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Foreword by Dr. Rachael McDonnell

It has always seemed incongruous that water security and food security challenges
have not been tackled together with integrated policies, investments, and technolo-
gies. This result of different approaches that have had a more singular focus and
this has been captured in the important FAO 2021 State of Land and Water Report:
Systems at Breaking Point (FAO 2021) with clear evidence given of the alarming
trends in both the use and deterioration in quality and quantity of water and land
systems around the world. The resulting losses in non-renewable water resources
and of productive land from poor food and water systems management highlight the
outcomes of opposing policies, governance, and practices in many countries. Limited
investments and management in the development and maintenance of water systems
have ensured both wastage and under-utilization of different water resource options
that could have supported both direct consumption and agricultural practices. In both
water and food security developments, the increasing impacts of climate change on
precipitation variability and intensity, as well as changes in demography, socio-
economic, and political systems are ensuring pressure on land and water ecosystems
is more intense than ever, and many are stressed to critical breaking points.

Thus, the need for new thinking, evidence, policies, and science across the water/
food/climate nexus has never been more urgent. The chapters in this book provide
important insight into the nexus linkages, challenges, and emerging solutions in
different countries, with many of case studies coming from countries facing some
of the greatest challenges to delivering security. The approaches considered fall
across a broad spectrum from on-farm technologies through to political ecology.
They highlight just how complex and multidimensional integrated approaches need
to be adopted to face the upcoming crisis threatening many countries over the next
decade.

Several chapters have highlighted that climate change is changing the base oper-
ating conditions for water management, whether for a water utility operator or a
farmer. Large- and small-scale storage systems, groundwater reserves, desaliniza-
tion, recycled water, and smart-data systems are all part of a plethora of technology-
based approaches for managing the increasing impacts of droughts and floods, and
changes in timings of the growing season. The provision of new data such as from
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soil moisture sensors, Al-enhanced climate information systems, and precipitation
forecasting can help ensure water is managed and used with an understanding of near-
term conditions. Many of the book chapters highlight the advances in data science and
in operations that are already supporting this. Climate-smart agriculture (CSA) can
also bring genetic innovations and updates in on-farm practices that can offset some
of the emerging challenges from limited water availability. Conservation agriculture
is just one of many evapotranspiration/soil moisture-saving approaches in CSA for
adaptation and resilience building, and various chapters highlight developments that
reflect the local context.

Technologies in both water and agriculture management need to be supported by
policy and investment drivers. The increasing role of blended finance and impact
investment to small and medium enterprises is bringing important scaling of devel-
opments in bundled services and technologies. This increasing engagement of the
private sector, alongside the traditional national agricultural research and extension
services, can be one of several conduits for delivering nexus solutions at the scale
needed to address the emerging crises.

These efforts need to be supported by policy drivers and coherence that really
balance water, food, and climate security. Tradeoff analyses across policies of
different ministries are needed, based on both present and future conditions, so inte-
grated planning is possible, and adjustments made to ensure incentives and drivers for
the delivery of one are not at the expense of the other. In the interim report Turning the
Tide from the Global Commission on the Economics of Water, the major recommen-
dations highlight some of the priorities needed in water and food policy realignment
‘...we must phase out some USD 700 billion of subsidies in agriculture and water
each year, which tend to generate excessive water consumption and other environ-
mentally damaging practices. We must drastically reduce leakages in water systems
(‘non-revenue water’) that cost billions annually, by prioritizing sustained mainte-
nance efforts’ (GCEW 2023). Some chapters of the book touch on the importance
of policy instruments and the political economy to help realize nexus securities.

I'hope that this publication will be able to offer answers to students and specialists
familiar with water, food and climate nexus issues with new insights and solutions.
These need to be scaled at an unprecedented pace and coverage if there is any hope
of achieving the Sustainable Development Goals 2 and 6, as well as all the others
that are dependent on healthy water and food systems.
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Foreword by Prof. Dr. Eddy J. Moors

The world is facing a water crisis, and the challenges it poses are largely created by
the global population growth and the related increase in food and energy production
and use, with climate change exacerbating the problems more and more severely. It
is evident that, because these drivers are interconnected, solutions will have to be
sought in a holistic manner. The water, energy, food, and environment (WEFE) nexus
approach will help in our search for sustainable development pathways.

The present book describes a number of options such as the use of alternative
water resources, e.g., re-use of (un)treated wastewater, water harvesting, demand
management, etc. The book also describes experiences with these options in certain
regions. An important question will be: ‘How can we implement these innovations?.’

In 2020, UN Water launched the accelerator framework for the Sustainable Devel-
opment Goal 6 ‘Ensure access to water and sanitation for all’ with five pillars: data,
finance, governance, innovations, and capacity development, showing the need for
the water sector to include aspects such as finance and governance in their thinking.
In 2023, the UN created the Water Action Agenda to speed up implementation of
urgently needed improvements in the water sector. From the related UN 2023 Water
conference, it became clear that engaging with other sectors is of paramount impor-
tance to implement this Water Action Agenda. The WEFE nexus will be an important
tool to ensure the involvement of different sectors.

As Albert Einstein once said, “‘We can’t solve problems by using the same kind of
thinking we used when we created them.” We need something else than business as
usual. We need capacity; we need another way of working for water and sanitation
access; and we need innovative approaches. Yes, we all agree that efforts must be
accelerated, but despite the development and the political endorsement of the global
acceleration framework, it remains unclear how in practice we will fulfill the justified
and legitimate expectations of those without water and sanitation access.

The two billion people who lack access to safely managed drinking water aren’t
helped by declarations, promises, or goals—they need access to water and sanitation,
and they need it soon, if not now. The many people around the world who suffer in
damaged environments need healthy ecosystems for their survival and their liveli-
hoods. And the many people whose security is threatened by water-related conflict
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at local, national, and international levels need peace. To deliver for them, we must
change our approach.

The fastest way to implement a new approach is through the development of
capacity. Investments in hardware are not sufficient. There is also a need to invest
in the less concrete parts, to ensure for example operation and maintenance, but
also to create knowledge to take the right decisions, to develop investment plans, to
propose adjustment of or new policies; in short: create local capacity for a long-term
sustainable development of our water resources.

Capacity development is about transferring knowledge to individuals, creating
leadership, i.e., taking the responsibility to use this knowledge. Capacity development
is also about institutions, creating enabling conditions, facilities, and organizations
that allow for the implementation of innovations, measures, and policies needed to
achieve Sustainable Development Goals in which water is key.

Taking groundwater as an example. It is clear that groundwater can play a crucial
role in solving some of the pressing issues in our water supply. The development of a
sustainable use of the available groundwater resources requires investments next to an
appropriate governance system. In numerous reports and conferences, this has been
highlighted. It seems a no-brainer that also capacity will be required to implement
and, even more important, maintain the infrastructure required, next to an increase
in the awareness of the value of water. However, rarely the needs and possibilities
for financing capacity are mentioned.

It should be noted that capacity building is often required at all levels, for example,
at primary schools for awareness raising, at vocational training for operation and
maintenance, and at academic level for local leadership. The latter is important as,
in some areas, there are still a lot of unknowns surrounding safe yield, recharge
requirements, water quality, and other matters that may threaten a sustainable use of
these groundwater resources. Sharing such knowledge between water experts is not
enough. For the implementation of technical and social innovations, decision makers
across different sectors and politicians should also be involved.

Additionally, as conditions keep on changing, with climate change being just
one of them, capacity to adapt to these conditions is required. Therefore, long-term
sustainability can only be achieved by creating creative thinkers in the region that are
capable of taking leadership and are able to handle new developments and conditions
as well as the present needs. Attracting and keeping these local (potential) water
leaders in the water sector also require good human resource management with
career perspectives for man and women.

Is it not surprising that although it is evident from literature that investing in
education gives the highest return on investment for society, it still seems difficult to
find financing for the required capacity development in the water sector!
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I hope this book will help to show the way forward and that together we are able
to make the urgently needed actions to improve the present and future management
of our precious water.

@\‘A

Prof. Dr. Eddy J. Moors

Rector IHE Delft Institute for Water
Education

Delft, Netherlands

e.moors @un-ihe.org
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Foreword by Prof. Shahbaz Khan

Climate change will have major impacts on the availability of water for growing food
and on crop productivity in the decades to come, warns a new FAO survey report,
which summed up current scientific understanding of impacts, highlights knowl-
edge gaps and areas for attention. The Climate Change, Water, and Food Security
book is a comprehensive survey of existing scientific knowledge on the anticipated
consequences of climate change for water use in agriculture.

The major impacts of climate change on water for farming include reductions in
river runoff and aquifer recharges in the Mediterranean and the semi-arid areas of the
Americas, Australia, and southern Africa—regions that are already water-stressed.
In Asia, large areas of irrigated land that rely on snowmelt and mountain glaciers
for water will also be affected, while heavily populated river deltas are at risk from
a combination of reduced water flows, increased salinity, and rising sea levels.

Meanwhile, an acceleration of the world’s hydrological cycle is anticipated as
rising temperatures increase the rate of evaporation from land and sea. Rainfall will
increase in the tropics and higher latitudes but decrease in already dry semi-arid
to mid-arid latitudes and in the interior of large continents. A greater frequency in
droughts and floods will need to be planned for, but already water-scarce areas of
the world are expected to become drier and hotter.

Even though estimates of groundwater recharge under climate change cannot be
made with any certainty, the increasing frequency of drought can be expected to
encourage further development of available groundwater to buffer the production
risk for farmers.

And the loss of glaciers—which support around 40% of the world’s irrigation—
will eventually impact the amount of surface water available for agriculture in key
producing basins.

Increased temperatures will lengthen the growing season in northern temperate
zones but will reduce the length almost everywhere else. Coupled with increased
rates of evapotranspiration, this will cause the yield potential and water productivity
of crops to decline.

So, to respond to these new challenges, actions can be taken by national policy-
makers, regional and local watershed authorities, and individual farmers. One key

Xiii
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area requiring attention is improving the ability of countries to implement effective
systems for ‘water accounting’—the thorough measurement of water supplies, trans-
fers, and transactions in order to inform decisions about how water resources can
be managed and used under increasing variability. Water accounting in most devel-
oping countries is very limited, and allocation procedures are nonexistent, ad hoc, or
poorly developed. So, helping developing countries acquire good water accounting
practices and developing robust and flexible water allocations systems will be a first
priority.

At the farm level, growers can change their cropping patterns to allow earlier or
later planting, reducing their water use and optimizing irrigation. Yields and produc-
tivity can be improved by shifting to soil moisture conservation practices, including
zero- and minimum tillage. Planting deep-rooted crops would allow farmers to better
exploit available soil moisture.

Mixed agroforestry systems also hold promise. These systems both sequester
carbon and also offer additional benefits such as shade that reduces ground temper-
atures and evaporation, added wind protection, and improved soil conservation and
water retention.

However, small-scale producers in developing countries will face an uphill
struggle in adopting such strategies. Farm size and access to capital set the limits
for the scope and extent of adaptation and change at farm level. Today, many devel-
oping world farms produce yields far below their agro-climatic potential. Therefore,
greater precision and focus are needed to understand the nature, scope, and location
of climate change impacts on developing country water resources for agriculture,
the report says, adding: ‘Mapping vulnerability is a key task at national and regional
levels.’

Prof. Shahbaz Khan

Director of UNESCO Multisectoral
Regional Office for East Asia

and UNESCO Representative to China
DPRK, Japan, Mongolia, and ROK
Jakarta, Indonesia
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Chapter 1 )
The Water, Climate, and Food Nexus: Guca i
Linkages, Challenges and Emerging
Solutions—An Introduction

Mohamed Behnassi, Abdulmalek A. Al-Shaikh, Ameenah Gurib-Fakim,
Mirza Barjees Baig, and Mohammed Bahir

Abstract Water, as an increasingly scarce natural resource, is still a vital resource
for both development and security. This resource is coming under an enormous strain
because of a myriad of factors, including the increased demands of a growing global
population and economy, environmental and climatic changes, and the irrespon-
sible use. The decline of water resources is currently putting food systems under
pressure. Indeed, the twin challenge is currently providing an ever-growing human
population with sufficient and nutritious food, while facing environmental/resource
limits and climate change. Thus, with the escalating water scarcity, a sustainable
transformation of the global food system is unreachable without a revolution, espe-
cially in the area agricultural water use. In this perspective, the agricultural sector
is being transformed to greater heights by new technological developments such as
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smart farming, precision agriculture, and climate-smart agriculture, which will enable
this primary sector to move to a higher level of farm productivity, profitability, and
resource-use efficiency while maintaining sustainability and fostering food security
and resilience. This process remains dependent, however, on the extent to which
different sectors involved in water resources management work in integrated and
coordinated ways. This involves a shift in governance systems and the definition
of roles and responsibilities for everyone engaged in the process of water resource
generation, management, and usage. Against this background, the present intro-
ductory chapter presents the framework and content of this book, which addresses
timely and future-oriented topics. In the first set of chapters, the water, food, and
environmental/climate security nexus is explored theoretically and by reference to
empirical research covering many regions and sectors. In another set of chapters, the
impacts of climate change on water resources and water-stressed regions are iden-
tified along with their implications for food systems and security. Other chapters of
the volume identify the emerging solutions to the nexus challenges, mainly adapta-
tion and mitigation options, governance and management approaches, technological
and economic solutions, innovative farming and water management practices, etc.
Most chapters scheduled for publication are based on empirical research particularly
done in water-constrained and climate vulnerable countries from Asia, Africa, and
the MENA region and provide policy-oriented inputs and recommendations to guide
change processes at multiple scales.

Keywords Nexus + Water scarcity + Climate risks + Food production + Smart
techniques

1 The Volume’s Background, Scope, and Objectives

Water is a basic necessity, without which no individual or nation can survive. Every
nation therefore needs water security, which encompasses all dimensions of human
health, livelihood and well-being while being essential for both food and energy
production. However, even if over 70% of the Earth’s surface is covered by water,
97.5% of this potential is salt water, and less than 1% of the world’s freshwater is
accessible for human use; thus, the real issue is the limited amount of freshwater
available for all. Based on this reality, it is currently perceived that water will be the
oil of the future since this increasingly scarce natural resource is still a vital resource
for both development and security. Like oil, water supplies, especially clean and
easily accessible ones, are coming under an enormous strain because of a myriad
of factors, including the increased demands of a growing global population and
economy (especially in the areas of agriculture, industry, and energy production),
environmental and climatic changes, and the irresponsible use of water resources
(i.e., overuse, loss, and pollution). Furthermore, water, unlike oil, has no substitute,
which makes it even more precious and subject to competition at all levels and among
a growing list of actors. Due to an increase in water scarcity, coupled to a growing



1 The Water, Climate, and Food Nexus: Linkages, Challenges ... 3

demand, intra- and interstate tensions began to rise in many regions over the control
of the limited available freshwater resources.

The United Nation’s 2030 Agenda for Sustainable Development has been shaped
in line with the above challenges. It now legally acknowledges commitment to a
sustainable future for all countries, the promotion of which puts food systems under
pressure. Indeed, the twin challenge is currently providing an ever-growing human
population with sufficient and nutritious food, while facing environmental/resource
limits and climate change. With the escalating degradation of freshwater resources,
a sustainable transformation of the global food system is unreachable without a
revolution, especially in the area of agricultural water use.

The Intergovernmental Panel on Climate Change (IPCC) has already stated in its
assessment reports that the vulnerability of freshwater resources is being increased by
climate change, with drastic social, economic, and ecological consequences. Climate
change will have major impacts on the water cycle, resulting in greater climatic and
hydrological instability, with serious consequences for societies and their water and
food security. The IPCC anticipates an increased frequency and severity of droughts
due to declining precipitation trends in certain areas, while others will have higher
prevalence of floods and typhoons due to increasing precipitation intensity. More-
over, the rise in sea levels due to global warming will lead to melting of the polar
ice caps and increased saltwater intrusion, which will in turn affect water quality.
Global warming also increases the amount of water that the atmosphere can carry,
therefore leading to more frequent and intense rainfall when the air cools. Although
rainfall can contribute to freshwater resources, heavy rainfall can also lead to accel-
erated movement of water from the atmosphere back to the sea, thereby decreasing
humans’ ability to store and use it. According to the World Bank, fluctuation in rain-
fall alone could push more than 12 million people into poverty, while climate change
could increase global malnutrition by up to 25% by 2080. In this broad context,
marginalized and poor communities remain the ones most affected by water-related
disasters, but they do not have sufficient resources to cope due to factors such as poor
environmental practices, rapid and unplanned urbanization in dangerous zones, and
government incapacity.

In all cases, changes in the hydrological cycle due to natural and anthropogenic
dynamics are expected to threaten existing water infrastructure, making societies
more vulnerable to water-related disasters and resulting in decreased water security.
The concept of ‘water security’ is not simply about dealing with dwindling water
supplies. It has been defined by the UN-Water as “the capacity of a population
to safeguard sustainable access to adequate quantities of acceptable quality water
for sustaining livelihoods, human well-being, and socio-economic development, for
ensuring protection against water-borne pollution and water-related disasters, and
for preserving ecosystems in a climate of peace and political stability”. A compre-
hensive definition of water security goes beyond water availability to issues of access,
which involve fundamental individual rights, national sovereignty over water, equity
and affordability, and the role of states and markets in water’s allocation, pricing,
regulation, and distribution.
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In addition to the above, more countries facing serious water scarcity will be
unable to ensure a sustainable domestic food security because agriculture, which is
still the primary source of food production, will deeply suffer from water scarcity.
Moreover, the agriculture sector will be affected by environmental and climatic
changes in various ways—including biodiversity loss, land degradation, and changes
in typical temperatures, precipitation, and atmospheric conditions—and these effects
are unevenly distributed over the globe. On average, global agriculture uses around
70% of the available freshwater resources. In arid climate zones such as the Middle
East and North Africa (MENA), the agricultural water consumption can even be
up to 90%. Global demand for water is expected to grow by 50% in the year 2030
and most of this demand will be in cities. This will require new approaches to
non-conventional water management systems (such as wastewater collection and
management, desalinization, and rainwater harvesting, storage and use).

To face water scarcity, the agricultural sector has been transformed to greater
heights by new technological developments such as smart farming, precision agri-
culture, and climate-smart agriculture, which will enable this primary sector to move
to a higher level of farm productivity, profitability, and resource-use efficiency while
maintaining sustainability and fostering food security and resilience. The impor-
tance of smart-farming applications in irrigation water management to increase farm
productivity by overcoming climate change, using less human energy, increasing effi-
ciency, and improving management techniques through precision farming technolo-
gies is now widely acknowledged. Many researches acknowledge that inadequate
water management practices, limited storage capacity, climate-induced water stress,
among others, have all contributed to making water management the most pressing
problem of the twenty-first century. Therefore, to offer sustainable, cost-effective,
and equitable water services based on advanced water resources, effective water
management may have a significant impact on water insecurity when considering
water-related issues such as climate change, pollution, misuse, and inappropriate
governance settings. In order to effectively manage water resources, many different
sectors must work in integrated and coordinated ways. This involves a shift in gover-
nance systems and the definition of roles and responsibilities for everyone engaged
in the process of water resource generation, management, and usage.

Responsible consumption and production is the stated goal of the Sustainable
Development Goal 12. Striving for such a stated goal will ultimately lead to sustain-
able consumption and production in all sectors of the economy and will lead to
conservation of water and energy and reduce concerns regarding the achievement of
water and food security. For instance, many opportunities currently exist in the area
of food production using limited but highly treated wastewater. Treated wastewater
is a good source of different plant nutrients for agricultural lands. It can improve soil
fertility and crop productivity and minimize the inputs of fresh water and synthetic
fertilizers. Indeed, in regions suffering from water scarcity, wastewater is no longer
considered as waste to be disposed but as an integral part of potential water resources.
The use of wastewater in agriculture started in Australia, France, Germany, India,
the United Kingdom, and the United States of America in the late of the nineteenth
century. It is used for irrigation in treated and untreated forms, varying by geographic
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and economic contexts, although with the majority in untreated form in developing
countries.

Against this background, this contributed volume is addressing timely and future-
oriented topics. In the first set of chapters, the water, food, and environmental/
climate security nexus is explored theoretically and by reference to empirical research
covering many regions and sectors. In another set of chapters, the impacts of climate
change on water resources and water-stressed regions are identified along with their
implications for food systems and security. Other chapters of the volume iden-
tify the emerging solutions to the nexus challenges, mainly adaptation and mitiga-
tion options, governance and management approaches, technological and economic
solutions, innovative farming and water management practices, etc. Most chapters
scheduled for publication are based on empirical research particularly done in water-
constrained and climate vulnerable countries from Asia, Africa, and the MENA
region and provide policy-oriented inputs and recommendations to guide change
processes at multiple scales.

2 The Volume’s Content

This volume is a collation of the water, climate, and food nexus-specific case studies
from many regions in the Global South presenting various multi-scale perspectives on
the most pertinent nexus related linkages, challenges, and solutions. In the following
part, chapters’ key content, findings, lessons learned, and recommendations are
presented.

In Chap. 2, The Water, Food, and Environmental Security Nexus, Muhammad
Sohail Amjad Makhdum, Rakhshanda Kousar, Muhammad Ashfaq, and Mohamed
Behnassi consider the decreasing quality of water due to anthropogenic activities and
over-pumping of underground water to meet increasing demands as growing factors
of global water scarcity and insecurity. In the area of food, despite the increase of
production due to biological and technological advancements and the progress made
in terms of economic development and growth, food security is still unachieved
in many parts of the world since the sufficient and quality food is not available to
all for many reasons, including access and governance challenges. Regarding the
natural environment, it is also on the verge of deterioration and degradation due to
anthropogenic activities, including the over and inefficient use of natural resources
and unsustainable development. Based on this, the authors analyze the different
dimensions of water, food, and environment from a nexus perspective, given their
interdependence. The authors intend to provide a better understanding of the linkages
between these areas, and thus guiding public policies aiming at fighting poverty, food
insecurity, and vulnerability while promoting a healthy environment for present and
next generations.

In Chap. 3, Water and Food Security in the Middle Eastern and Northern African
Countries, Waqar Akram, Zakir Hussain, and Sultan Adeel consider water as a
growing concern in the MENA region, entailing both risks and opportunities. This
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situation of water insecurity, especially when combined with food insecurity, is
further compounded by fast-changing politico-socio-economic and environmental
conditions, thus making it more challenging for policymakers. According to the
authors, water shortage, food security, and environmental problems are intertwined
in MENA countries and are more than ever-changing targets. The climate of this
region is arid and near arid and the drought cycle is shortened from three years to
annual and often brings floods. In this context, the authors believe that there are
many solutions to the MENA region’s water resource management and associated
problems. Accordingly, it is imperative to use water resources efficiently to ensure
environmental sustainability and obtain distributive justice, thus contributing to social
contract or integration. This argument also includes delivering water input reliably
and affordably to ensure constructive relationships between service providers and
water users and help promote the renewed social contract. Implementing these solu-
tions, however, needs clear incentives to bring about water management changes,
including conservation, allocation, and management of riparian issues and water
conflicts among MENA countries. Any failure to implement policies addressing
water challenges may severely affect the region’s well-being and fragile political
stability. For the authors, MENA countries should act with urgent attention in
strengthening water security, food security, and a sustainable environment instead of
waiting for doomsday for impending water crises leading to water conflicts. To do
this, the authors provide a way forward in addressing these issues.

In Chap. 4, The Water-Energy-Food (WEF) Nexus in Kenya: Climate Change
Impacts and Adaptation Strategies—A Review, Willis Awandu, Edwin Kimutai
Kanda, and Susan Namaemba Kimokoti consider such a nexus as a novel concept
aiming at integrating three key drivers of development and human security. The
authors believe, by reference to the case of Kenya, that the effective management of
these three resources requires careful assessment of synergies, conflicts, and trade-
offs which are inherent in the nexus, especially in the uncertain context of climate
variability and change. In Kenya, over 75% of agricultural activities are rain-fed, and
thus risky in the face of the erratic temporal and spatial distribution of rainfall. Simi-
larly, energy reliability in the country is low due to the dependence on hydropower
sources, which are vulnerable to climate risks. Therefore, the authors consider climate
adaptation mechanisms for building resilience in cropping systems, water service,
and energy provision as key elements for the improvement of livelihoods. To this
end, they highlighted the importance of the WEF nexus in the face of climate change
impacts as an approach which can help address sustainably and holistically the three
key sectors through policy, legal and institutional frameworks and initiatives. The
authors has also developed assessment models and tools to monitor the achievement
of targets under the WEF nexus.

In Chap. 5, The Impact of Climate Change on Groundwater Resources in North-
western Morocco, Mohammed Babhir used the results of 9 campaigns—1990, 1995,
1997, 2009, 2015, 2016, 2017, 2018 and 2019—to assess the quality of ground-
water in the Essaouira region, Morocco in the context of a changing climate. His
hydrogeochemical study shows that the groundwater of the Cenomanian—Turonian
aquifer presents the C1-Ca—-Mg, Cl-Ca, Cl-Na, and HCO3;—Ca mix facies with the
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dominance of the ClI-Ca—Mg mix facies, and Cl-Ca. Moreover, the analysis of the
correlations established between the concentrations of major elements has shown
that the mineralization of groundwater is controlled by the phenomenon of the disso-
lution of the evaporitic minerals (halite, gypsum and/or anhydrites) and carbonates
(dolomite), by the reverse ion exchange phenomenon and by the marine intrusion,
especially at the Plio-Quaternary aquifer. This study, focusing on the spatio-temporal
evolution of the groundwater quality in the study area, shows a gradual deteriora-
tion in time and space. However, the author believes the Essaouira basin is more
vulnerable to climate change because its recharge is entirely dependent on meteoric
waters.

In the same vein, Mohammed Bahir, in Chap. 6, Assessment of the Climate Change
Impact on the Past and Future Evapotranspiration and Flows from a Semi-Arid
Environment, recalls that access to drinking water for the greatest number of popu-
lations, securing this often over-exploited and poorly managed resource, controlling
agricultural and industrial use of water, and protecting the environment represent
major challenges, especially for developing countries. His investigation focused on
the assessment of the climate change impact on the hydrological regime within the
Essaouira basin, Morocco for the period 2020-2050. For this purpose, the author used
Rural Genius GR2M model to simulate flows based on rainfall and evapotranspira-
tion. The Mann—Kendall and Pettitt tests were used to study the homogeneity and
trend sense of the time series studied. According to the author, the investigation of the
links between rainfall and flows for the period 1978 to 2005 in the Essaouira basin
shows the existence of a cause-and-effect relationship between these two parameters,
and this rule remains valid for all zones under arid and semi-arid climate. Therefore,
these findings can serve as a basis for water resource protection and management in
the Essaouira watershed by constructing hill reservoirs along the Igrounzar, Zelten,
and Ksob Wadi.

In Chap. 7, Evolution of Historical and Future Precipitations and Temperatures
Within Essaouira Basin Under Climate Change Effect, Mohammed Bahir, Otman
El Mountassir, and Mohamed Behnassi consider Morocco as one of the countries
most vulnerable to the impacts of climate change, particularly in regions with arid
and semi-arid climates. In this context, the authors used a climatological analysis
(rainfall and temperature) and groundwater level, salinity, and isotopic methods to
better understand the relationship between climate change and water availability.
The annual precipitation analysis results using the Nicholson rainfall index graphical
method and statistical tests, namely Pettitt test and Mann—Kendall tests, revealed an
overall negative trend for the basin of 12 to 16% from 1978 to 2015. This decrease
in average annual precipitation is accompanied by an increase in temperatures with
a very significant extent of warming of 1.2 °C in the downstream part of the study
area and 2.3 °C in its upstream region. This reflects the effect of the continentality
of temperatures in the study area. It is recommended for local and global policies to
integrate targets such as the reduction of greenhouse gas emissions, the use of clean
and renewable energy, and the education of the population on the swift adoption
of appropriate behaviors towards a warmer and drier climate, especially for people
living in areas with semi-arid, arid, and Saharan climate.
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In the same perspective, Yasemin Kuslu and Kenan Barik examined in Chap. 8,
The Climate Change Phenomenon Using Temperature and Precipitation Observa-
tions by Reference to The Case of Erzurum. The authors recall that the most impor-
tant indicators of the climate change are the long-term changes in the spatial and
temporal precipitation and temperature patterns, and this is being increasingly felt
by extreme weather events and changes in temperature and precipitation trends.
Data collected about these aspects provide important clues about climate change.
For this purpose, the authors used different statistical analysis methods. And since
hydro-meteorological observations are data covering a series of time, hence they may
be intermittent, short-term, irregular, and skewed, the authors applied homogeneity
tests before the statistical analysis. Applications were made on the temperature and
precipitation values obtained from observation stations that show slight differences
from each other and represent three sub-climates in the city of Erzurum, Turkey,
which has a semi-arid main climate. The authors found that there is an increase in
the temperature trend and a decrease in the precipitation trend for all three stations.
Therefore, the statistical significance of the change in temperature and precipitation
trends requires urgent action to be taken against climate change, especially in terms
of adaptation.

In Chap. 9, Effect of Climate Change on Sea Water Intrusion in the Essaouira Basin
Coastal Aquifer, Mohammed Bahir, Otman El Mountassir, and Mohamed Behnassi
claim that sea-level rise, during which salt water penetrated coastal underground
aquifer systems and mixed with fresh water, has gradually contributed to the decline
in water quality. This is happening in a context where groundwater is becoming
an important source of both potable and irrigation water uses in many parts of the
world. The authors show in their hydrogeochemical study that the seawater begins
to invade the freshwater of the Plio-quaternary aquifer of Essaouira basin, Morocco.
This intrusion, demonstrated by ionic ratios and corroborated by stable isotopes and
the combined use of oxygen-18 contents and chlorides, has a mixing rate that vary
between 12.8 and 15.9%. Stable isotopes approach highlights that the recharge of
Plio-Quaternary and Turonian is ensured by precipitation of Atlantic origin without
significant evaporation and that these waters have been subjected to contamination
by seawater.

Accordingly, in Chap. 10, Analysis of Groundwater Regimes Utilizing Hydrogeo-
logical Modeling Under Climate Change Scenarios, Muhammad Awais, Muhammad
Arshad, Jan W. Hopmans, Mirza Barjees Baig, and M. M. M. Najim consider
the groundwater, given its multiple advantages, as one of the most imperative
natural resources increasingly used worldwide for a variety of purposes (agricul-
tural, domestic, and industrial usage), especially in a context marked by the decline of
surface water resources in terms of availability and quality. However, climate change
is currently affecting global natural resources, particularly the water cycle, with many
consequences for groundwater resources as well. In this scenario, the authors think
groundwater flow models could be very useful tools for the efficient management
of groundwater resources if properly calibrated and validated. The models can help
manage the aquifer system and its related features in real time; however, the authen-
ticity and reliability of downscaled values of the same models are still questionable.
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Therefore, for the assessment of climate change impacts on groundwater resources,
the authors believe that it is imperative to understand the extent and magnitude of
groundwater vulnerability to droughts, over-exploitation as well as deterioration in
its quality. And to understand the spatial and temporal availability of groundwater,
a better quantification of the regional water budget is also required. This informa-
tion can be a good source of evidence for the groundwater managers dealing with
present and future climate change regimes. In sum, the future sustainable availability
of groundwater is highly dependent on long-term climate trends and their possible
implications on groundwater recharge and water level fluctuations.

In the same perspective, Mohammed Bahir, Otman EI Mountassir, and Mohamed
Behnassi in Chap. 11, Hydrogeochemical Processes Regulating the Groundwater
Quality and its Suitability for Drinking and Irrigation Purpose in a Changing
Climate in Essaouira, Southwestern Morocco, consider groundwater as vital for
the water supply and environmental protection, especially in semi-arid and desert
regions. Based on this, the authors undertake an integrated assessment in the Ceno-
manian—Turonian aquifer during the campaigns 2017, 2018, 2019, and 2020 using,
in a combined way, the Water Quality Index (WQI), Irrigation Water Quality Index
(IWQI), and geochemical and isotopic (3'%0, $?H and 8H) tools. The combination
of major element and stable isotope geochemistry allowed the authors to understand
the hydrodynamic functioning of the Cenomanian—Turonian aquifer and to clarify
the geologic factors that control its water chemistry and mineralization process.
Taking all the findings into consideration, and in order to decrease the soil degra-
dation process in the Essaouira region, the authors call for a continuous monitoring
of groundwater, control of salinity through proper management, implementation
of more efficient irrigation methods, a good leaching regime, maintenance of low
groundwater levels, as well as awareness raising of farmers.

In Chap. 12, Drought Assessment in Potwar Region, Punjab Pakistan during 1981—
2019, Saira Batool, Syed Amer Mahmood, and Safdar Ali Shirazi focus on drought,
given its character as a key disaster that affects numerous segments of the natural
environment and economy throughout the world. To this end, they computed Drought
indices (DIs), Standard Precipitation Index (SPI), and Reconnaissance Drought Index
(RD]) for Potwar region (PR) in Punjab-Pakistan, using DrinC software. According
to the findings, the drought situation of 12, 9, 6, and 3 months was estimated on
temporal basis. DIs obtained by deciles technique showed that, for the last 39 years,
8 years are with drought severity in a cycle and are occurring every 2 to 7-years
just the once repetitively. The RDI and SPI index showed the analogous trends
as of deciles. Though, for RDI and SPI, the extremely dry and severely dry class
was merely two years and the rest of the drought-affected years with respect to
deciles were normally and intermediately dry. SPI is better than to deciles for a better
understanding of drought severity. Regression analysis revealed that the RDI and SPI
indices are mutually interrelated, and if first 3-month precipitation is obtainable, one
can forecast yearly RDI. The authors believe that their investigation and its findings
are valuable to devise future development plans to tackle vulnerable drought incidents
and mitigate its socio-economic impacts.
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In Chap. 13, Managing Agricultural Water Productivity in a Changing Climate
Scenario in Indo-Gangetic plains, Pavneet Kaur Kingra and Surinder Singh Kukal
recall that climate change has a significant impact on the hydrological cycle and
warming scenarios along with increased uncertainty in rainfall behavior may lead to
increase in crop water requirements and decrease in water availability for irrigation.
Consequently, the groundwater resource is being depleted at alarming rates world-
wide, especially in south-east Asian region. Due to increased frequency and intensity
of extreme weather events, the agriculture has become highly vulnerable to climatic
risks, thus endangering food security and stimulating the over-exploitation of natural
resources. For the authors, such dynamics should orient research towards improving
crop water productivity rather than yields and climate-smart agriculture seems the
viable option in this perspective. On-farm water management, rainwater harvesting,
groundwater development, advanced techniques of irrigation, breeding for resistance
to droughts and floods as well as construction of dams for water storage are some
of the practices the authors consider important to manage water scarcity. Similarly,
improving soil moisture retention, changing cropping calendars, encouraging crop
diversification, irrigation management such as deficit irrigation, supplemental irriga-
tion, alternate wetting and drying in rice, etc. are very important on-farm practices for
enhancing crop water productivity. In addition to this, some policy measures such as
climate proofing structures, reallocation of water among different sectors, and crop
insurances should be implemented by governments. Moreover, improved weather
forecasting can play a very crucial role to minimize climatic risks in agriculture
and crop simulation and hydrological modeling are techniques, which can assist in
tactical decision making for improving crop water productivity and better manage-
ment of water resources. Remote sensing and geospatial techniques can also be used
successfully for improved hydrological monitoring at regional level. Overall, the
authors believe that there is a dire need of taking quick actions to enhance water-use
efficiency and save this precious resource for sustaining agriculture and achieving
food security in future.

From a different perspective, Ahmed Al-Busaidi, Mushtaque Ahmed, Wenresti
Gallardo, Waad Al-Aghbari, and Yahya Al-Yahyaei focus, in Chap. 14, on A Sustain-
able Method of Production Towards Food Security Using Aquaponics by reference
to the Case Study from Oman. The authors claim that Gulf countries need to look for
innovative and sustainable food production for local and expatriate populations in
line with the Sustainable Development Goal (SDG)-12. In this regard, an opportunity
exists for food (mainly fish and vegetable) production using limited but highly treated
wastewater, thus contributing to sustainable consumption and production (SCP) in the
region. Therefore, the objective of the study, conducted by the authors at the Sultan
Qaboos University in Oman, was to evaluate the effect of tertiary treated wastew-
ater on fish growth, and subsequently the effect of the produced effluent coming
from fish tank on grown crops. According to the findings, the authors noticed that
tanks with treated wastewater got higher concentrations of dissolved oxygen due to
algae growth and more salts content due to minerals added from treated wastewater
compared to fresh water alone. Therefore, lettuce and bean growth was much better
and got higher values of chlorophyll content compared to plants in control tanks.
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For heavy metal analysis, all waters got similar values but, in some samples, the
concentrations of B, Cu, Mn and Zn were higher in treated wastewater compared to
fresh water and that was reflected in lettuce roots. For the edible part, lettuce grown
in treated wastewater got higher value of Fe and B compared to control. Similar
concentrations were found with bean plants with higher values in treated wastewater
compared to freshwater. However, low concentrations of heavy metals were found
in the edible parts of all plants in all treatments. Fish analyses showed that all tested
heavy metals were within the safe limit. For the authors, the positive aspect of this
system is that it will help protect the environment by reusing treated wastewater and
reducing fertilizer applications. Moreover, farmer income will increase since both
fish and crops will be produced with minimum resources.

