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This book is dedicated to Nelson Rolihlahla
Mandela “Madiba” (1918–2013), the first
post-apartheid President of South Africa. He
said, “put your thoughts in order by
reflection, pen in hand. Appropriate yourself
the power of the pen. Read, read, read every
day, pen in hand.”



Foreword by Felix D. Dakora

The warming rate of Africa over the last 27 years is the most alarming signal of the
need for urgent action to mitigate its effects and implement strategies for climate
resilience. Based on the fourth and fifth reports of the International Panel on Climate
Change (IPCC), it is predicted that average temperatures inAfricawill have increased
between 2 and 4°C before the end of this century. At the same time, a decrease in
rainfall of up to 20% as well as extreme events such as floods and droughts may
eliminate considerable portions of low-lying lands, particularly affecting small island
states.

There are many implications of climatic variability and change in Africa; one
of the most key ones is the impact on water resources and hydrological systems,
which directly affect water availability and, in turn, water security as a whole. These
effects will negatively impact water provisioning, as well as rain-fed agricultural
productivity in many parts of Africa, with variation in impacts occurring in specific
places and localities. Various other changes and modifications are likely to occur in
response to the significant variability in the global climate system, including extreme
aridity in some cases and flooding in others. It is clear, therefore, that integrating
climate change risks and opportunities into development decision-making is both
a challenge and a necessity facing the African continent, particularly for the most
vulnerable countries.

This book, Climate Change and Water Resources in Africa, sets out the many
challenges and implications of climate change for freshwater resources in Africa,
including its rivers, lakes, and aquifers. Under the influence of a range of human
factors, the status of water resources inAfrica has been changing for decades, playing
out in disruption of water flow and variability, falling groundwater levels, changes in
rainfall levels, and timing, and an overall decrease in water quality. Indeed, change
is not new in this context. Climate change, however, will strongly accelerate the rate
of change, affecting the ability of people and societies to respond in a timely manner
to address their own needs.

This ability to respond to change is compounded by uncertainty relating to the
impacts of climate change. While there are a number of models that attempt to
predict these impacts, many are on a generalized scale and do not project local-
ized impacts. Also, the models themselves operate with a high level of uncertainty
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viii Foreword by Felix D. Dakora

and often predict contradictory outcomes, depending upon the model. Thus, African
governments must manage these changes in the context of significant uncertainty.
This requires adaptive management, encompassing continuous improvement under-
pinned by rigorous science, in order to understand the drivers of change over time
and to be able to address them effectively.

With this inmind, the goal of this book is to offer a deeper analysis of the effects of
climate on water resources in some of the most vulnerable areas in Africa, including
approaches that may help reduce or mitigate the impacts of climate change. In this
regard, while there is no quick fix to the pressures imposed on water resources by
climate change, it is clear that increasing the resilience of ecosystems and commu-
nities to extreme events such as flooding and drought and integrating climate change
risks and opportunities into development decision-making, will be key. It is also
important that the wealthier countries assume responsibility for their historic green-
house gas (GHG) emissions and support those countries that are most impacted by
those emissions by contributing to their adaptations to climate changewhile reducing
their own carbon footprints.Wealthy countries and those countries that are nowmajor
contributors to GHG emissions must make major and long-term contributions to
development, technology transfer, training, and capacity building, notably in Africa.
As a whole, this book intends to contribute to the debate around climate change in
relation to water resource management on the African continent, and in particular,
inform policy decisions and actions that will improve the ability of governments and
communities to manage the challenges of climate change and variability in relation
to the aquatic ecosystems upon which they depend.

Close collaboration among the editors, Prof. Salif Diop, Dr. Peter Scheren, and
Dr. Awa Niang, has been the driving force behind, “Climate Change and Water
Resource Management in Africa.” The editors would also like to thank the authors
who contributed their time and expertise to this important resource. It is our hope
and belief that this book will provide important, actionable information to the public
at large, and specifically to the many dedicated scientists, researchers, managers,
decision-makers, and policymakers that are working together to safeguard, protect,
and sustainably manage water resources in a changing climate in Africa.

Felix D. Dakora, Ph.D.
President of the African Academy of Sciences,

Professor, South African Chair in Agrochemurgy
and Plant Symbioses

Chemistry Department
Tshwane University of Technology

Pretoria, South Africa



Foreword by Daniel Nyanganyura

Recognizing the critical role of water in supporting human livelihood, economic
growth and the very survival of the population, African governments developed the
Africa Water Vision, describing an Africa that exhibits equitable and sustainable use
and management of water resources for poverty alleviation, socioeconomic devel-
opment, regional cooperation, and the environment. However, it is clear that this
vision will become reality only when a range of challenges is properly addressed1.
Moreover, the increasingly visible effects of climate change on water resources in
Africa are compounding the challenge.

Consistent with global warming patterns, Africa is already experiencing signif-
icant spatial and temporal rainfall variability, with resulting challenges in terms of
sustainable management of freshwater resources (Africa Water Vision for 2025,
UNECA).

Large rural and semi-arid regions of the Sahel, central and eastern SouthernAfrica,
and the Horn of Africa are at particular risk because they depend largely on rainfed
agriculture. Increased climate variability, includingmore intense droughts andfloods,
increases temperatures, and reduces rainfall in these regions, putting these communi-
ties at significant risk. In particular, there is a need to protect the critical ‘water towers’
of central, west, and eastern Africa, (e.g., Congo forests; west Africa Fouta Djallon
mountain areas; Eastern Africa and Ethiopian highlands), as deforestation and poor
land-use management in these places have significantly decreased their effectiveness
as critical catchment areas. Their protection and restoration are therefore critically
important in order to secure continuous provisioning functions.

Recognizing the many weaknesses across the continent that complicate effective
responses to climate change (e.g., limited institutional capacity, the scale of poverty,
data scarcity, poor reliability of climate change models at local scale), immediate
action is needed to improve community and societal resilience to climate change.
Key approaches for goodwatermanagement include alignment ofwatermanagement
plans with national development and poverty reduction strategies as well as building
the required capacity to monitor and manage climate variability and its impacts.

1Reference to African Union-United Nations Framework on Implementation of Agenda 2063 and
Agenda 2030 and Africa Water Vision for 2025, UNECA.
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x Foreword by Daniel Nyanganyura

Continued water infrastructure and technology investments and the introduction
of relevant incentives by African governments are also needed, as are investments
by the private sector and international financing agencies, all of which have a role to
play. Climate change is likely to produce increased numbers and intensities of floods
in many areas, with a variety of management actions required to improve flood
management, including early warning systems and rehabilitation of degraded catch-
ments and flood-proofing of water supply and sanitation infrastructure, to reduce the
risk of subjecting vulnerable communities to a lack of drinkingwater and functioning
sanitation facilities.

In other parts of the continent, investing in increased water storage infrastructure
and other water provisioning infrastructure may be a higher priority to avoid and/or
overcomewater shortages and periods of drought. Increased investment and access to
information about appropriate irrigation technology (e.g., drip irrigation, rainwater
harvesting) may be required to improve effective water use and productivity at the
farm level in the face of climate change. Shifting from rainfed to irrigated agriculture
will protect rural livelihoods and food security in many areas. Artificial groundwater
recharge in areas experiencing over-exploitation and degradation is also needed.
Overall, a systematic scaling up of locally appropriate solutions is critical to ensure
area- and region-wide poverty alleviation, climate change adaptation, and economic
development.

Flexible planning to promote long-term adaptation to climate change is also neces-
sary. This requires access to accurate climate change information for key water-
related development planning departments (agriculture, mining, power generation,
municipalities, etc.) and strong alignment and cooperation between water depart-
ments and those responsible for development planning. For basins and aquifers, the
primary allocations are among riparian states. At the sub-basin or local level,multiple
water allocation systems operate in Africa, with many parallel systems, both formal
and customary. All must be sufficiently flexible and cooperative to enable water allo-
cation adjustments that address climate variability in the face of national development
objectives, with simultaneous consideration of capacity constraints.

Water stakeholders also must be involved in the water resource management
process to ensure full support for any approach to be implemented; adequate and
timely information exchange between stakeholders and responsible authorities is
particularly crucial. Climate change adaptation ranges from creating major storage
infrastructure down to the household level, particularly in areas that governments
fail to reach consistently or effectively. The simple and timely provision of infor-
mation can assist communities and households to prepare for anticipated changes,
including the strategic selection of new crops to grow, improvement of cropping
and livestock management techniques, local water resource use, and protection and
flood warnings. Improving and sharing knowledge and information about climate
change vulnerability and adaptation involves complex interactions among local land
andwater resource characteristics, economic conditions, and often diverse livelihood
capitals and strategies of individual households.

These approaches depend on improved science and information-sharing, partic-
ularly across vulnerable transboundary basins and aquifers. A major challenge that
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impacts Africa in particular is the weakness of models that predict climate change at
the local level. Bettermodeling capacity is critical to ensure thatmanagement options
and investment decisions are based on scientifically sound information. Accurately
describing the current state, identifying emerging trends, and anticipating possible
outcomes and associated vulnerabilities and risks also require appropriatemonitoring
systems to provide necessary data at an appropriate scale.

Against the backdrop of existing development challenges, substantial increases
in financing to African countries are needed to improve land and water management
systems and their capacity to adapt to climate change and to enhance resiliency.
A range of new, innovative financing options is therefore required, including from
government and private sources in developed countries.

A recurring theme in considering climate change is that no one is immune to
its impacts, and that tackling it will require global collaboration, with emphasis on
contributions from the industrial countries that have been responsible for most GHG
emissions since 1850, and also from countries that are the current major contributors
to GHG emissions. Wealthier developed countries, and major current GHG-emitting
countries, must take the lead by

• Reducing their own GHG emissions, and meeting and/or exceeding the agreed
emission targets;

• Meeting the financial commitments declared at global meetings and summits (i.e.,
ensuring that pronouncements made for political gain are matched by action and
investment);

• Developing carbon pricing that provides incentives for transfer to sustainable
sources of energy and phasing out perverse subsidies of all kinds;

• Implementing relevant measures to improve access by the poor to water, food,
and energy; and

• Reviewing existing, and developing new, trade policies that support both devel-
opment and technology transfer, in addition to training and capacity building, in
Africa and developing countries elsewhere.

Overall, cutting emissions at their source aggressively, while addressing the impacts
of global warming in the most vulnerable zones, is required. The obligation to act is
therefore unequivocal: no matter what policy is in place; good intentions alone are
not sufficient to address our grave imperative to take responsibility for emissions.
There is an urgent need to act now to avoid severe climate change risks and impacts
on water resources. At risk is nothing less than human livelihoods, as well as an
existential threat to animal species that would likely be lost on an African continent
that will soon be 2 °C warmer than pre-industrial levels.

Let’s Act Now!

Dr. Daniel Nyanganyura
Regional Director, International Science,

Council/Former ICSU-Regional Office for Africa,
Pretoria, South Africa



Preface

The goal ofClimate Change and Water Resources in Africa is to provide an overview
of the many water resource management challenges, constraints, and opportunities
for sustainable development in Africa. Water is very high on the agenda of the conti-
nent, particularly on issues ofwater supply and sanitation, and thewater–energy–food
nexus. Water is both an ecosystem ‘good,’ providing drinking water, irrigation and
hydropower, and an ecosystem ‘service,’ enabling nutrient recycling and supporting
habitats for fish and other aquatic organisms, as well as providing ‘cultural services’
such as scenic, recreational, and spiritual opportunities. Indeed, water is directly or
indirectly important to almost every economic sector in Africa, including agricul-
ture,manufacturing, trade,mining, tourism, and transport. The prospect of improving
well-being in Africa is therefore critically dependent on its capacity to respond to
water-related environmental changes—including climate change.

The IPCC recognizes Africa as one of the most vulnerable continents when it
comes to the impacts of climate change—partly because of the projected nature
of the climate change itself on the physical continent, and partly because of the
significant levels of poverty and weak institutional capacity across the continent.
Regarding the latter, the challenges of climate change overlayAfrica’s already fragile
human and environmental conditions, with significant levels of poverty and service
delivery that must be improved. Not only does climate change compound existing
development pressures on limited water resources, but as climate change pressures
intensify, they do so in the face of growing populations and economies, both of which
place greater stress on existingwater resources. Therefore, the challenge ofmanaging
water resources in Africa over the coming decades is both a climate change and a
developmental challenge.

A consistent theme throughout the book is that the already-vulnerable poor popu-
lation of Africa is most at risk from the impacts of climate change. The responsemust
therefore focus in particular on increasing resilience at the household and community
levels. Increased resilience will enable people, particularly those living in poverty,
to respond effectively in order to recover faster from water-related disasters. The key
elements of resilience are poverty eradication and access to appropriate information
in a timely manner to support adaptation strategies. This approach will make climate
change adaptation primarily a development challenge.
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xiv Preface

This book seeks to provide a basis for evidence-based policymaking, built on
reliable data and sound information, to address the water-related challenges faced by
Africa in the context of climate change and other stressors. It provides an overview
of key water resources and climate change-related issues faced by Africa, including
socioeconomic consequences, governance and understanding change in the context
of institutional settings. The assessment is disaggregated first through a series of
regional assessments, and subsequently in a series of detailed case studies, providing
current scientific insight into various aspects of climate change-related freshwater
challenges across the continent. The book furthermore discusses a number of tools
and approaches for risk assessment and management. Finally, a number of crit-
ical research topics are proposed, including technology and innovation to address
current and future challenges of climate change-related impacts on water resource
management in Africa.

This book provides a platform for leading scientists from across the continent and
beyond to contribute their expertise to address the challenges at hand. In this regard,
we wish to thank the many contributors to this book for their relentless efforts and
valuable contributions.

The Editors are extremely grateful to the African Academy of Sciences for
supporting this project. The Editors are especially indebted to Elizabeth Marincola
for her detailed editing of this book.

Dakar, Senegal
Lavardens, France
Dakar, Senegal

Prof. Salif Diop
Dr. Peter Scheren

Dr. Awa Niang
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Chapter 1
Introduction

Water Resource Management Within the Climate
Change Context in Africa: Synthesis, Key Findings
and Future Challenges

Salif Diop, Peter Scheren, and Awa Niang

Abstract This introductory chapter is an attempt to synthetize the rich and varied
findings, insights and perspectives presented in the 20 peer-reviewed chapters of
this book. The book as a whole provides a rich compilation of observations, views,
case studies and recommendations from scientists across the African continent and
beyond. It presents a representative overview of the current knowledge of climate
change/water resource interactions in Africa, illustrated by a variety of regional,
national and local level case studies, discussions of tools and methodologies, as
well as considerations for governance and institutional settings and specific manage-
ment approaches. Based on the varied analyses and findings presented in this book,
this introductory chapter also presents a number of options and recommended
actions for improved management of water resources within the context of climate
change in Africa. Of particular importance, in this regard, is the emerging need to
address the economic and financial aspects of climate change adaptation, recognizing
that adaptation is a development challenge that is adding to the existing poverty
and development-related challenges on the continent. Additional and substantial
increases in financing are therefore required in order to improve the adaptive capacity
and resilience of rural households as well as land and water management systems.
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1 Introduction

The IPCC has recognized that Africa is among the continent’s most vulnerable to
climate change impacts, partly because of projected climatic change itself, and partly
because of the complicating poverty levels and the paucity of institutional capacity
across the continent (Christensen et al. 2007). According to the ND-Gain index for
climate change vulnerability, eight of the ten most vulnerable countries in the world
are African, with the top five all in Africa (Notre Dame Global Adaptation Initiative
2019).

The challenges of properly addressing climate change impacts inAfrica is not only
because of the compounding pressures of development on limited water resources,
but also because climate change pressures are intensified by growing populations
and economies, both placing yet-greater stresses on existing water resources. Thus,
the requirements of managing water resources in Africa over the coming decades are
both a climate change and a development challenge (UNEP 2009). As the already-
vulnerable rural areas are populated by the people most at risk from climate change,
any action that increases the resilience of these communities will help them respond
more effectively to the impacts of climate change, enabling them to integrate climate
change adaptation into development planning and decision-making frameworks.
Within this context, this book, provides an overview of the current challenges related
to water resource management in the context of climate change faced by some of the
most vulnerable areas in Africa, and approaches to help alleviate them.

This introductory chapter provides cross-cutting insights, observations and find-
ings of the individual contributions presented in this book. The book, in turn, provides
a rich compilation of observations, views, case studies and recommendations from
scientists across the African continent and beyond, including an overview of current
knowledge of climate change/water resource interaction, illustrated by a variety of
regional, national and local level case studies, discussion of tools andmethodologies,
governance and institutional settings, and specific management approaches. Based
on these analyses and findings, this book also presents options and recommended
actions for improved management of water resources within the context of climate
change in Africa.

2 The Challenges of Water Resource Management
in the Context of Climate Change in Africa

Climate change in Africa is projected to result in significant changes in the demand
for, and availability of, water. The case studies presented in this book show that large
parts of Africa are already subject to seasonally variable hydrology, and geograph-
ically uneven distribution of water resources. While pressures on Africa’s unique
ecosystems, population and economy continue to grow, this situation is further
compounded by climate change, to which Africa is particularly vulnerable (Chap. 2).
Indeed, Africa carries a particular burden of climate change: while the continent is
the least polluting and smallest emitter of greenhouse gases (less than 5% of total
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worldwide emissions), she is projected to be themost impacted among all continents,
with drastic consequences for her water resources.

Although climate change projections for Africa, like all climate projections, have
large margins of uncertainty, it is clear that climate change will bring more frequent
and more intense water-related disasters to many parts of Africa, a continent already
prone to floods and droughts, with dramatic consequences for critical ecosystem
goods and services, and, therefore, its population and development (Chaps. 3, 4, 5
and 17). While countries like Mozambique, South Africa, Malawi and Zimbabwe
are already experiencing recurring floods and droughts, projected increases in the
frequencies andmagnitudes of such events through 2050, coupledwith rising popula-
tions in these regions, suggest a particular vulnerability of weather sensitive sectors,
especially water resources and agricultural production (Chap. 5). Because of the
difficulty of predicting climate change impacts on water systems with accuracy, flex-
ibility must be built into planning in order to manage changing climate conditions
over the long term.

Within the context of water resource management, it must also be recognized that
the rapidly increasing populations in Africa, and their transitional economic devel-
opmental needs, will impose growing demands and pressures on already stressed
freshwater resources. Rivers and groundwater resources, as well as lakes and reser-
voirs, are readily usable sources of large volumes of freshwater which, if properly
managed, will continue to serve as an important basis for the health, wellbeing and
economic growth of these populations (Chap. 2). A related factor is the impact of
aging infrastructure for water storage and delivery of these lentic water systems, an
issue of obvious importance to both developed and developing countries (Chaps. 6,
8, 12 and 15).

3 Toward Improved Management of Water Resources
in the Context of Climate Change in Africa

While it is important to acknowledge the many weaknesses across the continent that
may complicate effective response to climate change, including limited institutional
capacity, poverty, the paucity of data and limitedmodeling of climate change impacts
on a local scale, it is equally important to take immediate action to improve the
resilience of communities and societies to climate change impacts. An overview and
synthesis of key approaches in this regard is presented in the following sections.

3.1 Create Enabling Policy and Institutional Conditions

Climate change-related freshwater management strategies must be based on water
management plans that are aligned with national development and poverty reduc-
tion strategies. Moreover, enabling conditions to manage the challenges of climate
variability must be created. Such measures include the creation and implementation
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Countries covered in this book: Algeria; Angola; Benin; Botswana; Burkina Faso; 

Cameroon; Comoros; Côte d’Ivoire; Egypt; Ethiopia; Gambia; Ghana; Guinea; Guinea 
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Fig. 1 Geographical location of African Regions considered in the book

of appropriate legislation, including transboundary agreements, to ensure that the
institutional capacity to manage water resources and services exists, including the
training and development of sufficient skilled and experienced staff to manage water
effectively, and is supported by appropriate financial resources to develop, operate
and maintain the necessary water infrastructure to respond to climate change. Provi-
sion of accurate, accessible and timely public information is a critical part of any
water management plan. Given the limited human and financial resources in many
parts of Africa, leaders must prioritize management of the most vulnerable areas
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and the most critical issues, avoiding the risk of spreading limited resources over
too large an area or addressing too many issues at once. It is also critical that trans-
boundary water resource management addresses multiple transboundary basins that
are vulnerable to the impacts of climate change simultaneously (Chaps. 6, 15, 17 and
19).

Management of the water-related impacts of climate change requires alignment
between national development objectives and water availability. Because of the diffi-
culty of accurately predicting climate change impacts on water management (IPCC
2014, 2018), plansmust be structuredwith sufficient flexibility to facilitate adaptation
to a changing climate over the years (Chaps. 18, 19, 20 and 21). This requires access
to relevant and up-to-date climate change information for key water-related develop-
ment planning departments. It is also critical to integrate local resource development
andmanagement plans into broader-scale planning.Given the particular vulnerability
ofwomen to climate change impacts, development and climate change response plans
must proactively address gender differences, and incorporate strategies to protect and
support women, girls and children in particular (Chaps. 15 and 20).

Substantial increases in financing are also needed to improve adaptive rural house-
hold and land and water management system capacities and resilience. As public
resources in African countries are limited, financing options in addition to govern-
ment sources are needed, including from private sources and public sector funding
from developed countries.

3.2 Invest in Ecological Infrastructure

As a first line of defense, investments in natural infrastructure, for example,
the protection and rehabilitation of aquifers, lakes, reservoirs and wetlands, can
contribute significantly to increasing resilience to climate change. Vital ecosystem
functions and services are under great pressure from population growth, energy
demands, exploitive land-use practices and other factors, resulting in deforesta-
tion and land degradation. Climate change compounds these challenges. Thus,
increasing land and water management resilience calls for integrated ecosystem-
based approaches, including sustainable land-use management, the designation of
water protected areas and effective management of natural water storage systems
(Chaps. 5, 6 and 21).

It is also crucial to secure vital freshwater ecosystem functions through appro-
priate environmental flow and reserve regulation (Chaps. 2 and 19). The objective
of such regulation is to secure an appropriate flow of rivers and the reserves of
other aquatic ecosystems (in particular groundwater reservoirs and lakes) through
appropriate water allocation, regulation of dam operations, etc. Although stake-
holders sometimes interpret such approaches as being in direct competition with
human development needs, they in fact present an opportunity to maintain important
water-related ecosystem services for the overall benefit of society.



6 S. Diop et al.

3.3 Invest in Climate-Smart Infrastructure and Technologies

A key feature of the case studies presented is to invest in water management
infrastructure and technology. In many areas, climate change is likely to bring
increased flooding and/or drought. Considered decisions must guide flood manage-
ment, including development of earlywarning systems and rehabilitation of degraded
catchments (Chaps. 4 and 5). Also, under flood conditions, water services infrastruc-
tures (for water and sanitation) may be damaged, leaving communities vulnerable
to poor quality or lack of drinking water, and compromised or eliminated sanita-
tion facilities. Flood-proofing of the water supply and sanitation infrastructure in
vulnerable areas must therefore be part of any management plan.

At the same time, some areas will experience decreased rainfall and increased
drought. Inmany parts ofAfrica, the storage of rainfall is insufficient to grow the local
economy. Even without accounting for climate change, Africa requires more water
storage capacity—both large dams and small storage facilities—in order to overcome
the impacts of frequent droughts (Chaps. 12 and 15). With the possibility of climate
change extending the duration and increasing the intensity of droughts, water storage
needs become evenmore acute. For these reasons, procurement of financial resources
to develop infrastructure remains a critical challenge, with important roles to play
by African governments, the private sector and international financing agencies. At
the farm level, increased investment and access to information about appropriate
irrigation technology, including drip irrigation and rainwater harvesting, is required
to improve water use and productivity in the face of climate change. In many areas, a
shift from rainfed to irrigated agriculturemay be necessary to protect rural livelihoods
and food security (Chaps. 3 and 5). In the case of groundwater, targeted policies and
cooperation in research and development are required to overcome obstacles such
as the high costs of well construction and limited understanding of groundwater
resources that currently restrict development of groundwater irrigation in many parts
of Africa (Chaps. 6, 10 and 18).

Artificial recharge of groundwater is an important tool for the sustainablemanage-
ment of resources in danger of over-exploitation and degradation. This is one of the
many potential methods for using groundwater as a buffer to ensure the broader
function of retaining and intercepting rainfall and runoff, conserving it in the soil
or storing it underground as a means of supplementing aquifers during dry periods
(Chaps. 3, 6 and 21). But the increasing impacts of climate change onwater resources
complicates groundwater recharge in many parts of Africa1

Finally, with more frequent and more intense water-related disasters likely, water
systems in many parts of Africa that are already prone to floods and droughts
attributable to climate change must redouble their efforts to improve disaster
preparedness, including well-developed early warning systems and post-disaster
intervention plans, to ensure the resilience of society in the face of climate change
(Chap. 18).

1Working Group II to the Fourth Assessment Report of IPCC 2008.
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3.4 Improve Science and Information

Science and information communications are essential to the ability of communities
and nations in vulnerable water basins and aquifers, in particular, to adequately abate
and adapt to the effects of climate change on water resources (Chaps. 19 and 21). In
order for public information to be effective, it must define and describe the current
state, identify emerging trends, and anticipate potential vulnerabilities and risks. This
requires an appropriate monitoring system, which can deliver necessary information
at the appropriate scale (Chaps. 9, 12 and 17). This system must extend beyond
simply monitoring climate trends, to also monitoring the status of water resource,
to the early detection of trends, and to monitoring relevant environmental variables
and processes related to water and to ecosystem-based climate change adaptation.
Commensurate with the critical role of groundwater in climate change adaptation,
better understanding and coherent, accessible region-wide information sharing on
groundwater resources is necessary (Chap. 6).

Any effective information system incorporates earlywarning systems, particularly
for floods (Chap. 17). These systems, built upon better forecasting, are a prerequi-
site for adaptation, particularly for predicting and preventing the effects of floods,
droughts, tropical cyclones and other extreme events, as well as for practical plan-
ning purposes such as determining planting dates to coincide with the beginning
of the rainy season, and foreseeing potential disease outbreaks in areas prone to
epidemics. Improved early warning systems and their application will, therefore,
reduce vulnerability to risks associated with climate variability and change.

The development of state-of-the-art monitoring systems is obviously limited by
the financial and human capacity constraints of institutions in Africa. Protocols must
be developed that enable the exchange of information across the continent, enhancing
the understanding of climate change, and facilitating adaptation to climate change
between and within countries.

A particular challenge remains the management of transboundary waters under
increasing stress, complicated by high levels of political instability and conflict
(Chaps. 16 and 19). There are important lessons to be learned across the conti-
nent from indigenous approaches for improved water management and adaptation to
climate change (Chap. 20); this illustrates that the ability to respond to changes will
depend on the ability to learn from one another, to share information, and to develop
a body of African experience and knowledge about managing the impacts of climate
change (Chap. 21).

As mentioned previously, a central challenge is the lack of models to predict
climate change at the local level. It is critical that the capacity to model climate
change is enhanced so that management options can be based on scientifically sound
information. Achieving this goal will require increased investments in the science of
climate change, including understanding its impacts, its trends and methods to adapt
and remediate them. One approach may be to create African climate change centres
of excellence that would be charged with developing African capacity and expertise
to tackle challenges related to climate change, regionally aswell as locally, tomonitor



8 S. Diop et al.

water quality, collect data, identify good water management approaches, reinforce
traditional adaptation mechanisms and provide early warning systems to assist local
communities that experience frequent climatic hazards and adverse environmental
changes.

3.5 Work at Multiple Scales

There exists a range of water allocation systems across Africa, with many parallel
formal and informal systems working at different scales (Chaps. 6, 7, 8, 9, 10, 11, 12,
13, 14, 15, 16 and 17). All of these must be sufficiently flexible to enable water allo-
cation adjustments to address climate variability while accounting for national devel-
opment objectives, while also being sufficiently simple to be implemented effectively
and managed within capacity constraints.

In transboundary lakes, basins and aquifers, the first level of allocation is to
riparian states (Chaps. 6, 15 and 17). In basins facingwater stress as a result of climate
change, it is particularly important that effective transboundary water allocation
systems are put in place, supported by accurate, shared data on the status of the
basin. While there are a number of agreements in place in transboundary basins
in Africa (Chaps. 3 and 19), there are also a large number of basins for which no
such agreements currently exist. Even where such agreements are in place, some
lack effective dispute resolution mechanisms, and many lack effective institutional
capacity at the national or transboundary level for effective implementation and
optimal sharing of water resources.

Local groundwater resources that have been generally neglected also require
urgent strengthening of institutional structures at continental and regional scales
(Chaps. 2, 3, 4 and 5). Solutions to climate change and related development chal-
lenges in many areas will come from both transboundary cooperation and from
greater exploitation of regional comparative advantages. This will enable develop-
ment opportunities within the context of a region, rather than a country. Climate
change is a key driver to expand regional integration across the continent.

Further, regional integration should be seen in a broader context than just water.
There is an opportunity for the development of regional public goods, such as trans-
port infrastructure, markets, regional power pools, trade arrangements and food secu-
rity that can provide substantial value to building regional and local resilience to
climate change (FAO 2018).

A range of water allocation systems operates in Africa at the sub-basin or local
level, with parallel formal and customary systems in many countries (Chaps. 6, 7,
8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18 and 19). It is important that these systems be
sufficiently flexible to enable adjustments in allocation to manage climate variability
and climate change in support of national development objectives. It is also critical
that stakeholders be fully involved in the water resource management process so that
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there is support for actions, and so that information exchange between stakeholders
and authorities can be quickly responsive to emergent situations and provide optimal
adaptive action. However, the key challenge in developing responsive institutions
lies in building the adaptive capacity of such institutions. In fact, effective response
to climate change relies on both the ability to accurately predict the changing climate
and its water-related impacts, and on the ability to respond to change. This combined
approach enables innovation at all levels, and creates flexible and responsive water
management systems. Flexible allocation systems that adjust to short-term climate
variability and longer term climate change are of critical importance (Claussen et al.
2003).

3.6 Decentralize Adaptation

Adaptation takes place on a number of levels, ranging, for example, from the creation
of major storage and flood prevention infrastructure to the household level, partic-
ularly in rural areas (Niang et al. 2014). While governments may not be able to
consistently extend the necessary services to vulnerable populations to protect them
from climate change, information itself can assist communities and households to
prepare themselves for coming changes. Information and training for rural commu-
nities is therefore particularly important because of their vulnerability, and because
they are often left out of the information loop. Information can include alternative
crops and climate-smart production methods, improved livestock management tech-
niques, local water resource use and protection, and flood protection and warning
systems (Chap. 15).

Gender mainstreaming and understanding the particular vulnerabilities of women
should also form a key part of climate change adaptation strategies (Chaps. 15 and
20). Women are particularly at risk from climate change and natural disasters, being
physically less able to escape from floods, for example, because of their need to carry
babies or small children. Women in countries with the greatest cultural differences
between the roles and expectations of women and men are most vulnerable in this
regard. Thus, it is essential that disaster plans are gender-sensitive and address the
particular cultural expectations and norms of women. Also, it is critical that invest-
ments in infrastructure and technology reflect the priorities and needs of women
and men, and that women and men are actively involved in decisions relating to
infrastructure development.

Access to groundwater is perhaps the most critical factor enabling both rural and
urban populations to maintain sustainable livelihoods (Chap. 6). Groundwater is
strategically important for adaptation because it is the key resource for local coping
strategies. Because it has remained a poorly understood resource, however, ground-
water is still insufficiently considered in the IntegratedWater Resource Management
(IWRM) and Integrated Lake Basin Management (ILBM) approaches, as well as
generally in development planning. This deficiency needs to be addressed strategi-
cally through appropriate regional, sub-regional and national policies, proper inte-
gration into IWRM/ILBM processes, structures and institutions, and appropriate
prioritization in adaptation initiatives.
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With focus on adaptation on the local level, attention to local institutions is criti-
cally important in designing adaptation projects and policies. Households and social
groups rely on such institutions to deploy specific adaptation practices. Also, a
systematic scaling-up of locally appropriate solutions is key to ensuring area- and
region-wide impacts on poverty alleviation, climate change adaptation and economic
development (Chap. 20).

3.7 Consider the Water/Energy/Food/Health Nexus

A number of African countries depend on hydropower, even though the hydropower
potential of Africa is still hugely underdeveloped (Chap. 18). As indicated in the
chapters that discuss regional issues, however, hydropower is under threat in some
areas from diminishing stream flows and/or increased flow variability. As a result, the
“climate change-proofing”of current infrastructure is an importantmeasure to protect
the energy supply of many countries and, therefore, to protect economic and social
development. Such measures might include, for example, amended operating rules
to consider changing rainfall patterns, adding height to dam walls, and/or changes to
environmental flow releases. At the same time, new hydropower development must
be implementedwith a clear understanding of the potential impacts of climate change
accounting for these impacts.

For these reasons, it is important to integrate water and energy security plans that
take into account the likely impacts of climate change. It is particularly critical to
coordinate effectively at the basin and national level in the large number of trans-
boundary basins in Africa across the water-energy-food nexus. Furthermore, and
at the core of the 2030 Sustainable Development Goals/SDG’s and 2063 African
Agenda “The Africa WeWant”, the water/energy/food/health and ecosystems nexus
is increasingly recognized as core to addressing the issue of climate change and
securing the wellbeing of the many millions of people in Africa without access to
basic services such as water and sanitation, energy, food and health (Chaps. 18 and
20).

4 Conclusions

A number of general conclusions may be drawn. First, it is evident that vulnera-
bility to climate change risks and impacts, as well as opportunities for adaptation
and mitigation in Africa, are shaped by complex land and water resource charac-
teristics, economic conditions and the often highly diverse livelihoods of different
regions and corresponding strategies of individual households. Thus, effective adap-
tation planning for and implementation of land and water management systems is
highly context-specific and therefore demands an appropriate level of knowledge and
understanding of local conditions.
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Adaptation should be knowledge-based, integrating scientific and local factors.
Local knowledge systems that guide people to adapt to climate conditions in many
places have evolved from the experience of generations. However, historical under-
standing of local conditions is of limited use when there exist significant short- and
long-term uncertainties about precipitation and water availability.

Moreover, effective and equitable adaptation to climate change in land and water
management is dependent on good communication. Such communication must be in
a form that users can understand, is suitably packaged and presented, and is culturally
sensitive to all decision-makers and those impacted at every level.

In order to address the economic and financial aspects of climate change, it is also
important to recognize that adaptation is a development challenge that is adding to
already substantial poverty and development challenges on the continent. Additional
and substantial increases in financing are therefore needed to improve the adaptive
capacity and resilience of rural households and land/water management systems. To
achieve this, a full range of financing options must be utilized, including innovative
financing mechanisms, from both private sources and government. Moreover, public
funds must also come fromwealthier countries and from those countries that are now
major contributors to GHG emissions.

TheUnitedNations FrameworkConvention onClimateChange (UNFCCC) nego-
tiations address mitigation and adaptation, and may present important financing
opportunities. For example, the scope of the Clean Development Mechanism and/or
emerging market mechanisms for sustainable development should be expanded to
address issues relevant to Africa, such as reforestation, agro-forestry and soil carbon
sequestration and requires substantial financing. The principle of shared but differ-
entiated responsibility as defined under the UNFCCC suggests the necessity to take
into account equity based on historical and current consumption of resources to fight
climate change. To put this into perspective, the African Development Bank (AfDB
2012), predicts adaptation costs in Africa to be on the order of US$20–$30 billion
per annum over the next ten to twenty years (2020–2030). But as of 2012, only about
$350 m of adaptation funding had been approved for spending in Africa, of which
just $130m had been disbursed (UnitedNations ECA 2019). Considerable additional
investment will therefore be required to bridge the gap.

“Can Africa really fund its own responses to climate change impacts as
unconditional contributions using its domestic resources, irrespective of how
marginal this could be? As Africa is the region bearing the greatest burden of
climate change, did Africa over-pledge, and how feasible is it for African coun-
tries to internalize their Nationally Determined Contributions in their current
form? Is it ethically and morally acceptable to put at risk the impoverish-
ment of many more people by deploying scarce national resources for the
implementation of NDCs?”

Nkem (2016) in “UnpackingAfrica’s enigmawithNDCs”, September 2016,
Science*Policy*Africa
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Chapter 2
Africa-Wide Trends in Development
and Water Resources Through a Climate
Change Lens

Hannah Baleta, Stuart Orr, and Ashok K. Chapagain

Abstract African economies are growing, with current economic growth on the
continent driven by sectors that are highly dependent upon reliablewater quantity and
quality. However, water availability across Africa varies climatologically, geograph-
ically and in relation to infrastructure development. The distinction between blue
and green water footprints is particularly relevant to understanding and managing
variability, resilience, institutional governance and infrastructure development in the
future. As the continent develops, demands for and impacts on water resources are
likely to increase rapidly. As Africa’s economy grows, people become more affluent,
cities expand and the climate changes. These drivers are likely to impact negatively
on the quality of water available across the continent, putting freshwater habitats that
are currently largely intact, and biodiversity in general, at increasing risk. These pres-
sures are especially applicable to “water towers” on which water quantity and quality
in Africa is dependent. In addition to the water towers, each freshwater ecosystem
must support the diversity of biota that exists in Africa as well as the economy that
supports the people who live there. In order to grow and develop sustainably, Africa
needs resilient infrastructure and adaptable institutions. Depending on the “devel-
opment trajectory”, the risks and opportunities associated with water and climate
change may vary among countries. Water-related investment choices made over the
next decadewill have a substantial influence on the long-term development trajectory
of any African country. Better allocation of resources through considered system-
scale decisions will lead to a greener future where infrastructure development is not
a trade-off against freshwater ecosystems. To reach the ideal balance, it is essential
to develop governance mechanisms and related institutions that support responsive
and coherent local resource-use planning, while making the most of opportunities
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to manage trade-offs at a national level. Trade-offs for water use among different
sectors, such as agriculture, energy, urban growth and manufacturing, will become
increasingly urgent. It is imperative that decisions regarding water resources across
Africa that are made now and in the near future take into account the impact of the
water, energy and food nexus within each country and across the continent. In partic-
ular, healthy, free-flowing rivers and freshwater habitats are critical to ensure the
sustainability of Africa’s water, energy and food in the face of the growing demands
that are aggravated by climate risk.

Keywords Water-energy-food (WEF) nexus · Green water · Blue water · Grey
water · Climate change · Development ·Water infrastructure ·Water institutions

1 Africa’s Economy and Water Use

Africa’s economy is growing. The average economic growth is estimated to have
risen from 2.3% in 2017 to 2.7% in 2018, barely keeping up with population growth,
partly due to economic softening in Nigeria, South Africa and Angola—Africa’s
three largest economies (World Bank 2018). However, the outlook for GDP growth
and per capita GDP growth on the continent is projected to improve, albeit unevenly
across regions, as seen in Fig. 1 below.

Current economic growth in Africa is driven by sectors that are highly
dependent on reliable water quantity and quality. Water is critical not only for
drinking, but also for the production of energy through hydropower and coal genera-
tion (cooling) and the production of food, whether rain-fed or irrigated. An existential
threat to Africa is that water is central to all aspects of water, energy and food (WEF)

Fig. 1 The current and projected average GDP growth in Sub-Saharan Africa. Period 2016–2018
(Source World Bank 2018)
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needed for development and growth. As economic development and the expected
growth in urban population takes place, the demand on water for drinking, energy
and food will continue to increase. In parallel, impacts on the freshwater habitats of
Africa (WWF and SAB 2018) will grow. According to the FAO (2010), overall water
withdrawals, in particular the blue water footprint, for agriculture represents 81% of
all water withdrawals in Africa, with the industrial sector at 4% and domestic water
use at 15%. With growth projections in Africa, these withdrawals are likely to shift
towards increasing industrial and domestic water use.

Water availability across Africa varies enormously. The North and South ends
of the continent and theHorn ofAfrica are arid,while themiddle third of the continent
is relatively wet. Furthermore, temperatures vary significantly year-to-year and intra-
seasonally. Critical to the quality and availability inAfrica are “water towers” (Fig. 2).

Fig. 2 Selected water towers in Africa (UNEP 2010)
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These forested upland areas store and contribute a very high proportion of thewater in
some ofAfrica’smajor rivers. Some of these areas are under threat from, for example,
deforestation, which will have major impacts on the quality and quantity of available
water in these areas. Many of these towers provide water in transboundary basins so
that their fate—protection or destruction—has impacts across national borders. The
400,000 hectare (ha) Mau Forest Complex in Kenya, for example, is the largest of
Kenya’s five water towers. It is the single most important water catchment in the Rift
Valley andwestern Kenya.Water from theMau Forest Complex supports agriculture,
hydropower, urban water supply, tourism, rural livelihoods and wildlife habitats all
through western Kenya. The water flows into Lake Victoria and ultimately theWhite
Nile (MEWNR 2015). The total economic value of the Mau Forest Complex is
estimated to be in excess of 1.3 billion USD a year (Cameron 2010).

In Africa, water use differs by sector, and also by geography and infrastruc-
ture development. Water use across Africa is categorized by green1 water use and
blue2 water use. The amount of blue water available on an annual basis is linked
closely to the level of water storage in a country. Africa, as a continent, has severely
underdeveloped storage infrastructure, except in South Africa where the volume of
water stored per capita is relatively high. The lack of storage infrastructure to ensure
water during dry years means that most of the continent is vulnerable to variations
in annual rainfall. This is a significant vulnerability on a continent that is subject to
regular and often devastating droughts. Different economic sectors depend on either
green of blue water for their operations as shown in Fig. 3. For instance, agricul-
ture in Africa is more dependent upon green water use (>95% of food production in
sub-SaharanAfrica is from greenwater), while industry or domestic use is (by defini-
tion) dependent on blue water use. Within these generalities, there are some regional
distinctions across the continent. For example, of the blue water used for agriculture,
75% of irrigation takes place in South Africa, Madagascar and Sudan (WWF and
IFC n.d). Therefore, the potential to grow the agricultural sector across the continent
is significant. In terms of industrial water use, marginally more industrial water is
used in northern Africa (WWF and IFC n.d).

The distinction between blue and green water footprints is particularly rele-
vant to variability, resilience, institutional governance and infrastructure devel-
opment going forward. The blue water footprint represents the volume of available
blue water that is used and evaporated in the process. If we take into account environ-
mental flow requirements, the actual volume of freshwater available for human use
is significantly lower (Mekonnen and Hoekstra 2016). Blue water scarcity, measured
as the ratio of blue water footprint to available blue water after accounting for
environmental flow requirements, is presented in Fig. 4.

1Water from precipitation that is stored in the root zone of the soil and evaporated, transpired or
incorporated by plants. It is particularly relevant for agricultural, horticultural and forestry products.
https://waterfootprint.org/en/water-footprint/what-is-water-footprint/.
2Sourced from surfac.e or groundwater resources and is either evaporated, incorporated into a
product or taken from one body of water and returned to another, or returned at a different time.
Irrigated agriculture, industry and domestic water use can each have a blue water footprint. https://
waterfootprint.org/en/water-footprint/what-is-water-footprint/.

https://waterfootprint.org/en/water-footprint/what-is-water-footprint/
https://waterfootprint.org/en/water-footprint/what-is-water-footprint/
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Fig. 3 Green (left) and blue (right) annual water footprint across Africa for all sectors (Water
Footprint Network n.d)

Fig. 4 Blue Water Scarcity of Africa (Source Mekonnen and Hoekstra 2016)
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Demands for and impacts on water resources are likely to increase rapidly
as Africa’s economy grows, people become more affluent, cities expand and the
climate changes. These drivers are likely to have a negative impact on the quality
of water available across the continent. Population growth alone will continue to
drive increased water demand. Africa’s population growth rate is relatively high,
particularly in west, central and eastern Africa, where predicted annual population
growth rates are over 2.5%. This population growth will place increasing pressure on
water resources, particularly in countries that are already facing water stress in West
and East Africa (WWF and IFC n.d). As Africa’s economy grows, people become
more affluent, triggering changes in lifestyle and consumption patterns that are more
resource-intensive, similar to that in developed nations. As a result of both popu-
lation and economic growth, surface and groundwater are vulnerable to a range of
water quality impacts across the continent. For instance, in 2001 nearly 500 million
hectares of land were moderately to severely degraded due to population pressure,
destructive inappropriate land use, poor land management and agricultural practices
and drought (UNECA 2006). Land degradation causes turbidity, poor agricultural
practices contribute to eutrophication, and poor sanitation and solid waste manage-
ment result in pollution of water resources located close to dense settlements or
industrial zones. Mining, although not widespread throughout the continent, has
driven significant water quality challenges. Examples of this are the Vaal River in
South Africa, downstream of gold mining areas (Ochieng et al. 2010), and the Mara
Wetlands in Tanzania, downstream of theMaraMines (O’Sullivan et al. 2016). Often
these negative water quality impacts take place in vulnerable ecosystems including
wetlands that are under particular threat from agricultural production, mining and
urban sprawl (WWF and IFC n.d) (Fig. 5).

Due to the variations in measurement, water quality is much harder to map than
water availability. In addition, there is littlemonitoring of rawwater quality across the
continent. This means that there is a lack of data on existing pollution and pollutants,
and very poor tracking of more recently appreciated pollutants, such as endocrine
disruptors.

2 Africa’s Biodiversity

Pressure on Africa’s unique and, in many places, largely intact freshwater habi-
tats and biodiversity is increasing as the continent’s population and economies
continue to grow and develop.People living acrossAfrica are fundamentally depen-
dent upon the health of their ecosystems, in particular rivers and healthy freshwater
systems, for subsistence agriculture andfisheries. The livelihoods of 70%of the conti-
nent’s population is in agriculture as smallholder farmers working on parcels of land
that are, on average, less than two hectares (AGRA 2017). These ecosystems require
continuedprotection and sustainablemanagement.As a result of developments taking
place across the continent, Africa’s aquatic ecosystems face a range of threats, from
urbanization, deforestation, introduction of exotic plants and animals into rivers,
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Fig. 5 Land degradation and susceptibility (UNEP 2010)

dams and lakes, over-fishing and increasing pollution. For instance, “twenty one
percent (21%) of all freshwater species are threatened within Africa. Ninety one
percent (91%) of these species (4,539) are endemic to the continent and are, therefore,
also globally threatened” (Darwall et al. 2011).

The plethora of diverse freshwater ecosystems shown in Fig. 6, in addition to
biodiversity, supports agricultural, industrial and domestic growth across the conti-
nent. These competing water uses must be managed alongside support of ecosystems
on the continent.

Each freshwater ecosystem in Africa is responsible for supporting the diver-
sity of biota as well as their respective economies and societies. For example,
rich biodiversity supports the majority of the tourism sector on the continent, a
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Fig. 6 Freshwater ecosystems of Africa (WWF and TNC 2013)

major economic contributor and source of employment. Total international tourism
receipts for Africa in 2013 reached US$34.2 billion. Ecosystem conservation and
biodiversity preservation are especially important because animal safari tourism for
most African countries represents “80% of the total annual trip sales to Africa”
(World Tourism Organization 2014). Tourism is a sector that is expected to grow
rapidly across Africa. For example, “from a small base of just 6.7 million visitors
in 1990, SSA attracted 33.8 million visitors in 2012. Receipts from tourism in 2012
amounted to over US$36 billion and directly contributed 2.8% to the region’s GDP
(total contribution, including direct, indirect and induced, stood at 7.3% of GDP)”
(World Bank 2013). Tourism can only be sustainable if the natural assets on which it
is based are protected from degradation. This is particularly true in Africa, which is
marketed as a nature, wildlife, resort and cultural heritage destination (World Bank
2013).

Freshwater fisheries are another example of how livelihoods in Africa are depen-
dent upon healthy rivers and water systems. Inland catches, which account for 25%
of global catches, are especially important for food security in several countries in
Africa. On average, 2.6 million tons (2006–2014) of freshwater fish are harvested
across Africa’s inland waters, according to a recent report by the FAO (2018). Only
17% of freshwater fish production in Africa is through aquaculture: the majority of
fish production is still wholly dependent upon healthy catchments and ecosystems.
In 2016, 5.6 million people in Africa were employed in the fisheries sector. More-
over, healthy inland freshwater fisheries have additional benefits, for instance, inland
fisheries may represent a form of biological disease vector control. “Mosquitofish,
carp and tilapia have been used in many areas to control vectors of diseases such as
malaria, Zika and bilharzia through predation on the hosts of the parasites” (FAO
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2018). A recent study on the Mekong has shown that should fisheries fail there (as
a result of hydropower development along the river), the replacement protein and
lysine from wild caught fisheries would require a significant expansion of agricul-
tural land, which may not be available. Cambodia, for example, would require as
much as 2,409,000 ha (a 43% increase) of agricultural land to replace lost lysine,
and an additional 1,556,000 ha to replace protein lost by the expansion of the current
crop and livestock composition of the country (Orr et al. 2012). A similar assump-
tion can be made in Africa in terms of the additional land needed to replace wild
caught fisheries. Furthermore, this represents an increase in the blue water footprint
(to irrigate crops and feed livestock) rather than use of green water, which is related
to wild caught fisheries.

3 Africa’s Climate

Large parts of Africa are subject to seasonally variable hydrology and
geographically uneven distribution of water resources. This is compounded
by climate change, to which Africa is particularly vulnerable. These risks are
furthermore compounded by the diversity of hydro-climatic zones across the conti-
nent; different economic sectors, such as agriculture, manufacturing and mining, are
subject to different climate risks. A recent study (2011), which models the impact of
climate change on economic growth, finds that water remains a significant obstacle
to growth in both developed and developing countries irrespective of current water
scarcity (Distefano and Kelly 2017). It concludes that efficiency gains from greater
investment in demand management approaches, such as reducing the use of water-
intensive goods and services, less waste and shifting water footprints to regions that
are more resilient to the impact of climate change, are required. This underscores
that water security risk mitigation in Africa must account for both infrastructure and
management.

Climate change projections for Africa, like all climate projections, have large
margins of uncertainty, but clearly trend to warming. It is therefore important
to recognize that macro-scale estimates may vary significantly at regional or sub-
regional scale. Nonetheless, historical data shows a warming trend across the conti-
nent since the 1960s. According to a high Representative Concentration Pathway
(RCP) estimate, warming projections using moderate projections indicate that exten-
sive areas of Africa will exceed warming by 2 °C by the last two decades of this
century. It is likely that land temperatures across Africa will rise faster than global
land temperature averages, particularly in more arid regions, and that the rate of
increase of minimum temperatures will exceed the rate of increase of maximum
temperatures (Niang et al. 2014). This air temperature warming alone has significant
implications for agriculture and the agri-business sector, particularly in relation to
increased cropwater requirements, changes in growing seasons andwater availability
in general (Figs. 7 and 8).
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Fig. 7 Observed and projected changes in annual average temperature in Africa (Niang et al. 2014)

Fig. 8 Observed and projected changes in annual average precipitation in Africa (Niang et al. 2014)

Projecting rainfall changes associated with climate change in Africa is more
difficult as there is no agreement between all the different climate models.3 Key
projections indicate

– very likely decreases in mean annual precipitation over southern Africa and the
Mediterranean region of northern Africa in the mid- and late-twenty-first- century
periods;

3Over two-thirds of models for the African continent do not indicate changes in mean annual
precipitation that exceed the baseline variability of the models for mid- or late twenty-first-century
periods for RCP2.6 (Niang et al. 2014).
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– likely increases in mean annual precipitation over areas of central and eastern
Africa;

– consistent annual and seasonal drying over the northern African region (including
North of Morocco, Algeria, Libya, Egypt and Tunisia);

– a significant decrease over the northern basin of Tunisia in the median and 10th
and 90th percentiles of precipitation in winter and spring seasons, and

– rainfall in East Africa that is at variance with the observed rainfall pattern.

Climate projections show the possibility of increased flooding and drought
extremes. This has significant impacts on agricultural production in countries
the weather patterns of which are impacted by these systems. An increase in
the frequency of extreme events has implications for decisions about infrastructure,
often requiring larger, more engineered solutions that are more expensive and can
have negative environmental impact. Extreme flood, drought and disease events will
increase migration pressures on refugee settlements and urban informal areas as well
as fauna and flora survival.

The impact of climate change on streamflow must be considered in addition
to its impact on rainfall. The amount of rain in a river that is converted into actual
streamflowdepends on a number of factors, including the vegetation in the catchment,
the level of land degradation, the nature of the soil, slope and temperature. In South
Africa, for example, only around 9% of rainfall ends up as river streamflow. The
IPCC predicts that across the continent, streamflow will change from −15% to +
5% by 2050. In southern Africa in particular, almost all countries will experience a
decrease in streamflow. Other areas are less reliably predictable: for example, there
is no clear understanding of how streamflow in the Nile will be affected by climate
change.Changes in streamfloware especially pertinent for sectors such as agriculture,
manufacturing and mining, because streamflow is often translated into blue water
that is dammed, piped and then irrigated or treated for domestic consumption or
industrial use. The extent of streamflow change is also impacted by development and
land use change in parallel with the catchment. For these reasons, management of
the nature and extent of agriculture, manufacturing, mining and other land use will
fundamentally change how much water is available for use.

Climate change and green water use in agriculture poses risks as well as
opportunities. Erosion is a particular risk to rain-fed agriculture in the presence
of climate change. In Egypt, climate change could reduce crop production by up
to 28% for soybeans and 11% for rice by 2050. A reduction of 20% in the annual
crop-growing period in semi-arid areas is projected by 2050. At the same time,
there may also be positive impacts on agriculture, such as the projected increase in
rainfall for some parts of tropical or eastern Africa (Niang et al. 2014). But coastal
zones and estuaries are at particular risk from sea level rise, changes in run off and
changing temperatures. A decrease in rainfall, for example, may significantly change
the distance to which saltwater penetrates upstream in a river. As a result, coastal
agriculture, including palm oil and coconut plantations in Benin and Cote d’Ivoire,
may be affected by inundation and soil salinization. In Kenya, a 1 m sea level rise
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could result in a US$500 million loss of income from mangoes, cashew nuts and
coconuts (Pegasys 2011).

Climate change also threatens blue water availability as a result of growing
domestic consumption through urbanization. A growing body of literature gener-
ated since the AR4 suggests that climate change in Africa will have a relatively
modest impact on water scarcity relative to other drivers, such as population growth,
urbanization, agricultural growth and land use change (Niang et al. 2014). In Africa,
increased urbanization over the next century will take the form of unplanned settle-
ments. This will place increasing strains on already weak infrastructure and manage-
ment systems. Climate change will exacerbate the effects of poor management of
stormwater in unplanned settlements,whichwill result in flashflooding and increased
ponding, which may act as a vector for water-related diseases.

4 Africa’s Water Infrastructure and Institutions

In order to grow and develop sustainably going forward, Africa needs resilient
infrastructure and adaptable institutions that are able to manage uncertainty.
Infrastructure development in the water sector offers significant opportunities for
growth and employment. For instance, “investment in small-scale projects providing
access to safe water and basic sanitation in Africa could offer an estimated economic
return of about US$28.4 billion a year, or nearly 5%of gross domestic product (GDP)
of the continent” (UNWater 2016). However, infrastructure without capable institu-
tions to manage investments is not acceptable, and could possibly do more harm than
good. Moreover, the potential to increase productivity of resources may be limited:
there are 1082 dams in SouthAfricawith a total storage capacity of 65%of the annual
runoff, and the country has just a handful of suitable sites left for development. Even
these are only questionably suited to dam construction due to the high environmental
costs and low projected benefit (Van Vuuren 2012). Natural climate variability and
anthropogenic climate change both compound the management of water resources
and require significant investment in water information, planning, governance and
hard and soft infrastructure. Depending on the stage of economic development of
the country, risks will differ in relation to the state of infrastructure development and
institutional adaptability.

The risks and opportunities associated with water and climate change
also depend on a country’s “development trajectory.” The stages of economic
development of specific countries are characterized as developing, emerging and
developed.

• Developing economies, with low levels of industrial and infrastructural devel-
opment, are generally more focused on resource cultivation or extraction, such
as agriculture or mining. The country’s development goals typically focus on
improving livelihoods, ensuring food security and developing commodity-driven
exports. Agriculture is generally the biggest consumer of green water, making
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these countries particularly vulnerable to climate change; they are also generally
in need of investment in infrastructure.

• Emerging economies that are growing rapidly are generally in the process of a
shift from cultivation or extraction towardsmanufacturing.Although rural poverty
challenges remain, these countries are generally undergoing increased urbaniza-
tion with economic and social development leading to improved human welfare
indices.Development tends to focus on ensuring sustained investment, diversifica-
tion and adding value to economic activity and trade, while providing livelihoods
in rural and peri-urban areas. Water and air quality may be rising on the political
agenda. In this phase, blue water consumption begins to grow in industrial and
urban areas; in some cases, this dynamic may increase the challenge of balancing
infrastructure and institutional governance and management issues.

• Developed economies have generally shifted to a consumption-based, service-
dominated economy supported by trade and by specialization in manufacturing
and commodities, with high rates of urbanization. The focus here is on promoting
growth through trade, sometimes seeking improved environmental quality, while
maintaining employment, welfare and aging infrastructure. The emphasis is on
use of blue water for irrigation and industrial or domestic consumption. In this
phase, countries are trending to institutional mechanisms and governance from
infrastructure investment to manage water use.

