scale (see also below), examples of which are ISLAND
(Engelen et al. 1995), QUEST (Biggs et al. 1996), Threshold 21 (Millenium Institute
1996), and Lakeland (de Greef/de Vries 1991). A more extensive review of these models
(as well as their full names) can be found in Janssen (1998).

Integrated regional impact studies
Basic concepts and rationale
Because IAMs are set up on a global scale, they will require a significant degree of
aggregation (Cohen 1997b). Consequently some of the local to regional scale
environmental or socio-economic processes that are relevant in the context of the
questions above will have to be neglected by an IAM. Therefore, in addition to IAMs
there has been an attempt to develop regional integrated impact assessments or studies
(IRISs) that can address these smaller scale issues more appropriately (see below).
Furthermore, IRISs may be an important complement to IAMs by providing the modeller
with a better foundation for aggregation assumptions that are necessary in the global scale
modelling context (Cohen 1997b). Moreover, understanding the regional implications of
climate change is of particular importance because it is at the regional and local scale that
climate change mitigation, such as the UNFCCC or other initiatives must be implemented
and practiced and that human impacts will be felt (Yarnal 1998).
In addition, as outlined before, stakeholders are usually less concerned with global issues
and problems. What people need or want to know is how global or climate change will
affect their daily lives. In that context, questions such as:
• Will global changes be good or bad for us (will there be ‘winners’ or ‘loosers’)?
• Should we do something about global change (should we engage in mitigation
measures)?
• What are the costs if nothing is being done?
are frequently asked.
When considering the problem in some more detail, more specific issues are raised such as:
• Do the decisions that are being made today take into account the possible
impacts of global change and will they lead to reduced vulnerabilities rather than
increased vulnerability?
• Will the approaches that are used to adapt to the current climate still be workable
in the future, or will new approaches be necessary to adapt to changes beyond
the historical experience?
• Will the rate of changing climate allow enough time for adaptation?
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• Can proactive adaptation reduce the costs that may be encored by the impact of
global changes?
Clearly, answers to these questions require detailed and comprehensive investigations that
can only be addressed on the smaller scale of a regional study.
In many respects, IRISs can be considered the local to regional equivalent of IAs or even
IAMs (Yarnal 1998). Similar to IAs, they represent an interdisciplinary, iterative process
that involves scientific, policy, private sector and societal stakeholders. The major aim of
an IRIS lies in providing insight into the ways that locales or regions contribute to or are
affected by climate change. This insight will serve rational and more solidly founded
decision making with regard to possible mitigation and adaptation measures. Ultimately,
the goal of an IRIS lies in characterizing future social, cultural and economical conditions
and in charting a course that will lead to the sustainable development of a region.
Since IRISs operate desirably on a smaller scale than IAMs, they also require scenarios of
climatic, environmental and socio-economic development on the regional scale. While
information on the latter two issues might be more readily available on such a scale, the
provision of regional climate scenarios represents a particular challenge.
As mentioned above, there are various possibilities to derive future climate scenarios.
More specifically, there are three methods that are being widely used (Carter et al. 1994;
Parry/Carter 1998):
1) Synthetic scenarios, in which climate is changed by an arbitrary but realistic
amount or range.
2) Analogue scenarios, which are based on recorded climate variables in a region,
which are used to derive projections of future climatic conditions.
3) Global climate models, which are probably the most widely used source of
information on future climate (c.f., the chapter by M. A. Lange on “Global and
regional climate modelling: Basic methodologies, limitations and some results”
by M.A. Lange in this book). GCMs consist of physically based numerical
representations of the global climate system that are derived from the field of
numerical weather forecasting. Two basic types of GCMs are distinguished:
a) the equilibrium-response scenarios, which use a doubling of atmospheric
carbon dioxide (‘2xCO2 models’) relative to a reference scenario, which
assumes present or pre-industrial CO2 concentrations. Because these models
do not take into account a dynamic ocean and because CO2 will not double
instantaneously in reality, these models are physically unrealistic. However,
because they are relatively easily to run, they have been used in the past.
b) the transient-model scenarios, which take into account an annual realistic
increase in CO2, e.g., 1% as (cf., Figure 1). These models are usually coupled
atmosphere-ocean models, i.e., they consider an active ocean and exchange
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processes between the atmosphere and the ocean. While they probably
provide much better information, they are expensive to run and therefore
require considerable resources.
However, for IRISs, the spatial resolution of GCMs are far too large (the typical grid size9
of a GCM lies at tens to hundreds of kilometres). Because of this misfit in spatial scales
between a GCM and an IRIS, but also because of the desire to parameterise many of the
smaller scale physical processes relevant, there is a need for regional analogues for a
GCM. There are basically two ways to achieve that goal:
1) One technique are so-called empirical or statistical downscaling experiments,
which relate present high-resolution meteorological surface data to observed
atmospheric conditions. These relationships are then used to project GCMbased future climate to regional climatic details at a resolution determined by the
present density of weather observation networks (Hewitson/Crane 1997;
Rummukainen 1997; Yarnal 1998).
2) Numerical downscaling, also called regional climate models (RCMs) that nest a
higher resolution regional scale model in a GCM (Giorgi/Mearns 1991), thus
yielding a much better spatial resolution for the climate scenario. Current
attempts to apply RCMs in the Arctic have reached spatial resolutions below
20 km (Christensen et al. 1998; Lynch et al. 1995; Rummukainen et al. 1998).
There is one important caveat that has to be remembered when deriving regional climate
scenarios. They will only be as good as the GCMs they are derived from in both
statistical/dynamical downscaling as well as in RCMs. Any inaccuracies that are intrinsic
to a GCM will be translated to the RCM or the downscaling experiment, since the GCM
provides the initial and boundary conditions for both analyses (Jenkins/Barron 1997).
Furthermore, in the case of empirical downscaling, it is assumed that the relationship
between surface meteorology and atmospheric parameters remains constant in time, an
assumption that may prove false under changing climatic conditions.
In light of these arguments, regional climate scenarios and the IRISs derived from them
should be considered with caution. It may prove more appropriate in some cases to
choose a synthetic or analogue scenario instead of an RCM or an empirical downscaling
scenario, as the former might provide a better representation of the range of climatic
states and possible extreme events which are of particular importance in an IRIS (Yarnal
1998).