In the same perspective, Chérifa Abdelbaki, Nadia Badr, Hidayat Mohammedi,
Rokiatou Haidara, and Halima Belarbi investigate, in Chap. 15, the Wastewater Reuse
for Agriculture as an Adaptation Measure to Water Scarcity and Climate Change by
reference to the Case Study of Ain Temouchent, Algeria. The authors consider Algeria
among the African countries most affected by water stress. Therefore, considering
irrigation using reclaimed water maybe an appropriate solution to secure and enhance
agricultural production. In their chapter, the authors determined the water quality of
the treated wastewater produced from the Wastewater Treatment Plant (WWTP) of
Ain Temouchent—a semi-arid region located in the northwestern part of Algeria—
including physico-chemical parameters, heavy metals, and microbiological contam-
inants. According to the findings, and except of phosphate ions (PO, ~3), the other
physico-chemical parameters and heavy metals were below the recommended norm
of WHO and FAO and Algerian standards for irrigation purposes. However, the
results of the microbiological analyses indicated that the number of fecal coliforms
and intestinal nematodes are above the WHO norms for treated wastewater intended
for irrigation. On the other hand, according to Algerian norms, the authors believe
that irrigation of the fruit trees through drip irrigation technique is likely to reduce
the risk of contamination while preserving the health of the consumers.

In Chap. 16, Water Quality and its Health Impact in the Prefecture of Moham-
media, Morocco: A Review, Rachida El Morabet, Larbi Barhazi, Soufiane Bouhafa,
Mohamed Behnassi, and Roohul Abad Khan investigate the links between water
quality and health. Focusing on the case of the prefecture of Mohammedia, Morocco,
which is a booming region with the extension of intensive irrigated agriculture and
industrial zone, in addition to the accelerated urbanization and the creation of the New
Zenata city within the prefecture, the authors believe that this development is accom-
panied by an increased degradation of water resources, which affects, in turn, the
local socio-ecological system. In this chapter, the authors review and analyze recent
literature about the qualitative and quantitative evolution of water associated with
global change, with a focus on data from both institutional reports and field surveys.
The groundwater was found to have higher concentrations in indicating permeation
of wastewater (presence of E-coli); whereas surface water sources were contaminated
and crossed the permissible limits for safe drinking water quality at point of meeting
wastewater discharge. Also, bacteriological concentration in groundwater validated
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groundwater contamination, especially in the vicinity of landfills. The findings indi-
cate a significant spatial variability in the quantitative (piezometry) and qualitative
(physio-chemical, biological, and hydro-geomorphological quality) distribution in
the prefecture of Mohammedia. Also, the number of water-borne diseases validated
the impact of water quality on consumer’s health. The authors think that further
studies about the overall quality analysis of water resources based on the same
parameters are needed so they can serve as a reference for policy making in the
field of sustainable water resources management in the study area.

In Chap. 17, Basic Planning Principles of Roof Precipitation Harvesting Systems,
Hasan Er and Yasemin Kuslu expose the precipitation harvesting techniques and the
various methods to use these techniques on buildings’ roofs in order to manage water
scarcity, which is becoming one of the biggest problems for mankind. The authors
define precipitation water harvesting as the collection and accumulation of rainwater
and runoff water, which help supply the water required for both plant/animal produc-
tion and domestic consumption. This water supply method has provided drinking
water to many historical cities since ancient times—archaeological findings show
that rainwater harvesting dates back to 6000 BC—and the practice has been used
since humans began to live and grow crops in arid areas. Currently, while in many arid
countries a large part of rainwater is lost through evaporation or turning into wastew-
ater, worldwide awareness and importance of rainwater harvesting are increasing. In
addition, since the water obtained is free of charge, the authors believe that protecting
natural water resources can be easily integrated into existing water network systems.
Also, low operating and maintenance costs make precipitation harvesting extremely
attractive for the management of water in times of scarcity. With the collection of
precipitation water, purposes such as preventing soil erosion and floods, providing
quality irrigation water, feeding groundwater, and saving network water can be
achieved. Based on these advantages, the authors describe the elements of roof
precipitation water collection systems, including the basic principles that should
be considered when planning.

From a governance perspective, in Chap. 18, A Political Economy of Water Secu-
rity: The Case of Singapore, Md. Saidul Islam, Ashvini Kannan, Chen QingLin,
Josephine Toh, and Lynette Loh recall the need for every country to ensure its water
security, which encompasses all dimensions of human health, livelihood and well-
being, and food and energy production. In the past, all industrial nations strived to
ensure their water security through early substantial investments in infrastructure,
institutions, and capacity to manage water and wastewater. In this regard, the case of
Singapore is important to understand the political economy of water security. With
its high dependence on neighboring nation for water supply, and with limited land
to collect and store rainwater, the country encountered drought, flood, and pollu-
tion since its independence in 1965. Over the years, Singapore adopted integrated,
effective, robust, and cost-efficient approaches with strategic investments in research
and technology to treat, recycle, and supply water. Today, the country is recognized
internationally not only as a model city for integrated water management but also
as an emerging global hydro-hub. Touching on the causes of water insecurity in the
world today, the authors delineate the Singapore story of how ‘water scarcity’ in the
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nation has been transformed into a ‘water opportunity’. To bring critical insights,
the authors also compare the Singapore case with two other similar nations: Saudi
Arabia and Israel.

In the same vein, Muhammad Nawaz Khan and Adeel Mukhtar focus, in Chap. 19,
on Water Management in Pakistan: Challenges and Way Forward. For the authors,
water management is the biggest challenge being confronted by Pakistan due to
inadequate water management practices, insufficient storage capacity, irrigation inef-
ficiency, population explosion, over-exploitation of groundwater, climate-induced
water stress, and India’s water hegemony as upper riparian. However, this critical
situation does not favor a good management of water resources through, for instance,
water conservation and storage strategies, thus increasing water insecurity in the
country. Therefore, the country would not be water secure until it implements strin-
gent water management measures, in addition to building dams. In this context, the
authors attempt to investigate the importance of water management practices for the
future water security of Pakistan as well as its socio-economic development. While
doing so, the authors also highlight challenges faced by the water sector in the country
and conclude with some doable policy recommendations.

In Chap. 20, Climate Change, Water Variability, and Cooperation Along Trans-
boundary River Basins in Perspective of Indus Water Treaty, Faraz ul Haq, Ijaz
Ahmad, and Noor Muhammad Khan recall that transboundary rivers can be the
cause of water conflict between nations and that’s why treaties and agreements have
been made to settle these conflicts. In the Indian sub-continent, western rivers are
becoming a matter of concern for Pakistan in terms of water quantity, especially
that many dams had been constructed by India on these rivers and many more are
planned or under construction. In this work, the authors undertake a comparison
between the viewpoints of both countries regarding transboundary interventions.
For India, variations in river flows and water shortages in Pakistan are due to its
negligence and India is doing nothing to violate the Indus water treaty and is just
utilizing its water allocation on western rivers. For Pakistan, India is stealing its water
supplies and constructing the water-controlling structures only as a political exercise
to improve political power. Therefore, the authors believe that the maintenance of
transboundary aquifers and groundwater management, transboundary cooperation
in watershed management, and integrated water resources management can lead to
sustainable development between both countries. The authors provide in their work
information on transboundary conflicts and treaties in addition to future concerns to
both researchers and policymakers.

Building on all chapters presented above, this volume attempts to explore the
linkages, synergies and trade-offs among the water, climate, and food nexus as a step
ahead in understanding the complexity of such a nexus and its challenges. Indeed,
many related challenges were tackled by the authors, especially the impacts of climate
change on water security and the contribution of water scarcity in the decline of food
production and security. The volume equally focuses on the solutions side, covering
the relevance of sustainable water management, the multiple uses of nonconventional
water resources as an adaptation strategy, the use of advanced technologies and
models to assess the quality and quantity of water resources in the context of climate
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change, innovative governance settings in the area of water management, etc. This
may help fill the huge science-policy-practice gap in the nexus areas. Additionally,
since this volume has been compiled at a time when the nexus is being recognized
at a global level, we hope it will contribute to ongoing work, including, the IPBES
nexus assessment, which is currently underway.
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Abstract Water, food, and environment are not only essential components of human
life and existence but are also important for the economy. Given their interdepen-
dence, it is increasingly imperative to study them from a nexus perspective. Water
is essential for daily life, industry, and agriculture and originates from varied under-
ground and surface sources. The decreasing quality of water due to anthropogenic
activities—such as pollution induced by industrialization, unsustainable agriculture
and the wide use of toxic materials—contributes to water insecurity worldwide.
Moreover, the underground water is being over-pumped in large quantities across in
many regions, which results in water scarcity. Biological and technological advance-
ments including hybrid seeds, improved irrigation facilities, efficient fertilizers use,
effective disease and pest control, and efficient farm machinery in agricultural sector
globally have contributed to increase the food production. Also, progress is being
made in terms of economic development and growth but the sufficient and quality
food is not available to the entire population for many reasons, including access
and governance issues. Increasing food prices, unemployment, lack of opportuni-
ties and consumption smoothing make it difficult for the poor to access sufficient
food. The natural environment is also on the verge of deterioration and degradation
due to anthropogenic activities. Over and inefficient use of natural resources and
unsustainable development have harmed the environment, sometimes irreversibly.
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Hence, this chapter aims at analyzing the different dimensions of water, food, and
environment from a nexus perspective for a better understanding of the linkages
between them and thus guide public policies aiming at fighting poverty, food inse-
curity and vulnerability while promoting a healthy environment for present and next
generations.

Keywords Water * Food - Environment - Security * Poverty + SDGs

1 Introduction

The world has undergone substantial technological, industrial, agricultural, and
human development (Hoff 2011). However, many societies are still facing the prob-
lems of uneven distribution of water resources, food insecurity, and environmental
degradation. A large part of the world population, especially in the Global South, is
food insecure with the environmental degradation and water scarcity further wors-
ening the situation. Moreover, the severity of extreme events like floods, droughts,
weather extremities, and irregular and untimely rains, and the prolongation of crop-
ping seasons etc. are exacerbating existing vulnerabilities (Kundzewicz et al. 2007).
The world has faced natural disasters like tsunamis, floods, earthquakes with human
and material casualties similar to those of the World Wars I and II while the rapid
and unsustainable industrialization continue to increase the environmental degrada-
tion. Human societies have altered the natural resources, deviated the rivers, harmed
the flora and fauna, and spread the urbanization which overuses land and natural
resources. Clean water is gradually becoming insufficient for drinking and other
human activities including agriculture. Chemical pollution and industrial and house-
hold wastes have deteriorated water quality. Overall, the environment is at risk;
emissions of greenhouse gases, pollution, melting of glaciers, sea-level rise, and
increase of global temperature are negative externalities of unsustainable develop-
ment. Keeping in view the prevailing conditions, the upcoming decades will be mostly
marked by food and water deficit, an overpopulated and warm planet, and ecological
imbalance (Meadows et al. 1972; WEF 2011).

Water, food, and environment are three important pillars of human security and
development. Many sustainable development goals confirm their importance such as:
the SDG 2 about zero hunger, which depicts the scarcity of good quality and sufficient
quantity of food; the SDG 6 about clean water and sanitation, which intends to combat
the unavailability and lack of access to clean water; the SDG 13 about climate action
to combat global warming; and the SDGs 14 and 15 which can also be considered
under the context of environmental issues (Fig. 1).

Given the interlinkages between water, food, and the environment, a nexus
approach is necessary to capture interrelated dynamics and implications and develop
response mechanisms. The nexus approach is recently gaining importance as it
takes into account the collective intervention of different aspects under consider-
ation (Zidjaly 2012). This, in turn, helps assess the multiplier effects of the different
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Fig. 1 Sustainable development goals (SDGs). Source United Nations!

phenomena in the changing nature (Kuure et al. 2018). Many studies have consid-
ered different nexuses, such as the food-energy-water nexus (Cai et al. 2018; Nie
et al. 2019; Scanlon et al. 2017) and the water-food-energy-environment nexus
(Momblanch et al. 2019; Sood et al. 2019). Within the same perspective, this chapter
aims to discuss the water-food-environment (WFE) security nexus with the objec-
tive to highlight relevant policy implications and provide tools to manage the nexus
related challenges. First, it gives a brief overview about the core issues under study,
and then focuses on the WFE security nexus by formulating tools and inputs for
policy-making processes.

2 Water Security

Water is a prerequisite for the existence and evolution of human species on the
planet. It is a vital component of life and a significant resource, which supports
different types of human activities. However, its availability and accessibility are
a great challenge (Chen and Trias 2020). Grey and Sadoff (2007) defined water
security as, “the availability of an acceptable quantity and quality of water for health,
livelihoods, ecosystems and production, coupled with an acceptable level of water
related risks to people, environments, and economies”. Water is found in abundance
in lakes, rivers, oceans, glacier, and aquifer covering around 71% of the surface of
Earth (Gleick 1993), making it a plentiful resource. However, the quality and purity
of the water are deteriorating over time making it increasingly unsuitable for human
consumption. Moreover, the global distribution of water resources is not uniform:

Uhttps://www.un.org/development/desa/disabilities/envision2030.html.
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97.5% of the total water on earth is saline, out of which 96.6% is in the form of
oceans and 1% resides as underground water; the remaining 2.5% is present in the
form of fresh water as surface water and soil moisture (Stephens et al. 2020).

Water is the source of good health and hygiene (Merchant et al. 2003) and
positively associated with happiness (Nadeem et al. 2020). The lack of sanitation
and hygiene leads to diseases like malaria, diarrhea, skin problems, and cough in
Amassoma, Nigeria as reported by Raimi et al. (2018). Globally, 1.1 billion people
lack access to clean water and 2.5 billion lack sanitation facilities (UNICEF 2012),
resulting in 7% addition to diseases and 19% child mortality (Ustun and WHO 2008).
The United Nations (2010) has declared the access to clean water and sanitation as
a basic human right.

Water is an essential element for running industries, environment and living organ-
isms. It helps in metabolism and maintains body temperature (Hanslmeier 2011).
Water gets polluted when impurities in the form of chemicals, salts, heavy metals,
solid household wastes and other soluble and insoluble materials, making water unfit
for industrial, agricultural and human use. Water stress areas around the globe are
likely to increase on daily basis and more than 60% of the population is expected
to face this problem by 2025 (Arnell 1999). The point of concern is that these are
irreversible changes, being caused by human activities including industry, economy
and development but at a very high cost. It is not possible to undo these changes and
restore our resources and environment.

Developed and industrialized countries have already invested in water secu-
rity by all appropriate means and have generally managed to ensure the contin-
uous availability of quality water. For many developing countries, which are water
resource poor, they are increasingly suffering the adverse consequences in the form of
increased poverty, economic insecurity, and decline in health conditions and overall
living standards. Figure 2 shows that most of these countries in Africa and Asia will be
on the verge of water scarcity in 2040. Moreover, the water demand is increasing, and
itis expected that around 40% of the world population will suffer from water scarcity
by 2050 (OECD 2013); such a population will reach 9.7 billion (UN 2015) and
require 60% more food by the same year (Alexandratos and Bruinsma 2012). Hence,
all concerned countries, especially in the Global South, should develop appropriate
governance frameworks, including the implementation of adequate water policies,
keeping in view the future needs of the water use and the water scarcity impera-
tive. This will help maintain their human security while achieving development and
sustainability.

3 Food Security

Food security, unlike water security, is linked to the access and availability of suffi-
cient and quality food (Barrette 2010). “Food security exists when all people, at all
times, have physical and economic access to sufficient, safe and nutritious food to
meet their dietary needs and food preferences for an active and healthy life” (World
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Fig. 2 Water stress in 2040. Source Luo et al. (2015)

Food Summit 1996). Food insecurity is the condition when, “people do not have
social, physical and economic access to food” (FAO 2009). Here, there are two basic
aspects: one is the ability of a person to purchase enough food to meet the dietary
requirements; and the other is the capability of the economy to meet food demands
through the production of nutritious and quality food. The current situation, however,
does not seem to meet the SDG 2 (zero-hunger) as hunger is still a growing challenge
for the international community with 746 million people still suffering from acute
food insecurity and 1.25 billion from moderate food insecurity (FAO et al. 2020). The
comparison of the most food-insecure continents and the world is shown in Fig. 3,
which confirms that food insecurity mostly prevails in the Global South.

The progress made by humanity in many areas—such as science, technology,
modes of organization, etc.—have provided numerous endowments including better
seeds, fertilizers, pest and disease control, plant protection measures, modern irri-
gation systems, farm machinery, redistribution and transportation systems, etc.
However, despite these achievements, food insecurity still prevails, giving rise to
doubts about the relevance of current development efforts (Staupe-Delgado 2019).
Therefore, the need to adjust existing response mechanisms with the scope and
amplitude of the food insecurity challenge is pressing.

4 Environmental Security

The natural environment plays an important role in supporting life, provides essential
resources for economic development, and serves as a reservoir for wastes. However,
the big challenge being faced by both developed and developing countries during
recent decades is how to ensure development while reducing at maximum negative
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Fig. 3 Food insecurity status of the world and most affected continents. Source FAO et al. (2020)

environmental externalities (Usman et al. 2020a). This challenge has been insuffi-
ciently managed since the world is still facing many environmental problems such
as biodiversity loss, deforestation, desertification, air, land and water pollution, and
most importantly climate change. Moreover, industrialization and overuse of natural
resources to achieve higher levels of economic growth and consumption have resulted
in increased ecological and carbon footprint (Destek and Sarkodie 2019; Saidi and
Omri 2020; Salahuddin et al. 2020) and environmental damage (Shahbaz et al. 2016).
These environmental costs are beyond the self-regulating capacity of ecosystems and
jeopardize the ecological balance.

In this perspective, the concept of ‘environmental security’ has been developed
and linked with the protection of the environment and its components—such as
the atmosphere, land, water, and biodiversity—in addition to the preservation of the
ecological balance. In order to do so, there is a need to develop new value systems and
practices such as recycling, shifting to renewable energies and energy sobriety, refor-
estation, optimal use of resources, changing consumption preferences and habits,
eco- and climate-friendly technologies, etc. Accompanying these shifts with appro-
priate governance systems is also imperative. The main goal of next decades should
be the preservation of environmental quality while enhancing the sustainability of
economic development (Usman et al. 2020b).
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5 The Water, Food, and Environmental Security Nexus
(WFE)

According to Merriam-Webster dictionary, the word ‘nexus’ was used in 1663 for the
first time, meaning: ‘connection’ or ‘link’. Hence, the nexus consists of connecting
or linking two or more things together. In the scientific literature, the nexus approach
studies the interdependence and linkage of different concepts (De Laurentiis et al.
2016; Smajgl et al. 2016). In this perspective, water, food, and environment are
increasingly perceived as interconnected where actions taken in each area may have
multidimensional effects on other areas and the security of one area depends on the
security of others (Lele et al. 2013) (Fig. 4).

According to Rostow’s Growth Model (Rostow 1960), The drive to maturity puts
extra burden on the resource use and allocation. Savings ultimately lead to invest-
ments, increasing the volume of economic activity, industrialization, and promoting
urbanization. There is a dire need for the inputs to manufacture products for domestic
consumption, replace imports, and increase export to earn foreign deposits. An
economy reaching this stage often overlooks environmental degradation and over
depletion of natural resources, and ultimately reaches a critical point where inter-
ference is needed to safeguard the environment, its resources and the ecological
balance.
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Fig. 4 Components of the WFE Nexus. Source Developed by the authors
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Fig. 5 Water use for food production. Source Developed by the authors based on data from Hoekstra
and Chapagain (2008) and Singh (2017)

Water, food, and environment are the interconnected components of all kinds of
life on earth. In the WFE nexus, water holds a central position since it is an essential
ingredient for the production of food, maintaining life, and keeping environment
secure. In this context, agriculture as a human activity is the major user of water,
especially in developing countries. Out of total available water, Asian agriculture
consumes 81%, the remaining 11 and 7% are consumed by industry and households,
respectively (Singh 2017). The statistics regarding Latin America are almost similar
for agriculture whereas for industry and domestic uses the percentages are 10% and
19%, respectively. In Africa, the percentages are 8%, 4% and 10%, respectively. For
Oceania and the Caribbean, similar figures are observed: 73% and 69% regarding
agriculture use of water. The case of developed countries is entirely different as
America and Europe use only 39% and 32% of their water resources in agriculture
while the large part is used for industrial purposes (Singh 2017).

Figure 5 highlights the amount of water used for the production of different dairy
and agricultural products, along with the interdependence of water and food in the
underlying nexus. It is evident that 1 kg of beef, cheese, milk, chicken meat, a dozen
of eggs, and 0.25 pound of hamburger jointly consume as much amount of water
(39,800 L) as required by a single human for a period of around 34 years as drinking
water.”

The different concerns or aspects related to water security include: continuous
and uninterrupted supply of clean and sufficient water for drinking and hygiene
purposes; ecosystems’ management which, in turn, provides services and resources;
water-related hazards, including floods and droughts, contamination of water by
chemicals and wastes, and climate change; water requirements of economic activities
and development (Fig. 6); and the imbalance between water supply and demand
for agriculture, industry, and household. These concerns are behind the interrelated
challenges of ensuring water and food security and environmental sustainability.
Water and food insecurity are alarming since a large number of individuals (1.5-3

2 Per day water intake by adult male is 3.7 L and 2.7 L for a woman (Sawka et al. 2005), and the
average calculated is 3.2 L/day. The rest of calculation is: (39,800/3.2)/365 = 34.07.
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Fig. 6 Aspects of water security. Source Developed by the authors based on data from: www.wat
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billion) are currently relying on groundwater resources, which are at increased risk
(Kundzewicz et al. 2007).

Excessive use of water resources causes serious threats to the environment like
waterlogging, salinity, and damage to infrastructures and ecosystems (Han 2003;
Jiang 2009; Liu and Xia 2004). Weather conditions affect the production of crops,
and hence food security. Environmental degradation and climate change negatively
affect water supply and crop and livestock production (Wollenberg et al. 2016). The
decline in the quality and quantity of freshwater adversely affects biodiversity and
ecosystems’ functioning, which in turn creates undesirable changes in phenotype as
well as genotype of living organisms. On the other hand, deterioration of freshwater
resources spurs land degradation and loss of agroecosystem productivity. Fertile
lands become less fertile and barren, thus increasing the risk of food insecurity.
Consequently, all these aspects when combined affect human health and environ-
ment (WHO 2003). Such situations can be differentiated into two types: short-term
effects when the environment can quickly recover from the harm; and severe long-
term effects where they exceed the self-recovery capacity of the environment. Water
pollution, in addition to climate change impacts, belong to the second category given
their cumulative and long-lasting effects on water and environment (Inyinbor et al.
2018).

FAO (2017) reported that food security is a chronical issue and the number of
undernourished individuals around the globe has increased at an alarming rate, espe-
cially in Asia and Africa which are considered the most affected regions. Insufficient
availability of freshwater makes agricultural land unable to meet increasing food
demands. Figure 7 displays water withdrawals for agriculture, industry, and domestic
consumption, which are highest in Asia and Africa; two regions already at the verge
of water insecurity. Top water-consuming countries in these two regions are India,
China, USA, Russia, Indonesia, Nigeria, and Brazil. Russia and Indonesia consume
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Fig. 7 Ratio of water withdrawal for agriculture, industry, and domestic consumption. Source FAO
AQUASTAT (2015)

4%, and Nigeria and Brazil consume 3% individually leaving behind 52% water for
the rest of countries (Singh 2017).

As mentioned earlier, water holds a central position in the WFE nexus as it is
the key resource for food production, energy generation, daily life and ecosystems’
functioning (Fig. 9). In addition, not only water scarcity and degradation affect the
environment and the climate, rather these two can also affect water availability and
quality (Bates et al. 2008; IPCC 2019). Indeed, there is a strong relationship between
environment, climate, and water cycle. In case of low rainfall for instance, there will
be less soil moisture required for the growth of crops and natural vegetation, under-
ground water level will fall, and less water will be available for industry and domestic
uses. Climate change is enhancing environmental degradation and increasing global
temperatures, the latter has tendency to evaporate most of surface waters, resulting
in an increased gap between water supply and water demand and growing vulnera-
bility of agricultural sector (FAO 2011). Similarly, the gap between food production
and demand and provision of agricultural raw material to the industry is widening
(OECD and FAO 2018). The projections indicate increased food demand for 2050
(FAO 2017), whereas the production may decline by one-third (Ray et al. 2015). A
study by Chai et al. (2020) in China has proved that the economic growth process
exacerbates water and food insecurity and environmental damage, a fact which makes
economic growth appears a non-desirable goal (Fig. 8).
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Fig. 8 Position of water in the WFE nexus. Source Developed by the authors
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6 Conclusions and Policy Recommendations

Adopting a nexus approach to the study of interdependent issues is relatively recent
and, in most cases, fruitful. The WFE security nexus, which is the focus of this
chapter, particularly emphasizes the need to consider the interconnection of water,
food, and environmental security. As explained above, any positive or negative
changes affecting one area imply effects for other areas with possible tradeoffs,
and this should be considered both in research and policy making. Today’s world
is increasingly facing the problems of water, food, and environmental insecurity.
Developing countries are overusing water resources for agricultural purposes while
developed ones overuse the same resource for industrial development purposes. The
least amount of water is being used for drinking and hygiene purposes. Therefore,
economic activities—mainly agriculture and industrialization—have deteriorated
water quality and around half of the world population is suffering from scarcity
of clean drinking water. Meanwhile, water scarcity and degradation and arable land
shortage due, among other factors, to rapid urbanization have limited food produc-
tion. Combined with a high demographic growth and rising food demands, the food
insecurity challenge continues to undermine the human security of many countries,
especially in Asia and Africa.

In addition, unsustainable industrialization and intensive agriculture, urbaniza-
tion, greenhouse gas emissions, depletion of natural resources, and pollution have
put unbearable burden on ecosystems, which results in increased environmental inse-
curity. The air we breathe, the water we drink, the food we take include carbon, heavy
metals, chemicals, pesticides and other wastes and are not fit for a healthy life and
sustainability. The damage being caused to the environment is increasingly irre-
versible and many thresholds are being transgressed. The Planet Earth is the only
home to human beings. Safeguarding such a planet and its balance means, inter alia,
ensuring human existence, well-being, and sustainability.

From the above discussion, policy makers in all countries, especially in the Global
South, should develop and implement appropriate water policies and governance
frameworks keeping in view the future needs of the water use and the water scarcity
imperative. Existing water infrastructure should be improved, and new technologi-
cally advanced infrastructure should be developed, such as modern irrigation tech-
niques, including drip and sprinkler irrigation. Surface water reservoirs like dams,
rivers, canals and lakes should be employed for irrigation purpose. Pumping of
groundwater should be discouraged. Water harvesting techniques should be adopted
in order to save extra sources of water. Both public and private investment in irriga-
tion infrastructure should be encouraged. In this way, underground water level could
be maintained.

To solve the issue of food insecurity, seeds of high yielding varieties should be
introduced. Government should ensure the availability of inputs including seeds,
fertilizers, and other resources. Food prices should be fixed by the government in a
way that poor and vulnerable individuals and households could purchase healthy and
accessible food. Individuals, households, and industries should be informed through
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awareness programs about the severity of WFE security issues and encouraged to
adopt eco-and climate-friendly practices and technologies, including the reduction
of resource use and negative externalities such as wastes and carbon emissions.
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Water and Food Security in the Middle oo
Eastern and Northern African Countries

Wagqar Akram, Zakir Hussain, and Sultan Adeel

Abstract Water, both for human use and agriculture, is a concern in the Middle
Eastern and North African economies (MENA), entailing risks and opportunities in
these countries. Besides, fast-changing politico-socio-economic and environmental
conditions make water security challenging for policymakers. Water security, coupled
with food security, has become a distinct and more unnerving challenge than ever
before. This chapter provides a detailed analysis of water scarcity, food security, and
climatic challenges in MENA countries and provides a way forward in addressing
these issues. In MENA countries, water shortage, food security, and environmental
problems are intertwined. It is imperative to use water resources efficiently to ensure
a sustainable environment, efficient (allocative) use of water, and obtain distributive
justice, contributing to social contract or integration. This argument also includes
delivering water input reliably and affordably to ensure cordial relationships between
service providers and water users and help promote the renewed social contract. The
climate of MENA is arid and near arid. The drought cycle is shortened from three
years to annual and often brings floods. Thus, water security, food security, and
environmental issues are more than ever-changing targets; however, some are within
reach of humankind. A series of suggested solutions to the MENA region’s water
resource management and associated problems exist. Implementing these solutions
needs clear incentives to bring about water management changes, including conser-
vation, allocation, and address some of the riparian issues and water conflicts among
the MENA countries, such as the Nile and other basins. The MENA countries warrant
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better engaging the civil society (e.g., High Aswan Dam in Egypt) and water users,
teaming millions of youths to make the solution work. The debacle of doable poli-
cies addressing water challenges can severely affect nations” well-being and fragile
political stability. Thus, the strategic question is ‘now or never.” The MENA coun-
tries should act with urgent attention in strengthening water security, food secu-
rity, and a sustainable environment instead of waiting for doomsday for impending
water crises leading to “Water Conflict,” quoting the saying of late United Nations
Secretary-General Boutros Ghali that the “3rd world war will be on waters”.

Keywords Food security - Water security - Middle East and North Africa - Water
scarcity and strategies

1 Introduction

Water and other natural resources, mainly used for agricultural power generation,
are under stress globally (Behnassi et al. 2019) due to the exponential rise in income
and population, which is increasing the consumption of natural resources rapidly and
stretching the entire world to its natural limits (WEF 2016). Besides, climate change
further exacerbates the issues of water and food insecurity globally (Scott 2017). The
concern is that the three main sectors providing food and income security are also
the top greenhouse gas producers and are at risk due to climate change (Scott 2017).

Ata global level, 17 countries that provide homes to nearly one-fourth of the entire
population face extreme water crises (WRI 2019); out of these countries, 12 are in
the MENA region (Hofste et al. 2019). The World Resources Institute (WRI) further
concludes that out of 21 countries in MENA, ten are at extreme baseline water stress
levels. In contrast, eight are in the high baseline water stress level, which signifies
the importance of this region in mitigating water and food insecurity. The MENA
region is dry and hot and faces the severe challenge of water shortage with growing
water demand. Such a situation further stresses the present water resources, including
the capacity of the agricultural sector to meet the region’s food security. A report
by the World Bank points out that the region can face a significant economic loss
(approximately a 6-14% decline in the current GDP) due to water scarcity (Hofste
et al. 2019).

Therefore, the concern for energy production, water, food, and climate has become
the global agenda due to the exacerbating challenges. Even the United Nations has
included the concern for climate as its 13th Sustainable Development Goal (Climate
Action). Further, as the data provides that the majority of extremely and highly
water and food stress areas are in the MENA region, and the presence of one-fourth
population in it, researchers and policymakers find it essential to answer the strategic
question of ‘now or never.” Moreover, it is imperative for the MENA countries to
strengthen water and food security and strive for a sustainable environment instead
of waiting for doomsday for impending water crises leading to ‘Water Conflict.’
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To this end, the present chapter explains the intertwined problem of water and food
security as well as the environmental problems in the MENA region. The following
sections of the chapter include the background of the MENA region, its geographical
area, and utilization, followed by the population and education level. The following
section reviews the previous work on the MENA region, followed by the economic
state and the political economy. Then, the subsequent section provides evidence
on the food and water balance in the region, followed by water conflicts, water
management, and strategies to address the water issues. The last section concludes
the entire work and provides recommendations for future work.

1.1 Background

MENA is widely used in the literature to refer to countries in the Middle East and
North Africa region (World Bank 2014). The word is often used in broadcasting,
military planning, academics, and business writing. The MENA region is diversified,
facing economic and political transformations, and striving for better growth. It is in
one of the most economic regions of the world with significant access to economics,
an increasingly young and educated population, and some competitive advantages in
economic sectors such as renewable energies, tourism, and manufacturing (OECD
2021).

1.2 Geographical Area

As per the definition of Britannica (2021), MENA comprises the countries located on
the shores of the Persian Gulf, the Gulf of Aden, and the Red Sea, ranging from the
Arabian Sea to the east, the Mediterranean Sea in the south (north in case of North
Africa), and the Atlantic shores of Morocco in the west, and encompasses the Arabian,
Qatari, and Sinai peninsulas. However, there is no considerate definition of the MENA
countries; various global organizations define the MENA region with different coun-
tries and territories, and some organizations do not even recognize the MENA region.
For instance, the World Bank’s 2003 definition of the MENA region includes 21 terri-
tories and countries in the Middle Eastern and North African regions (World Bank
2003). These countries include Bahrain, Iran, Iraq, Israel, Jordan, Kuwait, Lebanon,
Malta, Oman, Palestinian territories (West Bank and Gaza), Qatar, Saudi Arabia,
Syria, the United Arab Emirates, and Yemen from the Middle Eastern region and
Algeria, Djibouti, Egypt, Libya, Morocco, and Tunisia in the North African region.
The 2021’s definition of MENA by the World Bank includes the same countries
and territories. Figure 1 provides the marked countries in the MENA region by
World Bank. Further, the initiative of OECD with the MENA economies includes
19 countries (OECD 2021): Bahrain, Iraq, Jordan, Kuwait, Lebanon, Oman, Pales-
tinian Authority, Qatar, Saudi Arabia, Syria, United Arab Emirates, and Yemen in the
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Fig. 1 MENA region by the World Bank. Source World Bank (2003, 2021)

Middle Eastern region and Algeria, Djibouti, Egypt, Libya, Mauritania, Morocco,
Tunisia in North Africa.

In contrast to the World Bank’s definition, the FAO’s 2015 definition excludes
Iraq and Malta from the MENA region. In contrast, the OECD-FAO 2018-27 outlook
reportl includes Iraq, Mauritania, and Sudan, excluding Malta, Israel, and Djibouti
from the MENA region. Other than this, the International Monetary Fund (IMF) and
other organizations of the United Nations, such as the UNAIDS, UNICEF, UNHCR,
and UNSD, define the difference between some countries. For instance, UNAIDS,
UNICEEF, and INHCR omit Israel in MENA, UNAIDS omits Palestinian territories,
while UNHCR and IMF include Mauritania and Pakistan (IMF only) in the MENA.
Figures 2 and 3 provide the marked countries in the MENA region by UNAIDS and
IMF.

1.2.1 Middle Eastern Countries

As per the World Bank’s definition of the MENA, 15 countries are in the Middle
Eastern region (World Bank 2003). The region is located on the shores of the Mediter-
ranean Sea and encompasses the Arabian Peninsula. A brief description of each
country is provided below (Britannica 2021).

1 OECD-FAO Agricultural Outlook 2018-2027: Chapter 2: Middle East and North Africa —
Prospects and Challenges. (For more: please see http://www.fao.org/publications/oecd-fao-agricu
Itural-outlook/2018-2027/en/?__cf_chl_captcha_tk__=pmd_00zL5dijz70GPQO2.ronGwNbXS
20pUszJFevUfGrAx8-1630928220-0-ggNtZGzNAvujenBszQRO.


http://www.fao.org/publications/oecd-fao-agricultural-outlook/2018-2027/en/?__cf_chl_captcha_tk__=pmd_o0zL5dijz70GPQO2.r6nGwNbXS2opUszJFcvUfGrAx8-1630928220-0-gqNtZGzNAvujcnBszQR9
http://www.fao.org/publications/oecd-fao-agricultural-outlook/2018-2027/en/?__cf_chl_captcha_tk__=pmd_o0zL5dijz70GPQO2.r6nGwNbXS2opUszJFcvUfGrAx8-1630928220-0-gqNtZGzNAvujcnBszQR9
http://www.fao.org/publications/oecd-fao-agricultural-outlook/2018-2027/en/?__cf_chl_captcha_tk__=pmd_o0zL5dijz70GPQO2.r6nGwNbXS2opUszJFcvUfGrAx8-1630928220-0-gqNtZGzNAvujcnBszQR9
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Fig. 3 MENA region by IMF. Source IMF (2003)
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1.2.2 North African Countries

Likewise, the World Bank’s definition includes six countries from Africa in the North
African region of MENA (World Bank 2003). The region locates on the Atlantic
shores of Morocco in the west and the Red Sea in the east. A brief description of
each country is provided below (Britannica 2021).

1.3 Resource Utilization

The geographic location and the abundance of natural resources make MENA one
of the most critical regions of the world, affecting the stability of the rest of the
economies (OPEC 2012). The utilization of natural resources in the MENA region
is diversified. The below section explains the primary natural resources distribution,
such as land, labor, capital, finances/FDI, oil, and agriculture in the MENA region.

1.3.1 Land

As per the World Bank (2018a) data, the total land area of the MENA region is
4,333,359.28 sq. miles: 4,108,957.64 sq. miles of rural and 100,890,64 sq. miles
of urban land (World Bank 2010). However, FAO (2021) points out that out of the
available land, only 1/3 (33.22%) supports agricultural production, out of which
only 5% is arable. The remaining land makes up deserts or is utilized under urban
settlements. Besides, the total land under forest has increased from 80,512.73 sq.
miles in 2000 to 88,517.36 sq. miles in 2018 (World Bank 2018a).

1.3.2 Land for Agriculture

MENA is one of the most challenging regions of the world due to its location and the
environment, making it unsuitable for agriculture. The statistics provide that the total
land available for agriculture is 1,438,533.59 sq. miles, the highest in Saudi Arabia
(670,382.24 sq. miles) and the lowest in Bahrain (33.20 sq. miles). Figure 4 provides
the detailed availability of land for agriculture in each country (World Bank 2020).