Water, energy and food-related challenges are different depending on a
country’s stage of development. This is especially true for the sectors on which
countries aremost economically dependent. Economic resilience is dependent upon a
country’s focus on the particular challenge associatedwith its development trajectory,
and the climate- and water-related issues associated with them. For instance, devel-
oping countries may be more dependent upon green water because of their emphasis
on agricultural productivity. In the face of a changing climate, the consideration
of appropriate infrastructure to ensure productivity amid uncertainty is necessary.
However, for more developed economies, infrastructure may already be established,
in which case their focus may be on trade-offs among sectors, and managing water
resources through improved governance and management frameworks.

Water-related investment choices over the next decade will have a substantial
influence on the long-term development trajectory of African countries. The
water-energy-food (WEF) nexus, manifested through trade-offs for water use among
agriculture, energy, cities and manufacturing, will increasingly come to the fore. The
concept of thresholds for development is especially important on a continent where
the potential for further growth exists, but needs to be balanced alongside ecosystem
health and sustainability.Currently, acrossAfrica, there are developing, emerging and
more developed economies that have reached different thresholds. The continent still
requires significant development, to create a healthy social foundation. However, this
can conflict with ecological ceilings, which are already beyond sustainability in some
cases. Economic development decisions will fundamentally impact upon our ability
to create a healthy social foundation without overstressing ecological conditions.
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Development trade-offs for Africa will require management of the WEF
nexus and the need to optimize natural resources for agriculture, manufac-
turing, urbanization and mining, together with other economic sectors including
tourism, ecosystem services for livelihoods and the environment itself. Infrastruc-
ture and institutional decisions are not easily modified once made. This is especially
true in Africa, where large-scale infrastructure and institutional decisions are being
made in the early stages of development that may lead to weak resilience at later
stages, sometimes as a result of climate change (Conway et al. 2018). Countries
that have historically developed extensive water, energy and food-related infrastruc-
ture without addressing coherence or resilience questions often create significant
financial sustainability challenges, especially because the infrastructure is frequently
ill-suited to current conditions of population pressure and/or climate variability. In
some instances, countries subject to such conditions have removed inappropriate or
stranded infrastructure assets to improve natural ecosystem resilience and reduce
the associated financial burden. Strengthening institutions and ensuring flexibility
in the management of water, energy and agricultural land resources (through devel-
opment planning) enables countries to adapt to evolving development needs and
uncertain climate futures. This is closely related to demands for robust water, energy,
agricultural and transportation infrastructure (grey and green) to support economic
production and household access, within the context of limited financial and human
resources.

5 Africa’s Future Is Now

Africa faces a particular conundrum due to the vulnerability of rural popula-
tions across the continent that have limited access to infrastructure. Access to
water for people living in rural environments influences the livelihoods and house-
hold security of half the population of Africa. However, as noted previously, the
continent is growing and developing. Sectors including agriculture, manufacturing
and mining present water-, energy- and food-related trade-offs on the continent.
The development challenge is further compounded by the risks of climate change
and water insecurity. Available water is becoming increasingly unusable for human
consumption due to pollution and accelerated evaporation.

Decision-makers must consider the multi-faceted implications of develop-
ment and growth on the continent. Priorities must account for the implications of
development on the natural ecosystem functioning of the continent, because many
countries in Africa are in the developing or emerging stage of their economies. Large
proportions of these populations depend on healthy catchments and river systems
for their food and livelihoods. One particular manifestation of the development-
ecosystem trade-off are the impacts of dams, bridges and roads on the status of free-
flowing rivers in Africa, an important indicator of river ecosystem health. Cambodia
would require up to a 155% increase in pasture lands to replace lost fish with lysine
from grazing livestock, while Laos could replace lost fish lysine by doubling pork
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or bovine production. For Laos, this would require an increase in pasture land of
up to 47% for grazing livestock. If we were to lose the free flowing and healthy
rivers and catchments of Africa, would we be able to replace the lost protein and
micro-nutrients?

Better allocation of resources at system scale will lead to a greener devel-
opment future. Decisions regarding where, how and when to carry out agri-
culture, manufacturing, mining or urbanization across Africa must be considered
through the nexus lens. In addition, green, blue or grey water footprint implica-
tions must be taken into account. Africa needs to meet minimum development
thresholds without exceeding ecological thresholds to feed and power the conti-
nent. Africa should benefit from being behind more developed continents on the
development curve, by avoiding the mistakes developed economies have made in
their development-environment trade-offs.

It is essential to develop governance mechanisms and institutions that support
responsive and coherent local resource-use planning, while optimizing nexus
trade-offs at the national level. The greatest tension between a country’s early
development decisions and its later resilience lies in the stewardship of each nation’s
natural capital. Some depletion of natural assets may be a necessary early strategy
to create greater security of livelihoods. But soil quality, freshwater availability
and quality, and forest resources all make fundamental contributions to a nation’s
productivity. New sources of insecurity, and enduring, weakened resilience emerge
from continued economic dependence on the destruction of natural capital. Resilient
economic systems are those that benefit from, reinforce and replenish the natural
systems on which they ultimately depend.

Water-related investment choices made over the next decade will have a
substantial influence on the long-term development trajectory of African coun-
tries. Trade-offs among water for agriculture, energy, cities and manufacturing will
emerge increasingly. It is imperative that decisions regarding water resources across
Africa take into account the impact of the water, energy and food nexus within
countries as well as within the continent. Healthy, free-flowing rivers and freshwater
habitats must support the sustainability Africa’s water, energy and food in the face
of growing resource demands that are compounded by climate risks.
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Chapter 3
Water Resource Availability and Quality
in the North Africa Region Under
Climate Change

O. Mahjoub, M. T. Chaibi, and M. A. Shamseddin

Abstract Countries lie within the north of Sahara are the most African driest sub-
region, with an average annual rainfall ranging between 50 mm/year in the southern
part and 1000 mm/year in a few parts of the extreme Northwest. These conditions
result in limited and unevenly distributed water resources. In Northern African coun-
tries, people and economies are increasingly threatened by the progressive change
in climatic conditions over the past decades that has resulted in growing pressure
on freshwater resources. Climate change is regarded as an additional burden that
affects water resources of all related environments, like soil and ecological goods
and services. This chapter is meant to provide a clear picture of the status of water
resources and an assessment of progress made so far by Northern African coun-
tries in addressing the challenges related to the sustainable management of water
resources under climate change. It also reports on current and future trends of non-
conventional water resource (re)use to preserve the environment and public health
fromwaterborne disease and to guarantee food security under variable climate condi-
tions. Current and anticipated climate change policies and strategies are examined
together, accounting for national and regional strategies for mitigating impacts of
extreme events on water quality and pollution sources. Selected technical solutions
and research challenges that impact water resource development and management
in North Africa are discussed, accounting for current and future climate change and
variability.
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1 Introduction

Northern Africa is the Africa’s driest sub-region and characterized by its limited
water resources with an average annual rainfall ranging between 50 mm/year in the
Southern parts and 1000 mm/year in a few parts of the extreme Northwestern area.
Available conventional renewable water resources from surface water and ground-
water are insufficient to sustain growing water demand. Existing challenges to water
management under scarcity are compounded by the availability and seasonality
of freshwater resources and overall environmental protection presented by climate
change.

This chapter provides an evaluation of the progress made in the water sector
by countries of the North Africa sub-region. It treats the principal aspects of water
resources while providing an assessment of water resource development and utiliza-
tion, including conventional (surface water and groundwater) and non-conventional
(brackish water and treated wastewater) resources. It also addresses the main tech-
nical solutions that can be implemented to improve water supply and management.
It highlights the research required to adequately respond to current and emerging
concerns about the sustainability of water resources in the region.

2 Assessment of Water Resources

This sectiongives anoverviewof the status of conventionalwater resources, including
renewable and non-renewable resources, in North African countries, with a quanti-
tative assessment and analysis of critical problems related to water resource devel-
opment. The focus is on updating data on water resources and on highlighting the
risks that arise from climate change impacts.

2.1 Renewable Water Resources

Regional Assessment of water resources in the North Africa is based on information
collected from the national reports completed from the AQUASTAT FAO database
(FAO 2016) on water resources, and the World Bank data (2018). The results are
presented in Table 1.

The North Africa region has a renewable water potential of about 115 km3, out of
which 47.3 km3 are produced within the region. The total internal renewable water
includes 35.66 km3 of surface water and 18.2 km3 of groundwater.

Water resources are unevenly distributed across the region: Egypt has slightly
more than half of the total exploitable water resources available in the region, more
than twice as much as the potential of the four countries that are least well-endowed
with water resources (Mauritania, Algeria, Tunisia, and Libya).
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Table 1 Water resources potential in North Africa region

Country P
(mm)

IRGW
(km3/year)

IRSW
(km3/year)

IRW
(km3/year)

TRW
(km3/year)

ARFW
(m3/cap/year)

Algeria 89 4.49 9.76 11.25 11.67 324.3

Egypt 51 1.3 0.5 1.8 57.3 694.2

Libya 56 0.61 0,2 0.71 0.71 109

Mauritania 92 0.3 0.1 0.4 11.41 3219

Morocco 346 10 22 29 29.1 898.6

Tunisia 207 4.49 3.1 4.19 4.59 433.7

Total – 18.19 35.66 47.35 114.78 –

P: Average rainfall, IRGW: Internal renewable groundwater, IRSW: Internal renewable surface
water, IRW: Internal renewable water, TRW: Total renewable water, ARFW: Annual renewable
freshwater available m3/capita. Source: FAO (2016); World Bank (2017)

Egypt and Morocco have a water potential of less than 1000 m3/cap/year, the
level generally agreed to represent chronic water scarcity, in which the lack of water
begins to hamper economic development and human health and well-being. Three
other countries (Algeria, Tunisia, and Libya) have already reached the threshold for
absolute water scarcity, with freshwater availability falling below 500 m3/cap/year
(Fig. 1).

Figure 1 illustrates that the renewable freshwater availability is at about one-third
of 1960 levels and is expected to further decrease by half of the current levels by
the next decade (Intergovernmental Panel on Climate Change 2014). Only Morocco
and Libya are independent of external surface water resources while Mauritania
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and Egypt are highly dependent on external resources (Senegal and Nile Rivers) by
96% and 97%, respectively. Tunisia and Algeria, where 79% and 53% of domestic
water resources have been already mobilized, respectively, are less dependent on
transboundary water resources, to meet only 9% and 3% of their needs, respec-
tively. North Africa is highly exposed to climate change through changing weather
patterns coupled with frequent droughts. Based on projections of climate change in
the region using different climate models and scenarios drawn from those used by
the IPCC (2014), most countries in the region will experience a decrease in precipi-
tation, resulting in a potential water deficit, which is already apparent in the current
climate and is anticipated to become an even larger deficit in the future (Fig. 2).
In the Maghreb countries, for instance, the increase in mean annual temperature
is likely to exceed 2 °C, with maximum projected increases up to 6 °C, based on
Representative Concentration Pathways (RCP) of 2.6 and 8.5, respectively, by the
year 2100 (United Nations Development Programme, UNDP, and Global Environ-
ment Fund, GEF, 2018). Precipitation projections are highly variable: up to 40%
of the reduction is forecasted to occur in the North African Region by the end of
the twenty-first century. The largest decrease in precipitation is projected to occur in
Morocco,with an average estimated decrease of 20mm (9%) in 2020–2030 and about
45 mm (20%) in 2040–2050 (Arab Environment 2008). Algeria is also vulnerable to
climate change, with an anticipated decrease in precipitation of about 11% for both
periods. Egypt and Libya are projected to experience the smallest annual precip-
itation changes and can depend on precipitation within the country, and therefore
will be minimally impacted by any change in precipitation. Egypt, Libya, Morocco,
and Tunisia are the most exposed African countries to the Sea Level Rise (SLR).
About 1 m of SLR would subject 12% of the agricultural land to risk in Egypt. If no
mitigation and protection/adaptation measures were taken against the SLR in Egypt,
billions of US dollars of annual damage is projected by 2100 (UNDP andGEF 2018).
Also, a decrease in rainfall of 10% will lead generally to an increase in virtual water
imports of about 15% in the region (Besbes et al. 2010).

Fig. 2 Precipitation projections under climate change. Left: Precipitation under current climate
and right: Precipitation anomaly 2040–2050 [%]. Source After (Terink et al. 2013)
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2.2 Non-renewable Water Resources

A non-renewable water source is defined as groundwater reservoirs with a negligible
rate of recharge for human uses. Although groundwater reservoirs may allow for
the storage of huge quantities of water accumulated during the pluvial periods of
Quaternary, they are not sustainable in the long term, because the current rate of
recharge will slowly deplete aquifers compared to discharge ones. Moreover, the
increase in the cost of pumping, as well as the deterioration of the water quality in
some areas, may also make the abstraction of fossil water less attractive with time.

Except for Morocco, all sub-region countries have limited renewable water
resources lie on top of important non-renewable groundwater basins which overlap
with neighboring countries. The major shared aquifers in the sub-region are the
Nubian Sandstone Aquifer System and The North-West Sahara Aquifer System
(Fig. 3).

The Nubian Sandstone Aquifer System is one of the largest connected aquifer
systems in the world and is a major North African transboundary groundwater basin,
shared by Libya, Egypt, Chad, and Sudan. It covers an area of around 2 million km2

and contains approximately 150,000 km3 of economically exploitable groundwater.
Over recent decades, these aquifers have been increasingly exploited by Egypt and
intensive projects in Libya, e.g., “The Great Man-made River Project.” The North-
West Sahara Aquifer System (NWSAS) is approximately half the size of the Nubian
Sandstone Aquifer System; the NWSAS is shared by Algeria, Tunisia, and Libya,
composing of two main aquifers, the Complex Terminal (CT) and the deeper Conti-
nental Intercalaire (CI), with a total estimated volume of 60,000 km3 (Bakhbakhi
2006). The groundwater depletion in both aquifer systems is estimated to be about
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Fig. 3 Main international shared aquifers in North Africa. 1: Errachidia Basin, 2: North-Western
Sahara Aquifer System, 3: Tindouf Aquifer, 4: Nubian Sandstone Aquifer System, 5: Mourzouk-
Djado Basin, 6: Taoudeeni Basin. After [International Groundwater Resources Assessment Centre
(IGRAC), 2012]
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1 mm depth depletion of an equivalent layer of water over the total horizontal extent
of these aquifer systems.

North Africa also has a small aquifer system called Murzuq Basin. This aquifer
is located mainly in the southwest part of Libya, with small parts in Algeria, Chad,
and Niger. It covers an area of 450,000 km2 and contains an estimated 4,800 km3 of
exploitable groundwater.

Data on non-renewable water sources in the region are often limited and, in
some cases, ignored, due to the incomplete information provided by national water
authorities. This results in unreliable estimates, especially where these resources are
treated as an unrestricted resource and users behave in an individually competitive
manner. Libya is a remarkable example: the mining extraction consumes 90% of its
groundwater supply.

Mazzoni et al. (2018) have developed a model to quantify and forecast water
deficits and depletion in the main exploitable fossil aquifers in North Africa under
different climatic and socioeconomic scenarios from2016 to 2050. Their results show
that Egypt and Libya will experience, in the upcoming few decades, severe water
deficits of about 45% and 90% of their current water budget in 2050, respectively,
and may reach a total depletion level in 200–350 years under the currently extraction
rates.

3 International Shared River Basins

This section covers transboundary water resources, including international river and
aquifer basins shared by the countries of the North African region. It explores the
impacts of climate variability through changes in precipitation and temperature of
the Nile, which is considered the main African river basin.

3.1 Assessment of Transboundary River Basins

North Africa has a number of transboundary rivers, lakes, and groundwater systems,
as well as in-country basins that traverse different administrative jurisdictions. The
major shared river basins in the region are the Senegal River Basin; Medjerda River
Basin; Tafna, Oued Ben Naima, Guir, Doura, and Dra basins; and the Nile River
Basin (Fig. 4).

The Nile is the longest river in Africa (6,700 km), shared by eleven coun-
tries covering an area of 8.9 km2, of which 35% contributes to the Nile Basin,
sustaining life for 20% of Africa’s population (The Nile Basin Initiative (NBI)
2017). The NBI is the coordination platform shared by the Nile riparian coun-
tries since 1999. The basin is divided generally into two systems: the Blue Nile
(87% of the basin area), which includes four sub-basins (Blue/Abbay, Atbra/Tekeze,
Sobat/Baro/Akobo, and Main Nile) whose total seasonal runoffs contribute almost
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Fig. 4 International shared river basins crossing the region countries borders. Source PNUD (2016)

85% of Nile River flows. The Equatorial System, which originates in the Equatorial
Lake Plateau, has six sub-basins (Lake Victoria, Victoria-Nile, Lake Albert, Bahar
Eljebel, Bahr Alghazal, andWhite Nile). The Equatorial System contains the world’s
second-largest wetland/Sudd, where the White Nile River loses 57% of its flows by
evaporation before joining the Blue Nile in Khartoum (Sudan), forming the main
Nile River that flows North to meet the Mediterranean Sea in Alexandria (Egypt)
(NBI 2017).

3.2 Climate Change Impacts on the Nile River

The 2008 independent report of Blackmore andWhittington (2008) stresses that any
decision pertinent to Nile water has profound effects on poverty, development, and
security in the region. This demands a cooperative framework to manage prevailing
water scarcity conditions. Passive decisions and pathways that occur as a result of
climate change would likely have profoundly detrimental impacts on the region and
will drive water management. Water supply and demand in a changing climate will
be a critical concern for assuring long-term sustainability in the region.

The Nile River traverses substantially different climatic zones and ecosystems,
ranging from super-humid to desert. Annual rainfall shows a gradual increase in
the North-South direction with the mean for the basin of 571 mm, peaking in July–
August with a variation coefficient of 86% during the period 1901–2015. Spatially,
the equatorial basins are receiving almost 67% of the annual rainfall of the whole
basin. Furthermore, downstream countries (Sudan and Egypt) are the driest parts in
the region and rely heavily on the transboundary-generated runoff.
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Fig. 5 Monthly anomalies in median temperature and rainfall by the year 2099, relative to 1986–
2005, the Nile Basin

The Nile Basin has been subjected to frequent wet-dry cycles for thousands
of years. Projected climate change impacts on the basin’s rainfall vary in spatio-
temporal patterns. Figure 5 presents temperature and rainfall projections from 35
Global Climate Models (GCMs), downloaded from the World Bank Climate Portal
under unmitigated scenario conditions, the RCP 8.5. Wetter conditions are being
projected by the year 2099 (an increase of 57 mm in the basin’s annual median rain-
fall), accounting for an increase in monthly rainfalls, with the exception of May and
June. This is coupled, however, with a substantial increase of 4.2 °C in temperature,
suggesting an increase of 13.6mm in rainfall per 1 °C increase in temperature. Conse-
quently, total rainwater volume of 1,413 km3/year for a basin area of 3,173,324 km2

is projected. This is 9% lower than the current volume documented in Nile-based
studies (1600–2000 km3/year), attributed to differences in time windows considered
and in delineated areas of sub-basins.

The climatic changes in rainfall and temperature have impacted Evapotranspi-
ration (ET), the second-largest hydrological flow (Bastiaanssen et al. 2014), only
marginally. Current basin-wide actual ET is estimated at 1800–2000 km3/year (Basti-
aanssen et al. 2014; FAO 2011; Kirby et al. 2010). The study of Alemu et al. (2015)
states a significant positive relationship (P < 0.05) between ET and rainfall for 65%of
the basin, showing contradicted trends in ET. Analysis of simple linear temperature-
ET and rainfall-ET relationships based on monthly datasets results in a total ET
volume of 2,337 and 2,215 km3/year, respectively, for the basin area, compared to a
baseline of 2,013 km3/year, an increase of 16 and 10%, assuming no change in current
land uses. As a drought adaptation measure, however, the irrigated area in the eastern
Nile Basin is projected to increase by 3.8 million ha with crop water requirements of
49 km3/year, which is almost equal to the total Blue Nile annual flow (Beyene et al.
2009). Thus, better water use efficiency is urgently required. Generally, the runoff
corresponds to changes in ET and rainfall. Hagemann et al. (2011) indicated that
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a bias-corrected projection of increased rainfall is associated with increased ET in
the Nile Basin, and estimate the current climatology runoff (rainfall-ET) during the
period 1961–1990 at 155 km3/year for a basin area of 3,173,324 km2 compared to the
current Nile flows of 84 km3/year measured at the High Aswan Dam (Egypt). Using
the same approach with unbiased corrected data sets, the projected wide-basin runoff
is estimated to be 83 km3/year by the year 2099 (a 24% decrease relative to the base-
line) with nil contribution from the Main Nile, White Nile, and the Bahr Eljebel and
Bahr Alghazal sub-basins. In contrast, the Blue Nile sub-basin provides the highest
contribution, up by nearly 67%, followed byLakeVictoria (15%). Thus, the increased
ETwould outweigh the increased rainfall. Regionalization of climate change impacts
on the hydrology of the Nile Basin requires sophisticated bias-corrected and obser-
vational datasets, which may change the projected runoff signal. The availability of
observational datasets is a real challenge considering the limited number of gauge
stations and the lack of regional data sharing measurement protocols so far. Never-
theless, the statistical bias correction approach could be successful (Nawaz et al.
2010).

4 Non-conventional Water Sources

This section provides an overview of water resource quality and its vulnerability to
climate change. It highlights current and future trends of the (re)use of unconventional
water resources, including desalinated water and wastewater.

4.1 Desalinated Water

Desalination of seawater and brackish water can be used to meet the increasing
demand for freshwater. Prospects for desalination vary greatly among the North
African countries, depending on their incomes and water scarcity. Algeria and Libya,
with high availability and low costs of energy, are likely to be the main drivers for
future seawater desalination. Current information indicates that desalination capacity
in the region is about 6.8 106 m3/day, largely contributed by Algeria at a rate of about
2.8 106 m3/day. For the time being, Morocco and Egypt have sufficient conven-
tional water resources to satisfy most municipal needs. However, desalination tends
to be necessary for coping with serious shortages in some coastal areas, such as
the Egyptian Red Sea coast and Southern Morocco, with production capacities of
1.995 and 0.568million3/day, respectively. Tunisia, with its limited energy and water
resources, has considered desalination to be a tool to bridge the gap between water
supply and demand within an integrated water resource management framework,
rather than a solution to solve water scarcity in the country. The capacity of desalina-
tion is estimated to be 200,000 m3/day. Figure 6 shows the distribution of the overall
desalination capacity among countries of the region.
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Fig. 6 Desalination
capacities per country.
Source GWI (2017)
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Desalination plants present particular vulnerability to climate impacts. Over the
expected lifetime of desalination facilities, generally located on the coast, sea levels
could rise significantly,which affects desalination plant design and operation (Cooley
et al. 2006). Notwithstanding this reality, consideration of the innovative design
necessary to adapt to climate change is rarely discussed before permission is granted
for plant construction. Major studies have reported that the energy requirements
of desalination that is powered by fossil fuels contribute to the increase of green-
house gas emissions and climate change. Moreover, using water desalination plants
introduces serious environmental risks, including an increased threat to sea life and
disruption of the ecosystem.

Desalination plants could be made more energy-efficient and powered by renew-
able energies. There are several examples of desalination plants using renewable
systems to provide heat or electrical energy. Most of them are demonstration plants
with a capacity of less than 50 m3/day (Chaibi 2000). One of the largest renewable
energy-driven desalination plants is currently under construction in Morocco. This
plant is designed for drinking and irrigation with a capacity of 275,000 m3/day, with
the potential for capacity expansion of up to 450,000 m3/day.

In many parts of the region, alternative water sources could be provided to
meet future water needs at lower economic and environmental cost than desalination.
These alternatives include optimization of existing water supplies by adopting water
conservation and efficiency, and implementation of inter-basin water transfer.

4.2 Wastewater and Reuse

Wastewater management is one of the pillars of the “Integrated Water Resources
Management” (IWRM) concept promoted by Target 6.5.1 of SDG 6 (Sustainable
Water and Sanitation); in order to succeed, wastewater reuse must be integrated into
water strategies and be included in each country’s water budget (League of the Arab
States 2019). Within this framework, wastewater treatment, water recycling, and
demand management measures have to be introduced to overcome the challenges
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of inadequate supply (UN Water 2008). By 2020, 50% of countries in the region
are expected to be applying Best Available Technologies (BAT) and Best Environ-
mental Practices (BEP) in non-conventional water projects and have national systems
to integrate water reuse in their national IWRM plans. A regional program will be
implemented by 2020 to increase the technological awareness on water reuse in
the North Africa Region as a whole. However, the feasibility of wastewater reuse
depends on the development of local capacity for making the required technology
affordable and environmentally friendly (League of the Arab States 2019). There is
the danger that climate change will introduce adverse impacts on water reclamation,
either directly (by compromising technological performance) or indirectly (by inter-
fering with management and operation activities), posing a threat to the wastewater
reclamation industry. The impact of temperature, rainfall and SLR, greenhouse gases
(carbon dioxide and methane formed from the anaerobic decomposition of organic
matter and nitrous oxide from the nitrification and denitrification processes) are not
new, having been discussed in numerous studies worldwide. Wastewater generally
has a buffer capacity to tolerate slight fluctuations of temperature, but temperatures
outside of the optimal range can affect biological processes, especially nitrifying
bacteria (Vo et al. 2014). Warm temperatures in particular may create conditions
conducive to corrosion of raw wastewater pipelines, by forming hydrogen sulfide,
which may increase fermentation of solids in sludge thickeners, which causes odor
issues. Regarding rainfall, heavy rain can affect the performance of wastewater treat-
ment processes by increasing the pollutant concentrations, suspended materials, and
sediments at the beginning of the storm event (Vo et al. 2014).

In general, Northern African countries have evolved very differently and at a
different pace in developing their water sector. Even though some countries have
established or are establishing water plans (policies, master plans, and strategies),
they are still struggling to implement awater policy that integrates reuse in the IWRM
strategy. Apart from Egypt and Tunisia that are the most advanced in this process,
few countries in the region have been able to implement substantial wastewater
treatment and reuse programs (Jagannathan et al. 2009). Tunisia has made steps
toward integrating wastewater reuse in its water management strategy since the early
1990s, and Egypt adopted a national plan that incorporates integratedwater resources
management.Algeria has started to integrate reuse in itswater policy,while for Libya,
there is no indication that wastewater reuse is fully integrated into its water policy.
The least advanced country is Mauritania (AWC/UNDP/CEDARE 2005) because of
a lack of data on water policy as a whole. In general, the reasons for poor strategy
development and implementation are political, institutional, financial, and technical.

Tunisia has shifted from water resource mobilization to a water demand
management-based strategy through the introduction of incentives, such as pricing
and financing, in addition to technical, legal, and institutional measures (Ben
Abdallah 2003). In Tunisia, the reuse of reclaimed water has been an integral part
of the National Water Resources Strategy since the 1990s, after the severe drought
there in 1989. In the early 2000s, a National Strategy for Wastewater Reuse was
developed to promote reuse for agricultural irrigation and other outlets. In 2018, the
country had 119 treatment plants producing mainly secondary biologically treated
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effluents (Gharbi 2012). It is estimated that for the sanitation sector, greenhouse gas
emissions from the production and management of wastewater and sludge contribute
about 84% of the methane, while 16% is due to energy consumption related to sani-
tation services. Moreover, it is estimated that 0.79 million tCO2 will be emitted
by the sanitation sector in 2020 and 0.94 million tCO2 are expected for the year
2030. Tunisia is planning to stabilize greenhouse gas by 2050. These measures are
included under the program, “Nationally Appropriate Mitigation Action” (NAMA),
supported by Germany (Fadhel 2017). Of the existing 119 wastewater treatment
plants (WWTPs), only 30 WWTPs are supplying 31 irrigated areas with water for
agricultural reuse. Taking into account the rate of intensification, the percentage of
reuse for agricultural irrigation and municipal purposes (golf and garden irrigation)
is around 9%, while the five-year National Development Plan (2016–2020) targeted
a rate of reuse of 50%. Today, about 8100 ha of fruit trees and fodder crops, and
1490 ha of landscape (1040 ha of golf course and 450 ha of green areas) are irrigated
by secondarily treated effluent (Gharbi 2012). The regulatory framework and the
Tunisian National Quality Standards (NT 106.03) were set in 1989, and may also
have to be revised to account for actual use. In the meantime, a decree was passed
in 2018 with more relaxed standards related to the discharge of effluents in water
bodies.

In addition to agricultural reuse, aquifer recharge using reclaimed water is being
adopted to replenish depleted aquifers and to counterbalance the decline in ground-
water level caused by over-pumping, especially in the coastal areas. Over-pumping
is expected to increase in the coming years due to climate change. Because of the
uneven distribution of rainfall over time and the increasing trend of extreme events,
there are seasonal excesses of surface water. The availability of treated effluents on
the supply side, including Managed Aquifer Recharge (MAR), can protect, prolong,
sustain, or augment groundwater supplies. As one of a suite of IWRM strategies,
this expands local water resources, reduces evaporation loss, and helps to replenish
depleted aquifers (Dillon et al. 2014).

In 2018, a National Action Plan on reuse was launched within the Water Part-
nership Program, supported by the World Bank, to promote reuse as an integral
part of water resource management in Tunisia (SCP 2017). The plan was developed
because the country has undergone several extreme events,, i.e., drought and flash
floods, between 2016 and 2018, resulting in considerable damage to the agricultural
sector and infrastructure. Indeed, the 30 main dams in the country were filled to
only 28% of capacity in November 2017, and 32% in November 2018. This water
shortage has forced the government to restrict use of irrigation water and growing
certain crops that require high water consumption (ONAGRI 2018).

Egypt has progressed in integrating wastewater reuse in its water policy. Since
the Nile provides Egypt with 97% of its agricultural irrigation requirements, a huge
amount of drainage water coming from agriculture is considered to be wastewater
and is reused indirectly by mixing it with treated and untreated domestic wastewater,
as well as with industrial effluents disposed in agricultural drainage canals (Abdel
Wahaab and Omar 2011). However, the Nile Basin is already forecast to undergo
wetter conditions and an increase of up to 4.2 °C in temperature by 2099. As of 2011,
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wastewater produced was about 7 billion m3, of which 3.7 billion m3 was untreated,
2.4 billion m3 was secondarily treated, 0.9 billion m3 was primarily treated and only
0.068 billion m3 was tertiarily treated. Of 3.368 billion m3 of treated wastewater,
only 0.271 billionm3 was reused directly for agriculture, while the remaining amount
was disposed into the drainage network. 2011 is considered to be the baseline for
developing a strategic future vision. Under this strategy, 5.82 billion m3 will be
used directly in agricultural expansion areas, while 5.53 billion m3 will be disposed
into drains. About 0.6 million ha will be reclaimed for cultivation, according to the
2030 Sustainable Agriculture Strategy, with a total average annual water requirement
of about 5.42 billion m3. Based on this vision, the secondarily treated wastewater
produced in 2030 will satisfy water requirements. The Strategic Vision estimates an
additional 0.61 million ha available to reclaim based on the remaining potential of
secondarily treated wastewater of 0.4 billion m3 from desert front governorates and
5.53 billion m3 from delta governorates at an estimated water requirement of about
9800 m3/ha/year (Abu Zeid and Elrawady 2012).

Currently, Egypt has 400WWTPs, producing more than 10.67 billion m3 of efflu-
ents (WWHC 2018). About 40% of sewage water produced is not treated, because
its reuse is of concern (Qadir et al. 2009). Unofficial wastewater reuse is signif-
icant and uncontrolled by the government and poses threats to human health and
the environment. Indeed, only 56% of the urban population is connected to sewage
systems (WWHC 2018), and a significant volume of wastewater enters directly into
water bodies without any treatment. Reuse of treated wastewater is limited to govern-
ment schemes to irrigate forests and establish a green belt around the capital (ATH
Group 2009). The Egyptian Code for the Use of Treated Wastewater in Agriculture
(501/2005) regulates the direct use of wastewater, but not its discharge into drains
(Abdel Wahaab and Omar 2011). The Ministry of Agriculture and Land Reclama-
tion has implemented reform that encourages reuse for woodlands. About 1,000
acres have been irrigated in Luxor, Qena, New Valley, Edfu, Ismailia, Sadat City,
and South Sinai (Zimmo and Imseih 2010). In addition to forest areas, several crops
are irrigated using reusedwater, including sunflower, jatropha, and casuarinas (Abdel
Wahaab and Omar 2011).

In Morocco, the baseline scenario shows that most basins will experience a water
deficit by 2030. In the past and through the present day, the lack ofwater resources and
the increasing demand of food production has constrained a large part of the popu-
lation to use raw reclaimed water for irrigation, sometimes mixed with water from
wadis, but rarely properly treated. Hence, the use of raw wastewater for agricultural
irrigation is a common practice (Zimmo and Imseih 2010). However, the practice
started regressing after the establishment of the National Programme for Sanita-
tion and Wastewater Treatment (PNAL) in 2006. PNAL has substantially raised the
number of wastewater treatment plants from 18 in 2005 to 117 in 2016. The majority
(74%) of theseWWTPs are operating an extensive process based on natural stabiliza-
tion ponds. Today, 50% and 37%of the effluents are secondarily and tertiarily treated,
respectively. The waste sector as a whole contributes around 0.05% of greenhouse
gas emissions and output has increased by 2% between 1990 and 2012.
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Most of thewastewater produced by inland towns is used to irrigate about 7,235 ha
of crops after insufficient or even no treatment. There exist about 70 irrigated areas,
located mainly in Marrakech (2000 ha), Meknes (1400 ha), and Oujda (1175 ha).
Some pilot projects were launched in Fez, Al Attaouia, and Drarga, which include
construction of innovative wastewater treatment plants (UN Water 2008). In 2017,
45% of the produced effluents were collected and treated (compared to 8% in 2005)
and 60% of effluents were discharged into the sea, while the rest went to other water
bodies (DRPE 2017).

About 70millionm3of rawwastewater has beenused every year to irrigate fodders,
cereals, and fruit trees. Irrigated lands are usually located at downstream effluent
discharge points, around treatment plants. Irrigation of vegetables is forbidden in
principle, but the ban is generally not respected (Chouk-Aallah and Hamdy 2005).
Recent research studies have contributed to improving the reuse for various purposes.
A total of 47.6 million m3 of treated effluents are planned for golf courses (52%),
agricultural irrigation (25%), and industrial use (15%) (DRPE 2017). In 2016, about
550 million m3 of effluents were produced. This figure is expected to reach more
than 600 million m3 in 2020 and about 740 million m3 in 2030. The potential volume
available for reuse by 2030 is estimated at 325 million m3, with a majority in the
Souss Massa and Sebou watersheds and a target rate of reuse of 90% (DRPE 2017).

In Algeria, treated wastewater represents a promising alternative water resource
that can be used to irrigate water shortage areas and replenish aquifers in regions
where groundwater is overexploited. In 1985, 660 million m3 were discharged
because of deficient sanitary services and the low rate of connection to the sewer
system. In 2007, only 48%of the populationwas connected to urbanwastewater treat-
ment plants. Consistent with these deficiencies, the four priority population types for
the construction ofWWTPs are (i) communities ofmore than 100,000 inhabitants; (ii)
those situated upstream of dams already existing or in construction (iii) cities along
the coast; and (iv) agglomerations of fewer than 10,000 inhabitants. In 2009, about
86% of the urban population had access to sanitation. A program was implemented
to rehabilitate the sewage network in 12 cities, construct 44 sewage treatment plants,
and build 42 stabilization ponds to reach a treatment capacity of 1.2 billion m3/year
by 2020 (Raouan Hacen et al. 2011). As of 2016, 136 WWTPs with a capacity of
1.4 million m3/day were producing 207 million m3 per year of treated effluents per
year (Khachaba 2017), compared to 700 million m3 per year of wastewater treated
in 2011 (ONA 2012). Natural and aerated ponds are the main treatment processes
in place with 70 WWTPs, in addition to activated sludge (63 WWTPs) (Khachaba
2017). The waste sector accounts for 10% of greenhouse emissions in Algeria.

The rate of reuse of treated wastewater in Algeria is still very low, with only 3.2%
of the produced effluents reused (Guardiola-Claramonte et al. 2012). The situation
in Algeria is a challenging one, although the National Plan forWater 2005 provides a
good foundation for the implementation of IntegratedWater ResourcesManagement
(AWC/UNDP/CEDARE 2005). The reuse of treated wastewater was abandoned for
a long time in some regions, because of malfunctioning wastewater treatment plants.
With the restoration of the old treatment plants and the construction of new plants,
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several irrigation projects using treated wastewater are being studied or already real-
ized. Currently, the treated effluents of 18WWTPs, corresponding to a volume of 21
millionm3, are used for the irrigation of 11,212 ha of agricultural land. The Sanitation
Utility (ONA) has put in place strategies to monitor wastewater quality produced by
treatment plants and is planning to upgrade some of them with tertiary treatment in
order to allow non-restrictive reuse with minimum risk to human health (Khachaba
2017). Two projects are underway: (i) Hennaya in Tlemcen, with an irrigated area
of 912 ha of fruit trees and fodders; and (ii) Boumerdès, with 125 ha of fruit trees.
The current program projects that 150 to 216 plants will be functioning in 2020, with
a capacity of 1200 million m3/year of clear water. 100,000 ha are expected to be
irrigated from these new sources.

In Libya, wastewater barely represents 1% of total water resources (Abu Zeid and
Elrawady 2012). From the 1970s until the 1990s, the availability of treatment capacity
trended up to 484,735 m3/day in 1985. In the period 1965–1995, 25 treatment plants
were constructed. However, only three were operating effectively, which resulted in
a large gap between the designed and the actual capacity of treatment (Wheida and
Verhoeven 2005). In general, wastewater is discharged partially treated or untreated
into the environment. Data on the quality of the produced and discharged wastewater
are not available due to a lack of trained people and facilities (Wheida and Verhoeven
2005) to produce this information. In 1999, a volume of 546millionm3 ofwastewater
was produced and only 40 million m3 was treated and reused (Femia and Werrell
2013). Tripoli and Benghazi used to be the main areas of reuse of reclaimed water
with 6000 ha, where its application was limited to irrigated crops, fruit trees, and
animal fodder (Wheida and Verhoeven 2005).

In the 1990s, many of the wastewater treatment plants ceased functioning because
of lack of maintenance, especially in big cities like Benghazi and Tripoli. In other
regions, the lack of a sewage network and the poor access of the population to good
sanitation has resulted in the discharge of urban sewage water directly into the envi-
ronment, including by large industries. Similarly, small industry with unregulated
discharge has caused environmental problems (DGEnvironment European Commis-
sion 2006). In some big cities like Tripoli, runoff is not collected, finding its way to
the sea with a heavy load of pollutants, according to the National Water Resources
Management Strategy, a five-year national program launched in 2004 to enable all
Libyan cities to connect to the sewer network. However, in North African countries,
political unrest has limited the availability of updated data on the sector.

For Mauritania, one of the drought effects is the lack of clean water for tens
of thousands of rural people, with associated health problems. Very few data are
available on wastewater collection, treatment, and reuse for irrigation. In 1999, 1
millionm3 ofwastewaterwas collected and treated, but not reused.A single treatment
plant was operating with a capacity of 2000 m3/day (ECA Office for North Africa
2005). About 65% of the population had no access to sanitation (Abu Zeid and
Elrawady 2012) with no clean water in rural areas, unsurprisingly the source of
significant health problems (African Development Bank 2012). In 2007, only 38% of
the population had access to sanitation, with the greatest severity in rural areas. With
assistance by international programs,Mauritania planned to rehabilitate its treatment
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plants. In 2010, 21.8% of the population had access to improved sanitation (African
Development Bank 2015). Recently, Mauritania was encouraged to implement an
IWRM, including projects to improve access to water and sanitation.

5 Water Resource Quality

In North African countries, irrigated agriculture was developed to counterbalance
the complete reliance of food and non-food crop production on rainfall, which
has become increasingly variable across time (distribution across seasons), space
(geographic distribution), and amount (quantity and intensity). Water quality is also
a crucial factor in irrigated agricultural production and food security. A decline in
water quality may even threaten the political stability of the region, especially where
numerous countries share the resource, which is the case in the southern part of North
Africa.

Within a country, there are conflicting interests between economic development
and climate change agendas. Hence, the effects of climate change are aggravating
existing quantitative and qualitative pressures on water resources. Consequently, the
availability of surface and groundwater are expected to decline with a direct effect
on water allocation and the environment. A drop in available water quantity can be
driven by both the degradation of the water quality, making insufficient the available
amounts of water resources suitable for a given use, and the environmental and health
risks to humans and the ecosystem.

Water resource quality in North Africa is largely affected by multiple sources
of pollution that can be either natural or anthropogenic; the latter is mainly caused
by domestic and economic activity like industry, urbanization, tourism, and agri-
culture. Since anthropogenic causes are predominant, they result in a wide range of
environmental and health impacts across the region. Point and non-point sources of
pollution releasing physical (organic matter, suspended matter), chemical (nutrients,
heavy metals, emerging pollutants), and biological (microorganisms) contaminants
are widespread.

One of themost importantwater quality parameters regularlymonitored is salinity.
It reflects on the load of mineral species in the water. Any increase in salinity and/or
change in the composition of salts may have negative impacts on the sustainability
of a water resource and activities that depend on them, including domestic uses.

The economies of North African countries rely on the agricultural sector, which
consumes about 80% of the countries’ water resources. The expansion of irrigated
agricultural land and the use of traditional irrigation techniques, e.g., surface irriga-
tion, is inevitably leading to the use of large amounts of irrigation water and the loss
of large amounts by both runoff and drainage.

Climate change can substantially affect the regenerative capacity of the environ-
ment, which reduces water quality. The lack of surface water due to severe drought
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and high evaporation increases reliance on groundwater resources. However, ground-
water resources will be diminished to satisfy agricultural water demand. Saliniza-
tion of irrigation water, estuaries, and freshwater systems, and seawater intrusion in
coastal aquifers, could threaten the sustainability of urban and agricultural activity
due to the substantial reduction of freshwater availability. Shallow aquifers are
substantially affected by salinity, leading to agricultural soil salinization and loss
of fertility, which will reduce the amount of land that is suitable for cultivation, and
loss of land in the long term. In Algeria, the salinity of surface waters can reach
up to 1.5 g/L, but in general is around 1 g/L. Groundwater is generally non-saline
worldwide, but it can reach up to 8 g/L. In Tunisia, around 60% of water resources
are located in the North, of which about 70% has salinity below 1.5 g/L. More than
80% of groundwater has salinity exceeding 1.5 g/L, with 30% of the shallow aquifers
with salinity higher than 4 g/L. Groundwater, especially the aquifers located in the
Southern part of the country, has shown an excess of sulfates and chlorides due
to rock weathering (MARHP 2017). Water resources in the South of the country
are composed mainly of three deep transboundary aquifers. The terminal complex
aquifer is depleting from intensive exploitation of groundwater; salinity varies from
1.5 g/L in Nefzaoua to 4 g/L on the peninsula of Kebili. The intercalary continental
aquifer has salinity that varies from 2.5 to 3 g/L at the Chott Fedjej to 5 g/L at El
Borma, while the Djeffara aquifer has salinity between 3 and 8 g/L (CEDARE 2014).
Therefore, salinity represents the main hurdle to a number of economic activities and
even to the supply of potable water. Climate change is forecast to affect the quality of
these resources, especially in the South. This has led the government to build desali-
nation treatment plants to assure sufficient water supply (CEDARE 2014; MARHP
2017).

Apart from salinity, there are multiple water quality parameters that are moni-
tored on a regular basis. The largest surface water area in the North African region
is the Nile River in Egypt. It used to be a freshwater river, with less than 0.5 mg/L
of salinity (Elnazer et al. 2018). Now, it is under great anthropogenic pressure. The
major sources of water pollution to the Nile are the discharge of untreated or partially
treated wastewater, including industrial and domestic effluents, and the release of
drainage water from agriculture, leaching pesticides and nutrients. Water quality
degradation has become of serious concern. Many factors contribute to this pollutant
load, including flow, population density associated with the low rate of connection to
sanitation systems (illegal construction with leaking pipes), industrial activity, and
social and economic conditions. Microbiological pollutants are frequently detected
in some drains and discharge into the Nile as raw effluents that usually find their
way into agricultural drains (Dahshan et al. 2016; Abdel-Satar et al. 2017). Several
studies highlight the variability of water quality of the Nile River. Relatively good
water quality is found in the upstream part at Dakahlia Governorate, while in the
Damietta Governorate, various sources of pollution are observed, including domestic
wastewater, industrial discharge, agricultural runoff, and drainage water (Badr et al.
2016). In Alexandria and Behiera governorates, Mahmoudia canal receives water
from the Rosetta branch, which in turn receives domestic and agricultural waste
from the Zarcon Drain and other non-point sources. In that area, the situation has
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become problematic since potable water is supplied by the Mahmoudia canal. Water
quality analysis shows that ammonia concentrations exceed permissible limits.More-
over, the Chemical Oxygen Demand (COD) and the Biochemical Oxygen Demand
(BOD) exceed national standards, making them unsuitable for drinking water and
also for irrigation and fisheries (Abdullah and Hussona 2014). According to WHO,
Egypt has one of the highest rates of death related to water pollution, because 95.5%
of Egypt’s population drinks improperly treated water due to poor sanitation and
widespread pollution. Contamination with cyanides represents a threat to human
health in Assiut (Hassan and Farghali 2018). Water quality has also deteriorated
downstream of El-Salam Canal (one of the largest agricultural canals) due to the
polluted water discharged from canal feeders (e.g., the El-Serw and Bahr Hadous
drains) (Assar et al. 2019). Studies on water quality from Qena to Sohag districts
showhigh concentrations of Pb and to some extent Cd, Cr, As, Cd, Cr, and Pb,making
the water unsuitable for drinking. However, it is likely still suitable for irrigation,
despite high concentrations of As and Cr (Alnazer et al. 2018). Agricultural drainage
water represents the largest amount of wastewater in Egypt flowing into the Nile
River: 4.9% of total water resources. Drainage water and wastewater of domestic,
industrial, and commercial activities mix in the agricultural drains and are reused for
irrigation (Abdel Wahaab and Omar 2011), which represent a threat to consumers of
the resulting crops.

In Morocco, the overall quality of the river basin water shows that almost 50% of
surface and groundwater resources are of fairly good to excellent quality. Therefore,
protection of water quality is a government priority. Morocco started experiencing
quality degradation of its surface and groundwater resources in the early 1990s.
The discharge of domestic and industrial wastewater and the widespread use and
release of fertilizers and pesticides in agriculture contributes tremendously to the
pollution of available water sources in the country. At the same time, the population
of Morocco increased three-fold in 50 years, with noticeable rural flight, giving rise
to slums on the borders of urban areas. These populations, with no access to clean
water and sanitation, are exposed to waterborne a disease which affects about 30% of
the population with gastrointestinal infections, malaria, and typhoid. A recent report
of the World Bank and the Institute of Health (2018) highlights that Algeria is one of
the world’s most polluted countries, at the same level as Mexico, China, and India,
resulting in a high rate of mortality. A cholera outbreak in 2018 was caused by the
consumption of polluted water from Sidi Kabir Wadi in Tipaza. The Kebir River was
adversely affected by pollutants and discharge of effluents without any treatment.
Chemical and physical degradation were caused by agricultural and industrial activi-
ties; the lack of sanitation was a major polluter (Amamra and Khanchoul 2019). The
evaluation of surface water quality along the Mencha River shows contamination
by domestic sewage water from drains of local suburbs. Leakage from septic tanks
is evident by the presence of fecal contamination registered by several monitoring
stations, with an increasing pollution trend along the river downstream (Krika and
Krika 2017). In Southern Algeria, the quality of water resources is poor, with high
salinity and excessive fluoride concentrations. Meanwhile, groundwater resources in
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the Sahara and in particular in the Northern part of the country are highly mineral-
ized and often of poor quality, thus requiring membrane filtration (nano and reverse
osmosis) to supply the large majority of the population of the Sahara (Ramdani et al.
2012).Moreover, several aquifers located in the nearby urban centers are shown to be
contaminated by the infiltration of contaminated surface water. This is the case in the
El-Hadjar (Annaba) aquifer in the Northern part of the country, which is vulnerable
to pollution from two wadis: Seybouse and Meboudja (Chaoui et al. 2015).

Owing to its location between Algeria and Libya, Tunisia shares surface and
groundwater resources with its neighboring countries. Among these are Medjerda
Stream in theNorth anddeep aquifers in theSouth. Serious drought observed in recent
years has threatened to damage the sensors of the monitoring network installed in
the Medjerda stream and its watershed. The latter is undergoing great pollution pres-
sure by the urban and agro-food industries that may impact water resources, soil,
and biodiversity. Yearly, around 37 million m3 of urban and industrial effluents are
discharged in the whole watershed, corresponding to 60,000 tons of COD, 21,600
tons of DBO5 and 17,400 tons of suspendedmatter. In addition, significant quantities
of chemicals comprising fertilizers, pesticides, and heavymetals are released through
runoff and drainage. Significant contamination of shallow groundwater with nitrates
was observed in agricultural areas, more specifically in the Northern part of the
country. This non-point pollution of water resources is attributable to an absence of
outreach to farmers to assist them to better manage fertilizers. The situation is aggra-
vated by the release and application of manure and intensive livestock production
(MARHP 2017).

In Tunisia, recent analysis by the National Agency of Environmental Protection
(2017) provides evidence of the degradation of the quality of a number of water-
ways, not only from liquid discharge emanating from industrial units, but also from
dumping of solid waste. In recent years, studies have been launched to inform better
management of solid waste in rural areas in order to limit the impact on the envi-
ronment. Despite an increase in awareness of the pollution threat to the environ-
ment, lack of funding is a barrier to implementation of action plans. Water resource
quality monitoring is performed according to a program that includes surface water
(dams, streams, canals, lakes) and groundwater (shallow and deep) as well as treated
wastewater (MARHP2017). The revisionof national standards for discharge, initially
developed in 1989, was a major achievement in 2018.

Adaptation to climate changemeans ensuring adequate supply andquality ofwater
in the face of intensifying risks. One key element of adaptation is diversification of
watermanagement strategies,which is reliant onmultiplewater resources of different
qualities to serve various uses. Alternative water resources like the reuse of TWW for
irrigation or aquifer recharge and desalination of brackish water and seawater have
been adopted. Nevertheless, these solutions require a strong institutional, regulatory,
and technical foundation to be environmentally friendly and sustainable. In fact,water
policies in several countries of the region have advocated IWRM as the preferred
governance approach for existing resources (Sowers et al. 2011).
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6 Technical Solutions and Research Challenges

Adaptive technical measures and the resulting capacity of water resources is likely
to differ according to economic, social, and environmental conditions, as well as
availability and access to technology in all sectors and levels, from local to national.
In many cases, technology adoption is limited by inadequate financial resources and
knowledge.

Given these constraints, a wide range of ambitious programs and technical
measures have been initiated by regional governments to improve water supply and
management, including the improvement of water efficiency, and the control or real-
location of water consumption. These initiatives are the central ambition of many
development programs. They include mainly

• Maximizing available surface and renewable groundwater resources by building
large and hillside dams, and constructing and rehabilitating tubewells, particularly
in Tunisia, Algeria, and Morocco;

• Improving the water efficiency of rain-fed and irrigated agriculture to enhance
production and preserve water in all areas. This is an integral part of the approach
of almost all countries where the overall irrigation efficiency is usually less than
50%;

• Promoting and adopting modern irrigation projects, including creating small and
medium facilities, and extending, renovating, and modernizing existing ones;

• Developing and extending interregional water transfer networks among countries
such as Algeria, Morocco, and Tunisia, where water resources are not uniformly
distributed;

• Protecting water quality and access to safe water and adequate sanitation. This
is mainly a concern of the Mauritania government, which is still lagging far
behind other regional countries: only one-third of the population has access to
safe, drinkable water, and adequate sanitation;

• Increasing structures for water harvesting and groundwater recharge at large-,
medium-, and small-scale facilities across all countries;

• Improving irrigation efficiencies and use of efficient irrigation systems;
• Savingwater by reinforcing and improvingwater economy techniques for efficient

irrigation;
• Encouraging the adequate reuse of wastewater as an alternative water resource.

This practice has not been sufficiently adopted in almost any country due to
technical and socioeconomic constraints;

• Developing brackish and seawater desalination plants, particularly in Tunisia,
Egypt and Libya, where the total amount of domestic water is scarce and almost
fully exploited, and where the transfer from other regions is not economically
feasible. Algeria and Morocco, where resources are most vulnerable to climate
change, could face a serious problem of water quality; and

• Strengthening mechanisms to improve data and information availability as a tool
to guide planning, monitoring, and assessment of water resources, in particular
for joint management of international shared aquifers and river basins.
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Research and technology development in the water sector is considered key to the
sustainable development of the region. Even though there is considerable variation
in reporting of water research from country to country, the northern part of Africa
is generally considered to be in a better position than countries in Sub-Saharan
Africa to invest in research, technology, and innovation. These include infrastructure,
budgeting, and training. Surveys of watermanagement research in the region indicate
the status of individual countries as follows:

• Egypt.Because renewable water resources are supplied mainly by the Nile River,
and that source is almost fully exploited with the quality of available resources
progressively degrading, Egyptian research institutes have focused their interest
on research programs on integrated water management of river basins from
upstream to the coast for the sustainability of water resources along the river.
This includes drainage management and reuse of wastewater for irrigation and
water quality;

• Morocco has focused its research strategy mainly on the characterization and
conservation of water resources, economic water management, and geographical
information systems. However, momentum is growing for the need for conser-
vation on the demand side, improving efficiency of water use, rather than the
increase of supply. Particular attention is concentrated on the integration of water
quality and quantity, as well as collaborative problem solving;

• In Tunisia, a particular effort has been directed to the development of research
on water resource assessment and use of available water, management of water
resources mostly for the agriculture sector and the development of hydro-
agricultural models and cropping systems to optimize water resources. Research
on development ofmarginalwater use is also an important topic being investigated
by Tunisian research institutes;

• In Algeria, the main problems facing the water resource sector concern inade-
quate water management and poor waste management practices leading to water
pollution and desertification. The research strategy to which the Algerian govern-
ment has committed takes into account these aspects, and encourages the estab-
lishment of numerous ambitious research programs, including on water supply
management, recovery and production of water, and distribution;

• In Libya, research and higher education generally suffer from a lack of appro-
priate planning mechanisms and procedures. This has led to increasing depen-
dence on skilled foreign scientists in many fields, including water research and
management. Today, such planning is just starting to emerge, with very limited
water resource management and research, which is not sufficiently oriented to
resolving crucial problems facing the country. Nevertheless, there is focus on
some fundamental issues, including delivery of a sustainable supply ofwater to the
growing population, management of complex problems associated with sharing
the water supply with riparian countries and sustainable use and management of
groundwater and seawater intrusion problems, and



50 O. Mahjoub et al.

• In Mauritania, research is hindered by the lack of human resource management
and the absence of clear planning programs, as well as by insufficient mate-
rial resources which have produced very limited impact on water management.
Despite these constraints, the government has established that understanding the
economical use of water resources, and monitoring both the quality and quantity
of water, is a priority.

Water research institution networks and technology transfer have been success-
fully developed in the region. These networks involve mainly countries from both
sides of the Mediterranean, rather than within Africa.

Indeed, the need for sustainable water resource management constitutes a poten-
tially key opportunity for cooperation acrossAfrica to jointly lower the risk of conflict
within the region as a result of a more integrated and prosperous North Africa.

7 Conclusions and Recommendations

The northern part of the African continent as a whole suffers from serious water
scarcity. The six countries of North Africa are below the African average at
260 m3/cap/year. Five of the six countries are subject to a serious water deficit,
with water shares of less than 500 m3/cap/year. In the region, Egypt and Mauritania
are 95% dependent on transboundary water resources. Groundwater withdrawal very
often exceeds natural replenishment, resulting in a progressive decline of the aquifers
and in a deterioration of water quality.

Thewater situation inNorthAfrica is expected toworsen due to the growing needs
generated by population growth, urbanization, and the effects of climate change on
the availability and variability of water resources. Because of the increasing demands
of water use, in particular for agriculture estimated at an average of 80% of water
consumption, non-conventional water supplies have been developed progressively
to offer additional fit-for-purpose water.

Particular attention has been paid by regional governments to improve access to
water by focusing on water governance, and institutional and technical solutions. In
the last decade, all North African countries have taken up the challenge to improve
water resource management by adopting water policies through a master plan for
sustainable water resource management. These policies are different among coun-
tries, and the effectiveness of their implementation is dependent upon significant
commitment and cooperation among water sector partners.