The term grid size refers to the spatial dimensions within the numerical scheme of a GCM, which is used
for the computations.

9
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On the other hand, IRISs may provide valuable insights into and possible indications for
shortcomings of the RCM utilised in the regional assessment. Thus, the relationship
between RCMs and IRISs should not only be viewed as a ‘one-way-street’ but rather as a
way to harness significant mutual benefits (see, e.g., Lange 1999)
So far, IRISs in contrast to IAs have only partly employed formal mathematical modelling
(Yarnal 1998). Examples that illustrate the use of modelling include the economic models
that were developed for the MINK project (Rosenberg 1993) and the MBIS (Cohen
1997a). Instead, the main approach in an IRIS has been to conduct or to rely on various
discipline oriented studies related to a particular aspect of the assessment and to pursue
integration of the results in an interdisciplinary research team. However, in so doing,
these multiple studies can be synthesized into single end-to-end assessments of the
region’s contribution to and response to climate change. This research strategy promotes
and enables detailed disciplinary and interdisciplinary knowledge, which is hard to gain in
larger-scale integrated assessments (Yarnal 1998). However, it requires particular attention
to the issue of integration of the various results, which will be dealt with in the next
section.
Integration and the role of the stakeholders10
Before turning to quantitative methodologies to be employed in an IRIS, we will briefly
consider another important general issue. An essential part of an IRIS is comprised by the
integration and synthesis of particular, mostly disciplinary studies that collectively make
up a regional assessment. Traditionally, the quantification and integration of regional
integrated assessments has been pursued primarily through numerical models (see below).
However, there are several other means of pursuing integration (for an overview on
current integration practices, see Cohen 1997b). They include:
• analogue scenarios, i.e., assessments of past and current climate processes and
responses as a means of projecting future development by analogy;
• education, i.e., the collection of research results into a comparative framework
that is based on a common protocol, including common climate scenarios;
• economic models, i.e., cost-benefit analyses or input-output models as well as
other tools that focus on monetary aspects;
• decision support models, i.e., mathematical models that describe the
performance of systems when constrained by multiple objectives;
• integrated assessment models (see above);