Besides the dearth of suitable agricultural land, the productivity of land under
cultivation has reduced to only 35-30% (FAO 2021). Box 1.1 provides the recent
initiatives to address the issue of declining land quality in the MENA region. The
primary sources of land degradation are water and wind erosion (removal of the
uppermost layer) in rain-fed areas and soil salinity/sodicity and intensive farming in
irrigated land areas (FAO 2021).
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Fig. 4 Land available for agriculture (square miles). Source World Bank (2020)

Box 1.1 Initiatives combating the declining land quality in the MENA?

Considering the issue of declining productivity in the MENA region, the
following two solutions can provide benefits to meet the productivity level.

(a) Soil Maps: These documents provide information on soil characteristics,
such as soil nutrients, water storage electrical conductivity, soil pH, and
organic material. The data is collected in various ways, such as manual
field sampling, infrared spectroscopy, and remote sensing. Thus, the infor-
mation can provide crucial information to farmers and policymakers to
decide which crop to plant/sow and how much inputs such as seeds, water,
and organic and synthetic fertilizers are required. However, soil maps may
bring problems in decision-making if outdated or low-resolution soil maps
are utilized.

(b) Zero Tillage: This technique helps mitigate the issue arising from the
plowing, such as loss of upper layer (organic matter) and moisture which
can further pace the water and wind erosion. This technique minimally
disturbs the upper layer of the soil. The roots left from the last crop
serve the role of soil stabilizer, increasing the fertility and water-holding
capacity. Thus, the technique can help maintain land productivity.

2 Source: http://www.fao.org/3/i9166e/i9166e_Chapter2.pdf, cited in OECD-FAO Agricultural
Outlook 2018-2027.
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1.3.3 Aquaculture and Fisheries

Due to the presence of the majority of the MENA countries on the shores of the seas,
fisheries and aquaculture have greater importance. The region provides one of the
most diversified freshwater and marine ecosystems, and it provides livelihood to the
locals and services as the source of a nutritious diet. As per the stats provided by
FAO (2021), total production from freshwater, marine, and aquaculture included 59
million tons in 2016, which increased from 2.2 million tons in 1996, mainly due to
the increase in the captured fisheries. In contrast, during the same time, aquaculture
also increased (32% share in 2016). However, regardless of the region’s production,
it still relies on imports of fish and fish products to meet its national consumption
(FAO 2021).

1.3.4 Labor

As per the World Bank 2020 data, the total available labor force is 147.277 million
out of the 464.554 million population in the region (World Bank 2020); the highest
in Egypt (27.870 million labor, 102.334 million total population) and the lowest in
Malta (0.280 million labor, 0.525 million total population). The data shows that,
on average, 19.93% are females (highest in Israel, 47.6 percent; lowest in Yemen,
7.9%), and the remaining are males (80.07%). Besides, 14.597% are employed in
agriculture (highest in Morocco, 33.25 percent; lowest in Israel, 0.92%), 26.96%
in industry (highest in Qatar, 54.00 percent; lowest in Yemen, 10.20%), and 58.29
percent in the services sector (highest in Israel, 81.86%; lowest in Morocco, 43.66%).
The data provides that labor participation in the agricultural sector has decreased over
the period, sustained in the industry, and increased in the services sector (World Bank
2021). Figures 5 and 6 provide the detailed availability of labor for each sector in
each country.

1.3.5 Capital, Finances, and Foreign Direct Investment

The MENA region has remained vital in attracting media attention as one of the
most critical hotspots for economic, security, and political vulnerabilities (Miller
et al. 2018). In terms of finances and wealth, the countries located in the region are
also diversified, ranging from wealthy countries with one of the top natural reserves,
such as crude oil, to the poorest economies extravagated by poverty and chronic
battles. These issues in developing countries hinder investment from multinational
companies (MNCs) operating in the region (Dimitrova et al. 2019). As per the World
Bank (2020), the present FDI? in the entire region is 66.074 billion USD (highest in
Israel—24.283 million USD, lowest in Libya—0.001 million USD, and negative in
Yemen, Kuwait, Qatar, and Iraq), which once reached an all-time high of 126.452

3 Foreign direct investment, net inflows (BoP, current US$) — Middle East & North Africa.
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Fig. 6 Total labor force in each sector (percentage). Source World Bank (2020)

billion USD in 2007. Figure 7 provides the detailed availability of the FDI in the
MENA region.

The present investment (growth and decline) in the MENA region has declined due
to chronic fiscal and structural problems, primarily improper infrastructure, prevalent
corruption, feeble governance, frail private sector vitality, and inadequate economic
divergence outside the oil sector. It has further been exacerbated by the drastic decline
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Fig. 7 Foreign direct investment (millions). Source World Bank (2020)

in oil prices* and the fallout from the Arab Springs uprisings (World Bank 2018a;
Saefong 2021). Besides this, the region is also facing political instability coupled
with humanitarian disasters, making them least integrated into the world economy
despite the presence of two primary trade routes (World Bank 2018b). These issues
lead the MENA region to poor economic development and lower FDI (Dimitrova
et al. 2019).

Contrary to the present scenario, the MENA region can still attract local and
foreign investment due to the presence of natural reserves (gas and oil), the growing
young population, and the geopolitical presence (Demirbag et al. 2011).

1.3.6 Agriculture

Similar to the diversified nature of labor force employment, the agricultural sector’s
contribution to the national economy is diversified (Ahmed et al. 2023). For instance,
the agriculture, forestry, and fishing value added to the region’s GDP are 5.165%;
the lowest in Bahrain (0.31%) and highest in Syria (39.77%). It points to the impor-
tance of agriculture in minor oil-producing economies such as Yemen and Syria
and lesser importance in most oil-producing economies such as Qatar, Bahrain, and
Saudi Arabia. Figure 8 provides the detailed contribution of agriculture, forestry, and
fishing in each country (World Bank 2020).

Regardless of the contribution of agriculture to MENA’s economy, it plays a vital
role in providing raw materials to the manufacturing and servicing industries (Lecht-
enberg 2018). The irrigation system, mainly in the basins of the Tigris-Euphrates

4 For more, please see: https://www.bbc.com/news/business-52350082.
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Fig. 8 Agriculture, forestry, and fishing value added (% of GDP). Source World Bank (2020)

River Basin, Jordan River Basin, and Nile River Basin, enables the intensive produc-
tion of crops, supporting the exports of valuable fruits, cereals, and vegetables.
However, the food gap in the entire region is broadening, questioning the food secu-
rity of the MENA economy. Some countries have now focused on increasing agricul-
tural production by introducing policies. For instance, Saudi Arabia’s Vision 2030
focuses on food for all populations living in the kingdom by increasing aquaculture,
cooperatives, and vegetable and fodder productivity (SPA 2021).

1.3.7 Crude Oil Production

The MENA countries are known for their vast crude oil reserves globally, producing
30.80 million barrels per day. The leading exporter of crude oil and products are Saudi
Arabia (also the second-largest oil exporter globally), exporting 12 million barrels
per day, followed by Iraq (4.8 million barrels per day), UAE (4.0 million barrels per
day), Iran (3.2 million barrels per day), and Kuwait (3.0 million barrels per day). In
contrast, Syria is the lowest, with 0.024 million barrels per day (Carpenter 2021).
However, oil production is decreasing gradually, and the economy is shifting toward
other sources to generate income. The above-given Fig. 4b also identifies the shift in
labor participation toward the services sector in the MENA region.

3 For more: Please refer to: https://www.spa.gov.sa/viewstory.php?lang=en&newsid=2290104.
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Fig. 9 Total and gender-specific population (millions). Source World Bank (2020)

2 Population and Education Level

The population is considered an essential factor in determining the country’s growth
due to its high role in the labor force. This section explains the population in each
MENA economy and their education level.

2.1 Population in the MENA Countries

The population level in the MENA region provides that the countries are highly
populated, housing 6.3% of the global population. As per the data provided by World
Bank (2020), the population in the MENA region is 464.554 million (240.679 million
Males, 223.874 million Females). Out of this, 396 million (199 million Males, 196
million Females) live in lower and middle-income® countries, which intensifies the
population and income inequality in the region. Nevertheless, the population level
is highly diverse in MENA, as Egypt (22.03%) and Iran (18.08%) alone encompass
more than 40 percent of the region’s total population. Figure 9 depicts the gender-
specific population in each country.

6 Data extracted from Population, total — Middle East and North Africa (excluding high
income countries). Source: https://data.worldbank.org/indicator/SP.POP.TOTL?locations=ZQ&
most_recent_value_desc=true.
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2.2 Education Level in the MENA Countries

The education level in MENA provides that the average adult literacy rate in the
region is 79.649% (highest in Saudi Arabia, 97.59%, and lowest in Yemen, 54.10%).
In contrast, the average youth literacy (15-24 ages) rate is 90.331 percent (highest
in Saudi Arabia, 99.50%, and lowest in Yemen, 77.00%). Figure 10 provides the
MENA region’s adult, gender-specific literacy levels.

In relevance to the education level in the MENA region, these countries share
some cultural links and distinctions from the nearby economies. For instance, the
culture in Israel is different from the culture in Turkey. The same applies to Iran,
Saudi Arabia, Egypt, and Morocco. Similarly, Islam is the dominant religion in the
region except for Israel, and Arabic is the primary language except for Iran, which
has Persian as the primary language.

3 Previous Work in the MENA Region on Water and Food
Security

The water and food security of any region/country depends on agricultural and other
development practices, climate change, and environmental resources (Antonelli et al.
2017). Various studies have determined the adverse impact of water and food secu-
rity in the MENA region, encompassing 6.3% of the global population and less than
2% of the total renewable freshwater availability. For instance, Williams (2015a, b)
investigated the failure of investments in the agriculture sector to meet food and water
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Fig. 10 Total and gender-specific literacy rate (% of people). Note The latest data for Yemen is
from 2004, whereas no data is available for Djibouti. Source World Bank (2020)
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security. The results show that large-scale investments in the agricultural sector are
required to meet food and water security. Antonelli and Tamea (2015) examined the
food and water security in the region by undertaking the political economy perspec-
tive. The results highlighted that the food and water security of the region depends
on importing the food and water (moisture content in food products).

Specifically, on water security, Giirsoy and Jacques (2014) mentioned that the
water security of the MENA changed drastically in the last few decades due to the
political conflicts extended over decades. Despite the political governments’ focus
on the supply side of water conservation, building dams and water reservoirs has
escalated the tensions between neighbors. Section 6.1 focuses on water conflicts
in the MENA region. Karadirek (2017) evaluated household-level water security
in the MENA region. Based on the Asian Water Development Outlook (AWDO)
methodology, the authors defined the household level water security for water access,
sanitation access, and hygiene. The results depict that households in Algeria, Egypt,
Jordan, Lebanon, Morocco, Tunisia, Turkey, and Yemen are highly vulnerable to
water scarcity.

From the food security perspective, Omidvar et al. (2019) assessed the food secu-
rity and socio-demographic factors affecting food security in the region. The results
pointed out that 5% of people in rich countries and 13.6% in lower-middle-income
countries were facing the issue of severe food insecurity. Wright and Cafiero (2010)
mentioned that the MENA region largely depends on grain imports, which are unre-
liable. Besides, the heavy subsidies on grain consumption by both rich and poor
reduce the stabilizing response of consumption to price and increase the size of
reserves needed to ensure any given level of food security.

4 State of the Economy

The MENA region comprises a heterogeneous group of countries, encompassing
high-income counties to middle-income and lower-income countries. The region is
highly dependent on oil and gas production in the high-income economies and on
agriculture in the middle-and-lower-income economies. Due to this, the region is
in unstable economic growth. For this, let us look at the present GDP growth rate
in the MENA region. World Bank (2020) data provides that the region is currently
experiencing overall negative GDP growth of — 3.988%, with the highest in Libya
(— 31.30%). Some countries also experienced growth, such as Egypt (3.57%) and
Syria (3.75%). However, the average growth rate may reach 4.6% in 2023. Figure 11
provides the most recent data on the GDP growth rate in the region (IHS Markit
2021). Besides, Fig. 12 provides the political and income status in MENA.
Digging deeper into the region’s economy, it still gets 7.94% of its GDP value-
added from agriculture, forestry, and fishing, with the highest in Alegria (14.2
percent) and lowest in Qatar (0.3%). Likewise, the region’s manufacturing value
added to the GDP is 12.34%, the highest in Algeria (24%) and the lowest in Iraq
(2%). In contrast, the sector still largely relies on the manufacturing sector’s value



3 Water and Food Security in the Middle Eastern and Northern African ... 47

4 —
0 t t t t t t t t t t t t t t t t t t t t {
. > & RS SO R R S R S P VR T I
FT T E S TSR LSS QS
g ¥ Y EEET ¥ oi 5 d; S 4a¢9°§¢§° PN SesS
& cg@ &
-8 T S 37
& &
¢
124 Q‘b 0
_16 +
00 +
o4 4
08+
32 L
Fig. 11 GDP growth rate (percentage). Source World Bank(2020)
Fragility Index
8 =
Iraq
7 -
Egypt
6 -
OME
5 - Iran Saudi
Morocco Arabia
4 -
ONA Turkey
3 -
2 -
1 -
0 - . T . : :
0 5,000 10,000 15,000 20,000 25,000
GDP per capita
(year 2010 SUS)

Fig. 12 Political stability and income of MENA countries. Source Getachew and Mesbah (2015)

in addition to the GDP. It gets around 35.49%, the highest in Kuwait (58.4%) and
the lowest in Lebanon (7.2%). Lastly, like the rest of the world, the services sector’s
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contribution to GDP is rising in the region as it contributes around 55.29%, with the
highest in Lebanon (86.4%) and the lowest in Algeria (47.8%).’

From another perspective, Al-Shaikh and Jamal (2020) provide that the region
largely relies on exporting raw products as a source of foreign exchequer. Besides,
the dependence on foreign markets is high as a source for industrial and food products.
The over-dependence of the region has raised the question of growth and employment.

To cater to this need and defend common interests, the countries located in the
region are also part of several unions and cooperatives. For instance, North Africa is
part of the African Union, Algeria, Bahrain, Djibouti, Egypt, Iraq, Jordan, Kuwait,
Lebanon, Libya, Morocco, Oman, Palestine, Qatar, Saudi Arabia, Syria, Tunisia, the
United Arab Emirates, and Yemen are part of the Arab League. Besides this, Saudi
Arabia is a member of the G-20 nations, Algeria, Egypt, and Iran are part of the G-15
nations, whereas Israel is part of the OECD® countries. Lastly, Algeria, Iran, Iraq,
Kuwait, Libya, Qatar, Saudi Arabia, and the United Arab Emirates are part of the
OPEC? countries.

5 Food Balance and MENA

From the food balance perspective, it is imperative to understand the need for food
security in the MENA region. The following section provides old and new perspec-
tives on food security in the world, followed by a detailed section on the current
scenario in the MENA region.

5.1 Food Security

Traditionally, Bindraban et al. (1999a, b) defined food security as when all the time,
an individual has access to food in the required quantities that can enable him to live a
healthy and active life. The definition is also accepted globally to explain food secu-
rity. However, this definition of food security based on the production-orientation
approach has gradually changed towards the integrated-orientation approach, which
now imitates the various components of food security. Therefore, the most recent
definition of food security involves availability, equal access, stability, and quality
food. Food security will likely be achieved when all of these factors are available
(Mbow et al. 2019). Food security, as per the updated definition, has four compo-
nents: (i) physical availability of foods, which addresses the “supply side of food
security and is determined by the level of food production, stock levels, and net

7 To provide the better picture of the region, the data of the warn torn countries such as Yemen,
Libya, and Syria have not been considered by the authors.

8 Organization for Economic Cooperation and Development.
9 Organization of the Petroleum Exporting Countries.
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trade’”; (ii) economic and physical access to food, which ensures “an adequate supply
of food at the national or international level; however, it does not in itself guarantee
household level food security”; (iii) food utilization, which addresses the “sufficient
energy and nutrient intake by individuals as a result of good care and feeding prac-
tices, food preparation, diversity of the diet and intra-household distribution of food”;
and (iv) stability of the other three components over time, which states that “even
if one’s food intake is adequate today, he or she is still food insecure if he or she
has inadequate access to food periodically, risking a deterioration of his or her
nutritional status” (Hameed et al. 2021; World Bank 2023).

Concerning food security in the MENA region, there is a need to look at cereal
production to understand its current level of food security.

5.2 Cereal Production in MENA Region

The World Bank (2018) data provides that the cereal production in the region is 70.090
million metric tons, which makes 2.36% of the entire global production (2.965 billion
metric tons) for the 6% of the global population. Besides, the per-country total cereal
production is also diverse, where only three countries, i.e., Egypt, Iran, and Morocco,
collectively produce 75.69% (31.44,29.44, and 14.81%, respectively) of the region’s
total cereals production. Djibouti is at the bottom, producing only 18 metric tons of
cereals, whereas Bahrain does not produce any. Figure 13 provides the details of
cereal production in the MENA region.

Along with cereals, oilseed crops are another type of crop providing energy and
protein in the MENA region.
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Fig. 13 Cereals production (million metric tons). Source World Bank (2018c)
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6 Water Balance and MENA

The region is the most water-scare region globally, with only 1.4% of the available
freshwater sources housing 6.3% of the entire population (World Bank 2017a). Over
60% of the population in the region has little or no access to drinkable water, while
over 70% of the region’s GDP is exposed to high or very high-water stress (Al-Zu’bi
2019). The region is also severely affected by climate change and has been subject to
an almost continuous drought since 1998. Therefore, water has remained a challenge
for the MENA countries (Drake 1997). Nonetheless, this issue is further worsened
by ongoing regional instability, climate change, and economic development (World
Bank 2017a). These activities will further increase the water demand in the future.

The region is comprised of an area of 4.6'° million sq. miles, making around 10
percent of the world’s total land area (UN-FAO 2014), whereas, in 2020, the region’s
population reached 464 million with an annual increase of 1.7 percent (World Bank
2018), and expected to reach 586 million by 2030 and 732 million by 2050. It is
pertinent to mention that a larger population will require more water. Based on the
available water in the region, MENA can be divided into five primary subdivisions
(Kandeel 2019):

e Arabian Peninsula: Bahrain, Kuwait, Oman, Qatar, Saudi Arabia, the United
Arab Emirates, and Yemen

Nile Basin: Egypt

Al-Maghreb: Algeria, Libya, Morocco, and Tunisia

Al-Mashreq: Iraq, Jordan, Lebanon, the Palestinian Territories, and Syria
Sahel: Djibouti.

Besides, the al-Maghreb, al-Mashreq, and Nile Basin countries share common
climatic attributes, determining their natural water resource capacity (Kandeel 2019).
Further, the available renewable!! internal freshwater resource in the MENA region
is 229.67 billion cubic meters (highest in Iran, 129.50 billion cubic meters; lowest in
Malta, 0.05 billion cubic meters; and zero in Kuwait, Bahrain). The MENA region’s
per capita renewable freshwater resource is 525.747 cubic meters (highest in Iran,
1592.83 cubic meters; lowest in Bahrain, 2.68 cubic meters, and zero in Kuwait). In
contrast, it is 604.24 cubic meters in the MENA region, excluding the high-income
countries, postulating that the lower middle and middle-income countries in the
MENA region have more per capita freshwater available for their people (World
Bank 2021). Figure 14 provides the available inland and per-capita water in the
region.

Besides the inland water availability, the rainfall is meager in the region as it
spans over three deserts'? worldwide. The average annual rainfall in the region is

1012 billion Hectares (UN-FAO, 2014).
11 Refers to internal river flows and groundwater from rainfall in the country.
12 These three deserts are: (a) Rub’al Khali desert in the Southern Arabia. (b) Sahara Desert in the

Africa that includes major part of the Egypt and Libya, and (c) Baidat ElI-Sham in the Northern
Arabia.
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Fig. 14 Renewable internal freshwater resources and per capita (cubic meters). Source World Bank
(2017b, ¢)

below 100 mm in 65% of the region, while it is between 100 and 300 mm in 15% of
the region; the rest of the area gets more than 300-mm rain annually (Abu Zeid and
Abdel-Meguid 2006). Studies on the water conflict and climate change in the region
MENA reckon that the water conflict among these countries is escalating due to the
worsening climatic conditions. Figure 15 points to the water scarcity in the region.

Water-Scarce Countries in the Middle East
and North Africa

kﬂjﬂ U

Fig. 15 Water-scarce countries in the Middle East and North Africa. Note Shaded countries have
less than 1000 cubic meters of renewable freshwater per person yearly. Source World Bank (2017a)
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The scarcity of anything generates conflicts among the stakeholders. The popula-
tion living in the countries faces a severe water crisis, leading to potentially disastrous
consequences (Selim et al. 2020).

6.1 Water Conflicts

Despite its most significant importance in human living, water has remained the point
of conflict among nations. Several countries in the region are currently in a state of
geopolitical instability (Zekri and Al-Maamari 2020). The water issue in the MENA
region covers three primary basins, including Tigris-Euphrates River Basin, Jordan
River Basin, and Nile River Basin.

7 Water Management and Issues

The freshwater withdrawal by the industries'? in the MENA region is 4.32 percent,
which is slightly higher (4.34%) in the lower and middle-income countries. Compared
to the industry, the freshwater withdrawal by agriculture'* in the MENA region is
85.43%, slightly higher (86.04%) in the lower and middle-income countries (World
Bank, 2021). Thus, owing to the copious reliance on agriculture in the region, Woertz
(2017) argues that agriculture is the primary factor in the water crisis. It withdraws
nearly 80% of the total available water.

8 Strategies to Address Water Issues

Before addressing the water issues, it is paramount to understand the need for water
management. The climate of the MENA region is predominantly hot, and the region
widely relies on rain to irrigate lands and produce food for humans and animals. The
total and per capita in-land water is also low in coastal or island countries like Kuwait,
Bahrain, and Malta. Water scarcity, coupled with water conflicts among countries
such as Turkey, Israel, Jordan, and Egypt, put the MENA region at stake. These issues
have made water a precious resource from a widely available commodity. To this
end, the present governing bodies in the region need to develop water management
strategies to address water issues in the region. The below-given paragraphs elaborate
on strategies falling into two subsections, i.e., water consumption strategies and water
conservation strategies.

13 Annual freshwater withdrawal, industry (% of total freshwater withdrawal). Source: World Bank,
2021.

14 1hid.
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Under the water consumption strategies, the MENA governments must develop

the following:

The first and topmost strategy under water consumption is ‘increasing awareness
to change consumption patterns.” World Bank data reported the decline of per
capita freshwater available for the people in the region, mainly in sub-Saharan
Africa and the Arabian Peninsula. It implies that water consumption must be
conscious of meeting the present and future demands of the population. Therefore,
educating people about sustainable water use is paramount to managing the crisis.
The second strategy, ‘reducing the corporate water footprint,” implies that indus-
trial water consumption nearly accounts for 22% of global consumption. In the
MENA region, it is 4.33% (highest in Lebanon, 48.91%, and lowest in Iran,
1.18%). Therefore, the governments in the MENA region must push industries to
adopt sustainable manufacturing practices' (focused on less water consumption)
to produce goods and services. The examples may include: (i) switching to sustain-
able and renewable energy resources, such as solar, wind, or biogas, to power the
production processes; (ii) reducing industrial waste or efficient recycling of the
waste to reduce the carbon footprint; and (iii) improving energy efficient materials
and machine parts, such as smart sensors and automation, in production processes.
The third strategy includes ‘planning for and reducing the population growth
rate.” The population growth rate in the MENA region is 1.718%, implying that
the population will increase by 7.98 million yearly, which can post the supply—
demand side gap to nearly 65% by 2030. Therefore, reducing the population
growth rate will reduce water consumption.

The last strategy under the consumption strategies includes finding new ways
and scaling up innovative water technologies ranging from reusing wastewater,
desalination, combined agriculture or aquaculture, and smart irrigation systems.
In some countries, more than half of current water withdrawals exceed what
is naturally available; 82% of wastewater is not recycled, presenting a massive
opportunity to meet water demands (World Bank 2017a). Therefore, finding new
ways to recycle would be paramount.

Under conservation strategies, the MENA governments must develop and improve

‘ways to conserve the presently available water’ for its population:

The first strategy is to invest in ‘inventing new and innovative ways to conserve
water in the areas where the aquifers are drying up, and rainwater is increas-
ingly unpredictable.” Governments can focus on providing grants to universities
and research institutions to develop improved water catchment and harvesting
methods.

The second strategy is ‘developing energy-efficient desalination plants for water
conservation.” Presently, desalination is another significant problem in the African
continent after food and water security, and the process is costly and energy exten-
sive. Although the Middle Eastern states have developed large energy reserves

15 Sustainable manufacturing practices aim to reduce the environmental impact of producing goods
and services, while also ensuring social and economic benefits.
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to build desalination plants due to their strong economies, North African nations
cannot do so. Therefore, governments must fund the development of better water
desalination plants to conserve water.

e Other than these two broad strategies, the governments in the MENA region can
build institutional cooperation, improve distribution infrastructure, develop better
policies, and price water appropriately to address water issues. All will collectively
affect water consumption and conservation.

9 Conclusions and Recommendations

This chapter highlights the widespread issues of water and food security in the
MENA region. The rapid and dynamic changes in political, social, economic, and
environmental factors have worsened the water scarcity and food security challenges
for policymakers. Both issues are interlinked and pose a more serious and urgent
threat than ever before for the future. In particular, water scarcity, climate change,
population growth, urbanization, conflict, and displacement are some of the factors
that contribute to the challenge of ensuring water and food security for all. The
findings from the study suggest that the region has the greatest expected economic
losses from climate-related water scarcity, estimated at 6—14% of GDP. Total water
productivity in MENA is only about half the world’s average, which poses a big
question on the current and future economic status of the region. Besides, the region
is exceptionally dependent on food imports, especially on wheat and other staple
grains. The estimates suggest that the number of Yemenis afflicted by food insecurity
reached 24 million— ~83% of the population—in 2021, with 16.2 million needing
emergency food. With regard to education, one in every five children in MENA is
not in school, and of these out-of-school children, an estimated number of over 3
million would have been in school if the crises had never happened. Equally, by the
end of 2017, the armed conflicts in Syria, Iraq, and Yemen brought back the number
of regional out-of-school children to its 2007 level of over 14.3 million.

Therefore, policymakers need to adopt a holistic and integrated approach that
considers the interlinkages between water, food, energy, and the environment to
address these challenges. They also need to foster regional cooperation, invest in
innovative technologies, promote water conservation and efficiency, and engage with
all stakeholders, especially the youth and women who are most affected by water
insecurity. By doing so, the MENA region can turn its water and crisis into an
opportunity for peace and prosperity, which may become a case of a “blessing in
disguise.”
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Abstract The water-energy-food (WEF) nexus is a novel concept, which aims at
integrating three key drivers of development and human security. Effective manage-
ment of these three resources requires careful assessment of synergies, conflicts and
trade-offs which are inherent in the nexus. In Kenya, the achievement of sustainable
development goals relies on the management of these key resources. Climate vari-
ability and climate change bring uncertainty to water, energy and food situations in
the country. Over 75% of agricultural activities in the country are rainfed and thus
risky in the face of the poor temporal and spatial distribution of rainfall. Energy
reliability is low in Kenya due to the dependence on hydropower sources which are
prone to climate risks. This review highlights the importance of the WEF nexus in
the face of climate change impacts. Climate adaptation mechanisms for building
resilience in cropping systems, water service and energy provision are key elements
for the improvement of livelihoods. It is imperative to address sustainably and holis-
tically the three key sectors through policy, legal and institutional frameworks and
initiatives. Assessment models and tools are developed to monitor the attainment of
targets under WEF.
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1 Introduction

The concept of the water-energy-food (WEF) nexus has been of great interest and has
attracted the attention of many professional players both in the academic research and
policy formulation and development sectors. The concept is aiming at enhancing the
integration of these three key economic drivers in the perspective of sustainability,
development and human security (Finley and Seiber 2014; Mahlknecht et al. 2020;
Rasul 2014; Ringler et al. 2013, 2016). The WEF nexus concept holds the idea
that the production and consumption trend of water, energy and food resources are
all interlinked and, therefore, affected at the same time. Although the WEF nexus
relationship has existed in the past, its initial conceptualization was realized during
the Bonn 2011 Nexus conference (Hoff 2011). Itis evident that in the nexus approach,
water, energy and food are interrelated and connected: impacts in one sector may
affect the overall performance in other related sectors. Thus, there is an urgent need
to integrate water, energy and food in governance and management in the prescribed
framework (Bellfield 2015; Wichelns 2017).

The WEF nexus entails the identification of the interactive nature and of inter-
linkages, synergies and trade-offs between water, energy and food components that
were in the past considered to have existed separately. For example, water is vital for
livelihood such as drinking, irrigation and aquatic life sustenance. Similarly, water
is used for energy production such as in hydropower generation, biofuel produc-
tion, cooling of nuclear and geothermal plants, extraction of fossil fuels, shale gas
development, and mining processes. The energy consumption component includes
pumping water for food production and irrigated agriculture, desalinization, water
purification, water distribution and wastewater treatment (Bizikova et al. 2013). The
global statistics show that: food production accounts for over 70% of water use (FAO
2017) and primary energy production; power generation accounts for merely 10% of
the water extraction (IEA 2008); the food production and the supply chain account for
30% energy use (FAO 2011); and withdrawal, transportation and sewerage treatment
account for barely 8% of energy use (UNU 2014).

A good understanding of the interactive nature between WEF resources in their
temporal and spatial scale can enhance resource security and facilitate the inter-
sectoral and holistic approaches in decision making that will eventually lead towards
the sustainability requirements of the nations. A deeper look into Sustainable Devel-
opment Goals (SDGs), which are made up of climate action, economic equality,
innovation, sustainable consumption, peace and justice etc., cannot be sustainably
achieved without ensuring proper management of these natural resources (Bizikova
etal. 2013). The concerns addressed in SDGs vastly affect the majority of developing
countries since they have a myriad of problems such as national priorities, including a
lack of finances, poor data quality, inadequate statistical capacities, unclear indicators
and targets (Khalid et al. 2021). Besides, the infrastructural resilience of developing
countries is not at par with the Global North and thus partnerships among these
nations are desirable.
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Kenya, like any other country, aims to address some of the most pressing SDG
priorities as indicated in her Vision 2030 flagship document (GOK 2007), including
the eradication of extreme poverty, reduction of inequality, promotion of economic
growth and development of sustainable cities, while considering climate change,
good governance and population growth pressures. The interest has grown globally
in the WEF nexus arising from different sectors. Recent literature has identified
major challenges and future objectives of the nexus (AbdelHady et al. 2017; Bijl
et al. 2018; Garcia and You 2016; Heard et al. 2017; White et al. 2018). Watersheds
and water conservation methods have been strongly emphasized by some researchers
in modern agriculture with some scholars advocating for a focus on the applicability
and operationalization of the WEF nexus based on the mathematical models and
optimization.

There are very few publications and projects related to the WEF nexus in Kenya in
comparison with other regions like Europe, USA, Asia, and Australia. The existing
studies have addressed partial interlinkages in the WEF nexus. There is a progress
achieved based on social and environmental issues, with a broad focus on the role
played by agriculture in the economy of Kenya. Therefore, this review sought to
analyse the WEF nexus in Kenya with relation to climate change and adaptation.

The information was sourced from online databases such as Scopus, Web of
Science, Google Scholar, Directory of Open Access Journals (DOAJ), and databases
of organizations such as Food and Agriculture Organization (FAO) and the World
Bank for peer-reviewed articles, books, and grey literature. The search strategy was
executed by means of Boolean operators ‘AND and OR’ using a string of words
and phrases such as water, food and energy, food security, water scarcity, water-
food-energy nexus, climate impact, climate adaptation strategies, and Kenya. The
literature was screened using these stages: title, abstract and keywords and the full
text.

The rest of this document is structured as follows: firstly, the relationship between
water and food, water and energy, and energy and food are highlighted; secondly,
synergies and trade-offs existing in the WEF nexus are described; thirdly, the impacts
of climate change in the water, energy and food sectors are analysed; fourthly, the
climate change adaptation strategies are highlighted; and finally, conclusions and
recommendations are provided.

2 Water and Food, Water and Energy, and Food
and Energy Nexuses

Water availability of the right quality and quantity is critical in agriculture, and
consequently impacting on food security. Water scarcity is directly proportional to
food insecurity, especially in sub-Saharan Africa where agriculture is the backbone
of the economy. Globally, irrigated agriculture accounts for about 70% of water
withdrawals (UNESCO 2014).
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Power generation is a water-intensive activity in terms of both withdrawals (water
removed from a source) and consumption (the volume withdrawn and not returned to
the source due to evaporation or transport) (Falchetta et al. 2019). Globally, about 90%
of energy generation is water-intensive (UNESCO 2014). Cooling of power plants
requires a substantial amount of water. About 43% and 50% of water in Europe
and America respectively are used for cooling in power plants (UNESCO 2014).
Hydropower generation is directly linked to water availability and water contributes
indirectly to the biomass energy. Kenya’s electricity generation in 2017 consisted of
44% geothermal, 33% hydropower, and 21% diesel-powered thermal sources (Boulle
2019). Water production requires energy, and thus energy accessibility and reliability
are important. Water pumping from low-lying rivers and streams and groundwater
from wells and boreholes requires reliable sources of energy.

Food production accounts for 30% of energy use in the world (FAO 2011). Energy
inputs are required throughout the food production chain: farm, storage, processing,
handling, distribution and preparation for consumption. Biomass energy is a classic
example of a direct link between agriculture (food) and energy production (Tashtoush
etal. 2019). The energy mix in Kenya comprises 68% biomass, 22% petroleum, and
9% electricity (Sarkodie and Adom 2018). Charcoal and firewood are major sources
of energy in most rural communities in Kenya.

3 Synergies and Trade-Offs in the Water-Energy-Food
Nexus

Natural resources, in this case food, water, and energy, do not operate in isolation but
are interrelated where one influences the other. Countries aim to achieve sustainable
development through food, energy and water security with sustainable resource use
being the core (Fig. 1). However, the relationships among food, energy and water are
dynamic where an action in one sector may affect the other sector, which results in
social, economic and environmental implications (Rasul and Sharma 2016). Provi-
sion of water and energy services and ensuring sufficient food for the population are
often met with competing forces, and thus conflicts are inherent.

Understanding trade-offs and synergies or complementarities in the WEF nexus
can provide new insights for developing effective adaptation (Rasul and Sharma
2016). It is imperative to minimize the trade-offs that exist in the WEF nexus in order
to provide a framework for action to reduce the negative consequences, and maxi-
mize the synergies, which provide opportunities for adaptation in the nexus (Table 1).
For example, the construction of a multi-purpose dam for hydropower generation
increases water supply for domestic, industrial and agricultural use. Water for irriga-
tion from the dam is useful for expanding crop production, and thus enhancing food
security. The operation of the reservoir should, however, be carried out sustainably
to avoid negative effects on the ecosystem, especially the downstream communities.
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Fig. 1 Elements of the WEF nexus. Source Developed by the authors

Sustainable agriculture, based on best management practices, will reduce the overuse
of the water resource and the negative impact on its quality.

Water used for the production of biomass energy (in this case biofuels) produces
trade-offs in terms of increased water allocation to agriculture, and thus reducing the
allocation to other sectors. However, proper planning of biofuel crops, e.g., using
rainfed conditions coupled with appropriate variety selection, will help reduce the
pressure on existing water sources.

4 Impacts of Climate Change on WEF Nexus in Kenya

Kenya’s demographic and economic trends are some of the demand-side drivers
affecting the WEF security nexus. The ever-growing population is estimated to reach
65 million by 2030 and 96 million by 2050 (UNDESA 2015) with the majority of
the population dwelling in the urban centres. This has resulted in a high rate of
urbanization, which in effect has led to the development of slums and increased
pressure on limited available WEF resources (Wakeford 2017).

The main supply side of the WEF nexus is rainfall, which is also a major key
driver affecting the security and stability of nexus. Rainfall variability is in itself
affected by both climate change and El Nino Southern Oscillation. The availability
and quality of water resources impact food production, energy generation, water for
drinking, agriculture and other development activities.

Kenya’s average precipitation is estimated to be 630 mm per annum (FAO 2016)
with uneven distribution across the country. A vast part of Kenya is classified as
arid or semi-arid land (ASAL) with greater rainfall variation every year (Mekonnen
and Hoekstra 2014). Kenya is classified as a water-scarce country with less than 500
m? per capita per year, the severest category of water stress (WWAP 2014). Due to
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Table 1 Examples of synergies and trade-offs in the WEF nexus

Development Synergies Trade-offs
Multi-purpose reservoir * Increased water storage for * Decreased water for
water supply for domestic, downstream users
industrial and agricultural use, | * Agricultural intensification
and hydropower generation leads to overuse of water and
* Enhanced crop production for poor water quality through
biomass energy pollution from fertilizers and

Improved food and nutritional sediments
security Chances of enhanced soil

salinity
Recycling and re-use of | » Reduce freshwater allocation | Treatment techniques use
wastewater programmes to agriculture, and thus energy depending on the
increase water availability in technology used

other sectors Uncertainty on food safety
Re-used wastewater minimizes | « Wastewater re-use increases
fertilizer use, thus indirectly soil salinity (Gao et al. 2021)
less energy input in the food
production cycle

Desalinization Improved water availability for | ¢ Desalinization techniques use
domestic and industrial (food a substantial amount of energy

processing) use

Coal power plant * Diversification of energy ¢ Increased air pollution and
sources, hence reducing emission of GHGs
climate vulnerability * Coal power plant uses a lot of
* The use of treated wastewater water for cooling, thus
for cooling reduces pressure threatening water availability
on freshwater resources to other key sectors

available to other sectors

regional heterogeneous rainfall patterns, climate change tends to reduce or increase
rainfall availability. After the 1998 El Nino rainfall, the rainfall pattern in Kenya has
greatly changed. The northern parts of Kenya, which had previously been known
to experience low rainfalls, have been in recent times experiencing extreme rainfall
events leading to unexpected flooding, which has resulted in human and animal
casualties. The Rift Valley lakes have continuously risen in water levels and flood
events experienced with the latest scenario leading to the submergence of the Lake
Nakuru National Parks facilities and the surrounding areas (GOK and UNDP 2021).