High-level recommendations for water resource management and increasing
effectiveness of water use in the region are

• Making water-saving a key element of water policy, adopting modern irrigation
technologies and controlling and reducing unaccounted-for water;

• Introducing water conservation strategies and encouraging water harvesting by
returning to traditional, small-scale infrastructures and robust water and soil
conservation systems, especially in arid areas;
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• Sharing water resources in an equitable manner through transfers of water
among hydraulic basins and dams developed increasingly in Algeria, Tunisia,
and Morocco;

• Prioritizing the management of water demand rather than supply for optimization
of already mobilized water resources, and avoiding environmental pollution;

• Decentralizing water management responsibility through the creation of struc-
tures for local participative management of water resources. This approach has
demonstrated considerable advantages in, for example, Morocco and Tunisia;

• Engaging the private sector, currently adopted inMorocco and partly in Tunisia, in
building, operating, and maintaining water facilities. This implies strengthening
the role of government regulation;

• Applying incentives and sanctions to achieve and encourage conservation of
resources, including water pricing for the various sectors to include targeted
subsidies to low-income households;

• Reusing wastewater combined with artificial recharge as a framework to offer
alternate solutions in many countries. Desalination using efficient and environ-
mentally friendly renewable energies, coupledwith inexpensive desalination tech-
nologies, could be conducive to producing freshwater on both medium and small
scales. This solution is recommended for supplying more than 50% of the rural
population living in the region, and

• Promoting cooperation for sustainable management of transboundary water
resources and creating a framework of cooperation specific to the region. The
ongoing experience of Algeria, Libya, and Tunisia in coordinating management
of the North-Western Sahara Aquifer System—supported program implemented
by the Sahara and Sahelian Observatory (OSS) is considered a potential model to
improve and enhance communication among key stakeholders.

The countries of the North Africa region should play to their strengths, benefitting
from coordination and taking examples from successful, applicable experiences from
fields including building dams, and supplying drinking water supply and sanitation.
A framework must be created to create suitable cooperation in the region, taking
into account their common problems of water availability and quality in the region.
Strengthening education and training at all levels and advancing data collection and
sharing is also critical.

References

Abdel Wahaab R, Omar M (2011) Wastewater reuse in Egypt: opportunities and challenges (Part
II). Expert consultation on waste water management in the Arab word, Dubai-UAE, 22–24 May
2011

Abdel-Satar A, Ali M, Gohera M (2017) Indices of water quality and metal pollution of Nile River
Egypt. Egyp J Aqua Res 43:21–29

Abdullah A, Hussona S (2014) Water quality assessment of Mahmoudia canal in Northern West of
Egypt. J Poll Effects Control 2:121



52 O. Mahjoub et al.

Abu Zeid K, ElrawadyM (2012) 2ndArab state of water Report 2012,Water resources management
Program, CEDARE and Arab Water council, ISBN: 978 977 90 3806 3, ISSN: 2357 0318

African Development Bank (2012) Mauritania: results-based country strategy paper (RBCSP)
2011–2015. http://www.afdb.org/filea.-RBCSP%25202011-2015x.pdf. Accessed 10 Nov 2012

Alemu H et al (2015) Evapotranspiration in the Nile Basin: identifying dynamics and drivers,
2002–2011. Water. https://doi.org/10.3390/w7094914

Amamra A, Khanchoul K (2019) Water quality of the Kebir watershed, Northeast of Algeria. J
Clean Was 3:28–32

Arab Environment (2008) Future challenges, report of the Arab forum for environment and
development. In Mostapha K, Najib T, Saab W (eds.)

Assar W, Ibrahim MG, Mahmod W, Fujii M (2019) Assessing the agricultural drainage water with
water quality indices in the El-Salam Canal mega project Egypt. Water 11:1013

ATH Group (2009) MEDA countries (Egypt, Lebanon, Morocco, Syria and Tunis). Identification
and removal of bottlenecks for extended use of wastewater for irrigation or for other purposes,
RG/2008-01/FTF

AWC/UNDP/CEDARE (2005) Status of integrated water resources management (IWRM) plans in
the Arab region

Badr E, El-SonbatiM,NassefH (2016)Water quality assessment in theNileRiver,DamiettaBranch,
Egypt. Catrina 8:41–50

BakhbakhiM (2006) Nubian sandstone aquifer system. In: Foster S, Loucks D (eds) Non-renewable
groundwater resources: a guidebook on socially sustainablemanagement forwater-policymakers.
IHP-VI, Series on Groundwater No. 10. Paris/Reading (UNESCO/IAH, 2006), 75 p

BastiaanssenWG,Karimi P et al (2014) Earth observation based assessment of the water production
and water consumption of Nile basin agroecosystems. Remote Sens. https://doi.org/10.3390/rs6
1110306

Ben Abdallah S (2003) La réutilisation des eaux usées traitées en Tunisie. 1ère Partie. Point de
départ, conditions-cadres et stratégie politique d’eau (The reuse of treated watewater in Tunisia
(1st part). Starting point

Besbes M, Chahed J et al (2010) Book water and sustainability in Arid Regions: bridging the gap
between physical and social sciences, vol 7. In: Schneier-Madanes G, Courel MF (eds) Springer
Science+Business Media

Beyene T, Lettenmaier D, Kabat P (2009) Hydrologic impacts of climate change on the Nile River
basin: implications of the 2007 IPCC scenarios. Clim Change. https://doi.org/10.1007/s10584-
009-9693-0

Blackmore D, Whittington D (2008) Opportunities for cooperative water resources development
on the Eastern Nile: risks and rewards. An independent report of the scoping study team to the
Eastern Nile Council of Ministers, http://dalewhittington.web.unc.edu/files/2015/12/Blackmore-
Whittington-EN-Scoping-Study-Final-2009.pdf. Accessed 23 Nov 2017

CEDARE (2014). Tunisia water sector. Monitoring and evaluation rapid assessment report, Moni-
toring and evaluation for water in North Africa (MEWINA) project, water resources manage-
ment program, CEDARE. http://web.cedare.org/wp-content/uploads/2005/05/Tunisia-Water-Sec
tor-Monitoring-and-Evaluation-Rapid-Assessment-Report.pdf. Accessed 26 June 2019

Chaibi MT (2000) An overview of solar desalination for domestic and agriculture water needs in
remote arid areas. Desalination. https://doi.org/10.1016/S0011-9164(99)00197-6

Chaoui W, Attoui B, Benhamza M, Bouchami T, Alimi L (2015) Water quality of the plain of
El-Hadjar Wilaya of Aannaba (Northern Algeria). Energy Proc 74:1174–1181

Choukr-Allah R, Hamdy A (2005) Wastewater treatment and reuse as a potential water resource for
irrigation, Alger, Algeria, pp 101–124

Cooley H, Gleick P, Wolff G (2006) Desalination, with a grain of salt A California perspective.
In: Ian H (ed) Pacific Institute for Studies in Development, Environment and Security, pp 1–83.
www.pacinst.org

Dahshan H, Megahed A et al (2016) Monitoring of pesticides water pollution-The Egyptian River
Nile. J Environ Health Sci Eng 14:15

http://www.afdb.org/filea.-RBCSP%2525202011-2015x.pdf
https://doi.org/10.3390/w7094914
https://doi.org/10.3390/rs61110306
https://doi.org/10.1007/s10584-009-9693-0
http://dalewhittington.web.unc.edu/files/2015/12/Blackmore-Whittington-EN-Scoping-Study-Final-2009.pdf
http://web.cedare.org/wp-content/uploads/2005/05/Tunisia-Water-Sector-Monitoring-and-Evaluation-Rapid-Assessment-Report.pdf
https://doi.org/10.1016/S0011-9164(99)00197-6
http://www.pacinst.org


3 Water Resource Availability and Quality … 53

DGEnvironment European Commission (2006) Support to DG environment for development of the
Mediterranean depollution initiative “Horizon 2020.” Review of ongoing and completed activities

Dillon P, Escalante E, Tuinhof A (2014) Management of aquifer recharge and discharge processes
and aquifer storage equilibrium Ground-water Governance. Thematic Paper 4: a global frame-
work for action. Gef, World Bank, Unesco-IHP, FAO, IAH. http://www.groundwatergovernance.
org/fileadmin/user_upload/groundwatergovernance/docs/Thematic_papers/GWG_Thematic_
Paper_4.pdf Accessed 20 June 2015

DRPE (2017) Plan national de réutilisation des eaux usées. Secrétariat auprès du ministre de
l’équipement, du transport, de la logistique et de l’eau chargé de l’eau. Rapport final (National
plan for wastewater reuse. Secretariat of the ministry of equipment, transport and logistics in
charge of water. Final report

ECA Office for North Africa (2005) Water resources development in North Africa. Twentieth
meeting of the intergovemental committee of experts. Tangier, Morocco, pp 13–15

Elnazer A, Mostafa A et al (2018) Temporal and spatial evaluation of the River Nile water quality
between Qena and Sohag Cities Egypt. Bull Nat Res Centre 42:1–7

Fadhel I (2017) Tunisia’s strategy on climate change development in the energy
sector. http://www.environnement.gov.tn/PICC/wp-content/uploads/Imed-Fadhel-Tunisia%E2%
80%99s-Strategy-on-Climate-Change.pdf. Accessed Nov 2018

FAO (2011) Information products for Nile Basin Water Resources Management. http://www.fao.
org/3/a-i2615e.pdf. Accessed 12 Dec 2018

FAO (2016) AQUASTAT. http://www.fao.org/nr/water/aquastat/main/index.stm. Accessed 26 Nov
2018

Femia F, Werrell C (2013) Climate change before and after the arab awakening: The cases of Syria
and Libya. In: Werrell CE, Femia F (eds) The Arab spring and climate change. A climate and
security correlations series

Gharbi N (2012) Wastewater and reuse for agricultural purposes in Tunisia. In: Kick-off meeting
of the emerging pollutants in water and wastewater in Tunisia (EMPOWER-Tunisia) Project

Guardiola-Claramonte M, Sato T, Choukr-Allah R, Qadir M (2012) In integrated water resources
management in the mediterranean region. In: Choukr-Allah R, Ragab R, Rodriguez-Clemente R
(eds) Dialogue towards new strategy. Springer, Dordrecht

GWI (2017) Desalination market, global water intelligence, Media Analytics Ltd, Oxford, UK17,
Media Analytics Ltd., Kingsmead House, Oxford, OX1 1XX, UK

Hagemann S, Chen C, Haerter J (2011) Impact of a statistical bias correction on the projected
hydrological changes obtained from three GCMs and two hydrology models. J Hydrometeorol.
https://doi.org/10.1175/2011JHM1336.1

Hassan D, Farghali R (2018) Cyanide pollution in different water sources in Assiut, Egypt: levels,
distributions and health risk assessment. Res J Environ Sci 12:213–219

International Groundwater Resources Assessment Centre (IGRAC) (2012) Transboundary aquifers
of the world. http://www.un-igrac.org/publications/456/. Accessed 10 Dec 2018

IPCC (2014) Contribution of working group II to the fifth assessment report. Cambridge University
Press, Cambridge, United Kingdom and New York

JagannathanN,MohamedA,PerryC (2009) Introduction: beyondWRM-unbundlingwatermanage-
ment inMNA countries. In: The International bank of reconstruction and development/TheWorld
Bank/ Middle East and North Africa (MNA) Region, Washington DC

Khachaba R (2017) Le potentiel méconnu de l’assainissement pour la préservation de la ressource
hydrique. Journées techniques sur la réutilisation des eaux usées épurées. 21– 22 Mai 2017,
Algiers, Algeria

Kirby M, Eastham J, Mainuddin M (2010) Water-use accounts in CPWF basins: simple water-use
accounting of the Nile Basin. In: CPWFWorking Paper: Basin Focal Project series, BFP03 (The
CGIAR Challenge Program on Water and Food

KrikaA,Krika F (2017) Assessment of surfacewater quality ofMencha River, NortheasternAlgeria
by index method. Caspian J Environ Sci 15:157–164

http://www.groundwatergovernance.org/fileadmin/user_upload/groundwatergovernance/docs/Thematic_papers/GWG_Thematic_Paper_4.pdf
http://www.environnement.gov.tn/PICC/wp-content/uploads/Imed-Fadhel-Tunisia%25E2%2580%2599s-Strategy-on-Climate-Change.pdf
http://www.fao.org/3/a-i2615e.pdf
http://www.fao.org/nr/water/aquastat/main/index.stm
https://doi.org/10.1175/2011JHM1336.1
http://www.un-igrac.org/publications/456/


54 O. Mahjoub et al.

League of the Arab States (2019) The Arab strategy for water security in the Arab Region-
meeting the future challenges and needs of sustainable development (2010–2030). The
Action Plan. https://www.susana.org/en/knowledge-hub/resources-and-publications/library/det
ails/3431. Accessed 3 March 2019

MARHP (2017) Rapport National du Secteur de l’Eau. (National Report of the Water Sector).
République Tunisienne

MazzoniA,HeggyE, ScabbiaG (2018) Forecastingwater budget deficits and groundwater depletion
in the main fossil aquifer systems in North Africa and the Arabian Peninsula. Glob Environ
Change. https://doi.org/10.1016/j.gloenvcha.2018.09.009

Nawaz N, Bellerby T, Sayed M, Elshamy M (2010) Blue Nile runoff sensitivity to climate change.
Open hyd. https://doi.org/10.2174/1874378101004010137

Nile Basin Initiative (2017)Nile Basin ResourcesAtlas, http://nilebasin.org/index.php/information-
hub/technical-documents/44-nile-basin-water-resources-atlas. Accessed 21 Nov 2017

ONA (2012) http://www.ona-dz.org. Accessed 06 January 2012
ONAGRI (2018) Observatoire National de l’Agriculture. www.onagri.nat.tn/ Accessed July 2018
PNUD (2016). Le développement humain pour tous : Rapport sur le développement humain
2016/PNUD. New York, États-Unis

Qadir M, Wichelns D et al (2009) The challenges of wastewater irrigation in developing countries.
Agr Wat Manag 97:561–568

Ramdani A, Djellouli H, Aït Yala N, Taleb S, Benghalem C, Mahi A. Khadraoui (2012) Physico-
chemical water quality in some regions of southern Algeria and pretreatment prediction. Proc
Eng 33:335–339

Raouan Hacen O, Belhouari B et al (2011) Contribution à la mise en évidence de l’expérience de
l’Algérie dans la gestion intégrée des ressources en eau. In: Euro-Mediterranean Scienc Congress
on Engineering (EMSCE 2011), pp 125–130

SCP (2017) Etude préalable à un plan national « réutilisation des eaux usées traitées » pour la
Tunisie. Diagnostic de l’existant (Prestudy to a national plan on wastewater reuse for Tunisia.
Diagnosis of the current status

Sowers J, Vengosh A, Weinthal E (2011) Climate change, water resources, and the politics of
adaptation in the Middle East and North Africa. Clim Change 104:599–627

Terink W, Immerzeel W, Droogerset P (2013) Climate change projections of precipitation and
reference evapotranspiration for the Middle East and Northern Africa until 2050. Int J Clim.
https://doi.org/10.1002/joc.3650

UN (2008) Status report on integrated water resources management and water efficiency plans,
Prepared for the 16th session of the commission on sustainable development May 2008,
United Nations. https://www.unwater.org/publications/status-report-integrated-water-resource-
management-water-efficiency-plans-csd-16/ Accessed 3 March 2019

UNDP, GEF (2018) http://www.undp.org/content/dam/undp/library/Climate%20and%20Disa
ster%20Resilience/Climate%20Change/Arab-States-CCA.pdf. Accessed 10 Nov 2018

Vo P, Ngo H et al (2014) Amini-review on the impacts of climate change on wastewater reclamation
and reuse. Sci Tot Environ 494:9–17

Wheida E, Verhoeven R (2005)Wastewater treatment and its application as a water supply in Libya.
In: Paper presented at the WSTA 7th gulf water conference, Kuwait

WHO (2018) Cholera-Algeria. In: Disease outbreak news. https://www.who.int/csr/don/14-septem
ber-2018-cholera-algeria/en/. Accessed 20 June 2019

World Bank (2018) http://databank.worldbank.org/data/home.aspx. Accessed 27 Nov 2018
WWHC (2018) Holding company for water and wastewater https://www.hcww.com.eg/. Accessed
12 Nov 2018

Zimmo O, Imseih N (2010) Waste water treatment and reuse in the mediterranean region. Springer,
Berlin, p 155

https://www.susana.org/en/knowledge-hub/resources-and-publications/library/details/3431
https://doi.org/10.1016/j.gloenvcha.2018.09.009
https://doi.org/10.2174/1874378101004010137
http://nilebasin.org/index.php/information-hub/technical-documents/44-nile-basin-water-resources-atlas
http://www.ona-dz.org
http://www.onagri.nat.tn/
https://doi.org/10.1002/joc.3650
https://www.unwater.org/publications/status-report-integrated-water-resource-management-water-efficiency-plans-csd-16/
http://www.undp.org/content/dam/undp/library/Climate%20and%20Disaster%20Resilience/Climate%20Change/Arab-States-CCA.pdf
https://www.who.int/csr/don/14-september-2018-cholera-algeria/en/
http://databank.worldbank.org/data/home.aspx
https://www.hcww.com.eg/


Chapter 4
Climate Change and Water Resources
in West Africa: A Case Study of Ivory
Coast, Benin, Burkina Faso, and Senegal
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O. Koudamiloro, Y. M. Diédhiou, and M. Yade

Abstract Climate change is a major challenge for humanity due to its numerous
impacts on people and the environment, which requires multiple strategies to address
it. West Africa, particularly Ivory Coast, Benin, Burkina Faso, and Senegal are
confronted with the full impact of that challenge. This study seeks to analyze climate
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change by looking at the climate characteristics and rainfall duration recorded at
forty selected stations. Senegal and Burkina Faso stretch over three climatic zones
that include the Sahelian zone in the North, the North-Sudanian zone in the center,
and the South-Sudanian zone in the South. For Ivory Coast and Benin, the northern
and central areas are, respectively, located in theNorth-Sudanian andSouth-Sudanian
climate zones, whereas the South is covered by the Guinean zone. In all four coun-
tries, break tests and water balance are characterized by the Standardized Precipita-
tion Index,whichmeasures changingwater resources. Our research shows significant
rainfall variability, with important impacts on water resources. For data from Ivory
Coast from 1921 to 2016, there occurred a sharp decrease in the early 1980s; a similar
decrease occurred in the late 1960s in Benin, Burkina Faso, and Senegal. This led
to a noticeable decrease in surface water, while underground water, especially deep
water, was less affected. However, a slight increase in rainfall is noted in Burkina
Faso and Senegal in the 1990s. As local populations have grown aware of the negative
effects of rainfall changes, they have initiated action to protect and manage water
resources in a sensible and efficient way to preserve incomes from farming, grazing,
and fishing. For this context, implementation of appropriate strategies likely to alle-
viate the harmful consequences of climate change must be tackled head-on. This
can only be achieved through a wider knowledge of climate trends, coordination of
stakeholders, and a broader dialogue to find the best communal solutions.

Keywords Climate change · Water resources · Impacts · Adaptation strategies ·
West africa

1 Introduction

Climate change is a global challenge for humanity because of its devastating impacts
and the multiple adaptation and mitigation strategies required to address it. West
Africa in general, and more acutely Ivory Coast, Benin, Burkina Faso, and Senegal,
suffers particular effects of climate change with a rise in temperatures, irregular rain-
fall, variable rainy seasons, sea-level rise with significant coastal erosion, decrease
in water resources, etc. Given the importance of farming and its role in the economic
and social development of these countries, the major climate characteristics of this
area remain the spatio-temporal and interannual changes in precipitation, which have
become a permanent concern for local populations.

Indeed, since the severe drought (Leroux 1995) of the Sahelian zone, which began
in 1968 and gradually spread to the South, including the Sudanian and Guinean
zones (Sagna et al. 2015), the four countries selected for this study are experiencing
a climatic and environmental crisis that jeopardizes their future in many sectors.
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Important studies have been conducted that lend a better understanding of precipita-
tion and climate dynamics of circulation and rainstorms (Leroux 1995; Sagna 2005;
Leroux 2010; Sagna et al. 2012, 2018). The spatio-temporal evolution of rainfall,
including effects of drought in the 1970s and 1980s, is also well documented (L’Hôte
et al. 2002; Nicholson et al. 2012; Kaboré et al. 2017). Research on runoff has shown
a decrease in flows, directly correlated with a decrease in rainfall (Oyebande and
Odunuga 2010). Groundwater is also affected by rainfall variability (Barrat 2012;
Hammond Murray-Rust and Fakhruddin 2014). Other studies emphasize the impor-
tance of rainwater for human activity in West Africa (Diop 1999; Sène 2007; Sané
et al. 2008; Sultan 2011; Diallo et al. 2012; Camara et al. 2013; Sagna et al. 2015;
Sultan et al. 2015; Sané 2017), demonstrating the dependence of rural livelihoods on
rainwater, especially over the last fifty years, as well as the negative impacts of irreg-
ular rainfall on rural development and the living conditions of farmers. The impacts
of climatic hazards have also been a major political and scientific concern (Sultan
et al. 2015; Sané 2017), insofar as the socioeconomic foundation of the region rests
on factors directly or indirectly dependent on climatic conditions: farming, grazing,
and fishing. Strategies to address climate hazards have been analysed (Houssou-Goé
2008; Kpadonou et al. 2012; Vissin 2013; Sambou 2015; Dipama 2016; Gautier and
Denis 2016; Callo-Concha 2018). Gautier and Denis 2016 reviewed literature on
adaptation in West Africa based on 37 publications on Senegal, 66 on Burkina Faso
and 18 on Benin—three of the four countries included in our study. These studies
reveal that the most studied sector is farming. They entail changes in crops and
varieties, as well as changes in practices such as sowing period, water conservation
techniques, and relocation of fields, to conserve and optimize water.

Despite the significant amount of research on climate change and its impacts and
adaptation strategies for West Africa, some issues remain unclear, especially on the
current trend of rainfall and its manifestations that affect the livelihoods of local
communities who still depend on rainwater. The consequences of interannual varia-
tions in rainfall significantly influence water resources with all the attendant conse-
quences for the livelihoods of broad populations, especially subsistence farmers.
Given this critical situation, the current state of climate change must be studied in
West Africa, particularly in Ivory Coast, Burkina Faso, Benin, and Senegal, because
of the poor quality of available information.

The aim of this study is to analyze the trend of annual rainfall variations and their
tangible impacts on the environment. This will be achieved by the analysis of time-
series data from the four selected countries, as well as by observations of water flows
and groundwater. The impacts of water deficit and water excess on socioeconomic
activities will also be studied, and potential strategies to improve response to changes
in water resources in the context of climate change will be discussed.
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2 Data and Methodology

2.1 The Four Countries Included in the Study

The four countries chosen for this study, Ivory Coast, Benin, Burkina Faso, and
Senegal (Fig. 1), experience climatic similarities and differences. The similarities are
in circulationmechanisms anddisturbances; the differences aremainly related to rain-
fall and temperature. As for surface atmospheric circulation, tradewind andmonsoon
circulations have been observed to alternate, contributing different proportions of
wind frequencies. Average flows for the year 2014 illustrate this alternation:

• 13.8% for trade wind and 86.2% for monsoon in Ivory Coast;
• 18.4% for trade wind and 81.6% for monsoon in Benin;
• 40.5% for trade wind and 59.5% for monsoon in Burkina Faso, and
• 58% for trade wind and 42% for monsoon in Senegal.

Precipitation is mainly from squall lines, especially in Senegal and Burkina Faso,
while the proportion from the Intertropical Convergence Zone (ITCZ) is very high
in the south of Ivory Coast and Benin. There are also orographic and thermal factors,
as well as cyclonic disturbances, all of which have impacts on precipitation. Overall,
given the dynamics of precipitation, the southern countries (Ivory Coast and Benin)
have higher levels of rainfall than the northern countries (Burkina Faso and Senegal).

Fig. 1 Countries studied
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Therefore, in terms of recorded rainfall and rainy seasons, there are three climatic
zones in Senegal and Burkina Faso: the Sahelian zone in the north, the North-
Sudanian zone in the center and the South-Sudanian zone in the south. For Ivory
Coast and Benin, the South-Sudanian zone spans the northern and central areas
while the southern area is located in the Guinean zone. In those countries, interan-
nual variability of rainfall was used to determine the evolution of water resources
and especially their scarcity because of drought that recurs in the area.

2.2 Data

In each of the four countries, ten stations were selected based on their geographic
distribution, time-series lengths, meteorological significance, and data reliability.
There were a total of forty stations (Fig. 1 and Table 1).

At most stations, observations began in the 1920s. For consistency, the study
applied a starting year of 1921 and ending year as 2016 for all four countries, a
time series of 96 years. The data came from various national meteorological services
in the countries and the Inter-African Committee of Hydraulic Studies through the
Overseas Office of Scientific and Technical Research (ORSTOM). For each country,
the Standardized Precipitation Index (SPI) was calculated to determine if a given
year is in excess (SPI > 0) or in deficit (SPI < 0) of the baseline standard. Although
the SPI has been designed to detect droughts and is still widely used to characterize
dry phases (Agnew 2000; WMO 2016), it allows an estimation of both dry and wet
periods (McKee et al. 1993; WMO 2012), thus enabling the determination of breaks
and phases in rainfall. The SPI is calculated as follows:

SPI = P − P̄

σ
(1)

• where P is the average rainfall of the year in the country;
• P̄ is the average rainfall in the 1921–2016 time series in the country; and
• σ is the standard deviation of the annual rainfall series in the country.

Rainfall-break detection remains important in any analysis of climate change.
Rainfall series were subjected to Pettitt’s (1979) and Lee and Heghinian’s (Lee and
Heghinian 1977) break-detecting tests. Pettitt’s approach is nonparametric because
it makes no assumptions about the underlying distribution of data derived from the
Mann–Whitney test (Pettitt, 1979). Pettitt’s procedure is applied here to certify the
research findings of our study. As a result, the absence of a break in the series (xi) of
size T constitutes the null hypothesis (no break in the time series). When conducting
this test, we assumed that for any moment t between 1 and T, the time series (xi) i =
1 at t and t + 1 at T belong to the same population. The variable to be tested is the
maximum in absolute value of the variable Ut, with T defined by



60 P. Sagna et al.

Table 1 Stations in the four countries of the study area

Country Station Latitude Longitude Altitude (m) Type of station

Ivory Coast Odienné 09° 30’ N 07° 34’ W 432 Synoptic

Korhogo 09° 27’ N 05° 38’ W 300 Synoptic

Bouna 09° 16’ N 03° 00’ W 316 Rain-gauge

Bouaké 07° 41’ N 05° 02’ W 369 Synoptic

Man 07° 24’ N 07° 31’ W 340 Synoptic

Dimbokro 06° 39’ N 04° 42’ W 110 Synoptic

Gagnoa 06° 08’ N 05° 57’ W 205 Synoptic

Tabou 04° 25’ N 07° 22’ W 4 Synoptic

Sassandra 04° 57’ N 06° 05’ W 50 Synoptic

Abidjan 05° 15’ N 03° 56’ W 7 Synoptic

Benin Kandi 11° 08’ N 02° 56’ E 290 Synoptic

Bembéréké 10° 12’ N 02° 40’ E 491 Rain-gauge

Natitingou 10° 19’ N 01° 23’ E 460 Synoptic

Nikki 09° 56’ N 03° 12’ E 402 Rain-gauge

Djougou 09° 42’ N 01° 40’ E 439 Climatic

Parakou 09° 21’ N 02° 36’ E 392 Synoptic

Savé 08° 02’ N 02° 29’ E 198 Synoptic

Abomey 07° 11’ N 01° 59’ E 260 Rain-gauge

Porto-Novo 06° 29’ N 02° 37’ E 20 Rain-gauge

Cotonou Ville 06° 21’ N 02° 26’ E 5 Rain-gauge

Burkina Faso Dori 14° 02’ N 00° 02’ W 288 Synoptic

Ouahigouya 13° 35’ N 02° 26’ W 329 Synoptic

Kaya 13° 06’ N 01° 05’ W 313 Climatic

Dédougou 12° 28’ N 03° 28’ W 308 Synoptic

Fada Ngourma 12° 04’ N 00° 21’ W 292 Synoptic

Ouagadougou 12° 22’ N 01° 31’ W 296 Synoptic

Boromo 11° 44’ N 02° 55’ W 264 Synoptic

Bobo-Dioulasso 11° 10’ N 04° 18’ W 432 Synoptic

Gaoua 10° 20’ N 03° 11’ W 333 Synoptic

Banfora 10° 37’ N 04° 46’ W 270 Rain-gauge

Senegal Podor 16° 38’ N 14° 56’ W 7 Synoptic

Saint-Louis 16° 03’ N 16° 27’ W 4 Synoptic

Matam 15° 38’ N 13° 15’ W 15 Synoptic

Dakar 14° 44’ N 17° 30’ W 27 Synoptic

Diourbel 14° 39’ N 16° 14’ W 7 Synoptic

Kaolack 14° 08’ N 16° 04’ W 6 Synoptic

(continued)
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Table 1 (continued)

Country Station Latitude Longitude Altitude (m) Type of station

Tambacounda 13° 46’ N 13° 41’ W 49 Synoptic

Ziguinchor 12° 33’ N 16° 16’ W 26 Synoptic

Kolda 12° 53’ N 14° 58’ W 35 Synoptic

Kédougou 12° 34’ N 12° 13’ W 165 Synoptic

(ORSTOM 1973)

Ut,T =
t∑

i=1

T∑

j=t+1

Di j (2)

where

• Dij = sgn(Xi-Xj) with sgn(X) = 1 if d > 0; 0 if d = 0, and -1 if d < 0.
• With d = Xi - Xj.

The rejection of the null hypothesis supposes an estimation of the date of break
which is given by the moment t which defines the maximum in absolute value of the
variable Ut,T. This tool is used regularly because of its precision and robustness, as
well as assurance of high levels of reliability.

The hypothesis of a relatively wet period in the countries selected for this study
is also verified with Hubert’s segmentation procedure (Hubert et al. 1989). Tests
for detecting breaks and the segmentation procedure were applied with KhronoStat
software developed by the Maison des Sciences de l’Eau of the Research Institute
for Development (Boyer 2002).

Several climate and hydrologic models have been used to analyze rainfall and
water resources, particularly in West Africa. These models include, for example,
the Regional Climate Models (RCMs) and the Global Climate Models (GCMs),
the hydrologic model GR2M and the Water Flow and Balance Simulation Model
(WaSiM). Based on relatively well-calibrated reference situations, projections of
rainfall and water resources improve management of water resources.

Surveys were carried out in several areas and on many aspects of the lives of
both rural and urban populations, so as to better understand the impacts of current
climate change on socioeconomic activities. Endogenous and state strategies are also
deployed by several stakeholders to address climate change. Findings vary in their
relevance and effectiveness from one country to another, and from one local area to
another.
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3 Research Findings

3.1 Interannual Rainfall Variability

Application of the different statistical tools on rainfall records in the 96-year study
period resulted in findings that differed among the four countries.

Rainfall in Ivory Coast showed two break years in the study period: 1981 for the
Standardized Precipitation Index and Pettitt’s test, and 1982 for Lee and Heghinian’s
test (Figs. 2, 3, and 4). Compared to the former, the latter two have periods of unequal
duration with different characteristics. The wet period, which extends from 1921 to
1981, shows an average rainfall of 1538mm,while the dry period, from 1982 to 2016,

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

2.5

1
9

2
1

1
9

2
4

1
9

2
7

1
9

3
0

1
9

3
3

1
9

3
6

1
9

3
9

1
9

4
2

1
9

4
5

1
9

4
8

1
9

5
1

1
9

5
4

1
9

5
7

1
9

6
0

1
9

6
3

1
9

6
6

1
9

6
9

1
9

7
2

1
9

7
5

1
9

7
8

1
9

8
1

1
9

8
4

1
9

8
7

1
9

9
0

1
9

9
3

1
9

9
6

1
9

9
9

2
0

0
2

2
0

0
5

2
0

0
8

2
0

1
1

2
0

1
4

SPI 1981

Fig. 2 Evolution of the Standardized Precipitation Index in Ivory Coast from 1921 to 2016

Fig. 3 Evolution of Pettitt’s
test results in Ivory Coast
from 1921 to 2016
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Fig. 4 Evolution of Lee and
Heghinian’s test results in
Ivory Coast from 1921 to
2016

shows an average of 1139.8mm.The difference between the twoperiods is 398.2mm,
which corresponds to a drop of 25.9% in rainfall. The rainiest years are concentrated
between 1951 and 1963: 1951 with 1833.5 mm, 1954 with 1851.3 mm, 1955 with
1893.7 mm, 1957 with 1838.7 mm and 1963 with 1895 mm. The driest years, apart
from 2002 (928.2mm), are also close to one another: 1983with 937.3mm, 1985with
952.5 mm, 1986 with 911.3 mm and 1990 with 1011.4 mm. Between the wettest year
(1963) and the driest year (1986), the difference is 983.7 mm. In the entire series,
51 years are in excess and 45 years in deficit. Rainfall seems to continue to diminish.

In Benin, the application of the Standardized Precipitation Index and the tests of
Pettitt and Lee and Heghinian reveal a break in 1969 within the series from 1921
to 2016 (Figs. 5, 6, and 7). Two periods stand out in this period: the first, which
extends for 49 years from 1921 to 1969, with an average rainfall of 1276.5 mm, is
wet, while the second, which extends for 47 years, between 1970 and 2016 with an
average rainfall of 1122.1 mm, is dry. The difference between the two periods is
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Fig. 5 Evolution of the Standardized Precipitation Index in Benin from 1921 to 2016
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Fig. 6 Evolution of Pettitt’s
test results in Benin from
1921 to 2016

Fig. 7 Evolution of Lee and
Heghinian’s test results in
Benin from 1921 to 2016

 

Bayesian’s method results 

A posteriori probability density function mode 
of the break point position: 0,2993 in 1969 

154.4 mm: 12.1%. The six rainiest years, with an SPI higher than 2, are found in
the first period, with 1567 mm in 1929, 1611.3 mm in 1933, 1561.1 mm in 1957,
1618.9 mm in 1962, 1647.5 mm in 1963, and 1683.7 mm in 1968. The driest years
are more scattered, with 960.8 mm in 1946, 967.8 mm in 1958, 835 mm in 1977,
809.7 mm in 1983, and 821 mm in 2001. The difference between the wettest year
(1968) and the driest year (1983) is 874 mm. Overall, analysis of the rainfall series
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reveals 47 years of excess, including 33 in the first period and 14 in the second, and
49 years of deficit, including 16 in the first period and 33 in the second. More recent
years remain affected by drought.

In Burkina Faso, from the years 1921 to 2016, there was a rainfall break in
1969, confirmed by the Standardized Precipitation Index, the tests of Pettitt and
Lee and Heghinian, and by the segmentation of Hubert (Figs. 8, 9, and 10). Thus,
we found that the period from 1921 to 1969 was on the whole wet, with an average
rainfall of 927.4 mm, marked by a dry period between 1970 and 2016, despite a
significant increase from 2008 to 2016, with an average of 805.3 mm. The difference
in rainfall between the two periodsmentionned above is 122.1mmand corresponds to
a decrease in rainfall of 13.2%. The wettest years are scattered within the first period,
with 1033.6 mm in 1922, 1064.6 mm in 1933, 1044.9 mm in 1951, 1048.7 mm in
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Fig. 8 Evolution of the Standardized Precipitation Index in Burkina Faso from 1921 to 2016

Fig. 9 Evolution of Pettitt’s
test results in Burkina Faso
from 1921 to 2016
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Fig. 10 Evolution of Lee
and Heghinian’s test results
in Burkina Faso from 1921
to 2016

Bayesian’s method results 

A posteriori probability density function mode of 
the break point position: 0,3954 in 1969 

1952, and 1039.3 mm in 1964. The driest years in the second period are closer to
each other, with 691.5 mm in 1980, 598.5 mm in 1983, 662.6 mm in 1984, 704.4 mm
in 1990, and 681.6 mm in 2002. The difference between the rainiest year (1933) and
the driest year (1983) is 466.1 mm. This series of rainfall measurements in Burkina
Faso is on average 48 years greater than the average of the period 1921–2016, with
37 years in thewet period and 11 years in the dry period and 48 years lower, including
12 in the first period and 36 in the second. Despite this relative balance, recent years
have marked an increase in rainfall.

In Senegal, the Standardized Precipitation Index and the tests of Pettitt and Lee
and Heghinian indicate a rainfall break in 1967 (Figs. 11, 12, and 13). The break
reveals twomajor periods: a generally wet period from 1921 to 1967, and a relatively
dry period from 1968 to 2016. The average rainfall is 832 mm for the first period and
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Fig. 12 Evolution of
Pettitt’s test results in
Senegal from 1921 to 2016

Fig. 13 Evolution of Lee
and Heghinian’s test results
in Senegal from 1921 to 2016

Bayesian’s method results 

A posteriori probability density function mode of the 
break point position: 0,7587 in 1967

639.4 mm for the second—a rainfall decrease of 192.6 mm (23.1%). The rainiest
years were 1927, 1936, 1950, and 1958, with respective rainfalls of 1076.5 mm,
1016.6 mm, 1011.2, mm and 1026 mm. The driest years were 1972, 1977, 1980, and
1983, with respective rainfalls of 488.1 mm, 456.3 mm, 475.8 mm, and 414.9 mm.
The difference between the wettest year and the driest year was 661.6 mm. The dry
period, the beginning of whichwas confirmed in 1968 by the segmentation of Hubert,
was subdivided into two sub-periods, the first extending from 1968 to 1998 with an
average rainfall of 603.3 mm, and the second from 1999 to 2016 with an average
of 701.6 mm. The 1999–2016 sub-period represents a slight increase in rainfall of
98.3 mm (14%) compared with the previous period. Over the entire series, 47 years
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are in excess, of which 38 are during the wet period, and 49 years are in deficit, of
which 40 are during the dry period. It is notable that droughts still occur in Senegal.

3.2 Impacts of Rainfall Variation on Water Resources

The alignment of rainfall analyses with reality is visible by the impacts of changes
in water resources on livelihoods. It is imperative to be able to predict the supply of
and demand for water resources over a given period to be able to create and maintain
sustainable and efficient water management.

3.2.1 Impacts of Rainfall Variation on Runoff and Lakes

In Ivory Coast, an overall downward trend in water resources correlates with a
decrease in rainfall. For example, in the Sassandra River basin, Coulibaly et al.
(2018) used the Representative Concentration Pathway (RCP) 4.5 and RCP 8.5
climate models and the Regional Climate Model 4 (RegCM4) of the Abdus Salam
International Center for Theoretical Physics (ICTP) to obtain data to integrate into
the GR2M hydrologic model. By 2030, 2050, 2070, and 2090, annual flows will
decrease compared to the 1961–1980 reference period. The decline in flows follows
the same progression as the climate projections of the RegCM4 model. The RCP
models 4.5 and 8.5 also show a decline of 6.9–24.1% in flows from the Guinean
source to the Ivorian parts of the Sassandra between 2030 and 2090. According to
Koffi and Diomandé (2015), Lake Kossou (a reservoir on the Bandama River in
Central Ivory Coast) declined by 37.4%, a loss of 20,394 hectares (Fig. 14). Its area
has decreased from 54,583 hectares in 2002 to 34,189 hectares in 2014.

Fig. 14 Comparative area of
Lake Kossou between 2002
and 2014
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Fig. 15 Hydrologic balance of the Ouémé basin from 1965 to 2016

In Benin, the hydrologic balance of the Ouémé basin from 1965 to 2016 indi-
cates that evapotranspiration accounts for ≥50% of the hydrologic balance annually,
whereas storage is around 35–40% (Fig. 15). As a result, themajority of rainfall evap-
orated, while 11–13% became runoff. These findings align with the simulated find-
ings (TopAMMA) fromLeLay (2006),which found that evapotranspirationwas 50%
and runoff was 12%, with underground stock change of 38%. There was a decrease
in flow during dry years (early 1970s and 1980s). Water balance in the series showed
an increase in evapotranspiration during those years, while runoff and infiltration
decreased. The output of the BenHydro model (Speth et al. 2010) for the entire
Ouémé River basin clearly shows the impact of the decrease in rainfall on surface
runoff by 2050. From 1980 to 2050, the model predicts a steady decline in the flows
of the Ouémé at Bonou, except for 2031–2040, that shows a slight increase (MEPN
2008) (Fig. 16). By combining 65 projections of 24 climate models, Essou and Bris-
sette (2013) demonstrate that annual flows of the Ouémé will drop by 3–5% by
2099.

Fig. 16 Evolution of discharges of the Ouémé at Bonou at different time horizons (MEPN 2008)
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In the event of an increase in the duration and frequency of dry seasons and
decrease in rainfall in the upper basin of the Ouémé River and the Beninese Niger
River basin as reported by MEHU (2011) and Lawin et al. (2013), there will be
a negative impact on the availability of water resources. For example, a decrease
in rainfall can lead to a decrease in runoff. This could also be accompanied by a
reduction in the amount of water stored in natural or constructed reservoirs into
which seasonal rivers flow. Hence, there is a likelihood of recurrent drying of water
reservoirs as was the case in 2014 for the Djougou reservoir. In the Beninese part of
the Niger River basin and in the central and southern regions, a decrease in rainfall
could lead to a decrease in runoff. The late onset of rainy seasons could introduce a
delay in the occurrence of high-flow periods.

Runoff decreases with rainfall in the Burkinabe parts of the Niger and Volta
basins (El Vilaly and El Vilaly 2013). In the Dapola basin, there was a 1.5% decrease
in decadal discharges after 1971. Yira et al. (2017) used a set of six regional and
global climate models (RCMs and GCMs) to predict future rainfall and runoff in the
Dano basin. The data are then integrated into theWater Flow and Balance Simulation
Model (WaSiM).Twoscenarios of greenhousegas concentrations (theRepresentative
Concentration Pathways RCP 4.5 and RCP 8.5) were selected. Findings show that
there are uncertainties about the rainfall and runoff relationship in the basin over the
period 2021–2050 compared to the period 1971–2000.

In the Senegal River basin, the relatively dry period from 1960 to 1996 resulted
in a decrease of 30–40% in water availability following a decrease of 20% in
rainfall (Oyebande and Odunuga 2010). In the upper basin, the average discharge
during 1971–2010 (after the rainfall break) decreased by 34–54%, depending on the
waterway, compared to 1904–1969 discharges (before the break). TheHadRM3P and
RCA climate models and the GR2M hydrologic model allow us to estimate climatic
and hydrologic changes. They show a general downward and cyclical trend of flows
for the 2030, 2060, and 2090 horizons compared to the 1961–1990 period (Diakité
2017). In fact, variations in flows are twice as high as changes in rainfall (Le Lay and
Galle 2005). Magistro and Lo (2001) find a halving of the flows of the Senegal River
between the 1950s and the 1990s. Bodian et al. (2013) used four 2007 models by the
IPCC and a hydrologic model (GR2M) to study the impact of climate change on the
upper Senegal River basin. According to three climate models (CSMK3, HadCM3
andMPEH5), therewill be a gradual decrease in discharge from2030 to 2090 (Bodian
et al. 2013). Mbaye et al. (2015) used the regional climate model REMO as input to
theMax Planck InstituteMeteorology-HydrologyModel (MPI-HM) to simulate flow
rates, runoff, soil moisture, and evapotranspiration. They found a drastic decrease
of 50% in water resources in the upper Senegal River basin. The decrease is more
pronounced toward the North. To the South (Guinean Highlands), models do not
show any variation in water resources. Decline in water resources is related to the
decrease in rainfall and the increase in potential evapotranspiration (Mbaye et al.
2015).
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3.2.2 Impacts of Rainfall Variation on Groundwater Levels

InWest Africa, data collected between 1992 and 2005 by the AMMA project (Multi-
disciplinary Analysis of the African Monsoon) show that there is no direct correla-
tion between annual rainfall and groundwater recharge. This is due to the intensity of
precipitation, which is more decisive. Moderate rains lead to more infiltration than
intense and light rains (Hammond Murray-Rust and Fakhruddin 2014). Estimating
the impacts of precipitation on groundwater is difficult to achieve in West Africa
because locally collected data are scarce and the rates of change in rainfall, runoff,
and infiltration can be highly variable, even in small areas. However, we note that
anthropogenic factors, particularly irrigation, have a greater influence on the decrease
in groundwater levels than climate change, according to a simulation in Mali. The
increase in the groundwater level of the Continental Terminal in Niger averaging
0.2 m/year since the 1960s shows that the climate-groundwater relationship is not
simple (Barrat, 2012).

In Benin, the comparative analysis of the two representations (Fig. 17) demon-
strates the dynamics of Lake Nokoué bathymetry between 1980 and 2004.

The analysis of bathymetry maps made by Tessier (1980) (at left) and Dakpogan
(2005) (at right) shows that Nokoué Lake experienced depth decreases between 1980
and 2004. In 1980, depths reached about 2 m in the West and in the North. But in
2004, depths dropped below 2 m. Only in the central depression and at the entrance
of the channel did they reach or exceed 2 m (Dakpogan 2005).

The 1970s and 1980s were characterized by a decline in groundwater recharge.
Sites at Ouagadougou (Burkina Faso) in 1987 and Fô-Bouré (Benin) in 2006 showed
a decrease in groundwater. Deep groundwater is less affected because its recharge
process is more complex. In the Volta basin, assuming no change in water demand,
groundwater recharge is projected to drop by approximately 50% in the 2100 horizon,
in relation to a temperature increase of 3.8 °C and a rainfall increase of 20%
(Hammond Murray-Rust and Fakhruddin 2014).

Fig. 17 Bathymetry of Lake Nokoué in 1980 (a) (Tessier 1980) and 2004 (b) (Dakpogan 2005)
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In Senegal, the impact of the rainfall deficit on groundwater resources has been
greatest on the northern coast (the Niayes) where almost all of the country’s truck
farms are located. In this location, decreases in groundwater levels occurred mainly
in the 1970s and 1980s (Aguiar et al. 2010; Sambou 2015): the droughts of the 1970s
and 1980s caused the groundwater level to decrease from 50 to 22 m between 1958
and 1984 (Aguiar et al. 2010). Malou (2004) noted that this was the most severe
documented drying trend of groundwater reserve. During the droughts, groundwater
recharge was very low (Dasylva and Cosandey 2005). Moreover, the drop was exac-
erbated by losses through evapotranspiration. On the horst of Ndiass (far south of the
northern coast), the fall in groundwater levels, over the last 25 years, caused mainly
by human activity, varied from 20 to 25 m (MEPN 2005).

The combination of declining rainfall, increased temperature (evaporation and
evapotranspiration), the intensity of showers (which favors runoff to infiltration),
and the multiple human uses of water result in scarce resources and low ground-
water levels globally. The drying up of wells in many villages is evidence of this
phenomenon.

3.3 Impacts of Rainfall Variation on Socioeconomic Activities

Rainfall variability has repercussions for farming, grazing, andfishing inWestAfrica.
Impacts vary from one crop to another and by region.

3.3.1 Impacts of Rainfall Variations on Farming

In Ivory Coast, farmers mainly plant two types of crops: cocoa, a perennial crop
grown in the southern forest area, and yams, a food crop grown in the central and
northern savannah. Dependence on rainwater for these crops correlates to coefficients
of 0.88 for cocoa production and 0.75 for yams. In general, the long rainy season is
decreasing, with recorded drops from six to four months. During half of the years
in deficit, the water requirement of cocoa trees was not met during the long rainy
season. This prolonged water stress resulted in the death of both young and adult
plants, which in turn led to a decline in the production of butter from cocoa beans.
In recent decades, yam production was also negatively affected by irregular rainfall.
Among the farmers surveyed, about 55%marketed part of their production. However,
they unanimously acknowledged that their incomes from yam production had not
met their needs for years because few farmers earned more than Euros 152.

In Benin, corn is the main food crop in the South. In Couffo, the rainwater excess,
especially in 2007–2008, caused loss of part of the corn harvest. In low-lying areas,
some farmers lost all of their crops (Houssou-Goé 2008). In the Ouémé basin, cotton,
groundnut, and sorghum are predicted to grow better with the reduction in the length
of the cropping season forecast for the 2030 horizon. On the other hand, crops
vulnerable to drought, like cassava, yam, corn, and rice, will be negatively impacted.
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A modest decline in yield was observed for legumes (soya and bean) and sweet
potatoes. Incomes across all crops declined.

In most parts of Burkina Faso, changes in early and late season, dry spells, heavy
rains and pest and disease attacks affect farmproductivity through physical damage to
plants (Ouoba2013). Indeed, in the case of a late or false start of the rainy season, there
is poor growth and/or death of seedlings, the appearance of worms and caterpillars,
termite attacks, etc. Heavy rains are equally devastating. Excessive rainfalls generally
causeflooding, the uprootingof stems, the rotting of seeds (especially at the beginning
of the season), asphyxia, and sometimes non-ripening of crops. Losses in agricultural
production due to flooding of cultivated fields were estimated at Euros 2,748,727 in
1992 and Euros 97,474,891 in 1994 (MECV 2007). These factors, which lead to a
decline in agricultural production, raise the crucial issue of food security. The drop-in
rainfall also induces a drop-in millet yields, particularly in Dori in the Sahel. In the
southern areas, corn yields fell sharply due to the July, August, and September water
deficit (MECV 2007). In fact, corn is very sensitive to drought: the slightest shortage
of rainfall can jeopardize the whole harvest.

In Senegal, too, the interannual variability of rainfall affects crops. A delay in
the start of the rainy season and the annual rainfall deficit in 2014, for example,
compromised the harvest of millet and groundnuts in Louga, Thiès, and Mbour (in
the northwest of the country). Yield declines of 8–31% were recorded. In the center
(Kaolack) and the south (Ziguinchor) of the country, where rain deficits were milder,
yield decreases were less severe (Diop et al. 2016). From 1961 to 2013, yields fell
significantly in Louga and Kébémer in the north-central area of the country (Sambou
2015). Even in areas where fields are irrigated, such as the Senegal River Valley
and the Anambé Basin in Upper Casamance, the development of farming depends
on rainwater, since its abundance or scarcity determines the availability of water
resources and, therefore, yields. In the south (communities of Bona and Diacounda),
in 2007, the production of millet and corn decreased, respectively, by 38% and 40%
because of the rainfall deficit, compared to 2006 (Diédhiou 2008). Rice production
also dropped by 20% in the same year. From 1981 to 2015, the year 2007 was
noteworthy, with one of the shortest rainy seasons on record.

3.3.2 Impacts of Rainfall Variations on Pastoral Activities

Grazing prevails mainly in the Sahelian and Sudanian zones of the four countries,
where the amount of rainfall and its effects vary significantly. These factors include
late rainfalls, heavy rains, pockets of drought, early cessation of rains, and short
rainy seasons. Late rainfalls result in water shortages and, therefore, less pasture
area, as well as skin diseases and diarrhea in some animals, which often result in
death. These effects are also observed when the rainy season is too short. In Senegal,
for example, a reduction in the number of ponds compared to the pre-break period
of 1968 is observed by farmers in the areas of Sakal and Ndande (in the northwest of
the country). In contrast, increased precipitation favors milk production. The recent
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increase in rainfall has allowed an increase in milk production, particularly between
2009 and 2010, with 2% more than the 2005–2010 average (Sambou 2015).

3.3.3 Impacts of Rainfall Variation on Inland Fisheries

With the reduction of volume and area ofwater bodies following unfavorable changes
in climate parameters, production of inland fisheries has declined in the countries
from which information is available. In Ivory Coast, fish production in Béoumi (on
the left bank of Lake Kossou) decreased from 1,142 tons in 2009 to 320 tons in
2015, according to the Departmental Agency of the Ministry of Animal and Fish
Production (MPAH 2016). This magnitude represents a threat to self-sufficiency and
food security in that area. Burkina Faso, which has more than 200,000 hectares of
surfacewater including rivers and ponds, and 1,450 dammed lakes and reservoirs that
can be used for fishing and fish production in general (Bationo 2015), is similarly
affected. Indeed, precipitation fluctuation, fill rate of water bodies, drying up of
waterways, disappearance of certain species, and the opening of the flood evacuation
valves that facilitates the migration of fish are factors that help explain decline in
production. In Senegal, inland fish catches are estimated at 37,000 tons in 1999.
This activity is practiced in both freshwater and brackish water (MPTM 2001). Fish
farming has been integrated with rice production since the 1900s (Niane and Ndong
2015). Thedecline in inlandfish catches ismainly due to droughts and changes in river
flow rates.Dams, overexploitation, dilapidatedpiroguefleets, fishing techniques, etc.,
are other disabling factors (MPTM 2001).

3.4 Adaptation Strategies

WestAfrican populations have been grapplingwith rainfall variability for a long time.
As a consequence, people have developed strategies to find water in all seasons,
regardless of precipitation volume and temporal distribution. These initiatives are
now supported by states and international institutions.

In the Sahelian zone, water collection technologies are many. Farmers collect
rainwater from roofs and channel spring water to reservoirs. In case of drought,
stored water is used for about five months, depending on the capacity of the tank
(Ajani et al. 2013). In vegetable gardens, water is stored in basins fed by PVC pipes
connected to water pumps. This technique reduces water loss compared to irrigation
canals (Nkwade et al. 2014). Water can also be stored in retention basins. In Bobo-
Dioulasso, residents use pumps and increase the depth of wells to address a lack
of water (Toe 2014). In Senegal, the deepening and cleaning out of wells ensure a
continuous water supply (UICN 2011).
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3.4.1 Changes in Crops and Varieties

Two main government departments provide technical guidance to farmers growing
perennial and food crops in Ivory Coast. Firstly, the National Center for Agronomic
Research (CNRA: Centre National de RechercheAgronomique) is remarkably effec-
tive in researching and implementing new plant varieties adapted to local climate
requirements. This department, through its many research sites, innovates in crops
and varieties. For example, in the cocoa sector, several varieties with improved resis-
tance to rainfall and climate variations have emerged. Secondly, the National Rural
Development Support Agency (ANADER: Agence Nationale d’Appui au Dével-
opment Rural), another government department, provides support and expertise to
the farming community on the ground, by offering new varieties of cocoa from the
National Center for Agronomic Research (CNRA). These efforts support production
with high yields by using climate-resistant crops. These new, improved varieties of
cocoa are gradually replacing traditional varieties that have been grown in orchards
over thirty years. The ANADER also trains farmers in agroforestry techniques and
codes of conduct, and in the proper use of plant protection products to control pests
and destructive diseases. For instance, cocoa pod mirids have a negative effect on
yield and production. In a food crop sector like yams, both agencies are involved and
help introduce early varieties.

In Benin, the choice of varieties and crops is decisive for harvests. Farmers
use improved seed varieties to adapt food or market-garden production to climate
change—for example, cowpea with four vegetative phases that correspond to vari-
able water requirements. For this reason, farmers are increasingly using early vari-
eties (TVX-1850-01-F) that require 65 days from planting to harvest and semi-late
(IT81D-1137) varieties of 70–80 days, while gradually reducing the use of late vari-
eties (TN98-63) of 90–100 days. Early varieties such as 75-day corn are grown in
some areas to cope with the rainfall deficit. The same is true for the 90-day groundnut
(TS-32-1),which is adopted instead of the 120-day groundnut (69–101). The early 75-
day corn crop is grown in association with beans at the expense of 90-day corn crops
for the sole purpose of overcoming constraints related to irregular and inadequate
rainfall. Early varieties thus have the advantage of reaching their full development
before the onset of floods or droughts. However, a major limitation of this approach
remains the supply of seeds that doesn’t meet demand.

In Burkina Faso, farmers are abandoning local varieties of cereal such as sorghum,
millet, and corn. The new early varieties do not exceed 60 days to ripen. Creeping
plants of theCucurbitaceae family are also grown, supported by agricultural research
institutes. The lowlands, which are used for rice-growing during the rainy season, are
exploited for corn production or market gardening in the off-season (GWP 2010).

In Senegal, too, early varieties are preferred. The adoption and diversification of
crop varieties, especially those developed by research institutes such as the Sene-
galese Institute for Agricultural Research (ISRA: Institut Sénégalais de Recherches
Agricoles), allow farmers to better adapt to the shortening of rainy seasons and
the recurrence of dry spells. Growing cowpeas (Vigna unguiculata) has become
widespread in Senegal because of their quick growth (≤60 days). Souna and IBV
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8004 millet varieties ripen in 75 and 95 days, respectively. The 55-437 and fleur-11
varieties of groundnut can complete their cycles in 90 days (MA 2012).

3.4.2 Changes in Farming Practices

In Ivory Coast, several changes in farming practices have been implemented because
of irregular rainfall. We will consider twomajor events that resulted in changes in the
cropping calendar and the reorientation of farming lands in the region ofBouaké in the
heart of the savannah.New farming techniques, in addition to schedulemodifications,
have included staking fruit trees and mulching mounds. The farming calendar had
usually begun in March with the clearing and removal of grass in new plots. This
practice has become obsolete due to evolution of the temporal distribution of rainfall
in the region. A one-month delay at the beginning of the rainy season has shifted
this process from March to April. New agro-climatic conditions compel farmers
to reorient toward increasingly colonized lowlands and to rice-growing and market
gardening.

Farming changes have also beenmade inBenin in order tomaintain good harvests.
Crop association is a system that consists of growing on small farms with several
crops in the same plot, generally in very fertile backyard gardens. This system allows
farmers to diversify production and avoid repeated weeding. The crop associations
most frequently encountered in the study area are shown in Table 2.

Crop association also responds to erosion caused by rainwater on fragile ferrug-
inous soils. Moreover, it has the enormous advantage of achieving a significantly
higher yield than for crops grown separately. In rural communities, this technique is
used because different plants draw different nutrients from the soil, and some plant
residues produce nutrients for other plants. In the event of a break in the rainy season,
plants with low water requirements can still produce acceptable yields (Houndénou
1999) and in case of excessive rainfall, plants that demand water are more resistant.
Crop association also optimizes a short rainy season. Other forms of adaptation being
explored are the exploitation of lowlands, ridging, crop rotation—notably with yams,
cotton, and cassava—and the abandonment of the empirical farming calendar that is
no longer suitable to the changing climate.