While this section is somewhat ‘biased’ towards conditions and characteristics of northern communities,
the conclusions drawn are equally applicable to other situations such as those considered throughout this
book, i.e., the Mediterranean Basin and its islands.
10
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• testing of management and policy instruments, i.e., an assessment of the
performance of various instruments used to manage resources such as harvest
quotas, water allocation, forestry limitations, etc.
Aside from formal mathematical/economical models, there are a number of nonmodelling exercises that can be employed. Furthermore, in order to derive a more holistic
view of integrated assessments of climate change, various modelling and non-modelling
activities may be pursued in combination or consultation with local or regional
stakeholders. In that context, a scientist-stakeholder collaborative (for more details,
see Cohen 1997b) may be utilized to carry out integration exercises.
Expert judgement plays a particular role in such a collaborative. It is built on the
experience and knowledge of various experts, including stakeholders about the past
behaviour of a region undergoing climate change. It depends on the subjective views and
opinions which may not always be transparent and reproducible. A particular class of
stakeholders is represented by indigenous or native residents within a region. They may
contribute significantly to the integration as their expertise is derived from cultural beliefs
and traditions that are beyond the scientific approach, yet may provide unique insight and
information about a region (Cohen 1997b).
The involvement of stakeholders in regional climate impact assessment is also warranted
based on another important consideration. Response strategies addressing global changes
do not grow out of isolated studies and considerations. They have to be seen in the
context of other constraints such as political and economical processes that are going on
independently of any considerations related to global change impacts. Furthermore,
public opinion which is largely determined by personal perceptions and expectations of
people in the region will have a major influence on the design and ultimate acceptance of
such measures. Figure 7 summarises these arguments by looking at various constraints of
possible response strategies. The figure aims to illustrate that response strategies will in
most cases not only be determined by choices that are based on integrated impact studies
but may be even more so by constraints that are entirely independent of global change
impacts.
The scientist-stakeholder collaborative mentioned above also contributes towards a more
realistic specification of economic and social costs of impacts and the benefits of
adaptation measures (Cohen 1997b). It will also be useful in designing guidelines and
support for political decisions that are acceptable and supported by a broad majority of
the public in the region. Therefore, in designing and specifying adaptation options and
mitigation measures the participation of stakeholders in the context of an integrated
impact study is highly desirable (for further details, see Cohen 1997b; Lange et al. 1999).

575

Module 4

Figure 7: Response strategies to global or climate changes (after Smit 1993); in addition, the role of stakeholders
is being represented by the boxes in the lower row of the figure (after Lange et al. 1999); while
somewhat similar to Figure 2 above, the figure highlights a number of different aspects with regard to
societal constraints on the response to climate change impacts.