During certain periods of the year, climate change has resulted in increasing
temperatures, thereby decreasing precipitation and increased evapotranspiration
(Anderson et al. 2008), thereby affecting the soil moisture and increasing irrigation
water demand (Wang et al. 2016). The food production sector heavily depends on
water resources, energy inputs for production, processing, storage and food prepara-
tion. With climate change, Kenya’s agriculturally productive regions are susceptible
to drought caused by ENSO (Mogaka 2006). The higher temperatures have led to
increased demand for cooling systems in the houses, thereby increasing the electricity
demand through frequent and extensive usage of air-conditioning.
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Hydropower production is heavily affected during low flows of rivers since
it directly depends on water usage for energy production. This has resulted in
hydropower outages, thus negatively affecting energy security in the country.
Droughts in Kenya have led to reduced food production, higher food prices, increased
hunger and poor nutrition among the rural and urban poor (Wakeford 2017). Climate
change has generally enhanced annual rainfall variability in Kenya as a country
resulting in more severe and frequent droughts and flood events (Niang et al. 2014),
which makes the provision of WEF services uncertain.

5 Climate Change Adaptation Strategies in Water, Food
and Energy Security

Climate change is a cross-cutting problem that traverses all three sectors of water,
food, and energy, thus it requires an integrated approach in addressing it. Current
sectoral approaches to climate change adaptation initiatives without considering their
interconnections, synergies, and risks of serious maladaptation consequences, often
create imbalances and retard sustainable development (Mpandeli et al. 2018). Climate
change adaptation strategies are outlined differently by several scholars. For example,
Pandey et al. (2007) classify them into ex ante measures, where the action is taken
in anticipation of a given climate realization (e.g. diversification strategies) and ex
post responses where strategies undertaken after the event is realized (i.e., diver-
sifying income sources into non-farm enterprises that are less sensitive to climate
change). Mpandeli et al. (2018), on the other hand, distinguish between reactive and
proactive adaptation strategies, where reactive/autonomous responses are useful in
the short-term, while proactive interventions contribute to long-term adaptation and
sustainability.

The government of Kenya has taken several policy measures to mainstream adap-
tation strategies at both the national and local levels. Kenya’s Vision 2030 acknowl-
edges climate change as a threat to the key pillars of the country’s development
(GOK 2007). Adaptation measures in the water, energy and food (agriculture), as
envisaged in the National Climate Change Response Strategy (NCCRS), include
water harvesting through the construction of dams for irrigation and domestic use,
water recycling programmes, improvement in water-use efficiency, soil and water
conservation techniques, and adoption of green energy such as geothermal, wind
and solar energy (GOK 2010). The Kenya National Adaptation Plan (KNAP) aims
at integrating climate change adaptation into national and county-level development
planning and budgetary process, and it covers key sectors vulnerable to climate
change impacts (GOK 2016b). The enactment of the Climate Change Act, 2016
(GOK 2016a) created the enabling environment for climate change adaptation in the
country. The key target of this act is the mainstreaming of climate change response
strategies and actions in the county and sectoral functions, the establishment of
climate change action plan, ensuring compliance by public and private entities on
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climate change assigned duties through the National Environmental Management
Authority (NEMA), and the establishment of Climate Change Fund for financing
climate change actions and strategies (GOK 2016a).

The establishment of the National Water Harvesting Authority (NWHSA) under
the Water Act, 2016 (GOK 2016d) is important in enhancing climate change adap-
tation. Mwendwa and Giliba (2012) established that water harvesting was a key
priority measure in coping and adapting to climate change in Kenya. Irrigated agri-
culture got a shot in the arm through the climate-smart strategies as anchored in
the Climate-Smart Agriculture (CSA) Strategy of 2017-2026 (GOK 2017), and thus
helping in the WEF integration through the adoption of solar water pumping, water
conservation practices, and appropriate agronomic technologies.

In anutshell thereby, Kenya climate change adaptation for WEF nexus has adopted
the use of both reactive and proactive adaptation strategies. Under the reactive/
autonomous adaptation, changes in production and management practices in response
to changes in local climatic and growing conditions are used. This may include
changes in crop mixes and crop varieties (GCF 2019).

The other reactive adaptation strategies include the provision of a know-how solu-
tion to address climate change challenges, which are done through targeting vulner-
able locations/communities facing precipitation reduction, droughts, land degrada-
tion, desertification, damage to water sources, lack or non-clean energy and help
them address the impending issues (GCF 2019). One such initiative would be the
promotion and cultivation of indigenous underutilised crops that suit local harsh
environmental conditions. This will help ensure food and nutrition security, without
creating new water demands nor would they compete for current prime agricultural
land.

Additionally, the promotion of micro-irrigation, the use of solar-powered pumps
and other forms of farming, such as hydroponics, would go some way in mitigating
trade-offs associated with increasing food production, which addresses water and
energy use efficiencies. For example, the development of multi-purpose dams that
serve irrigation, power generation, aquaculture, and ecotourism (Kibria et al. 2016).
The adoption of cleaner and renewable sources of energy would result in saving
water, and that would also ensure energy security in areas that may be dependent on
hydro and coal energy sources.

On the other hand, there are proactive interventions, which involve planned policy
and investment decisions to enhance adaptive capacity (Mpandeli et al. 2018). Poli-
cies provide the regulatory framework to undertake interventions (Chivenge et al.
2015; WRI 2020). Some of the key policies include the National Climate Change
Framework Policy, which outlines strategies for enhancing climate resilience and
adaptive capacity and low-carbon growth through the adoption of green energy and
climate change mainstreaming into planning processes, including budgeting, and
creating the enabling legal and institutional framework for adaptation (GOK 2016c¢).
Reduced emissions through alternative low-carbon (renewable energy) water mobi-
lization and good cropping practices (CSA) as well forestation and pasture manage-
ment, in addition to tree planting, which contributes to carbon sequestration, may
also be used (GCF 2019).
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Climate change adaptation is best achieved through holistic approaches under
the WEF nexus instead of the silo (sectoral) approach, which is often practiced in
Kenya. This is because adaptation requires addressing the full spectrum of chal-
lenges, including the underlying causes of vulnerability, managing climate risks,
and building response capacity (Rasul and Sharma 2016). The WEF nexus approach
shows the interdependence of systems in the critical areas/sectors of food, water
and energy which are vulnerable to climate change impacts. Therefore, adaptation
from the nexus perspective helps in identifying and recognising the relationships
and interdependencies among the WEF areas. For example, in Kenya, it is critical to
understand that adaptation and resilience strategies can be addressed by developing
a working framework/mechanism that incorporates the key ministries of energy,
agriculture, water and environment.

6 Conclusion and Recommendations

The understanding of relationships existing within the WEF nexus is important for
planners and policymakers since there exists competing interests/demands, which
are inherently evident in these critical sectors. These trade-offs are compounded
by climate change, and thus adaptation mechanisms and strategies are required for
Kenya to achieve SDGs. The current practice of treating each sector in the nexus
in isolation is not sustainable since the WEF nexus sectors are interlinked and the
action in one sector will undermine the others. The main adaptation mechanisms
include policy changes to incorporate re-use of wastewater, prudent agricultural
water management strategies, and techniques such as the adoption of water-saving
irrigation technologies, conservation agriculture, and CSA practices, among others.

Itis imperative to address sustainably and holistically the three key sectors through
policy, legal and institutional frameworks and initiatives. Sectoral coordination is
required in the development of WEF indicators and targets. Therefore, assessment
models and tools should be developed to monitor the achievement of the WEF targets.

Nutritional security is often hidden in food security, and thus future studies in
the WEF area need to incorporate nutritional security. The latter is related to health
aspects, which imply that the nexus can expand to include the water-energy-food-
health components. The WEF at a regional level, such as the East-African region,
need to be explored in future since some of the components in WEF sectors are trans-
boundary like rivers, and thus country-specific projects affect the regional countries
in meeting their WEF targets.
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Chapter 5 ®)
The Impact of Climate Change e
on Groundwater Resources

in Northwestern Morocco

Mohammed Bahir

Abstract Climate change poses a global challenge, intricately linked to the intricate,
long-term interplay among environmental factors and the dynamics of economics,
society, technology, and politics. These interactions lead to notable repercussions at
the regional level. This investigation utilizes data from nine campaigns conducted
in 1990, 1995, 1997, 2009, 2015, 2016, 2017, 2018, and 2019 to evaluate ground-
water quality in the Essaouira region within the context of a changing climate. The
hydrogeochemical analysis reveals that the Cenomanian—Turonian aquifer’s ground-
water exhibits mix facies such as C1-Ca-Mg, C1-Ca, C1-Na, and HCO3;—Ca, with the
Cl-Ca—Mg mix facies dominating along with Cl-Ca. Examination of correlations
between major element concentrations indicates that groundwater mineralization is
influenced by the dissolution of evaporitic minerals (halite, gypsum, and/or anhy-
drites) and carbonates (dolomite). Additionally, reverse ion exchange and marine
intrusion, particularly in the Plio-Quaternary aquifer, contribute to the overall miner-
alization. The spatio-temporal analysis of groundwater quality in the study area
demonstrates a gradual deterioration over time and space. Notably, the Essaouira
basin emerges as particularly susceptible to climate change due to its reliance solely
on meteoric waters for recharge.

Keywords Climate change - Coastal aquifers - Groundwater quality *
Hydrogeochemical characteristics - Essaouira

1 Introduction

Climate change is a global challenge that entails intricate, long-term interactions
among environmental factors and the dynamics of economics, society, technology,
and politics. These interactions result in significant effects at the regional level, as
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documented by Lebel and Vischel (2005), Alpert et al. (2008), and Misra (2014),
particularly in the Middle East and North Africa (MENA) region, as highlighted by
Bahir et al. (2000, 2008, 2013a, b, 2016, 2021a, b), Bahir and Mennani (2002), El
Mountassir 2023, El-Kharraz et al. (2012), and Ouhamdouch et al. (2018, 2020),
among others.

In arid and semi-arid regions, rainfall stands out as a pivotal factor in climatic char-
acterization. Examining recent climate evolution is crucial for identifying optimal
solutions to problems arising from the interplay between water requirements and
availability. This, in turn, facilitates the improved management of water resources,
as emphasized by Bahir et al. (2018, 2019, 2020, 2021c, d), Bahir and Ouhamdouch
(2020), Carreira et al. (2018), and El Mountassir et al. (2021a, b, 2022a, b), along
with the insights from Ragab and Prudhomme (2002).

Research on climate change indicates that global warming in the MENA region
exceeds the global average. While the global increase is estimated at 0.74 °C in the
twentieth century, MENA countries experience fluctuations between 1 and 2 °C, as
highlighted by Solomon et al. (2007), Green et al. (2011), and Ouhamdouch et al.
(2018) in alignment with Ragab and Prudhomme (2002). Furthermore, precipitation
has declined in the Mediterranean region, the Sahel, Southern Africa, and specific
parts of South Asia across various temporal and spatial scales, as reported by Alpert
et al. (2008) and IPCC (2013).

Morocco, akin to other MENA countries, has faced recurrent drought periods, as
documented by Babhir et al. (2000, 2001, 2014), Bahir and Mennani (2002), Bahir
and Ouhamdouch (2020), Driouech (2010), Babqiqgi (2014), and Vicente-Serrano
(2006). The country contends with limited water resources, estimated at 20 billion
cubic meters, translating to an average of 700 m>/year/inhabitant, indicative of a
situation characterized by fairly high water stress (Babqiqi 2014). The prevalence
of years with rainfall deficits exceeds those with ample rainfall, particularly during
the cycles of 1980-1985, 1990-1995, and 2007-2010, as observed by Driouech
(2010), Stour and Agoumi (2008), and Sinan et al. (2009). Babqiqi (2014) notes that
a comparison of average annual temperatures between the periods 1971-1980 and
1998-2007 reveals an increasing trend (ranging from 0.3 to 2.5 °C, depending on
the region). This reduction in precipitation and temperature increase, attributed to
climate change, is anticipated to adversely affect water resources, particularly in arid
and semi-arid regions (Boughariou et al. 2014, Chenaker et al. 2017, El Mountassir
et Bahir 2023).

Although limited studies have addressed the impact of climate change on water
resources in these areas, they have primarily focused on surface water (Abutaleb et al.
2018; Hallouz et al. 2019; Xu et al. 2004). Some studies have assessed the impact of
global warming on groundwater, concentrating on piezometric and/or hydrochem-
ical approaches (Al-Maktoumi et al. 2018; Berhail 2019; Lachaal et al. 2018). In
contrast, our study evaluates the influence of climate change on the water resources
of the Essaouira basin in Morocco by integrating various approaches, including
hydroclimatology, piezometry, hydrochemistry, and isotopy.

The study area, designated as the Essaouira syncline basin, encompasses 6000 km?
and is situated within the Atlantic Atlas, the westernmost section of the southwestern
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Moroccan basin (Dresh 1962; Duffaud 1960). The basin is bordered to the north by
the Hadid anticline, to the south by Tidzi wadi, to the east by the Bouabout region, and
to the west by the Atlantic Ocean. It is subdivided into two sections: the “Bouabout
unit” (upstream part) and the “coastal zone” (downstream part) (Fig. 1).

From a morphological perspective, the study area comprises a series of synclinal
basins filled with formations ranging from the Triassic to the Quaternary (see Fig. 2).
Elevations vary between 400 and 1600 m in the upstream section and are less than
400 m in the downstream part (Bahir et al. 2012). Hydrographically, the study area
is characterized by a less-developed network, primarily represented by the Ouazzi
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wadi in the north and the Igouzoullene wadi in the south. This network also includes
the Ksob wadi, formed by the confluence of the Igrounzar and Zelten wadis, and the
Tidzi wadi. All these wadis ultimately flow into the Atlantic Ocean (refer to Fig. 2).

From a geological and hydrogeological standpoint, the upper section of the study
area is characterized by the exposure of Middle and Upper Cretaceous formations,
specifically Albian-Vraconian, Cenomanian, and Turonian formations, as docu-
mented by Duffaud (1960) and Amghar (1989) (refer to Fig. 3). These formations
consist of limestone and dolomitic strata interspersed with marl and sandstone.
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The Albian-Vraconian formations encompass sandstone and limestone dolomites,
alternating with sandstone banks and sandy clays.

The Cenomanian, with an approximate thickness of 200 m, is characterized by
alternating marls with anhydrite, lumachellic, and dolomitic limestones. In contrast,
the Turonian is composed of limestones abundant in silica. Within these synclines
lie significant water reservoirs, notably the Cenomanian—Turonian aquifer, which
remains the most crucial in the region. According to Jalal et al. (2001), this aquifer
exhibits transmissivities ranging between 2.2 x 10 and 2.7 x 10~' m?%/s.

The downstream section comprises four aquifers: (i) the Plio-quaternary; (ii) the
Turonian in the northern part, between Ksob wadi and Tidzi wadji; (iii) the Barremian-
Aptian located between Tidzi wadi and Amssittene anticline; and (iv) the Hauterivian,
the southern limit of the study area, positioned between the Amssittene anticline and
Igouzoullene wadi (refer to Fig. 2).

The Plio-quaternary is characterized by a matrix of limestone sandstone, housing
a significant water table formed within the synclinal structure by the Senonian marls
(see Fig. 3). Mennani (2001) reports transmissivities for this water table ranging
between 6.1 x 1072 and 4.5 x 107 m?%/s.
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Regarding the Turonian, represented by limestones, it contains a captive aquifer
beneath the Senonian marls within the synclinal structure, possibly in direct contact
with the Plio-Quaternary at the structure’s boundaries (refer to Fig. 3). The trans-
missivity of this aquifer is reported to range between 0.8 x 10~ and 2.7 x 1072 m?/
s (Mennani 2001).

The Barremo-Aptian aquifer consists of Barremian formations (about 70 m thick)
characterized by alternating gray marl (with traces of gypsum), fractured fossilif-
erous limestones, and sandstone, as well as Aptian formations (about 100 m thick)
composed of red clays and sandstone with intercalations of dolomitic sandstones or
bioclastic limestones (Duffaud 1960; Duffaud et al. 1966) (see Fig. 3). The reported
transmissivity for this aquifer is approximately 1.5 x 10~ m?/s (Mennani 2001).

The Hauterivian aquifer, with a thickness of about 200 m, is composed of marly
clays and fractured siliceous limestones, along with marly and dolomitic lime-
stones that are more or less fractured (see Fig. 3) (Duffaud 1960; Duffaud et al.
1966). According to Mennani (2001), transmissivities for this aquifer vary between
1.6 x 107 and 6.7 x 107> m?/s.

2 Materials and Methods

In this study, data from nine campaigns conducted in the years 1990, 1995, 1997,
2009,2015,2016,2017,2018, and 2019 were utilized to evaluate groundwater quality
in the Essaouira region within the framework of climate change (Bahir et al. 2012;
EL Mountassir et al. 2020, 2021c, d, e, 2022a, b; El Mountassir 2023; El Mountassir
et Bahir 2023; Ouhamdouch et al. 2018, 2020). Field measurements, including elec-
trical conductivities, temperatures, pH, and nitrates, were collected using a portable
conductivity meter (HI-9829 multiparametric instrument), and water level depths
were measured employing a 200 m piezometric probe.

The chemical analyses were conducted at the Laboratory of Hydrogeology at the
Faculty of Sciences Semlalia in Marrakech, Morocco, for the campaigns spanning
from 1990 to 2009. Subsequently, analyses for the period from 2015 to 2019 were
carried out at the Laboratory of Geosciences and Environment-ENS at the Ecole
Normale Supérieure in Marrakech, Morocco. The determination of S0O,2~ anion
content employed the nephelometric method (Rodier et al. 2009), while concentra-
tions of Ca®* and Mg?* cations were measured using the complexometry method
(EDTA), and those of Cl~ were determined by the Mohr method (Rodier et al.
2009). The Na* and K* contents were ascertained through flame photometry (Rodier
et al. 2009), and HCO3;~ contents were determined by titration using a sulfuric
acid solution. All samples exhibited an ion balance of less than 10%, validating the
obtained results. A Geographic Information System (GIS) was employed for the
spatial mapping of electrical conductivity and physicochemical elements.
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3 Results and Discussion

An hydrogeochemical methodology proves to be an invaluable instrument in delin-
eating the chemical composition of groundwater. This composition is significantly
shaped by the properties of the geological formations, the hydrodynamic behaviors
of the aquifers, and is further influenced by climatic and exploitation parameters.

3.1 Electrical Conductivity

Electrical conductivity is mainly governed by the concentration of dissolved ions
(WHO 2011). It is closely linked to the lithological nature of the soil, the speed
and direction of groundwater flow as well as the groundwater residence time. This
parameter is proportional to the temperature. The results obtained are shown in Fig. 4.

The electrical conductivity of Cenomano-Turonian waters (upstream part),
analyzed in 1995, does not exceed 3 mS/cm, with more than 80% falling into classes
below 1.5 mS/cm. In 2007, the values of the EC knew an increase where some samples
present values higher than 2.5 mS/cm. Thereafter, the EC values are increasing to
reach values of 5 mS/cm in certain places, since 2016.

This increase may be the result of the decrease in precipitation experienced by
the study area in recent decades. As for the Plio-Quaternary aquifer, the EC values
vary between 1 and 6 mS/cm for 1990, 1995, 2004, and 2009 campaigns. The values
become higher and higher towards the west and the south. This can be explained in
the south by the influence of the Triassic terrains rich in halite, and the west by the
combined action of the hidden diapir of Essaouira as well as that of aerosols and sea
spray near the ocean. While the low values are observed in the north-east and east
(aquifer recharge zone).

From 2015, we see the appearance of outliers reaching 12 mS/cm in 2019, and this
towards the west. EC values measured for the Plio-Quaternary aquifer are greater
than those obtained for the Cenomano-Turonian aquifer. This could be due to the
effect of the Triassic formations (Tidzi diapir) rich in halite and the leaching of sea
spray and aerosols by the rains feeding the aquifer. The outliers measured since 2015,
and which increase to reach 12 mS/cm in 2019, are due to the intrusion of seawater.

The Turonian aquifer has known the EC measurement from 2004 to 2019. The
obtained results show an oscillation of the values of this parameter around 2 mS/cm
with a slight increase exceeding 2.5 mS/cm in 2018 and 2019. This stability of the
EC within this aquifer can be explained by its captive nature and by the homogeneity
of their facies consisting of limestones and dolomitic limestones. For the Barremian-
Aptian aquifer, the majority of the samples have EC values that range over the class
1-2 mS/cm, while the rest fall within the class 2—4 mS/cm. The highest values are
observed towards the north-west and west, under the influence of the Triassic salt
formations as well as the effect of sea spray and aerosols leached by the rain infil-
trating towards the aquifer. Towards the east, the influence of these factors decreases
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Fig. 4 Temporal evolution of the electrical conductivity of groundwater. Source Developed by the
author
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and the EC values decrease, this is the aquifer recharge zone. Except the samples from
the 1997 campaign, the waters of the Hauterivien aquifer show EC values between 1
and 2 mS/cm. Outliers observed in 1997 can be explained by the fact that some water
points sampled in 1997 were not sampled during the other campaigns. Generally,
the evolution of the mean of EC values observed within the Barremian-Aptian and
Hauterivian aquifers are stable, and this could be explained by their captive nature.

3.2 Chemical Facies

To clarify the groundwater chemical facies in the study area, the composition of
major elements has been plotted on the Piper diagram (Parkhurst and Appelo 1999,
Piper 1944).

To specify the groundwater chemical facies in the study area, the major element
composition has been plotted on the Piper diagram (Piper 1944).

e For the Cenomanian—Turonian aquifer, which constitutes the upper section of
the investigated basin, the projection of the examined samples onto the Piper
diagram (see Fig. 5a) indicates a combination of facies, including C1-Na, Cl-Ca—
Mg, SO4—Ca—Mg, and HCO3;—Ca-Mg. In 1995, the predominant facies among
the samples was Cl-Ca—Mg. In the 2007 campaign, the chemical facies were
characterized by Cl-Ca-Mg, SO4,—Ca-Mg, and HCO3;—Ca-Mg types, with Cl—
Ca—Mg being the prevailing facies. In 2016, the analyzed samples exhibited Cl-
Na facies, along with CI-Ca-Mg and SO4—Ca-Mg types. For the 2017, 2018,
and 2019 campaigns, the analyzed waters presented three facies: C1-Na, Cl-Ca—
Mg, SO4—Ca—Mg, and HCO3;—Ca—Mg, with CI-Ca—-Mg being the dominant type.
A comparative analysis between the results of the 1995 campaign and those of
2019 (refer to Fig. 5b) reveals that there has been no significant alteration in the
groundwater facies of the Cenomanian—Turonian aquifer over this period.

e In the examination of groundwater within the lower segment, the interpretation of
Piper diagrams for the Plio-Quaternary and Turonian aquifers (refer to Fig. 6a, b)
reveals their categorization into mixed facies, specifically C1-Na and CI-Ca-Mg.
The clustering of data points from the Plio-Quaternary aquifer in close prox-
imity to the Turonian aquifer implies a potential hydrogeological interconnection
between these two aquifers.

The comparative analysis between the findings of 1990 and 2019 is illustrated in
Fig. 6¢. The visual representation indicates a subtle evolution in the chemical facies
of the Plio-Quaternary groundwater. Specifically, examining the cation’s triangle for
the 1990 campaign, the majority of data points exhibit a percentage exceeding 50%
in Na*, trending towards the Na pole. However, in 2019, the preponderance of data
points does not surpass 50% in Na*, indicating a tendency towards the central region
denoted as “no dominant cations.” Regarding the anion triangle, there is a pronounced
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Fig. 5 Piper Diagram of analysed samples of a Cenomanian—Turonian aquifer from 1995 to 2019
and b comparison between samples of 1995 and 2019. Source Developed by the author

dominance of C1~ observed in both 1990 and 2019. Notably, the positioning of certain
samples in relation to the representation of seawater on the Piper diagram suggests
a potential influence of marine intrusion on the Plio-Quaternary aquifer.

The chemical facies of the Barremian-Aptian and Hauterivian aquifers are
predominantly characterized by three types: CI-Na, C1-Ca-Mg, and HCO3;—-Ca-Mg,
with the second facies exhibiting dominance, as depicted in Fig. 7a, b. The prevalence
of Cl over HCO3; may be attributed to the influence of Triassic saliferous formations.
A comparative analysis between water samples collected in 1997 and 2019 (Fig. 7¢)
reveals a significant transformation in the groundwater chemistry of the Barremian-
Aptian and Hauterivian aquifers. This shift is evident from the initially observed
mixed facies of Cl-Na and Cl-Ca-Mg to the predominant Cl-Ca—Mg facies.
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3.3 Groundwater Mineralization

To ascertain the origin and primary processes responsible for groundwater mineral-
ization in the study area, we conducted a comprehensive examination of correlations
among the principal major elements.

Chloride, recognized as a conservative ion consistently present in natural waters
at highly variable concentrations (Fetter 1993), is commonly associated with sodium.
In the groundwater of the upper segment, chloride concentrations range widely from
113 to 1818 mg/l, with an average of 574 mg/l. Sodium concentrations within this
segment exhibit variability from 12 to 541 mg/l, with an average of 167 mg/l. The
Piper diagram (Fig. 5) highlights the predominance of Cl~ ions in the waters. In the
lower segment, chloride contents fluctuate between 120 and 4800 mg/1, averaging 620
mg/1, while sodium concentrations range from 28 to 1950 mg/1, with an average of 261
mg/l. The Plio-Quaternary aquifer displays the highest Na* and CI~ concentrations.
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The Na* versus Cl1~ correlation diagram (refer to Fig. 8a) reveals a notable positive
correlation between these two ions, suggesting a shared origin. Some data points are
scattered along the halite dissolution line (line 1:1), indicative of the contribution of
halite to groundwater mineralization in the study area. Conversely, other samples are
situated below and parallel to the line 1:1, indicating a Na* deficit. This discrepancy
implies the involvement of a phenomenon other than halite dissolution in groundwater
mineralization.

The observed Na* deficit relative to CI~ may be associated with ion exchange
reactions within the aquifer matrix. As depicted in Fig. 8f, Na* ions are released
from the complex and replaced by Ca?* ions, as per Eq. (1) (Capaccioni et al. 2005):

Na®™ + lCa—X — Na— X+ lCa2+ (1)
2 : 2

With X being the natural exchanger.
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Also, an excess of Na* could be explained by the second type of cations exchange
where the Ca?* and/or Mg”* ions will be released in water and the Na ions will be

fixed by the matrix according to Eq. (2):

| 1 +
ECa +Na—X — ECa—Xz—l-Na 2)
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The concentrations of Ca>* in the groundwater of the upper segment exhibit
variability from 82 to 770 mg/1, with an average concentration of 214 mg/l. Regarding
S04~ concentrations in the same segment, they range between 13 and 1942 mg/l,
with an average concentration of 339 mg/I. In the lower segment, Ca>* concentrations
fluctuate between 64 and 850 mg/l, averaging158 mg/l, while SO4>~ concentrations
vary from 30 to 830 mg/l, with an average concentration of 147 mg/l1.

Figure 8b illustrates a notable correlation between Ca?* and SO4>~ ions. Specif-
ically, points with a Ca**/SO4>~ molar ratio close to or equal to 1 suggest a shared
origin, likely stemming from the dissolution of gypsum and/or anhydrite. However,
the observed excess of Ca®* compared to SO42~ for the majority of points may
be attributed to the reverse bases exchange phenomenon. Additionally, the calcu-
lated saturation indices for these points concerning carbonate minerals are approxi-
mately zero or positive, supporting the notion that the enrichment of Ca?* is primarily
associated with bases exchange (refer to Fig. 9f).

The Ca?* versus Mg>* diagram (refer to Fig. 8c) reveals a positive correlation
between these two ions, indicating a common origin. The majority of points are
dispersed along the dolomite dissolution line (line 1:1), suggesting the potential
contribution of dolomite dissolution to groundwater mineralization. Other points
situated above the line 1:1 further affirm the involvement of the bases exchange
process in the mineralization of the studied aquifers.

The correlation diagram between Ca?* and HCO;~ (see Fig. 8d) indicates a lack
of significant correlation between these two elements. Moreover, the majority of the
examined samples exhibit a Ca>*/HCO3;~ molar ratio exceeding 1. This surplus
of Ca®* compared to HCO;~ ions suggests the presence of alternative sources
of calcium, possibly arising from ion exchange processes and dedolomitization
(incongruent dissolution of dolomite) (Marfia et al. 2004), concomitant with the
simultaneous precipitation of calcite.

3.4 Evolution of Groundwater Salinity

Groundwater salinization is a pronounced occurrence, particularly prevalent in
regions characterized by water scarcity such as Saharan, arid, and semi-arid zones.
The insufficiency, or even absence, of surface water coupled with escalating water
demand and declining precipitation has exerted considerable stress on groundwater,
leading to a consequential decline in its quality.

To evaluate the impact of climate change on groundwater quality, an examination
of the spatio-temporal distribution of salinity was conducted, utilizing data from
campaigns conducted in 1995, 2007, 2016, 2017, 2018, and 2019. In the upstream
segment, the 1995 campaign revealed salinity values ranging from 0.2 to 1.9 g/l
with an average of 0.7 g/l. Subsequent campaigns displayed an escalating trend, with
values reaching 4.4 g/1 in 2019. The general spatio-temporal evolution of salinity in
the upstream region exhibited a consistent increase.
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Analyzing the maps in Fig. 9 reveals that salinity values become more pronounced
over time and advance from east to west during the six campaigns. For instance, in
the Sebt Kourimat region, a recharge area for the Cenomanian—Turonian aquifer,
salinity values fluctuated around 0.46 g/l in 1995 and reached 2.9 g/l in 2019. The
overall spatio-temporal evolution of salinity depicts an upward trend.

In the downstream section, the Plio-Quaternary aquifer exhibits variations in
groundwater salinity, with values ranging between 0.6 and 3.4 g/l and an average of
1.7 g/1in 1990. Subsequent years demonstrate a fluctuating pattern: between 0.9 and
3 g/l with an average of 1.6 g/l in 1995, from 0.4 to 4.1 g/l with an average of 1.3
g/l in 2004, ranging from 0.9 to 2.2 g/l with an average of 1.4 g/l in 2009, between
0.3 to 4.7 g/l with an average of 1.5 g/l in 2015, from 0.4 to 4.8 g/l with an average
of 1.53 g/l in 2017, between 0.5 and 6.5 g/l with an average of 1.6 g/l in 2018, and
ranging between 0.46 and 8.4 g/l with an average of 1.7 g/l in 2019 (refer to Fig. 10).

The spatial distribution, as depicted in Fig. 10, highlights higher salinity values in
the southern and western parts, attributed to factors such as distance from recharge
zones, residence time, influence of Triassic terrains, and impact from the sea (marine
intrusion, particularly noted in well 11/51). Conversely, lower salinity values prevail
in the north (along the Ksob wadi) and east of the Plio-Quaternary aquifer, repre-
senting recharge zones. This trend aligns with the temporal evolution of groundwater
salinity in the Plio-Quaternary aquifer, demonstrating a consistent upward trajectory
over the years, indicative of deteriorating groundwater quality.

Regarding the Turonian aquifer, minimal salinity values hover around 0.8 g/l,
while maximum values reach around 1.3 g/l, with an average of 1.1 g/l for the
campaigns spanning 2004, 2009, 2015, 2017, 2018, and 2019 (see Fig. 10). Unlike
the Plio-Quaternary aquifer, the temporal evolution of groundwater salinity in the
Turonian aquifer does not exhibit a significant trend, potentially attributed to its
considerable depth and captive nature.

In the case of the Barremian-Aptian aquifer, salinity values fluctuate between
0.2 and 3.2 g/, averaging 1.1 g/l for the 1997 campaign. Subsequent campaigns in
2015,2017, 2018, and 2019 showcase variations ranging from 0.3 to 2.8 g/, with an
average of 1.1 g/, and between 0.7 and 2.4 g/1, averaging 1.2 g/1, respectively (refer
to Fig. 11).

The spatiotemporal variation in groundwater salinity within the Barremian-Aptian
aquifer, as illustrated in Fig. 11, reveals a subtle upward trajectory in the minimum
salinity values, while the maximum values exhibit marginal stability. In the case
of the Hauterivian aquifer, salinity levels range between 0.6 to 2.6 g/ for the 1997
campaign, 0.5 to 1.1 g/l (with an average of 0.8 g/) for the 2015 samples, 0.6 to 1.2
g/l (average of 0.9 g/1) for the 2017 campaign, 0.4 to 1.1 g/l (average of 0.8 g/l) for
the 2018 campaign, and 0.4 to 1.3 g/l (average of 0.8 g/l) for the 2019 samples. The
spatiotemporal pattern of Hauterivian aquifer salinity indicates a minor dilution in
the analyzed waters for the years 2015, 2017, 2018, and 2019 when compared to the
samples from the 1997 campaign. This shift could be attributed to the installation of
the Igouzoullene dam in 2004, upstream, facilitating aquifer recharge.

Given the semi-arid climate prevalent in the study area, with recent trends toward
aridity, coupled with reduced precipitation and heightened temperatures, leading to



5 The Impact of Climate Change on Groundwater Resources ... 87

80000 100000 80000 100000
< ; ; z : :
A A Essaouira 1995
Atlantic Atlantic
Ocean Ocean
Cap Sim Cap Sem
Plio-Quaternaire
- 0.85-0.72
::: r;” ® 151,75
+ vilage ,;1:::.
W Diapir Tidzi = Diapir Tidzi
80000 100000 80000 100000
N L N
A Essaouira 2004 A Essaouira 2009
Atlantic Ksop Atlantic
Ocean Wag; Ocean
A" :
Cap Sim Cap Sem
P Plig-Qual
. & 08115
oa1-e72 Pt
®15-1,75 @175
@175 * Tidzi Turonian
Turonian 079-12
087-1,39 + Village
+ Village = Diapir Tidzl
" Diapir Tidzi
] ;
I
80000 80000 100000
= . = :
A A Essaouira 2017
Atlantic Atlantic
Ocean Ocean
Cap Sim Cap Sam
P Plio-Guaternary
0,32-041 0,38-0,41
 041-072 ° 041-0,72
072-15 072-15
@15-175 ®15-175
@175 @175
Turonian Turonian
092-133 093-1,28
+ Village + Village
9 Diapir Tidzi - B Diapir Tidzi

Fig. 10 Spatial distribution of salinity in Plio-Quaternary and Turonian aquifers. Source Developed
by the author



88

80000 100000

80000

M. Babhir

N

A

Atlantic
Ocean

[~

A

Atlantic
Ocean

100000

Plio-Quaternary Plio-Quaternary
48-0,72 * 0,46-0,72
072-15 072-15
®15-175 @®15-175
@175 @175
Turonian Turonian
0,95-145 041-0,72
+ Village 0T2-15
== Diapir Tidzi A15-154
+ Village
B Diapir Tidzi §

Fig. 10 (continued)

extended drought periods causing evaporation impacts on both surface and ground-
water, particularly in shallow waters, the degradation of groundwater quality is
primarily attributed to these climatic conditions. The decline in piezometric levels is
a consequential effect of climate change.