Table 2 Crop associations in the Ouémé Watershed

Associated crops

Yam +
Millet

Yam +
Sorghum

Yam + Corn Yam + Bean Yam +
Okra +
Chili

Corn +
Millet

Corn +
Sorghum

Corn +
Beans

Sorghum +
Groundnut

Corn +
Groundnut
+ Cassava

Cassava +
Sorghum

Cassava
+ Millet

Cassava +
Millet +
Beans

Cassava +
Yam +
Sorghum

Source Koudamiloro (2017)
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In Burkina Faso, plowing reduces runoff by holding water in the soil. When the
plants reach an advanced vegetative stage, ridging, with well-known techniques such
as zaï, demi-lune, and mulching, allows the concentration of water in furrows. These
techniques use stony barriers, bunds, micro-dams, lowland development, etc. (GWP
2010).

In Senegal, because of irregular precipitation, especially pronounced from 1968
to 1998, farmers, on their own initiative or with the support of non-governmental
organizations, have developed strategies through crop diversification and conversion
to other economic sectors. Farmers are unable to accurately assess the effects of
precipitation until August, when it is too late to sow on the plateau, so they generally
take advantage of the opportunities offered by the topography of their respective envi-
ronments, and develop practices that respond to the topo-sequence and the amount
of time ponds remain in different segments of the slope. Thus, lowland areas are
exploited with rice varieties adapted to the limited amount of water available in
short rainy seasons, which clears the banks while exposing rice-growing valleys to
silting. Moreover, the development of market gardening in rural areas, especially in
the dry season, indicates the awareness of farming communities to climate hazards.

3.4.3 Crop Insurance as a Response to Changes in Rainfall

Climate insurance works by taking into account the level from which bad climatic
conditions start to negatively impact plants, known as the trigger threshold, and

Table 3 Range of index insurance products in Ivory Coast, Burkina Faso, and Senegal

Countries Crops Covered risks Input data Precision

Ivory Coast Corn Drop-in production Vegetation, NDVI*,
Satellite Emodis

5 km × 5 km

Burkina Faso Multi-cereal* Water deficit (3
phases)

Climate,
Rainfall-estimate
Satellite NOAA
ARC 2

10 km × 10 km

Senegal – Groundnut
– Corn
– Millet
– Rain-fed
rice

– Sowing failure
– Water deficit (3
phases)

– Dry spells

Climate, Anacim’s*
weather stations,
automatic and
mechanical

5-to-7-km radius of
the rain-gauge

Multi-cereal Water deficit
(2 phases)

Climate,
Rainfall-estimate
Satellite NOAA
ARC 2

10 km × 10 km

(Kara and Weber 2017)
* Multi-cereal: several cereals
* ANACIM: National Agency of Civil Aviation and Meteorology (Senegal)
* NDVI: Normalized Difference Vegetation Index
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the level at which climatic conditions are intolerable for plants, when they enter
a state of total water stress, known as the exit threshold (Shadreck et al. 2017).
These two thresholds are generally observed during different growing phases of
crops in the rainy season. When the trigger threshold is reached, minimum insurance
compensation is paid. The amount increases progressively to a maximum of 100%
when the meteorological status corresponds to the exit threshold.

Index climate insurancewas introduced in 2011 in Ivory Coast, Burkina Faso, and
Senegal. In Benin, it existed from 2013 to 2015. Covered risks are generally limited
to sowing failure and lack of water during the different growing phases: vegetative,
flowering, and ripening. Two other phases can also be covered, either the beginning
or/and the end of the cropping season, as is the case with the satellite index (Table 3).

Between 2011 and 2017, payouts varied from one year to another depending on
weather conditions. The year with the most payouts was 2014 (Table 4).

Table 4 Index insurance statistics between 2011 and 2017 (PlaNet Guarantee)

Ivory Coast

Years 2011 2012 2013 2014 2015 2016 2017 Total

Insured farmers 242 850 1092

Premiums (Euros) 5 999 20 238 260236

Claims (Euros) 2 723 – 2 723

Claims ratio 45% (end 2016)

Benin

Years 2011 2012 2013 2014 2015 2016 2017 Total

Insured farmers 48 1 099 1 200 2 347

Premiums (Euros) 812 10 178 11 113 22 103

Claims (Euros) 811,8 6 879 7 691

Claims ratio 35% (end 2015)

Burkina Faso

Years 2011 2012 2013 2014 2015 2016 2017 Total

Insured farmers 194 1 340 2 332 8 298 5 565 7 476 4 080 29 091

Premiums (Euros) 3 615 16 859 55 615 95 684 48 714 36 104 25 282 278 256

Claims (Euros) 17 059 20 262 88 116 54 202 7 414 – 187 053

Claims ratio 74% (end 2016)

Senegal

Years 2011 2012 2013 2014 2015 2016 2017 Total

Insured farmers 60 2 326 5 660 8 962 12 957 14 247 44 212

Premiums (Euros) 1 615 43 170 92 031 189 496 294 581 337 445 958 339

Claims (Euros) 0 23 122 68 334 71 651 114 738 – 277 844

Claims ratio 45% (end 2016)

“–” means no data available
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In Benin, insurance appears to be the most effective tool for sustainable risk
management in farming. Indeed, the purpose of managing farming-related risk is to
ensure the sustainability of farmswhile reducing their exposure to risk and supporting
farmers who are coping with exceptional disaster. It involves defining levels of risk
exposure and corresponding degrees of coverage. The Mutual Crop Insurance of
Benin (AMAB: Assurance Mutuelle Agricole du Bénin) is the multi-risk crop insur-
ance syndicate established in that country. Themain crops covered are corn, cashews,
cotton, cassava, groundnuts, cowpeas, and yams. To participate, farmers must first
subscribe to a multi-risk crop insurance policy after completing simple member-
ship formalities and payment of a premium of Euros 12 for six months of coverage.
However, farmers surveyed indicate that improvements are needed to optimize the
operation of the AMAB.

3.4.4 Adaptation of Breeders

In Ivory Coast, to alleviate the effects of climate change, cattle farmers in the
region of Boundiali, in the north of the country, changed the raising of livestock by
strengthening the feed system with crop byproducts. This resulted in the evolution
of a breeding system from purely nomadic to increasing adoption of transhumance
(cycling livestock between highlands and lowlands seasonally). To boost the devel-
opment of pastoral activity in Boundiali, for example, government departments (the
former SODEPRA and ANADER) built agro-pastoral dams on both sides of the
territory of Boundiali. But exposure to eutrophication and lack of maintenance have
rendered most of these dams unusable today. The livestock manager at the regional
branch of ANADER in Boundiali reports that some of them are drying up.

In Benin, strategies developed by herdsmen to adapt to climate crises and the
effects on their livelihoods are transhumance, use of legume straw for cattle feed,
sharing drinkable water with livestock, and unlawful invasion of protected areas.

In Burkina Faso, transhumance, previously unknown in some areas, has become
a widespread practice with rainfall variability. Villages have been built in transhu-
mance corridors—evidence of the colonization of these areas by herders. The lack of
grazing land has compelled farmers to practice semi-intensive farming and to store
fodder. Herds are being recomposed, with hardy species (goats, donkeys, and camels)
supplanting cattle and sheep. Herders also tend to sell part of their herds during the
dry years to buy food and increase the chance of survival of their remaining animals
(GWP 2010).

In Senegal, an early warning system had been set up in partnership with the
Ecological Monitoring Center (CSE: Centre de Suivi Ecologique), based on regional
agro-meteorologic and hydrologic data. In the Ferlo (northern Senegal), climate
information warns farmers of the lack of pasture or ponds to prevent herd mortality.
Alerts are broadcast through community radios, weekly markets, and on the Internet.
A bushfire alert system was tested using mobile phone messaging. To prevent
conflict with farmers, information on the location of potentially relevant events along
pastoral corridors is provided systematically (Martin 2015). Climate constraints,
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which impose challenges to pastoral activity and the social practices associated with
them, are compelling pastoral communities and public authorities to increasingly
develop better coping strategies. A focus on ponds, especially in this part of the
Sahel, has been and remains an effective albeit partial response to the difficulties
of pastoral livelihoods, which are to a large extent impacted by climate variability.
In addition, the migration to cities, once regarded as the preserve of farmers, now
appears to be a survival strategy for pastoral communities.

3.4.5 Adaptation of Inland Fisheries

In Ivory Coast, as fishermen are losing their livelihoods because of climate change
impacting their sector, some have opted for alternation and others have left the
sector for other livelihoods altogether. Surveys reveal that in 2016, 73% of fishermen
have opted for alternative livehoods to fishing, including farming, such as market
gardening. Of those who have abandoned fishing, most are Gôdè aboriginals; the
majority of Bozo Malian fishermen have remained in the fishing sector. Our surveys
found, however, that 27% of Bozo Malian fishermen have completely converted to
another activity. Cashews remain the most popular crop; former fishermen indicate
that cashew farming is attractive because the natural environment is conducive to
successful cashew production, which generates high incomes.

In Benin, fishermen have developed different strategies to resist the effects of
climate change, including deepening of ponds, use of appropriate fishing equipment,
prohibition of the use of pesticides in waterways, and the protection of ponds and
other water bodies by ceasing all fishing activity there to allow for restoration of the
fish population. Fishermen report that deepening ponds increases the amount ofwater
and reduces the rise inwater temperature. The use of appropriate fishing equipment is
also a strategy to address the effects of climate change on fish production. Fishermen
report that prohibition of fine mesh nets promotes sustainable exploitation of ponds,
but the ban has been only modestly effective, with 60% of fishermen continuing to
use these nets despite their destruction of aquatic biodiversity.

In Senegal, to address declining fish catches, fishermen convert temporarily or
permanently to farmwork with the development of modern farming and rice growing
in northern Senegal (MPTM 2001). The first trials of aquaculture, to mitigate the
effects of lower catch volumes, were conducted in the 1980s in the Senegal River
Valley (Niane and Ndong 2015). Aquaculture has proved to help mitigate climate
vagaries, affecting rivers, lakes, and other water bodies, and is now well-established
in Senegal. Among its objectives established in 2001, the Ministry of Fisheries and
Maritime Transportation has created a Fisheries and Aquaculture Institute at Cheikh
Anta Diop University in Dakar. The Ministry is making plans to share experience
in aquaculture with countries including Mali, Ivory Coast, and Burkina Faso. It also
hopes to develop a partnership with the FAO through regular participation in the
activities of the Committee for Continental Fisheries and Aquaculture (CCFA).
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4 Conclusion

Several methods have allowed analysis of trends in climatic evolution in Ivory Coast,
Benin, Burkina Faso, and Senegal. The decrease in rainfall corresponds to that of
total availability of water. Although the Sahel has gone through spells of drought, wet
periods have also been documented. Similarly, parts of the Sudanian and Guinean
climate zones have experienced rainfall breaks during different time series. The
inclusion of recent changes in longer periods of climate change in the Sahelian,
Sudanian, and Guinean zones of West Africa has mitigated their exceptional char-
acter. In contrast, climate and hydrologic models from the IPCC predict increases or
decreases for the coming decades, until 2100. Thus, even if there were a likelihood
of rainfall increase in the Sahel in the 1990s and 2000s, West Africa remains subject
to elusive climate variability. The 2014 deficit, in a context of relatively improved
precipitation, has shown that any reactive strategy based on models, or even findings
based on global averages, may prove unreliable. We must act and think locally, and
now.

Crops such as yams in Ivory Coast and Benin, as well as inland fisheries, show that
countries with abundant rainfall not only remain vulnerable to rainfall deficits, but
are also susceptible to floods. Cross-sectoral mobility and strategies independent of
climate are, therefore, necessary for effective adaptation. Climate information must,
therefore, be associated with seasonal migrations and the development of alternative
activities (agroforestry, solar energy production, ecotourism, etc.). Varietymapsmust
offer a plurality of varieties for a given location so that farmers can use the most
appropriate crop or variety for any given growing season.Water sobriety is a relevant
alternative to manage water resources. Since most of the loss of irrigation water is
through evaporation and infiltration, increasing available water resources may allow
for the exploitation of more land.

The management of water resources in West Africa faces the challenges of
spatial and temporal distribution. Crop insurance can mitigate the effects of unequal
distribution by financially offsetting difficult periods and deprived climatic regions.

Transboundary rivers are natural systems of water distribution in West Africa.
Analyses indicate that in the region’s water tower (the Fouta Djallon Mountains),
only slight variations in rainfall and runoff are recorded, compared to the rest of the
region. Despite the effort to exploit water resources of transboundary rivers, political
and financial obstacles have interfered with exploiting the full potential of those
rivers. People living in areas located more than one kilometer away from waterways
prefer to use groundwater, which is now easier to access by drilling and pumping
(solar energy is used in some areas in Senegal).

Climate change patterns in West Africa demonstrate the crucial importance of
hydrological potential (both surfacewater and groundwater), despitemultiple signals
and warnings. The effective management of water resources improves many oppor-
tunities in farming, and also in inland fishing. In addition, it helps restore the popu-
lation balance between deserted places and overpopulated capital cities. The climate
context ofWestAfrica reveals previously unknown facts about the relationship among
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climate, water, and society. Population growth, constant demand for water in cities
and factories, and changes in lifestyle are all factors that increasingly affect water
resources.
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Chapter 5
Climate Change Impact on Hydrological
Regimes and Extreme Events in Southern
Africa

Samuel Kusangaya, Dominic Mazvimavi, Munyaradzi D. Shekede,
Barbra Masunga, Francesca Kunedzimwe, and Desmond Manatsa

Abstract Climate change is expected to exacerbate current stresses on water
resources resulting from population growth, economic factors and land use changes,
impacting on the availability of water resources and the sustainability of local ecosys-
tems. In southern Africa, changes in the intensity, frequency and duration of weather
extremes have resulted in recurrent droughts, floods, tropical cyclones among other
phenomena. For example, the El Niño-Southern Oscillation effect has intensified in
the past four decades (1900–2010) resulting in increased frequency of floods and
droughts in Southern Africa. Furthermore, the projected increase in the frequency of
droughts is likely to reduce flows and water storage. On the other hand, some regions
may experience an increase in the frequency and magnitude of extreme precipitation
events associated with flooding (and extreme high flows). Countries like Mozam-
bique, SouthAfrica,Malawi andZimbabwe are already experiencing recurrent floods
and droughts. Projected increases in the frequencies and magnitudes of such events
through to 2050, coupled with rising populations in the region, suggests that the
vulnerability of weather-sensitive sectors, particularly water resources and agricul-
tural production will increase. This will affect aquatic ecosystems, water supply,
irrigation, leisure, and hydropower generation. The implications of these findings
are as follows: (1) Water availability is likely to be compromised, (2) Water manage-
ment measures are likely to be tightened. (3) Dependence on rain-fed agriculture
is likely to increase food insecurity for most southern African countries as a result
of reduced agricultural production. (4) Similarly, electricity generation is likely to
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be reduced due to increased droughts and enhanced evapotranspiration as a result
of the high temperatures. It is thus concluded that southern Africa is deemed to be
a particularly vulnerable region on the African continent, as multiple biophysical,
political and socioeconomic stresses interact to heighten the region’s susceptibility
to climate change and variability and constrain its adaptive capacity. Thus, there is
need to increase resilience of ecosystems and communities in light of the anticipated
changes in hydrological regimes and extreme events.

Keywords Climate change · Hydrological regimes · Extreme hydrological
events · Resilience of ecosystems and communities · Southern Africa

1 Introduction

The southern Africa region is predominantly semi-arid and characterised by both
high seasonality and inter-annual variability of rainfall, river flows and groundwater
recharge. The growing human population including population in urban areas, expan-
sion of irrigated areas to improve food security, and industrialization are increasing
the water demand while water availability is progressively becoming constrained.
Some of the southern African countries such as South Africa and Zimbabwe are
already considered water-stressed countries. Future increases in water demand
will result in other countries in this region following suit. However, the available
surface and ground water resources depend on the balance between precipitation
and evapotranspiration, the very aspects which are severely impacted on by climate
change.

However, climate change will have spatially differentiated effects on precipita-
tion in various parts of southern Africa that will impact on available water resources.
Changes in the seasonality of rainfall will alter hydrological regimes thus affecting
the availability of water resources during both rainy and dry seasons (Kusangaya
et al. 2018). Several studies have demonstrated that climate change will cause inten-
sification of the hydrological cycle (Schulze 2005; Huntington 2006; Syed et al.
2010; Warburton et al. 2010). This will alter the occurrence of rain days, duration of
wet and dry spells (Kusangaya et al. 2018).

Apart from agriculture (Pielke 2007; Crane et al. 2011), climate change induced
changes on the availability of water resources will affect other sectors such as health
(Githeko et al. 2000; Huntingford et al. 2007; Vermeulen et al. 2012), ecosystems
and biodiversity (Eriksen andWatson 2009), and energy generation (Magadza 1996;
Yamba et al. 2011). The patterns of weather-related hazards will be affected by
climate change and thus impacting on human settlements causing loss of life, social
disruption and economic hardships (Hulmeet al. 2001;Desanker 2002). Such impacts
will be felt more by the resource poor in Southern Africa (Magadza 1996; Ngigi
2009).

Nevertheless, there are still uncertainties regarding the rate of climate change,
and the spatial and temporal distribution of these impacts over southern Africa.
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However, the persistence of the already observed changes in climate over the past
century (Solomon et al. 2007; IPCC 2014) like the recent increase in the occurrence
of extreme events that are accompanied by enhanced magnitude and severity entails
amplified impacts on future hydrological regimes. Thus, there are still uncertainties
about the specific effects of climate change in different river basins in southernAfrica.
This constrains development of river basin specific adaptation measures. Despite
these uncertainties, there is a need to have an improved understanding of potential
hydrological effects of climate change on water resources, e.g. seasonality of the
available water resources, patterns of extreme events such as floods and droughts.
This chapter aims to increase awareness about the potential hydrological effects of
climate change in southern Africa.

2 Water Resources in Southern Africa

The Southern African Development Community (SADC) comprises the following
countries: Angola, Botswana, the Democratic Republic of Congo, Lesotho, Mada-
gascar, Malawi, Mauritius, Mozambique, Namibia, Seychelles, South Africa, Swazi-
land, United Republic of Tanzania, Zambia and Zimbabwe. Apart from Sychelles,
Mauritius andMadagascar, the rest of the Southern African countries have 15 shared
river catchments (Fig. 1).

Fig. 1 Location of southern African countries and the major transboundary river catchments
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According to Tshimanga (2012) river catchments with considerable total renew-
able water resources will play an important role in regional cooperation. About
seventy percent (70%) of surface water resources are in 15 transboundary river catch-
ments (Fig. 1 and Table 1). Five SADC countries have water resource dependency
ratios of over 50%, that is, they rely onwater generated outside their borders to supply
more than half of their total water requirements (Kistin et al. 2009; Malzbender et al.
2009). Kusangaya et al. (2017) summarised the water resources characteristics for
the Southern African region as follows:

1. About 70%of the available freshwater resources are from sharedwater resources.
2. Water is unevenly distributed spatially and temporally with abundant water

resources in the northern and eastern areas while the south western areas are
predominantly dry.

3. Most of the rivers have highly seasonal flows with surplus water during the rainy
season, and water deficit during the dry season.

4. Surface water sources are sensitive to inter-annual variation of rainfall, and
frequent drought periods, most of the arid and semi-arid parts experience dire
shortages of water.

5. There is a very low conversion rate of rainfall to runoff with most parts having
runoff coefficients less than 0.15.Most of the available runoff especially in South
Africa is generated from the few mountainous catchments.

Most parts of southern Africa lying south of the 17°S latitude receive less than
650 mm/yr of rainfall with the exception of areas of high altitudes like hilly and
mountainous areas. North of this latitude, the average rainfall varies mostly from
900–2000 mm/yr. Mean annual runoff is generally less than 50 mm/yr south of
the 17°S latitude. For most parts of southern Africa, the runoff is less than 10%
of the rainfall with the rest evaporating from water bodies, soils and plants. Most
parts of the SADC region have low potential for groundwater development. Inter-
granual porous aquifers cover 45% of this region, while 33% has low permeability
aquifers, 19% fissured aquifers and 3% karst formations (Pietersen and Beekman
2016. Groundwater is important for rural water supply. Pietersen and Beekman
(2016) estimated that groundwater constituted 13% of the available water resources
in SADC or 7199 m3/yr/capita.

3 Climate Change in Southern Africa

3.1 Temperature Changes in Southern Africa

Analysis of both remote sensed and observed temperature data in southern Africa
shows that the region has experienced a warming trend (Hughes and Balling 1996;
Unganai 1996; Kruger and Shongwe 2004; Warburton and Schulze (2005a); New
et al. 2006; Manatsa and Reason 2016) (Table 1). Kruger and Sekele (2013) found
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out that warm extremes increased while cold extremes decreased for South Africa.
Hulme et al. (2001) further established that temperatures were higher in the 1990s
than previously in the century and are currently between 0.2 and 0.3 °C warmer than
the 1961–1990 average. An increasing trend across the whole region, with particu-
larly large rates of increase in Namibia and Angola has been identified. Overall, for
Southern Africa, minimum temperatures are rising faster than maximum tempera-
tures and there is a notable decrease in cold extremes while warm event extremes are
on the increase.

An increase in temperature typically causes the intensification of the hydrological
cycle (Trenberth 1999; Allen and Ingram 2002; Schulze 2005; Huntington 2006;
Syed et al. 2010), as a result of the increase in turbulence and evaporation, as well
as rainfall (Warburton et al. 2005b). This potentially increases the frequency of
occurrenceof droughts andfloods (Schulze 2011)whichmay lead to changing rainfall
patterns and hence the spatial and temporal distribution of runoff, soil moisture
and ground water reserves. As such, temperature changes have a direct bearing on
water resources availability within Southern Africa. A summary of the analysis of
temperature changes over Southern Africa is given in Table 1.

3.2 Rainfall Changes in Southern Africa

Climate change detection studies on rainfall have been carried out using observed,
interpolated and remote sensing derived rainfall. Nicholson et al. (2017) found a
shift from relatively wet conditions of the 1920s–1950s to dry conditions from the
1970s onward. For the northernmost part of southern Africa, including Zimbabwe,
an increase in rainfall in the 1970s of 6% followed by a reduction of 5% in the
eighties is shown by Nicholson (2001). Morishima and Akasaka (2010) analysed
rainfall data for the 1979–2007 period for southern Africa and concluded that annual
rainfall has decreased over the African continent from the equator to 20ºS, as well as
in Madagascar resulting in a shorter and weaker rainfall season in southern Africa
with rainfall in Angola, Zambia and Namibia tending to decrease from December to
March. New et al. (2006) reported that spatially coherent increases in consecutive dry
days were found over much of southern Africa in the past decades of the twentieth
century. However, analysis of historical rainfall trends for Zimbabwe (1933–2000)
by Mazvimavi (2010b) showed that there was no statistically significant rainfall
reduction in Zimbabwe. This, however, contrast sharply with earlier results from
Unganai (1996) who concluded that annual rainfall in Zimbabwe had declined by
10%between 1900 and 1994. Elsewhere, in SouthAfrica,Hewitson andCrane (1996)
reported increase in rainfall in regions of South Africa where orographic influences
dominate based on 50 years of data (1950–1999). Increases in late summer dry-spell
duration for much of the summer rainfall region were also detected in the same study.

Combined results from rainfall trend analysis suggest that changes in rainfall are
contrasting and subject to considerable uncertainty, regarding the extent (spatial and
temporal) and magnitude of change. This is largely because rainfall is characterised
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by high inter-annual variability over Southern Africa. The insufficient data records
for southern Africa also make analysis challenging (Mazvimavi 2010a). These limi-
tations render detection of rainfall changes due to climate change difficult. However,
as pointed out by Warburton and Schulze (2005a) changes in rainfall have impor-
tant implications for the hydrological cycle and for water resources since rainfall
is the main driver of variability in the water balance, upon which humans and the
environment depend. A summary of the results of rainfall analysis is given in Table 2.

4 Occurrence of Water-Related Extreme Events
in Southern Africa

Several studies from southern Africa have shown that extreme hydrological events
are increasing in frequency andmagnitude (e.g. Kabat et al. 2002; Reason and Keibel
2004;Kadomura 2005; Patt andSchröter 2008a;Yanda 2010;Goodess 2013). Several
studies show that the El Niño-Southern Oscillations are becoming more intense as
a result of climate change (e.g. McMichael et al. 2006; Collins et al. 2010; Manatsa
and Behera 2013). For example, in Southern Africa, the frequency of droughts is
projected to increase andwill most likely increase the frequency of extreme lowflows
and low storage episodes (Desanker andMagadza 2001). These will inevitably affect
aquatic ecosystems, water supply, irrigation, leisure, and hydro power generation.
On the other hand, Kusangaya et al. (2014) reported that some areas in southern
Africa have, and will, experience an increase in the frequency and magnitude of
heavy precipitation events which in most cases will result in flooding (and extreme
high flows) (Figs. 2 and 3).

Thus, from other reports (Field et al. 2012) it is observed that (a) Africa has the
second-highest number of extreme events after Asia, and, (b) Africa has the highest
number of hydrological extreme events. A significant number of these hydrological
(e.g. floods) and climatological (e.g. droughts) are occurring in Southern Africa. For
southern Africa countries, it can be seen that (a) the occurrence of natural disasters in
the last twodecades (1991–2000 and2001–2010) is by far higher than for the previous
decades, with the 2001–2010 decade having the highest occurrences (Fig. 2) and (b)
the occurrence of these water-related disasters has been increasing at an exponential
rate. The number of natural disasters in the last decade is in most cases equivalent
to the total number of disasters in the previous 3 decades (Fig. 3). It is therefore
concluded that there is an increasing trend of extreme events in southern Africa
(Kabat et al. 2002; Patt and Schröter 2008b). The classification of extreme water-
related events used in this chapter was adopted from Centre for Research on the
Epidemiology of Disasters (CRED) (Table 3)
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Fig. 2 Total number of recorded water-related disasters between 1960 and 2019 for Southern
Africa [Source Data: Source: EM-DAT: The Emergency Events Database—Universite catholique
de Louvain (UCL)—CRED, D. Guha-Sapir—www.emdat.be, Brussels, Belgium, (accessed July 4
2019)]

Fig. 3 Trends in the occurrence of water-related disasters for southern Africa by decade. [Source
Data: Source: EM-DAT: The Emergency Events Database—Universite catholique de Louvain
(UCL)—CRED, D. Guha-Sapir—www.emdat.be, Brussels, Belgium, (accessed July 4 2019)]

http://www.emdat.be
http://www.emdat.be
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Table 3 Definition of Water-related disasters

Disaster subgroup Definition Disaster main type

Meteorological A hazard caused by short-lived, micro- to
meso-scale extreme weather and atmospheric
conditions that last from minutes to days

Extreme temperature storm

Hydrological A hazard caused by the occurrence,
movement, and distribution of surface and
subsurface freshwater and saltwater

Flood landslide

Climatological A hazard caused by long-lived, meso- to
macro-scale atmospheric processes ranging
from intra-seasonal to multi-decadal climate
variability

Drought wildfire

(Source The international Disaster Database (https://www.emdat.be/classification) of the Centre for
Research on the Epidemiology of Disasters (CRED)

4.1 Floods and Droughts

The frequency andmagnitudes of both floods and droughtswill be affected by climate
change as a result of changes in the intensity and frequency of rainfall. These events
cause considerable damages to life and infrastructure. Floods and droughts also
cause indirect adverse effects such as epidemics (Kundzewicz et al. 2008; Knox
et al. 2010). Floods due to tropical cyclones frequently affect Malawi, Mozambique
and Zimbabwe. Recent floods due to Cyclone Idai caused over a thousand deaths
and extensive damage to infrastructure particularly for rural communities and poor
urban households. Tropical cyclone activity in southern Africa has been recorded
with increased frequency in recent years causing massive damage and loss of life in
Mozambique, Zimbabwe, Zambia, Swaziland, SouthAfrica,Madagascar andMauri-
tius (Reason and Keibel 2004; Klinman and Reason 2008) (Fig. 4 and Table 4).
Tadross et al. (2005) and New et al. (2006) showed evidence of changing rainfall
seasonality and extreme events. These observations ultimately, signify a significant
shift of climate variables from the recent past.

Droughts cause food insecurity and considerable damage to economic production
(Zinyowera and Unganai 1992; Kabat et al. 2002; Patt et al. 2008b; Tirado et al.
2010). For example, six warmest years on record for Zimbabwe occurred since 1987,
with corresponding increased frequency of droughts in southern Africa since 1990
causing massive drops in crop yields in Zimbabwe, Malawi and Zambia (Rouault
and Richard 2005; Manatsa et al. 2008; Gizaw and Gan 2017).

Figure 5 shows the trends in the occurrence of water-related disasters for selected
Southern African countries. What is evident is that the occurrence of droughts has
been increasing exponentially for the following countries: Lesotho,Malawi,Mozam-
bique, South Africa and Madagascar (Fig. 5). Floods occurrence also exhibits the
same pattern as droughts as can be seen for South Africa, Zambia, Mozambique,
Malawi, Botswana and Angola. Recently, the region has been experiencing heat
waves and extensive wildfires, phenomena that had never been recorded in southern

https://www.emdat.be/classification
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Fig. 4 Frequency of floods and droughts (and related weather events) in southern Africa (1920–
2019)

Africa (Table 4 and Fig. 4). The upsurge in heat waves andwildfires are attributable to
increasing temperatures. The increasing cases of recorded epidemics are also closely
related to the increasing occurrence of floods due to increased cyclone activity as in
the case of Mozambique, Zimbabwe, Lesotho and Malawi (Fig. 5).

5 Hydrological Regimes

River discharge is affected by several drivers such as landuse changes, water with-
drawals and climate variations (Richter et al. 1996; Mathews and Richter 2007).
The increase of the global temperature affects precipitation (P) and the evaporative
demand (E) both of which determine the availability of water as shown in Eq. (1)

P = Q−E ± �S, (1)

where Q = runoff, �S = change of both surface and subsurface water storages.
Precipitation and the evaporative demand set the broad limits to the amount

of water available as runoff or river flows, and the replenishment of surface and
subsurface storages. Climate change will affect rainfall and temperature, resulting in
changes in the available water resources (Q) (Wuebbles et al. 2010). An increase in
temperature will cause an increase in the evaporative demand (E) and thus affecting
both runoff and subsurface water. In combination with the increasing demographic
pressure and low adaptive capacity, these changes could, therefore, have significant
impacts on people and sectors that depend on the availability of water. Future climate



5 Climate Change Impact on Hydrological Regimes … 113

Ta
bl
e
4

O
cc
ur
re
nc
e
of

w
at
er
-r
el
at
ed

di
sa
st
er
s
in

so
ut
he
rn

A
fr
ic
a
by

de
ca
de

19
50
–1
95
9

19
60
–1
96
9

19
70
–1
97
9

19
80
–1
98
9

19
90
–1
99
9

20
00
–2
00
9

20
10
–2
01
9

To
ta
l

A
ng
ol
a

3
18

28
49

D
ro
ug
ht

3
3

2
8

Fl
oo
d

14
26

40

L
an
ds
lid

e
1

1

B
ot
sw

an
a

8
10

18

D
ro
ug
ht

5
1

6

Fl
oo
d

3
8

11

St
or
m

1
1

D
R
C

44
44

D
ro
ug
ht

2
2

Fl
oo
d

28
28

L
an
ds
lid

e
6

6

St
or
m

5
5

W
ild

fir
e

3
3

L
es
ot
ho

6
13

19

D
ro
ug
ht

2
5

7

Fl
oo
d

3
2

5

St
or
m

1
6

7

M
ad

ag
as
ca
r

70
2

72

D
ro
ug
ht

9
9

Fl
oo
d

7
7

(c
on
tin

ue
d)



114 S. Kusangaya et al.

Ta
bl
e
4

(c
on
tin

ue
d)

19
50
–1
95
9

19
60
–1
96
9

19
70
–1
97
9

19
80
–1
98
9

19
90
–1
99
9

20
00
–2
00
9

20
10
–2
01
9

To
ta
l

St
or
m

54
2

56

M
al
aw

i
52

52

D
ro
ug
ht

8
8

Fl
oo
d

41
41

St
or
m

3
3

M
oz
am

bi
qu

e
79

79

D
ro
ug
ht

13
13

Fl
oo
d

38
38

L
an
ds
lid

e
2

2

St
or
m

25
25

W
ild

fir
e

1
1

N
am

ib
ia

22
22

D
ro
ug
ht

8
8

Fl
oo
d

14
14

Se
yc
he

lle
s

4
4

Fl
oo
d

2
2

St
or
m

2
2

So
ut
h
A
fr
ic
a

15
74

89

D
ro
ug
ht

4
6

10

E
xt
re
m
e
te
m
pe
ra
tu
re

3
3

Fl
oo
d

7
30

37

(c
on
tin

ue
d)



5 Climate Change Impact on Hydrological Regimes … 115

Ta
bl
e
4

(c
on
tin

ue
d)

19
50
–1
95
9

19
60
–1
96
9

19
70
–1
97
9

19
80
–1
98
9

19
90
–1
99
9

20
00
–2
00
9

20
10
–2
01
9

To
ta
l

L
an
ds
lid

e
1

1

St
or
m

4
24

28

W
ild

fir
e

10
10

Sw
az
ila

nd
13

13

D
ro
ug
ht

6
6

Fl
oo
d

3
3

St
or
m

3
3

W
ild

fir
e

1
1

Z
am

bi
a

25
25

D
ro
ug
ht

5
5

Fl
oo
d

19
19

L
an
ds
lid

e
1

1

Z
im

ba
bw

e
26

26

D
ro
ug
ht

7
7

Fl
oo
d

12
12

St
or
m

7
7

To
ta
l

3
18

36
60

83
17
4

13
8

51
2



116 S. Kusangaya et al.

Fig. 5 Trend of water-related disaster occurrence in selected southern Africa countries

change is projected to have a significant impact on the hydrological regime, water
resources and their quality in many parts of the world. The water-dependent ecosys-
tems are exposed to the risk of climate change through altered precipitation and
evaporation patterns. Table 5 provides an overview of the potential effects of climate
change on hydrological regimes in southern Africa.

6 Discussion

6.1 Climate Change Impact on Water Availability

Globally, approximately four billion people experience severe water scarcity, during
at least some extended periods of the year (Mekonnen and Hoekstra 2016). With the
expected increase in supply and demand pressures such as land degradation, pollu-
tion, population growth and urbanisation, the availability of fresh water is likely to
be compromised. Climate change has the potential to impose additional pressures
in some regions such as southern Africa (Gardner-Outlaw and Engelman 1997).
Kusangaya et al. (2017) showed that fourteen African countries are already expe-
riencing water stress while 11 others will be water stressed by the year 2025, and
climate change is likely to exacerbate this. By 2020, an additional 75–250 million
people in Africa are projected to be exposed to increased water stress (Solomon et al.
2007). According to Vörösmarty et al. (2005) water stress is high for 25% of Africa’s
population with a further 13% experiencing water stress due to recurring droughts.
For SADC countries, using the Falkenmark indicator of water stress (Falkenmark
1989), Lesotho, Malawi, South Africa and Zimbabwe are already regarded as water
stressed (Fig. 6). Based on projected population for the 2010 to 2050 period by the
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Fig. 6 Total renewable water and respective population changes for southern Africa [Data Source:
FAO, 2012. AQUASTAT database—[accessed 19/11/2012, http://www.fao.org/nr/water/aquastat/
data/]

United Nations, Department of Economic and Social Affairs, Population Division,
Mazvimavi (2010a) showed that Tanzania will fall within the moderate water stress
category by 2020 without climate change. By the year 2050, Malawi, South Africa,
Tanzania and Zimbabwe will be in the high-stress category even without climate
change (Mazvimavi 2010a). Thus, climate change will increase pressure on water
resources which are already stressed. The population at risk of increased water stress
in Africa is estimated to increase to 350–600 million people by the 2050s (Solomon
et al. 2007) and up to 10% of SADC population. The water sector and related sectors
will have to adapt to scarce water resources. Adaptation in the water sector could be
done through conservation, improved efficiency, technological change and adoption
of integrated water resources management (Matondo 2010; Schulze 2011).

6.2 Extreme Events

Several factors operating at different spatial and temporal scales have led to various
extreme events in Southern Africa. Some of these extreme events are attributed to or
exacerbated by climate change. While there is unequivocal evidence that the climate
is changing, there are divergent views on the causes and attributed consequences
of the obtaining climate change (Arnell 1999). For example, whilst some areas are
experiencing an increasing number of frequent dry spells, others are experiencing
totally the opposite, i.e. they are experiencing an increase inconsecutive wet spells
that span a relatively long period of time. So far a number of studies from southern
Africa have shown that extreme hydrological events are increasing in frequency and
magnitude (e.g. Kabat et al. 2002; Reason and Keibel 2004; Kadomura 2005; Patt
and Schröter 2008a; Yanda 2010; Goodess 2013). For example, the El Niño-Southern
Oscillation effect has continued to strengthen in recent decades: e.g. 2000–2010

http://www.fao.org/nr/water/aquastat/data/
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(Timmermann et al. 1999;Manatsa et al. 2011) resulting inmore floods and droughts.
Climate change is being attributed to the intensification of the El Niño-Southern
Oscillations (e.g. McMichael et al. 2006; Collins et al. 2010; Manatsa and Behera
2013). The frequency of droughts is projected to increase and will most likely lead to
an increase in the frequency of extreme lowflows and low storage episodes (Desanker
and Magadza 2001). Extreme low flows and low storage episodes inevitably affect
aquatic ecosystems, water supply, irrigation, leisure and hydro power generation.

Given that our understanding of climate change, which points towards an
increasing frequency, timing and intensity of extreme hydrological events, whose
impacts are also expected to be widespread (Easterling et al. 2000; Groisman et al.
2005; Osbahr et al. 2008; Yanda 2010; Yamba et al. 2011; Goodess 2013) as exempli-
fied by the recent (2019) impacts of cyclones Idai and Kenneth. Knowledge about the
characteristics of extreme hydrological events is valuable for planning and designing
infrastructure. Both urban and rural areas contain many types of hydraulic engi-
neering structures (such as dams, levees, water distribution networks, water collec-
tion networks, sewage collection networks, storm water management, etc.) which
need to be designed to accommodate peak flows of a certain magnitude in order to
function safely at a given level of risk (Schulze et al. 2014). Should the structures fail,
especially where human settlement is dense, there are potential societal, economic
and environmental consequences. Table 6 summaries the estimated costs associated
with cyclonic activity in Southern Africa.

6.3 Vulnerability to Climate Change

The combination of high climate variability and limited livelihoods options due to
high levels of poverty affecting a large proportion of the population contributes
to vulnerability to climate change. High climate variability that results in frequent
regional exposure to floods and droughts contribute significantly to the vulnerability
to current and future climate shocks to a population with limited resilience to these
shocks. Large proportions in rural and urban areas do not have access to adequate
access to water and sanitation. When extreme weather events such as floods and
drought occur, they exacerbate an existing problem.Climate changewillworsen these
problems. Although efforts are being made to improve water resources management
in southernAfrica, the existing systems such dams developed for satisfying domestic,
industrial and municipal uses are still not able to satisfy the demand in most parts of
southern Africa. This is due to inadequate development of infrastructure and human
capacity formanaging these systems.Climate changewill exacerbate these problems.

A large proportion of the southern African population has very limited livelihood
options due to poverty and limited resource base. When floods and droughts occur
they are not able to adopt options that cushion them from these shocks. If the existing
poverty levels are not eliminated, climate change will worsen these problems. Envi-
ronmental degradation in the form of soil erosion, deforestation and water pollution
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Table 6 Cyclone activity and associated estimated cost for southern Africa

Cyclone Year Countries affected Estimated cost in damages

Idai 2019 Mozambique, Zimbabwe, Malawi 1 billion

Ava 2018 Angola, Malawi, Mozambique, Tanzania,
Zambia and Zimbabwe

156 million

Dineo 2017 Mozambique, Madagascar, South Africa 267 million

Bansi 2015 Mozambique, Malawi, Angola, Tanzania,
Zambia, Northern and Central Malawi,
Madagascar and Mauritius.

46.3 million

Chedza 2015 Malawi, Madagascar, Mozambique 40 million

Dando 2012 Mozambique, South Africa Unknown

Funso 2012 South Africa, Mozambique, Madagascar 30.5 million

Irina 2012 Madagascar, Mozambique and South
Africa

309 million

Favio 2007 Mozambique, Madagascar, Zimbabwe 71 million

Japhet 2003 Mozambique, Zambia, Zimbabwe, South
Africa, Madagascar

200 million

Eline 2000 Zimbabwe, Mozambique, South Africa 309 million

Leon-Eline 2000 Namibia, Mozambique, South Africa,
Zimbabwe

170 million

Huda 2000 South east Africa and Madagascar Unknown

Domoina 1984 South Africa, Swaziland, Madagascar
Mozambique

200 million

Imboa 1984 Mozambique, South Africa 496 million

Justine 1982 South Africa, Madagascar, Mozambique 250 million

Kolia 1980 South Africa 342 million

Emilie 1977 South Africa Mozambique Unknown

Danae 1976 South Africa, Mozambique Unknown

Caroline 1972 South Africa, Mozambique Unknown

Eugenie 1972 South Africa, Madagascar Unknown

Claude 1966 Swaziland, South Africa, Mozambique Unknown

Astrid 1958 Swaziland, South Africa, Mozambique 1 million

Source EM-DAT: The Emergency Events Database—Universite Catholique de Louvain (UCL)—
CRED, D. Guha-Sapir—www.emdat.be, Brussels, Belgium

adversely affects the available water resources. Climate change will worsen these
problems increasing the vulnerability of the affected communities.

Southern African communities are often caught unaware when floods and
droughts exist. This is partly due to poorly developed early warning system which
contributes to increased exposure to these shocks. A contributory factor is that large
parts of southern Africa have inadequate hydro meteorological monitoring system
(Mazvimavi (2010a). This has led to limited location-specific knowledge about the

http://www.emdat.be
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nature and effects of climate variability and potential effects climate change. Lack of
locally relevant data constrains the development of adaptation measures appropriate
for different environmental settings and communities. This often leads to the recom-
mendation of measures based on “one-size fits all”. The limited financial resources
are invested in ineffective adaptations measures.

6.4 Hydrological Regimes

Due to the altered rainfall patterns (increase in flooding and droughts in addition to
increased variability and changes in rainfall characteristics) flow regimes of rivers are
likely to change. For example, dry season flows are likely to be reduced significantly
during dry seasons, that which will not only affect irrigation but also hydro electricity
generation. Ecologically, several observations can be made from this of which the
following are key: Firstly, river flows are a major determinant of physical habitat
in streams, which in turn is a major determinant of biotic composition; Secondly,
aquatic species have evolved life history strategies primarily in direct response to
the natural flow regimes; Thirdly, maintenance of natural patterns of longitudinal
and lateral connectivity is essential to the viability of populations of many riverine
species; Finally, the invasion and success of exotic and introduced species in rivers is
facilitated by the alteration of flow regimes. Thus the impacts of flow change (natu-
rally or due to climate change) aremanifest across broad taxonomic groups including
riverine plants, invertebrates and fish. However, despite growing recognition of these
relationships, there is still dearth in literature for Southern Africa on prediction and
quantification of biotic responses to altered flow regimes. One obvious difficulty is
the ability to distinguish the direct effects of modified flow regimes from impacts
associated with land use change and climate change that often accompanies water
resource development.

7 Conclusion

From this discussion, a picture of the availability of the water resources in the future
can be constructed and the implications of these findings are as follows: (1) Water
availability is likely to be compromised, since, for example, rainfall for a season may
now fall within a few days. Thus altered rainfall characteristics (intensity, duration,
etc…) will eventually impact on flow regimes, hence available water resources—
spatially and temporally. (2)Water management measures are likely to become strict,
since water shortages as experienced in Cape Town, South Africa from 2017 to 2018,
are a certain possibility. Hence management of water resources, i.e. implementation
of Integrated Water Resources Management Systems have to be expedited. (3) Most
of the population in southern Africa depends on rain-fed agriculture and most of
this population lives in rural areas where mean annual rainfall is approximately
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below 600 mm. Thus the impacts of climate variability are likely to be severest.
In light of this, completion of overdue dams, construction of other water infras-
tructure and establishment of irrigation infrastructure to support agriculture need
to be seriously considered in order to support small holder irrigation schemes, so
as to ensure food security. (4) Similarly, for electricity generation, due to rainfall
variability and increased temperatures, available water for electricity generation is
likely to be reduced. This is particularly severe for dry season flows, since for hydro-
electric power generation, a low threshold of water levels must not be exceeded
for continual power generation. When exceeded, power generation becomes unsus-
tainable. A typical implication associated with this deduction is faltering electricity
production, as is the current case in Zimbabwe- 2019. The Zimbabwe Electricity
Transmission and Distribution Company (ZETDC) issued a statement on their social
media platform acknowledging the high electricity demand in the Zimbabwe and
warning citizens of potential power cuts. From whence, a power cut schedule has
since been developed and followed strictly. Thus alternative power sources such as
solar, need to be seriously considered. (5) Lastly, the implications of these changes on
agriculture and food security must be emphasised. Planting dates become unsteady
due, for example, to the shift in the rainfall season onset. Thus, when these underlying
fundamental processes for agriculture are subject to change, food security is heavily
compromised and food shortage is probable. Thus, changes in climatic patterns may
be a basis for changes in growing patterns, that is, moving from growing a particular
crop in a region which it was suitable before to another area which may seem to
possess the suitable conditions. As such new crop varieties (genetically modified)
have to be seriously considered.
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Chapter 6
Historic Climatic Variability
and Change: The Importance
of Managing Holocene and Late
Pleistocene Groundwater in the Limpopo
River Basin, Southern Africa

Tamiru A. Abiye and Khahliso C. Leketa

Abstract The isotopic signature in local precipitation is drivenby factors that control
fractionation such as temperature and season, where stable isotopes in groundwater
retain the signature of the effects of physical changes at the time of recharge. High
ambient temperature and decrease in rainfalls are characteristic features of the El
Niño event in southern Africa that has resulted in tremendous pressure on water
resourcemanagement.Based on the environmental isotope records from theLimpopo
River Basin in South Africa and Botswana, this study determines ambient temper-
ature during rainfall at the time of recharge and correlates it with the 14C Mean
Residence Time to observe temperature variability in the Holocene and Late Pleis-
tocene. Its implication for the need tomanage such historic groundwater is discussed.
Temporal variation in stable isotopes and ambient temperature in relation to 14C data
revealed the presence of evaporation and recharge at different times due to long-term
climatic variability in the areas locatedwithin the arid and semi- arid climatic settings
in the basin. Evidence of variability in ambient temperature was found in geolog-
ical times, with increasing trends in the Holocene and Late Pleistocene. Therefore,
increasing water demand by various economic sectors requires planned intervention
in groundwater resource management to achieve sustainable development.

Keywords Groundwater management · Environmental isotopes · Ambient
temperature · Holocene-Late pleistocene · Impact on groundwater resources

T. A. Abiye (B) · K. C. Leketa
School of Geosciences, University of the Witwatersrand, Private Bag X3, P.O. Box Wits 2050,
Johannesburg, South Africa
e-mail: tamiru.abiye@wits.ac.za

K. C. Leketa
e-mail: kleketa@gmail.com

© Springer Nature Switzerland AG 2021
S. Diop et al. (eds.), Climate Change and Water Resources in Africa,
https://doi.org/10.1007/978-3-030-61225-2_6

131

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-61225-2_6&domain=pdf
mailto:tamiru.abiye@wits.ac.za
mailto:kleketa@gmail.com
https://doi.org/10.1007/978-3-030-61225-2_6


132 T. A. Abiye and K. C. Leketa

1 Introduction

Groundwater, often considered a strategic resource in Africa, is not well under-
stood, despite its role in addressing clean water shortage for the vast population.
Compounding this, groundwater is under pressure from uncontrolled waste disposal,
mining effluents, excessive pumping for irrigation and industrial activities (Abiye
et al. 2011; Abiye 2013a, b, 2015). Groundwater plays a vital role, predominantly in
arid and semi-arid regions, fulfilling an increasing water demand due to its resilience
to short-termclimatic variation. In arid and semi-arid regions, aquifers receive limited
recharge from sporadic rainfall (Selaolo 1998;Abiye 2016). Therefore, it is necessary
to dedicate attention to sustainable development policy in the region. In the Limpopo
River Basin, groundwater exploitation is unregulated and in most cases storage and
recharge history are unknown. The basin hosts about 18 million inhabitants within
the 408,250 km2 catchment, including portions of Botswana, South Africa, Mozam-
bique and Zimbabwe, with a total average rainfall ranging from 300 to 1050 mm/yr
across the catchment (Owen 2011).

The potential impact of climate change on groundwater has been researched
in depth globally, with a dominant interest in arid and semi-arid regions due to
the scarcity of surface water. High evaporation due to an increase in temperature
(IPCC 2018) and low rainfall obviously have a tremendous impact on surface water
availability. Constant improvement in the modeling of global climatic variables also
contributes to understanding the extent of climate change at different levels, even
though the capacity to utilize data at the local level is very limited.

In order to investigate the isotopic characteristics of groundwater that is in great
demand by local communities and the industrial sector, different sites with a known
groundwater history in the Limpopo River Basin have been considered in this study
(Fig. 1).

Groundwater recharge originates from rainfall with a buffer zone that serves as
ambient impoundment, which either directly or indirectly replenishes aquifers that
later release water onto the surface through wells, springs and base flow. Therefore, it
is essential to understand the status of climate at the time of rainfall event and subse-
quent recharge into the aquifer. Naturally, groundwater recharge is a slow process
that can be subjected to extreme climatic variation. Particularly in semi-arid and arid
regions, rainfall occurs in an unpredictable manner, which restricts regular aquifer
recharge. Hence, people rely on the available groundwater without knowing the
recharge history that is necessary for knowledge-based groundwater management.

It is known that an increasing global ambient temperature leads to a change
in precipitation and atmospheric moisture, which ultimately affects the amount of
recharge to aquifers (Négrel and Petelet-Giraud 2011). Groundwater provides an
archive of past climate variations by recording changes in the recharge amount or
the chemical and isotopic evolutionary history of a groundwater system (Hughes
et al. 2011). Négrel and Petelet-Giraud (2011) investigated the recharge conditions
and groundwater characteristics of big aquifers in Europe at a large scale, involving
recent, Holocene and Pleistocene components and their eventual mixing. If isotopic
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Fig. 1 Location map of the Limpopo River basin with three localities considered in this study

signatures are not affected by any process from surface water to groundwater, the
isotopic ratio reflects the origin of the water such as location, period and recharge
process (Négrel and Petelet-Giraud 2011). This suggests that, if recharge takes place
in a cold climate, other than from high latitude moisture sources such as from the
polar region, a depleted isotope signature is expected in the recharging water. On
the other hand, isotopic enrichment is linked to water that experienced evaporation
prior to recharge. The spatial and temporal variability of the isotopic composition
of meteoric water is controlled by factors such as ambient temperature, relative
humidity, precipitation, latitude, distance from the coast, and elevation of the given
area above sea level (Rozanski et al. 1997). Consequently, the isotopic composi-
tion of atmospheric water vapor and precipitation exhibits broad temporal variations
(Rozanski et al. 2000). The most important paleoclimate application of isotopes in
global rainfall is an apparent relationship between the isotopic composition of precip-
itation and surface temperature (Rozanski et al. 1997). Once recharge with a distinct
isotope signature joins an aquifer, the stable isotope values of recharging water are
retained in groundwater. In this regard, the presence of paleo-recharge under cold
climatic conditions with depleted stable isotope values can be easily associated with
the last glaciation period in the Late Pleistocene. The widespread occurrence of C4

grasses in thewarmer summer rainfall areas of southernAfrica reveals temporal shifts
of climatic boundaries, which indicates that temperatures and also precipitation in
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southern Africa have changed since the Last Glacial maximum, about 18,000 years
ago (Vogel 1983).

The stable isotope signature of groundwater retains the effect of climatic condi-
tions throughwhich rainfall occurred. Therefore, environmental isotopes are suitable
to characterize climatic factors that alter the isotopic composition ofwater. In ground-
water, stable isotopes help to explore the presence or absence of evaporation, which
could be directly linked to ambient temperature. Groundwater that receives indirect
recharge from surface water systems through ponds, channels, wetlands, streams and
lakes tends to show more enrichment in stable isotopes relative to local rainfall. This
is because of exposure ofwater to evaporation prior to infiltration,whereby the lighter
isotopes preferentially evaporate, leaving heavier isotopes behind, which eventually
percolate into groundwater. On the other hand, water that is directly recharged into
groundwater from rainfall through fractures and pore spaces could have a similar
isotopic signature as the rainfall, with a very limited effect of evaporation. In most
cases, surfacewater acts as a buffer between precipitation and groundwater so that the
effect of ambient temperature can be traced within the groundwater archive through
the identification of the stable isotope signature. Varying rates of infiltration during
summer and winter seasons could also result in an isotopic shift in rainfall and/or
temperature, besides climatically induced changes in the plant cover. These effects
are superimposed on the climatic signal imprinted in regional precipitation (Rozanski
et al. 2000).

For several decades, stable isotopes have been widely used as environmental
tracers in groundwater studies, catchment water balance, infiltration through soil
horizon, surface water and groundwater interaction, and dam leakages across the
world. Particularly in arid and semi-arid regions that are characterized by high
temperature, the isotopic composition of groundwater is dependent on the extent
of evaporation that is affected by the occurrence of effective rainfall to replenish
aquifers and hence, maintain the signature of atmospheric effect.

The spatial and temporal variability in the δ2H and δ18O values of meteoric
water results from the isotope-fractionation effect that accompanies evaporation and
condensation (Yurtsever and Gat 1981; Clark and Fritz 1997; Edmunds et al. 2005).
Variability could be long term, based on the change in climatic variables. On amillen-
nial time-scale, changes in the δ18O values of ice in the tropics represent large-scale
climatic variations (Thompson and Davis 2005; Hoffmann et al. 2005). Past rain-
fall stored as groundwater and ice provides evidence of former climatic conditions
(Rozanski et al. 1992; Edmunds 2005; Dragoni et al. 2008). The δ18O distribution in
the Holocene and Late Pleistocene in large sedimentary aquifers in North Africa has
been documented by Edmunds 2005, and revealed the presence of highly depleted
δ18O values within the Nubian sandstone aquifer in the Late Pleistocene as compared
to the West African region, which indicates a cooler climatic condition at the time
of recharge in North African region.

The Pleistocene climate is marked by major glacial and interglacial oscillations,
where the most recent glacial period culminated about 21,000 years ago (the last
glacial maximum) with vast ice sheets that extend into the mid-latitude of North
America and Europe (Jones and Mann 2004). In the Holocene and Late Pleistocene
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in northern Africa and Europe, significant groundwater replenishment took place
during the pluvial periods in the late glacialmaxima, where general cooling of around
5 to 6 °C was estimated through the noble gas method (Edmunds 2005). Jones and
Mann (2004) indicated that in the Late Pleistocene, global temperatures were about
4 °C cooler than in the mid-twentieth Century, confirming unprecedented warming
at a global scale. Evidence also suggests the existence of ancient lakes in the Sahara
(Street and Grove 1979), which dried up due to high ambient temperature. This,
obviously, has implications for the absence of active groundwater recharge in the
region, as well as on extreme desertification, which impacted the availability of
freshwater.

In recent times, southern Africa experienced an El Niño event, which is charac-
terized by high surface temperature and a decrease in rainfall amount (Kogan and
Gu 2017) resulting in increased evaporation, while causing tremendous pressure on
water resources management (Abiye 2016). Based on the available environmental
isotope record from South Africa and Botswana (Limpopo River Basin, Fig. 1), this
study tries to determine the ambient temperature during rainfall events that generated
recharge to groundwater and correlate them with 14C Mean Residence Time (MRT)
to observe temperature change in line with long-term climate variability and change.
In order to estimate the groundwater MRT, radiocarbon (14C) with a half-life of
5,730 years (Clark and Fritz 1997) was used. 14C is naturally produced in the atmo-
sphere to form 14CO2, which is assimilated into plants through plant respiration. 14C
is measured in “percent Modern Carbon” (pMC), which corresponds with 95% of
the Oxalic acid standard for the 14C activity of 1950 (Clark and Fritz 1997; Suckow
et al. 2013). In water bodies, CO2 exchange occurs through carbonate formation that
retains 14C in its molecular structure, where the infiltrating water picks up 14CO2

in the root zone from respiring roots and decomposition of dead organic matter.
According to Leaney and Allison (1986) and Suckow et al. (2013), water that was
recharged pre-1952 when the atmospheric 14C was 100 pMC for deep groundwater,
is not affected if a closed system is assumed for carbonate dissolution. Values of 14C
close to 100 pMC could suggest that the recharge rate is fast or it is restricted to
certain areas of the aquifer. Therefore, the temporal variation in stable isotopes has
been thoroughly assessed based on 14C data in order to gain insight into long-term
climate variability in the Limpopo River Basin. With the current high rate of popula-
tion growth and an increase in water demand, this analysis is intended to assist water
managers to plan and an implement intervention to protect groundwater depletion
due to recurrent drought.