Integrated regional impact studies: Methodologies
Basic concepts
After having considered the rationale and usefulness of integrated regional impact studies
IRISs) above, we will now turn to some methodologies to be employed in carrying out an
IRIS. This will also include some basic concepts with regard to regional integrated
modelling (RIAM), i.e., the regional analogue to IAM introduced earlier in this
contribution. Before embarking on methodologies, we need to remind ourselves about
some basic concepts that have been introduced above. Here I refer specifically to the
concepts of sensitivity, adaptability and vulnerability of a system experiencing changes in
external conditions, e.g., climate. According to the IPCC (see, e.g., Nakicenovic et al.
2000), these terms are defined as follows:
Adaptability or Adaptive capacity: The ability of a system to adjust to climate change
(including climate variability and extremes) to moderate potential damages, to take
advantage of opportunities, or to cope with the consequences. As mentioned before,
we distinguish autonomous and planned adaptation, where the former refers to an
intrinsic property of an exposure unit to changed external conditions, while the latter
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refers to actions specifically designed to reduce adverse effects of climate change
impacts and to avoid positive feedback to ongoing change.
Sensitivity: Is the degree to which a system is affected, either adversely or beneficially,
by climate-related stimuli. The effect may be direct (e.g., a change in crop yield in
response to a change in the mean, range, or variability of temperature) or indirect
(e.g., damages caused by an increase in the frequency of coastal flooding due to sealevel rise).
Vulnerability: The degree to which a system is susceptible to, or unable to cope with,
adverse effects of climate change, including climate variability and extremes.
Vulnerability is a function of the character, magnitude, and rate of climate variation
to which a system is exposed, its sensitivity, and its adaptive capacity.
One of the major objectives in carrying out an IRIS often lies in determining the
vulnerability of the region to present and future climatic changes and to design
appropriate planned adaptation measures aimed at reducing the vulnerability. In so doing,
each of the important environmental and societal components/sectors will have to be
considered individually as well as with regard to possible interrelationships between them.
With this in mind, the basic concept of an IRIS is very similar to an IA in that the impacts
follow from a comparison between the projections of future developments in the absence
(baseline scenario) and presence (climate change scenario) of climate change
(Figure 8). This is preceded by a thorough assessment of previous responses of the region
to climate change based on historical (preferred) or proxy records of essential
environmental and societal parameters. One of the aims of these base case studies lies in
assessing past and present sensitivity, adaptability and vulnerability of the system/region
under consideration.
In carrying out the base case as well as the climate change scenarios, the influence of nonclimatic drivers (e.g., economical, political, societal) has to be taken into account
appropriately when constructing the future development of the region considered in the
IRIS. This presents often a considerable challenge, particularly so when longer time scales
are being considered. To facilitate such an analysis, the SRES-scenarios, recently
developed in the framework of the Third IPCC Assessment Report provide useful
information and guidance (Nakicenovic et al. 2000). Similarly, when constructing these
scenarios, the advice and expertise of stakeholders becomes vitally important (see above).
Finally, the development of a climate change scenario requires the provision of suitable
climate projections (see above and chapter on “Global and regional climate modelling:
Basic methodologies, limitations and some results” by M.A. Lange in this book). In order
to match the scales of the impact assessment, the results of global climate models
(GCMs) are subjected to downscaling methods, often through the application of a
dedicated regional climate model (RCM).
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Figure 8: Basic elements of an IRIS and the sequence of steps to be undertaken (more details, see text).

Guided by the past and present sensitivities, adaptabilities and vulnerabilities as obtained
through the base case study, estimates of future sensitivities, adaptabilities and
vulnerabilities are derived as a result of the impact assessment.
Regional integrated assessment modelling
The steps of an IRIS as outlined above can be carried out quantitatively, semiquantitatively or qualitatively. As neither the resources nor the required capabilities may
be available, a qualitative assessment, based largely on “expert judgement” and/or the
involvement of stakeholders may be the only possible alternative (see also above
regarding the role of stakeholders). In this case, the experience and knowledge gained
during past climate changes and their impact on the region under consideration in
combination with reasonable and appropriate projections of future development in the
presence or absence of climatic change will be employed to derive first-order estimates on
the impacts of climate change (often also based on reasonable assumptions and past
experience) as well as on future vulnerabilities. While possibly considered less satisfactory,
one should keep in mind that the assumptions and simplifications usually required when
carrying out a more quantitative IRIS may render its result not much more reliable than
the purely qualitative approach.
This notwithstanding, there have been numerous attempts to carry out quantitative IRISs
mainly by employing regional integrated assessment models (RIAMs). As their global
counterpart, RIAMs require considerable resources and substantial efforts for their
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development. Figure 9 introduces a general concept for the design of a RIAM. As can be
seen, the components and sectors within the region considered are subdivided into three
major system categories: biophysics, ecosystem services and socio-economics. This
reflects the three main levels at which the impacts of climate change will manifest.
However, this subdivision does not imply a strict separation. Quite on the contrary, there
are definitely interactions between components belonging to any of the three categories,
which will have to be accounted for through integration (in the figure, this process is
denoted by the arrow “Vertical Integration” and leading to the top box called “Regional
Integrated Impacts”).