4 Conclusion

The water resource within the Essaouira basin is constrained and exhibits spatial
and temporal disparities. This limitation poses a potential threat to water availability,
exacerbated by the dwindling resource attributed to the discernible impacts of climate
change. The hydrogeochemical investigation revealed that the Cenomanian—Turo-
nian aquifer’s groundwater manifests diverse facies, including Cl-Ca-Mg, Cl-Ca,
Cl-Na, and HCO;—Ca, with the prevalence of the Cl-Ca-Mg facies and Cl-Ca.
Examination of the temporal evolution of these facies indicates a lack of signifi-
cant changes. Groundwater from the Plio-Quaternary and Turonian aquifers exhibits
mixed characteristics of CI-Na and Cl-Ca-Mg. The chemical facies experienced a
subtle transformation from the Cl-Na facies to a combination of C1-Na and Cl-Ca—
Mg for the Plio-Quaternary aquifer, and from the Cl-Na facies to the Cl-Ca—Mg
facies for the Turonian aquifer. In contrast, the Barremian-Aptian and Hauterivian
aquifers generally display three chemical facies: CI-Na, CI-Ca-Mg, and HCO3;—Ca—
Mg, with the CI-Ca—Mg facies dominating. Notably, there was a noteworthy shift in
facies during the study period, transitioning from the C1-Na facies to the C1-Ca-Mg
facies. Correlation analyses of major element concentrations indicate that ground-
water mineralization is influenced by the dissolution of evaporitic minerals (halite,
gypsum, and/or anhydrites) and carbonates (dolomite), reverse ion exchange, and
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marine intrusion, particularly evident in the Plio-Quaternary aquifer. The spatiotem-
poral assessment of groundwater quality in the study area reveals a gradual deterio-
ration over time and space. However, the Essaouira basin is particularly susceptible
to climate change due to its exclusive reliance on meteoric waters for recharge.
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Chapter 6 ®)
Assessment of the Climate Change Guca i
Impact on the Past and Future
Evapotranspiration and Flows
from a Semi-arid Environment

Mohammed Bahir

Abstract Ensuring access to potable water for a substantial portion of the popula-
tion, effectively managing and conserving this frequently overutilized resource, regu-
lating agricultural and industrial water consumption, and safeguarding the natural
environment constitute significant challenges, particularly in the context of devel-
oping nations. The primary objective of this investigation was to assess the influence
of climate change on the hydrological patterns within the Essaouira basin during
the time frame of 2020-2050. To accomplish this, the Rural Genius GR2M model
was employed to simulate streamflows based on precipitation and evapotranspi-
ration data. The Mann—Kendall and Pettitt tests were employed to scrutinize the
temporal series for both their consistency and directional trends. The chronological
sequence of potential monthly evapotranspiration (ETP), covering the span from
1978 to 2005, demonstrates an escalating tendency, denoting a 4.2% increase. This
trend in potential evapotranspiration remains evident under different Representa-
tive Concentration Pathways (RCPs) of CMIP5 (Coupled Model Intercomparison
Project Phase 5) scenarios, specifically 2.6, 4.5, and 8.5 RCPs, where the trend rates
are measured at 1.9%, 1.5%, and 1.6%, respectively. The investigation into the corre-
lation between precipitation and streamflows, from 1978 to 2005 within the Essaouira
basin, establishes the presence of a causative relationship between these two vari-
ables. This relationship holds true across all regions subject to arid and semi-arid
climatic conditions. The insights derived from these findings can provide a founda-
tion for safeguarding and managing water resources within the Essaouira watershed,
including the construction of upland reservoirs along the Igrounzar, Zelten, and Ksob
Wadi, enhancing the basin’s overall water management strategy.
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1 Introduction

Ensuring widespread access to potable water, addressing the challenges of safe-
guarding a frequently overexploited and inadequately managed resource, regulating
water usage in agriculture and industry, and preserving the environment are all pivotal
concerns, particularly for developing nations (Bahir et al. 2016, 2018a, b, 2019,
2021a, b; El Mountassir et al. 2020, 2021a, b, d, e, 2022a). Among these consid-
erations, one can highlight the potential transformations of increasingly human-
influenced natural ecosystems, the collective management of environmental risks
(such as floods, droughts, and groundwater salinization), and the specter of global
warming, both in the present century and beyond (Babhir et al. 2013a, b, 2014, 2016,
2018c; El Gayar and Hamed 2018).

The issues surrounding water resources and their management are intricately
tied to the future prospects of the Maghreb region (Agoumi 1999). Regardless of
the effects of climate change, the pronounced susceptibility of watersheds to even
minor fluctuations in climatic variables implies that the water volume available for
utilization will be substantially impacted by declining runoff (El Mountassir et al.
2021c).

Similar to arid and semi-arid regions worldwide, Morocco, a country character-
ized by a Saharan climate, has grappled with recurrent drought periods dating back to
the early 1980s (Bahir et al. 2000, 2001). These episodes have evidently had conse-
quences for water availability (Bahir and Mennani 2002; Bahir et al. 2008, 2012,
2018a, b). In these settings, typified by the paucity or complete absence of surface
water resources, the primary determinant in the water balance equation is rainfall.

In recent decades, extensive research has been dedicated to assessing the impact
of climate change on water resources in arid and semi-arid regions (Bahir et al. 2016,
2020; Bahir and Ouhamdouch 2020; Belarbi et al. 2015; Ouhamdouch et al. 2018).
These studies have consistently revealed a combination of quantitative and qualitative
deterioration, as evidenced by a decline in both water quality and the levels of ground-
water and surface water. This situation serves as a clear warning sign, necessitating
proactive intervention, particularly by scientists, practitioners, and policymakers, to
regulate, safeguard, and enhance these increasingly scarce resources. For such inter-
vention to be effective, it is imperative to establish a comprehensive understanding
of the mechanisms governing these resources and their interconnected ecosystems.

Over the past few decades, numerous hydrological models have been developed,
many of which focus on the rainfall-runoff relationship, offering substantial flexibility
and resource savings in terms of both time and material. Among these models, the
Rural Genius (RG) model, developed by CEMAGREEF, stands out as a tank model that
can operate at different annual time steps, such as GR1A, monthly GR2M, and daily
GRA4]J. This model has been successfully employed by various researchers, yielding
highly satisfactory results (Dezetter et al. 2008; Belarbi et al. 2015; Rwasoka et al.
2014). A precipitation model holds significant importance, as it not only facilitates
the estimation of available resources for development but also supports the long-term
development of these resources by incorporating data and climatic scenarios.
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To illustrate the application of these concepts, we turn our attention to the
Essaouira basin. In this case, a rainfall-runoff model has been formulated for the
period spanning 2020 to 2050. The aim is to characterize the sub-basins within the
Essaouira region, including the Igrounzar, Zelten, and Ksob sub-basins, while simu-
lating the future behavior of water flow under varying scenarios (RCPs 2.6, 4.5, and
8.5) in accordance with the CIMP5 model. The RG conceptual model, operational
at monthly time steps and defined by two parameters (GR2M), has been chosen for
its suitability in processing the data from the sub-basins under investigation.

The Ksob watershed (comprising the Igrounzar, Zelten, and Ksob Wadis) plays a
central role in the Essaouira basin. It spans an area of approximately 1500 km? and
is situated in the southeast of Essaouira city. Characterized by a semi-arid climate,
this region receives annual rainfall of no more than 300 mm, while the average
annual temperature hovers around 20 °C (El Mountassir et al. 2022b; Ouhamdouch
et al. 2018). The landscape of the basin is typified by low hills with gently rounded
summits, intersected by a network of shallow watercourses. This topographical ar-
rangement divides the study area into three distinct sub-basins: the Igrounzar sub-
basin in the north, the Zelten sub-basin in the south, and the Ksob sub-basin, which
encompasses the entire watershed to the west. The studied basin is of sedimentary
type containing formations ranging from Trias to Plio-Quaternary. The Triassic and
Jurassic formations have only very small outcrops, and are located in the heart of
anticlines (Hadid anticline, Amsittene anticline, and Tidzi diaper), while tertiary and
quaternary formations meet in the synclines (Fig. 1).

The Triassic rock formations encompass saliferous red clays and doleritic basalts,
while the Jurassic strata consist of alternating carbonate deposits, including lime-
stones and dolomites, interspersed with marls rich in evaporite minerals such as
gypsum and anhydrite (Peybernes et al. 1987). As proposed by Duffaud et al. (1966),
the Lower Cretaceous period is primarily characterized by the presence of limestones
and marls. Transitioning into the Middle Cretaceous, we observe marly-sandstone
deposits during the Aptian phase, followed by green marl formations in the Albian
stage, concluding with dolomitic marls and limestones (EL Mountassir et Bahir
2023).

The research area under investigation comprises a substantial synclinal region
that is geographically open to the Atlantic Ocean. It has been shaped by various
geological processes, resulting in the formation of multiple synclines. Notably, these
include:

i. The Bouabout synclinal basin, which constitutes the upper part of the region and
is traversed by the Oued Igrounzar.

ii. The Essaouira synclinal basin, located in the downstream area, separated from
the upper basin by the Tidzi diapir.

The upper part of the study area is characterized by an aquifer that is situated
within the Cenomanian—Turonian limestone and dolomitic limestone formations (EI
Mountassir et al. 2022a, b).

Conversely, the lower region of the study area contains groundwater resources
within two primary reservoirs (El Mountassir et al. 2022c):
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Fig. 1 Location and geological map of study area. Source Developed by the author

The first reservoir consists of Plio-Quaternary formations, encompassing marine
calcareous sandstone or dune matrix and harboring a substantial shallow aquifer.

The second reservoir is associated with the Turonian formation, which is relatively
confined beneath the Senonian marls within the synclinal structure. It likely interfaces
with the Plio-Quaternary reservoir along the margins of this structure, notably to the
north, toward the Ksob Wadi, to the west along the approach to the Atlantic Ocean,
and to the east and south in the proximity of the Tidzi diapir (see Fig. 1).

Given the limited availability of climatic and hydrometric data, only informa-
tion from three monitoring stations—namely, Igrounzar, Zelten, and Adamna—was
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utilized. The Igrounzar station served as the sole monitoring site for recording param-
eters such as rainfall, flow rates, temperature, humidity, and evaporation. Meanwhile,
the Adamna station enabled the measurement of rainfall and flow rates, and the Zelten
station facilitated the measurement of flow rates exclusively.

The dataset employed in this study comprises records of rainfall, potential evap-
otranspiration, and flow rates spanning a 28-year period (1978 to 2005). These
datasets, supplied by the Tensift Basin Hydraulic Agency (ABHT), are based on
monthly values collected at the three aforementioned stations. Importantly, there
are no instances of missing data within the dataset, which covers the entire study
period (1978-2005). The geographical locations of the three monitoring stations are
depicted in Fig. 1.

The study area encompasses a basin situated within a semi-arid climatic zone,
where influences from the ocean, continent, and mountainous terrain are distinctly
manifested (Bahir et al. 2021a, 2022; Ouhamdouch et al. 2018). Notably, this region
experiences pronounced aridity, particularly during the summer months. The aridity
is notably exacerbated as one moves from the Atlantic Ocean inland. This gradient
is attributed to the increasing distance from oceanic influences, leading to reduced
precipitation and heightened thermal disparities (Ouhamdouch et al. 2018).

Annual precipitation levels exhibit noteworthy year-to-year variations, centering
around an average of approximately 300 mm (Babhir et al. 2021c, d; El Mountassir
etal. 2021d, e). According to Ouhamdouch et al. (2018), there is a discernible overall
declining trend in annual precipitation, amounting to a 12% reduction. Concurrently,
temperature patterns exhibit substantial seasonal fluctuations, with winter minimum
temperatures plummeting to -11 °C and maximum temperatures reaching around
40 °C. The annual average temperature hovers around 20 °C, and a discernible
upward trend is observed in the average annual temperatures, indicating a warming
trend of approximately 2 °C (Ouhamdouch et al. 2018).

2 Methodology

The evaluation of the impact of climate change on future flows in the Essaouira
basin was conducted through the integration of the GR2M model, climate parameter
projections using the RCP 2.6, 4.5, and 8.5 scenarios, and the application of the
Mann—Kendall and Pettitt tests.

The GR2M model, operating at monthly time steps, was originally developed by
Makhlouf and Michel (1994) and has been utilized in various river basins in France,
consistently demonstrating superior performance in comparison to other hydrological
models in this domain. Subsequently, the GR2M model has proven to be effective in
arid and semi-arid regions (Sakaa et al. 2015). Hence, considering data availability
and the model’s track record, it was selected for assessing the impact of climate
change on future flows in the Essaouira basin.

The GR2M model structure employed in this study is the latest version, as devel-
oped by Mouelhi et al. (2006), who drew upon the experience gained during the
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creation of the GR4J model, which operates at a daily time step (Perrin et al. 2003).
The GR2M model conceptually divides each basin into two reservoirs: a soil reservoir
represented as Si, controlling the production function with a maximum capacity of
X1 (in millimeters, the model’s first free parameter); and a routing reservoir, denoted
as Ri, controlling the transfer function with a capacity of 60 mm (as illustrated in
Fig. 2).

The model takes monthly inputs of rainfall (P) and potential evapotranspiration
(E), and produces flow outputs (Q) in millimeters. Notably, this model version intro-
duces a second free parameter, X2 (dimensionless). X2 is utilized to rectify any water
balance discrepancies that may arise from potential biases in climate and flow time
series. During each time step of the modeling process, rainfall is directed either for
infiltration into the soil reservoir (1) or as surface runoff towards the routing reser-
voir (P1) (2). The soil reservoir Si reaches the level S1 (in millimeters), after which
a portion is lost due to evaporation (3), resulting in a new level, S2 (in millimeters).
A part of the soil moisture, denoted as P2 (in millimeters), is then transferred to the
routing reservoir through percolation (4). The combined P1 and P2 (referred to as
P3, (5)) enters the routing reservoir, reaching the level Ri (6). The routing reservoir
undergoes water exchange with the external environment, which can lead to a net
gain or loss of water (7). If X2 is greater than 1, external water sources contribute to
the basin’s supply; conversely, if X2 is less than 1, the routing reservoir supplies the
flow Qi (8) (as shown in Fig. 2).
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The calibration and validation of the GR2M model involved the application of
the Nash criterion (Nash and Sutcliffe, 1970), considered the most robust evaluation
criterion. This criterion hinges on the comparison between estimated and observed
flow rates, as described by the following equation (Eq. 1):

(D

Nash(Q) = 100 x |:1 _ Zi(Qtobx Qical) :|

Zi (Qiobs - Eobs)

With Qjeps represents observed flow; Q.. represents calculated flow and aobx is
the observed flow rates average.

The GR2M model is considered efficient when the estimated flows are close to
the observed flow rates, i.e. when the Nash criterion is close to 100%. According to
Perrin et al. (2003), a performance > 70% is satisfactory.

The potential monthly evapotranspiration (ETP) was calculated using Thornth-
waite formula (Eq. 2) (Thornthwaite 1948). The choice of the Thornthwaite method
lies in the fact that the other methods (e.g. Pennman, Turc) use unavailable climatic
parameters (e.g. insolation duration, hygrometric degree, wind speed ...).

10 x ¢t

ETP = 16 x ( > x F(m, X) 2)

With

ETP: potential monthly evapotranspiration (mm).

t: Average monthly temperature in °C.

I: Annual thermal index is calculated using the equation (Eq. 3).

1=y, 3)

withi = (4)""
F: Correlation coefficient that is based on month (m) and latitude (\).

a: Complex function of the thermal index calculated via the formula (Eq. 4)

a=0.49239 + (1792 x 107 x I) + (771 x 1077 x I?) 4 (675 x 107° x I°)
“)

For the climate projection, the results of the study realized by Ouhamdouch and Bahir
(2017) were used. By the same approach, future rainfall from the Adamna station
was calculated. The GR2M model, with parameters X; and X, obtained during
calibration and validation phase, by using historical values of rainfall and potential
monthly evapotranspiration, has been applied again to estimate future flows under
new climatic conditions determined under the RCPs 2.6, 4.5 and 8.5 scenarios. In
order to determine the trend direction of the flow series as well as the break dates
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of these series, the Pettitt test (break detection), and the Mann—Kendall test were
applied using the XLSTAT® software (trial version).

Pettitt Test

The Pettitt (1979) test allows to examine the existence of a break in a time series
from a formulation derived from that of the Mann—Whitney test. This test is based
on the calculation of the variable U T defined by equation (Eq. 5):

T T
Ur=)_ Y Dij ®)

i=1 j=i+1

where Dij = —1 if (xi — xj) >0, Dij = 0 if (xi — xj) =0, Dij = 1 if (xi — xj) > 0.
Mann—Kendall’s Test

The Mann—Kendall test (Mann 1945, Kendall 1975) is a test used to detect the
presence or the absence of a linear trend within a time series. With the a; series
(a, ay, ... a,), this method sets the standard Uy;x multi-variable standard as follows

(Eq. 6):

S
Umk = \/ﬁ (6)

n—1 n
With, S = 2} ';1 sgn(a; — a;), Var(s) = %@2”5) and n the number of data
i=1 j=i
in the series.
The trend sense is defined by the statistical coefficient “Uyx”. If U > 0, the trend

is upward and if U < O the trend is downward.

3 GR2M Model Performance During Calibration
and Validation Phase

The evaluation of the GR2M model revolves around the analysis of performance
indicators, including the Nash criterion and the determination coefficient R2.

During the model calibration process, we systematically adjusted the values of the
parameters X1 and X2 until optimal values of the determination coefficient and Nash
criterion were achieved (both exceeding 70%). The model defines a range for X1,
spanning from 140 to 2640, and for X2, ranging from 0.21 to 1.31. For the validation
phase, we utilized precipitation and evapotranspiration data spanning from January
1997 to December 2001, which were not used in the model’s development. The
decision to select this particular period is attributed to its consistent achievement of
a Nash criterion exceeding 70% for both the calibration and validation phases.
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The GR2M model’s evaluation incorporates an analysis of performance parame-
ters, notably the Nash criterion and R?, alongside a visual comparison of observed and
simulated flow hydrographs during the calibration and validation phases (Kouamé
et al. 2013).

For the Igrounzar station, the Nash criterion values obtained during calibration
(83%) and validation (78%) are notably higher than the 70% threshold. This demon-
strates the robust modeling capability of the GR2ZM model concerning the data
collected at the Igrounzar station. The calculated difference between the Nash crite-
rion values during the calibration and validation periods stands at 5%. This differen-
tial serves as an indicator of the model’s robustness. It is important to note that this 5%
degradation in the Nash criterion is considered quite acceptable, as its absolute value
remains below 10% (Kouamé et al. 2013). The hydrographs, illustrated in Fig. 3a and
b, corresponding to the calibration and validation phases, exhibit high-quality char-
acteristics. Furthermore, the comparison between simulated and observed flow rates
during calibration and validation (as depicted in Fig. 3a and b) results in noteworthy
R? values (R? = 0.88 for both phases). Indeed, the rain-flow modeling achieved
through the GR2M model delivers highly satisfactory and promising outcomes at
the Igrounzar station.

Regarding the Zelten station, both the calibration and validation phases yielded a
Nash criterion value of 72%. This result underscores the continued effectiveness of
the GR2M model in accurately modeling the data from the Zelten station. Notably,
no difference between the Nash values obtained in the calibration and validation
phases was observed for this station, indicative of the model’s efficiency. The hydro-
graphs presented in Fig. 4a and b exhibit a remarkable alignment between the curves
representing observed and simulated flows. The correlation coefficient derived from
the diagram depicting observed flow rates against simulated flows is calculated as
0.81 for both the calibration and validation phases. This further substantiates the
robustness of the GR2M model when applied to the Zelten station.

Concerning the Adamna station, the Nash criterion and the determination coeffi-
cient R? results for this station are summarized in Table 1. The Nash criterion achieved
during the calibration phase stands at 74%, surpassing the 70% threshold, thus vali-
dating the correctness of the GR2M model’s calibration for the Adamna station.
This calibration is subsequently affirmed with a Nash criterion of 76% during the
validation phase. The strong alignment between the curves representing observed
and simulated flows, as well as the substantial R? values displayed in Fig. 5a and b,
further emphasize the excellent performance of the GR2M model at the Adamna
station.

4 Future Evapotranspiration and Flows

As indicated by Ouhamdouch and Bahir (2017), the predictive model employed
to estimate future temperature and precipitation levels within the Essaouira basin
is CanESM2, a contributing model within the CMIP5 framework. Their integrated
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Source Developed by the author

approach, combining this model with statistical tests conducted using Pettitt and
Mann—Kendall tests, reveals a projected increase in mean temperatures. Under the
RCP 2.6 scenario, a rise of 0.72 °C is anticipated, while the RCP 4.5 and RCP
8.5 scenarios predict increases of 0.57 °C and 0.69 °C, respectively, by the year
2050. These results offer valuable insights into the climate outlook within the region
(Ouhamdouch and Bahir 2017).

Given that the GR2M model utilizes data on rainfall and evapotranspiration to
simulate flows, the calculation of future flow patterns requires forecasts of future rain-
fall and evapotranspiration. To estimate future evapotranspiration, future temperature
data were employed in conjunction with the Thornthwaite formula (Eq. 2).

Table 2 presents the results of the statistical tests applied to the prospective monthly
potential evapotranspiration time series at the Igrounzar station. The Mann—Kendall
test under different scenarios, RCPs 2.6, 4.5, and 8.5, indicates a significant upward
trend, supported by respective UMK values of + 0.59, 4+ 0.78, and + 0.68. This
trend is further corroborated by the Pettitt test (Fig. 6), revealing breakpoints in
the series in April 2029, March 2036, and March 2034 for RCP 2.6, 4.5, and 8.5,
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respectively. For the study period extending from 2020 to 2050, the mean poten-
tial monthly evapotranspiration before and after the breakpoints exhibits varying
increases. Under RCP 2.6, the means are 127.17 and 129.59 mm/month, reflecting
a 1.9% surplus. In the case of RCP 4.5, the means stand at 125.75 and 127.63 mm/
month, translating to a 1.5% excess. Lastly, under RCP 8.5, the means are 128.21 and
130.33 mm/month, indicating a 1.6% surplus (Fig. 6). The rising trend in potential
monthly evapotranspiration is attributed to the parallel upward trajectory of future
temperatures, a relationship also established by Ouhamdouch and Bahir (2017).

The findings from the simulation of future flow patterns under various scenarios
(RCPs 2.6, 4.5, and 8.5) for the 2020-2050 period are presented in Fig. 7. In the
context of the RCP 2.6 scenario, the Mann—Kendall test applied to the future flow
series reveals a consistent upward trend across all three stations, namely Igrounzar,
Zelten, and Adamna (refer to Table 2). This observed trend is further substantiated
by the results of the Pettitt test (see Fig. 7a), indicating breakpoints in the series for
January 2043, December 2042, and December 2042, corresponding to the Igrounzar,
Zelten, and Adamna stations, respectively.
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Table 1 Results of GR2M . o . L
Calibration and validation for Parameter | Units | Calibration Validation
(01/1991 to 12/1994) | (01/1997 to 12/2001)
the Igrounzar, Zelten and
Adamna stations: parameter Igrounzar station
values, Nash criterion and X, mm | 665.14 665.14
determination coefficient
X - 1.01 1.01
Nash % 83 78
R? - 0.88 0.88
Zelten station
X1 mm | 148.41 148.41
Xo - 0.93 0.93
Nash % 72 72
R? - 0.81 0.81
Adamna station
X1 mm | 148.41 148.41
X - 0.65 0.65
Nash % 74 76
R? - 0.84 0.73

Specifically, for the Igrounzar station, the mean flow rates before and after the
breakpoint amount to 0.45 m?/s and 0.54 m?/s, respectively, reflecting an estimated
increase of 20% during the 2020-2050 period. In the case of the Zelten station, the
average flow rates prior to and following the breakpoint are 0.59 m?®/s and 0.76 m%/s,
respectively, indicating an increase of 28.80% over the study period (as illustrated in
Fig. 7a). Similarly, for the Adamna station, the flow series displays an average value
before and after the breakpoint of 0.76 m*/s and 0.91 m?/s, respectively, representing
an estimated surplus of 19.70% (as depicted in Fig. 7a).

In the context of the RCP 4.5 scenario, the results of both the Mann—Kendall
and Pettitt tests applied to the future flow series for the three stations consistently
indicate a downward trend, revealing deficits of 42.5%, 42.1%, and 40.6% for the
Igrounzar, Zelten, and Adamna stations, respectively (as demonstrated in Fig. 7b).
The identified breakpoints in the future flow series correspond to June 2040 for
Igrounzar, May 2039 for Zelten, and May 2040 for Adamna stations.

In line with the RCP 8.5 scenario, a trend similar to that observed in the RCP
2.6 scenario emerges. The Mann—Kendall test results (as detailed in Table 2) and
Pettitt test outcomes, with a 5% confidence interval (as represented in Fig. 7c),
consistently demonstrate an upward trend in future flows. Specifically, this upward
trend amounts to 44.4%, 53.8%, and 43.7% for the Igrounzar, Zelten, and Adamna
series, respectively, projected by the year 2050.

Figure 8 presents a comparative analysis of observed and projected flows. It’s
worth noting that the observed flows at the Adamna station are approximately twice
as large as those recorded at the Igrounzar and Zelten stations. This disparity arises
from the fact that Wadi Ksob, where the Adamna station is located, results from
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Fig. 5 Calibration a and validation b of GR2M model obtained at Adamna station. Rainfall-flow
observed and simulated (left). Correlation diagram between observed and simulated flow (right).
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the convergence of Igrounzar (housing the Igrounzar station) and Zelten Wadi (the
site of the Zelten station). The average discharges recorded during the 1978-2001
period stand at 0.38, 0.5, and 1.23 m?/s for Igrounzar, Zelten, and Adamna stations,
respectively. In the subsequent 1991-2001 period, these averages slightly increased to
0.55,0.72, and 1.59 m?/s for the Igrounzar, Zelten, and Adamna stations, respectively.
This minor increment can be attributed to a modest resurgence in precipitation,
particularly evident during events such as the January 1996 flood. A comparison
between projected flows and the observed values for both the 1978-2001 and 1991—
2001 periods reveals a decline.

Under the RCP 2.6 scenario, a noticeable rise in future flow rates is evident
for the Zelten and Igrounzar stations, while a reduction is observed at the Adamna
station. Conversely, under the RCP 4.5 and 8.5 scenarios, a distinct downward trend in
mean flow rates, relative to historical flows recorded during the 1978-2001 period, is
observed. Specifically, the RCP 4.5 scenario predicts differences of 0.07 (Igrounzar),
0.2 (Zelten), and 0.72 m>/s (Adamna). Meanwhile, the RCP 8.5 scenario forecasts
differences of 0.05 (Igrounzar station), 0.17 (Zelten station), and 0.65 m?/s (Adamna
station). Notably, at the Adamna station, which serves as the point of measuring the
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Table 2 Results of the Mann—Kendall test applied to future flows within Essaouira basin for the
period 2020-2050 according to RCPs 2.6, 4.5 and 8.5 scenarios

Variable p-value (%) Alpha (%) Hy: no trend UMk Trend sense
Igrounzar station

Flow

RCP 2.6 0.1 5 No +3.22 Upward
RCP 4.5 <0.01 5 No — 643 Downward
RCP 8.5 0.02 5 No +3.70 Upward
Zelten station

Flow

RCP 2.6 1.1 5 No +2.52 Upward
RCP 4.5 <0.01 5 No —4.87 Downward
RCP 8.5 0.06 5 No +3.45 Upward
Adamna station

Flow

RCP 2.6 4 5 No +2.05 Upward
RCP 4.5 <0.01 5 No —4.07 Downward
RCP 8.5 4.6 5 No +1.68 Upward

entire basin’s flow, the percentage of flow reduction amounts to 33% under the RCP
2.6 scenario, 59% under the RCP 4.5 scenario, and 37% under the RCP 8.5 scenario.

These results are in close alignment with previous studies conducted on flow
patterns in semi-arid regions, albeit based on the older AR4 scenarios. This study
advances the prediction of flow trends into the twenty-first century, incorporating
the new AR5 scenarios. By 2050, Driouech et al.’s (2010) research demonstrated
a declining trend in future flows within the Moulouya watershed in Morocco when
compared to the 1958-2000 period. This decline manifests as a reduction of 20-30%
during winter and 7-10% during other seasons. Additionally, the study by Zeroual
etal. (2013) investigated the Hodna basin in Algeria for the 2050 horizon and revealed
a decreasing trend in future flow series relative to the 1961-1990 period, marking
a 26% decline during winter and a 17% decrease in autumn. The correspondence
between these findings and the declining flow trends compared to those observed in
our study lends support to the results endorsed by the IPCC (Solomon et al. 2007).



6 Assessment of the Climate Change Impact on the Past and Future ... 109

Yot : s ETP ---A1 - = A2

170 ~
150
130

ETP(mm)

110 4 i

Time

Time

Fig. 6 Monthly variation of future ETP at Igrounzar station under RCP 2.6, 4.5 and 8.5 scenarios
for the period 2020-2050. Al = mean before break and A2 = mean after break. Source Developed
by the author



110 M. Babhir

Station of Igrounzar Station of Zelten Station of Adamna
g -
RCP 2.6 @) ¥ 1pepy, @) | a0 RCP26 (@
74 16 15 Flow
6 14 I =] 1 20 == Al
s g2 | % g - A2
&3 i - 3
) | . [ T 15
| ,54| a 0.59 0.76 10
1 | I | 0.76 0.91
; . fos L “El_u Ll
0 o Jicfze s -boby. £ Rl R 0 hedeeoll chelagle o b diolly
Jan-20 1n20  andl . Decdl  Nows: Jan-20  Jan-31_ Decdl  Now-52
ime Time
5 1RCP4.S (b) 7 1Rcp 4.5 (b) 18 1Rcpas (b)
[ & 16
4
5
s =
E £
3 3
L I i |
i 2
1], o 0.38 ‘
| | 140 1
o[ -.l,_-J‘.-"‘\u- fnizn o JH -‘4‘,-?',{‘-.-}-.':_-.‘- Loty
Jan-20  Jan-31_ Decdl  Now-52 Jan20  Jan31_ Decdl  Nov-s2
Time Time
3 1RCP 8.5 (c) A (c) 30 | RCP 8.5 (c)
RCP 8.5
2.5 4 ‘ 8 25 4
z T, g2
.E- 15 E | E 5 |
z
Z 2 41 o 0.40 é 10 4
0.5 2 | k l 5
o . . : o !1—- kot ----]F.i-- 0 . : S
Jan-20  Jan-31  Dec-dl  Now52 : . . Jan-20  Jan-31  Dec-41  Now-52
Time Jan-20 lun-nm.Dec-ll Now-52 Time
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6 Assessment of the Climate Change Impact on the Past and Future ... 111

5 Conclusion

Similar to many semi-arid basins, the Essaouira Basin is confronting a reduction in
precipitation resulting from the impacts of climate change. Given the interconnected
nature of flow and rainfall patterns within these basins, this research was undertaken
to assess the repercussions of climate change on the hydrological dynamics in the
Essaouira basin during the period spanning from 2020 to 2050.

In pursuit of this objective, the Rural Genius GR2M model was employed to
simulate flow patterns predicated on the interplay of rainfall and evapotranspira-
tion. The Mann—Kendall and Pettitt tests served as valuable tools for scrutinizing the
consistency and directionality of the time series analyzed. Notably, the time series of
potential monthly evapotranspiration (ETP) for the period from 1978 to 2005 exhib-
ited an upward trajectory, indicating a 4.2% increase. In contrast, when examined
under the aegis of the 2.6, 4.5, and 8.5 RCPs of CIMPS, the rate of trend evolution
stood at 1.9%, 1.5%, and 1.6%, respectively.

The examination of the interrelationship between rainfall and flows in the
Essaouira basin during the 1978-2005 period underscored a discernible cause-and-
effect connection between these two parameters. Remarkably, this causal association
retained its validity across all zones characterized by arid and semi-arid climates.

A glimpse into the future flows at the Igrounzar station, as modeled using the
GR2M framework under the RCP 2.6 and 8.5 scenarios, reveals a burgeoning upward
trend of 20% and 44.4%, respectively, by the year 2050. In stark contrast, the envis-
aged future flow series during the same temporal scope but under the aegis of the
RCP 4.5 scenario points to a distinct downward trajectory of 42.5%.

Similarly, the projections for the Zelten station illuminate future flow dynamics
marked by a pronounced upward trend of 28.8% in the RCP 2.6 scenario, 53.8%
in the RCP 8.5 scenario, and a contrary downward trend of 42.1% in the RCP 4.5
scenario. Looking at the future flows anticipated at the Adamna station by 2050,
an upward shift of 19.70% and 43.7% is anticipated under the RCPs 2.6 and 8.5
scenarios, respectively, while a descending trend of 40.6% is projected under the
RCP 4.5 scenario.

These findings have significant implications for water resource conservation
and management within the Essaouira watershed, suggesting the potential for the
construction of hill reservoirs along the Igrounzar, Zelten, and Ksob Wadi. These
hydraulic structures hold promise in moderating water flow during periods of flooding
and, consequently, replenishing aquifers. The adoption of hill dams remains a perti-
nent strategy for watersheds grappling with arid, semi-arid, and Saharan climatic
conditions.
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Chapter 7 )
Evolution of Historical and Future e
Precipitations and Temperatures Within
Essaouira Basin Under Climate Change

Effect

Mohammed Bahir, Otman El Mountassir, and Mohamed Behnassi

Abstract In recent decades, the specter of global warming has loomed large,
emerging as a substantial and impending threat to the well-being of the global popu-
lace. Within the context of nations particularly susceptible to the repercussions of
climate change, Morocco, notably its regions characterized by arid and semi-arid
climatic conditions, assumes a prominent position as one of the most exposed to
vulnerability. To gain deeper insights into the intricate interplay between climate
change and the availability of water resources, a comprehensive approach has been
adopted. This approach encompasses a climatological analysis encompassing factors
such as rainfall and temperature, alongside an exploration of groundwater levels,
salinity, and isotopic methodologies. A meticulous examination of the annual precipi-
tation patterns has been conducted, drawing upon the graphical representation offered
by the Nicholson rainfall index. Furthermore, this investigation has employed statis-
tical tools, notably the Pettitt and Mann—Kendall tests, to probe the nuances of these
climatic shifts. The results that have emerged indicate an overarching negative trend
in the basin, signifying a reduction in annual precipitation ranging from 12 to 16%
over the span from 1978 to 2015. This decline in the average annual precipitation
levels is juxtaposed against a concomitant escalation in temperatures, manifesting as
a highly substantial warming effect. Specifically, this warming amounts to 1.2 °C in
the downstream segment of the study region and 2.3 °C in its upstream counterpart, a
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phenomenon that underscores the pronounced continentality of temperature patterns
in this geographical area. In light of these findings, there exists a compelling rationale
for the inclusion of stringent local and global policies aimed at mitigating the emission
of greenhouse gases, fostering the utilization of clean and renewable energy sources,
and engendering awareness and education among the populace. These endeavors are
of paramount importance, serving to expedite the adoption of adaptive behaviors
capable of addressing the challenges posed by a warmer and drier climate. This is
particularly pertinent for individuals inhabiting regions characterized by semi-arid,
arid, and Saharan climates.

Keywords Climate change - Water resources + Morocco - Pettitt and
Mann—-Kendall - Essaouira basin

1 Introduction

In recent decades, the specter of global warming has assumed a palpable presence,
emerging as a formidable threat to humanity’s well-being (Kaid Rassou et al. 2006;
Chkir et al. 2008; Bouya et al. 2011). Of particular significance is Morocco, a nation
characterized by its arid and semi-arid climates, and notably, it stands out as one
of the most vulnerable in the face of climate change’s impacts (Boko et al. 2007;
Kuriqgi 2014; Kuriqi et al. 2016; Bahir et al. 2000, 2020a, b). This vulnerability is
compounded by the spatial and temporal variability in rainfall, with a discernible
decrease observed toward the southern reaches of the country (Driouech et al. 2013;
Babgqiqi 2014).

The Fourth Climate Change Report by the Intergovernmental Panel on Climate
Change (IPCC 2007) has illuminated the likelihood of Morocco experiencing a
precipitous decline in precipitation, which could culminate in a substantial reduction
of up to 20%. This adverse shift is coupled with a prospective rise in temperatures,
projected to reach an increment of 2.5-5.5 °C by the end of the century. However, the
global climate models hitherto employed by the IPCC suffer from limited resolution,
with a notable absence of precise topographical, vegetative, and soil information.
In light of the imperative need for robust climate change assessments, particularly
concerning socio-economic sectors like agriculture and water resources, there is an
exigent requirement for high-resolution climate scenarios.

Several investigations have probed the patterns of rainfall in Morocco, revealing a
preponderance of years marked by rainfall deficits over surplus years. These studies
have collectively identified a pervasive downward trajectory, marked by reductions
ranging from 12 to 23%, contingent on the region in question (Stour and Agoumi
2009; Driouech 2010; Driouech et al. 2013; Ouhamdouch et al. 2016; Ouhamdouch
and Bahir 2017; Ouhamdouch 2020). Furthermore, comparisons of mean annual
temperatures over two distinct periods, 1971-1980 and 1998-2007, have unveiled
an upward shift, exemplified by an increase spanning from 0.3 to 2.5 °C, depending
on the specific geographical region under scrutiny (Babqiqi 2014; Blunden and Derek
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2015; Bahir et al. 2016). This contemporary scenario portends the stark reality of
limited water resources, which currently hover at an average of 606 m> per person
per year, indicative of a state of acute water stress.

The principal objective of this study revolves around the assessment of ground-
water conditions within a semi-arid Moroccan environment and their interplay with
global warming, with the Essaouira Basin serving as an illustrative example. To
this end, a comprehensive analysis has been executed, encompassing the evolution
of climatic parameters such as temperature and precipitation, groundwater levels,
salinity, and the isotopic composition of groundwater.

Situated on the Atlantic Coast of Morocco, the Essaouira Basin occupies a spatial
expanse of 6000 km? and comprises several distinct aquifer systems belonging to two
synclinal units: the Bouabout unit in the eastern domain and the Essaouira synclinal
unit in the western territory. The boundary demarcating these two units is delineated
by the Triassic formations’ outcrop, notably the Tidzi diapir (Fig. 1).

Within the geological and structural context, the Triassic and Jurassic formations
exhibit minimal outcrops and are concentrated within the central regions of anticlines,
particularly notable in the Jbel Hadid NW, Jbel Amsitene SW, and the diapir Tidzi,
as illustrated in Fig. 1.