2 Methodology

Three sites were identified within the Limpopo River Basin in South Africa and
Botswana (Fig. 1), where groundwater samples were collected for environmental
isotope analysis. These sites are located in southeast Botswana, Dendron (Limpopo
Province, South Africa) and the Johannesburg region (Gauteng Province, South
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Africa). Pertinent data representative of annual averages for stable isotopes was
systematically collated. Groundwater samples were analyzed for stable isotopes of
water molecules (18O and 2H), and 14C dating; 14 samples were taken from south-
east Botswana, six from Dendron and 18 from the Johannesburg region. Analysis for
stable isotopes of water was conducted at the Hydrogeology Lab, University of the
Witwatersrand, South Africa, using an LGR Liquid Water Isotope Analyzer, while
14C analysis was conducted at iThemba Labs in Gauteng, South Africa.

To estimate ambient temperature, regression equations from various published
studies were considered. Cuffey et al. (1995) proposed a linear regression for the
paleo-thermometer based on 18O values as δ18O (‰) = 0.327T−24.8‰ for Green-
land, using 18O values of ice core and calibrated with borehole temperature. More
important, the pioneering work of Dansgaard (1964), based on the global isotopic
composition of precipitation and temperature, was applied. Based on the global
relationship, the 18O values in relation to temperature at the time of rainfall event
was represented by δ18O‰= (0.695xTannual −13.6‰). Rearranging the relationship
for temperature leads to: Tannual = (δ18O‰ +13.6‰) /(0.695), which was used to
calculate the ambient temperature at the time of recharge in this study.

Based on the exponential function, groundwater mean residence time was esti-
mated where: t(years) = −8267 ln (a14t C/a140 C) (Clark and Fritz 1997), and a14t C is
the measured 14C activity and a140 C is the initial 14C activity (100 pMC).

3 Results and Discussion

Data for the environmental isotopes of 18O, 2H and 14C and the calculated ambient
temperatures are presented in Table 1. The stable isotopes of 18O and 2H have
been plotted in Fig. 2, which reveals at least three clusters. Results from southeast
Botswana indicate that the δ18O values fall between−8.22‰ and−3.95‰, with δ2H
values in the range of −38.8‰ to −27.3‰. In this region, the lowest 14C recorded
is 1.4 ± 1.5 pMC (long Mean Residence Time) with the highest value of 96.5 ±
2.5 pMC (young water), and a corresponding 14C age of 35,500 ± 50 years and 300
± 5 years, respectively (Table 1). Obviously, the highly enriched δ18O values of −
3.95‰ (BH9),−4.56‰ (BH12) and−4.61‰ (BH11) could suggest the occurrence
of recharge after evaporation (Fig. 2) where two distinct clusters of groundwater
are identified based on the 18O and 2H distribution: one cluster falling above the
GMWL (Cluster A), indicating recharge in a cold climatic condition affected by
the condensation process. The other cluster plotted below the GMWL line (cluster
B), from the Dendron area (Limpopo Province), indicates the impact of evaporation
prior to recharge. The highly depleted values in δ18O (Cluster A) could be related to
moisture that emanated from high latitude sources with minimal evaporation effect.
The cold south Atlantic air mass could also be a source for highly depleted moisture.
Large variation in stable isotope values could be attributed to variation in temper-
ature during rainfall events that generate recharge to the groundwater. Calculated
temperature values during the rainfall event reveal variation in southeast Botswana
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Table 1 Isotope data from southeast Botswana, Dendron area, and Johannesburg region, with
calculated mean annual ambient temperature and groundwater mean residence times

Sample
ID

δ18O
(‰)

±δ18O
(‰)

δ2H
(‰)

±δ2H
(‰)

14C
(pMC)

14C (years) T (°C)
calculated

BH1 −7.66 ±0.11 −36.5 ±0.4 96.5±2.5 300±5 8.5 SE Botswana

BH2 −5.41 ±0.00 −34.0 ±0.0 88.5±2.4 1000±10 11.8

BH3 −5.10 ±0.08 −32.0 ±0.4 81.2±2.4 1700±10 12.2

BH4 −5.38 ±0.00 −34.3 ±0.0 64.9±2.4 3550±10 11.8

BH5 −8.22 ±0.00 −38.8 ±0.0 64±2.4 3700±10 7.7

BH6 −7.65 ±0.00 −35.7 ±0.0 58.1±2.4 4500±10 8.6 Dendron

BH7 −5.23 ±0.00 −33.3 ±0.0 56.5±2.1 4700±10 12.0

BH8 −7.37 ±0.00 −34.8 ±0.0 56.3±2.1 4750±10 9.0

BH9 −3.95 ±0.03 −27.3 ±0.2 47.7±2.1 6100±10 13.9

BH10 −5.11 ±0.00 −30.8 ±0.0 47.2±2.1 6200±10 12.2

BH11 −4.61 ±0.00 −29.9 ±0.0 18±1.7 14200±10 12.9

BH12 −4.56 ±0.00 −28.4 ±0.0 15.7±1.7 15300±10 13.0

BH13 −7.75 ±0.00 −35.7 ±0.0 4.9±1.5 24950±10 8.4

BH14 −8.06 ±0.05 −37.9 ±0.3 1.4±1.5 35300±50 8.0

D1 −4.70 ±0.28 −30.6 ±1.7 85.4±2.5 1300±10 12.8

D2 −4.60 ±0.22 −32.0 ±0.9 93.4±2.6 560±5 12.9

D3 −5.22 ±0.06 −35.8 ±0.3 84.3±2.5 1400±10 12.1

D4 −4.62 ±0.19 −29.1 ±1.1 100±2.6 0±5 12.9 Johannesburg

D5 −3.86 ±0.24 −26.9 ±3.1 100±2.7 0±5 14.0

D6 −4.65 ±0.06 −28.7 ±0.2 92.9±2.6 600±5 12.9

BH1 −1.39 0.13 −6.5 0.6 97.5±2.6 209±5 17.6

BH2 −2.69 0.07 −12.2 0.9 91.3±2.6 752±5 15.7

BH3 −2.87 0.11 −13.0 0.7 98.5±2.6 125±5 15.4

BH4 −2.87 0.04 −12.6 0.8 99.7±2.6 25±5 15.4

BH5 −4.52 0.07 −23.2 1.2 100±2.7 0±5 13.1

BH6 −5.73 0.05 −29.1 0.4 88.2±2.6 1038±10 11.3

BH7 −2.23 0.05 −12.3 0.3 95.7±2.6 363±5 16.4

BH8 −3.55 0.05 −15.8 0.7 62.7±2.3 3859±10 14.5

BH9 −2.62 0.27 −12.5 3.5 84.4±2.5 1402±10 15.8

BH10 −5.08 0.36 −22.5 0.5 99.6±2.6 33±5 12.3

BH11 −4.32 0.05 −21.6 0.4 95.1±2.6 415±5 13.4

BH12 −3.27 0.08 −16.7 0.3 100±2.7 0±5 14.9

BH13 −3.83 0.11 −17.3 1.0 92.9±2.6 609±5 14.1

BH14 −3.83 0.17 −18.2 1.5 98.1±2.6 159±5 14.1

BH15 −5.15 0.03 −25.3 0.4 80.7±2.5 1773±10 12.2

(continued)
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Table 1 (continued)

Sample
ID

δ18O
(‰)

±δ18O
(‰)

δ2H
(‰)

±δ2H
(‰)

14C
(pMC)

14C (years) T (°C)
calculated

SP1 −4.97 0.10 −27.6 0.4 82±2.5 1641±10 12.4

SP2 −5.11 0.10 −27.5 0.5 79.9±2.5 1855±10 12.2

SP3 −2.81 0.15 −11.7 1.5 81.7±2.5 1671±10 15.5

Fig. 2 The relative distribution of stable isotopes of water with respect to the global meteoric water
line (GMWL, Craig 1961)

(Table 1), where the mean annual temperature ranges between 7.7 °C and 13.9 °C
(Fig. 3b) with high temperatures limited to the Holocene (Fig. 3b).

The stable isotope data in Table 1 from the Dendron area consists of enriched
δ18O values (−3.86‰ to−5.22‰) with the corresponding δ2H values ranging from
−26.92‰ to −35.78‰. These data were plotted along with Cluster B, with high-
temperature recharge condition similar to the southeast Botswana samples indicating
similar atmospheric condition and moisture source. The 14C values are relatively
higher than those of the southeast Botswana, with a range of 84 ± 2.5 pMC to 100
± 2.0 pMC, resulting in a MRT ranging from 1300± 10 years to recently recharged
water. In the Dendron area, the calculated ambient temperatures are substantially
high, varying between 12.1 °C and 14.0 °C (Table 1).

Based on the globally adopted geological time scale, the boundary between the
Holocene and Pleistocene is set at 12,500 years from the present, which is equiva-
lent to the 14C values of 22 ± 1.7 pMC. Even though the areas in this study are all
located within the Limpopo River Basin, there is a variation in temperature, which
could be attributed to extensive desertification in the region, probably linked to the
expansion of the Greater Kalahari Desert. This might have an impact on selective
isotope enrichment based on the season (Fig. 3a). The MRT (Fig. 3b) depicts two
geological times where the recorded low temperature occurred about 24,950 years
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Fig. 3 a The δ18O variation
with 14C activity (22 ± 1.7
pMC as the Holocene and
Late Pleistocene boundary),
b Annual temperature
variation with respect to 14C
ages during Holocene and
Late Pleistocene
(12500 years as a boundary)
in southeast Botswana
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ago, which could correspond to the glacial period. The depletion of δ18O in most of
the groundwater samples can be explained by a significant contribution of Late Pleis-
tocene recharge from cold climatic conditions. On the other hand, warm temperature
was linked to isotope enrichment in recharging water in the Holocene (Fig. 3b). This
signifies the loss of rainwater through evaporation and less availability of water for
recharge due to an increase in temperature.

The stable isotope data from the Dendron area occupy the same cluster (Cluster
B) as do the evaporated southeast Botswana samples that fell below the GMWL
(Fig. 2), perhaps signifying a similar source of recharge after evaporation. The three
clusters, which were identified based on the δ18O and 14C data imply the progres-
sive enrichment of isotopes into recent times due to increased ambient temperature
(Fig. 4a and b). This is the estimated temperature using the Dangaard 1964 temp
versus δ18O relationship. Combining this analysis with the 14C, it is deduced that the
period was in the Holocene. The change in annual temperature was in the range of
1 to 2 °C where the lowest temperature was 12.1 °C and the highest was 14.0 °C
(Table1 and Fig. 4b). Based on the 14C data, groundwater recharge took place in
the Holocene, with relatively warm climatic conditions. The plot in Fig. 4a further
displays at least three pairs with relatively enriched δ18O values with respect to recent
recharge. This observation is supported by low temperatures, between 12 and 13 °C,
recorded between 1000 and 1500 years ago (Fig. 4b).

The stable isotope data from the Johannesburg region contain highly enriched
δ18O values (−1.39‰ to −5.73‰) with δ2H ranging from −29.1‰ to −6.5‰. The
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Fig. 4 The distribution of
δ18O with respect to 14C
(pMC) a with decreasing in
ambient temperature in
Holocene b in the Dendron
area, Limpopo Province,
South Africa

14C values range from 62.7 ± 2.3 pMC to 100 ± 2.0 pMC, resulting in the MRT of
3,859± 10 years to recently recharged water (Fig. 5a). In this region, the calculated
annual temperature varies between 11.3 °C and 17.6 °C (Table 1 and Fig. 5b), which
is higher relative to the other two areas described above.

4 Managing Historic Groundwater

Groundwater represents the largest reserve of accessible freshwater for arid and semi-
arid countries that are less dependent on rainfall and surface water (Abiye, 2016).
The challenge to the availability of groundwater is aggravated by climate change
and widespread pollution linked to uncontrolled disposal into water supply aquifers
from urban, industrial, agricultural and mining wastewater. Since groundwater plays
an essential role in the economic development of communities in addition to its vital
role as a source of water supply through decentralized provision for the majority of
the population, and because of the impacts of its complexities, groundwater must be
managed through a knowledge-based approach. In the Limpopo River Basin, which
is characterized by low rainfall and high temperature, the scarcity of surface water
drives communities to depend on groundwater for various developmental activi-
ties. The current study reveals that groundwater recharge is not regular, affected
by increasing ambient temperature in addition to the complex nature of crystalline
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Fig. 5 The change in δ18O
with respect to 14C (pMC)
(a) and distribution of the
calculated temperature
during with 14C age of
groundwater in the
Johannesburg area, South
Africa

aquifers. Groundwater in the region is a life line for irrigated agriculture in addi-
tion to cattle watering, domestic-use mining and industrial activity, all of which can
potentially cause over-abstraction due to increasing demand. In this basin, numerous
boreholes are actively serving different economic sectors. However, it is essential to
gather data on spatial and temporal characteristics of recharge through geological
time in view of the increasing impact of climate change.

Currently, there is no clear understanding of the nature of recharge in the area,
except the estimation of recharge amount that accounts for 3 to 5% of rainfall in arid
and semi-arid regions of southern Africa (Abiye 2016 and references therein). With
the increasing impact of climate change on water resources, it is naïve to expect
an increase in recharge in the region to sustain current groundwater demand and
abstraction. 14C values reveal that groundwater recharge has large temporal varia-
tion over several thousand years. In southeast Botswana, for example, the time span
for recharge is highly variable. Out of 14 groundwater samples, 14% were recharged
1,000 years ago, 57% were recharged between 1,000 and 10,000 years ago, and 29%
were recharged more than 10,000 years ago. In the Dendron area, out of six ground-
water samples, 67% were recharged less than 1,000 years ago, while 33% were
recharged between 1,000 and 1,400 years ago. In the Johannesburg region, out of
18 groundwater samples, 56% were recharged less than 1,000 years ago, while 44%
were recharged between 1,000 and 3,900 years ago. Such diverse recharge episodes
could indicate the heterogeneity of aquifers and the strong influence of atmospheric
conditions that dictate groundwater recharge through geological time into aquifers
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upon which the community depends on for day-to-day activities. Therefore, recharge
rarely reaches water supply aquifers except in the shallow and weathered aquifers
with modern water. The increase in annual temperature from the Late Pleistocene to
the Holocene, and even in the recent times observed in this study, could encourage
policymakers and water managers to introduce integrated assessments of ground-
water storage for resource allocation. Often, the extent of aquifer and storage for
water supply is not known and it can hinder sustainable management of the ground-
water resource in the region. In many areas, well fields that have been supplying
water for big cities and irrigation schemes should also be accompanied by managed
aquifer recharge from available runoff and treatedwastewater return into catchments.
In the Johannesburg region, on average, about 5 m3/s (Leketa and Abiye 2019) of
treated wastewater flows into streams from the wastewater treatment works. This
amount can be sustainably used to recharge the weathered and alluvial aquifers.

5 Conclusions

The integrated results from δ18O and 14C records reveal an alarming temperature
variation over millennia within the southern African region that requires a thor-
ough reflection on the management of the available groundwater resource. Through
geological times, temperature showed an increase based on the δ18O record that
has an impact on the availability of recharging water from rainfall. The results also
reveal the presence of historical groundwater in the region as a critical resource, espe-
cially because of the lack of active groundwater recharge, which is neither consis-
tent nor reliable. So, in order to plan large-scale exploitation of groundwater that
was recharged over a thousand years ago, a contingency plan to include managed
aquifer recharge through runoff harvesting, treated wastewater storage and use of
water-efficient irrigation technologies, must be designed.
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Chapter 7
A Framework for IWRM
in the Water-Energy-Food Nexus
for the Senegal River Delta

Mor Talla Sall, Penda Diop, Joost Wellens, Mamoune Seck,
and Jean Louis Chopart

Abstract The Delta of the Senegal River is a complex ecosystem that serves as
a source for various uses of fresh water: fishing, agriculture, grazing, ecotourism
and drinking water. Climate variability and change lead to changes in the hydro-
logical regime that impact the activities of both populations and ecosystems. Faced
with this vulnerability, agricultural models must be improved to achieve integrated
and sustainable water resource use. A Water-Energy-Food nexus approach is being
implemented by the Senegalese Sugar Company (CSS), which produces irrigated
sugar cane crops (11,000 ha). A milling by-product, bagasse (420 megatons/year), is
used for power production, replacing fossil fuel and realizing the reduction of CO2

emissions by 43,000 tons/year. The current annual production of energy frombagasse
allows the plant to reduce fossil fuels by 61 megatons/year and also provides energy
for irrigation at CSS and surrounding smallholder fields. Next steps at CSS are to:
(i) transfer 28 GWh/year from CSS into the national electric network; (ii) explore
the feasibility of using high fiber energy cane cropped by smallholders on poor soils
surrounding CSS farmland to be used for electricity production when bagasse stock
is exhausted; (iii) promote small power station projects to run on high fiber and
rustic sugarcane varieties cropped by smallholders for local electricity production
in villages where electricity is not available. It is anticipated that this integrated
approach will contribute to a reduction in climate change effects.
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1 Introduction

According to the Intergovernmental Panel onClimateChange (IPCC)2013 scenarios,
temperature increase over the entire African continent could range between 2 and
3 °C over 50 years.

Climatic conditions in the Sahel and, in particular, in the Senegal River Delta are
characterized by high evaporative demand (with potential evapotranspiration of up
to 17 mm/day in April), high temperatures, and, above all, low as well as spatial and
temporal heterogeneous rainfall.

Climate variability in the Sahel is not new. Climate changes have had an impact on
social ecosystems and agricultural production systems for some time. The transition
from wet conditions in the 1950s–1960s to drier conditions in the 1970s–1990s—
with disastrous consequences—in the Sahelian strip of West Africa was one of the
most significant inter-decade climate signals on the planet during the 20th century.

Between 1968 and 1995, there was a historical decrease in rainfall in West Africa
of 15 to 25%, with a shortening of the rainy season. Inter-annual variability has also
increased over the past 23 years (Hulme 2001).

For the future, according to TF Stocker et al. in the IPCC 2013 report, rainfall
will remain at the current level until 2030–2035 and then decrease. Whatever the
scenario, even if the results of the 21st Conference of the Parties (COP21) are applied,
a decrease in yields is to be expected for rainfed crops in the region (FAO 2009).

In sub-Saharan Africa, the consequences of climate change are already visible in
hydrological regimes, coastal erosion and sea-level rise. We are witnessing a decline
in rainfed agriculture and an acceleration in deforestation, the latter linked to high
population growth resulting in increasing food and energy deficits.

Irrigation is one of the possible tools to redress this situation. But there aremultiple
pressures by various actors on natural resources, mainly on fresh water and soils best
suited for irrigated or intensive farming.

The economies of most sub-Saharan African countries that depend on agriculture
are currently weakened. Their agricultural sectors are dependent on climatic hazards
(low precipitation, high seasonal variability, rising temperatures, floods); rural popu-
lations are the most vulnerable. Senegal, in the Sahel, is one of the most sensitive
and affected countries (Faye et al. 2015).

The Senegal River Valley, along with the Niayes area, have been main frontiers
in agricultural intensification in Senegal, thanks to the exploitation of surface and
groundwater resources, respectively. Agricultural production in the Senegal River
Delta (Fig. 1) is closely linked to the practice of irrigation. Research on irrigated
agriculture has been ongoing for more than 100 years (Dia 2004).

The droughts of the 1970s prompted Senegal to partner with three neighboring
countries (Mali, Guinea andMauritania) to construct the Diama andManantali dams
between 1984 and 1988. One of the objectives was to block seawater intrusion in the
Delta, reducing surface and groundwater salinity, and thereby their negative impacts
on agricultural lands, thus increasing hydropower production. The main objective
was to raise and stabilize river and lake water levels for irrigation; however, this
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Fig. 1 Map of the area with hydraulic structures (Cissé 2011)

stimulated other harmful phenomena: eutrophication and proliferation of invasive
aquatic plants (Kane 1997; Mietton et al. 2008).

The left bank of the Senegal River delta, discussed in this chapter, lies between
15° and 16° North and covers an area of 5,000 km2 from Dagana to Saint-Louis
(Fig. 2). Although it occupies only about 3% of the total Senegal River catchment

Fig. 2 Delta of the Senegalese river and area of study: (Richard Toll-Saint Louis-Lac de Guiers)
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area (Kamara 2013), it is of particular value for its diversified and rich natural envi-
ronment, its past and current developments (Diop, 1995 cited by 2017) and its strong
potential for Integrated Water Resources Management (IWRM), thanks to its rich
but vulnerable water resources.

The area has important potential for economic development, which in turn offers
the potential to contribute significantly to the country’s water and food security. But
it is a highly anthropized environment where fresh water mixes with saltwater on
very heterogeneous soils, which makes it highly vulnerable. Environmental degra-
dation affects agriculture, fishing, hydropower production, shipping and drinking
water production (Diop 2017). For these reasons, local public and private actors are
calling for the implementation of an IWRM approach to address these challenges in
a participatory, coordinated and inclusive manner.

In the context of climate change adaptation, the time has come to reflect on the
state and evolution of current agricultural production models and to move towards
integrated and sustainable development. In this respect, a new approach through the
Water-Energy-Food nexus (i.e., the connection among these several elements) seems
relevant. Since the Bonn Summit in 2011 (The Water, Energy and Food Security
Nexus, November 16, 2011), this concept has been the subject of numerous studies,
especially in southern nations.

After describing the natural and cultivated environments and the role of the main
agricultural and agro-economic stakeholders (Table 1) on the left bank of the Senegal
River Delta, we will present an embryonic IWRM and Water-Energy-Food nexus
plan implemented around the CSS sugar state. The ultimate objective is to make
innovative recommendations for sustainable adaptation of agricultural practices to
climate change in the Senegal River Delta, to depart from the natural link between

Table 1 Brief typology of agriculture in the delta

Type Example Main threats

Productivist-intensive CSS-GDS-CASL… Land tenure stability—Labour
costs—World food
prices—Conflicts with local
residents—Pollutants and
regulations

Intermediary SME Integrated Polyculture Profitability—Water
accessibility—Financing of
production—Maintaining
sectors—Competition of global
products—Agro-food
processing—Conflicts with
pastoralists

Fragile livelihood Rice or market gardening on small
areas

Access to land—Accessibility
and availability of water—Food
insecurity and
energy-accentuated vulnerability
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the two approaches in order to transfer best practices from the agro-industry to
smallholders.

The energy aspect of the nexus will be discussed in relation to the residual or
dedicated biomass of crops and its possible adaptation in the village environment.
Our summary will focus on prospective potential links among irrigated agriculture,
non-food biomass and sustainable energy.

2 Natural and Cultivated Environments: Constraints
and Assets

The Senegal River Delta is a vast set of lowlands and forms a kind of oasis between
two dry Sahelian countries (Fig. 2). Its dense hydrographic network is composed of
marigots (basins fed by several rivers: the Gorom, Djeuss, Lampsar), and lagoons
(Fig. 1), separated from the sea by the coastal zone (Cissé 2011). The main basin,
Guiers Lake, is connected to the Senegal River by the Taouey channel. It is a natural
depression, where the flow is now partially controlled. It plays a role in regulating
floods in the Senegal River thanks to its high storage capacity (Kane 1997), and has
an important store of fresh water. Annual rainfall is highly variable (Fig. 3).

This inter-annual rainfall variability is a determining factor in the great dependence
of agriculture on irrigation and thus the great demand for agricultural water for food
production to the detriment of other uses.

The soils of the delta were formed in connection with the Senegal River and the
nearby Sahara. Soils characterized by the clay of alluvial origin contrast with sandy
soils deposited by wind. Shallow groundwater tables are often found along the river

0

100

200

300

400

500

600

2002

2003

2004

2005

2006

2007

2008

2009

2010

2011

2012

2013

2014

2015

2016

2017

2018

Annual average rainfall in Delta area (mm/year)

Fig. 3 Annual rainfall in the Senegal River Delta region in mm per year (average of several weather
stations of CSS, 2019)



150 M. T. Sall et al.

banks and around the lake. The variable salinity of the water is a major constraint on
agricultural production in the region.

Wetlands are omnipresent in the Delta. The Ndiaël basin near Guiers Lake,
Diawling National Park (Mauritania) and the Djoudj Bird Park (Senegal)—with
its plant and animal biodiversity—are listed as Ramsar wetlands (treaty adopted
on February 2, 1971 on Wetlands of International Importance). This designates the
region with special heritage status and proven ecotourism potential. These natural
wetlands need water in quantity and quality to maintain their rich biodiversity. They
also have a role in flood control and as a natural filter. In the past, the lake was full
of fish, but today there are few because of pollution and the proliferation of invasive
plants.

The Senegal River Delta is also a region with great agricultural potential, thanks
to the presence of high-quality fresh water (class C1-S1 according to the Riverside
classification), fertile soils and strong solar radiation conducive to photosynthesis.
The Delta has been the subject of several hydraulic and hydro-agricultural devel-
opments. For a long time, it has been accessed by water resource users from the
agriculture, livestock and fishing sectors.

Traditionally, subsistence farming was practiced mainly on the river banks or its
tributaries, benefiting from soilmoisture following receding floods. However, rainfed
agriculture is highly vulnerable due to the very low rainfall. Hydro-agricultural devel-
opments have gradually led to the emergence of more profitable, but alsomore water-
consuming, irrigated areas. Agro-industry in the Delta currently consumes about
325 million m3/year over an estimated 22,000 ha, and private farmers consume 400
millionm3/year over an estimated 35,000 ha. TheSenegalRiver has an annual volume
of about 18 billion m3/year, with an average flow rate of 700 m3/s (OLAC 2017).

Agro-industry and smallholder farmers alike take their water from and discharge
wastewater into, the Senegal River or Lake Guiers (Tandian 2008).

Climate change will, by definition, have less impact on irrigated agriculture
compared to rainfed agriculture, particularly in our case study (abundance of water).
However, irrigated agriculture in the Senegal River Delta is and will remain vulner-
able, especially because there are so many negative externalities. More than the
agricultural performance itself, profitability, sustainability and resilience of irrigated
agriculture should be the most relevant decision-making criteria in order to address
climate change, demographic pressure and environmental risk.

3 Agricultural and Agro-Economic Actors

3.1 Brief Review of Agricultural Stakeholders

Currently, many different actors are working in the region independently or semi-
independently. There are the autonomous agro-industrial and industrial complexes,
such as the Compagnie Sucrière Sénégalaise (CSS) for sugar production, the Société
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de Conserves Alimentaires du Sénégal (SOCAS) for tomatoes, the Société de
Cultures Légumières (SCL) for fresh vegetable market gardening and the more
general consortia Grands Domaines du Sénégal (GDS) and Compagnie Agricole
de Saint Louis (CASL). At the other end of the spectrum are smallholder subsistence
farmers and, in between, more-or-less efficient agricultural and agri-food small and
medium-sized enterprises (SMEs).

Large agro-industries benefit from directly managed hydro-agricultural develop-
ment. The largest and oldest is the CSS: with 11,300 ha, it is the only sugar producer
in Senegal. CSSwas created at the beginning of the 1970s and exploits andmaintains
the Taouey canal and drainage structure. Its highly developed agricultural operation
(traffic lanes, irrigation and drainage canals) is integrated into the hydraulic canvas
of the Delta. Its technical and human resources have shaped the northern landscape
of the lake, making it the “economic lung” of the region.

Table 1 presents a brief typology of the irrigated agriculture of the area. The
multitude of users and actors, with diverse and sometimes conflicting interests,
inevitably leads to a real problemof natural resource (i.e. water and soil)management
(Kane 1997; Dia 2004; Kamara 2013, Diop 2017). Every aspect of management is
aggravated by high population growth.

The threats listed in Table 1 result from the current vulnerability of the agricul-
tural and agro-industrial sectors in Senegal. Productivist and intensive agriculture
consumes large amounts of input and suffers from land insecurity, which makes
investment and production financing complicated.

3.2 Competition and Complementarities

Several public and private projects concentrate on inclusive and sustainable devel-
opment of agribusiness and small-scale agriculture in the area. PDMAS (Projet
de Développement des Marchés Agroalimentaires et Agricoles au Sénégal), on
30,000 ha including 14,000 ha in the Delta, and PDIDAS (Projet de Développe-
ment Inclusif et Durable de l’Agrobusiness au Sénégal), on 10,000 ha, are currently
involved in the development of horticulture around Lake Guiers. In recent years,
irrigated farms and water-consuming enterprises in the region experienced various
problems:

• Abandoned, inefficient and unprofitable hydro-agricultural developments, in turn,
increasing the diffusion of pollution;

• Exacerbated tensions between those with a primary interest in fresh water and
fertile soils;

• Insufficient food production, leading to food insecurity in a context of high
population growth; and

• Increasing differentiation and competition between agro-economic models that
are developing modern agricultural or agro-industrial enterprises rapidly and
declining traditional family farms.
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There are rivalries and conflicts over the use of land andwater resources. Theoldest
and most recurrent one is the conflict between sedentary agriculture and nomadic
herders. Everyone seeks, naturally, to have or maintain easy access to fresh water.
Livestock, abundant in the area, needs to find drinking places easily, associated with
clear routes to move around. The difficulty of water access for livestock is further
complicated by the current rise of invasive species, such a Typha, in watering points
(Mboup 2014).

In the Delta, land ownership remains a central development constraint (Diop
2017). A conflict in 2012 pitted local populations against the agrobusiness project
SenHuile following the allocation of 20,000 ha of land to the latter in the village of
Ndiaël. In Keur Momar Sarr, conflicts are also recurrent among small-scale farmers
practicing traditional rainfed agriculture. However, according to Diop (2017), “these
conflicts tend to evolve into a certain complementarity and solidarity, offering the
prospect of important progress towards the development of a high-performance
system.” For example, agro-industries such as CSS, Société des conserves alimen-
taires du Sénégal (SOCAS) and West Africa Farm provides free water for irrigation
to local small farmers. These companies also employ local people in casual or year-
round paid labor and contribute to their well-being by the construction of corporate
health centers.

The efforts of local actors are real, but there are still threats to the Delta’s
agricultural development. Several examples are:

(1) The extension and intensification of irrigated agriculture that leads to a rise in
the water table (Kane 1997);

(2) Environmental pollution caused by the uncontrolled use of chemicals between
Dagana and Saint-Louis (Diop 2017);

(3) Station X6 drainage water discharge containing chemicals on the axis of Lake
Guiers, low Ferlo and Niety Yone village; and

(4) The practice of gravity irrigation on highly permeable sandy soils, leading to
significant drainage losses.

The discharge of drainage water into the lake reduces its physicochemical water
quality (Cissé 2011). For OLAC (Office des Lacs et Cours d’eau), the entity respon-
sible for the management of the Lake, CSS and other agro-industrial companies
are identified and considered to be polluting users. But this in isolation may be
misleading: the main problem is the thousands of poorly-identified producers. It
is, therefore, difficult to determine the origin and exact quantity of fertilizers and
pesticides used around Lake Guiers. This situation gradually reduces the quality
and quantity of water resources in the lake and Delta. Agro-industry, like small
producers, is a large water consumer and contributes to water pollution; there is a
complex tradeoff between this consumption and its contribution to food security and
economic development.
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3.3 Other Local Water Users

Another important and special water user of Lake Guiers is the Senegalese Water
Company (SDE). The water collected from the lake does not serve the local popu-
lation exclusively, but rather mainly the urban dwellers of Dakar, several hundred
kilometers from the Delta. Water pumping and treatment plants supply almost all
of Dakar and its suburbs with drinking water (projected to reach 500,000 m3/day
for five million inhabitants by 2030). Pumping the Delta to supply local populations
with drinking water is, of course, necessary. However, it is also necessary to consider
other and/or additional solutions to supply the city of Dakar, because the transport of
water over several hundred kilometers through old pipelines, often subject to water
‘pirates’ who vandalize the supply, is highly inefficient.

3.4 Industrial Water Process Uses: Case of CSS

TheCSSuses a lot ofwater in its industrial process to produce sugar and energy.Water
is collected in themain gravity irrigation network and then treated in a drinking water
treatment plant before being distributed to an internal domestic network to supply
industrial needs. Every day, 12,000–15,000 m3 of water is treated and reused in the
CSS factory. The wastewater at the end of the process is stored in lagoons and partly
reused in the irrigation system (for sugar cane) after monitoring and mixing with raw
water.

4 Current and Suggested Strategies for Climate Change
Adaption

As already indicated, the Senegal River Delta, like the entire Sahel-Saharan strip, is
marked by a recurrent food and energy deficit, despite hydraulic and hydroelectric
developments (Manantali Dam byOMVS for 200MWand the Bokhol solar platform
for the Senegal grid). The situation is due in part to climate change, and in part to
other, aforementioned related factors:

• Highly contrasting soil types (sandy soils and salty clay soil) that require specific
management;

• Periods of low water availability due to difficult access or water points infested
by aquatic plants;

• Continued and significant growth of the urban population associated with
increasing water needs;

• Structural weakness of local agricultural sectors marked by excessively high
production costs, low protection and price volatility;
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• Low cereal yields aggravated by significant post-harvest and avian losses, and
• Continued dependence on the national electricity grid, which loses money and is

unable to adequately fulfill its public service role.

The area’s strong agricultural potential has not yet been fully realized and hence
has not yet had a significant impact on living standards. An overly segmented agri-
cultural development policy lacking an integrated approach is thought to be a major
culprit.

4.1 Towards an IWRM and Water-Energy-Food Nexus

Following the Rio Summit in 1992, the GlobalWater Partnership (GWP)was created
in 1996 by the World Bank, United Nations Development Program (UNDP) and the
Canadian InternationalDevelopmentAgency (CIDA) to promote an IntegratedWater
Resources Management (IWRM) approach by bringing together public and private
actors, and by assisting member countries in defining and implementing an IWRM
approach.

According to an ECOWAS (Economic Community of West African States) state-
ment in 1997, “IWRM is a process that promotes the coordinated development
and management of water, land and associated resources in order to maximize the
resulting economic and social well-being in an equitable manner, without compro-
mising the sustainability of social ecosystems.” The purpose of IWRM is to facili-
tate solutions to water resource-related problems through dialogue and trust-building
among concerned stakeholders.

The social well-being mentioned in the declaration includes the availability of
energy (including electricity) for lighting, cooking, health, information, etc. As a
consequence, this study proposes to focus on the establishment of an IWRM-based
consultation framework for various water stakeholders, and the attempt to implement
a Water-Energy-Food nexus approach.

IWRM and WEF nexus approaches are closely linked. Both promote better
resource use for sustainable development – socially, economically and environmen-
tally. The keydifference is that IWRMencompasses elements all around thewater and
their eventual interrelationships with food and energy. The nexus approach focuses
on the three highly-interrelated factors.

Between 2011 and 2012, thirteen international scientific meetings discussed and
developed the nexus approach for a variety of contexts and situations (IISD 2013).
Several scientific organizations, including the International Institute for Sustainable
Development (IISD), the International Food Policy Research Institute (IFPRI), the
Stockholm International Water Institute (SIWI), the United Nations (UN), theWorld
Bank (WB), the US Department of Energy, the Organization for Economic Co-
operation and Development (OECD) and the World Economic Forum (WEF), have
conducted or are currently conducting studies consistent with this approach. It is
also currently used as a methodology for several integrated development projects
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in the West (IISD 2013). This approach frames agricultural production as a multi-
dimensional agricultural system where several variables can be combined and result
in multi-purpose products.

The Water-Food-Energy nexus approach is natural, recognizing how men have
historically eaten and dressed, initially through the rational use of hunting and gath-
ering, and later, by cropping food, textile and energy crops to eat, cook food, dress
and heat. These local production models have been lost over time due to moderniza-
tion and excessive specialization of agriculture, inherited from colonization and the
agrarian revolution in the West.

The modern productivist agriculture model, which has succeeded in the West
albeit sometimes imperfectly, has not been successfully applied to tropical Africa,
especially the Sahel region. Reasons have been detailed elsewhere, including by
Dumont (1962), Mazoyer and Roudard (2002) and Stiglitz (2004).

Methodology, as it applies to the nexus approach, will also not be detailed here;
Burnett and Christopher (2018) lists three types of links among nexus components:

• Dependent and interconnected relationships for inputs/outputs (e.g., water used
to produce food or energy, plants used to produce energy, and/or energy used to
produce water or food);

• Competitive relationships, where the use of the same water source to produce
food, may compete with the use of water to produce energy (biofuels and/or
hydropower). Choices must therefore not be made exclusively on the basis of
financial criteria, but also account for social and environmental criteria, with
priority to achieving complementarity of uses, and

• Negative or positive external relations, wherein the use of one component risks
an impact on the quality and fate of another component.

The nexus approach must focus on these three types of relationships and seek to
minimizenegative or regressive relationships, andhas thepotential to be an innovative
way to foster agricultural development in the Delta.

First attempts are being made to combine IWRM and the W-E-F nexus approach
among stakeholders. For example, the CSS, one of the first economic actors in the
Delta, and one of the most criticized for its sectoral approach and environmental
pollution, has implemented a research and development department that allows for
the progressive exploration of new integrated productions.

4.2 First Achievements: Example of the CSS

Several authors recognize sugar cane as an efficient renewable energy source, espe-
cially in developing countries (Hess et al. 2016). The Water-Food-Energy nexus
approach is now being implemented at CSS through the operation of a large, irrigated
11,300 ha sugar cane farm in the Delta (Fig. 4).

Agricultural production is intensive, fully irrigated and highly mechanized
(Fig. 5). Water needs are high (16,000 m3/ha/year) because of climate (average



156 M. T. Sall et al.

Fig. 4 Presentation from Google map of the area study (CSS and smallholders)

Fig. 5 Perspective of the CSS Farm: on the front sugarcane fields, irrigation channel and at the
back: heap of bagasse and boiler (@Wellens)
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annual evaporation of 2,000 mm, very low rainfall) and the length of the cultivation
cycle (12 months). Annual production is around 1,400,000 tons of sugar cane for an
average gross yield of 134 TC/ha.

The industrial process of CSS seeks to optimize the production of food, energy
products and fertilizers. It consists of a sequence of different industrial operations
(Fig. 6), from the entry of sugar cane into the factory to final products and by-products
(Table 2).

System innovation gives about equal importance to products (sugar, alcohol) and
by-products (bagasse, scum, vinasse). Bagasse is an organic residue obtained after
crushing cane stalks, the first step in the industrial transformation process. It is the
fibrous part (45% to 51%) of the sugar cane stalk, representing about 30% of the
stalk biomass, with good caloric value (Low Heating Value LHV of 1850 kcal/kg

Fig. 6 Industrial sugar cane production diagram at CSS

Table 2 Sugar cane products
and by-products at the CSS
(direct products are in bold;
derived by-products are in
italics)

Products and
by-products

Use Product/year
quantity

Sugar Food 145,000 tons

Bagasse Energy 420,000 tons

Molasses Food and raw
materials

53,000 tons

Pure alcohol Food, Adjuvant,
pharmaceutical

10, 700 000 L

Fuel oil Chemical adjuvant 46,000 L

Vinasse Organic fertilization 130,000 m3

Water Vapor Energy 840,000 tons

Electricity Energy 100 GWh

Scum and sludge Organic fertilization 27,700 tons

Ash and smoke Organic fertilization 20,000 tons

CO2 Chemical adjuvant 1912 tons
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Fig. 7 Connection from
bagasse to electricity at CSS

at 50% humidity). The CSS produces 420,000 tons/year of bagasse (Table 2); the
combustion of one ton of bagasse generates about 330 kWh of electricity (Fig. 7).

Bagasse is used as fuel for the boiler, the industrial unit of the CSS, the role
of which is to supply water vapor at a flow rate of 120 to 150 t/h, at 400°C and
under 40 bars of pressure, necessary for the operation of the other units (refinery,
agglomeration, power plant, etc.). The boiler room consists mainly of:

• Four mixed boilers that can operate on bagasse or fossil fuel, with a total
production capacity of 30 tons of steam per hour, and

• A new bagasse boiler IJT (ISGEC JOHN THOMPSON). This unit alone can
satisfy all the plant’s steam demand and has a capacity of 150 tons of steam per
hour.

CSS has two power plants:

• An old power plant with a capacity of 22 MW. This plant is currently used by a
single 9.5 MW turbo-alternator, and can only run on fossil fuel oil.

• A new 25 MW thermal power plant, built as part of the KT150 project. This
plant is cogenerative and can operate on fossil fuel or bagasse (the five boilers
mentioned above).

The 420,000 tons of bagasse produced in this way are used exclusively in the new
plant and can satisfy CSS’s energy demand, which provides for annual production
of 100 GWh. In the event that power plants become unavailable, CSS has more than
ten back-up generators.

Electricity production is distributed among the various units of the CSS agro-
industrial farm (Table 3); the company is entirely self-reliant on energy and is not
connected to the national network.

The agricultural sector (plantation) uses 23% of the produced energy, mainly to
pump water irrigation (260 billion m3/year) and drainage water. 50.5% of produced

Table 3 Amount of energy used per activity at the CSS

Energy Used at the CSS

Sector Turbo
alternator
units and
boilers

Factory
Production

Factory
Workshop

Fields CO2
Power
plant

CSS
village

Total
energy
consumed

Consumption
(MWh)

2,620 6,233 461 2,763 65 124 12,266

Consumption
(%)

21 50.5 4 23 0.5 1 100
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Fig. 8 Diagram of produced biomass use by CSS

energy is used to process sugar (food) and bagasse (energy). The residual energy is
consumed by various factory workshop units and domestic needs. Overall, around
74% of the energy produced by the plants impacts the nexus relationship.

CSS reuses only 23%of the energy it produces, that is, 6.75%of the total produced
biomass, to irrigate the entire production of CSS sugar cane production and 4,500 ha
for smallholders. These village fields consume one-sixth of the pumped irrigation
water, and CSS consumes the remaining five-sixths (Fig. 8).

These technical contributions are complemented by economic and environmental
improvements:

• Clean, renewable and cheaper energy, saving several billion dollars per year;
• Reduction in CO2 emissions of 43,000 tons/year eligible for carbon credits (third-

most in West Africa), attributable to weaning from fossil fuel oil, eliminating
around 61,000 tons/year;

• Industrial production of 1,962 tons/year of CO2;
• Free water supply for the 4,500 ha of small riverside producers, with an annual

production of 16,000 tons of paddy rice and 4,000 tons of onions (representing
gross income of more than 2 billion CFA), and

• Plant or distillery by-products (ash, recovered smoke filters, scum, sludge and
vinasse) reused as organic soil enhancements in the fields, thus reducing demand
for synthetic fertilizer.

Current operations do not achieve an idealWater-Energy-Food nexus, nor are they
perfect integrated production models. Even though they use a highly photosynthetic-
efficient C4 crop (sugar cane) for biomass and energy production, the crop is
demanding in terms of inputs (between 700 to 800 kg/ha/year of fertilizer) and
water (22,000 m3/ha/year, from which 16,000 net).

This case study is intended tomodel optimization of plant production, in this case,
sugar cane, through food, energy, organic fertilizers and even chemical products (fuel
oil), leaving very little unused biomass.
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Although this example is modest compared to demand at the Senegal River catch-
ment scale, it shows the willingness of one of the most important companies in the
delta to move towards greater IWRM and an improved Water-Energy-Food nexus.

4.3 Proposed Water Energy Food Nexus Approach

4.3.1 At the CSS

At the CSS, the next steps are to better link to theWater-Energy-Food nexus. Further
research and investment required, starting in about 2020, is to:

• Transfer 28 GWh/year of renewable electricity from bagasse to the benefit of the
neighboring population through a connection between the CSS network and the
national network;

• Explore the possibility of cropping a high fiber energy cane on poor soils around
the CSS estate, with the potential to increase renewable electricity production by
CSS, and

• Promote small-scale power station projects to run on high fiber and rustic sugar
cane varieties cropped by smallholders for local electricity production in villages
where electricity is not yet available or too expensive.

In addition to the bagasse already fully utilized at the CSS to produce electricity,
the companywill explore the possibility of using all the sugar cane biomass produced
for electricity output. This could exploit surrounding soils that have constraints (poor
quality, difficult to irrigate and/or drain, weedy) that currently make them inefficient
for sugar production.

Within the CSS, the fiber cane (dedicated to energy production) harvesting season
would be outside the sugar cane harvesting season. This way, sugar cane and high-
fiber production are complementary, optimizing the use of local agricultural labor,
harvesting andmechanized transport equipment. It would also allow the CSS thermal
power plant to be supplied with biomass produced locally, eliminating the demand
for the imported fossil energy required when the bagasse stock is depleted.

This would require the use of appropriate plant varieties, characterized by their
high total biomass and their adaptation to poor or slightly salty soils. The cropping
system would also have to be adapted to minimize the use of imported herbicides
and fertilizers.

Reduction in the use of fertilizers, in particular nitrogen, by reusing potassium-
rich combustion ash, can lead to a slight reduction in biomass yield. This can be
compensated by reducing production costs and improving the energy balance of this
biomass production for energy production.

These fields, if located near drainage discharge areas, could, at least in part, reuse
drainage water as irrigation water, enabling fuel cane to work as a filter for pollutants,
particularly nitrates, that can be reused as fertilizer.
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In the framework of using sugar cane for energy productionwithout first extracting
sugar, sugar is considered to be a fuel contained in biomass. This concept is new but
seems to be gaining traction in some environments and contexts even where the main
use of sugar cane is and will remain sugar production.

As indicated previously, this could be of interest to CSS in a Water-Energy-Food
nexus approach by promoting the production of energy from a local agricultural
product using local water and solar energy efficiently for photosynthesis. Reducing
the use of fossil energy for electricity production when bagasse stock is depleted
would allow the CSS to participate in reducing the use of fossil energy products (oil,
coal) in the current context of climate change.

Research has been conducted in this area with encouraging results. For example,
a five-year project in Guadeloupe, an island country in the Lesser Antilles, as part of
the REBECCA research and development project (‘REcherche Biomasses Energie
Canne à CApesterre’, Biomass for Energy Research from Cane in CApesterre) is
three years into a partnership with an industrial company (QUADRAN) already
producing electricity in Guadeloupe. The research was first conducted to identify
the best varieties of high-fiber cane for biomass production to be dedicated to elec-
tricity production and to characterize the performance of these varieties, in partic-
ular, their total dry matter yield and moisture content (Fig. 9), showing that under
conducive growing conditions with rain and without water stress, the two best vari-
eties (WI81456, WI79460) from WICSBS (Barbados) can produce 81 tons/ha/year
of total dry matter (average result obtained over 3 years, plant cane and two ratoons)
(Chopart 2016). These high-fiber cane varieties were cultivated using the same
conventional practices as those used for local commercial sugar cane, but yields
increased by 33% for stalks and 71% for total dry shoot biomass (Chopart 2016).
Despite their significant height and biomass, the two best varieties were not more
sensitive to lodging than were commercial varieties (Chopart 2016). The adaptation
of crop systems for this new use of sugar cane (Chopart et al. 2015) has also been
studied, and show that, under local conditions in Guadeloupe, it is possible to opt
either for conventional 12-month cropping cycles or 8-month cycles, which allow

Fig. 9 High fiber cane
variety cropped in
Guadeloupe as part of the
REBECCA project in a low
fertility soil grows under
high water stress conditions.
The aboveground dry matter
is 56 t ha−1 (@JL Chopart)
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three harvests in 24 months. After two years, the dry matter yields obtained with the
two cropping systems (8-month or 12-month cycles) are very similar (Chopart et al.
2015).

Even if it is unlikely that this approach can be adopted directly by the CSS, it
demonstrates a model for cane harvesting outside the sugar cane harvesting period.
This would allow the power plant to be supplied with renewable energy produced on-
site (bagasse and then a high-fiber cane) almost all year round, with a very significant
reduction in the use of fossil fuel and no net impact on the annual water consumption
of the crop and therefore on IWRM. In this scenario, water from the Senegal River
would be used to produce electricity for the needs of inhabitants (including food
cooking) by optimizing existing industrial equipment (Water-Energy-Food nexus).

It has also been shown that this fibrous sugar cane is not very sensitive to the
stemborer moth Diatraea saccharalis (Chopart et al. 2015), that it is possible to
reduce fertilization and herbicides compared to conventional sugar cane and that
these canes can bemechanically cut with the same equipment as sugar cane (Chopart,
personal communication, Goebel et al. 2016). They are also more drought-tolerant
(Fig. 9), which could be an advantage if used by small producers who may have
limited or irregular irrigation water availability. Studies have focused on organic
matter management in fibrous cane cultivation systems for biomass, showing that it is
possible tomaintain the organicmatter stock in these systems (Sierra et al. 2016). The
fact that fiber canes producemore roots (Chopart and Sergent 2015) contributes to the
maintenance of organic soil stock despite higher above-ground biomass withdrawals
than in conventional green sugar cane systems without pre-harvest burning.

Finally, it has been shown that the low heating value of dry above-ground biomass
(LHVd, MJ/kg) is the same in each part of the fiber cane (stems, leaves, green,
dry leaves), about 16.65 MJ/kg. A tight linear relationship between the LHVd and
its energy yield (MJ/m2), regardless of cultivar, age and environment, was found.
Sugar cane energy content assessment could thus be simplified by measuring the dry
above-ground biomass (DAB, kg/m2) and its water content (percentage).

Using results described from the Guadeloupe study on this concept of biomass
cane dedicated to energy production, it would be possible to produce more than 70
tons/ha/year of total dry matter (stems and leaves) with simplified and economical
cultivation practices that reduce consumption of fertilizer and herbicide compared
to conventional sugar cane for sugar production. It has been shown that, unlike
sugar production, it is possible to harvest fiber cane after eight- to fourteen-month
cropping cycles. Compared to conventional sugar cane, this would allow planting
and harvesting dates to be spread over a larger part of the year and thus enable more
efficient irrigation management.

The Guadeloupe findings could potentially be adapted for the environmental and
technical conditions of the CSS with few modifications. Research on fibrous cane
varieties dedicated to energy or for multiple purposes is, or has been, undertaken in
some other countries, such as the southern USA (Sandhu 2018), Brazil and the West
Indies (Matsuoka et al. 2014).
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4.3.2 Small Producers

According to Smeets et al. (2012), any variety of sugar cane bagasse pellets, including
energy cane biomass, can serve as an alternative to firewood in developing countries,
especially in sub-Saharan Africa.

The model currently being tested at the CSS and its potential extensions will not
be directly applicable to small producers in the area before developing it with various
stakeholders; such partnership will result in appropriate and undoubtedly diversified
solutions for local biomass production of energy.

A- Small producers on areas adjacent to CSS

Small producers bordering theCSSproduce a rustic fibrous canewith very few inputs,
cut manually outside the sugar cane cutting period. Under the envisioned model,
irrigation water will be provided by the CSS, partly from drainage water. Sale of
this total biomass (stems and leaves) to CSS would be negotiated between producer
and buyer. Pricing variables would include fresh weight of the total biomass during
loading and its water content, which are objective and easily measured parameters.
Indeed, the facility of estimating the energy yield of a sugar cane crop from the wet
above-ground biomass and its dry matter content (Chopart et al. 2013, see par. 331)
will serve as a guide for simple, fair and transparent payment methods for growers
based on simple wet matter and dry matter content measurements, and constant low
heating value of the dry above-ground biomass (LHVd, MJ/kg), which in turn will
incentivize the development of this new crop.

B- Small producers further away

It seems plausible to extend the concept of energy cane production to small producers
already settled or to populate irrigated or irrigatable areas near the river, its tributaries,
or on the periphery of Lake Guiers. Rather than selling the product to the CSS,
which is too far from the production area to make such an exchange feasible, it
would be used to produce local electricity through rustic micro-power plants located
near the production area and provide electricity for one or a few villages. This “rural
electricity”would be a contributor to the development and reduce the use of expensive
fossil fuels. It will also contribute, modestly but tangibly, to reducing climate change.

Most of these outer farmers will probably be new to sugar cane cultivation.
They will therefore require training and supervision, at least initially. The CSS,
with its skilled technical staff, could contribute to this training and supervision,
alongside local authorities, thus strengthening its social and CSR (Corporate Social
Responsibility) function, a priority of the proposed IWRM.

Well-dried fiber cane can even more directly replace wood for cooking food, with
the additional benefit of preserving the local environment. It would also contribute as
a processor of non-digestible raw food products (such as rice) into digestible cooked
foods. It may be worthwhile therefore to test the value of sugar cane to the benefit
of populations, local industry and the environment in the interest of building the
Water-Energy-Food nexus.
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Fig. 10 Typha harvested by women near the Lake (@Diop)

Another local plant, the Typha (Typha australis), can be used for local energy
production. It is a wetland aquatic plant that proliferates around Lake Guiers from
its tributaries as well as the open drainage channels of the CSS (Fig. 10); currently, it
is disrupting their hydraulic operation and use. This invasive species could, a priori,
be used as a biofuel, such as fiber cane, to protect the environment in addition to
reducing greenhouse gas emissions as with fuel cane.

The potential for the use of this species as a biofuel has not been well-studied, in
contrast to fiber cane (there is only one study cited, referenced by the ACT4SSAWS
(an African Union project) in reports N°8, 2015 and N°13, 2016). A new project,
TyCCAO (Typha Combustible et Construction en Afrique de l’Ouest), has been initi-
ated by OLAC. It is worth keeping in view the potential for the use of this biomass
because it co-exists with the fiber cane produced by farmers in micro-thermal power
plants.

The transformation of fiber cane or Typha biomass into energy is achievable by
combustion, making steam and then electricity, as is currently the case for bagasse
or to cook food directly. It is also possible to transform this same plant biomass into
energy through other technologies such as gasification or pyrolysis; alternatives may
be studied. Action plans are made, of course, by local decision-makers according
to various technical, economic and social criteria, which must include simple, low-
cost, lightweight technologies and equipment suitable for small area production. It
is indeed desirable that this production of bioenergy from local biomass be managed
by local companies and technicians, according to the principle of economists such
as Léopold Kohr: “Small is beautiful.”

One option is to train charcoal cutters to harvest or purchase Typha to be used as an
alternative fuel to charcoal (Fig. 11). Currently the harvesting of charcoal deforests
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Fig. 11 charcoal from the
transformation of Typha
(@Cissé)

the protective trees along lake banks on embankments with a risk of dam failure.
This would thus contribute to the nexus approach, enabling small producers in the
Senegal River Delta to promote integrated production systems that exploit all the
potential uses of agricultural products as well as some self-propagating species such
as Typha.

Notwithstanding the promise of these approaches, IWRM via the Water-Energy-
Food nexus remains complex to implement. Traditional extensive agricultural
production systems are not ready to adopt this sort of innovation in a uniform and
comprehensive way. Yet it is these systems that would benefit most in making water
management and agricultural practices efficient and sustainable. As a first step, the
development and production support agents of these small growers must adopt an
IWRM approach and strengthen their training capacity by integrating IWRM into
the Water-Energy-Food nexus to reduce the gap between them and agro-industries,
making them less vulnerable to ongoing climate change.

4.4 Proposed IWRM Approach

To promote and implement innovative solutions among agro-industrial companies
and especially among small producers in the Delta, an Integrated Water Resources
(and Land) Management approach is desirable to help stakeholders apply the Water-
Energy-Food nexus to their production systems. Thiswill require optimal and partici-
patory governance of this complex and diverse natural and human environment. The
diagram in Fig. 12 suggests a framework that could help to promote sustainable
water and soil management of irrigated agriculture in the Delta, requiring interaction
among various stakeholders, including policy makers, trainers, development agents,
technical experts and, of course, concerned producers.
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Fig. 12 Conceptual model
of how to govern and to
implement integrated water
resources management
methods in the delta

In Fig. 12, governance is directly related to land and water resources. Whenever
the term “Water” in “IWRM” is used at the nexus level, the notion of soil to produce
food and energy (with products and/or by-products) is implied.

Governance of these resources should be under the supervision of the State or its
decentralized administration. Indeed, it is desirable that control, pollution manage-
ment and associated rules be formalized by a neutral and unifying entity, to include
a land and water use planning component to safeguard and allocate water and local
energy resources to reduce local conflicts.

To achieve this, government institutions must, therefore, implement a regula-
tory and enabling framework for IWRM approaches that is outside the operational
framework so as not to neutralize the dynamics of the project’s stakeholders. A
feature of governance must be strong awareness and supervision so that there is a
common understanding of rules and regulations. This component could be financed
through water charges paid by agricultural and agro-industrial producers and would
be expected to result in broad awareness, be a major focus of IWRM and promote
exchange among local and foreign private actors.

The suggested IWRM approach would no longer be under State control, as with
initial attempts in the early 1990s. Rather, we recommend that they be driven by
“champions” such as the CSS, and include all relevant local actors (agro-industry,
small producers, local decision-makers). Through the establishment of a consulta-
tion framework, stakeholders will promote their self-interest in developing natural
resource management within cooperative models centered on water resources, thus
minimizing conflicts and rivalries. Local actors themselves are best placed to solve
problems at their level, with minimal top-down State intervention. The State, on
the other hand, will continue to assume responsibility for the establishment of the
enabling environment that will specify the “rules of the game,” that is, the laws
constraining and obligations of each party.
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Such an IWRM model is currently being built around the irrigation canals of the
CSS, a relatively small area that is nevertheless quite representative of the challenges
in the Delta related to soil and water, agro-economic models, types of actors, etc.).
In recent years, local stakeholders have initiated a cooperative structure for the use
of water from CSS irrigation canals and adjacent land by farmers, granting rights
to cane harvest residues and artificial pools for livestock farmers. The challenge
now is to strengthen and improve the existing system to achieve better agricultural
and economic results, and participatory and conservatory management of natural
resources, integrating other stakeholders and all the dimensions selected in the IWRM
framework. Therefore, a consultation framework is being implemented to integrate
water resource management in an environment of trust.