Figure 9: Schematic depiction of a general RIAM that builds on individual component/expert models that are
run and are vertically integrated along specific impact chains; this is substituted by horizontal
integration which enables answers to overarching impact issues; the impact sectors as well as the
overarching impact issues as shown here are by no means exhaustive.

A second major subdivision is applied to a number of impact chains, here the terrestrial-,
coastal- and marine impact chain. Again, while considered quite general, there may be
additional impact chains that need to be considered in specific cases. Each impact chain is
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comprised by a number of individual impact (sub-, component- or expert-) models that
each deal with a specific component or sector that is pertinent for the specific impact
chain. For instance, in the case of the marine impact chain, component models may
include: a physical-oceanography model, a model quantifying primary and secondary
biological production, a fish population model, a fishery model and a fishery-economy
model. While the first three belong to the biophysics-category, the fish population model
is part of the ecosystem-services category and the last component model is grouped into
the socio-economic category. The models are all driven by non-climatic forcings in the
case of baseline scenarios and by non-climatic and climatic forcings (i.e., climate change
projections) for the climate change scenarios.
There are various possibilities as to the “mechanics” of how the model is implemented
and run. Ideally, the RIAM should be designed in a way that enables various mutual
interactions and exchanges between the individual component models of an impact chain
during each model iteration (i.e., each time step). However, in practice most RIAMs
operate sequentially, i.e., each model within a specific impact chain is run individually,
starting with the component models belonging to the biophysics category and continuing
with the models within the other two categories. The results of each component model
are “handed over” to the next model in the chain until the entire chain has been worked
through. At the end of each time step, which also represents a particular climatic situation
as derived from the RCM (or some other means of climate scenario), a series of results
pertaining to each component model will be available and will be utilized in some form of
vertical integration as mentioned above. A feedback from a “higher-category” component
model to a “lower-category” model may be envisioned but is often difficult to implement.
Instead, the next time step (and thus the next climate situation) is called upon for the
biophysical component models until the entire modelling period is worked through. Thus,
depending on the number of component models, the spatial resolution of the models (i.e.,
the model grid-size) and the length of each time step (which depends in most cases on the
spatial resolution because of numerical stability considerations), the computational efforts
can become substantial and will require significant resources.
An important additional component of a RIAM is comprised by horizontal integration
within each of the specific system categories. This enables an assessment of interactions
and possible feedbacks between individual components or sectors of each impact chain
and aims at addressing wider, overarching impact issues (again, the ones shown in the
figure are not exhaustive by any means). Thus, within the biophysics category, the
feedback between population changes of terrestrial species with freshwater species may
be considered. Freshwater species, in turn, may have a bearing on marine ecosystems and
their various populations. Thus, horizontal integration may provide answers to questions
related to biodiversity and the integrity of entire ecosystems in the region under
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consideration. Likewise, changes in fishery economy and associated shifts in the labour
force may influence economic performance and employment in forestry or agriculture.
Horizontal integration may be pursued through qualitative means or through some form
of quantitative assessment (e.g., input-output models).
But how does a RIAM look in reality and how is it run in practice. While a comprehensive
reply to this question is beyond the scope of this contribution, Figure 10 provides at least
a rough answer. It is subdivided into two major parts, one referring to the baseline
scenario run and the other to the climate change scenario run(s). As can be seen, the
model system is centred around an IAM-framework, which includes the individual
component models of each impact chain (denoted here by “Expert model A” to “Expert
model N”; Figure 9). Each model is fed by either a climate scenario or the results of a
“lower” component model within a specific impact chain. The climate scenarios used are
either data for a specific reference period of the recent past for the baseline scenario (in
this example reanalysis data from the European Center for Medium Range Weather Forecast,
ECMWF) or results of an RCM (here the REMO model of the Max Planck Institute for
Meteorology in Hamburg, Germany, MPI Hamburg) that is, in turn, driven by GCM
output (here the ECHAM4 model of the MPI Hamburg) for the climate change
scenarios. Both model chains lead to future developments (here also called “Impact”),
which can be compared to yield the overall impact of climate change for a specific region
under consideration.
While certainly not “perfect” the realisation of a RIAM along the lines depicted here
(Figure 10) offers promising prospects to a more comprehensive and quantitative
assessment of regional climate change impacts.