The Triassic formations encompass components characterized by saliferous red
clays, doleritic basalts, and sandstone pelites. In contrast, the Jurassic formations are
primarily constituted of carbonate deposits, encompassing limestones and dolomites,
interspersed with marls rich in gypsum and anhydrite. The lower Cretaceous stratum
is predominantly composed of marls and limestones, boasting an average thick-
ness of 200 m (Duffaud et al. 1966). The middle Cretaceous epoch initiates with
deposits of Martian sandstone from the Aptian, averaging 60 m in thickness, followed
by pyritic marl of the Albian, which presents an approximate thickness of 100 m.
Marls continue to dominate through the Cenomanian, characterized by a thickness
of around 200 m and a significant presence of anhydrites, interspersed with some
limestone units. These marls form the foundational bedrock of the Turonian aquifer,
marked by fractured flint and averaging 60 m in thickness. The Cretaceous geolog-
ical sequence culminates in dolomitic marls and limestones, surmounted by gypsif-
erous and siliceous gray marls, occasionally interspersed with Senonian sandstone
formations. These stratigraphic layers demarcate the boundaries of the two aquifers,
namely the Turonian and Plio-Quaternary aquifers, situated within the synclinal zone
of Essaouira (Duffaud et al. 1966).

The architectural configuration of the study area is attributed to tectonic processes,
with Tertiary age compression (Souid 1983; Amghar 1995) and distasic tectonics
stemming from the Triassic and Jurassic eras (Duffaud et al. 1966; Souid 1983;
Broghton and Trepanier 1993) culminating in the formation of anticlines and
synclines. This structural organization facilitates the existence of multiple aquifer
systems distributed as follows: In the upstream region, aquifers are nestled within the
limestone and dolomitic limestones of the Cenomanian—Turonian. The impervious
base and roof of this system are respectively secured by the gray clays of the Lower
Cenomanian and the Senonian white marls (Bahir et al. 2007). Conversely, in the
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Fig. 1 Isohyets map for the period 1978-2004 within Essaouira basin. Source Ouhamdouch et al.
(2019) and Bahir et al. (2020c)

downstream sector, groundwater resources are harbored within two primary reser-
voirs: the Plio-quaternary, characterized by a marine calcareous sandstone matrix
housing phreatic aquifers, and the Turonian, accommodating a water table that is
swiftly confined beneath the Senonian marls, likely in direct proximity to the Plio-
quaternary strata at the fringes of this geological structure (Bahir et al. 2007; Jalal
et al. 2001; El Mountassir et al. 2022a, b, ¢).
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2 Data and Methods

The climatological data, encompassing precipitation and temperature records,
employed in this research were generously provided by the Hydraulic Basin Agency
of Tensift (ABHT), as detailed in Annex I. Multiple datasets pertaining to precipi-
tation measurements were also made accessible for analysis. In the climatic exam-
ination, data originating from the Adamna, Igrounzar, and Essaouira stations were
utilized to scrutinize precipitation trends, while the evaluation of temperature patterns
exclusively relied upon the last two stations. These two stations were the sole sources
that provided concurrent data on both precipitation and temperature, thus rendering
them conducive for a comprehensive climatic assessment.

To ensure the suitability of a dataset for the study of climate change, it is imperative
that the observation period be of sufficient duration to accurately reflect the climatic
conditions of the region. The World Meteorological Organization (WMO) has stipu-
lated that an observation period exceeding 30 years is necessary to establish climatic
trends. In our specific case, the three stations mentioned herein readily satisfy this
criterion, with observation periods spanning over 30 years for both precipitation and
temperature data.

For this study, the predictands were derived from the maximum daily tempera-
tures, daily minimum temperatures, and daily precipitation measurements acquired
during the periods 1987-2004 and 1978-2011 from the Igrounzar station. The model
employed for this investigation is the second-generation Canadian Earth System
Model (CanESM2), developed by the Canadian Centre for Climate Modeling and
Analysis (CCCma) under the purview of Environment Canada. The rationale behind
selecting this model resides in its unique capability to furnish daily predictor vari-
ables, facilitating direct integration into the Statistical DownScaling Model (SDSM).
SDSM is an instrumental decision support tool for evaluating local climate change
impacts, harnessing a robust statistical downscaling methodology. CanESM?2 outputs
were procured for three distinct climate scenarios, namely RCP 2.6, RCP 4.5, and
RCP 8.5, and were subsequently employed within the ambit of this study.

The RCP 2.6 scenario was crafted by the IMAGE modeling team affiliated with the
PBL Netherlands Environmental Assessment Agency (Thomson et al. 2011; Wayne
2013). This particular RCP delineates a mitigation scenario aimed at curtailing the
escalation of global mean temperatures to a maximum of 2 °C. A pivotal assump-
tion underpinning this scenario pertains to the rapid worldwide dissemination and
immediate implementation of new, energy-efficient technologies.

The RCP 4.5, on the other hand, was formulated by the GCAM modeling group
within the Pacific Northwest National Laboratory’s Joint Global Change Research
Institute (JGCRI) in the United States. This scenario represents a stabilization frame-
work (Wayne 2013), with radiative forcing stabilizing at 4.5 W/m? in the year 2100,
never exceeding this threshold (Thomson et al. 2011). Key postulates within this
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scenario encompass a global population peak surpassing 9 billion by 2065, subse-
quently declining to 8.7 billion by 2100, reductions in energy consumption, height-
ened fossil fuel utilization, substantial increases in renewable energy sources, and a
considerable expansion of forested areas as a mitigation strategy.

Finally, the RCP 8.5 scenario was developed through the Integrated Assessment
Framework by the International Institute for Applied System Analysis (IIASA),
employing the MESSAGE model (Thomson et al. 2011; Wayne 2013). This scenario
characterizes a high-emission trajectory typified by escalating greenhouse gas (GHG)
emissions over time (Riahi et al. 2011). Salient assumptions integral to this pathway
involve a continuous global population increase, reaching 12 billion by 2100, slug-
gish income growth with modest technological advancements, prolonged high energy
demand, a shift towards coal-intensive technologies, and high emissions in the
absence of comprehensive climate change policies (Riahi et al. 2011).

In addition to the aforementioned data sources, we incorporated large-scale atmo-
spheric variables from the National Center for Environmental Prediction (NCEP)
and the National Center for Atmospheric Research (NCAR) reanalysis project to
establish a statistical linkage with the observed station data. These NCEP/NCAR
predictor variables, generously provided by CCCma, were carefully selected to
ensure temporal consistency and span the timeframe from 1961 to 2005. The utiliza-
tion of identical variables from NCEP/NCAR aligns with the atmospheric parameters
available from CanESM?2 outputs, thereby facilitating a unified analytical approach.
Both CanESM2 outputs and NCEP/NCAR reanalysis project data, specifically the
Box_126x_44y dataset, furnished an identical set of 26 predictor variables (as delin-
eated in Table 1). These datasets were sourced from the Canadian Climate Data
and Scenarios website and constituted the basis for our study. To derive predictions
regarding climate change within the Essaouira basin for the upcoming period span-
ning from 2018 to 2050, these datasets were meticulously processed by means of the
SDSM and XLSTAT® software.

The SDSM model, drawing on previous research (Gagnon et al. 2005; Rashid and
Mukand 2012; Parvaze et al. 2016), emerges as the preferred model for projecting
local climate change.

The selection of predictors for this study involved a rigorous screening process,
incorporating the evaluation of correlation coefficients (R), coefficients of determina-
tion (R?), and corresponding p-values with respect to the predictands (as delineated
in Table 2). Following this comprehensive selection procedure, we proceeded to
the calibration and validation phases. The dataset spanning 28 years (1978-2005)
for precipitation observations and the dataset spanning 18 years (1987-2004) for
temperature observations were partitioned into two distinct groups. In the context
of precipitation, the initial 22 years (1978-1999) served as the calibration dataset,
while the subsequent 6 years (2000-2005) were reserved for validation. For temper-
ature data, calibration encompassed the initial 13 years (1987-1999), with validation
conducted over the remaining 5 years (2000-2004). The SDSM model was fine-tuned
for this study by incorporating selected NCEP predictors through both annual and
monthly sub-models.
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Table 1 Predictor variables of the Global Climate Model (GCM) and the National Center for
Environmental Prediction (NCEP)

# | Predictor | Description # | Predictor | Description

1 | mslp Mean sea level pressure 14 | p8_f 850 hPa air flow strength

2 |plf Surface air flow strength 15 |[p8_u 850 hPa zonal velocity

3 |plu Surface zonal velocity 16 | p8_v 850 hPa meridional velocity

4 |plv Surface meridional velocity |17 |p8_z 850 hPa vorticity

5 |plz Surface vorticity 18 | p8_th 850 hPa wind direction

6 |pl_th Surface wind direction 19 | p8_zh 850 hPa divergence

7 |pl_zh Surface divergence 20 | p500 500 hPa geopotential height

8 |p5_f 500 hPa air flow strength 21 | p850 850 hPa geopotential height

9 |p5_u 500 hPa zonal velocity 22 | Prcp Surface precipitation

10 |p5_v 500 hPa meridional velocity |23 |s500 Specific humidity at 500 hPa
height

11 |p5_z 500 hPa vorticity 24 | s850 Specific humidity at 850 hPa
height

12 | p5-th 500 hPa wind direction 25 | shum Surface-specific humidity

13 | p5_zh 500 hPa divergence 26 | temp Surface mean temperature

Source Ouhamdouch and Bahir (2017) and Bahir et al. (2020c)

To depict the temporal series of historical and future local climatic parameters,
we employed two distinct methods: a graphical approach predicated on the analysis
of future weighted rainfall indices, and a statistical approach involving the applica-
tion of two tests—Pettitt’s test for detecting structural breaks and the Mann—Kendall
test for trend detection. The calculation of the rainfall index adhered to the method-
ology established by Nicholson, and the statistical tests were executed utilizing the
XLSTAT® software.

2.1 Rainfall Index (RI)

The rainfall index measures the deviation from the average of the future rainfall
series obtained from the SDSM model of the Igrounzar station. The annual rainfall
index ‘RI” is the reduced centered variable of the annual rainfall. It is obtained by
the Eq. (1):

X; — X
R[ =1 T (1)
o
where x; is the rainfall of the year i; x,, is the series average; and o is the standard
deviation.
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Table 2 Selected set of predictor variables

Predictand Predictor R R? p-value
Precipitation pl_v 0.606 0.367 < 0.0001
p8_f 0.633 0.4 < 0.0001
p8_4 0.518 0.268 <0.0001
prep 0.786 0.619 <0.0001
Maximum temperature pl_th 0.605 0.366 < 0.0001
p5_v 0.628 0.395 <0.0001
p500 0.743 0.552 <0.0001
shum 0.757 0.573 < 0.0001
temp 0.832 0.692 <0.0001
Mean temperature pl_th 0.604 0.365 < 0.0001
p5_v 0.669 0.448 <0.0001
p500 0.831 0.691 <0.0001
shum 0.84 0.706 < 0.0001
temp 0.903 0.816 <0.0001
Minimum temperature pl_th 0.593 0.351 <0.0001
p5_v 0.641 0411 < 0.0001
p500 0.76 0.577 < 0.0001
shum 0.788 0.62 <0.0001
temp 0.835 0.696 <0.0001

Note R = correlation coefficient; R? = coefficient of determination
Source Ouhamdouch and Bahir (2017) and Bahir et al. (2020c¢)

To better visualize the interannual fluctuation in the pluviometry, the seasonal
variations are eliminated by weighting the annual pluviometric totals through Egs.
(2 to 6) recommended by Assani (1999):

Xt = 0.06X(t_2) + 0.25X(t_1) + O.38X(t) + O.ZSX(H_]) + 0.06X(H_1) (2)
where 3 <t < (n — 2); X, is the total weighted rainfall of the t term; X2y and X1
are the observed rainfall totals immediately preceding the t term; and X.+2) and X(+1)
are the observed rainfall totals of two terms immediately following the t term.

The weighted rainfall totals of the first two (X(1) and X(2)) and the last two (X(—1)

and X(y)) terms in the series are calculated as follows:

X(1) = 0.54X(1) + 0.46X(2) 3)

X2 = O.ZSX(}) + 0.50X(2) + 0.25X(3) (4)
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Xmn—1) = O.25X(n_2) + O.SOX(n_1) + O.ZSX(n) 5

Xm) = 0.54X(n) + O.46X(n,1) (6)

2.2 Pettitt’s Test

The Pettitt’s test (1979) is a non-parametric test that requires no assumption about
the distribution of data. It examines the existence of a break at an unknown moment
in the series from a formulation derived of that by the Mann—Whitney test. This test
is more particularly sensitive to a change of average and, if the Hy hypothesis of
homogeneity of the series is rejected, it proposes an estimation of the date of break.
This test rests on the calculation of the variable Ut defined by Eq. (7):

T T
Ur=)_ Y Dj @

i=1 j=i+1

where: DIJ =—1if (Xi — Xj) > O, Dij =0if (Xi — Xj) = 0, Dij =1if (Xi — Xj) > 0.

2.3 Mann-Kendall Test

The Mann—Kendall test (Mann 1945; Kendall 1975) is a non-parametric statistical
test used to detect the presence of a linear trend (upward or downward) within a
time series. For the series Xi (X1, X ... X,), this method defines the standard normal
multi-variable Uyk as follows:

S

Umk = NTIo) ®)

n—1 n

where s = X; - ;1 sgn(xj — Xj); var(s) = w; and n is the number of data
i=1 j=i

in the series. :

In this test, the null hypothesis Hy ‘absence of trend’ is accepted if the p-value
is greater than the alpha significance level. The trend direction is defined by the
statistical coefficient of Mann—Kendall ‘Uyk’. The trend is upward if Uyg > 0 and
downward if Upk < O.
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3 Historical Evolution

3.1 Rainfall

The assessment of mean annual precipitation within the Essaouira basin has revealed
isohyets ranging from 300 to 375 mm per year, with an average of 343 mm per year,
as visually depicted in Fig. 1. These precipitation patterns are typically character-
ized by brief yet intense thunderstorms and exhibit an irregular distribution across
the calendar year. The interannual isohyet map, spanning the period from 1975 to
2004 and depicted in Fig. 1, has been constructed based on data sourced from the
Hydraulic Basin Agency of Tensift (ABHT). Notably, this representation underscores
the observable trend of increasing precipitation levels towards the periphery of the
basin. This phenomenon can be attributed, in part, to the Foehn effect, as the basin is
geographically situated at the foothills of the High Atlas, which is part of the Western
Atlas mountain range.

Precipitation, especially in arid and semi-arid regions, holds paramount signifi-
cance as it constitutes the fundamental component of the hydrological regime.

An examination of rainfall data encompassing a 38-year observational span,
ranging from 1977/78 to 2014/15, for the three monitoring stations: Igrounzar,
Adamna, and Essaouira (as depicted in Fig. 2), unveils marked variability at the
annual scale. Evidently, annual precipitation levels exhibit substantial fluctuations
from one year to the next, characterized by alternating periods of abundant rainfall
and extended dry spells spanning two to five consecutive years. The recorded precip-
itation rates demonstrate a wide range, with the minimum annual total of 98 mm/
year documented at Essaouira station during the hydrological year 2007/08, while
the maximum value of 758 mm/year was registered at Adamna station in 1995/96.

Furthermore, the calculation of standard deviation and the corresponding variation
coefficient (expressed as a percentage) for each station, as outlined in Table 3, reveals
a relatively consistent annual variation coefficient across the three stations. This
similarity may be attributed, in part, to the minimal differences in elevation between
these monitoring stations.

The graphical technique employed in this analysis relies on the examination of
variations in rainfall indices, particularly those pertaining to the reduced centered
variable. This approach allows for the differentiation between years characterized by
abundant rainfall and those marked by precipitation deficits.

As depicted in Fig. 3a, the graphical representation illustrates the dynamic fluctu-
ations in the rainfall indices concerning the average annual precipitation observed at
the Igrounzar, Adamna, and Essaouira stations. Notably, these indices predominantly
exhibit values below zero, signifying a prevalence of dry years over wet ones across
all three stations. To provide a more precise depiction of the interannual fluctuations
in precipitation, the effects of seasonal variations are mitigated by applying weighted
calculations to the annual rainfall totals through the utilization of equations (Eqs. 2
to 6).
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Fig. 2 Analysis of interannual precipitation. Source Ouhamdouch et al. (2019) and Bahir et al.

(2020c)

At the Igrounzar station (as shown in Fig. 3b), the examined dataset reveals a 12-
year period characterized by above-average rainfall, spanning from 1986/78 to 1997/
98, effectively separating two distinct dry periods. The initial dry period extended for
9 years, commencing in 1977/78 and concluding in 1985/86. Subsequently, a second
dry period of 17 years ensued, commencing from 1998/99 until the conclusion of

the study period in 2014/15.

A comparable pattern to Igrounzar’s rainfall indices evolution is evident at the
Adamna station (depicted in Fig. 3b). Here, the wet period also commenced in 1986/
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Table 3 Statistical evaluation of SDSM performance for calibration (1987-1999 for temperature
and 1978-1999 for precipitation) and validation (2000-2005 for temperature and 2000-2004 for

precipitation) at Igrounzar station

RMSE R R? DW
1987-99 ‘2000—04 1987-99 | 2000-04 | 1987-99 |2000-04 |1987-99 |2000-04
Maximum
temperature
3.28 ‘ 2.78 0.86 0.89 0.74 0.79 1.37 1.87
Mean temperature
2 ‘ 1.68 0.91 0.94 0.84 0.88 1.77 1.68
Minimum temperature
3.14 1.73 0.83 0.94 0.69 0.88 1.5 1.85
1978-99 |2000-05 | 1978-99 |2000-05 |1978-99 |2000-05 |1978-99 |2000-05
Precipitation
4.87 ‘ 3.37 0.82 0.85 0.67 0.72 1.85 1.47
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Fig. 3 Evolution of a rainfall indices and b weighted rainfall indices at the Igrounzar, Adamna and
Essaouira stations (1978-2015). Source Ouhamdouch et al. (2019) and Bahir et al. (2020c). DP =
dry period, WP = wet period, NP = normal period
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87, continuing until 1997/98. The initial dry period extended for 9 years, covering
the series’s inception up to 1985/86. The second dry period, which persisted beyond
1998/99, endured for 17 years until the study’s conclusion.

The Essaouira station (as presented in Fig. 3b) exhibited a similar pattern to
that observed at the Adamna and Igrounzar stations. However, notable distinctions
included the replacement of the wet period with a normal period and the reduction in
the durations of both dry periods. The normal period, spanning 15 years, commenced
in 1984/85 and ended in 1998/99. The initial dry period lasted 7 years, from the onset
of the series until 1983/84. Subsequently, a second dry period emerged beyond 1999/
00 and endured for 16 years, concluding at the termination of the dataset.

Collectively, these three datasets share a common trend with a significant predom-
inance of dry periods over wet ones. To assess the homogeneity and trends within
the rainfall series, conventional robust statistical tests, including the Pettitt test and
the Mann—Kendall trend test, were employed. The results of the Mann—Kendall and
Pettitt trend tests are presented in Table 4 and Fig. 4.

For the Igrounzar station, the application of the Pettitt test, at a 90% confidence
level, revealed a significant break in the rainfall series during 1998/97. The average
annual rainfall prior to this break was 313.83 mm, while post-break it decreased to
263.40 mm. This indicates a 16.06% reduction in annual precipitation, corroborating
the outcomes derived from the rainfall index method. The Mann—Kendall trend test
results, as detailed in Table 4, indicate that the calculated multivariable standard
normal UMK exhibits a negative value of — 1.09. This negative value suggests a
declining trend in precipitation, aligning with the findings from the Pettitt test and
rainfall indices analysis.

Regarding the Adamna station, when subjected to the Pettitt test at a 90% confi-
dence level, a discernible break in the pluviometric series emerges in 1997/98. The
annual average rainfall prior to this transition stood at 342.52 mm, whereas post-
break it declined to 292.90 mm. This shift corresponds to a somewhat lesser rainfall
deficit compared to that of the Igrounzar station, amounting to 14.48%. These find-
ings align with the outcomes derived from the rainfall index methodology, where
extended dry periods initiated following this transition. Moreover, the Mann—Kendall
test conducted on the same dataset corroborates these results by indicating a down-
ward trend in precipitation (UMK = — 0.44), further substantiating the conclusions
drawn from both the Pettitt test and the rainfall index analysis.

Table 4 Analysis of interannual precipitation (Bahir et al. 2020c)

Station X ‘ Y ‘ zZ Max ‘ Mean ‘ Min SD vC
km mm %

Igrounzar 103.5 91.3 205 707.6 293.2 126.5 139.04 474

Adamna 929 104.15 70 757.6 3214 115.4 152.98 47.5

Essaouira 84.5 110.5 5 561.0 255.4 98.1 110.70 43.4

SD = Standard Deviation; VC = Variation Coefficient
Source Ouhamdouch and Bahir (2017) and Bahir et al. (2020c)
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Fig. 4 Evolution of annual precipitation at the station of Igrounzar, Adamna, and Essaouira (1978-
2015). Source Ouhamdouch et al. (2019) and Babhir et al. (2020c)

Employing an alpha significance level of 5%, the Pettitt test administered to the
rainfall series recorded at the Essaouira station indicates the presence of a distinct
rupture in 2003/04. The average annual precipitation prior to this alteration stood at
265.30 mm, contrasting with a post-transition figure of 232.51 mm. This temporal
shift results in a reduced precipitation deficit, amounting to 12.35%, a figure lower
than those estimated for the Igrounzar and Adamna stations. This deficit reinforces the
outcomes established by the rainfall indices computed for these respective datasets.
Additionally, the Mann—Kendall test, performed at a 95% confidence level, identifies
a declining trend in precipitation at the Essaouira station, with UMK registering at
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— 0.24. This concurrence supports the deductions made through the Pettitt test and
rainfall index analysis.

Nonetheless, the outcomes derived from both the rainfall index and statistical tests
collectively lead us to the conclusion that annual precipitation exhibits a prevalent
declining trend, resulting in a deficit ranging from 12.35% to 16.06% over the study
period encompassing 1978/77 to 2014/15. This decline can be attributed to the influ-
ence of climate change on this parameter. Notably, the deficit intensifies as one moves
from coastal regions towards inland areas, underscoring the continentality effect’s
impact on precipitation. It can therefore be posited that the impact of climate change
on precipitation becomes increasingly pronounced with greater distance from the
ocean.

This deduction aligns with the findings presented in the Intergovernmental Panel
on Climate Change’s (IPCC) 2014 report and Babqiqi’s 2014 national study, both
of which identify a general downward trend in annual precipitation attributable to
the influence of climate change, consistent with the results obtained in this current
study.

3.2 Temperature

In this study, we have temperature data from the Igrounzar and Essaouira stations,
for 28 years (1987-2014) for Igrounzar and 29 (1987-2015) for Essaouira. For these
two stations, a study of the maximum, average, and minimum annual temperatures
is presented (Fig. 5 and Table 5).

At the Igrounzar station, the maximum annual temperatures exhibit a range
between 29.3 and 37.2 °C, with an average of 34.2 °C. The minimum annual temper-
atures, on the other hand, vary from 2.4 to 9.3 °C, with an average of 7.4 °C. As for
the annual average temperatures, they fluctuate between 17.7 and 22.4 °C, with an
average of 20 °C. In contrast, at the Essaouira station, the maximum annual temper-
atures span from 19.2 to 25.5 °C, with an average of 20.8 °C. The annual minimum
temperatures range from 14.0 to 16.8 °C, averaging at 15.4 °C. Meanwhile, the
annual average temperatures at the Essaouira station exhibit variations between 16.7
and 19.9 °C, with an average of 18.1 °C. These findings reveal that the maximum and
average annual temperatures recorded at the [grounzar station surpass those observed
at the Essaouira station, while the minimum temperatures display an inverse pattern.
This distinction may be attributed to the ocean’s proximity.

The temporal evolution of temperatures was analyzed in two stages. The initial
stage involved calculating deviations from the mean, and the second stage encom-
passed a statistical approach. In comparison to the mean temperature values, the
temperature series can be divided into two distinct periods: an initial period charac-
terized by negative anomalies, and a subsequent period marked by positive anoma-
lies. Recent years have witnessed positive anomalies in the maximum, average,
and minimum temperatures recorded at the Igrounzar station, as well as in the
maximum temperatures observed at the Essaouira station. Conversely, the minimum
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Igrounzar and Essaouira

temperatures recorded in recent years at the Essaouira station exhibit negative

anomalies.

To assess the presence or absence of temperature trends and their significance, we
applied the Pettitt and Mann—Kendall statistical tests, with the results summarized

in Figs. 7 and 8, as well as Table 5.

For the Igrounzar station, the application of the Pettitt test at a 5% significance
level indicates a notable breakpoint in the annual series of maximum, average, and
minimum temperatures in the years 1999, 2000, and 1994, respectively. The mean
temperature before the breakpoint and after the breakpoint is as follows:

e Maximum annual temperatures: 32.75 °C before and 35.53 °C after the breakpoint,

representing an increase of 2.8 °C.

e Average annual temperatures: 18.85 °C before and 21.13 °C after the breakpoint,

indicating a rise of 2.3 °C.
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Table 5 Analysis of interannual precipitation (Ouhamdouch and Bahir 2017; Bahir et al. 2020c)

Pettitt test
p-value Alpha Beak date Deficit (%)
Igrounzar 0.08 0.1 1998/99 16.06
Adamna 0.09 0.1 1997/98 14.48
Essaouira 0.001 0.05 2003/04 12.35
Mann-Kendall test
p-value Alpha Hy: no trend Umk Trend sense
Igrounzar 0.07 0.1 no — 1.09 Decrease
Adamna 0.09 0.1 no — 044 Decrease
Essaouira 0.02 0.05 no —0.24 Decrease

e Minimum annual temperatures: 5.66 °C before and 8.14 °C after the breakpoint,
reflecting an increase of 2.5 °C.

This upward trend is further supported by the Mann—Kendall test results, which
yield the following multivariable standard values:

e Annual maximum temperatures: UMK = 4 5.24
e Annual average temperatures: UMK = + 5.65
e Annual minimum temperatures: UMK = + 4.65 (Table 5).
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Concerning the Essaouira station, only the series of annual maximum and mean
temperatures show a break using the Pettitt test. The series of annual minimum
temperatures are homogeneous. For the annual maximum temperatures, the means
before and after the break are 20.28 and 22.37 °C, with warming of 2.09 °C. As for
the annual mean temperatures, the means before and after the break are respectively
17.72 and 18.93 °C, i.e. a warming of 1.2 °C. This upward trend is confirmed by
the Mann—Kendall test. The calculated Uyk equal to + 1.72 for the series of annual
maximum temperatures and 4 2.06 for the series of annual average temperatures.

However, the annual temperatures recorded within the Essaouira basin show
generally upward trend and this remains perfectly consistent with the upward trend
in temperature observed on a national scale (Babqiqi 2014) and worldwide (IPCC
2014).

4 Future Evolution

4.1 Selected Predictor Variables

The selection of predictor variables from the NCEP/NCAR reanalysis data involved
a thorough process. Initially, the determination coefficient (R?) of all predictor vari-
ables was analyzed, and then, the correlation coefficient (R) was calculated. The final
set of predictor variables was chosen after an in-depth assessment of the correlation
coefficient and examination of the predictor-predictand associations through scatter
plots.

For the minimum and maximum mean temperatures, 6 and 26 dominant predictor
variables were respectively identified. In the case of mean precipitation, 4 and
22 predictor variables dominated. The correlation coefficients for minimum and
maximum mean temperatures consistently exhibited higher values, ranging from
0.60 to 0.83, 0.60 to 0.90, and 0.59 to 0.83, respectively. Regarding precipitation,
these correlation coefficients ranged from 0.60 to 0.78.

Table 2 presents a detailed list of the selected predictor variables, including their
respective values for R, R2, and p-values across all climatic variables. Notably,
surface-specific humidity and surface temperature emerged as the most frequently
chosen predictor variables for maximum and minimum temperature. For precipita-
tion, the selected predictor variables were surface precipitation and relative vorticity
of wind. It is noteworthy that the selection of these predictor variables aligns with
previous studies conducted by researchers such as Nigatu (2013) in Ethiopia, Rifai
et al. (2014) in Morocco, and Dorji et al. (2017) in Sri Lanka.
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4.2 Evaluation, Calibration and Validation

The evaluation of the SDSM model’s performance involved the application of various
statistical criteria, including RMSE (Root Mean Square Error), R, R2, and the Durbin-
Watson (DW) coefficient. The results obtained from these assessment criteria indi-
cated that SDSM exhibited strong performance in downscaling both maximum mean
and minimum temperatures. This conclusion was supported by lower RMSE and DW
values and higher R and R? values, signifying the model’s effectiveness in replicating
daily temperature data (see Table 6).

Specifically, RMSE values for calibration and validation periods of maximum
mean and minimum temperature ranged from 1.68 to 3.28 °C, while DW values
ranged from 1.37 to 1.87. For precipitation, RMSE values ranged from 3.37 to
4.87 mm, with DW values between 1.47 and 1.85. The R and R? values ranged from
0.69 to 0.94 for the three temperature variables and 0.67 to 0.85 for precipitation,

Table 6 Results of the statistical tests applied to the temperature series (1987-2015)

Station Pettitt test
p-value Alpha Break date Warming (°C)

Maximum temperature
Igrounzar < 0.0001 0.05 1999 2.8
Essaouira 0.01 0.05 2007 2.1
Mean temperature
Igrounzar < 0.0001 0.05 2000 2.3
Essaouira 0.001 0.05 2006 1.2
Minimum temperature
Igrounzar < 0.0001 0.05 1994 25
Essaouira 0.50 0.05 - -
Station Mann—Kendall test

p-value Alpha Hy: no trend Umk Trend sense
Maximum temperature
Igrounzar < 0.0001 0.05 No +5.24 Increase
Essaouira 0.03 0.05 No +1.72 Increase
Mean temperature
Igrounzar < 0.0001 0.05 No +5.65 Increase
Essaouira 0.02 0.05 No +2.06 Increase
Minimum temperature
Igrounzar < 0.0001 0.05 No +4.65 Increase
Essaouira 0.75 0.05 Yes - -

Source Ouhamdouch and Bahir (2017) and Bahir et al. (2020c)
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providing further evidence of SDSM’s effectiveness in generating daily temperature
and precipitation data.

Visual representations, as illustrated in Fig. 9, revealed a high level of agreement
between simulated maximum and minimum temperatures and the observed data.
However, in the case of mean monthly precipitation, the simulation succeeded in
capturing the observed data’s overall patterns but showed some limitations in repli-
cating specific rainfall characteristics, such as mean wet and dry-spell lengths. It is
important to note that despite these discrepancies, the results can be considered satis-
factory for simulating future data. Similar findings of variations between simulated
and observed precipitations have been reported in other studies, and researchers have
proceeded to use the model for downscaling future data (Chen et al. 2012; Fiseha
et al. 2012; Zulkarnain et al. 2014).

4.3 Projection of Temperature and Precipitation

This study relied on climate projections utilizing the GCM (Global Climate Model)
CanESM2, which is among the models contributing to CMIP5 (Coupled Model
Intercomparison Project Phase 5). The study incorporated three distinct scenarios,
namely RCP 2.6, 4.5, and 8.5, all of which were featured in the IPCC 5th Assessment
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Report. The utilization of weighting is a valuable technique designed to enhance the
clarity of the temporal patterns associated with precipitation deficits and surpluses.

4.3.1 Temperature Variables

During the same time frame, the annual maximum, average, and minimum temper-
atures exhibit an evident upward trajectory across all three RCP scenarios (2.6, 4.5,
and 8.5). By mid-century, the Essaouira basin is expected to experience maximum
temperature increments of 1.26, 1.32, and 1.51 °C under the respective RCP scenarios
(Fig. 10). Similarly, the mean temperature demonstrates an increasing pattern, with
average annual temperature rising by 0.72 °C, 0.57 °C, and 0.69 °C within the RCPs
2.6,4.5, and 8.5 scenarios, respectively. The minimum temperature also indicates an
increase of 0.67 °C, 0.60 °C, and 0.63 °C under the RCPs 2.6, 4.5, and 8.5 scenarios,
respectively. This temperature elevation aligns with the findings of the Mann—Kendall
trend test, as presented in Table 7.

It’s noteworthy that the maximum temperature increase under the RCP 8.5
scenario, in comparison to the RCP 4.5 scenario, is in accordance with the underlying
storylines of these scenarios. Specifically, RCP 8.5 represents the high greenhouse
gases (GHGs) emission scenario (Riahi et al. 2011), while RCP 4.5 is considered the
stabilization scenario, implying relatively lower emissions than RCP 8.5 (Thomson
etal. 2011).
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Table 7 Results of the Mann—-Kendall test applied to future annual precipitations, maximum
temperatures, minimum temperatures and mean temperatures of Essaouira basin for the period
2018-2050 according to RCPs 2.6, 4.5 and 8.5 scenarios

Variable p-value Alpha Hp: no trend UMk Trend sense
RCP 2.6

Precipitation 0.03 0.05 No +0.68 Upward
Maximum T 0.001 0.05 No +3.23 Upward
Mean T 0.001 0.05 No +3.27 Upward
Minimum T 0.001 0.05 No +3.24 Upward
RCP 4.5

Precipitation 0.01 0.05 No —3.16 Downward
Maximum T 0.0001 0.05 No +3.86 Upward
Mean T < 0.0001 0.05 No +4.26 Upward
Minimum T 0.0003 0.05 No +3.64 Upward
RCP 8.5

Precipitation 0.02 0.05 No +0.99 Upward
Maximum T < 0.0001 0.05 No +4.69 Upward
Mean T <0.0001 0.05 No +4.63 Upward
Minimum T < 0.0001 0.05 No +3.92 Upward

Source Ouhamdouch and Bahir (2017) and Babhir et al. (2020c¢)

While the observed increase in mean temperature in this study appears slightly
higher than findings from earlier research, it remains consistent with prior investiga-
tions into temperature changes in Morocco. Notably, earlier studies were predicated
on the older AR4 scenarios, whereas this study focuses on projecting 21st-century
trends using the newer ARS scenarios. For instance, the study conducted by Babqiqi
(2014) and Ait Brahim et al. (2017) reported temperature increases ranging from 0.8
to 1.2 °C by the 2020s and 1 to 2 °C by the 2050s under the B2 scenario. Meanwhile,
under the A2 scenario, temperature increments were approximately 1 to 1.2 °C by
the 2020s and 2 to 2.3 °C by the 2050s.

4.3.2 Precipitation

Beneath the RCP 2.6 scenario, spanning the period from 2018 to 2050, the pattern
of precipitation exhibits notable year-to-year fluctuations (as depicted in Fig. 11a).
Employing the weighted rainfall index, the forthcoming precipitation displays rela-
tively modest variations, permitting the division of the study period into three consec-
utive periods: the initial phase encompasses 19 years (2018-2036) characterized as
a normal period. Subsequently, there is a dry spell spanning six years from 2037 to
2042. Finally, a humid period of seven years follows, marking the return of precipi-
tation towards the middle of the century (Fig. 11b). Upon application of Pettitt’s test
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with a 95% confidence level, a discernible break in future precipitations is identified
in 2042 (Fig. 11c¢). This confirmed the demarcation between the dry and wet periods
established via the weighted rainfall index method. The analysis of rainfall averages
prior to and after the break reveals an increase of approximately 12.50%. Further-
more, results from the Mann—Kendall trend test, as presented in Table 7, indicate a
p-value below the predefined alpha significance threshold of 0.05. Consequently, the
hypothesis of the existence of a trend in the analyzed series is upheld. The calculated
multivariable standard UMK is positive, signifying an upward trend in precipitation.
In alignment with scenario RCP 8.5, as observed through the weighted precipi-
tation index (Fig. 11b), the trajectory of future precipitation exhibits two distinctive
periods. The initial phase spans from 2018 to 2023 and is characterized as a dry
period, followed by a normal period commencing in 2024. Notably, Pettitt’s test
identifies an earlier break in 2022, deviating from the 2042 breakpoint associated
with RCP 2.6. This transition results in an increase of approximately 21.33%, nearly
double the enhancement observed under RCP 2.6. The multivariable standard UMK
is also positive, denoting an upward trend in precipitation (refer to Table 7). Never-
theless, the combined findings of the statistical tests suggest that both RCP 2.6 and
RCP 8.5 scenarios will exhibit an overall upward trend in future precipitation, marked
by an increase of 12.50% and 21.33% during the study period from 2018 to 2050.
Conversely, in contrast to both RCP 2.6 and RCP 8.5 scenarios, the trajectory of
future precipitation under scenario RCP 4.5 signifies a downward trend, characterized
by a deficit of 17.29%. As illustrated in Fig. 11c, the year of transition is projected
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to be 2039. The calculated UMK is negative, indicative of this declining trend (see
Table 7).

The climatic data encompassing temperature and rainfall, acquired through the
diligent efforts of the Tensift Hydraulic Basin Agency (ABHT), pertaining to the
Igrounzar station, extend from the year 1988 to 2004. In tandem with this histor-
ical dataset, projections under the RCPs 2.6, 4.5, and 8.5 scenarios for the period
spanning from 2018 to 2050 have facilitated the creation of ombrothermic diagrams
(as depicted in Fig. 12). A meticulous comparison between these two diagrams
underscores the prevailing temperature increase and concurrent precipitation decline.
Evidently, the forecasts indicate a substantial reduction in precipitation, particularly
in the months of October, November, December, and January, alongside an elevation
in temperature.

The study area, characterized by a semi-arid climate, anticipates the return of
rainfall during the period from 2018 to 2050, predominantly in April, May, June,
July, August, and September. These months constitute the dry season within semi-
arid regions and are likely to witness rainfall in the form of sporadic storms. An
intriguing shift can be observed under all three scenarios (RCP 2.6, 4.5, and 8.5)
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wherein November, which formerly belonged to the wet season during the 1988—
2004 timeframe, is expected to transition into the dry season throughout 2018-2050.
Furthermore, November and December, during the 2018-2050 period under all three
scenarios, will exhibit a cooler climate compared to the corresponding months during
1987-2004.