5 Conclusion and Prospects

The proposed nexus and IWRMapproaches outlined are complementary, as indicated
by the United Nations (Mohtar and Lawford 2016). Both contribute to sustainable
development and environmental protection. In the case of the Senegal RiverDelta, the
availability of natural resources (fresh water, soil, transformable aquatic plants and
sunlight) is favorable to produce models using these approaches. Local populations
already consume electrical energy from river water (the Manantali Dam) and the sun
(the Bokhol solar platform). These renewable electricity producers are indicators
of the reliability and sustainability of solar and water energy production in the area.
However, they are disadvantaged by their centralization and, therefore, disconnection
from rural populations and agricultural systems.

The many options for food (cereals, industrial crops, horticulture) and energy
(residual biomasses, energy cane, harvested Typha, solar energy) production are still
underexploited. Intensive and industrial agricultural production certainly consumes
water, as is the case of sugar cane at the CSS. But with an average sea discharge
flow of 13 billion m3/year, compared to five billion used, the volume of unused
water remains enormous, even considering the needs of spontaneous vegetation and
natural ecosystems. From this perspective, fresh water is not currently a constraint
in the Delta. The actual availability of this water at the local level, however, may
be reduced or constrained, especially for small producers, due to physical (invasive
aquatic plants) and economic (e.g., pumping costs) limits.

Despite the diversity and heterogeneity of these actors, synergy that benefits
everyone must be reached. For example, the by-products and technical knowledge
of industrial or agro-industrial actors could benefit small producers by supporting
diversification of their production systems, integrating, in particular, the production
of biomass for energy purposes alongside food production. These interactions set
the stage to promote a productive dialogue among stakeholders. In the coming years,
this will lead to better food and energy security in the river delta. Further Research
& Development, conducted with local actors to assist in policy and technical choices
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(Hoolohan et al. 2018), is needed for successful adoption, which would strengthen
the capacity of local actors to take ownership of the approach.

In the current context of global and local climate change with high population
growth, it is, of course, difficult to predict the future, especially in the Senegal River
delta. The environment is rich inwater resources and agricultural development poten-
tial but is also fragile, on the border of very poor and already semi-desert areas. IWRM
within a Water-Energy-Food Nexus approach, applied to the river delta, will support
decision-makers and stakeholders in the area to optimize the use of water and energy
resources.

In the ideal case, IWRM and the Water-Energy-Food nexus approaches will be
adopted through appropriate investments, making it possible to consider sustain-
able agro-economic development for the benefit of all. If this fails, it could lead, in
the context of climate change, to greater vulnerability of small farmers as well as
agro-industry. The latter, although technically better equipped, would be subject to
social and environmental constraints that threaten the sustainability of their produc-
tion models. Considering the complexities, it may be most realistic to imagine an
initial intermediate scenario consisting of partial implementation. This could lead
in turn to further development at the expense of optimizing progress agriculturally,
economically and socially. Smaller and more fragile producers are more vulnerable
to negative impacts than are modern and autonomous producers.
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Chapter 8
Cumulative Impacts of Climate Change
Variability Around the Goronyo Dam
in the Iullemmeden Basin, Northwest
Nigeria

Martin O. Eduvie and I. Francis Oseke

Abstract This chapter considers studies of the persistent multi-dimensional impact
of climate change variability around the Goronyo Dam and across the Rima River
(Latitude 13° 25’ 56”E) in the Lullemmeden Basin of Sokoto state, North West
Nigeria.With an initial designed storage capacity of 942million cubicmeters,mainly
for water supply and irrigation to Sokoto and Birnin Kebbi states with a total popu-
lation of over 8.5 million people, recent water level and storage in the dam has
been depleted by almost 90% in the past decade of its installed capacity, the biggest
decrease since the construction of the dam over 30 years ago. The peak of climate
change variability was observed as a consequence of a rainfall shortage and the silta-
tion of the dam in 2017, which together resulted in significant socioeconomic impact
on the beneficiaries of these water infrastructures. This has, in turn, resulted in inad-
equate water supply to state water agencies that depend on the dam to supply water
for drinking, irrigation and other uses. The water shortage due to this climate change
variability has compelled the dislocation of the socioeconomic life of people, fami-
lies and livestock, forcingmigration of human and animal life, thereby igniting social
tension and poor personal and communal hygiene, resulting in epidemics including
cholera and dysentery. This study proposes immediate remedial solutions, including
the construction of tubewells and effective integrated water management of the entire
water resource in order to improve and mediate these multiple and widely varying
impacts on the settlements of Goronyo infrastructures, including on their dependents
and beneficiaries.
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1 Introduction

Adam is aman-made structure built across sections of a river or stream to retainwater,
which is generally used for agricultural purposes such as farmland and garden irri-
gation and the watering of livestock (Lodha 2007). It also can serve as a constructed
barrier across a stream or river to impound water and raise its level for various
purposes, such as drinking water supply and irrigation systems, and also increase
river depth for navigation, generating electricity, control of water flow during times
of floods and droughts, and the creation of artificial lakes for fisheries and recreational
use.Many dams servemultiple of these purposes (Uyigue 2006). However, in the past
twenty (20) years especially in 2017/2018, there has been upsurge in extreme events
which negatively impacted the dams as a result of changes in climate (NASRDA
2012). In this particular event of 2017/2018, the rainfall period was not as long as
anticipated. On the average, rainfall period always occurs between March/April to
September/October but in the 2017/2018, the rains only occurred between April
to early August. Climate and water resource systems have a special relationship
insofar as water resources depend on the hydrological cycle which itself is part of
the climate system (Stainforth et al. 2005). The impact of climate change on the func-
tion and operation of existing water resource systems and infrastructures, including
hydropower, structural flood defenses, drainage and irrigation systems, as well as
water management practices (Alvarez et al. 2014) are critical. As effects of climate
change onwater resource systems accumulate, there is corresponding impact of other
stresses, such as population growth, changing economic activity, land-use change and
urbanization (Thornton et al. 2008).

The concept of climate change revolves around the atmospheric concentrations
of greenhouse gases (GHG) which have increased since the pre-industrial era due to
human activities, primarily the combustion of fossil fuels and changes in land use
and land cover (Gwary 2008). These, together with natural forces, have contributed
to changes in the Earth’s climate over the twentieth century. Land and ocean surface
temperatures have warmed, the spatial and temporal patterns of precipitation have
changed, sea level has risen and the frequency and intensity of cumulative pressure
from climate change events have increased. These changes have affected dams and
reservoirs and other water infrastructures (Gwary 2008).

The importance of water resources to man cannot be overemphasized. These
include provision of water for domestic use, agricultural production, fishing, trans-
portation, industrial use, hydro-electric power, recreation, tourism and mining.
Furthermore, according to the World Bank (2014), every development challenge
of the twenty-first century, such as food security, management of rapid urbaniza-
tion, energy, security, environmental protection and adaptation to climate change
requires urgent attention to the infrastructure management of water resources. Avail-
able information and statistics indicate that in recent times, climate variation or
change is becoming more extreme in certain areas. This dynamic is not specific to
Nigeria of course, but rather is represented by a rapidly growing global catalogue
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of storms, floods and drought in all parts of the world, which together make climate
variability headline news.

Flood and drought as consequences of climate change cause tremendous losses to
infrastructure and industry, including reducing the quality of personal and communal
hygiene, with the consequence of epidemics like cholera and dysentery. In addition,
losses to agriculture caused both by floods and droughts are staggering and affect a
vast majority of the population directly dependent on water resources for their liveli-
hood (Azman 2007). A recent example of this is the horrendous hardship inflicted
in 2017 on the people of the town of Goronyo in the Sokoto state, located in north
central Nigeria, caused by drought as a result of the shortage of rainfall in 2017 and
the related siltation of the Goronyo Dam. This devastated socioeconomic activities
and cost lives.

Cumulative climate change, water resources and socioeconomic systems are inter-
connected in complex ways (Alex et al. 2005), so a change in any one of these
variables causes change in one or more others. Persistent drought and flooding, off-
season rains and dry spells have interrupted the growing season of areas dependent
on rain-fed agriculture. Plants that require low or high temperature at some stage of
their life cycle may adapt and survive in the short term, but could become extinct in
the long term.

As available water resources decrease and concern rise over the influence of
climate change, the reliability of estimates of current and future water resources in
reservoirs are becoming increasingly important to water managers. We, therefore,
consider the cumulative pressure from climate change that encompasses all pressures
from human activities, specifically examining impacts on the Goronyo Dam of the
Iullemmeden basin in northwest Nigeria.

1.1 Aim and Objectives

The aim of this study is to consider climate variability in the context of global change
that encompasses all pressures from human activities on water resource systems and
infrastructures. Specific objectives are to analyse and review the impacts of climate
change variability on the Goronyo Dam and to evaluate possible response options
(or adaptation options) through an integrative approach covering

i. Climate variability and change, and its impact on dams;
ii. Observed changes in the spatial distribution of water resource systems and

infrastructure in response to climate variability, especially change in temperature
and rainfall and

iii. Development of responses that address the impacts of cumulative pressures,
including climate change on dams.
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2 Literature

2.1 Climate Change and the Impact on Dams

Climate change and its impact of dams are characterized by

i. Observed changes in the hydrological circle (atmosphere, oceans) and the role
of human activity in those changes;

ii. Observed impacts of these changes on water resource systems, especially dams
and reservoirs and

iii. The role that adaptation can play in responding to these changes.

2.2 Projected Changes in the Climate System

Future emission of greenhouse gases and aerosols are driven by forces such as
changes in human population, socioeconomic development, technological and policy
with necessary action plans by Governments as well as other stakeholder interven-
tions. In 2014, the Inter-Governmental Panel on Climate Change (IPCC) presented
in its special report on emissions six groups of scenarios or plausible futures which
are based on narrative storylines and account for a wide range of driving forces.
The scenarios project future emissions of the greenhouse gases, carbon dioxide,
methane and nitrous oxide, and the aerosol sulphur dioxide. For gases that stay in the
atmosphere for a long period, such as carbon dioxide, the atmospheric concentration
responds to changes in emissions relatively slowly, whereas for short-lived gases and
aerosols, such as sulphate aerosols, the atmospheric concentration responds much
more quickly.

This is due to the length of the half-life of carbon dioxide in the atmosphere
as well as inertia in the system. Even if emissions were to halt today, the Earth’s
surface temperature could continue to rise for a few centuries, and sea level could
continue to increase for several millennia, due to thermal expansion and melting
of ice. According to the IPCC, the following effects are likely to occur to surface
temperatures, precipitation and climate-related extreme events:

2.2.1 Projected Changes for Surface Temperatures, Precipitation

i. The globally averaged surface temperature is projected to increase by 1.4 to 5.8
°C between 1990–2100 and

ii. Some areas are projected to become wetter and others drier, with a net increase
in precipitation projected.
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2.2.2 Projections for Climate-Related Extreme Events (E.G. Floods,
Heat Waves). Include

i. Higher maximum temperatures: more hot days and heatwaves over nearly all
land areas;

ii. Higher minimum temperatures: fewer cold days, frost days and cold spells over
nearly all land areas;

iii. More intense precipitation events over many areas;
iv. Increased summer drying over most mid-latitude continental interiors and

associated risk of drought and
v. Increase in peak wind intensity and mean and peak precipitation intensities in

tropical cyclones.

2.3 Current Concern

2.3.1 Cumulative Impact of Climate Change on the Goronyo Dam

Climate change is likely to affect dams directly (e.g. through changes in temper-
ature) and indirectly (e.g. through impacts on hydrology). Dams have typically
been designed using historic periods of streamflow record to determine storage
capacity and related dam infrastructure features, including spillways and hydro-
electric turbine capacities. Understanding climate change will likely impact the
quantity and timing of water availability. Specific impacts are projected to include

i. Decreased water availability in the Sokoto River Rima Basin (Goronyo Dam
catchment).

The decrease of water availability is attributed to poor watershedmanagement, defor-
estation, irrigation systems, waste and poor management of hydrology in the catch-
ment area and shortage of rainfall as well as siltation of the dam (Plates 1 and
2).

Developing countries are projected to be the most vulnerable to climate change:
many are already more prone to water shortages. In the area under study, indigenous
communities that depend on dam water resources are already vulnerable and will
become more vulnerable as a result of these projected impacts; current conditions
are the worst seen in the dam in over 25 years. Compounding the chronic problems
is the shortage of rainfall in 2017 and siltation of the dam, which is directly related
to climate change. In addition, increasing sea surface temperatures were recorded in
most of the region during the last three (3) decades 1980–2019 (Plate 3, 4 and 5).
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Plate 1 Section of Goronyo Dam from the northern side before 2017

Plate 2 Goronyo Dam Showing Upstream (A–B) and Downstream (C–D)

2.4 Study Area

2.4.1 Characteristics of Goronyo Dam

The Goronyo Dam in Sokoto is located in the Sokoto Rima basin, situated within the
Niger north hydrological area (HA-1) in the semi-arid region of the Northwestern
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Plate 3 Goronyo Dam water shrinkage from spillway in 2017

Plate 4 Sand Dome presence in Goronyo Dam

part of Nigeria (Fig. 1), between latitude 11°N to 16°N and longitude 3.3°E to 10°E.
The entire basin covers a total catchment area of 131,600 km2 and is drained bymany
rivers, including the Tarka (upstream of Goronyo Dam), Kaba, Tagwai, Maradun,
Bunsuru, Gagare, Sokoto, Zamfara and Ka rivers. The Sokoto-Rima extends from
parts of Katsina and the entirety of Sokoto, Kebbi and Zamfara, and covers a small
portion of Kaduna and Niger States. Major dams in the basin are the Bakolori
and Goronyo dams. The capacities of the dams are 942 and 450 million m3 with
planned irrigation area of 69,000 ha and 30,000 ha, respectively. The actual developed
irrigation area is just 40,000 ha.
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Plate 5 Goronyo Dam showing water resource shrinkage

Fig. 1 The Study Area Showing Goronyo Dam; Source NASRDA 2012
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The Goronyo dam is classified as large dam in Nigeria and it is multipurpose in
nature. The Goronyo dam was completed in 1984 but commissioned in 1992 and is
to store 942 millioncubic meters for irrigation and development of downstream areas
from Goronyo to Argungu, covering an area of about 200 km2. The dam, which is
earth-filled and built across the Rima River on the Sokoto Rima basin, is located
near Keta Village, about 25 km east of the town of Goronyo and 90 km northeast of
Sokoto City; it is the largest dam under the jurisdiction of the Sokoto Rima River
Basin Authority (SRRBDA) (Figs. 2, 3, 4 and 5).

2.4.2 Hydrology of the Goronyo Dam

TheGoronyoDam is locatedwithin theSokotoRimaRiverBasin,which is essentially
drained by the Sokoto River, a prominent part of the Niger River drainage system.
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Fig. 5 The trend analysis for temperature 1949–2009 ( Source Sokoto New Airport)

The Sokoto River rises with its main tributaries, the Ka, Zamfara and Rima, from
the 600 to 900 meter-high Mashika and Dunia highland areas bordering the eastern
part of the basin, and flows sluggishly down a gentle slope towards the northwest
around Sokoto town. It is joined by the Rima in the north, making a southward swing,
collecting the rivers Zamfara and Ka before entering into the Niger River. The river
systems thus effectively drain the whole basin. At the source areas in the east, the
Sokoto River System is only seasonal, but in the western parts of the basin, the river
becomes perennial as substantial groundwater contributes to its flow.

The dam comprises three earth-filled dams; the main, secondary and saddle dyke
with a total length of 12 km, a concrete intake and outlet structure including a spillway
of 1,540 cubic meters and other infrastructure.

2.4.3 Goronyo Dam Capacity

The dam is designed to provide water for irrigation and development of downstream
areas including themiddle RimaValley and the Zauro Polder Project, covering a total
of 17,000 hectares. It provides an annual regulated flow of 425 million cubic meters
to double the present rice cultivated fadamas from 40,000 to 80,000 hectares, and
supplies 80 million cubic meters of water annually to the Sokoto, Argungu and Birin
Kebbi water supply scheme, while the 200 km2 lake formed by the dam is expected
to boost the fishing industry in the area.



8 Cumulative Impacts of Climate Change Variability … 181

2.4.4 Climate Around Goronyo Dam

Like the rest of West Africa, the climate of the region is controlled largely by the two
dominant air masses affecting the sub-region. The regions are also associated with
the movement of air masses of the Inter Tropical Convergence Zone north and south
of the equator.

3 Methodology

3.1 Data Collection and Analysis

Data for this study was generated through field visits to the dam site on 30 November
2018, and geographical review of the Goronyo Dam by comparing historical data
from imagery, field observations and assessment of the dam and water shortage
evidence, and field assessment of the effects of climate variability on settlements and
farmlands. Using a digital camera, pictures were taken of the dam and of the farmland
that was once irrigated using the dam water. Farms using dam water for irrigation
were also investigated. The historical climate records up to 2018 were compared to
determine the trends in various climate parameters, including temperature and precip-
itation in the hydrological area. The catchment for analysis, chosen as a basis for
the general climate conditions of the area, was Sokoto New Airport and Katsina and
Gusau aerodromes. Secondary sources of data were collected through desk research
from subject-matter Internet sources, including published journal articles, discus-
sion papers, environmental reports and presented conference papers (National Water
Conference and National Water Resources Council) (Plate 6).

3.2 Climate Change Variability Analysis

Stream flows are generally affected by the cumulative effect of climate change.
Hence, study of streamflowover time is essential, especially to determine the sustain-
ability of water resource systems. The most significant observed impacts include
changes in temperature and precipitation, which in turn have varying consequences
forwater availability. For this reason, trend analysiswas used to define climate change
with respect to rainfall, evaporation, temperature and humidity in the hydrological
area, using Microsoft Excel (Plate 7).
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Plate 6 Goronyo residents queuing for water from alternative sources due to water shortage from
Goronyo dam to the water treatment plant

Plate 7 Stream drying up and fishermen abandoning fishing net as a result of impact of climate
change on the dam

4 Results and Discussion

Results have established the impacts of climate variability around the Goronyo Dam
located in Hydrological Area I. However, all the stations considered in the analysis
for stream data, i.e.Wamakko on the River Rima, Jega on the River Sokoto andGidan
Doka on the River Zamfara, have demonstrated the impact of climate variability on
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their discharges over the duration under study. Moreover, the stations, i.e. Sokoto
NewAirport and theKatsina andGusau aerodromes, were selected for the analysis of
temperature and precipitation and have also shown the impacts of climate variability.

4.1 Trend in Climate Variability Analysis

The intensity, frequency and seasonal distribution of rainfall have particular impact
on the amount of water available for various uses in the study area. The dry season,
from early November until March, has no trace of rainfall at all. The mean monthly
rainfall for the study area is depicted in Fig. 2, with the historical data in Fig. 2. This
shows a reduced rainfall of 1.2% in the period 1949–1976 compared to 1976–2008.
In addition, the historical trend shown in Fig. 3 at Katsina and Gusau aerodromes
also shows an increase in annual rainfall in 1936 and 1965, reaching a maximum of
1,025 mm and 1039.4 mm, respectively, an increase of 1.4%. The average annual
rainfall in Sokoto from the end of the 1970s through the 1980s was 632 mm, a
decreasing trend, with the lowest recorded year at 325 mm in 1987.

The mean monthly maximum temperature of the study area is between 30.6 and
36.5 °C, with the hottest period in the months of March and April. The highest
mean monthly temperature is observed in April with 36.5 °C, while the lowest mean
monthly temperature is inDecemberwith 14.7 °C. Seasonal and latitudinal variations
affect the extremes and the diurnal and seasonal ranges of the temperature in all areas.
In addition, the daily minimum temperature by monthly average is lowest in August
at 30.5 °C. From Fig. 4, it is evident that there was a significant rise in temperature
at Sokoto New Airport between 1989 and 2009. A decrease of 1.8% was observed
between the periods 1949–1976 and 1976–2008 (see Fig. 5).

4.2 Cumulative Effect on Water Supply

The communities of Goronyo that consist mostly of farmers depend largely on dam
water for domestic purposes, especially during the dry season. The importance of
dam management is most evident during times of drought. The 2017 drought in the
Goronyo dam affected the lives and livelihoods of almost two million people as a
result of the shortage ofwater. Levels in theGoronyodambasin,which provideswater
for farmers, fishermen and families, have dropped dramatically in the 2017/2018 to
about 10% of its capacity, forcing authorities to ration water to homes and seek
alternative water sources (Plate 6).

The impacts of climate change are being felt by both developed and developing
countries. To the extent that they are felt more by developing countries, it is not
necessarily because they are the highest contributors of climate variation, but rather
because these countries lack economic, social and political infrastructures to respond
adequately to the effects of climate change. The Sokoto state of Northern Nigeria,
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where Goronyo dam is located, contains a significant portion of the Sudan-Sahel
ecological zone of West Africa. Since the early 1970s, climate anomalies in the form
of recurrent droughts and numerous dust storms have threatened access to clean
drinking water.

4.3 Loss of Fishing Grounds

Fishermen set traps in damwater bodies for home consumption and sale. Shortage of
water from the damhas resulted in the disappearance of fish on the dried neighbouring
streams. According to Tambuwal (2010), fishermen were negatively affected by the
extreme event of fish stocks being carried away with the escape of the water, which
devastated fishing activity.

4.4 Effect on Agricultural Farmlands

Climate change compounds the linkage of agricultural farmlands to poverty; the
adverse impacts of climate change on farmland exacerbate the incidence of rural
poverty. This is likely to be most severe in Nigeria, where agriculture is a major
livelihood for the majority of the rural population. If nothing proactive is done
to replenish the shrinking water supply, water resources in the Goronyo dam will
become insufficient to support its communities.

In communities surrounding the dam, over 80% of the population depends on
the dam for most of its survival, including from livelihoods from agriculture and
fishing. The severe drought in 2017 brought into dramatic relief the adverse effects
of variability in timing and amount of rainfall, and lack of water for the irrigated
farmlands (Plate 8).

4.5 Migration and Conflict

Nigeria is home to more than 15% of the entire African population, with a median
age of just 19 years. Its total population is projected to double to roughly 320 million
by 2040 (Red Cross 2013). Climate change is already affecting Nigeria in significant
ways. The most noticeable is in the 1,350 square miles of Nigerian land that turns
to desert each year, driving farmers and herders south from the Sahel and into cities.
Lake Chad, which marks Nigeria’s northeast border, was reduced to one-twentieth
of its size during the 1960s due to a drier climate and changing water management.
These effects have exacerbated additional destabilization. More recently, in 2017,
the Goronyo dam saw its water level depleted to about 10% of its installed capacity
due to the cumulative pressure of climate change. This has devastated the livelihood
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Plate 8 Farmlands showing symptoms of stress downstream of the dam

of many farmers in Goronyo and its surrounding communities, and resulted in some
farmers migrating to other areas, in particular the Bakolori Dam in neighboring
Zamfara state.

The Bakalori Dam was the source of water for cattle farmers living within
Goronyo, as well as for nomadic herdsmen who brought their cattle to drink at
the dam. Herdsmen also graze their cattle, because grasses grow along the banks of
the dam. During the study visit to Goronyo dam in 2017 and 2018, only a few small
herds of cattle were observed to be moving on the plain of the dam, compared to the
thousand observed previously in the 1980–2000 (Plate 9).

Plate 9 Few cattle with herdsmen and a fisherman behind them (showing decline in cattle numbers)
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It is critical to consider the resulting effect with regard to migration and conflict
associated with the 2017/2018 drought due to shortage of water in the Goronyo
Dam, because it includes migration, leading to tension, violence, conflict and loss
of livelihood in the affected communities or areas of new settlement. The majority
of those affected by the migration lost their farm land, the source of pasture and
water for their livestock, compelling them to leave their familiar rural environments
to reside in an unfamiliar urban setting.

4.6 The Role of Adaptation (Interventions)

Adapatation to climate change has the potential to mitigate its adverse effects, but
cannot prevent all impacts. Numerous projects and processes designed to reduce the
impact of climate change have been identified that can reduce adverse and enhance
beneficial impacts of climate change, but all come at a cost (Gwary 2008). Adaptation
is necessary to complement efforts to take deliberate action to reduce the sources of
and/or enhance the sinks of greenhouse gases. Together, adaptation and mitigation
contribute to sustainable development objectives for dams and reservoirs.

Adaptation activities can promote conservation and sustainable use of man-made
and natural solutions to reduce the impact of changes in and extremes of climate on
cumulative pressures on dams and reservoirs. These activities include the establish-
ment of interconnected, multiple-use reserves designed to take into account projected
changes in climate, and integrated land and water management activities that reduce
non-climate pressures on dams and reservoirs and hence reduce structural and human
vulnerability to changes in climate. The effectiveness of adaptation and mitiga-
tion activities are enhanced when they are integrated within broader strategies for
sustainable development.

4.7 Management Approaches for Addressing the Impacts
of Climate Change on Dams (the Goronyo Experience)

The Nigerian government should as a matter of urgency facilitate a sustainable
program to mitigate the upsurge and cumulative effects of climate change. Within
such a strategy, the following approaches for the case of GoronyoDam are suggested.

4.7.1 Use of Wetlands as Improved Watershed Infrastructures

Wetlands can be used to trap sediment, retain water during high flow periods and
attenuate nutrient loads. Strategically placed constructed or restored wetlands in
watershed headwaters or near dams have the potential to ameliorate the impacts of



8 Cumulative Impacts of Climate Change Variability … 187

large precipitation events (World Commission on Dams 2015). The upstream debris
dams and sediment basins can help trap coarse-grained sediment before it reaches
the dam. River basins can be dredged periodically at less cost than large reservoir
dredging.

4.7.2 Integrated Watershed Management (Sokoto River Rima Basin
Development Authority-SRRBDA)

Sokoto Rima River Basin Development Authority should be encouraged to develop
and implement a sophisticated Watershed-based Management Program for Restora-
tion and Protection Strategy (WRAPS), based on the dams within its jurisdiction,
involving collaboration among several state agencies. The program should be built
on a planning and management framework with stakeholder involvement, which is
essential because it is the stakeholders who are responsible for developing watershed
assessment, establishing goals, identifying necessary actions and costs, preparing a
watershed plan, and securing resources needed to execute on it. This process must
be closely monitored by the SRRBDA, under the authority of the Federal Ministry
of Water Resources in the capital of Abuja, Nigeria. Relevant stakeholders for the
Goronyo Dam include

Bilateral and Multilateral Organizations

i. Niger Basin Authority (NBA)
ii. IAEA-UNESCO-GEF Regional Project on Development ofWater Resources of

the trans-boundary Iullemeden Aquifer System
iii. UNICEF: Water Supply and Sanitation Projects
iv. World Bank: Water Supply and Irrigation Projects
v. African Development Bank (AfDB)

Nigeria Federal Level:

i. Federal Ministry of Agriculture
ii. Federal Ministry of Environment
iii. Federal Ministry of Water Resources—Implementing and Coordinating

Capacity.

State Level:
State Water Boards (SWBs)/Corporations or Utility Boards for water supply

schemes, including the development and Operation & Maintenance (O & M) of
the schemes.

Areas of Collaboration:

i. Various stakeholders should provide relief material and supports (which include
seedlings for agricultural purposes, technological support with information from
extreme weather events, water pumps and credit facility, etc.) to the farmers
affected by the shortage of water from Goronyo Dam who have suffered loss
of farmlands and food crops with a view towards rehabilitating their shattered
lives;
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Table 1 Dam services and possible impacts due to climate change

Reservoir-Derived Ecosystem Services Possible Effects due to Climate Change

Flood Control Overwhelm flood control capacity

Water Supply: Municipal Sedimentation diminishes water supply capacity;
uncertainty in drought adds water supply stress;
increased nutrient loading will increase eutrophication

Water Supply: Industrial Sedimentation diminishes water supply capacity;
uncertainty in drought adds water supply stress and
decrease in water quality

Water Supply: Agriculture Sedimentation diminishes water supply capacity;
uncertainty in drought adds water supply stress

Power Generation Decreased inflow may bring water levels below
turbines and decrease power generating potential

ii. Every stakeholder shouldwork towards ensuring thatwater resources, especially
small and large-scale dams, are properly managed: mismanagement leads to the
loss of water resources as well as the destruction of live sand properties and

iii. Technical personnel should be hired to supervise the dam and its condition
during the rainy season so that excess water is released in a timely manner.

4.7.3 The Need for Flexible Financial Mechanisms to Cope
with Climate Change

Another strategic management approach to address the impacts of climate change
on dams is the consideration and development of flexible financial mechanisms to
manage climate change adaptation. The most obvious option is to provide agri-
cultural subsidies to farmers and herders during floods and drought. This measure
has the potential to create a highly enabling macroeconomic environment in which
approaches for addressing climate change adaptation becomes the responsibility of
individuals. The challenge is to secure equitable wealth distribution to affected indi-
viduals and to target support to those most likely to be affected by climate change
(Table 1).

4.7.4 Innovative Technology Through Use of Tubewells

Tubewells (also known as sand point wells) are an important adaptation technology
measure for providing a domestic water supply during times of water shortage and
drought. They extract freshwater from subsurface or deeper groundwater aquifers.
The approach includes both creating new tubewells as a response to drought, and/or
deepening and rehabilitating existing ones. Construction is relatively easy, and tube-
wells are most often installed using a hand auger. However, for a tubewell to serve
as a source of potable water, precautions must be taken to ensure that water quality
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Table 2 Major factors in tubewell management

Consideration Description

Environmental benefits Relieves pressures on surface water sources, reducing risks of
pollution and degradation

Socioeconomic benefits i.Provides freshwater for domestic and other uses in times of drought
ii.Produces high-quality water, reducing health risks that may occur
from use of surface water sources
iii.Helps avoid interruption of significant socioeconomic activities
during dry periods

Opportunities Increased diversification of water sources provides for more water but
also increases water supply resiliency

Major Barriers i.Requires pumping and associated energy supply (and costs) for larger
volumes,
ii.Requires knowledge of local geological conditions and assessments
of chosen drilling sites
iii.Poorly coordinated well development can cause a groundwater table
decrease and create risk of over-abstraction
iv.In areas with high climate variability (floods and droughts),
tubewells and boreholes are at risk of contamination during flood
events

is acceptable. This is done through groundwater surveys. Major factors in the choice
of tubewells include Table 2.

4.7.5 Improvement of Disaster Preparedness and Management Skills

Given the general lack of disaster preparedness in the region, community-created
emergency structures, including procedures and training for potential disaster
scenarios, must be created, institutionalized and expanded to include stabilization
or livelihood programs, to build a systematic structure for redeploying labour after
drought or other extreme events of climate change (Plate 10).

4.8 Integrated Approach to Reservoir Management
with Climate Change

The sustainability of dams is critical, but long-term sustainability efforts are compli-
cated by the uncertainties of climate change. Even if past climate data can be used as
a proxy for possible future droughts and floods, it may not be sufficient for planning
into the future (Uyiguie, 2006). In an era of uncertainty, water resource managers
must employ flexible methods to adapt to a changing climate. Adaptive policies and
strategies can be informed and developed through simulation modelling. The most
common approach is to combine a series of climate, hydrologic, reservoir and/or
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Plate 10 Tubewells for Agriculture and water supply during drought

ecological models. A variety of mathematical and statistical models used to study
the impacts of climate change on reservoirs is presented in Table 2.

Hydrologic tools (Table 3) are currently used to conduct climate change impact
analyses for dams, and are ideal for examining a variety of climate simulations to
inform management decisions.

Table 3 Mathematical and statistical tools used to study impacts of climate change on reservoirs

Tool Description Developer

Soil and Water Assessment
Tool (SWAT)

Simulates water quality and
quantity of surface water and can
test scenarios related to land use,
land management practices and
climate change

USDA-ARS and Texas
A&M Agri-Life
Research

Hydrologic Engineering
Center—Reservoir System
Simulation (HEC-ResSim)

Uses rule-based approach to
mimic decision-making process

Army Corp of Engineers

Integrated Adaptive
Optimization Model
(IAOM)

Contains three modules: weather
generator, hydrological simulator
and multipurpose reservoir
optimization to develop optimal
operating rule curves under
climate change

Y. Zhou and S. Guo

Dynamic Hydroclimatological
Assessment Model(DYHAM)

Utilizes system dynamics theories
and feedback causal loops to
simulate dynamic processes
within watershed and reservoir

SP Simonovic and LH Li

Phytoplankton Responses to
Environmental Change:
PROTECH

Simulates the daily change in
Chl-a concentration for up to 10
algal species in response to
environmental variability in lakes
and reservoirs

Alex Elliott, Colin
Reynolds, Tony Irish
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5 Conclusion

Reservoirs are established to provide critical services; they represent a large financial
legacy fromprevious generations.With often limited locations appropriate to site new
reservoirs, it is imperative that current reservoirs are analyzed and studied to improve
and enhance their overall sustainable management.

In Nigeria, there are many dams that have been built and utilized for various
purposes, particularly in semi-arid northern Nigeria. These dams are vital resources
because they enhance the socioeconomic life of the people in areas where they are
established.

The purpose of Goronyo Dam is to regulate flood fromwatershed areas in Kastina
and Zamfara, including parts of the Niger Republic. However, in exceptionally dry
years such as 2017 and 2018, there was an unanticipatedly low flow, siltation prob-
lems and little volume of rainwater, coupled with over-abstraction for irrigation
agriculture from the upstream area of the dam.

Climate change in Nigeria is now devastating and destructive: the promotion of
concerted effort and action is necessary to decelerate its impact on society.

Maintenance, including de-silting which has not been undertaken in over twenty
years, is essential in order for Goronyo residents in Sokoto State to reduce the risk
of even more water shortage challenges. To achieve this, collaboration among reser-
voir managers and climate scientists in Nigeria must result in the development of
simulation modeling platforms to explore and test adaptive management strategies
for altered climate patterns through careful review of available tools and thorough
consultation with resource managers.
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Chapter 9
Lentic-Lotic Water System Response
to Anthropogenic and Climatic Factors
in Kenya and Their Sustainable
Management

Daniel O. Olago, Jackson Raini, Christine Omuombo, Godfrey Ogonda,
Jones Muli, Cornelius Okello, Willis Memo, and Obiero Ong’ang’a

Abstract Kenya has many lakes which have evolved through geological time; most
of the modern ones were created during the Lower to Middle Pleistocene. While all
of them react to climate changes over geological timescales, a number of them are
highly sensitive to even seasonal climate variations, fluctuating quite dramatically in
surface area and level, and are, therefore, commonly referred to as “amplifier” lakes.
There is a range of biological diversity in the lakes, and the rivers and wetlands
within the lake basins, in diverse ecosystems that provide various goods and services
to the local communities around them. However, there is mounting evidence that
the impacts of human activity (e.g., deforestation, agriculture, water abstractions)
and hydrological variability related to global warming effects on climate (rainfall,
temperature) are already affecting these natural aquatic resources, leading to changes
in fauna and flora distributions and in their overall resource values. The consequences
are mostly adverse, but there are also beneficial ones. Climate, environment, and
society interact in complex ways in lake basin ecosystems. For example, there has
been no clear understanding of the cause(s) of the striking rise in lake levels in the
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central rift lakes of Kenya since 2010 which have resulted in submerged buildings
and road infrastructure, and displacement and/or disruption of the socio-ecological
system. Implementation of viable and sustainable management and use options is
critical, but it is currently precluded by myriad factors, including lack of timely
and adequate data for decision-making, siloed sectoral approaches, jurisdictional
challenges at sub-national and regional scales, overlapping institutional mandates,
and diverse and uncoordinated stakeholder groupings. A pathway for development of
lake basin-specific management plans in Kenya is outlined, based on the Integrated
Lake Basin Management (ILBM) approach, that can help to ensure the health and
sustainability of the lakes and their basins and continued provision of goods and
services to the people and wildlife that are dependent upon them.

Keywords Kenya lakes · Climate change · Aquatic systems · Anthropogenic
pressures ·Management

1 Introduction

Kenya has a number of lake basins,most ofwhich,with the exception ofLakeVictoria
and someminor seasonal/quasi-perennial lakes such asChalbi andLakeKenyatta, are
in a topographically closed depression (bordered by mountains and plateaus) known
as the Kenya Rift Valley. This region has two end-member lakes: Lake Turkana to
the north and Lake Natron to the south (Fig. 1). Several aspects of the development
of Kenya’s lakes through geological time and their associated climatic/hydrological
evolution have been synthesized in a number of previous studies (Tiercelin andLezzar
2002; Odada and Olago 2005; Olago et al. 2009; Olago 2013; Woldegabriel et al.
2016). Generally, it is the case that within the western branch of the East African
Rift System (EARS), older lake basins that are not in existence today (palaeolakes)
were initiated in the Neogene. The present-day lakes Baringo, Nakuru, Elementaita,
and Naivasha are smaller representations of older large lakes that developed during
Lower-Middle Pleistocene times (Tiercelin and Lezzar 2002; Woldegabriel et al.
2016). In and off the rift flanks, related volcanism has been associated with the
development of craters, some of which host well-known crater lakes such as Sokorte
Dika on Mount Marsabit, Sacred Lake on Mount Kenya, and Lake Challa on the
border of Kenya and Tanzania. Lake Victoria, in contrast, was formed in the late
Pleistocene (ca. 400,000 years ago) by uplift along the western branch of EARS and
back-ponding of rivers that previously drained westwards (Johnson et al. 1996).

The present-day lakes in the Kenya Rift are generally small (a maximum of
30 × 20 km) and shallow (mean water depths ranging from 1 to 10 m), with the
exception of Lake Turkana. The lakes are more-or-less saline-alkaline (with the
exception of Naivasha and Baringo), mainly because they lie in areas under semi-
arid climatic conditions and/or have no outlet. These rift lakes have been termed,
“amplifier lakes” (Street-Perrott and Harrison 1985) because they are sensitive to
climate shifts as a consequence of their closed basins and small sizes relative to their
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Fig. 1 Map showing the Kenya rift lakes and Lake Victoria and their early Holocene Lake level
highstands (adapted from Olaka et al. 2010)

catchments, and their semi-arid setting which is characterized by a highly variable
climate. Their relative sensitivities to climate fluctuations have been determined using
basin morphology, the hypsometric index, and the aridity index (Olaka et al. 2010).

Kenya’s lakes, and their inflowing/outflowing rivers, and wetlands (Fig. 2), range
from mildly (e.g., Lake Turkana (Lowe-McConnell 1995)) to highly biologically
diverse (e.g., Lake Victoria (Seehausen 1996)) ecosystems that provide various
goods and services to the several million people living within their basins (e.g.,
Aloo 2002; Odada et al. 2004; Ong’ang’a 2010; Raini 2009). Some of them are
major tourist attractions and have also been designated Wetlands of International
Importance (Ramsar Sites) or World Heritage Sites, e.g., Lakes Baringo, Nakuru,
and Elementaita. Their resource values are continually changing as a consequence
of natural climatic and environmental changes (UNEP 2004, 2006), but they are also
being degraded by multi-faceted anthropogenic impacts, including catchment degra-
dation, pollution, unsustainable rates of resource extraction, and global warming
(UNEP 2004, 2006). This chapter, therefore, evaluates the natural and anthropogenic
factors that impact the country’s aquatic systems (Fig. 2) and proposes, using Inte-
grated Lake Basin Management (ILBM)1, a pathway that is specific to lakes in
Kenya which, if implemented, can ensure the sustainability of lake health and, there-
fore, their continued provision of goods and services to the people and other living
organisms that depend on them.

1Conceptual framework to assist lake basin managers and stakeholders to achieve sustainable
management of lakes and their basins [see ILEC 2007; ILEC and RCSE Shiga University 2012]
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Fig. 2 The key lakes, rivers, and wetlands in Kenya. Note that the lake margins are associated with
wetland ecosystems

2 Threats and Issues Facing the Lake Basins

2.1 Anthropogenic Factors

All lakes transform through time due to natural processes of aging caused by climatic,
hydrologic, and ecosystem changes, but the greatest degradation impacts are caused
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by human intervention (ILEC 2007) (Table 1). The rapid rate of societal growth
and change in modern times not only accelerates the types of changes that occur
under natural conditions, but also introduces novel materials and substances that
fundamentally, directly, and adversely impact aquatic ecosystem health and func-
tion. Since about the 1960s, Kenyan lakes and rivers have come under increasing and
considerable pressure from a variety of inter-connected human activities on land and
water. Deforested and degraded lands and wetlands are becoming increasingly char-
acteristic features in the region as a consequence of the rapidly growing population
(Waktola 1999; Shepherd et al. 2000; Swallow et al. 2002; Nyingi et al. 2013). Lake,
river, and wetland ecosystems are being degraded by human activities through, for
example, catchment degradation, pollution, siltation, bank encroachment, and over-
abstraction (Thenya 2001; Moinde-Fockler et al. 2006; Xu 2008; UNEP 2009; SEI
2009; Onywere et al. 2011; Kiema 2013; Schagerl and Renaut 2016). Such stresses
exacerbate vulnerability to current and future climate risks (SEI 2009; IPCC 2014).
Continuously eroded lands are being cultivated, grazed, and/or settled, leading to
rapid depletion of soil nutrients and forest resources.

Increasing deforestation and/or fragmentation of habitats for varied end-uses,
such as settlement and agriculture, compromises the services of many ecosystems
(Mogaka et al. 2005a, b ; Negishi and Nakamura 2006; Thenya 2001; UNEP 2009),
and changes surface and groundwater regimes with resulting impacts on water avail-
ability for nature and human societies (Table 1). It also impacts the function and
operation of existing water infrastructure (SEI 2009). For example, 100,000 ha of the
MauComplexwas lost between 2000 and 2009, while onMt. Elgon large tracts of the
forest were excised for human resettlement in the 1970s (UNEP 2009); both of these
water towers are catchments for rivers that drain into Lake Victoria Nyanza Gulf,
the central rift lakes, and Lake Turkana. Between 1960 and 2000, for example, Lake
Victoria Nyanza Gulf and its catchment underwent enormous ecological changes,
which are linked to a number of inter-related problems, such as rapid population
growth, poverty, land degradation and declining agricultural productivity and water
quality (Odada et al. 2004; UNEP 2006; Odada and Olago 2007). Sedimentation,
nutrient runoff, urban and industrial point source pollution and biomass burning
induced the rapid eutrophication of Lake Victoria that was seen over the latter part of
the twentieth century, resulting in invasion of water hyacinth, loss of endemic biodi-
versity and interelated and compounded problems for the lake environment and the
welfare of its people (ICRAF 2000). Biomass burning is also a key source of phos-
phorus in Lake Victoria through atmospheric deposition (Tamatamah et al. 2005).
These are still persistent issues today (Table 1).

Completed and planned development projects such as the construction and filling
in of the Gibe series of dams in Ethiopia have raised concerns about the sustain-
ability of Lake Turkana as a consequence of reduced inflows (Avery 2010, 2012).
These are recently reported, through analysis of satellite data, to have translated to
a lake level drop of approximately 1.5 m during the filling of the Gibe III reservoir
whose construction was completed in December 2016 (Hodbod et al. 2018). Further,
although a minimum of a 10-day flood has been proposed to sustain the ecological
functioning of the lake, it is unknown whether this flood duration and size would



198 D. O. Olago et al.

Ta
bl
e
1

C
ha
lle
ng
es

an
d
th
re
at
s
to

th
e
la
ke
s
an
d
ex
is
tin

g
m
an
ag
em

en
ts
tr
uc
tu
re

C
ha
lle

ng
e/
T
hr
ea
t

L
ak
e
V
ic
to
ri
a
N
ya
nz
a

G
ul
f

L
ak
e
N
ai
va
sh
a

L
ak
e
N
ak
ur
u

L
ak
e
B
ar
in
go

L
ak
e
T
ur
ka
na

So
m
e
ke
y

re
fe
re
nc
es

E
nv
ir
on

m
en

ta
l

L
an
d
de
gr
ad
at
io
n

Po
llu

tio
n

(r
un
of
f/
se
w
ag
e)

H
ig
h
se
di
m
en
ta
tio

n
In
tr
od
uc
ed
/I
nv
as
iv
e

sp
ec
ie
s

L
an
d
de
gr
ad
at
io
n

Po
llu

tio
n

(r
un
of
f/
se
w
ag
e)

H
ig
h
se
di
m
en
ta
tio

n
In
tr
od
uc
ed
/I
nv
as
iv
e

sp
ec
ie
s

Po
llu

tio
n
(r
un
of
f

an
d
se
w
ag
e)

St
ee
p
hy
dr
ol
og

ic
al

flu
ct
ua
tio

ns

L
an
d
de
gr
ad
at
io
n

T
ur
bi
di
ty

&
hi
gh

se
di
m
en
ta
tio

n
in

la
ke

N
ut
ri
en
tl
oa
di
ng

A
lk
al
in
ity

L
an
d
de
gr
ad
at
io
n

N
itr
at
e
po

llu
tio

n
fr
om

O
m
o
R
iv
er

ir
ri
ga
tio

n
T
ur
bi
di
ty

an
d

in
cr
ea
se
d

se
di
m
en
ta
tio

n
W
at
er

qu
al
ity

H
ug
he
s
an
d

H
ug
he
s
19
92
;

Jo
hn
so
n
an
d

O
da
da

(e
ds
)
19
96
;

U
N
E
P
20
04
,2

00
6

L
ow

e-
M
cC

on
ne
ll

19
95
;P

ar
on

et
al
.

(e
ds
),
(2
01
3)

E
co
lo
gi
ca
l

C
ha
ng
in
g
fo
od

w
eb

st
ru
ct
ur
e

E
ut
ro
ph

ic
at
io
n—

sp
ec
ie
s

ex
tin

ct
io
n/
in
va
si
on

A
no
xi
a

W
ar
m
in
g
la
ke

w
at
er
s

C
ha
ng
in
g
fo
od

w
eb

st
ru
ct
ur
e

E
ut
ro
ph

ic
at
io
n—

sp
ec
ie
s

ex
tin

ct
io
n/
in
va
si
on

C
ha
ng
in
g
fo
od

w
eb

st
ru
ct
ur
e
du
e
to

hy
dr
ol
og
ic
al

ch
an
ge
s,
af
fe
ct
s

fo
od

ch
ai
n

B
io
di
ve
rs
ity

lo
ss

H
ab
ita

td
eg
ra
da
tio

n,
L
an
d
co
ve
r
ch
an
ge
s

A
lg
al
bl
oo
m
s

D
ec
lin

in
g
fis
h

nu
m
be
rs

C
ha
ng
es

in
th
e

O
m
o
R
iv
er

de
lta

B
io
di
ve
rs
ity

lo
ss
,

Sh
or
el
in
e
ha
bi
ta
t

de
gr
ad
at
io
n,

L
an
d-
us
e
ch
an
ge
s

C
ha
ng

e
in

sp
ec
ie
s

co
nt
ri
bu
tio

n

Jo
hn
so
n
an
d

O
da
da

(e
ds
)
19
96
;

Se
eh
au
se
n
19
96
;

U
N
E
P
20
04
,2

00
6;

Si
to
ki

et
al
.2
01
0;

A
lo
o
20
02
;

H
ug
he
s
an
d

H
ug
he
s
19
92
;

U
N
E
P
20
04
;

O
jw
an
g
et
al
.2
01
6;

G
ow

no
ri
s
et
al
.

20
17
;S

ch
ag
er
l

(e
d)

20
16
;N

jir
u

et
al
.2
01
7

E
co
sy
st
em

G
oo
ds

an
d

Se
rv
ic
es

U
ns
us
ta
in
ab
le
us
e
of

w
et
la
nd

re
so
ur
ce
s

R
ed
uc
ed

liv
el
ih
oo

ds
op
tio

ns

D
ec
lin

e
in

fis
h
ca
tc
h
an
d

bi
om

as
s

Pa
rk

&
to
ur
is
m

D
ec
lin

e
in

fis
h
ca
tc
h

an
d
bi
om

as
s

A
es
th
et
ic
s

D
ec
lin

e
in

fis
h

ca
tc
h

To
ur
is
m

L
iv
el
ih
oo
d

U
N
E
P
20
04
,2

00
6;

R
ai
ni

20
06
;

O
jw
an
g
et
al
.2
01
6

(c
on
tin

ue
d)



9 Lentic-Lotic Water System Response to Anthropogenic … 199

Ta
bl
e
1

(c
on
tin

ue
d)

E
co
no

m
ic

O
ve
rfi
sh
in
g
&

po
llu

tio
n

re
la
te
d
to

fis
he
ri
es

de
cl
in
e

Po
ve
rt
y-
en
vi
ro
nm

en
t

tr
ap

R
ed
uc
ed

la
nd

va
lu
es

O
ve
rfi
sh
in
g
&

po
llu

tio
n

re
la
te
d
to

fis
he
ri
es

de
cl
in
e

Po
ve
rt
y-
en
vi
ro
nm

en
t

tr
ap

To
ur
is
m

af
fe
ct
ed

by
la
ke

le
ve
lc
ha
ng

es
an
d
po
llu

tio
n
fr
om

se
w
ag
e/
ru
no
ff

D
ec
lin

e
in

to
ur
is
m

in
co
m
e
an
d
fis
h

re
ve
nu
e,
liv

el
ih
oo
ds

af
fe
ct
ed

D
ec
lin

e
in

fis
hi
ng

re
ve
nu
e

U
N
E
P
20
04
,2

00
6;

O
m
w
eg
a
20
06
;

A
bi
la
et
al
.

20
06
a,
b;

So
ci
al

E
xp

an
di
ng

se
ttl
em

en
ts

D
is
pl
ac
em

en
ts

C
on

fli
ct

L
os
s
of

fis
h
fo
od
s

G
en
de
re
d
di
sp
ar
iti
es

in
ar
tis
an
al
fis
he
ri
es

E
xp

an
di
ng

se
ttl
em

en
ts

D
is
pl
ac
em

en
ts

C
on

fli
ct

E
xp
an
di
ng

se
ttl
em

en
ts

W
at
er

de
m
an
d
fo
r

m
ul
tip

le
us
es

th
re
at
en

in
flo

w
in
g

su
rf
ac
e/
gr
ou
nd
w
at
er

su
pp
ly

L
an
d/
w
at
er
-r
el
at
ed

co
nfl

ic
ts

W
at
er

de
m
an
d
fo
r

m
ul
tip

le
us
es

th
re
at
en

in
flo

w
in
g

su
rf
ac
e/
gr
ou
nd
w
at
er

su
pp
ly

G
ro
w
in
g
co
as
ta
l

se
ttl
em

en
ts

L
an
d/
w
at
er

co
nfl

ic
ts

W
at
er

de
m
an
d
fo
r

m
ul
tip

le
us
es

U
N
E
P
20
06
;

L
w
en
ya

et
al
.

20
06
;

O
jw
an
g
et
al
.2
01
6

(c
on
tin

ue
d)



200 D. O. Olago et al.

Ta
bl
e
1

(c
on
tin

ue
d)

M
an

ag
em

en
t

Se
ve
ra
lr
eg
io
na
l

or
ga
ni
za
tio

ns
/s
ec
to
ra
l

pr
oj
ec
ts
;

V
is
io
n
an
d
St
ra
te
gy

Fr
am

ew
or
k
fo
r

th
e
M
an
ag
em

en
ta
nd

D
ev
el
op
m
en
to

f
th
e

L
ak
e
V
ic
to
ri
a

B
as
in
,2
00
4;

Pr
ot
oc
ol

fo
r

Su
st
ai
na
bl
e

D
ev
el
op
m
en
to

f
L
ak
e

V
ic
to
ri
a
B
as
in
,2
00
3;

L
ak
e

V
ic
to
ri
a
B
as
in

C
om

m
is
si
on

E
nv
ir
on
m
en
ta
l

M
an
ag
em

en
t(
L
ak
e

N
ai
va
sh
a

M
an
ag
em

en
tP

la
n)

O
rd
er
,2

00
4
(R
ev
.

20
12
);
L
ak
e
N
ai
va
sh
a

B
as
in

In
te
gr
at
ed

M
an
ag
em

en
tP

la
n,

20
12
–2
02
2;

Se
ve
ra
l

se
ct
or
al
&

co
m
m
un
ity

-b
as
ed

m
an
ag
em

en
tp

la
ns

R
am

sa
r

m
an
ag
em

en
t

pr
ot
oc
ol
s
ap
pl
ie
d;

Se
ve
ra
ls
ec
to
ra
la
nd

co
m
m
un
ity

-b
as
ed

m
an
ag
em

en
tp

la
ns
.

L
ak
e
N
ak
ur
u

E
co
sy
st
em

M
an
ag
em

en
tP

la
n

20
00
–2
01
2;

Pi
lo
ts
et

up
of

L
ak
e
N
ak
ur
u

IL
B
M

Pl
at
fo
rm

,
su
pp
or
te
d
by

N
ak
ur
u
C
ou
nt
y

G
ov
er
nm

en
t—

20
14

Se
ve
ra
ls
ec
to
ra
la
nd

co
m
m
un
ity

-b
as
ed

m
an
ag
em

en
tp

la
ns
;

N
o
IL
B
M

sy
st
em

in
pl
ac
e

Se
ve
ra
ls
ec
to
ra
l

an
d

co
m
m
un
ity

-b
as
ed

m
an
ag
em

en
t

pl
an
s;
N
o
IL
B
M

sy
st
em

in
pl
ac
e

O
da
da

et
al
.2
00
4;

O
ki
a
et
al
.2
00
6;

Pa
ro
n
et
al
.(
ed
s)

20
13
;S

ch
ag
er
l

(e
d)

20
16
;N

jir
u

et
al
.2
01
7;

R
am

sa
r

R
eg
io
na
l

C
en
te
r—

E
as
tA

si
a

(2
01
7)



9 Lentic-Lotic Water System Response to Anthropogenic … 201

be sufficient to do so (Avery 2012). Following the commissioning of the dam, the
lake has undergone fluctuations affecting the productivity of fisheries (Gownaris
et al. 2017). Changes in the lake littoral habitat could lead to a reduction of over
two-thirds in fishery yields (Gownaris et al. 2017), and the analysis of fisheries data
from Kolding (1995), MoLFD (2008), (KNBS 2012; 2013; 2014) comports with
fishermen reports that the diversity of fish species catch has declined over the past
five years due to littoral habitat changes.

Box 1: Ecological Impacts on Lake Nakuru

(a) The bad—In Lake Nakuru, dense suspensions of Arthrospira fusiformis
are the main and preferred food for Lesser Flamingos (Jenkin 1957;
Vareschi 1978; Kaggwa et al. 2013). This alkaliphilic cyanobacterium,
which grows well even at pH 10 (Grant et al. 1990), is the key primary
producer in soda lakes (Melack and Kilham 1974; Schagerl et al. 2016),
forming the base of the food chain and supporting large concentrations
of Lesser Flamingos (Phoeniconaias minor). Recently, cyanobacterial
toxins, mainly from Microcystis flos-aquae and Anabaena flos-aquae,
have been suggested as potentially lethal agents for Lake Nakuru Lesser
Flamingos (Nelson et al. 1998; Raini 2009;Krienitz et al. 2003; Codd et al.
2003; Metcalf et al. 2006). These changes have had significant negative
impacts on Lake Nakuru Park tourism, as flamingos are one of its major
attractions.

(b) The good—The only fish species in Lake Nakuru is the filter feeding
cichlid, Sarotherodon alcalicum grahami, introduced from Lake Magadi
in 1953 to combat mosquitos. The introduction of fish substantially
increased the diversity of the lake ecosystem by extending the food chain
to over 30 species of fish-eating birds.

Evidence suggests that lakes are warming in response to anthropogenically-driven
global warming; Lake Victoria, for example, was noted in the 1990s to be one-half
of a degree (°C) warmer than it was in the 1960s (Hecky et al. 1994; Bugenyi
and Magumba 1996), and is estimated to have warmed by >1°C between 1927 and
2009 (Sitoki et al. 2010), consistent with changes in surface temperature at tropical
elevations above 1000 m worldwide. There appear not to be any new published
data on long-term lake water temperature trends for other lakes in Kenya since the
1990s, except for the global analysis of nighttime surface (sometimes referred to as «
skin ») temperatures of lakes, including Lake Turkana, over the period 1985–2009 by
Schneider and Hook (2010). Their results show an average warming of 0.025 °C yr−1

for lakes in the tropics, with greater warming occurring in the mid- and high latitudes
of the northern hemisphere than in low latitudes and the southern hemisphere. One
consequence of the warming could be increased lake stratification that affects fishery
productivity, as was observed in Lake Turkana in the 1980s (Kallqvist et al. 1988).
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Thus, of immediate concern are the changes in nutrient dynamics andmixing regimes
within the lakes that are a major fishery resource (Victoria, Turkana, and Baringo);
these are in turn a result of increased thermal stability as they affect fisheryproduction,
as has been observed in Lakes Malawi and Tanganyika, and can completely alter the
trophic structure of the food chain (O’Reilly et al. 2003; Verburg et al. 2003; ENSO
Project 2003). Such concerns extend to the inflowing rivers andwetland buffers along
the shores of the lakes.