Conclusion
The impacts of global change, i.e., the concrete and direct consequences of shifts in
climate, contamination levels, the variety of species and the exploitation of natural
resources represent an issue that is seen on par with the processes and factors that cause
these changes. Particularly when considering mitigation measures to climate change,
political and public support will only be gained if stakeholders and decision makers
consider the consequences of inaction severe enough to warrant sacrifices to the
prosperity and well-being of a nation from the level of the individual up to the level of
national economies. Furthermore, preparing to cope with the impacts of global changes
requires sound and politically acceptable (planned) adaptation strategies that ensure a
rational response to these processes as well as a reduction of vulnerabilities to these
changes.
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The need to quantify the impacts of global change has led to the development of
integrated assessment methodologies, which offer useful and important instruments for
decision support. Integrated assessment has been formalized through the specification of
integrated assessment modelling. Integrated assessment is seen as a means to gain a more
holistic and integrated view on the future development of physical, environmental and
socio-economic systems. While significant progress has been made in recent years, the
improvement of these models remains a constant challenge.
Integrated assessment as well as the issue of climate change has been initially envisioned
primarily on a global scale. However, there is a growing consensus that such a view has to
be complemented – if not given preference to – by more regional-scale considerations.
Consequently, integrated regional impact studies (IRISs) are now being developed and
implemented. While not yet as advanced as their global counterparts, regional assessments
offer a number of advantages. They provide the opportunity to communicate such studies
and their results to the regional or local stakeholders. This serves at least two purposes.
On the one hand, the formation and continuation a scientist-stakeholder collaborative
which may evolve in this process serves to improve the design of regional integrated
assessments, particularly with regard to the integration of various disciplinary results. On
the other hand, active participation gives stakeholders a sense of ownership of the
research and its results and enhances the chances of being accepted by them. Moreover,
the realization of distinct regional-scale manifestations of global changes lends additional
support to such a research strategy.
The methodologies developed in the context of global integrated assessment and global
integrated assessment modelling have reached a fairly high standard. While there is still
some ways to go before a truly global integrated assessment model will be available,
current versions of less complex and aggregate models (e.g., IMAGE 2.1) offer substantial
benefits, not the least in helping to communicate the consequences of climate change
and/or of mitigation actions to political and economical decision makers.
The advantages of regional impact assessments over global studies have resulted in
considerable efforts to also develop standardized methodologies and approaches to
quantitative impact assessments. While not as far advanced as their global counterparts,
IRISs and RIAMs have reached a stage where significant insight can be gained in
assessing the impacts of climate change on a regional scale.
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Figure 10: Outline of the components of a RIAM and basic modeling strategy, including the provision of
climate scenarios through an RCM.
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