The months ranging from January to August are expected to experience higher
temperatures under the RCP 8.5 scenario, as opposed to the 1987-2004 period, while
September and October are projected to maintain a similarity to their historical coun-
terparts. Within the RCP 4.5 scenario, the months of April through July are expected
to be warmer in comparison to the 1987-2004 period, while August, September, and
October are foreseen to resemble the conditions of the 1987-2004 timeframe. For the
RCP 2.6 scenario, February, March, September, and October are poised to remain
consistent with the 1987-2004 period, while April through August is predicted to
exhibit warmer temperatures relative to the historical data. In summation, this anal-
ysis suggests a contraction of the wet season from five months (November to March)
to four months (December to March) for the Essaouira basin. This transformation is
expected to be emblematic of analogous semi-arid zones across the globe due to the
shared climatic characteristics.

5 Conclusion

The findings of our analysis, employing the Nicholson rainfall index graphical
method and statistical tests, specifically Pettitt and Mann—Kendall tests, have unveiled
a discernible negative trend in annual precipitation across the Essaouira basin. Over
the period from 1978 to 2015, a substantial decline of 12—-16% has been observed.
This pronounced decrease in the average annual precipitation is concomitant with a
noteworthy rise in temperatures, signifying a considerable warming of 1.2 °C in the
downstream region of the study area and an even more substantial increase of 2.3 °C
in its upstream vicinity. This temperature escalation is attributed to the influence of
continental conditions on the temperature patterns within the study area.

To downscale future temperature variables and precipitation, statistical down-
scaling models have been employed. These models establish a statistical relation-
ship between extensive atmospheric variables, referred to as predictor variables,
and the observed temperature and precipitation data, termed predictands. Within the
context of a semi-arid locale, exemplified by the Essaouira basin in western Morocco,
our investigation has revealed that both maximum and minimum temperatures are
notably responsive to surface wind direction, meridional velocity at 500 hPa, geopo-
tential height at 500 hPa, specific near-surface humidity, and mean temperature at
2 m, serving as key predictors. In contrast, precipitation exhibits a dependency on
predictor variables such as surface meridional velocity, air flow strength at 850 hPa,
zonal velocity at 850 hPa, and surface precipitation.

By integrating these models and complementing them with the Nicholson rainfall
index, Pettitt’s and Mann—Kendall statistical tests, we have discerned a prominent
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upward trajectory in temperature variables. These projections indicate the potential
for a mean temperature increase of up to 0.72 °C by the mid-century, marking the
conclusion of our study period, under the RCP 2.6 scenario. Under the RCP 4.5 and
RCP 8.5 scenarios, the increase is projected toreach 0.57 °C and 0.69 °C, respectively.

The outlook for precipitation varies across different time intervals and under the
auspices of the three scenarios. In the context of RCP 2.6 and 8.5 scenarios, a signifi-
cantincrease in precipitation of 12.50% and 21.33%, respectively, is anticipated. This
predicted resurgence of precipitation, under these scenarios, is likely to manifest in
the form of storms, a prevailing meteorological phenomenon characterizing precip-
itation in contemporary semi-arid regions. The return of precipitation is anticipated
during the summer months, as elucidated by the presented ombrothermic diagrams.
Conversely, the RCP 4.5 scenario foresees a reduction in mean annual precipitation
by approximately 17.29%. The ombrothermic diagrams underscore a contraction
of the wet season from five months, spanning November to March, to a condensed
four-month period, encompassing December to March.

Consequently, the climate within semi-arid regions, analogous to our study area,
seems to be veering towards increased aridity, characterized by heightened temper-
atures and decreased moisture levels. This necessitates immediate action on both
national and global fronts. It is imperative that policies encompass endeavors to
curtail greenhouse gas emissions, foster the utilization of clean and renewable energy
sources, and impart educational initiatives to expedite the adoption of adaptive behav-
iors, particularly among the residents of semi-arid, arid, and Saharan climates, to
contend with the looming challenges of a warmer and drier climate.
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Abstract Climate change is a reality today. The most important indicators of the
climate change are the long-term changes in the spatial and temporal precipitation and
temperature patterns. It is being felt more and more over time by extreme weather
events and changes in temperature and precipitation trends. Data collected about
the temperature and precipitation patterns provide important clues about climate
change. For this purpose, different statistical analysis methods are used. Since hydro-
meteorological observations are data covering a series of time, they may be inter-
mittent, short-term, irregular, and skewed. For this reason, homogeneity tests were
applied before the statistical analysis. In this study, the Standard Normal Homo-
geneity test, the Mann—Kendall and the Spearman Rho tests from the non-parametric
test groups, and the Linear Trend test from the parametric test groups was applied to
all data. Applications were made on the temperature and precipitation values obtained
from the observation stations that show slight differences from each other and repre-
sent three sub-climates in the city of Erzurum, Turkey, which has a semi-arid main
climate. It is seen that there is an increase in the temperature trend and a decrease in
the precipitation trend for all three stations. The statistical significance of the change
in temperature and precipitation trends requires urgent action to be taken against
climate change. It also gives an idea about the dimensions of adaptation studies.
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1 Introduction

Our world has experienced many climatic changes over its existence. These changes
generally continued in a natural motion until industrial processes became prevalent
in the 1800s. However, after the industrial revolution, the contribution of human
beings to climate change has been greater. Pollutants released into the atmosphere
are increasing day by day. According to researchers, while 2 billion tons of carbon
dioxide gas was released in the early 1900s in the world, this value increased 16 times
and reached 35.2 billion tons in 2012 (IPCC 2013). The greenhouse effect, which
occurs as a result of polluting factors, causes changes in the annual temperature trend.
Climate change, as a result of the increase in the concentrations of greenhouse gases,
causes temperature increases and the duration and frequency of extreme weather
events, as well as changes in precipitation patterns and hydrological cycles. Gener-
ally, temperatures are trending higher, and affecting the hydrological cycle. In other
words, climate change noticeably changes the temperature and precipitation trends.
Information about temperature and precipitation, which are the main elements of the
Earth’s climate, is of great importance in determining the characteristics of global
climate variations. These two events vary greatly on both spatial and temporal scales.
The oscillations in these two parameters reveal important clues for understanding
the general structure of the climate. Therefore, recent studies on climate change have
focused on trend analyses of these two parameters.

Global climate change is a reality. The most important indicators of this are the
variation seen in the spatial and temporal precipitation and temperature patterns.
The changing character of precipitation occurs in the form of seasonality becoming
evident in some regions—the seasonality of precipitation is a measure of the devi-
ation of the precipitation falling from 25% in the fall, winter, spring, and summer
seasons. As the amount of deviation increases, seasonality becomes stronger—Iess
precipitation in some areas, and an increase in precipitation intensity in other areas
(Er and Kuglu 2019). The high natural variability of precipitation (over very short
distances and varying greatly from year to year) raises the need for a detailed anal-
ysis of precipitation. While the lack of precipitation causes problems such as drought
and, therefore, water scarcity, the increase in precipitation intensity causes natural
disasters such as floods and overflows, and a change in water quality (Oskay et al.
2023).

According to the 6th Assessment Report of the Intergovernmental Panel on
Climate Change, every 10 years over the last 30 years has been increasingly warmer
than the last, and warmer than any 10-year period recorded since 1850. It has been
noticed that there has been an increase in the amount of precipitation observed in
the Northern Hemisphere since 1901 and changes in extreme weather events since
1950. Globally mean surface temperature showed a linear increase of 0.89 °C over
the period from 1901 to 2012. It has been noticed that there has been an increase
in the amount of precipitation observed in the Northern Hemisphere since 1901 and
changes in extreme weather events since 1950. Globally, there has been a decrease
in the number of cold days and nights, while the number of warm days and nights



8 Examining the Climate Change Phenomenon Using Temperature ... 151

has increased. There has been an increase in the frequency and intensity of extreme
precipitation events in many regions. The number of regions where extreme precip-
itation events are increasing is greater than the number of regions seeing decreases.
The report also states that there is an increase in the frequency of heatwaves (IPCC
2021).

All these results should serve as a warning to countries to be prepared for the
problems they will face. Combating climate change is possible with a good under-
standing of its current effects. To determine such effects, which vary according to
features such as surface structure and vegetation, regional and more local studies
(Karabulut and Cosun 2009; Istanbulluoglu et al. 2013; Dogan Demir et al. 2017;
Topuz 2017; Ercan and Yiice 2018; Ceribag1 2019; Dalkili¢ 2019; Palta et al. 2019;
Coskun 2020; Tokg6z and Partal 2020; Er et al. 2021; Celikyurt Uzuner et al. 2021;
Topgu and Karagor 2021; Yilmaz et al. 2021) are carried out in addition to the studies
carried out across the world (Philandras et al. 2011; Jain and Kumar 2012; Adarsh
and Janga Reddy 2015; Chowdhury et al. 2015; Larabi et al. 2020). In these studies,
the trends of temporal series of hydro-meteorological parameters are examined to
determine climate change.

Climate change is expected to have many possible effects on Turkey as well. It is
among the risk group of countries in terms of the potential effects of global warming.
In particular, it will be affected by predicted negative aspects such as the weakening
and deterioration of water resources, forest fires, drought and desertification, and
related ecological deterioration (Oskay et al. 2021, 2022). Determining trends is very
important in terms of being able to see and interpret the situations caused by past
trends, and making predictions about future trends. Precipitation regimes irregularity
and variability in precipitation do not follow a significant course in Turkey. Therefore,
it causes drought in some regions and excessive water problems in other regions.
Drought can cause significant effects on hydrological systems, flora, and fauna, and
negatively affect animal and plant production (Boliikbasi Aktas et al. 2022). In similar
situations, it necessitates the emergence of new approaches and agricultural systems
related to agricultural irrigation (Er and Kuglu 2021; Kaya et al. 2017).

The adaptation of the agricultural sector to climate change is very important for
the world food security. Adaptation is possible with determination and an under-
standing of climate change parameters. Such studies have not reached a sufficient
level for the Erzurum region, which has cold and snowy winters and cool and dry
summers, and regions with similar semi-arid climates. In this study, the temperature
and precipitation data obtained from three different meteorology stations within the
borders of Erzurum province were evaluated and information on climatic change was
revealed.
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2 Study Area

The province of Erzurum, which is considered a research area, is located in the east of
Turkey and is one of the largest provinces in the Eastern Anatolia region in terms of
population and area. Erzurum is located between 40°—15" and 42°-35' east longitudes
and 40°-57" and 39°-55’ north latitudes. It is surrounded by the Dumlu Mountains in
the north and Palandoken Mountains in the south. Meadow-pasture land comprises
64% of the total agricultural land of the province. The amount of agricultural land is
460,252 ha, while 305,636 ha of this area is suitable for irrigation. Erzurum province
has a voice, especially in animal husbandry which is the main livelihood of the
provincial rural region. The widespread availability of pasture areas throughout the
province and the current climatic conditions have been effective in the development
of animal husbandry compared to other branches of agriculture.

Erzurum city center is at an altitude of 1890 m above sea level, and the altitude
of agricultural lands varies between 1500-1800 m above sea level. The research
area is at the intersection of the Aras, Firat, and Coruh basins and is a region with
high agricultural potential. The Erzurum Plain (825 km?) and the Pasinler Plain
(540 km?) are the most important plains. Erzurum is rich in water resources. The
most important water resources are the Aras River, the Coruh River, the Murat River,
the Karasu Stream, the Dumlu Stream, the Teke Stream, the Serceme Stream, and
Erzurum—~Pasinler groundwater reserves (Kuslu 2008).

Erzurum province, which is located in the terrestrial climate zone, is mostly
dry and cool in summers, and usually cold and snowy in winters. The tempera-
ture difference between night and day is significant. The average annual temperature
for many years (1929-2021) has been 5.3 °C. The coldest month is January with an
average temperature of — 10.2 °C, and the hottest month is August at 19.5 °C. The
annual average precipitation is 395.6 mm, the month with the highest precipitation
is 70.7 mm in May and the least amount of precipitation occurs in January with
16.4 mm. Forty-four percent of the annual precipitation (174.2 mm) falls during the
vegetation period of May—September. The relative humidity is the lowest in August
with a value of 47% and the highest in December and January with a value of 76%,
while the annual average relative humidity is 64% (MGM 2022).

The Erzurum airport station (7 km away from the city centre—39°57'N, 41°11'E)
was chosen to represent dry and warm summers and cold and snowing winter climatic
features. In the northern part of the city, where the transition zone to the rainy Black
Sea climate is located, and the Tortum station (40°18'N, 41°32’E), is in a suitable
location in terms of reflecting this climate. In the east of the city, a semi-arid climate is
observed where summer heat is more effective. Horasan station (40°02'N, 42°10'E)
was chosen to represent these features (Fig. 1).

Data on temperature and precipitation obtained from the General Directorate
of Meteorology from 2000 to 2021 were taken into account as the observation
period. Monthly total precipitation and average temperature values were used as
meteorological data types.
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Erzurum
o

Fig. 1 Study area and the locations of the observation stations. Source Taken from Google Maps
and developed by the authors

3 Statistical Analysis Methods

Statistical analyses in the study were made using the XLSTAT program. To test
the homogeneity of the data to be used, the Standard Normal Homogeneity Test
(SNHT) was performed. Linear trend from parametric tests and Mann—Kendall and
Spearman Rho Tests from non-parametric tests were used to determine the trend in
climatological and hydrological time series. The reason why non-parametric tests
are preferred for analysis is to eliminate the negative effects of observations such as
being short-term, intermittent, irregular, and skewed (Sneyers 1990).

3.1 Hpypothesis Tests

First, we selected the appropriate method for hypothesis testing, and then the null
hypothesis (Hy) and alternative hypothesis (H;) were determined. The Hy hypothesis
expresses the researcher’s counter-argument that he did not expect anything out of
the ordinary (e.g. climate change changes the temperature trend, etc.). An alternative
hypothesis is put forward against the null hypothesis (for example, climate change
does not change the temperature trend, etc.). Then the significance level (o) is decided.
The significance level expresses the probability of rejection as a result of hypothesis
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testing when the null hypothesis is true (the smaller the o value, the higher the
reliability [1 — a]). Then, the test statistic is calculated and compared with the value
read from the relevant critical value tables. If the calculated test statistic exceeds
the critical value, the null hypothesis is rejected and the alternative hypothesis is
accepted.

In climate analysis studies, the reliability and homogeneity of the data are also very
important along with its length. The homogeneity of the data can be defined as the fact
that the measurement results have changed only due to climatic conditions. For a time
series to be homogeneous, it is expected that statistical parameters such as median
and variance should not show unbalanced changes over time. Many factors such as
the change in the location of the observation station, the change in the observation
mode, and the structural changes in the environment where the station is located
affect the quality and reliability of long-term climatological time series (Peterson
et al.1998). For this reason, the homogeneity of the observation data should be tested
before using it in any research, and non-homogeneous data should either be removed
or homogenized, then it should be used. Various methods have been proposed and
used by climate scientists to test the homogeneity of the data (Ducre-Rubiatille et al.
2003; Tomozeiu et al. 2005; Staudt et al. 2007). In this study, SNHT was used to test
the homogeneity of temperature and precipitation data.

3.1.1 Standard Normal Homogeneity Test

SNHT was developed by Alexandersson (1986) to detect breaks in precipitation data.
The break represents abrupt changes in the mean of a time series. In this test, the null
hypothesis is that the time series is homogeneous, while the alternative hypothesis
argues that there is a break in the mean and the data is not homogeneous. With this
test, the time of breaking is also obtained.

Alexandersson defines a new T(k) series and uses the following equation to
compare the mean of the first k years of observation data with the mean of the
last n-k years of observation data.

T(k) =kz1 + (n — k)7

k=1,...n,
1 k
21=%§(Yi—7)/s
_ 1 ! =
h=—op > (i=Y)/s
1=k+1

Y;: (i to show the year from 1 to n) the tested series, Y: the mean of the series,
and s: shows the standard deviation of the series.
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Table 1 T critical values for SNHT Test

Years (n) 20 30 40 50 70 100
Significance level %1 9.56 10.4 11.0 11.3 11.8 12.3
%5 6.95 7.65 8.1 8.45 8.8 9.15

Source Alexandersson (1986)

For the statistical significance test of the refraction, the T, test statistic is
determined as follows:

To = max T (k)

1<k<n

If the T value does not exceed the critical value read from Table 1, the null
hypothesis is accepted, that is, the series is considered to be homogeneous.

3.1.2 Trend Analysis

Parametric and non-parametric statistical methods are used to determine the presence
and severity of a statistically significant trend in a climatological time series (Duhan
and Pandey 2013). For the unbiased estimates of the parametric methods, the data
used should mostly comply with the normal distribution and meet many conditions
such as the independence and stationarity of the data. However, it is often very
difficult to verify whether climatological data meet these requirements.

Nonparametric methods, on the other hand, are independent of the distribution
and characteristics of the data. With these methods, time series can be analysed easily
(Van Belle and Hughes 1984). Non-parametric methods can also be easily applied
to skewed data where there are missing data and do not fit the normal distribution
(Cunderlik and Burn 2004).

In this study, both parametric (linear trend) and non-parametric (Mann—Kendall
and Spearman Rho) methods were used.

3.1.3 Linear Trend Analysis

Regression analysis is a test to determine the relationship between two or more
variables that have a cause-effect relationship between them. It is also a technique
characterized by a mathematical model created to make predictions about the subject.
The Linear Regression test is also a parametric test that assumes the data are normally
distributed. It tests the relationship between X and Y variables and whether there is
a linear trend. The equation used in linear regression is as follows:

y=ax+b
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In the equation, the constant a represents the direction and amount of change, a
positive change indicates an increasing change, and a negative indicates a decreasing
change. If it is close to zero, it indicates there is no significant change.

3.1.4 Mann-Kendall Test

The Mann—Kendall test is a widely used statistical test to analyze trends in climato-
logical and hydrological time series. It is a variation of the test known as Kendall’s
Tau. In particular, it is a suitable test for data with extreme values, non-linear tenden-
cies, and non-normal distribution (Mann 1945; Kendall 1975). With this method, the
order of the data in the series is used rather than the size. In this test, according to
the null hypothesis of Hy, the data are distributed similarly regardless of time, that
is, there is no trend, but according to the H; hypothesis, there is a trend in the series.
The Mann—Kendall test statistic is defined as:

n—1 n

5= 3 sen )

i=1 j=i+1

In this equation, x; and x; represent the length of data and n data in years i and
J, respectively.

1, (xj —xi) >0
sgn(xj —x,-) =10, (xj —x,-) =0
—1,(xj—x,~) <0

In cases where n > 10, the distribution of the S statistic is quite suitable for the
normal distribution. In this case, the mean of the statistic is zero and its variance is
found with the following equation:

1 k
var(S) = 13 |:n(n - D@2n+5) — Zti(t,- - D2 + 5):|

i=1

Whether the trend obtained as a result of the test is statistically significant or
not is determined by comparing the normalized z value with the critical z values by
calculating the following equation:

S—1

W, S>0
z=10, S=0

51 S <0

Vvar(s)’

The z values obtained are compared with the z a/2 value obtained from the standard
normal distribution table for the o significance level. If |z| > z a/2, the Hy hypothesis
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is rejected. In other words, there is a statistically significant trend in the series. In
addition, there is a decreasing trend if the z value is negative and an increasing trend
if it is positive.

3.1.5 Spearman Rho Test

This test is a non-parametric test used for trend analysis and is applied in comparison
with the Mann—Kendall test. In this test, time-series data is assumed to be independent
and evenly distributed. Hy (zero hypotheses) means there is no trend over time, while
the alternative hypothesis H; indicates an increasing or decreasing trend. This test
statistic is expressed as Ry, and its standardized statistic is Z, as follows.

_ 62 (Di—D)
n(n2 — 1)

Ry =1

In these equations; D; = sequence number of i observations, n = total size of time
series data, i = order of observations of data, Z;, = (n — 2) Student’s t distribution
with degree of independence. Positive values of Z;, indicate an increasing trend in
hydrological time series, while negative values of Z;, indicate a decreasing trend.
If the Izl value is greater than the za value determined from the standard normal
distribution table at the chosen a significance level (|z| > z @), the Hy hypothesis,
which is based on the fact that the observation values do not change over time, is
rejected and it is concluded that there is a certain trend (Spearman 1904).

4 Results

The analysis results of the SNHT performed to determine whether the data are
homogeneous are shown in Table 2.

According to the homogeneity test results, none of the stations in the study
area have extraordinary precipitation data. T, values of all stations remain below

Table 2 Standard normal

homogeneity test analysis Station To To hypothesis
results of the data of the Temperature | Precipitation
stations Erzurum | 3.65 3.09

Tortum 4.29 4.79

Horasan 2.51 4.06
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the critical value of 6.95 (at a 5% significance level) and show homogeneous
characteristics.

Linear Regression analysis was performed on the temperature and precipitation
data taken from the stations. The temperature change over the years is shown in Fig. 2
and the annual precipitation trend is shown in Fig. 3. The equations obtained as a
result of statistical analysis are given in Table 3 collectively as well as in the graphs.

When Fig. 2 is examined, it is seen that the average annual temperature trend in
all Horasan, Tortum, and Erzurum stations increased, and the increase rates are close
to each other in all three stations. The temperature increase trend is more pronounced
in Tortum, which is a microclimatic region. This region is followed by Erzurum and
Horasan regions, respectively.

When Fig. 3 is examined, it is observed that the annual total precipitation tends to
decrease at the Erzurum, Tortum, and Horasan stations. It can be said that this trend is
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Fig. 2 Distribution of annual average temperature trend by stations. Source Developed by the
authors

Fig. 3 Distribution of total annual precipitation change by stations. Source Developed by the

authors
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Table 3 Summary for statistics on Linear Regression analysis
Stations
Erzurum Tortum Horasan
Temperature | Equation y =0.1034x — y = 0.0766x — y =0.1031x —
202.2 144.9 200.18
R Sq. R? =0.3771 R? =0.3833 RZ =0.3320
Maximum (°C) 7.9 10.6 9.8
Minimum (°C) 4.0 7.9 5.7
Average (°C) 5.7 9.0 7.2
Precipitation | Equation y=—30842x + |y=—12874x+ |y=—10.759x +
6596.5 26,294 21,992
R Sq. R? =0.0469 R? =0.3983 R? = 0.3800
Maximum (mm) |593.3 656.9 582.2
Minimum (mm) | 247.5 222.6 137.2
Average (mm) 395.6 410.1 360.6

highest at the Tortum station, followed by the Horasan and Erzurum stations. When
the station observations are examined monthly, the highest temperature increase in
Erzurum and Tortum stations occurred in June, and in May at the Horasan station
(Fig. 4). In terms of precipitation decrease, April saw the highest at the Erzurum
and Tortum stations. At Horasan station, the highest decrease occurred in September
(Fig. 5). In the top three rankings, the highest temperature increase, and the highest
precipitation decrease were observed mostly (83.3%) during the vegetation period
(April-September).

The results of the Mann—Kendall Test are shown in Table 4. According to the
table results, there is an increase in the annual temperature trend and a decrease in
the precipitation trend. According to the stations, the highest temperature increase
occurred at the Tortum station, followed by the Erzurum and the Horasan. Annual
precipitation decrease is observed mostly at the Tortum station, followed by the
Horasan station.

According to the analysis results, the temperature trend is positive at all three
stations. The highest increase is seen in the observations measured at the Tortum
station. Being statistically significant (95% confidence interval at Erzurum and
Tortum stations, 90% confidence interval at Horasan station), there is an increasing
trend in temperature in May and June.

According to Table 4, in the October precipitation trend at the Horasan station, in
the 95% confidence interval, a decreasing trend is observed in the 90% confidence
interval in April and July. At the Tortum station, there is a decreasing trend in the 90%
confidence interval in April, June, July, August, and October. At the Erzurum station,
the precipitation trend in April decreases in the 90% confidence interval. The station
where precipitation decreases were observed most was the Tortum station, followed
by the Horasan and Erzurum stations. At the Erzurum station in May, June, August,



160 Y. Kuslu and K. Barik

25
[
< 20
()
c
=]
< 15 W
g
2 10
g y =0,1204x - 226,86
= R?=0,3101
£ 5
© —@— Erzurum
0
1999 2004 2009 2014 2019
25
g N W
()
f=
=]
2 15
g
2
g 10 y =0,1184x - 220,78
=3 R2=0,3344
E s
()
= —e— Tortum
0
1999 2004 2009 2014 2019
20
o)
< 15
>
(©
=
2 10
2
g y=0.0914x - 171.2
=3 R?=0.2598
E 5
8
—@&— Horasan
0
1999 2004 2009 2014 2019

Fig. 4 Months with the highest monthly temperature increases by stations. Source Developed by
the authors

and September; at the Tortum station in May and September; and at the Horasan
station, although the precipitation trend is positive in March, it is not statistically
significant.

The results of the Spearman Rho analysis are shown in Table 5. According to
the table, the temperature trend for all three stations increased, and it is statistically
significant (90% confidence interval). While there was a decrease in the precipitation
trend at all three stations, the decreasing trend at the Tortum and Horasan stations
was found to be statistically significant (90% confidence interval).
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the authors
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Table 4 Results of the Mann—Kendall test by the stations

Months Temperature trend values Precipitation trend values
Erzurum Tortum Horasan Erzurum Tortum Horasan
January 0.82 0.81 118 — - -
0.11 0.62 1.29
February |0.61 0.45 0.90 — - -
0.18 0.60 0.36
March 0.92 1.01 0.11 — — 0.01
0.79 1.36
April 0.49 0.29 0.58 — - -
166" |V |23V [ |V
May 313" 316" 2.66" 0.43 0.06 -
A A A 0.25
ko ok *
June 317 A 342 A 2.06 A 0.01 -, v —143
191
July 0.89 149 0.46 — - —
036 219° |V 230" |V
August 0.80 139 0.43 0.15 - -
218" |V 095
September | 1.42 1.03 1.38 0.40 0.01 -
0.76
October 0.64 0.60 0.01 - - -
0.11 w86 |V 3177 |V
November | 0.64 0.18 0.49 - — -
0.59 0.54 0.46
December | 0.58 0.68 0.85 - - -
0.05 0.99 0.09

Bold values indicate that a trend exists, but this trend is not statistically significant
*indicates the level of significance at the 90% and **95% confidence intervals

Table 5 Spearman Rho Test results for observation stations

Stations Temperature statistics Precipitation statistics

rs p (2-tailed) | ry p (2-tailed)
Erzurum | 0.62974" 0.00169 —0.19486 0.38485
Tortum 0.64062" 0.00132 — 0.63410" g 0.00153
Horasan | 0.58152" 0.00453 — 0.63862" 0.00138

Bold values indicate that a trend exists, but this trend is not statistically significant
“indicates statistical significance level at 90% confidence interval
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5 Conclusion

In this study, temperature and precipitation observations made from 2000 to the end
of 2021 at the Erzurum-Airport (Erzurum), Tortum, and Horasan stations in Erzurum
province were evaluated. Temperature and precipitation trends were determined in
the region represented by the stations selected from the temperature and precipitation
data. For this purpose, the Linear Regression Test from parametric tests and Mann—
Kendall and Spearman Rho tests from non-parametric tests were performed. As a
result of all three tests, it was seen that the direction of the temperature trend was
positive at all stations. It can be said that the upward trend in the region represented by
the Tortum station is positive and more effective. Significant increase in temperature
were observed from March to September in the vegetation period. This situation
stresses about the microclimate feature of the region. However, at the same station,
it was observed that the precipitation trend is decreasing, and that trend is more
pronounced in the March—October period. Increasing temperature and decreasing
precipitation trends reveal the necessity of reviewing the applied agricultural systems.
In this region, where vineyard and garden cultivation and greenhouse cultivation
are intense due to their microclimate feature, it is necessary to select especially
drought-resistant product varieties and to take measures to protect water resources.

The Horasan is the other station with a positive temperature increase trend and a
decrease in precipitation. In the region represented by this station, the said trend is
generally effective during the vegetation period. It will be very important to improve
the practices regarding irrigation systems so that the agricultural potential of the
region, where field agriculture is intensely practiced, is not affected by this trend.
Surface irrigation methods in the region are the methods that farmers use a lot,
pressurized irrigation methods have not yet become widespread.

In the region represented by the Erzurum station, there was a statistically signifi-
cant increase in temperature, especially in May and June, which is the vegetation start
period. Increases in temperature cause rapid evaporation of water from the soil and
loss of moisture necessary for seed germination. This means that agricultural irriga-
tion practices are brought forward, and the number of irrigation applications and the
amount of water required increase. It is important to use water resources effectively
and to choose drought-resistant varieties. The widespread use of pressurized irriga-
tion systems, in which irrigation water is used more efficiently, and especially an
emphasis on a drip and sub-surface drip irrigation systems, and digital technologies
should be considered in preparation for future climate change scenarios.

In the future, studies on the observation and analysis of drought symptoms other
than precipitation and temperature should increase. The scope of such studies can
be expanded. It is clear that basin-based studies will show local changes more real-
istically. In addition, future vision studies are needed in terms of the effective use
of natural resources and ensuring food safety regions, such as precipitation waters
harvesting, water recovery, and recycled wastewater use in agriculture for all three
stations.
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Chapter 9 ®)
Effect of Climate Change on Sea Water oo
Intrusion in the Essaouira Basin Coastal
Aquifer

Mohammed Bahir, Otman El Mountassir, and Mohamed Behnassi

Abstract Groundwater serves as a vital source of potable water for domestic and
drinking purposes in various regions globally. However, rising sea levels have led to
the encroachment of saltwater into coastal underground aquifers, resulting in a degra-
dation of water quality over time. In the context of the hydrogeochemical examination
conducted, it was observed that the groundwater within the Plio-quaternary aquifer
exhibits a composition characterized by Cl-Ca—Mg and Cl-Na elements. Specific
ionic ratios, such as Br/Cl (approximately 1.5-1.7%0) and Na/Cl (approximately
0.86), in addition to relatively weak values for Mg/Ca and SO4/Cl ratios, signify the
initiation of seawater intrusion into the freshwater reserves of the Plio-quaternary
aquifer within the Essaouira basin. This incursion of seawater is substantiated by
ionic ratios and is further validated through stable isotopic analysis. By leveraging
the combined information from oxygen-18 contents and chloride concentrations, the
degree of mixing between seawater and freshwater in the Plio-quaternary aquifer is
estimated to range from 12.8 to 15.9%. Furthermore, the stable isotopes approach has
shed light on the source of recharge for the Plio-Quaternary and Turonian aquifers,
indicating that these aquifers are primarily recharged by Atlantic-origin precipita-
tion with limited evaporation effects. However, it is evident that these freshwater
resources have undergone contamination due to the intrusion of seawater.
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1 Introduction

Coastal regions are densely populated, with nearly 70% of the global population
residing in these areas (Bear et al. 1999). However, the unsustainable extraction
of groundwater, coupled with the proximity to seawater and the effects of climate
change, has led to both qualitative and quantitative deterioration of groundwater
resources (Bahir et al. 2016, 2018a, ¢, 2019; Carreira et al. 2014, 2018; El Mountassir
etal. 2021a, b, ¢, d, e; Farid et al. 2013; Hamed et al. 2018; Ouhamdouch et al. 2018,
2019, 2020a, b). The phenomenon of marine intrusion is particularly prevalent in
coastal aquifers globally, significantly affecting groundwater resources (Custodio
1997). It is characterized by the migration of saltwater into freshwater aquifers,
which can be either temporary or permanent, typically resulting from a drop in the
aquifer’s piezometric level or a rise in sea level.

Marine intrusion can be attributed to two primary factors: natural and anthro-
pogenic. The natural factor is closely linked to the historical rise in sea levels during
the Holocene period (Edmunds and Milne 2001; Vella et al. 2005). Coastal aquifers
formed prior to the rise in sea level, which occurred during the Quaternary glaciation
period, experienced the influx of marine waters (Abou Zakhem and Hafez 2007).
Subsequently, as sea levels stabilized, aquifers with substantial hydraulic gradients
managed to repel saltwater intrusion, while those with weaker hydraulic gradients
were susceptible to seawater intrusion (Edmunds and Milne 2001; Custodio 2002;
Post 2004).

The anthropogenic factor, on the other hand, results from extensive groundwater
extraction (Behnassi et al. 2014, 2017). Over-exploitation arises when the rate of
groundwater withdrawal exceeds the rate of recharge, leading to a decline in the
piezometric level and a subsequent reduction in the hydraulic gradient. According to
Custodio (2002), the extent of marine intrusion is contingent upon various hydrogeo-
logical factors related to the aquifer, including geometry, permeability, and hydraulic
gradient. Importantly, the significance of marine intrusion varies from one location to
another (ESCWA et al. 2017). A comprehensive understanding of the aquifer’s hydro-
geological properties enhances our grasp of aquifer dynamics, facilitating sustainable
and informed management practices that aim to minimize or prevent saline intrusion.

In North Africa, the issue of saltwater intrusion in coastal aquifers has been
the subject of extensive research, with penetration inland reaching distances of up
to 60 km (Sherif 1999). These studies have primarily employed various analytical
approaches, including piezometric assessment, examination of hydraulic, geometric,
and transport parameters of the aquifers, numerical modeling, and the consideration
of climate variability (Sadeg and Karahanoglu 2001). For instance, an investigation
by Paniconi et al. (2001) highlighted the onset of saltwater intrusion in the Korba
coastal aquifer in Tunisia since 1970, examining the interplay between pumping
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practices and recharge scenarios. Similarly, studies in Libya, as conducted by El
Hassadi (2008) using a hydrogeochemical approach and a two-stage finite element
simulation algorithm, revealed a gradual increase in intrusion from 1960 to 2005,
with intrusion extending up to 10 km from the coast in the Gefara plain near Tripoli.
On the Algerian coast, research by Morsli et al. (2007) and Belkhiri et al. (2012)
employed multivariable statistical and geochemical modeling techniques to identify
marine intrusion in the region.

Moroccan coastal aquifers have also been affected by saltwater intrusion. The
Saidia sandy aquifer in the northeastern part of the country, for instance, demon-
strated intrusion, as evidenced by electrical and logging soundings (El Halimi et al.
1999). In the Temara-Rabat area, which encompasses an aquifer system containing
marine deposits, saltwater intrusion was confirmed (Pulido-Bosch 1999). In the
southern regions of Morocco, such as the Sahel of Doukkala Abda, groundwater
quality deteriorated due to marine intrusion (Fadili et al. 2012; Kaid Rassou et al.
2005).

This study focuses on the shallow Plio-Quaternary aquifer in the Essaouira basin
along the Moroccan Atlantic coast to further explore the phenomenon of marine
intrusion. The research employs hydrogeochemical and isotopic methodologies to
achieve its objectives.

Geographically, the aquifer in question is situated on the Moroccan Atlantic coast,
spanning from latitude 31° 24’ to 31° 49N and longitude 9° 52’ to 9° 85'W. Its
eastern boundary is marked by Triassic outcrops (Tidzi diapir), while its western
limit is defined by the Atlantic Ocean (Fig. 1). The study region is characterized by
a semi-arid climate, featuring an average annual rainfall of 300 mm and an average
annual temperature of 20 °C (Bahir et al. 2020a, b; El Mountassir et al. 2022b).
Ouhamdouch et al. (2020a) reported a decline in annual precipitation within the
study area by 12—-16%, along with a notable temperature increase ranging from 1.2
to 2.3 °C. This reduction in precipitation and temperature rise has led to declining
piezometric levels and a deterioration of groundwater quality in the study area.

Geologically, the shallow aquifer primarily comprises sandstones, conglom-
erates, and is interspersed with sandy marl, limestone, and dolomite (Fig. 1).
The aquifer, with a thickness ranging from 5 to 60 m, is underlain by
impermeable gypsiferous and siliceous marls of the Senonian period (200 m)
(Bahir et al. 2000). According to Mennani (2001), the shallow aquifer exhibits
variable permeability, ranging from 0.27 to 132 m/d, and transmissivity
values between 4.5 x 1075 and 6.02 x 1072 m?/s (Mennani et al. 2001),
with the highest values occurring near the Ksob wadi, a prominent recharge area.
The piezometric map illustrates a flow direction from the southeast to the north-
west, characterized by a hydraulic gradient ranging from 1.2% in the downstream
segment to 2.5% in the upstream region. The direction of groundwater flow is largely
influenced by the subsurface aquifer geometry.

Groundwater in North Africa

Groundwater serves as the primary source of water supply for various purposes,
particularly in arid and semi-arid regions of numerous countries (Bahir et al. 2021c,
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2022a; El Mountassir et al. 2022a). On a global scale, approximately 65% of ground-
water is utilized for drinking, 20% for irrigation and livestock, and 15% for industrial
and mining applications. Groundwater offers several advantages over surface water,
including wide distribution, inherent stability, natural regulation, good water quality,
and resistance to contamination. However, its utilization is not without challenges,
as it is often buried underground and necessitates a comprehensive understanding of
its distribution patterns before effective usage.
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Inrecent decades, as urbanization and living standards have improved, the demand
for groundwater resources has escalated, subjecting these resources to unprecedented
pressures. A recent study published in Science by researchers from the University
of California, Santa Barbara indicates that groundwater sustaining 2.5 billion people
worldwide is at risk of depletion. Debra Perrone, co-author of the study, highlights
that up to 20% of the world’s wells are located within a depth of merely five meters
below the water table. This precarious situation implies that millions of these wells
may run dry due to factors such as global warming or excessive extraction (Podgorski
and Berg 2020).