2.2 Climatic Factors

The temporal distribution of precipitation over East Africa reveals daily to seasonal
and inter-annual variability, and a simultaneous decline in the number of wet days in
a year and increased frequency of intense rainfall (Kuya 2016). Rainfall in eastern
Africa shows robust teleconnections to the rest of Africa and to the global tropics. It is
strongly quasi-periodic, with a dominant timescale of variability of five to six years,
influenced in part by the El-Niño-Southern Oscillation (ENSO) phenomenon and
Sea-Surface Temperatures (SSTs) fluctuations in the equatorial Indian and Atlantic
oceans. Further, rainfall in the region tends to be enhanced during ENSO years
(Ropelewski andHalpert 1987;Ogallo 1989).An increase in the frequency of drought
has been reported in the semi-arid Lake Turkana region (Waktola 1999; Hann et al.
2003) and more recently also in many other parts of the country, most notably in
2010/2011 and 2015/2016, strongly linked to La Niña, with the milder droughts
attributed to low rainfall in typically arid to semi-arid areas that have a wide range
of year-to-year rainfall variability (Uhe et al. 2018).

The water balance of Lake Victoria is dominated by rainfall on the lake and
evaporation, with river inflow and outflow making minor contributions (Spigel and
Coulter 1996). In contrast, in smaller lakes, river inflows, and evaporation are the
dominant factors (e.g., Street-Perrott 1982; Finch and Hall 2006). As a consequence
of climate variability, it has been observed that lake surface areas and levels fluctuate
significantly, particularly for the smaller lakes. In addition, the very high poten-
tial evaporation which occurs throughout the year, which is in excess of 2000 mm
per year over large tracts of Africa, significantly affects water resources (Schulz
2001). Thus, relatively small changes in rainfall and evaporation may lead to shifting
between closed- and open-basin status, as was the case in historic times for some
of the lakes in Kenya and eastern Africa as a whole (Beadle 1981; Richardson and
Dussinger 1986; Verschuren et al. 2000; Bootsma and Hecky 1993; Owen et al.
1990; Spigel and Coulter 1996; Olago et al. 2007). For example, the surface area
of Lake Nakuru (mean depth 2.5 m) normally fluctuates between approximately
40 and 60 km2; this translates into significant water level fluctuations. Sometimes,
the lake dries out almost completely, as happened between 1995 and 1997 (WWF
1998; McCord et al. 2009). On the other extreme, during prolonged sequences of
wet years, the water level rises to form a lake with a surface area of 50–60 km2

(Onywere et al. 2013). Extreme events such as the El Niño (1982–3 and the 1997–8)
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tend to rapidly raise lake levels and cause widespread flooding along lakeshores and
rivers (Birkett et al. 1999; Conway 2002). For example, the El Niño phenomenon in
1997–1998 saw water level rise by 1.7 m (Lake Victoria), 2.1 m (Lake Tanganyika),
and 1.8 m (Lake Malawi) (Birkett et al. 1999). The widespread heavy rainfall and
flooding also produced adverse wide-ranging agricultural, hydrological, ecological,
and economic impacts in East Africa (Conway 2002). Further, the consequences of
aquatic ecosystem change and biodiversity resulting from naturally induced changes
in pH, salinity, stratification, sediment, and nutrient load fluctuation due to lake level
changes and rising water temperatures are still not known satisfactorily, yet it is clear
that these factors are strongly compounded by anthropogenic activities.

East Africa is projected to become wetter in some GCMs (Endris et al. 2013;
Masson-Delmotte et al. 2013), with projections of increased September–October–
November (SON) and decreasedMarch–April–May (MAM) rainfall in somemodels
(Christensen et al. 2013). This is in contrast to observed (instrument-derived) data,
which shows a drying trend. The mismatch between observed and model data in
East Africa is known as the “East African Paradox”: research is ongoing currently to
explain this contradiction (e.g., Rowell et al. 2015). The frequency of intense rainfall
is expected to increase as the planet warms, both over-lake (e.g., Thiery et al. 2016)
and over land (e.g., Kuya 2016). The potential impacts of future climate changes
on Kenya’s water resources for the years 2030 and 2050, with a baseline year of
2010, have been evaluated against Kenya’s National Water Master Plan (NWMP;
Table 2) based on the Coupled Model Intercomparison Project Phase 3 (CMIP3)
multi-ensemble model (11 GCMs) outputs based on the A1B scenario 3 and the
SimilarHydrologic Element Response (SHER)modelwith the derived future climate
conditions for 2030 and 2050 (MEWNR and JICA 2013). In terms of the latest IPCC

Table 2 Annual renewable water resources. Ten percent of groundwater recharge is adopted as
sustainable yield, and maximum exploitable depth is set at 500 m (MEWNR and JICA 2013). The
2030 values are interpolated between the projected 2050 values and the 2010 baseline (MEWNR
and JICA 2013)

Evapotranspiration
Estimation

Aspect 2010 (MCM/yr) 2030 (MCM/yr) 2050 (MCM/yr)

Hamon’s Method Renewable Water
Resources

76,610 80,474 83,583

Surface Water
Runoff

20,637 24,894 26,709

Groundwater
Recharge

55,973 55,580 56,874

FAO
Penman-Monteith
Method

Renewable Water
Resources

42,107 44,301 45,996

Surface Water
Runoff

20,637 24,894 26,709

Groundwater
Recharge

21,470 19,407 19,287
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scenarios, this would be in the range of RCP6.0 estimates (IPCC 2014). There are
large uncertainties related to evapotranspiration estimation methods (Hamon and
FAO Penman-Monteith) “since no data to properly estimate the evapotranspiration
is available” (MEWNR and JICA 2013). Changes in evapotranspiration have knock-
on impacts on thewater balance of runoff, soilmoisture, and surface and groundwater
reservoirs (Bates et al. 2008). Given these uncertainties, theNWMP2030 adopted the
lower FAO Penman-Monteith method results as they offered a cautionary note to the
development of the water resources. Despite these uncertainties, models generally
predict that renewable water resources are likely to increase, and that, excluding
factors such as water abstractions and a shift in the P:E ratio, the volume of water
held in the lakes will increase in future.

The projected temporal and spatial distributions of the mean annual rainfall in
2030 and 2050 are similar to the climate of 2010, but the western part of Kenya is
expected to be wetter with more rainfall in the MAM season, while the eastern part
will be drier, due to potential increased evapotranspiration (MEWNR& JICA 2013).
This is consistent with the findings of Shongwe et al. (2011), based on analysis of an
ensemble of 12 CMIP3 GCMs (forced with A1B emissions), that show statistically
significant widespread increases in short season (OND) rainfall, including extreme
precipitation acrossEastAfrica. Stocker et al. (2013) also project increased short rains
in East Africa due to the pattern of Indian Ocean warming, and increased rainfall
extremes related to landfall cyclones on the east coast. Similar to the CORDEX
analysis (Misiani 2013), the model ensemble used by Shongwe et al. (2011) was
relatively poor in simulating the MAM season.

3 The Climate-Environment-Society Nexus in Lake Basins

The recent rise in water levels of the central rift lakes since 2010 (Figs. 3 and 4) and
its effects have been a key subject of discussion in the country (see Box 1). Its impacts
include submerged buildings, infrastructure, and displacement and/or disruption of
the productivity of both humans and wildlife, including aquatic species. However,
some of the infrastructures around the lakes, such as Lake Naivasha, have been built
on what was likely previously riparian land because the water levels were that high
in the first half of the twentieth century.

These discussions have taken center stage because there has been no clear change
in rainfall amounts or patterns that is perceptible to humans, as occurs during ENSO
events, and results of instrumental data analysis are ambiguous. For example, one
early report suggests that the increase in Lake Nakuru’s surface area from a low of
31.8 km2 in January 2010 to a high of 54.7 km2 in September 2013 was caused by
an increase in the mean annual precipitation in the period 2009–2014 (e.g., Onywere
et al. 2013). By July 2019, it had not recovered to average levels (Fig. 4). Indeed, all
the lakes in Kenya’s central rift valley (Nakuru, Bogoria, Baringo, Solai, and Logipi)
have risen since 2010 to levels not seen in the last fifty years (Fig. 3). Moreover,
some of the lakes exceeded the well-known and -documented historical high levels
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Fig. 3 Mean annual flows from in the Molo River (blue) that drains into Lake Baringo display a
steep rise in water level between 2005 and 2015, although there is a gap in the dataset during this
period. The annual lakewater level in Lake Baringo (red graph) shows in contrast a recently reported
rise in 2010: the area under water rose from 143.6 km2 in January 2010 to a high of 231.6 km2 in
September 2013

Fig. 4 Left pane—Submerged road entry to the Park. Thewatermark on the trees in the background
indicates that the lake level has receded by about 1m from its highest level. Right pane—The flooded
western wing of the Park offices at the Park gate. Both photos were taken on 24 July 2019. © D.
Olago”
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which occurred in 1961, and/or in the early 1900s (Schagerl and Renaut 2016, and
references therein).

Box 2: Why the rise in water levels in Kenya rift lakes since 2011?
Several hypotheses from formal and informal discussions were proposed in
2013 to explain the rising lake levels in recent times—they are the opinions
(not scientific findings) of several scientists who have researched the lakes.
These hypotheses may have inter-related causes; exact cause(s) are currently
being investigated.

Hypotheses for the rise in water levels in the lakes include
1. A primarily climatological effect affecting Rift lakes that are all situated in

the same climate region. Their hydrological character as ‘amplifier lakes’
implies that relatively minor changes in the amount and seasonal distri-
bution of (catchment-wide) rainfall and evaporation results in strong lake
level response.

2. Intensified land use in recent decades and the resulting land degradation,
which is severe in some areas, have resulted in higher rainfall runoff from
land, and less percolation of it into groundwater systems, leading to larger
volumes of water flowing directly and rapidly from the land surface into
the lakes.

3. The rainfall runoff over degraded lands and enhanced soil erosion as well
as degradation of the lakes’ riparian zones has decreased the depths of
the lakes through enhanced sediment inputs, shallowing them very rapidly.
Thus, while volumes of water flow into the lakes and volume retention
within them may remain essentially the same, there is an increase in the
lake levels due to the shallowing effect of rapid sedimentation (similar to
the siltation effect in man-made dams).

4. The impact of land degradation and related runoff flows to the lakes is
enhanced because it causes more water to flow into the lakes via (faster)
river inflow than via (slower) shallow groundwater input.

5. Geological factors such as tectonic uplift.
6. Inter/multi-decadal to centennial scale cyclical variability of the climate

system in the lake region has been inferred from geological records, and
cannot be captured from the short instrumental records that currently exist
in the country.

Satellite monitoring of surface area fluctuations in Lakes Bogoria, Nakuru, and
Elementaita reveals temporally congruent responses during the period 2000–2013,
while Lake Logipi showed a response that was different to these lakes, but similar
to Lake Natron (Emma Jayne Tebbs 2014). Whether or not the change in rainfall
is the main driver of lake level changes is still, however, inconclusive, because the
cause(s) of the rise in the other lakes has not been ascertained. It can be seen, for
example, that from the mid-1950s up to the year 2005, discharge fluctuations in the
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Molo River, which feeds into Lake Baringo, correspond to a lake level response of
between 2 and 4 m even when the discharge was at its highest in the late 1970s. But
between 2010 and 2013, the lake level response was +8 m with river inflow still
not as high as it was in the late 1970s (Fig. 3). In addition, it has been demonstrated
from palaeoclimate records andmodeling that high amplitude climate variability and
corresponding hydrological responses by the lakes also occur on multi-decadal and
longer timescales which cannot be discerned from short instrumental records (e.g.,
Verschuren et al. 2000; Tierney et al. 2013; Shagerl and Renaut 2016) and should be
taken into account when considering lake responses to climate variability.

Britton et al. (2008) demonstrated in Lake Baringo that water level is significantly
and positively correlated with fish production. More generally, it has been noted that
lake level changes in shallow lakes and man-made reservoirs are highly correlated
with fish yield per unit area, and, therefore, the influence of water level changes on
aquatic productivity should be considered in management of lake resources (Kolding
and vanZwieten 2012). In a recent study of 13African lakes, includingLakesNakuru,
Naivasha, Turkana, and Victoria, it was observed that there was a positive correlation
between inter-annualwater level fluctuations and primary and overall production, and
a negative correlation to fish diversity, transfer efficiency, and food chain length.Also,
seasonal water level fluctuation was positively correlated with biomass (Gownaris
et al. 2017). In Lake Naivasha, Stoof-Leichsenring et al. (2011) noted that the chem-
istry and biology of the lakes were affected mainly by natural climate variations in
the period 1820–1950, but that since 1950, anthropogenic activities have been the
dominant factor. Awange et al. (2013) note, for example, that there was a significant
correlation between the quantity of flowers produced and the level of Lake Naivasha
during the period 2002–2010, which suggests that anthropogenic activities had some
effect on the lake level drop that occurred during that period. Further effects on lake
level changes could arise from changes induced by siltation that alters the lake littoral
regimes (cf. UNEP 2004), bathymetry, and surface-volume ratios (cf. Shagerl and
Burian 2016), but these effects have not yet been quantified.

4 Management

While lakes are essential habitats for diverse flora and fauna and also serve to
support human livelihoods and economic development, they are much more vulner-
able to stresses and more difficult to manage than river systems because they are
easily impacted by complex land and water relationships (ILEC 2007), which are
confounded by human activity (Fig. 5). It was conservatively estimated, in 2005,
that water resource degradation cost the country about 30 million dollars (0.5%
GDP) annually, while extreme events such as the El Niño-La Niña flood and drought
in 1997–2000 cost the country about 14% of its GDP, with the drought exacting
four times the cost of the flood (Mogaka et al. 2005). In addition, insufficient data
for planning, management, and decision-making can lead to failure of development
projects, frequent water supply disruption and rationing (Nyingi et al. 2013) and
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Fig. 5 Changing resource
values and resulting
environmental state of a
hypothetical lake (from
ILEC 2007)

sudden collapse of ecosystems (ILEC 2007) that have adverse knock-on effects on
lake-dependent livelihoods.

Often, water abstractions and diversions of inflow waters for drinking, irriga-
tion, and other uses can alter the delicate balance of lakes (Schagerl and Renaut
2016), while increasing temperatures, changing salinity, high levels of ultraviolet
B radiation, lake fragmentation and salinization of habitable sections may impact
fish (Kavembe et al. 2016) and other aquatic fauna and flora. Besides the significant
revenue generation from lake tourism, some lake microorganisms have the potential
to be used for biotechnological purposes (Shagerl and Renaut 2016). It has been
correctly noted by Harper et al. (2016) that “several of the economic values of the
saline lakes ofEastAfrica are dependent upon their constancy,which is almost always
assumed by non-scientists (such as most tourists and journalists), but rarely observed
in reality.” Looking to the future, Oduor and Kotut (2016) note that the increase
in destructive human activities in the lakes and their catchments will lower their
resilience to climate change-driven perturbations. Consequently, it has been proposed
by various researchers, lake managers, governmental and non-governmental orga-
nizations and agencies that there is need for the different communities and interest
groups that depend upon the lakes to formulate or to improve existing management
plans to ensure their sustainable use (cf. Kiema 2013; Kavembe et al. 2016).

The monitoring of water resources has deteriorated greatly (Mogaka et al. 2005)
due to non-maintenance and vandalization of river gauging stations,making it impos-
sible to carry out in-depth water resource analyses and planning (Nyingi et al. 2013).
Consequently, the symptoms of degradation often remain not only unknown, but
also unnoticed for a long period of time because of their incremental nature and the
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delay in visible response of lakes to perturbations (ILEC 2007). Reactive conserva-
tion and remedial measures are often too little, too late (ILEC 2007). Protection of
the lentic-lotic water systems will not work, therefore, if there is not proper land use
planning and if water users do not fully understand the need for protection of such
resources (cf. Mumma et al. 2011); this also extends to those who depend upon the
lakes for their livelihoods and well-being. The vulnerability of the various aquatic
systems to the cumulative effects of natural climate variability, human activities, land
degradation, and climate change must be assessed and quantified in order to manage
them sustainably.

The current lake management regime (see Table 1) is inadequate to respond to
the multiple threats that have been outlined. The designation of some of the lakes
as Ramsar sites, UNESCO World Heritage Sites, or National Parks/Reserves offers
some protection, but often their catchments are excluded. In the large lake basins
such as Victoria and Turkana, upper catchments which supply most of the water that
flows into the lakes tend to be controlled by different administrative jurisdictions
than are lower catchments. This makes it difficult to manage human activity in upper
basin areas, and thus the consequences for downstream threats/impacts (Negishi and
Nakamura 2006). Indeed, most of the lake basins lack a coordinated management
approach or framework (Table 1).

The country’s lakes and their associated or inter-linked rivers and wetlands, in the
basin context, face major challenges of governance and management, because there
are so many policies at national and county levels, as well as international treaties
ratified by Kenya, which are applicable to their sustainable management. But these
have not been coordinated on the level of specific lake management. Siloed sectoral
approaches characterize most existing management plans, including those listed in
Table 1. Further, conflicting or duplicated policies and strategies or mandates of
institutions, inadequate institutional capacity both in terms of training and resource
support, weak enforcement and implementation of policies, low public and stake-
holder participation (including the private sector), inadequate financial resources,
data and information, obsolete and inefficient technologies, emerging risks such as
climate change, and the fact that most lake and many river basins fall within multiple
political and administrative jurisdictions, all come together in a complex conver-
gence that make it very difficult to successfully coordinate the proper sustainable
management of lakes and their basins. Given the complexity of lake basin gover-
nance, we propose a pathway for adoption of the Integrated Lake Basin Manage-
ment Approach (ILBM) in Kenya, fully incorporating Integrated Water Resources
Management (IWRM) and Integrated River Basin Management (IRBM) principles
and approaches, to ensure balance between conservation and development.

Policy: Kenya has recently undertaken policy and legislative reforms to align them
with the Constitution of Kenya 2010, which embraces sustainability and participa-
tion principles that are critical for successful Integrated Lake Basin Management.
There are several pieces of legislation and strategies that relate to water and envi-
ronmental management, as well as a large number of applicable county government
laws, programs, international frameworks, and conventions to which the country
subscribes. These should all be carefully considered, including their interlinkages,
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in the development of fit-for-purpose sustainable management plans specific to each
lake basin, in order to build holistic management of the lake basin and to manage
conflicts of interest.

Institutions: Cross-sectoral coordination suffers from fragmentation of the
many governmental and non-governmental institutions and agencies which adopt
sectorally-oriented approaches to water and catchment management. This is
compounded by the existence of multiple jurisdictions even within a single catch-
ment. An institutional framework should be developed at the national and/or lake
basin level that ensures that all relevant institutions work in a coordinated and
effective manner under their various mandates to address specific issues related to
the management of the lakes and basins within their jurisdictions. An established,
credible institutional framework can also serve as an entry point for donor-funded
programs to minimize duplication and enhance synergies and value for money.

Public participation: The requirement to enable participation of the public is
firmly anchored in the Constitution of Kenya 2010 and offers to the communities
and Civil Society Organizations (CSOs) an opportunity to better coordinate and
effectively participate in environmental education, conservation, and management,
and to reduce the duplication of effort which is currently prevalent in many of the
lake basins.

Technology: Pollution from sewage and effluent treatment systems, solid waste,
old and inefficient technologies, and unsustainable land use and management prac-
tices can be managed in part by the adoption of green technologies and approaches.
The Kenya Green Economy Strategy and Implementation Plan 2015 (Republic of
Kenya 2015) provides an ideal entry point under its thematic Area 3: Sustainable
Natural Resource Management which focuses on the economy-environment nexus
to optimize the contribution of Kenya’s natural resources to the economy, industrial-
ization, and livelihoods, while responsibly and effectively managing and conserving
the country’s natural capital.

Knowledge and information: There has been a long-term decline in environ-
mental (e.g., Mogaka et al. 2005) and poverty (REACH 2015) monitoring in the
country, though we recognize that agencies such as the Water Resources Authority
are revamping their monitoring systems. Partial/incomplete, irregular, and often low-
quality data provide insufficient scientific evidence for decision-making andmanage-
ment. It is, therefore, important to encourage relevant agencies to build the capacity
to generate programs focused on carefully selected indicators of specific lake basin
characteristics, using climatic, environmental, and socioeconomic data through cost-
effective and sustainedmonitoring. These resourcesmust be stored, analyzed, shared,
and used to guide decision-making in the short- to long-term.

Finance: Lake-focused programs receive very little funding from national and
county budgets. In addition, many programs are donor-driven and are, therefore, of
short- to medium-term duration, often lacking the time needed to create the enduring
infrastructure necessary for lasting impact. Revenues from existing levies, e.g., water
use fees, fishing licenses, and tourism access fees, are not an adequate supplement to
effectively support basin management activities. It is, therefore, critical to mobilize
resources to create a shared commitment and implement sustainable management
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of the lake basins and their ecosystems. Lake-specific financial plans must also be
instituted as part and parcel of lake basin management plans.

Cooperation and cross-cutting issues: There is no definitive institution respon-
sible for holistic lake and catchment management nor cross-sectoral coordination
at the national level. The proposed institutional framework must guide cooperation
efforts from the local through to the national level. At the regional level, trans-
boundary lake management organizations exist for some lakes, e.g., Lake Victoria,
but not for others, e.g., Lake Turkana. Lake basin management plans must, therefore,
also incorporate such platforms in their design. Cross-cutting issues such as poverty,
environment, gender, inclusivity, human rights, population, health as it relates to
the environment, climate change, and other socio-ecological issues must also be
thoroughly incorporated into lake basin management plans.

5 Conclusion

Kenya’s lentic-lotic water systems are highly sensitive to natural climatic and envi-
ronmental changes from seasonal to geological timescales. This is compounded by
anthropogenic threats to the water systems, including (1) Water quantity effects:
deforestation, excessive water abstraction from lakes, rivers, wetland systems, and
groundwaters; (2) Water quality effects: pollution from the use of agro- and indus-
trial chemicals, siltation from soil erosion due to poor farming methods, livestock
pressure, and destruction of riparian vegetation; (3) Ecological restructuring related
to increased intensity of human exploitation of the resources such as fisheries and
wetland plants, erosion and sedimentation, and invasive and introduced species.
Thus, human activity in lake basins adversely impacts the ecosystem health and
resource values of the lakes, rivers, and wetlands within them. While the problems
facing each of the basins are multi-faceted, they are similar in terms of drivers (e.g.,
socioeconomic conditions, demography, climate variability and change) and pres-
sures (e.g., nutrient enrichment from agriculture, wetland resource harvesting, water
abstractions), varying only in the relative importance of the drivers/pressures between
basins.

The socio-ecological complexity of the aquatic systems, diverse stakeholder
groups, and uncertainties of factors such as climate change, population growth, and
development trajectories make the management of these systems complex, but not
impossible. Beneficial impacts can be achieved—some in the short-term, others in
the medium-term, and others in the long-term—on aquatic ecosystems and their
biophysical and socio-economic settings. A trans-generational view is, therefore,
important when managing lentic-lotic water systems (lakes, rivers, and wetlands) in
a basin context. The ILBM approach acknowledges that scientific knowledge of the
lentic-lotic water systems in relation to natural climate variation and human influ-
ences, and the protection of the biophysical system associated with lakes, rivers,
wetlands, and groundwater-dependent ecosystems, are of prime importance for their
sustainable utilization and management in the long-, medium-,and short-term. The
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holistic and participatory ILBM approach proposed for the management of Kenya’s
lakes will, if implemented, enhance diverse livelihoods and accrue benefits to future
generations by balancing conservation and development, and contributing to build
resilience and reduce poverty in areas and communities where it is implemented.
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Chapter 10
Hydrology and Climate Impacts
on Streamflow and Sediment Yield
in the Nyando River Basin, Kenya

J. U. Kitheka, S. Okoyo, and N. Mboya

Abstract This study seeks to establish the extent to which climate change and/or
variation is affecting streamflow variability and sediment transport in the Nyando
River Basin in Kenya. The basin is one of the country’s most important, because
it is a source of water for domestic use and irrigation. The river also discharges
water and sediment into Lake Victoria, one of the largest freshwater lakes in the
world. Data used in this study were obtained from theWater Resources Management
Authority (WARMA) and Kenya Meteorological Department (KMD), and include
river discharge, rainfall, and total suspended sediment for stations located in the
basin. Statistical methods and application of various hydrological data analyses of
time-series, flowduration, andGumbelDistribution for floodflowanalysiswere used.
Land-use changewas determined through analysis of Landsat satellite images and use
of overlay GIS techniques. Results show that there is significant variability in rainfall
and river discharge of theNyandoRiver,which can be attributed to climate variability.
There has also beenmajor change in landuse in the basin,which is evidencedbyheavy
deforestation in the catchment areas for agriculture and settlement of the rapidly
increasing population. This increase in degraded areas, coupled with an increase in
runoff, has led to increased peak flood flows. The increase in frequency of flood
flows is attributed to rapid flow of surface runoff in degraded areas with low water
infiltration and percolation rates. However, the relationship between rainfall and river
discharge is strongly positive, reflecting the rapid hydrologic response to rainfall
input in the basin. There is also a strong positive relationship between sediment
discharge and river discharge. The increase or decrease of river discharge leads to
a corresponding change in sediment yield. As a result of land degradation and high
hydrologic response, the basin experiences high rates of soil erosion and sediment
yield. High hydrologic response also leads to flooding in the low-lying Kano plains.
Extreme streamflow variability in the plains has both direct and indirect impacts
that are ultimately increasing poverty levels in the basin. This study shows that the
effects of climate change and/or variability on the hydrologic systems in tropical
Africa are being compounded by population growth that has driven land-use change.
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Therefore, it is unlikely that efforts to reduce sediment load and control floods in the
basin can be successful without a deliberate effort to mitigate the root causes of land
degradation in the basin: rapid population growth and land-use changes.

Keywords Streamflow · Climate variability · Land use · Sediment loads · Floods ·
Nyando river basin · Kenya

1 Introduction

Climate change is affecting many river basins in Africa through increased occur-
rence of extreme hydrologic events, such as floods and droughts. In Kenya, like in
other countries in Africa, the manifestation of climate change is evident in increased
variability of streamflows. There is evidence that the frequency of occurrence of both
extremely low and extremely high streamflows has increased in the recent past. The
Nyando River Basin in Western Kenya is typical in experiencing increased stream-
flow variability with increased risk of floods and droughts due to climate change
(see also Opere and Ogallo 2006; Opere and Okello 2011a, b). Extreme hydrological
events in the basin have major socio-economic impacts because extreme variability
of streamflow is causing changes to ecosystems on which local communities depend
for survival. This has increased the vulnerability of communities to the impacts
of climate change, and is expected to increase more in the near future due to the
compounding impacts of climate change that can be attributed to land-use change
due to the rapidly increasing population and urbanization in the basin.

The status of the Nyando Basin is similar to other basins in Africa where occur-
rence of extreme hydrologic events has increased noticeably in the recent past,
affecting millions of people and significantly decelerating economic development.
As a result, considerable effort has been invested in the mitigation of drought- and
flood-induced damage over the last decade. In Kenya, floods are second to droughts
in terms of frequency and severity of impacts on land use, as droughts continue to
cause physical damage in major river basins, including the Nyando Basin. Within
the Nyando River Basin, interventions to address the impacts of extreme hydrologic
events have not yielded the desired results. This is partly because most mitigation
measures have not been based on hydrologic research and have also largely ignored
local perceptions and experiences. There has also been relatively limited research
to characterize the hydrologic response of tropical river basins in this era of climate
change. Similarly, there have been few hydrologic studies targeting degraded trop-
ical river basins such as Nyando that are already experiencing the impacts of climate
change. The lack of such studies limits the effectiveness of drought andfloodmanage-
ment intervention. There is therefore a need for studies to determine the extent to
which tropical river basins in Africa are being impacted by climate change in terms
of streamflow variability, soil erosion, and sediment yield. This need is amplified by
the fact that extreme hydrologic events have cumulative impacts that can in turn have



10 Hydrology and Climate Impacts on Streamflow and Sediment … 221

major socio-economic impacts on communities. However, these are generally under-
valued by both national and international disaster management and development
policies and represent a challenge for disaster risk reduction (Mutua 2001).

The problem of sediment production and transport subject to climate change
within the basinmust be examined, because it hasmajor socio-economic implications
for communities and the country. Past studies have shown that land degradation
occurring on fragile slopes in the Nyando River Basin is responsible for high rates
of soil erosion (ICRAF 2000), which leads to high sediment load, and is thought to
be influenced by factors such as land use, vegetation cover, runoff dynamics, and
rainfall variability. There is, however, limited data and information on the extent
to which extreme hydrologic events and land-use change have altered the sediment
load delivered to Lake Victoria by the Nyando River. Because of this, assessment of
the influence of rainfall, river discharge, and land-use change is important because
these factors are highly variable as a result of climate and land-use change, with
big implications for the Nyando River Basin. The object of this study is therefore to
establish the extent to which climate change is affecting streamflow variability and
sediment transport in the Nyando River Basin in Kenya, an important aspect of the
current debate on the impacts of climate on water resources in Africa.

2 Description of the Study Area

2.1 Location

TheNyandoRiverBasin is located in theWestern regionofKenyabetween longitudes
0o 50’S and 0o 10’S and between latitudes 33o 05’E and 34o25’E (Fig. 1). The river
originates from theNandiHills andNyabondoEscarpment and drains into theWinam
Gulf in Lake Victoria (LBDA 1992; Republic of Kenya 2001a). It has a total length
of 170 km and a surface area of 3,517 km2. The main source of the rivers is in the
forested highlands at an altitude of 3,000 m above sea level (Kamau 2016).

2.2 Climate

The Nyando River Basin experiences two rainfall seasons. The long rainy season
is between March–April–May (MAM), and the short rainy season is between
September–October–November (SON).The average annual total rainfall ranges from
about 1100–1600 mm. The highland areas of the basin experience higher amounts
of rainfall (1800 mm) compared to the middle and lower areas that receive between
600 and 1100 mm of rainfall annually (ICRAF 2000 and 2002). The mean minimum
annual temperatures ranging from 14 °C to 18 °C are recorded from June to July. The
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Fig. 1 The Nyando River Basin in Kenya

highest annual temperatures, ranging from 27 °C to 32 °C, are recorded in August
and September. The monthly mean evaporation ranges from 1300 to 2200 mm.

2.3 Vegetation Cover

Vegetation cover in the Nyando River Basin also shows significant spatial varia-
tion; the influence of altitude is predominant in determining vegetation types. In the
highlands, vegetation consists of evergreen broadleaf forest, and there are also many
tea plantations, on both large- and small-scale farms. Large areas are covered with
plantation forests, especially Pinus patula andCupressus lustanica. Eucalyptus trees
have also been planted, especially on tea estates. The lowland areas are covered with
grasslands and scattered acacia trees.
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2.4 Land Use

Land use and land cover types in the Nyando Basin are diverse (Van Der Kwast and
Zomer 2002; Onyango 2003). The main land-use types are forestry and agriculture.
Forests are found on government-designated land in Timboroa, Tinderet, Londiani,
Western Mau, and parts of South Nandi. Some parts of these forests are planted with
exotic tree species (Pinus patula, Pinus radiate and Cupressus spp), which are used
for commercial purposes. The lower parts of the basin are composed of a flood-prone
lakeshore area which is mostly used for subsistence farming of maize, beans, and
sorghum, and commercial production of sugar cane and irrigated rice. The vegetation
in the basin has changed considerably from the woods of the past to the present
shrubs. The dominant land use in the highlands is for tea, both on large estates and
small-scale farms. Other crops found in these areas are maize, potatoes, pyrethrum,
wheat, and cabbage. In the last 40 years, the basin has experienced dramatic land-
use changes, as the land has been converted from small-scale farming to intense
smallholder cultivation (Verchot 2008; Swallow et al. 2002; Omuto 2003; ICRAF
2000 and 2002).

3 Methodology

3.1 Data Types and Sources

Data used in this study were gathered from both primary and secondary sources.
These include unpublished reports of the National Environment Management
Authority (NEMA), Directorate of Water Development (DWD), Water Resource
Management Authority (WRMA), and LVEMP. Reports from other NGOs and the
private sector also provide valuable information on land-use activity in the basin.
The main data used in this study are rainfall, river discharge, suspended sediment
concentrations, sediment loads, and land-use change. These data were obtained from
the Water Resources Management Authority (WRMA) and Kenya Meteorological
Department (KMD).

3.2 Secondary Data

Data on daily river discharges and Total Suspended Sediment Concentrations
(TSSCs) for the periods between 2000 and 2015 were collected at River Gauging
Station (RGS) 1GD07 (Nyando: Long. 35 10‘E and Lat. 0 10‘S) and RGS 1GD04
(Ainomotua: Long. 335 02‘E and Lat. 0 07‘S). River discharge data were obtained
from theWRMARegional Offices in Kisumu. These two river gauging stations were
considered suitable for this study because the area upstream of the basin is the most
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affected by changes in rainfall and river discharge levels. The mean monthly rain-
fall data were obtained from the Kenya Meteorological Department (KMD) rain-
fall stations located at Ahero, Kibos, Koru, Lumbwa, and Nyando. Rainfall data
were used to determine the relationship between rainfall and streamflow.1 There is,
however, a huge gap in the sediment data because the only available data on TSSC
for RGS 1GD04 were for the period between 2000 and 2015.

3.3 Analysis of Land-Use/Land Cover Changes

Cloud-free Landsat images were downloaded from the United States Geological
Survey (USGS) website for the years 2000 and 2015. To obtain complete coverage
of the study area, two scenes, of paths 169 and 170, and raw satellite images were
subjected to atmospheric correction and then projected to UTM 37 using WGS 84
data. Bands 4, 3, 2 for these images, and 5, 3, 2 for OLI images, were used to
obtain a false color composite. Three subsets were created using the shape file of
the study area. Images were enhanced to facilitate image interpretation. To obtain
a rough idea of the number of classes in the study area, unsupervised clustering of
ISODATA was used. Training sites were developed from Google maps. Supervised
classification using maximum likelihood algorithm was used to classify the images.
The classified images were then subjected to post-classification smoothing using a
majority filter to remove the “salt and pepper” appearance and enhance cartographic
display. Post-classification change detection was used.

3.4 Methods of Data Analysis

Data were analyzed using both qualitative and quantitative methods. The frequency
distributionmodel (Gumbel ExtremeValue) was used to determine the return periods
of various categories of streamflow of the Nyando River. In this analysis, the magni-
tude of floods was related to frequency of occurrence. The frequency and magnitude
of flood flows were determined using the Gumbel Extreme Value Probability Model
that also compares different return periods to predict future flows. Return periods
of rainfall and river discharges were also determined in this study. The inverse of
probability is generally expressed in percentage, given the estimated time interval
between events of a similar size or intensity. Trend analysis was undertaken to deter-
mine seasonal and annual variations of both rainfall and river discharges. The study
also employs the use of measures of central tendency in the analysis of data (Lane
2008). Various quantitative methods used in data analysis include regression and
correlation analyses and Analysis of Variance (ANOVA).

1Data collected were coded, processed, and analyzed using Microsoft Excel.
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4 Results

4.1 Variability of Rainfall

Streams contributing to the streamflow of the Nyando River originate from high
altitude (1700–3000 m asl). These are high rainfall (1200–2400 mm) areas located
in Kericho and Nandi counties (Fig. 1). The river flows through V-shaped valleys in
the upper mountainous region with a channel width of 20 m (NEMA 2004). At the
middle region, the width of the river is about 40 m, but this increases to a channel
width of 50 m further downstream in the low-lying region (WARMA 2004; Kamau
2016). The peak rainfall experienced in the month of April during the long rainy
season ranges between 150 and 270 mm (Fig. 2). There is also a peak rainfall in
August, when it ranges from 125 to 170 mm, as well as in November during the
short rains when the peak ranges between 70 and 140 mm. Peak river discharge is
also experienced in the same periods. The lowland area lies in a region of low rainfall,
receiving a mean of between 800 and 1,200 mm annually, while sections of the basin
in the north and south experience rainfall >1,600mm per annum. The highest rainfall
occurs in the Nandi Hills toward the northeastern region, which gradually decreases
in the southeastern direction. Themean annual rainfall in the basin has been estimated
using Thiessen’s Polygon method to be 1431 mm (Kamau 2016).

The results of the analysis of hydrological data show that there was an increase in
rainfall in the period between 2003 and 2012 (Fig. 3). Due to lack of data, the trend
for earlier years is not established. It is important to note that the increasing trend in
the period 2003–2012 could be attributed to normal inter-annual rainfall variability.
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As with rainfall, river discharges also show normal year-to-year variations that are
related to fluctuation of rainfall (Fig. 3). There is also indication of an increase in
the degree of variability, with an increase in the frequency and magnitude of extreme
rainfall observed in the basin. It is possible that the declining trend is either a result
of climate variability and/or land-use change. It is, however, difficult at this stage
to determine the main driver. While rainfall shows a declining trend, the degree of
variability seems to have increased since 2013 (Fig. 4).

The basin experiences distinctive seasonal variation throughout the year, with
two maximum rainy seasons from April to May and also from October to November
(Figs. 5, 6, and 7). The lowland area lies in a region of low rainfall, with a mean
between 800 and 1200 mm annually, while sections of the basin in the north and
south experience >1600 mm of rainfall. The greatest rainfall of >2000 mm occurs
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in the Nandi Hills, and gradually decreases in the southeastern direction, bringing
variations in discharge.
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Fig. 7 Variations of rainfall and river discharge from 2003 to 2012 based on records obtained at
RGS IGD03

4.2 Variability of River Discharges

River discharge in the Nyando River shows significant seasonal and inter-annual
variability (Fig. 5, 6, and 7). High streamflows are experienced during the long
rainy season (March–May) and also during the two short rainy seasons (August–
September and October–December), as shown in Fig. 6. The highest streamflows are
experienced during the long rainy season (April–May) and are of the order 969 m3/s.
Low streamflows in the dry period between December and February are on the order
7 m3/s. Peak river discharges in the tributaries of the river are, however, much lower.
The high inter-annual variation in river discharge is also discerned from records.
For instance, the peak river discharge in May 2013 was 89 m3/s, while in 2015, the
river discharge was well below 50 m3/s. However, in 2013, discharge was relatively
higher, and greater than that experienced in other years.

Although there is an indication of an increase of rainfall, the corresponding
increase in streamflow is not clear in the data, although previous studies have reported
an increase (GOK 2009; Opere and Okello 2011a, b). High seasonal and inter-annual
variability of streamflow is, however, evident in the data. This could be linked to
climate change or to normal inter-annual rainfall variability (Figs. 7 and 9). Previous
studies have indicated that the increasing variability of rainfall in the basin has made
it difficult to predict high flood flows with certainty (ICRAF 2000 and 2002).
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Fig. 8 Relationship between total annual rainfall and annual river discharge in the Nyando River,
1956–1974

4.3 Relationship Between Rainfall and River Discharge

The relationship between rainfall and river discharge in the Nyando River Basin is
complex. Data for the period 1956–1974 yield a correlation coefficient r of 0.71
with a coefficient of determination R2 of 0.51. The relationship between rainfall
and streamflow in the basin established using 2003–2012 data yield a R2 of 0.63
and correlation coefficient r of 0.80. These results could be interpreted to indicate
that rainfall in the Nyando River Basin explains 51%–63% of the variation in river
discharge. Therefore, in addition to rainfall, catchment characteristics could also be
contributing to variation in river discharge. These catchment characteristics include
land use, vegetation cover, and topography. The results also show that there exists a
strong relationship between rainfall and river discharge in the Nyando Basin (Fig. 8).
An increase in rainfall in the basin therefore leads to a corresponding increasing in
river discharge.

4.4 River Discharge and Rainfall Deficits

Rainfall and river discharge deficits were computed as the difference between
monthly values and long-term mean values. Figure 9 shows rainfall and river
discharge deficit from 2003 to 2012 at RGS IGD03, which indicate that river
discharge was above the long-term mean value 16 times. River discharge was also
below the long-termmean value 16 times. However, the magnitude of above-average
flows seems to be much higher than the below-average river discharge. Above-
average flows normally last four to eight months, and below-average flows last about
the same.
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deficit was computed as the difference between monthly discharge and long-term mean discharge

The results also show that rainfall deficits are more dominant than the short-
ages associated with droughts. Positive deficits are associated with high rainfall and
flooding. The duration of excess and shortages of rainfall are similar (Fig. 9). Results
also show that periods of river discharge deficit correspond to those of rainfall deficits.
Above-average river discharge occurs in periods of above-average rainfall. Results
generally show that the occurrence of above-average rainfall in the Nyando River
Basin is more dominant than the occurrence of below-average rainfall over the same
period (2003–2012).

4.5 Catchment Characteristics and Flood Flows

Floods in the Nyando River Basin are normally associated with peak streamflows.
Flooding is predominant in the lower parts of the basin, which are generally low-lying
Kano plains. Figure 10 shows the flow duration curve of the Nyando River, which
provides an important indication of the nature of the basin, including the frequency of
occurrence of flow of a given magnitude. The curve indicates that the basin is highly
degraded and experiences rapid hydrologic response. Also, most of the flows in the
basin are low magnitude, with 95% of river discharges being on the order 3 m3/s. In
contrast, 50% of river discharges are on the order of 10 m3/s. Streamflows that are
greater than 100m3/s are relatively infrequent as they occur less than 1.0%of the time.
Therefore, high flood flows have a lower probability of occurrence in the Nyando
Basin compared to other river basins in Africa. The magnitudes of 50- and 100-year
floods were computed as 1135m3/s and 1200m3/s, respectively. River discharge data
for 1956–1974 for RGS 1GD4 shows that the highest flood flows between 1961 and
1964 were 605m3/s and 823m3/s, respectively. After 1964, there has continued to be
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much lower annual peak river discharges, which in most cases are less than 300m3/s.
In fact, river discharge data showed a declining trend after 1964. In view of the lack
of long-term river discharge data, it is not certain if this decrease can be attributed to
climate change. It is important to note that in Kenya, rainfall amounts have generally
been declining, as reflected by the growing frequency of droughts in most part of the
country (ICRAF 2000 and 2002). Excess rainfall occurrences have been cyclical, as
evidenced by El Niño episodes. It can therefore be argued that an increase in rainfall
since the late 1970s, together with changes in catchment characteristics, has led to
changes in the magnitude and duration of peak river discharges in the Nyando Basin.

4.6 River Discharge and Suspended Sediment Load

The Total Suspended Sediment Concentration (TSSC) in the Nyando River varies
from 0.08 g/l to 0.66 g/l, with a mean TSSC of 0.44 g/l. There is a significant
relationship between TSSC and river discharge, with a correlation coefficient r of
0.90. Therefore, as river discharge increases, the suspended sediment concentration
in river water also increases. Variations in the concentration of suspended sediments
in the Nyando River can be attributed largely to variations in river discharge. Low
flow river discharge events are characterized by relatively lowTSSC (< 0.2 g/l), while
high river discharges are characterized by TSSC > 0.40 g/l. The relatively high TSSC
during high flows can be attributed to increased capacity of the river to transport a
higher volume of sediment load capacity under high streamflow conditions.
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The influence of rainfall on TSSC in the basin is complex, with a correlation
coefficient r of 0.40. This means that in addition to river discharge, rainfall vari-
ability influences variations in TSSC in the Nyando River. The TSSC, and therefore
water turbidity, increases as rainfall increases. The relationship between rainfall and
TSSC is complicated by the availability of sediment within a given stage of the
river during the rainy season. During early stages of the rainy season, low vegetation
cover means that more loose sediment is available for transport by runoff into the
river channel. In later stages, improvement of vegetation cover reduces sediment
availability, leading to relatively low TSSC (and low turbidity), even when river
discharge may be increasing. TSSC usually increases with river discharge because
the increased flow generally results from direct surface runoff, which is associated
with soil erosion. The supply of suspended sediments usually limits the variation of
TSSC in the river.

The relationship between sediment load of the river and river discharge is strong,
with a correlation coefficient r value of 0.99 and coefficient of determination R2 of
0.98. This indicates a strong correlation between sediment load and river discharge.
Increase in river discharge results in an increase in the total suspended sediment load.
The computation of sediment load of the Nyando River is based on the mean and
maximum river discharge of 20 m3/s and 89 m3/s, respectively. We used the mean
TSSC of 0.4 g/l, which seems to be the long-termmean for the river. The results show
that the mean sediment load is 691 tons/day, which translates to 252,288 tons/year.
But the maximum sediment load is 3.07 × 103 tons/day, which translates to 1.12
× 106 tons/year. The sediment load of the Nyando River can therefore be assumed
to vary from 0.25 × 106 to 1.12 × 106 tons/year. It should, however, be noted that
during periods of extreme flood flows (> 400m3/s), the sediment load of the river can
be 100 times greater than average. During flood flows, the river discharges 22,809
tons of sediment per day, which for a period of one month is equivalent to 684,288
tons. Therefore, during periods of flood flows, the river can discharge 50% of the
total annual sediment load in just one month. Based on the above data, we compute
the sediment production rate in the basin to be in the range of 72–318 tons/km2/year.
This is comparable to those reported for the Upper Tana Basin in the Central Kenya
Highlands (Njogu et al. 2018; Mwendwa et al. 2019; Kitheka et al. 2019).

4.7 Analysis of Land-Use Change

There has been significant change in land use in the Nyando River Basin from the
pre-colonial to post-colonial periods (Table 1). In the past 100 years, there have been
major changes in land use and vegetation cover in the basin (see Swallow et al. 2002;
Onyango 2003). The analysis of Landsat satellite images and aerial photographs for
the period between 2003 and 2012 show that forest cover increased by 8.32% in
this period due to reforestation activities in the basin. There was, however, in the
same period a 100% increase in the area under human settlement. The wetlands area
decreased by 82% in the lower parts of the basin in the same period due to conversion
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Table 1 Land-use changes in the Nyando River Basin for the years 2000 and 2015

Land Cover 2000 2015 Change (Area) Change (%)

Cropland (km2) 2,760 2,727 −34 −1.2

Forestland (km2) 669 725 56 8

Grassland (km2) 156 162 6 3.8

Settlements (km2) 2 4 2 100

Wetlands (km2) 36 7 −29 −81.7

of wetlands for agricultural use (Fig. 11). There was also a slight decrease in the area
under cultivation, which is attributed to the impacts of flooding in the lower parts of
the basin.

Soil erosion is a serious problem in the Nyando River Basin. It is estimated that
60% of the basin is experiencing accelerated soil erosion, making it one of the major
sources of sediment discharged into Lake Victoria (Swallow et al. 2002; Onyango
2003; Walsh et al. 2004). The high rates of soil erosion in the basin can be attributed
to inappropriate land-use practices.Most cultivation is done on steep slopes on highly
erodible soils without the application of appropriate soil erosion protectionmeasures.

Most of the land-use/land cover changes observed in the basin can be attributed
mainly to rapid population growth and expansion in the basin. For instance, the
population in the basin has increased from fewer than 20,000 people in the 1960s
to the 2009 population of more than 750,000 people (KNBS 2009). Although the
population growth rate appears to be slowing, the relatively high population growth

Fig. 11 Current land use in the Nyando River Basin. The proportion of land under cultivation in
the basin is relatively high compared to other river basins in the Lake Victoria Basin
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rate (3.7% per annum) in the last three to four decades led to an increase in the
clearance of land for agriculture and settlements. More than 80% of the population
in the basin depends on agriculture for its livelihood. Poverty in the basin is among
the highest in Kenya, with 65%of the population in the basin living below the poverty
line (KNBS 2009; ICRAF 2000). The majority of the people living in the basin are
highly dependent on land for their daily sustenance. Therefore, without addressing
poverty in the basin, it is unlikely that the current high rates of soil erosion and land
degradation in the basin can be adequately addressed.

5 Discussion

5.1 Relationship Between Rainfall and Discharge

The influence of rainfall on Nyando River discharge is depicted in flow duration
curves and also in hydrograph patterns. Data analyzed in this study reveal a rainfall
trend with normal inter-annual variability, with no clear long-term trend that can be
attributed to climate change. River discharges show normal year-to-year variation
that is related to rainfall variability in the basin. Although the relationship between
rainfall and river discharge is generally weakly correlated, rainfall variation explains
only 50%–60% of the variation in river discharge. Therefore, there are parameters
other than rainfall in the basin that contribute to streamflow variations. The imperfect
correlation could also be due to the lag between rainfall and river discharge. Peak
flow at the outlet of a river usually occurs some hours after peak rainfall in the
highlands located 170 m away. When storms occur at the extreme end of the basin, it
takes up to a day before this is reflected as peak flow in the lower parts of the basin.
The strong relationship between rainfall and river discharge can also be attributed to
land-use changes, which lead to rapid hydrologic response of the basin due to land
degradation. The data show that Nyando River discharge tends to respond rapidly to
rainfall in the basin, which is typical of degraded basins (cf. Hai et al. 2000). The
occurrence of above-average rainfall in the Nyando River Basin is greater than the
occurrence of below-average rainfall over the same period (2003–2012). However,
the extent to which this can be attributed to climate change needs to be investigated
further.

5.2 Sediment Yield and Rainfall and Discharge

There has been significant change in land use/land cover in the Nyando River Basin
in the last 100 years. While there are year-to-year variations in land use in the basin,
the overall trend is toward increased land degradation which can be attributed to
rapid population growth and expansion (Oruma et al. 2017). There has also been
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a massive increase in human settlement and cultivation on steep slopes without
application of appropriate soil conservation measures, which accounts for the high
rates of soil erosion in the basin (see also Walsh et al. 2004). Soil erosion in the
basin is influenced by several factors, including topography, rainfall pattern, land-
use type, degree of vegetation cover, and soil erodibility (cf. ICRAF 2000 and 2002;
Swallow et al. 2002; Walsh et al. 2004). Soil erosion and resulting land degradation
have cumulatively altered the hydrologic response of the basin such that streamflow
responds quite rapidly to rainfall storms. The basin is characterized by relatively high
rates of sediment load which are estimated to range between 252,288 tons/year and
1.12× 106 tons/year (see also ICRAF (2000 and 2002). These results are consistent
with those reported from other degraded river basins in the Kenya highlands (Oruma
et al. 2017; Njogu et al. 2018; Mwendwa et al. 2019; Kitheka et al. 2019).

During flood periods, the sediment load of the Nyando River increases more than
100-fold, although this occurs for a relatively short period of less than onemonth. This
study shows that during flood flows, the river discharges 684,288 tons of sediment
into Lake Victoria, which means that during flood conditions, the river discharges
almost 50% of its total annual sediment load in just onemonth. This indicates that the
Nyando River discharges a high volume of sediment to Lake Victoria on an annual
basis. There is a need to implement a long-term sediment load monitoring program
in order to establish the significance of discharge contributions from other rivers to
total river sediment load discharged into Lake Victoria (cf. Oruma et al. 2017). The
entire basin is characterized by severe soil erosion and land degradation (ICRAF
2002).

There is a relationship between sediment transport and river discharge.An increase
in river discharge results in an increase in TSSC and consequently an increased
suspended sediment load. The TSSC usually increases with river discharge because
the increased flow generally originates from direct surface runoff on degraded lands
(cf. Hai et al. 2000). Because of significant inter-annual variations in rainfall that
subsequently induce inter-annual variations in streamflow, it is expected that sedi-
ment yield will also exhibit significant inter-annual variation. There appears to be an
increase in the degree of variability, including an increase in frequency andmagnitude
of extreme rainfall events and high streamflow in the basin. It is therefore expected
that the variability of sediment yield will also increase. These variations may be a
result of climate change and/or of normal climatic variation. Previous studies have
shown that within the basin, most of the surface runoff is generated from degraded
lands which are also the source areas of sediment transported by the river. Therefore,
any serious soil conservation program must focus on reducing erosion of soil from
degraded areas (cf. Swallow et al. 2002).

5.3 Flooding in the Lower Nyando Basin

Flooding in the Nyando River Basin is mainly limited to the lower parts of the Kano
plains. Most floods occur during the long rainy season between March and May.
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Three major flood events have occurred in the recent past: 1961/1964, 1997/1998,
and 2003/2004. During floods, the entirety of the Kano Plains is usually inundated
withwater for a period of up to onemonth.Data show that since the 1961/1964 floods,
subsequent floods in the plains have been of relatively lower magnitudes. There is,
however, an indication that the frequency of occurrence of these low-magnitude
floods has increased.

The data do not indicate clearly whether there is a long-term increase in stream-
flow that could be related to increasing rainfall (see also Opere and Okello 2011a, b).
Although data for the period 2003–2012 show an increasing trend in streamflow, it
declined in the period 1964–1974. This suggests that in addition to inter-annual vari-
ation in river discharges, theremay also be inter-decadal variations in streamflow that
could be explained by inter-decadal climatic variability. This requires further hydro-
logical and climatological research.Regardless, it is significant that land-use/cover
change has substantial effects on streamflow in the basin. While forest cover has
been increasing slowly due to the implementation of reforestation programs in the
basin, more must be done, as suggested by previous studies that have shown that
increased forest cover in the basin results in decreased peak flood flows there (Opere
and Okello 2011a, b).

Flooding in the Kano plains has both direct and indirect impacts, which can have
positive and negative effects. Impact analysis based on various reports (see ICRAF
2002) shows that direct negative impacts of floods includewater quality deterioration,
habitat degradation or alteration, river channel modification, siltation of water bodies
(dams, water pans, canals), destruction of fishing grounds, reduced fish catches,
destruction of infrastructure (water supplies, roads, bridges), loss of human life, loss
of livestock, creation of habitat for disease vectors, damage to farms, loss of crops,
reduced crop production, interruption of education/school programs, destruction of
property (e.g., houses, buildings and pit latrines), contamination of water supplies,
lack of clean water and disruption of social and economic activity.

Indirect negative impacts include loss of income, unemployment, economic stag-
nation, waterborne disease, and other health impacts (diarrhea, cholera, malaria,
typhoid, skin diseases, stress, and anxiety), increased incidence of livestock diseases,
a decline in education performance, lack of economic diversification, lack of diver-
sification of income, reduced human productivity, conflicts, increased rural-urban
migration, increased dependency on donor assistance and grants, increased govern-
ment expenditure (repairs, evacuation, health, relief), and degradation of recreation
opportunities.

Positive impacts of flooding include recharge of groundwater aquifers, supply
of fertile silt to the flood plains (including paddy fields), recharge of wetlands
and riparian zones, increased nutrient supply to Lake Victoria, and regeneration
of wetlands.

The overall adverse impact of flooding in the basin is increased poverty levels
among themajority of the people living in the basin.More than 65%of the population
there live below the poverty line (see also Swallow 2005).
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6 Conclusions

TheNyandoRiver Basin experiences significant seasonal and inter-annual variability
in both rainfall and river discharge. There has been an increase in the variability of
both rainfall and streamflow in the basin since 1970. However, it is difficult to fully
attribute this variability to climate change due to lack of long-term data. It is possible
that increased variability in streamflow is also due to increased degradation of the
catchment areas and land-use change as a result of population increase. Because
of land degradation, the basin is characterized by a relatively high sediment load.
The lower parts of the basin also experience periodic flooding that impacts the socio-
economyof local communities, including ecosystems in the basin. The overall impact
of flooding has been increased poverty among the communities living in the lower
parts of the basin.Without sustainable land management in the basin, climate change
and land degradation will continue to reduce streamflow significantly, leading to
major impacts on the livelihoods of the local communities. A comprehensive soil
and water conservation program for the entire river basin is necessary in order to
control soil erosion and reduce the high sediment load of the river.
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Chapter 11
Saharan Agriculture in the Algerian
Oasis: Limited Adaptation
to Environmental, Social and Economic
Changes

M. Hadeid, T. Ghodbani, O. Dari, and S. A. Bellal

Abstract Climate change and its management through public policy have had
a profound impact on the natural balances of oases in the Sahara of Maghreb.
Modern irrigation techniques are practiced increasingly on the margins of traditional
oases with appropriate adaptation methods. The pressure on water resources has led
to intense power dynamics between water owners and new agricultural investors.
The juxtaposition of local traditional knowledge in the use of resources to current
approaches to technical and administrative management is the basis of a new territo-
rial dynamic that is currently shaping the oasis space of the Maghreb. In this chapter,
we propose a multiple-criteria analysis of the dynamics of transformation at the
human-nature interface. The subject of this study was derived from an analysis of
several research projects conducted over the past two decades (1999–2019).

Keywords Climate change · Public policies · Oases · Irrigation · Adaptation ·
Water resources

1 Introduction

For more than a century, the Algerian region of the Sahara has been the scene of
significant social and spatial changes. The water management baseline considered
in this chapter was established during the territorial and economic integration and
appropriation of the colonial period, after which the State took action, which accel-
erated and consolidated water policy and incentives. As they entered the urban era,
the Algerian Saharan territories were profoundly reconfigured, which gave rise to
multifaceted tensions. These environmental, economic and social transformations
have challenged the traditional balances and functioning of these territories. The
gradual regrouping of populations and the many fold increase in urban populations
have led to a weakening of ecosystems, an increase in economic inequality and,
more generally, the emergence of structural territorial disparities. Spatial planning

M. Hadeid (B) · T. Ghodbani · O. Dari · S. A. Bellal
EGEAT Research Laboratory, University of Oran 2 Mohamed Ben Ahmed, Bir El Djir, Algeria
e-mail: hadeid009@yahoo.fr

© Springer Nature Switzerland AG 2021
S. Diop et al. (eds.), Climate Change and Water Resources in Africa,
https://doi.org/10.1007/978-3-030-61225-2_11

239

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-61225-2_11&domain=pdf
mailto:hadeid009@yahoo.fr
https://doi.org/10.1007/978-3-030-61225-2_11


240 M. Hadeid et al.

and management policies designed to develop these areas economically have not
prevented the creation of clear spatial inequalities, despite huge investments to open
up the social facilities and economic infrastructure of this vast and constrained area
by the creation of a relatively dense transportation network.