In the African context, the continent features around eighty transboundary river
and lake basins, as well as approximately forty transboundary aquifer basins. The
Africa Water Vision 2025 underscores that groundwater represents the primary,
and often the sole, source of potable water for over 75% of the African popula-
tion. Furthermore, groundwater accounts for more than 95% of Africa’s freshwater
resources, and the pollution and salinization of this resource are often irreversible on
a human timescale.

In arid and desert regions of North Africa, groundwater from depths exceeding
500 m constitutes the sole water source for fulfilling local needs, encompassing
agriculture, industry, tourism, and domestic consumption. Similar to many countries
worldwide, the populations in southern Mediterranean nations grapple with water
stress conditions, defined as those consuming more than 20% of their renewable
water resources. Water withdrawal exceeding 40-50% signifies severe water stress.
Presently, the United Nations projects that by 2025, 25 African countries will face
water scarcity or water stress. According to UNEP (2006, 2010, 2011), an estimated
1.1 billion individuals lack access to clean drinking water, whether from surface or
groundwater sources. Contaminated water directly contributes to five million deaths
annually, with the majority occurring in sub-desertic Africa.

Water-related challenges, particularly the salinization of groundwater, have
become a focal point for both scientific researchers and policymakers on a national
level. These concerns have been addressed in numerous studies across Morocco. The
country, akin to many Mediterranean nations, has faced recurrent periods of drought
since the early 1980s. Its water resources are limited, estimated at 20 billion cubic
meters, translating to an average of 700 m? per year per inhabitant. This situation
indicates a notable level of water stress. The number of years experiencing a rainfall
deficit has surpassed those with adequate rainfall, with a prevailing downward trend
of 23%.

One of Morocco’s pivotal aquifers, notable for its extent and geographical location,
is the Plio-quaternary aquifer in the Essaouira basin, situated in the western part of the
country. To evaluate the evolution of water quality, particularly concerning ground-
water, in regions characterized by semi-arid climates and influenced by climate
change, the Essaouira basin is employed as an illustrative case. In recent decades,
this basin has encountered a sequence of drought periods, leading to the degrada-
tion of groundwater quality. The Essaouira basin holds strategic importance within
Morocco, accounting for 10% of the total national aquifer reserves, encompassing
eight aquifers out of a total of 80. Hence, comprehending the primary processes
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governing groundwater mineralization (Bahir et al. 2018b, 2021a, b) is essential for
enhancing water resource management in these regions.

Coastal aquifers, particularly shallow ones, often confront vulnerabilities linked to
seawater intrusion. This intrusion not only contributes to water resource deterioration
but also contributes to the elevated salinity levels resulting from the dissolution
of minerals due to evaporation (e.g., halite, gypsum, anhydrite), agricultural and
industrial activities, as well as climate change. The present study focuses on the
geochemical examination of the Essaouira basin, which is situated along the Atlantic
coast of Morocco. The inhabitants of this basin primarily rely on groundwater as
their principal water source for both domestic use and irrigation. The outcomes of
this research are anticipated to substantially enhance management strategies aimed
at safeguarding the scarce groundwater resources in the region. Furthermore, they
contribute to a deeper understanding of the status of coastal aquifers within the
Atlantic basin.

In recent decades, Morocco has confronted prolonged and unusual drought
periods, leading to widespread reductions in free piezometric levels, the depletion of
numerous water sources, and diminished wadi flows. The resource mobilization has
now approached its limits, and optimal dam locations have already been exhausted. In
this context, resource mobilization is becoming increasingly challenging, given the
ever-growing demand. This marks the conclusion of the system known as “OFFERTA
(OFFER),” as described by our Spanish counterparts.

One of the latest recommendations from the Higher Council for Water and Climate
underscores that groundwater, primarily reserved for drinking water supply, will
become progressively harder to attain in the future. This difficulty stems from dete-
riorating water quality due to water stress and the discharge of wastewater into the
vicinity of major urban and rural settlements (Niemczynowicz 1999).

The potential of groundwater resources is estimated at 4 x 10° m?, distributed
across approximately 80 shallow and deep aquifers within the country’s nine basins.
These resources are subject to regular monitoring by the Hydraulics Directorate
and the National Water Office. Cadi Ayyad University of Marrakesh, Morocco,
collaborates with public authorities to study several basins, including that of
Essaouira.

Groundwater is an integral component of the hydrological cycle and the subsur-
face environment. It exhibits interconnections with surface water and continuously
interacts in both space and time through processes such as infiltration and drainage.
Groundwater is replenished by a portion of infiltrated rainwater, subject to various
atmospheric effects, including direct or indirect evaporation.

Moreover, it is intricately linked to the subsurface, where it serves as a vital and
active constituent. Groundwater cannot be regarded as a distinct, isolated resource,
nor can it be compared to other natural soil resources. Instead, it represents reservoirs
of water and dynamic flows, akin to surface water. The renewal of groundwater is
influenced by rainwater infiltration, a process that sustains its flow rates.

The spatial distribution of groundwater is notably more continuous than that of
surface water, and it is heavily influenced by the geological formations that structure
its dynamics. As a result, groundwater exhibits a slow flow rate, characterized by
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substantial inertia. While surface water can flow at rates of approximately m”3/s,
groundwater flow rates vary significantly, ranging from a few meters per day in
porous media to around ten kilometers per day in fractured environments. Renewal
periods can vary widely, from several months for water tables with limited reserves
and high flow rates to several millennia for deep, quasi-fossil aquifers.

Compared to surface water reservoirs, which can fill and empty in a matter of days
or a few months, underground reserves operate on a longer timescale, often spanning
years, with additional seasonal fluctuations. Considering these factors, managing
aquifer recharge becomes essential for long-term resource management.

The concept of groundwater resources is a multifaceted and relative one, influ-
enced by factors such as spatial scale, reference period, and evaluation criteria. It
encompasses a variety of dimensions, including flow, stock, renewal patterns, water
quality, accessibility, cost factors, and internal and external constraints within the
system (Castany 1982).

From a physical perspective, a distinguishing characteristic of groundwater is
the simultaneous presence of both flow and stock, which significantly affects the
allocation between renewable and non-renewable resources. The assessments of these
two components are contingent on both natural conditions and the socio-economic
goals of water usage.

At the socio-economic level, users primarily focus on the development of catch-
ment structures that incorporate local water resources. Unfortunately, these efforts
often prioritize water extraction and conservation over resource protection.

On a macroeconomic scale, water resource managers operate at the regional
resource level. They possess the technical means for investigation, evaluation, and
resource management but lack direct control over groundwater (Bennouna and El
Hebil, 2016).

This disparity in how the resource is perceived, depending on the level of analysis,
leads to a distinction between:

The local resource, which pertains to an individual catchment or group of catch-
ments and serves as a vital element for sustaining water production, albeit with an
assessed risk of depletion.

The regional potential of an aquifer system, which is viewed as a resource from
an economic standpoint.

In Morocco, groundwater constitutes a significant portion of the country’s
hydraulic assets, primarily due to its geological composition. The geological features
include sedimentary basins with groundwater and confined aquifers (e.g., Souss,
Tadla, Haouz, Saiss), karstic limestone massifs featuring substantial springs (such as
those in the Middle Atlas), and alluvial valleys closely linked to surface watercourses
(e.g., Ziz Valley, Draa Valley). The nation boasts around fifty surface aquifers and
roughly thirty semi-deep to deep aquifers.

Estimates based on 40 years of observations suggest that infiltrated rainwater
contributes an average of approximately 7.5 billion cubic meters (reduced by a third
during recent droughts) to groundwater replenishment. The component with slow
renewal rates represents a reservoir with a few billion cubic meters in stock.
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Groundwater plays a pivotal role in socio-economic development, with a total
annual withdrawal estimated at 3 billion cubic meters. These withdrawals are increas-
ingly accomplished through pumping, overshadowing gravity-fed sources like khet-
taras, springs, and emergences. Out of this three billion cubic meters, approximately
85% is earmarked for irrigation, which aligns with the Mediterranean average and
represents 27% of the water resources utilized in this sector. Moreover, ground-
water fulfills 55% of the demand for drinking water and industrial usage. Over the
period from 1970 to 2016, withdrawals from specific large aquifers more than tripled
(Fig. 2).

Irrespective of the influence of climate change, the management of water resources
remains a paramount concern that will shape the future of Morocco. The nation is
on a trajectory towards experiencing water stress, and by the year 2030, it is poised
to confront water scarcity issues, further exacerbated by the emergence of quality
challenges such as erosion, salinization, and pollution.

Climate change has the potential to intensify the adverse consequences of spatial
and temporal water scarcity, compounding the already considerable degradation of
water resources that affects socio-economic development. An analysis of temperature
variations and temporal rainfall patterns over recent decades, conducted at various
meteorological stations by the national meteorology department (Agoumi 1999),
reveals a temperature increase of approximately 2 °C. Additionally, there has been
a significant reduction of approximately 30% in cumulative precipitation during the
1978-1994 period compared to the 1961-1977 timeframe. The 1994—1995 season
stands out as the driest of the century in Morocco (Hassani My et al. 1998).

An assessment of drought occurrences in Morocco during the twentieth century
indicates a heightened frequency and broader geographic scope of droughts between
1982 and 2000. In this period, five drought episodes occurred in Morocco out of a
total of eleven during the entire century. The average annual precipitation across the
country’s entire territory is estimated at 150 billion cubic meters, but it is markedly
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unevenly distributed among the various regions. Approximately 15% of the nation’s
area receives more than 50% of the total rainfall. Out of these accessible water
resources, only 20%, equivalent to 29 billion cubic meters, is considered usable.
This allocation includes 16 billion cubic meters from surface water sources and 4
billion cubic meters from groundwater.

Groundwater, owing to its essential characteristics concerning accessibility and
distribution, involves an extensive array of stakeholders actively engaged in its utiliza-
tion. These economic agents, characterized by legal authority, economic influence,
or both, have the capacity to directly exploit groundwater resources. Thousands of
drinking water production units are responsible for serving both rural and urban
populations. These units are divided among:

The National Drinking Water Office (ONEP), tasked with supplying water to
major cities and urban centers.

Water distribution authorities operating exclusively in urban and peri-urban areas.

Local communities, providing underground water to 30% of the rural population
through wells and boreholes.

Since 1997, water distribution in several large Moroccan cities, including
Casablanca, Rabat, and Tangier, has been delegated to multinational corporations,
primarily due to the escalating infrastructure costs.

Regarding agricultural use of groundwater, the following notable statistics are
observed as significant indicators (Fig. 3):

Mining operations are a significant consumer of groundwater, utilizing it for
various industrial processes, mineral deposit dewatering, and phosphate washing.
The activities of all these stakeholders can result in a range of problems with different
magnitudes and consequences, which can be summarized into three primary impacts:
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e Pronounced declines in groundwater levels in heavily exploited regions, including
Haouz, Souss, and Sahel, leading to decreased productivity and increased
production costs.

e The ongoing reversal of groundwater flow patterns, primarily along the coast,
causing the intrusion of seawater and the impairment of hydraulic resources.

e Conflicts between various uses, particularly between the supply of drinking water
and irrigation, along with the deterioration of water quality.

At a theoretical level, groundwater exploitation brings about alterations in the
condition of the water table and its dynamics over a more or less extensive area,
depending on the applied pressures and the characteristics of the aquifer. These
modifications impact water levels (leading to declines), point discharges (resulting
in reduced productivity), or boundary discharges, occasionally culminating in the
reversal of flows between the surface and subsoil or between adjacent aquifers and
the interface of seawater and groundwater.

From a practical perspective, investigations into the historical changes in piezo-
metric levels, monitored over 20-35 years, reveal that several aquifers in Morocco
have reached a state of over-exploitation, characterized by withdrawals surpassing
natural recharge contributions. In certain instances, this situation may not be critically
alarming. However, the most intensively utilized or delicate aquifers are susceptible
to detrimental effects such as:

e Drying-up or diminished productivity of structures, necessitating periodic deep-
ening and resulting in production losses due to inadequate irrigation, as exempli-
fied in specific areas of Souss and Haouz.

e Dewatering of productive layers, as observed in regions like Temara, Tafilalt, Beni
Amir, Beni Moussa, and Dir of Beni Mellal.

e The intrusion of marine water into coastal areas with extensive wetlands, notably
along the Sahel region between Oualidia and Casablanca.

e Reduced productivity of collective water supply structures, leading to chronic
shortages, as observed in locations like Imintanout, Essaouira, Jbel Hamra in
Oujda, and the water production zones serving cities such as Marrakech, Agadir,
Oujda, and Fez, among others.

The sustainable development of groundwater resources relies on the effective
control and management of these assets, which is a fundamental requirement
for responsible stewardship. Achieving this level of control necessitates not only
a comprehensive understanding of the underlying physical environment, encom-
passing the laws and processes governing aquifer formation, renewal, and spatial—
temporal evolution, but also requires the identification of the multitude of existing and
often diverse stakeholders and the accurate prediction of evolving water demands.

The goal of resource management is to coordinate and organize activities in both
temporal and spatial dimensions, aligning them with defined objectives based on
the physical conditions of the resource and the economic requirements of its utiliza-
tion (Loucks and Van Beek 2017). All the pertinent parameters at play necessitate
continuous reassessment due to several factors:
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e Inherent uncertainties stemming from measurement inaccuracies required for
quantitatively understanding flow mechanisms and subsurface storage.
Influence of climatic variability and potential hazards.

Incomplete knowledge of the various actors involved and their behavioral patterns.
Unidentified water demands in terms of both quantity and quality that may emerge
urgently.

The selection of specific groundwater exploitation sites is often constrained by
various factors. These limitations may be tied to the environmental structure, charac-
teristics of the operational infrastructure, and the configuration of water use. Hydro-
geological factors certainly play a role, encompassing the nature and structure of
aquifers, their productivities, and water quality distributions. However, economic
considerations also impose constraints, such as:

e The maximum allowable depth for resource extraction, whether it is to access the
aquifer and initiate production (borehole depth) or to pump water, resulting in
production costs that users must accept.

e Restrictions on exploitation to minimize impacts on spring flow rates, the regimes
of other catchment areas, or even neighboring aquifers.

e Varying site-specific requirements for operational structures, contingent on their
type and the specific water demands they serve.

e For groundwater, management is a matter of applying overarching principles
across the resource system, treating it as a common good shaped by natural condi-
tions. This approach establishes a balance between the objectives of exploitation
and the goals of resource allocation and conservation, all driven by the broader
public interest.

As groundwater is interdependent with surface water, its management is integrated
into water management as a whole. It presupposes objectives, stakeholders, and
instruments. Given their scale, the objectives in themselves constitute constraints on
the exploitation of groundwater. They are multiple and must be reconciled to:

satisfy the demands for underground water in quantity and quality;

allocate the resource according to priorities;

keep the potential resource in quantity and quality;

keep the productivity and accessibility of groundwater, especially when it is
intended for collective use;

intensify the use of the resource deemed to be underexploited;

avoid conflict interests between stakeholders.

Thus, these management objectives are in the common interest of both users
and the community. The objectives listed above lead to the following question: “the
management of groundwater is under whose responsibility?”.

It is the business of managers but still the business of everyone since groundwater
is a common good; it is also the business of the state since groundwater is part of
the hydraulic domain (2015 Morocco Water Law). It is of interest to those to whom
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it offers an accessible resource from which they benefit as well as to those who
represent and reconcile multiple and often conflicting interests.

Actions are associated with the money and investigation aspects. The activities
consist of investments for investigations only. The direct effects on groundwater
are of interest to the operators, which are numerous and diversified because of the
following:

of the extension of aquifers;
that the operation does not require public utility development like surface
IESErvoirs;

¢ that the occupants of the land see themselves as ‘rights holders’ over groundwater.

Atthe level of farmers, microeconomic objectives predominate. They individually
manage their production according to their criteria, but not the resource itself. They
are normally united since their actions interfere, but paradoxically do not care much
about the effects of their actions which accumulate within the same aquifer system.

On the other hand, the authority emanating from public power or management
authority has no means of direct action on groundwater before the promulgation
of the water law of 1995. It does not have the appropriate power to intervene on
the behavior of operators. It only intervenes through various traditional indirect
management instruments.

This responsibility lies with the Ministry of Equipment and Water, certain powers
of which are delegated concerning agricultural water to the Regional Offices for Agri-
cultural Development. Note that Thermo mineral waters are under the responsibility
of the Ministry of Energy and Mines.

As for the water law, nine years after its promulgation, stipulating among other
things the creation of hydraulic basin agencies, its effective application is still
progressing slowly.

In general, three major constraints affect water resources in Morocco: The scarcity
of resources, their irregularity in time and space (Nadifi 1998).

Concerning groundwater resources, there are more exactly 32 deepwater tables
(depth ranging from 200 m to more than 1000 m) and 48 surface water tables (shallow
water level). The former is difficult to access with a high economic cost, the latter is
more accessible, but also more vulnerable to pollution and drought, such as the case
of the Plio-Quaternary aquifer in the Essaouira basin (Bahir et al. 2001) ensuring the
supply of drinking water to the city (198,400 inhabitants in 2014) and the surrounding
rural agglomerations.

During the last decades, the exploitation of groundwater has continued to grow
under the combined effects of demographic pressure, the search for satisfactory
food self-sufficiency, industrialization, and the political will for balanced regional
development. This growth is due not only to new drilling techniques and ever more
efficient means of dewatering, but also an unfavorable climatic situation leading to
an acceleration of groundwater operations to compensate for deficits in surface flow
and rainwater. The combined effects of intensive operating conditions and unfavor-
able climatic conditions have led to hydrodynamic imbalance regimes, which have
almost generally caused alarming reductions in reserves (Haouz, Souss, Angads,
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Tafilalt) and, consequently, productivity losses of collective or individual collection
works, dewatering of traditional works (Khettaras, shallow wells), and reduction in
emergence flows.

But one can wonder if these worrying reductions are the result of a provisional
state of groundwater and its capacity to regulate and if the more favorable climatic
conditions were correcting the broken equilibria. Should we curb and advise against
an intensification of these exploitations by freezing this precious natural ‘capital’? On
the contrary, should we encourage, guide, organize the exploitation of groundwater
and take actions accordingly for a better valuation of this natural resource while
avoiding irreversible disruption of the balance?

It is legitimate for those responsible of the planning and management of water
resources, academics, and those responsible for economic development to ask these
questions and seek appropriate answers. Be that as it may, and given the level of
exploitation of groundwater, we will agree that a period of rigorous management of
these resources, whether renewable or not, is now required, to best adapt quantity,
quality, and users in a context where all the natural, socio-economic parameters are
not completely mastered, nor controllable. This is what motivated the selection of
the Essaouira basin as a case study for both its complexity and fragility.

In arid and semi-arid environments, the precipitations and temperatures are deter-
mining parameters for climatic characterization. Studying the evolution of recent
climate variability, which is essential for better management of water resources,
remains an essential tool for overcoming the problems resulting from the relationship
between water needs and their availability.

Climate change is a global phenomenon. In the long term, it involves complex
interactions between environmental factors and economic and social conditions,
leading to significant regional effects (Filho 2012; Misra 2014; Vennetier et al. 2005),
including the Maghreb (El Kharraz et al. 2012).

Morocco, like Algeria (Elouissi et al. 2017) and other Mediterranean countries
(Nassopoulos 2012; Taabni and El Jihad 2012) have suffered from several periods of
drought accompanied by a water shortage. Over the past decades, numerous studies
have shown a downward trend in precipitations and an upward trend in temperatures
across North Africa (Meddi and Meddi, 2007; Meddi et al. 2009; Sebbar 2013).
Morocco, in particular, has experienced a drop in the average annual precipitation and
remarkable warming that began since the late 1970s (Babqiqi 2014; Driouech 2010;
Driouech et al. 2010; Sebbar 2013). The changes in climate parameters mentioned
above are not the same for all areas and the intensity should be quantified locally to
manage natural resources, in particular water.

Due to its geographic location and context, Morocco remains one of the countries
most vulnerable to the effects of climate change. The first signs of climate change
are already manifesting in changing temperatures and precipitations. The precip-
itations show an overall fluctuating decrease depending on the region, between 3
and 30% (Babqiqi 2014). Temperatures display an average increase of + 0.6 to +
1.4 °C depending on the region (DMN 2007). ESCAP (2017) forecasts a reduction
in precipitation of 8—10 mm/month depending on the scenarios, by the end of the
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century over Morocco. This reduction is accompanied by an increase in temperature
expected to reach 4 °C.

These changes will undoubtedly have harmful effects on the water resource
already characterized by scarcity and a spatio-temporal irregularity. HCP (2013)
indicates that Morocco would be exposed to move from a situation of water stress
(< 1000 m?3/inhabitant/year) to a situation of water scarcity (< 500 m?>/inhabitant/
year) by the 2030 horizon. This situation requires the rational exploitation of avail-
able water resources, the recycling of wastewater, and the use of water-saving—and
production—techniques. Existing studies on the assessment of the climate change
impact on water resources in Morocco remain very rare, general, and regional. It
is therefore essential to move towards local studies, otherwise, on the ‘hydrological
and hydrogeological basins’ scale. This makes it possible to specify the effects on
this vital resource and to recommend the necessary adaptation measures.

2 Material and Methods

A total of 26 water samples representing the groundwater of the shallow aquifer
within the Essaouira basin underwent comprehensive chemical and isotopic anal-
ysis (El Mountassir et al. 2022c¢). Of these samples, 24 were specifically dedicated
to groundwater, with one sample reserved for rainfall and another for seawater.
The on-site measurements of parameters including electrical conductivity (EC), pH,
and temperature (T) were conducted using the HI-9829 Multiparametric Instrument.
A 200-m probe was employed to gauge the depth of the water table. In order to
capture values representative of the natural aquifer conditions, water samples were
collected following a pumping duration of 15-20 min. These samples were meticu-
lously preserved in 500 mL clean polyethylene bottles and stored at a temperature
below 6 °C before being transported to the laboratory for further analysis.

The chemical element analysis was carried out at the Laboratory of Geosciences
and Environment within the Ecole Normale Supérieure of Marrakech, Morocco.
The concentrations of chloride (Cl) and sulfate (SO,4) anions were determined using
the Mohr technique and the nephelometric technique, respectively. Calcium (Ca)
and magnesium (Mg) concentrations were ascertained through the EDTA titrimetric
method. Sodium (Na) and potassium (K) levels were measured via flame spectrom-
etry. The contents of bicarbonate (HCO3) and carbonate (CO3) were analyzed through
titration using 0.1 M HCI acid. Bromide concentration was determined using the
Mettler Toledo SevenCompact meter. The ionic balance for all samples fell within
the acceptable range of + 10%.

The stable isotope composition of the groundwater samples was determined at
the Laboratory of Radio Analyses and Environment within the National School of
Engineers of Sfax, Tunisia. This analysis was conducted using the laser absorption
spectrometer LGR DLT 100 (Penna et al. 2010), with a measurement uncertainty
of £ 0.1%o for 8'0 and £ 1%o for 8*H. The results are presented in delta values,
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expressed in per mil (%o) relative to the Standard Mean Ocean Water (SMOW).
Detailed results are presented in Table 1.

3 Results and Discussion

3.1 Chemical Facies

The Piper diagram, initially introduced by Piper in 1944 (Piper 1944), serves as
a graphical tool for characterizing the chemical composition of water. It presents
a rhombic representation that is constructed based on the concentrations of major
water constituents expressed in meq/L. As outlined by Freeze and Cherry in 1979, the
methodology involves plotting the percentage of each element onto two equilateral
triangles, one designated for anions and the other for cations. The resulting display
on the Piper diagram (refer to Fig. 4) reveals that the groundwater within the shallow
aquifer of the Essaouira basin exhibits two distinct chemical facies: the ClI-Ca—Mg
type, which constitutes 64% of the samples, and the C1-Na type, which accounts for
the remaining 36%. This transition between different facies underscores the intricate
hydrogeochemical processes contributing to the mineral composition of groundwater
in this aquifer.

3.2 Ionics Ratio

In order to emphasize the role of marine intrusion in the salinization of the Plio-
Quaternary aquifer within the Essaouira basin, we incorporated various ionic corre-
lations, the inclusion of the trace element ‘bromide,” and the examination of stable
isotopes in the assessed groundwater samples.

3.2.1 Na/Cl Couple

The Na/Cl ratio serves as an indicative measure of marine influence, particularly in
the context of marine intrusion or the initial stages of salinization. Typically, this
ratio is lower than the standard marine value of 0.86 in such scenarios (Bouderbala
2015; Jones et al. 1999; Pulido-Leboeuf et al. 2003; Telahigue et al. 2018, 2020).
Notably, a Na/Cl ratio less than 1 is distinguishable from a ratio greater than 1, which
is typically associated with anthropogenic sources like domestic wastewater (Bear
and Cheng 2010).

Table 2 reveals a significant positive correlation between electrical conductivity
(EC) and the ions Cl, Na, Ca, Mg, K, Br, and SO4, underlining the contributions
of these elements to groundwater mineralization. With the exception of HCOs3, the
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Table 1 Physicochemical and isotopic results of analysed samples

Sample pH |T(C) |EC(@mS/ |Ca(meq/l)| Mg Na K HCO3; |[Cl
cm)
11/51 84 |17.6 9.74 15.2 19.6 63.7 1.7 |23 89.1
15/51 7.8 |19.8 1.55 5.0 2.1 5.8 0.3 |4.1 7.1
21/51 74 |233 4.93 17.4 8.2 20.1 0.6 |27 38.3
27/51 7.8 222 0.92 3.1 1.2 3.3 0.1 |38 2.8
28/51 7.6 |233 1.08 34 49 3.5 0.0 |47 8.0
45/51 8.1 |21.5 7.74 15.2 14.6 55.8 1.3 |23 81.5
105/51 7.5 |22.7 2.19 4.8 5.7 7.8 0.1 |4.6 12.0
125/51 8.0 [26.3 2.72 7.5 5.8 7.3 0.3 |50 15.3
140/51 7.7 1203 2.16 5.6 3.7 10.3 0.6 |9.0 14.0
148/51 7.5 |21.2 1.60 6.1 2.2 52 0.2 |50 9.0
149/51 8.1 |21.3 6.72 13.2 10.4 56.1 1.1 |31 74.4
272/51 7.5 220 1.96 4.5 5.0 7.3 0.1 |44 9.9
327/51 7.7 |21.9 3.61 8.4 5.7 18.0 0.7 |4.1 28.3
02 7.9 252 1.96 4.6 54 6.1 03 |27 11.0
04 7.5 |21.3 1.90 4.7 5.8 7.8 0.1 |59 124
05 7.5 |22.1 1.77 4.5 6.6 5.6 0.0 |58 10.8
06 7.3 |21.7 2.18 6.0 6.3 5.6 0.1 |55 10.6
o7 7.8 |22.1 1.26 2.9 4.3 52 0.1 |52 5.2
08 7.9 1205 2.73 9.0 6.3 9.6 0.1 |37 18.7
091 7.6 |232 3.03 8.9 6.4 12.2 0.1 |33 21.7
094 74 1207 6.41 13.4 16.9 58.8 1.5 |33 72.5
096 8.1 [20.7 1.84 35 24 7.9 0.2 |33 8.7
o111 7.2 |23.6 2.79 7.4 7.2 10.7 0.2 |57 17.7
0113 74 |23.1 3.48 4.5 5.8 18.7 0.2 |65 21.6
o114 8.0 [20.5 7.25 14.8 11.5 58.3 1.0 |29 75.3
Rainfall | 6.0 |23.8 0.05 0.4 0.1 0.2 0.0 |04 0.2
Seawater | — - - 20.6 105.6 |469.1 |10.2 |1.8 545.9
Sample |SO4 |NOs; [Br |[8180 |3%H Sl |SIn |SIy |[SIc [SIp |IB
(%o) (%)
11/51 6.7 | 2.1 02 |—18 | —89 |—1.1 |—=13 |—40 |10 |22 0
15/51 1.6 0.1 - —45 |—-230 |-17 |—19 |—60 |05 |08 1
21/51 36 [0.2 0.1 |—47 |—-26.1 |—11 |—14 |—49 (04 |0.6 2
27/51 0.5 |05 - —50 |—255 |—-23 |—=25 |—6.7 |04 |06 0
28/51 0.6 |05 - - - —-23 |=25 |-62 |03 |09 |—-7
45/51 52 |19 01 |—21 |—-102 |—-15 |—-17 |=27 |03 |0.7 |—-2
105/51 33 10.0 - —-26 |—196 |—21 | =23 |—=57 |10 |21 |—4

(continued)
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Table 1 (continued)

Sample |SO4 |NO3 |Br |80 |8H  |SIg |SIa |Slgy |[Slc |SIp |IB
(%o) (%)
125/51 06 (00 |00 -39 —252 |—19 |—21 |-55 08 |15 | 0
140/51 L1 02 |- - - |-30 |-32 |-60 |04 |05 |-9
148/51 01 00 |- |-33 |—187 |-15|—-17 |—58 (02 06 |—1
149/51 85 (06 |01 |—23 |—125 |-25 |-27 —50 (07 (12 |—4
272/51 32 101 |- |—44[-291 |—16 |—18 |—59 |04 |11 |—2
327/51 02 |01 |01 |—29 |—146 |—16 |—18 |—57 (03 08 | 0
02 26 (00 |- |—45 |—-245 |—16 |—19 |—59 (04 (10 | 0
04 28 (0.1 |- - - |-15|-17 | =59 |02 |05 |-7
05 25 (03 |- - - |-19 |-21 |—62 |04 |11 |-7
06 28 |06 |- |—42 |-272 |-14 |17 —55 (08 |16 |—4
07 19 (04 |- - - |10 |-12 |-53 [05 |09 |-1
08 24 |11 |- |—-48 =297 |—14 |—16 |—42 02 (0.7 |—2
091 74 100 |00 |—43 |-248 |18 |—21 |—-58 |06 |11 |—38
094 37 |64 |01 |—31 |—135 |—18 |-20 |—54 03 06 & 3
096 16 |15 |- |—-37 |—187 |—17 |—19 |-51 |03 |08 |—4
o111 13 103 |00 |—44 |—251 |[—10 |—12 |—42 |09 |18 1
o113 27 |11 00 |—47 |—-225 |-12 |—14 —41 (08 |18 |—4
o114 75 (09 |01 |-21 |—125 —10 |—12 |—41 08 |16 |—1
Rainfall | 0.1 |00 |- |—58 |-262 | - - - - = -1
Seawater |56.5 |- - 1.0 4.5 - - - |- - 0

SI Saturation Index, S/g SIGypsuma SIg SIAnhydrite, STy SIHalite, Slc SICalcite, SIp SIpolomite

Fig. 4 Piper diagram of
analysed samples. Source
Developed by the author

Groundwater
Rainfall
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strong positive associations between Cl and Na, Ca, Mg, K, Br, and SO, suggest that
groundwater mineralization is predominantly influenced by processes like evaporate
dissolution, evaporation, and seawater contamination. This proposition is further
supported by the negative values of saturation indices with respect to halite, anhydrite,
and gypsum (Table 1), as well as the Gibbs diagrams (Gibbs 1970), where the majority
of samples are situated within the fields of rock-water interaction and evaporation
dominance (Fig. 5). A close-to-unity positive correlation is evident between Na and
Cl, as well as between Cl and Br, implying that certain samples have been influenced
by seawater contamination.

Chloride, recognized as a conservative element, exhibits a robust correlation with
sodium in the water samples extracted from the shallow aquifer within the Essaouira
basin, as indicated by a high coefficient of determination (> = 0.99) (Fig. 6; Table 2).
Notably, even in instances where samples are geographically distant from the coast-
line, the molar ratio of Na/Cl does not significantly deviate from that of seawater.
Take, for example, well 15/51, which illustrates this similarity. Consequently, distin-
guishing between the origins of the water samples, particularly with respect to

Table 2 Correlation matrix for the analyzed parameters

EC Ca Mg Na K HCO; |ClI SO4 |NO3 |Br
EC 1
Ca 0.90 1
Mg 0.92 0.80 1
Na 0.96 0.83 0.90 1

K 0.92 0.81 0.87 0.94 1
HCO3; |—054 |—058 |—048 |—052 |—-045 |1
Cl 0.98 0.88 0.92 0.99 0.94 —055 |1
SO4 0.74 0.66 0.66 0.73 0.56 — 051 (074 |1
NO3 0.52 0.42 0.67 0.63 0.64 —029 (058 (023 |1
Br 0.97 0.82 0.88 0.97 0.95 —0.80 (099 |0.61 051 |1
10000 5 10000 5
Evaporation dominance Evaporation dominance
o o, & s’
- 5 rﬁ?ébg ............ = 1000 4 0@ e’
Ej ® ° Ei 0® 6
E Rock dominance E Rock dominance
= 100 = 100
Precipitation dominance Precipitation dominance
10 T T T T 1 10 T T T T v
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
[Na/{Na+Ca)] [CIf(CI+HCO,)]

Fig. 5 Gibbs’ diagrams. Source Developed by the author
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Fig. 6 Correlation diagram a Na/Cl versus Cl and b Na versus Cl of analysed samples. Source
Developed by the author

the dissolution of evaporitic formations, which can result in elevated Na and Cl
concentrations, remains challenging.

Nonetheless, for this coastal aquifer, the proximity of the sea to permeable sandy
formations suggests the possibility of saltwater intrusion in specific regions of the
aquifer. This intrusion could provide an explanation for the heightened concentrations
of these elements. Moreover, the escalation in Cl levels might also be attributed to
the dissolution of marine aerosols transported by the wind.

The average Na/Cl molar ratio in this context stands at 0.7, with a range spanning
from 0.4 to 1.2. This average closely approximates the ratio found in seawater (0.86)
(Jones et al. 1999), indicating that the Plio-Quaternary aquifer may indeed be subject
to seawater contamination in select areas. This is particularly evident in instances
where Cl concentrations exceed 70 meq/l, accompanied by a molar ratio of 0.7, as
observed in samples 11/51, 45/51, 149/51, 094, and O114.

3.2.2 Ca/Mg Couple

One of the prominent characteristics associated with seawater intrusion is the elevated
concentration of calcium in comparison to its content in seawater. The Mg/Ca ratio
serves as a natural tracer for discerning the phenomenon of marine intrusion into
coastal aquifers (Bouderbala 2015; Pulido-Leboeuf et al. 2003; Telahigue et al.
2018, 2020). This ratio displays an increment corresponding to the proportion of
marine water within the mixture, with salinity represented by chloride concen-
trations (Pulido-Leboeuf et al. 2003). The rationale behind this behavior is that
seawater exhibits a Ca/Mg ratio of 0.2, while freshwater typically features a ratio
greater than 1. It is worth noting that saline water with a high calcium concentration
may arise from various mechanisms, not necessarily linked to the cation exchange
phenomenon (Jones et al. 1999). The Ca/Mg ratio diminishes as the proportion of
seawater introduced into the mixture increases.

In the present case study, the ratio also experiences a decline in response to the
chloride content. For instance, upon comparing point 27/51 (the least mineralized
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Fig. 7 Correlation diagram a Ca/Mg versus Cl and b SO4/Cl versus Cl of analysed samples. Source
Developed by the author

sample) and point 11/51 (the most mineralized sample), a distinct reduction in the
Ca/Mg ratio is evident, coupled with an upsurge in chloride levels (Fig. 7a). This
observation suggests a possible marine origin of the mineralization, particularly at
well sites suchas 11/51,45/51, 149/51, 094, and O114, where the ratio closely resem-
bles that of seawater and is associated with high chloride levels. In cases where the
Ca/Mg ratio exceeds 1, seawater intrusion is unlikely to be implicated in the miner-
alization. Instead, another hydrochemical process, likely related to water—rock inter-
action, should be considered. This may involve phenomena such as cation exchange,
which results in the release of calcium from the aquifer matrix and the adsorption of
sodium from the solution (Gimenez et al. 2010).

3.23 SO,/Cl Couple

As per Pulido-Lebouef et al. (2003), the SO4/CI ratio can be employed as a natural
tracer for identifying the phenomenon of marine intrusion in coastal aquifers. This
ratio tends to decrease as the proportion of seawater in the mixture increases (Boud-
erbala 2015; Pulido-Leboeuf et al. 2003; Telahigue et al. 2018, 2020; Tellam and
Lloyd 1986).

For the shallow aquifer within the Essaouira basin, all the examined samples
exhibit a SO4/CI ratio of less than 1, signifying the prevalence of chlorides over
sulfates (Fig. 7b). The SO4/Cl ratio among the sampled specimens ranges from 0.02 to
0.37, with the majority of them displaying a higher SO4/Cl ratio than that of seawater
(0.1) (Fig. 7b). This observation implies a blending of seawater with freshwater. The
elevated sulfate content in these samples suggests the presence of additional sources,
such as the dissolution of gypsum and anhydrite (Table 1). In particular, samples
from wells 11/51, 45/51, 149/51, 094, and O114 exhibit a notably low SO4/Cl ratio,
coupled with high chloride contents. This indicates that the increase in salinity in
these wells is primarily attributed to seawater intrusion, corroborating the results
obtained through the Na/Cl and Ca/Mg ratios.
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3.24 Br/Cl Couple

Bromide is recognized as a dependable indicator of the marine intrusion phenomenon
(De Montety et al. 2008; Kim et al. 2003; Telahigue et al. 2018, 2020). Similar
to chloride, bromide behaves as a conservative element 