The regions of Touat, Gourara andWesternTidikelt are administratively part of the
Wilaya1 of Adrar, a vast Saharan area occupying nearly 18% of national territory but
containing less than 1.2% of the national population and more than 12% of the total
Saharan population, according to a 2008 survey (Kouzmine 2007;Hadeid et al. 2018).
Having experienced the same development policies (administrative divisions, equip-
ment program, agricultural development), this region of southwestern Algeria has
suffered from the same policy exclusions, leading to the marginalization of a number
of sectors and, consequently, a part of the population. Faced with this marginaliza-
tion, traditional practices (sometimes informal), are maintained or even developed
in the face of insufficient state support, leading to the disruption of local ecosystems.
In some cases, these practices reflect the failures of civil society to address existing
spatial disparities and their environmental and health effects in this area. This has
resulted in the pauperization of the oases and a consequentmass departure of themost
vulnerable populations, from the least coveted ksour to the most dynamic cities. The
new rural policy launched in the 1980s through access to agricultural land ownership
and the PNDA2 in 2000 came respectively with the aim of correcting the dispari-
ties induced by this urbanization policy, but the application of this vast program has
also been subject to criticism insofar as users have been much more attracted by the
generous subsidies of this program than by a genuine interest in reviving agricul-
tural activity in these arid and semi-arid spaces. The balance sheet, particularly after
the State gradually withdrew its commitment to fund these agricultural development
operations, has beenmixed. Facedwith the disengagement of the State, the saturation
of the tertiary sector and the instability of oasis agriculture, a part of oasis society
has sought mechanisms to revive their activity and improve their standard of living.
Although interesting as well as ambitious, its solutions do not seriously address the
issue of sustainability and hence their effects on non-renewable water resources in
this vast, arid region. Thus, social strategies, or “social technologies” are really only
a form of temporary adaptation of a society to an immediate crisis situation in the
face of the State’s failure to create a public policy for effective management of these
arid, hostile spaces.

In addition to this territorial complexity, there are newchallenges related to climate
change. The local expertise inwatermobilization and tillage of people in the far south
has become a model for adaptation to climate change—not only to increasingly
extreme natural conditions but also to frequent social and economic changes. How

1The Wilaya is an administrative entity, the equivalent of a “department” in France.
2PNDA (National Agricultural Development Plan). This program represents, in a way, a return of
the State, particularly to boost agricultural activity after a period of disengagement that lasted more
than a decade (Hadeid 2011). The orientations contained in this agricultural program are intended
to ensure socio-economic and technical obligations (improving Algeria’s agricultural competitive-
ness, increasing production and yields), but they also and mainly aim at rebuilding the agricultural
territory, protecting fragile ecosystems and developing land for agricultural use (Bessaoud 2002).
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do old techniques for the exploitation of natural resources still survive? What are
the weaknesses of the new state-led development model? Can lessons be learned to
better mitigate the effects of human activity on sustainable adaptation?

2 Method

This study is a synthesis of the research carried out in the Adrar region in order to
determine the basis of the oasis system and its evolution over time. It also examines
many case studies identified through continuous investigation of oases over more
than two decades.

Two approaches were used:

– An evolutionary approach in order to identify the transformation of the oasis
system through different historical phases, with an emphasis on the postcolonial
period. This is the period during which our study reveals the most profound
socioeconomic changes.

– A multi-factorial approach that accounts for an increasingly arid environmental
framework, dynamic social capital and the actions of theState in different contexts.
Direct surveys were conducted at the household level to determine the basic
activity and challenges faced by individuals and families. What has driven and
informed people as they develop strategies to protect their livelihoods? Who are
the actors involved? What is the role of the State (passive and/or active)? How do
oasis adaptation systems fit into global mitigation of climate change?

Areas for the survey were selected based on field observations, the dynamics
of agricultural land use, the use of new irrigation techniques, the improvement of
traditional means of access to water, and other factors. The twenty oases studied
represent the nexus of traditional and new techniques in water use.

3 Theoretical and Conceptual Framework

Based on the different solutions adopted by the oasis societies studied, this research
seeks to learn how “social technologies” can be applied to water use adaptation in
the face of climate change. This is a concept that bridges the social values of soli-
darity and modern technological solutions for sustainable adaptation. It was first
characterized at the University of Chicago by Albion Woodbury Small in the late
19th century, who described social technology as using knowledge and laws of social
life to apply rational social objectives (Small 1898). Today, “social technology” has
come to mean the use of technology in service to social, societal and citizen action,
such as mitigating inequalities, building social solidarity and catalyzing social inno-
vation. Investment in technological capabilities promises the ability to act in the
public interest. This concept, with the similar concept of “social innovation”, is used
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in Europe as a lever for territorial development. At a time when economic and social
models are being undermined by the shocks of climate change, addressing unmet
social needs is a particular challenge. According to the CSESS3, “there is a tremen-
dous inventiveness on the part of citizens, civil society actors and companies that only
needs a little favourable ground to grow, develop and provide significant responses
to the main societal challenges: increased impoverishment of the population, limita-
tion of energy resources, digital divide, suppression of public services in rural areas,
ageing population, isolation of the elderly, increased demand for organic food…
These challenges are reflected in the need for innovative solutions in terms of energy,
accommodation, mobility, etc. On all these subjects and many others, the collective
imagination is essential to bring out new responses in a context of scarce public
funding.” The CSESS has proposed a fulsome definition of “social technologies”
that can be applied to any country in the world: the development of new responses
to new or insufficiently- met social needs under current market and social policy
conditions, involving the participation and cooperation of all actors concerned, in
particular the users. These innovations concern both the product or service, as well
as the mode of organization and distribution, in broad areas such as aging, early
childhood, housing, health, the fight against poverty, exclusion, discrimination, etc.
The stages of social process development consist of emergence, experimentation,
dissemination and evaluation. This desire to integrate social technologies into the
development process of the territories is not exclusive to France—the entire European
Community supports it. In a speech to the European Parliament, the President of the
EuropeanCommission, JoséManuel Barroso,made it clear that innovation in general
and social innovation in particular should be recognized as factors for sustainable
growth, job creation and strengthening the competitiveness of the territories.

Several doctoral theses have also applied the concept of social needs, for example,
in France (Patureau 2010) and on the water in Brazil (Coutinho 2015). Patureau
(2010) uses social technology as a means to address major social issues: reduce
poverty and fight exclusion, protect the environment, promote the integration of
people with disabilities, enable young people to integrate professional and civic
life, combat unemployment, manage an aging population, support the education and
development of children, etc. In other words, the social technology movement is
the recognition that neither government policy nor the market alone can provide
complete solutions to big societal challenges. Coutinho, for example, studies the
semi-arid region of Paraïba,Brazil.After the failure of efforts by theBrazilian govern-
ment to mitigate inequalities in access to the water supply through the construc-
tion of dams and large capacity reservoirs, various civil society networks imple-
mented a new development model based on the introduction of social technologies
for access to water using tanks, stone reservoirs (reservoirs built on impermeable
outcrops) and underground dams. The deployment of these techniques has resulted
in a social network that has transformed the spaces in rural Paraíba. Another example
is the use of social technologies to enable the local population to manage their new

3CSESS: Higher Council of Social Economy and Solidarity in France.
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city. The philosophy on which Isle d’Abeau4 was developed is to enable people
to organize themselves instead of responding to external requests to organize. This
approach,while not unique,waswell-suited toL’Isle d’Abeauwhere the population is
committed to building and managing its own development projects (Hominal 1982).

These social technologies are not only useful in their direct role in addressing
social needs, but also because they facilitate new relationships among different stake-
holders. This frames the current study on the arid southwestern Algerian region, with
emphasis on identifying the actorswho are effective social “translators” between state
planners and the social networks that take up these innovations.

In the Sahara of North Africa, the development of the oasis areas is increasingly
complex. Despite their small surface area compared to the size of the desert, oases
play a fundamental role in maintaining the population in the great south of the
Maghreb (Bisson 1996). Extensive research on this topic has been contributed by
French geographers (Despois 1967; Bisson 1996 and 2003) as well as German (Suter
1959) scientists, who considered natural constraints, including water scarcity, in
Saharan environments. Richter (1995) proposed a typology of oases based on four
oasis resources: springs at the foot of a mountain, on rivers, in the foggara and with
drainage tunnels. Water mobilization techniques are different in each setting, but
have common requirements for effective water management. Sociological studies
of the oases of the Maghreb note a stratification based on race (Touat, Gourara,
Ouarzazat, Tafilalet) and/or other ethnic criteria (Ghardaïa). Marouf (1980, 2010a, b)
andMoussaoui (2011) highlight inequalities in access to water and agricultural land,
with land and foggara in these oasis societies considered socially inferior because it is
traditionally the domain of a class of black descendants of slaves from Sub-Saharan
Africa. In contrast, land and water ownership is often reserved for Chorfa (nobility).
This distinction, extant since the Middle Ages, has diminished markedly since the
independence of the Maghreb countries but still arises, for example, in marriage
between men and women belonging to different groups, sharing of natural resources
or in local power politics. Studies of transformations that have impacted society and
the environment in a profound way have served as interesting laboratories to observe
the evolution of the relationship between society and its environment. For example,
Kassah (2010) looked at Southern Tunisia, Côte (2002) at the Souf, Schmit (2008)
at the Mzab and Bencherifa and Popp (1992) at the Todra valleys in Algeria and the
Drâa in Morocco. They all highlight the role of centralized public policies in the
creation of a new socio-spatial order, as well as the failures of efforts to implement
sustainable development in these oases.

4Old French New Town located in Nord-Isere, south-east of Lyon (France), whose creation was
decided in 1968.
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4 Forms of Social Adaptation to Government
Disengagement

Oasis society naturally tries to address its own unsatisfied needs. The cases studied
predominantly concern water and agriculture. For example, oasis agriculture in
southwest Algeria has developed indigenous responses to overcoming an environ-
ment hostile to settlement, supplying water to both the oasis populations and the
caravanners who cross the Sahara (Côte 2002). Traditional economic frameworks
change over time as non-agricultural activities are introduced, leading to a diversi-
fication in employment and a corresponding decrease in dependence on oasis agri-
culture, which is based on a marked social stratification. Indeed, by introducing
other types of employment, particularly in the tertiary and even secondary sectors
(south-eastern Algeria and, recently, southwestern Algeria), the independent state
has severely disrupted this traditional agriculture. As a result of the disruption of the
social stratification established over centuries, agriculture has lost significant ground
to other introduced activities. State policy based on agricultural development has
been in place since 1983 in the arid and semi-arid regions (Steppe and Sahara) in
order to replace traditional agriculture that operates in difficult (scarce labor, dried
foggaras, etc.) and less profitable environments. This directly affects cereal produc-
tion, negating previous social and feudal organization. Despite generous government
subsidies, government policy has not achieved its objectives. Recent years have been
marked by a gradual disengagement of the State, leaving new agricultural dynamics
to emerge in both the modern and traditional agricultural sectors.

5 Relaunch Traditional Oasis Agriculture and Revitalize
Modern Agriculture

The withdrawal of the State has left a void filled predominantly by farmers from
the Sétif5 region, who have started growing market gardening products, especially
cucumbers, used in the manufacture of cosmetic products in the center of the country
(Algiers, Blida). This activity has filled amarket gap, particularly in the south-eastern
Ziban region, taking advantage of the relatively conducive growing conditions there
during the cold winter period in the north (Table 1). Moreover, these cucumbers
transport and weigh well. By renting land from indigenous farmers, who themselves
have been less enthusiastic about farming after the decline in State subsidies, the Sétif
people have been able to institutionalize greenhouse cultivation in the Aougrout6

region, known for its soil and water potential, in few years.

5Located 270 km east of Algiers, this important city in eastern Algeria is home tomore than 300.000
inhabitants.
6Large commune of the Gourara region between Adrar and Timimoun.
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Table 1 Greenhouse cucumber compared to other vegetable products in Aougrout (2015/2016)

Area (ha) (%) Production (Qx) %

Cucumber 27,50 63,0 23.165 77,8

Other market garden products 16,15 37,0 6.594 22,2

Total 43,65 100,0 29.759 100,0

Source Reconstitution of the data of the subdivision of agriculture, Aougrout (Adrar)

People from Sétif had already been in direct contact with the traders in the region
for the transport of food products. Despite the unavailability of reliable data from
the Wilaya of Adrar, our study estimates the greenhouse agricultural area cultivated
at more than 70 ha in the community of Aougrout alone (Hadeid et al. 2018), and
it continues to increase; currently, more than 2200 greenhouses are identified in
Aougrout by satellite imagery. However, there is a danger that mining, use of fossil
water and other unsustainable practices that support irrigation are significant and
without reliable evaluation by authorities (Directorate of Hydraulics, ANRH). The
number of wells drilled in the entire Adrar region exceeds 900, with 75% used for
agriculture. Monoculture and the absence of fallow periods and mineral salt leaching
cycles lead to a displacement of greenhouses and causes soil degradation cycles
every 2–3 years; uncontrolled use of fertilizers also represents an enormous risk of
contamination of aquifers.

The artisanal pivot (Photos 1 and 2) technique is another interesting application
of social technology for irrigation. It has already been used, for about 20 years,
in the Souf region (South-East Algeria), allowing the emergence of market garden
production basins bymobilizing deep groundwater on themargins of oases. Based on
the principle proposed by Akrich et al. (1988) that “adopting an innovation means
adapting it; it needs to be transformed, modified according to the site where it is
implemented”, Souf craftsmen and farmers have been able to design a small irrigation
system (less than 1 ha) that meets the needs of farmers who do not have financial
resources or whose land is not cultivable for large pivots (between 30 and 50 ha),
which in turn demand more expensive and technical resources for operation (Fig. 1).
Having seen the success of this irrigation technique in the Souf region, farmers in
the Aougrout region have begun to use it where plasticulture is the most widespread.

Photo 1 and 2 Handcrafted pivot used in Aougrout (Adrar). (Hadeid M. 2018)
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Fig. 1 Size of the pivots used in the irrigated perimeters of Aougrout. Source Image Google Earth,
2016

Indeed, about ten farms have equipped themselves with this tool, as demonstrated by
small pivots in the irrigated areas north of Aougrout. It is a very low price—a one-ha
pivot costs 50 times less than a professional 30 ha pivot—lowers a major barrier to
adoption. An area of about one hectare in the Souf region can be irrigated by a single
artisanal pivot, the purchase price of which is e1000 (about US$1140) (Ould Rebai
et al. 2017).

Drip equipment for one hectare costs about e2000 (US$2280) and a sprinkler kit
to fully irrigate a hectare costs between e2000 (US$2280) and e5000 (US$5700),
depending on the quality of the equipment. The more expensive systems require
removal during tillage and harvesting to allow access, unlike the artisanal pivot that
can be left in place.

The sufficiency of the artisanal pivot irrigation system for potato production,
with its low cost, has resulted in the rapid expansion of cultivated areas.7 But the
question remains about its impact on natural resources (soil depletion and lower
yields, nematode8 invasion and spread of phytopathogens,9 overexploitation and
groundwater pollution), as experienced in the Souf region, where its use has been
intensive (Ould Rebai et al. 2017). It is understandable that smallholder farmers
consider short term revenue a priority over long termenvironmental impact, including
water resilience and saving the long term sustainability of agricultural development.
In fact, the artisanal pivot irrigation system is inconsistent with the National Climate

7In the Souf region, 35% of potato production is provided by this method of irrigation.
8Nematodes are very small worms, most of whose species are invisible to the naked eye. Many
species live freely in the soil, and parasitize many plant species, without causing them great harm,
as long as the plants are not exposed to too much stress.
9A phytopathogenic agent is a living or almost living organism (bacterium, virus, fungus, etc.). that
can infect plants and trigger diseases. Phytopathogenic agents belong to all pests of crops alongside
pests and weeds.
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Plan (NCP 2018), National Land Use Plan (SNAT 2010) and the local-scale Wilaya
d’Adrar Development Plan (PAW 2015).

Inevitably oasis agriculture will thrive asmodern agriculture thrives generally. For
example, a good part of the existing palm groves in the Adrar region is maintained by
members within the same oasis community, where individuals contribute according
to their experience (education, administration, trade, etc.) and work the grove in
addition to their primary livelihood, in the evening and on weekends, including
children and women.

Apart from the broadly-disseminated practice of market gardening, oasis people
dedicated themselves to tomato cultivation after the reopening of theReggane factory.
The field sales contracts with farmers throughout the Wilaya allows the company to
guarantee the marketing of their products. The government of the Wilaya of Adrar
has even implemented an awareness campaign targeting farmers to drive massive
production of industrial tomatoes, with a guarantee of purchase by the factory. In
Tilouline (a large ksar located in the commune of In-Zeghmir), farmers report that
the tomato harvest lasts almost 4 months, a significant contribution to the income of
the oasis population there.

Tobacco cultivation is beginning to gain momentum in several palm groves in
Touat, a speculative crop in a region where the populations of Sub-Saharan African
origin have increased. Tobacco is in high demand for local use, and can be exported
to the Sahel countries. Tobacco growing is popular because it is profitable: a kilo of
semi-processed tobacco can sell for 600 to 1000 DA (Hadeid et al. 2018). Our field
missions over the last 5 years have enabled us to see the progressive extent of this
crop in terms of land use. “Dried tobacco leaves are marketed in their raw state. In
most cases, they are used to make snuff using traditional formulas. The contribution
of tobacco cultivation to local agricultural income is important, although harvesting
and processing remain traditional and artisanal” (Touzi1 and Merzaia-Blama 2008).
The revival of traditional oasis agriculture has contributed to the stabilization of a
significant number of families in the oasis population, but questions remain about the
sustainability of their crops and methods, which are more demanding of irrigation
water than the foggara can provide.

6 Solutions to Ensure Irrigation Water: New Challenges,
New Effects

Oases are one of the driest environments in the world, where rainfall is less than
40 mm/year. Moreover, heat waves have increased in frequency in the last 50 years
(1970–2019). However, this vast, arid space contains huge underground, though non-
renewable, water reserves. The underground reserves are created by nappe, known
as “Continental Intercalaire” or “Albian nappe”, a fossil reservoir that covers an area
of 1,100,000 km2 over Algeria, Tunisia and Libya. This aquifer covers the entire
northern Algerian Sahara, where access to water between 120 and 150m has enabled
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Fig. 2 Sketch explaining how a foggara works

irrigation in the Adrar region. The exploitation of this aquifer has been continuous
over nearly 11 centuries by inhabitants of the oases, using an ingenious technique
called “foggara”: the collecting of groundwater that flows by gravity from below the
plateau (Fig. 2).

The water is transported underground to the land to be irrigated. The tunnels that
transport thewater are perforated byvertical shafts for access and ventilation andhave
fourmajor elements: the kasria (distributor), seguia (canal),madjen (collection basin)
and guemoun (garden) (Fig. 3). However, maintenance of the foggara suffered in
the post-independence period with insufficient financing by the central government,
complicated by social traditions of servility in the ksour in addition to disregard
for the foggara as a valid traditional irrigation technique. This explains much of the
distrust between landowners and the government (Bendjelid et al. 1999).

The people of Tilouline (a large ksar located in Touat) offer another example of a
local community collectively developing a strategy to provide as much palm grove
irrigation as possible despite a diminishing water supply from the foggara (Fig. 4).

Ksourian population diverted drinking water intended for households in order to
extend the plots10 under cultivation. Ksourian households pay a flat quarterly charge
of 1500 DA (US$13) for drinking water, so Oasis farmers take advantage of the
fixed-rate by installing a long pipe11 from their houses to their gardens (Photos 3, 4,
5, 6, 7 and 8).

It is striking that although the network of pipes required for the diversion is
apparent, indicating that local authorities are aware of the “illegal piracy” of drinking

10Since it’s difficult to define in detail the plots irrigated by drinking water and the houses affected
by this operation, it can still be estimated that more than 40% (96 hectares) of the palm grove of
Tilouline is partially irrigated by drinking water.
11These pipes can reach 300 m in some cases.
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Fig. 3 Components of the hydraulic system of the foggara

water, they turn a blind eye to the practice as long as it strengthens agricultural activity.
The question is whether this can be considered a “social technology” or simply a
form of adaptation to the shortage of irrigation water because neither the foggara nor
the wells drilled to reinforce them supply sufficient water to the oasis? (Fig. 5).

7 Conclusion

In an environment as naturally arid as the Algerian Sahara, it is difficult to attribute
its transformation to climate change. Clearly, government policy in the past decade
(2007–2019) has had the most immediate effect on water and its management in
the oases. Faced with a gradual disengagement of the government, local people have
developed strategies to revive their agricultural activity in response to their immediate
challenges: poverty, driven by the decrease of state subsidies. These strategies are
collectively known as “social technologies” because they respond to specific needs
for which the government has declined to take responsibility. Defined as the use of
technology for social action to mitigate inequalities and create social cohesion, Oasis
society has readily embraced this approach. While often ingenious, these strategies
tend to ignore the long term issues of sustainability in favor of short-term survival.
Thus they result in excessive pumping of non-renewable water from the Albian
groundwater, health risks and soil degradation. It is therefore imperative that local
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Fig. 4 Location of houses affected by the illegal connection to the drinking water network
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Photos 3 to 8 Some landscape aspects of the diversion of drinking water for irrigation in the Tittaf
and Tilouline palm groves. (Hadeid M. 2018)

strategies be integrated with the National Climate Plan, which will enable the use of
renewable energy in water pumping, cultivation of genetically adapted local seeds,
and adoption of complementary approaches to integrate traditional oasis agriculture
and modern development.
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Fig. 5 Geographic location of the study area
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Chapter 12
Water Management Policy
for Freshwater Security in the Context
of Climate Change in Senegal

Cheikh Faye, Amadou Abdoul Sow, and Sidy Dieye

Abstract The impact of climate change on freshwater systems and its management
have been ongoing for many years and is projected to intensify as temperature, sea
level and rainfall variability increases. Senegal’s water resources are now threatened
by human activity of various origins and by the harmful effects of climate change.
This chapter addresses the extent to which water management policy ensures fresh-
water security in the context of climate change. Given the scale of water scarcity,
this study is limited to characterizing the relationship between water management
policy and freshwater security in the climate change context, focusing on data and
information from institutions with authority for water policy and minimization of
water scarcity. The discussion includes a case study on the impact of climate change
on water resources in the Gambia River Basin, which indicates that while there is a
great deal of attention paid to freshwater security policy, there is no consensus on
how to mitigate the effects of climate change to ensure water security. Water and
climate change are managed by different ministries, resulting in predictable conflicts
of authority and responsibility. Thus, it is necessary for the government to establish
an effective water policy, with clear, sustainable strategies to mitigate the impacts of
climate change for the sustainable freshwater security of the country.
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1 Introduction

Freshwater is essential for the survival of natural ecosystems and for human activity.
Until the mid-twentieth century, water was considered inexhaustible and accessible
for anyone to use, own and exploit according to their needs (Honegger and Tabarly
2011). These needs vary by economic sector, but all economic development and
industrial activity depend on water. In fact, water withdrawals have increased six-
fold since the 1900s, twice the rate of population growth (UNESCO 2006). This has
led to competitive use of water resources among and within sectors, which is a root
cause of many challenges such as political and territorial conflicts, deterioration of
water quality, degradation of the environment, disparities in water distribution and a
decline of access to water resources (Batcho 2008).

Senegal’s total renewable water resources are about 38.97 km3 per year, of which
about 25.8 km3 come from within the country. Per capita renewable water volume
is estimated at about 4747 m3 per year (CONGAD 2009), well below the average of
sub-Saharan Africa (7000 m3 per person per year) and the world average (8210 m3

per person per year). Senegal’s internal renewable surface water resources are esti-
mated at 23.8 km3/year and renewable groundwater resources are on the order of
3.5 km3/year. The overlap between surface water and groundwater is estimated at
1.5 km3/year and internal renewable water resources are estimated at 25.8 km3/year.
The average annual rainfall is estimated at 686 mm (FAO 2016). The relative abun-
dance of water and the fact that available freshwater supplies are 24.5 times greater
thanwater consumption (1591millionm3 in 2000) (FAO2016) hide the real potential
for water scarcity in Senegal.

The Senegal, Gambia and Kayanga rivers, all of which originate in Guinea,
together irrigate a large part of Senegal. Most surface water reserves are located
in the Senegal and Gambia river basins, whose waters come from the Fouta Djallon
Massif in the Republic of Guinea (Sané 2015). Smaller rivers, the Casamance and
the Kayanga, with intermittent flows, and their main tributaries, the Anambé, Sine
and Saloum and coastal creeks (Fig. 1), complement the water supplied by the large
rivers. A number of other lakes and basins complete the hydrographic network, the
most important of which are Guiers Lake, the bolongs of estuaries and the bounds of
theNiayes region of the northern coast and Ferlo. Availablewater in any area depends
on the amount of surface and groundwater available from rivers, lakes, reservoirs and
aquifers (Chitambi 2017).

Water scarcity is defined as insufficient water resources tomeet long-term average
needs. Variation from the norm results in long-term water imbalances when water
availability from natural recharge is lower than the demand level (EU-Commission
2007). This, in turn, results in a shortage of rapid and reliable access to water
resources for different economic and social groups. The risk of water scarcity and
the potential to pre-empt or effectively address it depends not only on the physical
endowment of water but also on the institutional, technical, political, economic
and infrastructure capacity of a country to manage water to the satisfaction of all
stakeholders (Chitambi 2017).
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Fig. 1 Watersheds draining Senegalese territory (Source DGPRE)

The International Water Management Institution (IWMI 2007), classifies Senegal
as a country with economic water scarcity. Although water resources are abundant,
they are not effectively applied to the country’s development goals because of
limited institutional, technical and financial capacity. Water scarcity is driven
by variation in rainfall, the vulnerability of water resources, disparity in spatial
distribution, current and/or threatened conflicts caused by water exploitation and
over-exploitation, degradation of the volume and quality of available water, inequity
of access among and within zones and social groups, and various socioeconomic
activities (MH/DGPRE 2007).

Good governance and accountability, with a view of the interests of all stake-
holders within an appropriate legal and institutional framework, must be properly
planned, exploited and maintained for effective infrastructure and capacity devel-
opment (UN-Water 2011). Every aspect of security worldwide—for example, food,
economic and health—depends on water (Boge 2006).

To improvewatermanagement, Senegal isworking to complywith the recommen-
dations of the World Summit (Rio-Dublin, January 1992 and Johannesburg, August
2002). Senegal’s water policy as it applies to achieve the Sustainable Development
Goals (SDGs) is managed by the Directorate of Water Resources Management and
Planning (DGPRE).
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2 Description of the Study Area

The Republic of Senegal, located on the extremewestern tip of the African continent,
covers an area of 196,722 km2 with an estimated population of 16,200,000. With
700 km of Atlantic coastline, Senegal is located between 12.5° and 16.5° North
latitude and 12° and 17° West longitude. The variation in the quantity and frequency
of rainfall from South to North creates three climatic zones: southern Sudanian,
northern Sudanian and Sahelian. Each zone has two sections: coastal and continental
zone (Faye et al. 2017).

Senegal has a Sudano-Sahelian tropical climatewith annual rainfall between about
1,250 mm in the South to just over 200 mm in the North. There is a rainy season
and dry season: the former corresponds to the monsoon period, extending roughly
from June to October with a peak in August-September. The rain in this period
varies depending on the latitude. The dry season lasts from November to June and
is characterized by hot, dry wind, known as “the Harmattan.”

Senegal’s surface and groundwater resources are rich, with heterogeneous soils
and a dense hydrographic network. Most surface water reserves are located in
the Senegal and Gambia river basins (Sané 2015). Groundwater consists of four
major aquifer systems: shallow, intermediate, deep and basement (CONGAD 2009).
Senegal currently has sufficient water resources to meet demand, but it is threatened
by drought and climate change.

3 Methodology

3.1 Characterizing Climate Change Impacts on Water
Resources

3.1.1 Context

Climate change is defined by trends in the global mean sea and atmospheric tempera-
tures, variation and quantity of rainfall, and increase of the magnitude and frequency
of natural disasters and extreme events (drought, floods, etc.) (IPCC 2007). Global
warming, combined with increased variability of rainfall, is driving an upsurge
in extreme events, including floods and low flows, which in turn will increase in
frequency and in intensity across the African continent. Various studies reveal the
evolution of flows in rivers and their impacts on natural and human ecosystems,
subject to the hydro-climatic conditions in various regions (Faye et al. 2015a).

The African continent is among the most impacted by climate fluctuations on
water resources (Kanohin et al. 2009). Several studies carried out inWest and Central
Africa have shown a decrease in surface and groundwater flows since the 1970s as a
result of a decrease in rainfall (Dione 1996; Sow 2007; Faye 2013; Faye et al. 2015b),
but an increase in flows (Niang et al. 2008; Ali and Lebel 2009; Ozer et al. 2009;
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Fig. 2 Gambia River Basin situation

Ouoba 2013; Bodian 2014) since the 1990s, suggesting an improvement of water
balance in this period.

The Gambia Basin covers an area of nearly 77,100 km, shared between three
states (Lamagat 1989): Guinea (where it originates at 1125 m. altitude around Labé);
Senegal (from which it drains almost all the Tambacounda region and part of Upper
Casamance and southern Sine-Saloum); Gambia (of which it is the backbone). It
extends, in latitude, from 11°22 North (in Fouta-Djalon) to 14°40 North (in the
south-eastern Ferlo) and, in longitude, from 11°13 West (Fouta-Djalon) to 16 “42
West (in Banjul at the mouth). It is of interest to the territories of Guinea, Senegal and
Gambia. It is divided into two distinct zones: the continental basin and the estuary
basin, respectively, east and west of Gouloumbo, the last station where the flow of
freshwater inputs is measured (Dione 1996; Sow 2007) (Fig. 2).

3.1.2 Data

Rainfall and high- and low-temperature data were measured at Tambacounda and
Kedougou stations from 1970 to 2012 to represent climate change in the Gambia
River Basin. Data from the hydrological stations at Gouloumbou, Mako, Simenti,
WassadouUpstream andWassadouDownstream from 1970 to 2012 indicate changes
in surfacewater in theGambia River Basin. Groundwater measurements for the basin
were taken from Mako station over the same years. The selected stations followed
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consistent criteria for each parameter measured to ensure the duration of available
information and data quality.

3.1.3 Standardized Precipitation and Flow Rates Indices

A standardized precipitation index (McKee et al. 1993; Hayes 1996) was developed
to quantify rainfall deficit over time, adopted in 2009 by the World Meteorological
Organization (WMO) as a global instrument for measuring meteorological droughts.
According to the “Lincoln Declaration on Drought Indices” (Jouilil et al. 2013), it is
expressed mathematically as:

SPI(SFI) = (Xi − Xm)

S

where
Xi = annual rainfall (or flow) i
Xm = mean rainfall of series over the considered time scale
S = standard deviation of series over the considered time scale

This standardized flow rate index (SFI) is similar to the index used for hydrology
and has been developed to quantify the water deficit over time to reflect the impact
of drought on the availability of different types of water resources for a given period
(Sharma and Panu 2010).

3.1.4 Depletion Coefficient and Water Volume Mobilized by Aquifers

The depletion of water from all the aquifers of the basin is an important factor in the
tropical hydrological regime (Briquet et al. 1995). The calculation of the depletion
coefficient is based on the Maillet model (Sow 2007; Faye 2013; Faye et al. 2015a),
which demonstrates the degree to which rivers are drying up. Maillet’s model shows
that, by factoring out precipitation, depletion corresponds to the exponential decay
of flow as a function of time. This corresponds to the emptying of groundwater as
the only contribution to the water flow of a basin. The Maillet model is represented
by:

Qt = Q0e−α(t−t0)

where
Q0 is the initial flow at time t0, (t−t0): the time expressed in days between the

observation of the flow rate Q0 and that of the flow rate Qt (flow at the end of the dry
period)

α is the dry-out coefficient
The volume of water mobilized by aquifers is represented by:
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Vmobilized = Q0

k

TheMaillet model makes it possible to determine the temporal evolution of deple-
tion coefficients and water volumes mobilized by aquifers in the Gambia watershed,
and to assess the duration of the drying up of rivers under the effect of climate change,
enabling the use of methods based on trend detection and break in series.

3.1.5 Pettitt and Mann–Kendall Tests

The Pettitt test (1979) represents a break at an unknown moment in series from a
formulation derived from that of the Mann–Whitney test. This test represents differ-
ences in values that make up the sample, corresponding to a resulting time series. The
calculation of the p-value indicates whether or not the threshold break is statistically
significant.

The Mann–Kendall test represents the linear trend (up or down) within a time
series. This tendency test was first studied by Mann (1945), then Kendall (1975),
then improved by Hirsch and Slack (1984). The test has been validated by several
comparison studies by Yue and Wang (2004).

3.2 Characterization of Water Policy in a Climate Change
Context

Data and information from various institutions were selected based on the institu-
tion’s mandate for water policy, security/water management and/or climate change.
Among the institutions and ministries from which data were derived are the Ministry
of Hydraulics and Sanitation, theMinistry of Environment and Sustainable Develop-
ment, the Directorate ofManagement and Planning ofWater Resources, the National
Agency of Civil Aviation and Meteorology, the National Agency of Statistics and
Demography, the Organization for the Development of the Senegal River and the
NationalWater Company of Senegal. Some semi-structured interviews of key players
were conducted to complement policy analysis. Data were sourced mainly from
the documentary/policy reviews of selected institutions. Institutional documents,
progress reports and institutional water resource management libraries were used
to gain a deeper perspective on water policy and water security in the context of
climate change. The analysis focuses on water security, water resource management
and climate change.
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4 Results and Discussion

4.1 Characterization of Climate Change Impacts: The
Gambia Watershed

4.1.1 Temperature and Precipitation Trend

Trend shifts and/or breaks in annual temperature and precipitation are used to char-
acterize climate change in the Gambia River Basin. Table 1 shows the results of
the Pettitt and Mann–Kendall tests using data for minimum, maximum and average
temperatures from Kédougou and Tambacounda stations for 1970–2012. Both tests
indicate the presence of a break and/or trend: for example, in 1987 in Kédougou and
in 1990 in Tambacounda for TX and TN. These breaks are confirmed by the Mann–
Kendall test, which shows positive and significant Kendall τ of 0.511 °C for TX and
0.3321 °C for TN at Tambacounda. At Kedougou station, Kendall τ, although not
significant, is positive: 0.0171 °C for TX and 0.7261 °C for TN.

To quantify the variation of temperatures through the break date, we cut the time
series into two subperiods, before and after the break dates. A comparison of the two
sub-periods shows that the latter one reveals a surplus of 2.61% for TX and 1.35%
compared to the earlier one for TN at Tambacounda.

Neither the Pettitt nor the Mann–Kendall tests show a significant break or trend
in precipitation, with the p-values for both tests >0.01. The trend in precipitation
rises slightly after 1994 and breaks are noted in 1994 and 2003 in Tambacounda and
Kedougou, respectively. Thus, indices are generally negative from 1970 to 1994 and
positive between 1994 and 2012, as illustrated by positiveKendall τwith−0.074mm
at Tambacounda and 0.098 mm at Kédougou. These suggest that, in addition to the

Table 1 Results of annual temperature and precipitation tests (1970–2012)

Mann–Kendall test Pettitt test

p-value τ of
Kendall

Slope of
Sen

Date of
break

% surplus
or deficit

Tambacounda Temperature TX <0.0001 0.511* 0.035 1990 2.61

TN 0.958 −0.006 0 1979 −0.65

TM 0.002 0.332* 0.014 1990 1.35

Annual precipitation 0.492 0.074 2.158 1994 13.3

Kedougou Temperature TX 0.017 0.259 0.015 1987 −2.61

TN 0.141 −0.167 −0.019 1987 −4.27

TM 0.726 0.041 0.002 1987 −0.76

Annual precipitation 0.359 0.098 2.257 2003 21.0

(−): negative trend; (+): positive trend; (*): significant trend; TX=maximum temperatures; TN=
minimum temperatures; TM = average temperatures
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drought of the 1970s as confirmed by multiple studies (Sow 2007; Faye 2013; Faye
et al. 2015b), another important change in rainfall pattern is observed at the turn
of the twenty-first century as indicated by studies (Ali and Lebel 2009; Ozer et al.
2009; Ouoba 2013; Bodian 2014) that suggest the end of Sahelian drought during
the 1990s. Thus, in the year before and year after the break, rainfall increased by
13.3% in Tambacounda and 21% in Kédougou.

4.1.2 Impacts of Climate Change on Surface Waters in the Gambia
Basin

The impact of climate change on surface waters in the Gambia River Basin have
been analyzed using standardized flow indices. Deriving these indices from different
stations allows better comparison of station data as basins of different sizes drain.
The indices subjected toMann–Kendall andPettitt tests reveal significant fluctuations
with multiple consequences for the environment, making them worthy of study. The
analysis shows that there is an upward trend and a break in 1994 (Table 2) at the five
stations. However, neither the trend nor the break was significant at the 1% level.
Thus, distinct periods are established before and after 1994. The first one, from 1970
to 1994, shows a negative outflow trend relative to the drought of the 1970s (Faye
et al. 2015b). The second, from 1994 to 2012, although not significant, shows a
rising trend and corresponds to an improvement in rainfall conditions starting in the
1990 s (Ozer et al. 2009). This upward trend in a runoff in the Gambia River Basin
is consistent with the findings of Ali and Lebel (2009) in the Sahelian zone, Ouoba
(2013) in Burkina Faso, Ozer et al. (2009) in Niger, Niang (2008) in Mauritania and
Bodian (2014) in Senegal.

The trend analysis indicates that this variability is synchronized with two hydro-
climatic periods: a dry period between 1970 and 1994, and awet period between 1994
and 2012. Thus, beyond the hydrological drought of the 1970s, a new hydrological

Table 2 Results of Pettitt and Mann–Kendall runoff tests analyzed in the Gambia River Basin
(1970–2012)

Mann–Kendall test Pettitt test

p-value τ of Kendall Slope of Sen p-value Date of break % surplus or
deficit

Gouloumbou 0.611 −0.062 −0.010 0.651 1981 23.6

Mako 0.479 0.094 0.020 0.025 1994 48.8

Simenti 0.241 0.154 0.030 0.011 1994 64.7

Wassadou
upstream

0.710 −0.052 −0.008 0.564 1979 51.5

Wassadou
Downstream

0.065 0.227 0.026 0.002 1994 44.6

(−): negative trend; (+): positive trend; (*): significant trend
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change occurred again in the 1990 s, with river flows rising. We believe that, on an
annual scale, rainfall measured at the stations is quite similar to the date of the break
in 1994. However, the magnitude of the surplus is smaller (23.6%) in Gouloumbou
than at other stations where it exceeds 50% (64.7% in Simenti, 51.5% in Wassadou
and 48.8% in Mako).

Flow changes in the Gambia River Basin are caused by various upheavals,
including climate change. One of its impacts was the severe drought of the 1970s
(Sow 2007; Ozer et al. 2009; Faye et al. 2015b). On the other hand, during the 1990s,
the improvement in rainfall conditions (increase in rainfall) led to an increase in
runoff observed at the various stations.

4.1.3 Climate Change Impacts on Groundwater in the Gambia
Watershed

While accumulated rainfall deficits during the 1970s resulted in diminished under-
ground reserves of river basins (Briquet et al. 1995), the increase in flow in the
Gambia River Basin has increased the volumes drained by groundwater. The natural
low water level in the Sudano-Sahelian rivers are directly affected by changes in
climatic conditions. This depletion is typical of all the aquifers in the basin and is an
important characteristic of the Gambia River Basin. Depletion data are provided in
Table 3 and show that variation at Mako station is particularly dramatic.

Depletion coefficients show that before 1994, the year of break, according to the
Pettitt test (Table 3), values are fairly steady. Drying coefficients are generally low
and range from 0.024 (in 2011–2012) to 0.076 (in 1977–1978) in Mako. In contrast,
the 1994–2012 coefficients average 0.044, and correspond to the highest water table

Table 3 Results of the Pettitt and Mann–Kendall tests on drying variables in the Gambia River
Basin at Mako station (1970–2012)

Mako Mann–Kendall test Pettitt test

p-value τ of
Kendall

Significance
Threshold
(between
10% and
1%)

Sensitivity
of trend

p-value Date
of
break

Significance
Threshold
(between
10% and
1%)

%
deficit
or
surplus

Q0 <0,0001 0,44 Presence of
trend

Rise 0,0001 1986 Presence of
break

102

Qt 0,07 0,19 Rise 0,0105 1994 285

t 0,06 0,20 Rise 0,004 1985 9,1

K 0,29 −0,11 Decline 0,10 1994 −15

V
m3/an

<0,0001 0,50 Rise <0,0001 1993 115

Q0: flow at the beginning of the dry period; and Qt: flow at the end of the dry period; t: the number
of days; α: the drying coefficient; V m3 / year: the support volume of the slicks
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volumes. Over this period, the average support volume for aquifers is 6531 m3/year,
with a maximum of 16,454 m3/year (in 2012–2013) in Mako.

Table 3 indicates that starting from the 1994 break, the rise in flows corre-
sponds to a real drop in the depletion coefficient, as shown by Kendall’s τ on the
order of−0.11 inMako. This decrease in the coefficient resulted in an increase in the
volume of groundwater contribution to the general flow of the Gambia River Basin,
in turn resulting in a positive net Kendall τ of 0.50 (in Mako), part of a trend of
the increase in groundwater contribution in recent périod (1994–2014) in the basin
(115% in Mako).

The decrease in the coefficient of dryness in the current dry period corresponds
essentially to an increase in the extension and width of the groundwater tables in
the basin. The 1994–2014 period, compared to the 1970–1993 period, is in surplus
for the duration of the dry period and for support volumes, and in deficit for the
coefficient of dryness.

4.2 Water Policy During Climate Change

4.2.1 Water Management Policy and Freshwater Security

Water policy as it relates to freshwater security is addressed in the sectoral water
policy of 2005. In response, programs and projects (National Water Partnership of
Senegal in 2002; PAGIRE in 2007) were implemented in close collaboration with
the responsible ministries to contribute to and protect the environment, including
water resources. We believe that these efforts represent a strong commitment of
the Government of Senegal to promote Integrated and Sustainable Water resource
management through:

• improving knowledge and means of water resource management;
• creating an environment conducive to the application of Integrated Water

Resources Management (IWRM) through legal, organizational and political
reforms;

• improving communication, information, education and awareness about water
resources, etc.

Table 4 lists laws regulatingwater use, pollution control and conservation as part of
natural resources management. They complement water policy objectives for water
resource management and development to enhance collaboration and cooperation
among key stakeholders in Senegal. Water resource management and water use in
Senegal are based on a combination of sectoral policy papers (urban and rural water
policies), laws, decrees, and ministerial and inter-ministerial orders, circulars and
codes on water, hygiene, environment, etc.).

Sectoral policy onwater and sanitationwas the dominant instrument for the imple-
mentation of the Millennium Drinking Water and Sanitation Program (PEPAM).
After 2015, extending the progress made by PEPAM, a coordination and monitoring
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Table 4 Water policy laws relating to freshwater security

Enabling legislation Purpose of the water sector policy

Law No. 81-13 of March 4, 1981 on the Water
Code

– Establish the protection and safeguarding of
water resources, good water management
(especially in the sanitary field);

– Assure good planning of resources, their
good management and equitable distribution
between different uses and each according to
their needs within the framework of strict
respect of general interest

Law No. 2008-59 of September 24, 2008 on
the organization of public service for drinking
water and collective sanitation of domestic
wastewater

– Organize modernization and rationalization,
in the longer term, of public water and
sanitation service, in order to face the
challenges of the future and meet the needs
of Senegal;

– Delegate the public water and/or sanitation
service to maintain the water and/or
sanitation installations in good working order

Law No. 83-71 of July 5, 1983 on the Hygiene
Code

– Ensure the protection of water quality;
– Establish a protection perimeter to be
respected around water intake points
intended for human consumption;

– Protect the works of the catchment,
treatment, storage and elevation of water

Law No. 90-07 of June 26, 1990 establishing
the SONES–PEPAM

– Realize conditions for a better division of
roles and the profitability of sub-sector of
urban hydraulics through a more adapted
private management mode and a more
assertive commercial dimension

Law No. 2001-01 of January 15, 2001, on the
Environment Code

– Establish good management and protection
of the environment, which is one of the
concerns of the public authorities in Senegal;

– Put in place a national policy for the
protection of environmental resources

Law No. 2008-43 of August 20, 2008 on the
Town Planning Code

– Manage the projects of drinking water supply
and sewerage (rainwater and black water) of
the districts;

– Manage urban green spaces, including areas
of wet depressions, urban planes and
waterways

Law No 2009-24 of July 8, 2009 bearing the
Sanitation Code

– Enable people to have adequate sanitation
and access for all to the rule of law regarding
sanitation in Senegal

(continued)



12 Water Management Policy for Freshwater Security … 267

Table 4 (continued)

Enabling legislation Purpose of the water sector policy

Decree No. 2013-1270 of September 23, 2013,
on the powers of the Minister of Environment
and Sustainable Development

– Ensure the protection of the environment
(protection of nature, fauna and flora);

– Fight against pollution;
– Participate in the implementation of water
and soil conservation policy through the
construction of retention basins and artificial
lakes

Decree No 2012-654 of July 4, 2012 relating
to the attributions of the Minister of
Hydraulics and Sanitation

– Ensure the supply of drinking water to
populations in rural, urban and peri-urban
areas;

– Ensure the quality of water supplied to
households and businesses;

– Ensure the availability of water for the
satisfaction of the needs of agriculture and
livestock over the national territory

Law No. 2016-32 of November 8, 2016 on
Mining Code on Mining Code

– Ensure the protection of the environment
during exploration, extraction and
abandonment of mines

Law No. 96-06 of March 22, 1996, on the
Local Authorities Code

– Provide and maintain water supplies;
– Characterize the regime and the methods of
access and use of water points of all kinds;

– Manage inland waters (excluding national
and international rivers);

– Ensure the protection of groundwater and
surface water

Constitutional Law No. 2016-10 of April 5,
2016, revising the Constitution

– The guiding principles of state policy set a
framework within which regulation and
allocation of water can take place

unit for water and sanitation programs was created (DGPRE 2016; ANSD 2017).
Senegal is committed to the IWRM approach as a strategic option consistent with
the Africa Water Vision 2025 and other international water policies. However, a lack
of adequate information on water availability limits the strategic planning of water
resources and constrains efforts to regulate the development of surface water and
groundwater.

The objective of water resource management is to conserve and maintain accept-
able quality standards (Chitambi 2017). To achieve this level of water resource
management, the following goals must be realized by the appropriate ministries
to:

• reduce the impact of water-related disasters such as drought and floods by the
implementation of early warning systems;

• create institutions for the management of shared watercourses within Senegal
in collaboration with national institutions to ensure the protection of Senegal’s
interests;
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• prevent water shortages by the collaborative implementation of early warning
systems;

• coordinate regional and international organizations to respond effectively to
emergencies.

Water resource knowledge and monitoring are essential to the development and
implementation of good policy to preserve resources from all forms of pollution and
degradation as population growth inevitably increases pressure on water resources.
The population of Senegal is projected to increase to over 19,390,000 in 2025. A reli-
able water monitoring system that allows for input by all stakeholder constituencies
is essential to build an understanding of water availability, abstraction and consump-
tion in various contexts. Senegal has improved access to drinking water, but at the
same time faces weak access to basic social services and reliable databases to support
harmonized, comprehensive and sound policymaking.

The proportion of the population with access to drinking water in Senegal is
estimated to have been 87.2% in 2015, compared to 84.1% in 2014. Even if Senegal
had reached the water target set by the Millennium Development Goals (MDGs),
geographic coverage of 58.3% (in 2016) combined with the new more ambitious
objectives of SDG 6 mean that much greater progress must be made.

4.2.2 Water Management Policy and Climate Change

Although Senegal has sufficient water for its population, the water sector faces many
challenges related to climate change which threaten access to sufficient and clean
water and, therefore, the socioeconomicdevelopment of the country. Poor distribution
of surfacewater inmany parts of the country, particularly in the north, impedeswealth
creation, poverty reduction and disease prevention, resulting in major challenges to
environmental regulators, and ultimately to Senegal’s economy, health, food and
security.

According to theNationalAgency ofCivil Aviation andMeteorology (ANACIM),
Senegal is among theAfrican countriesmost exposed to the negative effects of climate
change, which is causing an increase in temperatures and frequency of extreme
events (floods anddroughts) and late-onset and/or early cessation of rainfall (resulting
in shorter seasons and more intense rainfall). Adverse effects of climate change
have impacted water reserves in marine waters in Casamance and Sine-Saloum, and
have driven the drying up of the Ferlo and associated valleys, a general decline of
groundwater levels, a decrease in water flow in continental rivers and other flood
plains and the salinization of fresh water and cultivated land in coastal areas.

The climatic deterioration of recent years (from the years 2000 to now), combined
with overexploitation of the resource, has led in places (West of the country) to a
drop-in water table (sometimes with withdrawals exceeding the renewal capacity)
and marked saline intrusions in the low valleys of the Sine Saloum, at the level of the
deltas of the Casamance and Senegal rivers, as well as the Grande Côte (Niayes area).
At the same time, in some areas, especially the Dakar region, surface water tables
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are polluted by discharges linked to sanitation deficits (bacteria, chemicals, heavy
metals, nitrates). In these areas, the quantity of water available is not the problem, but
rather water quality and the cost of its mobilization are the major concerns (Senegal
National Blue Book Committee 2010).

Solutions have been proposed to reduce vulnerability and strengthen the adaptive
capacity of populations and ecosystems. Ensuring freshwater security through more
efficient water management will contribute to development objectives, adaptation
to climate change and disaster risk reduction (AMCOW 2013). Climate disruption
introduces new constraints and exacerbates those already faced by the Senegalese
government and its water partners. Variables include water availability, variations in
weather and extreme weather phenomena, and increasing uncertainty (World Water
Council 2016).

Water is inextricably linked to climate, so global climate change and how it is
managed worldwide has serious implications for water resources and regional devel-
opment. Indeed, climate change impacts on water resources are already visible in
the Sahel countries, including Senegal, in the forms of variation in the average and
geographical distribution of rainfall, increase of evapotranspiration, recrudescence
of periods of drought and heavy rainfall (World Water Council 2016) and recurrent
droughts and floods. These resurgent effects have socioeconomic impacts which are
weighing on the country financially, necessitating that the government implements
urgent action tomitigate their effects and build resilience. These additional pressures,
compounding the existing over-exploitation in many parts of the country, intensify
the challenges ahead.

Senegal has implemented measures to mitigate the impact of climate change
(Table 5), including awareness campaigns to ensure that the public is informed
about climate change and related issues, such as mitigation and adaptation measures
(Chitambi 2017), and adoption of new strategic planning instruments such as the
National Action Plan for Environment (NAPE), the National Action Plan to Combat
Desertification (NAP/TCD), the Senegal Forest Action Plan (SFAP), the National
Strategy for the Implementation of the Framework Convention on Climate Change,
the Program of Action on Biological Diversity, the Action Plan for the Protection of
the Ozone Layer and the Hazardous Waste Management Plan (Environment Code).
Senegal has also increased water supply strategically through a hydraulic mobiliza-
tion policy, using dams and wells. Since 2015, Senegal has been actively imple-
menting its National Adaptation Plan (NAP) and benefitted in 2016–2019 from the
Scientific Support Project to the National Adaptation Plans processes (PAS-PNA).

Laws and codes are often essential for managing freshwater security in Senegal.
The policy is developed through a decentralized process that increases local capacity
that can be otherwise limited by the lack of financial and technical resources (Assetto
et al. 2003). For water management to be effective and politically feasible, it must
balance policy, economics, the environment and national security (Allen 2002). For
example, Law No. 2001-01 (Environment Code), Law No. 81-13 (Water Code) and
Law No. 2009-24 (Sanitation Code) remain to a large extent adequate to ensure the
safety of the water. However, as circumstances evolve and weaknesses are identified,
some codes are being revised in Senegal to adapt them to the current conditions.
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Table 5 Water policy laws relating to climate change

Enabling legislation Objective of climate change policy

Decree No. 2013–1270 of September 23, 2013
on the attributions of the Minister of
Environment and Sustainable Development

– To establish the development of
environmental education;

– Manage a mechanism for monitoring trends
in climate change and changes in the state of
the environment;

– Participate in international technical
meetings dedicated to the protection of the
environment, sustainable development,
climate and biodiversity

Law No. 2001-01 of January 15, 2001 on the
Environment Code

– Adopt new strategic planning instruments;
– Put in place a national strategy for
implementing Framework Convention on
Climate Change;

– Addressing desertification (land degradation
in arid, semi-arid and dry sub-humid areas)
as a result of various factors, including
climatic variations and human activities;

– Establish sustainable development that meets
the needs of the present without
compromising the ability of future
generations to meet theirs;

– Conduct environmental impact studies, such
as effects on climate and atmosphere.

Law No. 81-13 of March 4, 1981 on the Water
Code

– Deal with harmful situations related to water
problems such as floods (and some floods)
and droughts that are increasing with climate
change

Law No. 2009-24 of July 8, 2009 bearing on
the Sanitation Code

– Provide pumping stations to transport
rainwater from their source to a treatment
plant or receiving natural environment;

– Develop a rainwater collection system that
allows, after a rain, the effective evacuation
of runoff water without causing the
inundation of other public or private places,
near or far

Law No. 96-06 of March 22, 1996 on the
Local Authorities Code

– To ensure prevention, by suitable
precautions, and intervention, by the
distribution of necessary help, in the event of
calamitous scourges, such as floods are
accentuated with Climatic Changes

Some laws, such as Law No. 96-06 (Code of Local Authorities) have proven to
be ineffective from the beginning because they were formulated without sufficient
accounting for interdependencies and supported by limited municipal budgets.

Projects described in Table 6 allow sustainable development of water resources,
including the improvement of knowledge of hydro-climatological data, water
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Table 6 Some achievements in adaptation to climate change in Senegal (Source Ministry of
Environment and Sustainable Development)

Sectors Actions/infrastructure Actors

Coastal zone – Coastal protection works
Direction

– Dams and protective wall;
– Reforestation at littoral
level;

– Coastal Act

Direction of Environment and
Classified Establishments;
Network of Parliamentarians
for the Protection of
Environment in Senegal;
Third World Environment and
Development

Agriculture/ Water Resources /
Livestock

– Control of soil salinization;
– Control of land degradation;
– Landscaping and
watersheds;

– Anti-salt dikes;
– Hydro-agricultural
developments;

– Sustainable land
management practices;

– Agroforestry;
– Basins of retention, pastoral
ponds

Direction of Environment and
Classified Establishments;
Retention Basins and
Artificial Lakes Branch;
Agency of Great Green Wall;
Sustainable and Participatory
Energy Management Project;
Water and Forest Service;
National Institute of
Pedology; Senegalese Institute
of Agricultural Research

Local governance – Development of integrated
territorial climate plans
mapping of zones’
vulnerability, carbon
footprint;

– Setting up and training of
Regional Committees on
Climate Change

Texas Advanced Computing
Center; United Nations
Development Programme;
Direction of Environment and
Classified Establishments;
Regional Committees on
Climate Change

Risk and disasters
Management

– Establishment of an
interdepartmental Crisis
Management Operational
Center conditioned by an
integrated early warning
system;

– Floods management;
– Installation of undersized
structures against floods

Continuous Professional
Development; National
Agency for Civil Aviation and
Meteorology; Direction of
Environment and Classified
Establishments; Direction of
Planning Restructuring of
Flood Areas; National Office
of Sanitation of Senegal

Fisheries and biodiversity – Creation of Protected
Mayors Areas;

– Aquaculture development;
– Community Nature
Reserves

Municipal Development
Agency; Direction of Marine
Protected Areas; National
Parks Direction; International
Union for Conservation of
Nature
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conservation, development of hydraulic infrastructures, management of risk, and
environmental preservation, particularly in sensitive and fragile areas.

Senegal has also developednewguidelines, commonly knownasNationalAdapta-
tion Plans (NAPs), in coordinationwith the 16thConference of the Parties onClimate
Change (COP16), held in 2010 in Mexico. Thus, adaptation to climate change has
been integrated into water resource planning in the medium and long term. Good
water policy in Senegal is also based on promoting the active contributions of stake-
holders in the design, implementation and management of water resource programs
and projects.

Although Senegal has a sufficient supply of water during the rainy season, poor
geographical distribution and high rainfall variability as well as inadequate manage-
ment, lead to water scarcity in some areas. Thus, in spite of significant advances,
water availability remains uncertain for areas facing quality problems (fluoride, water
pollution), supply challenges (overexploitation of aquifers) and access, because of the
very high cost of resource mobilization. Compounding these difficulties are insuf-
ficient budgets for the water sector. Regulation and enforcement are not consis-
tently coordinated among ministries, and there has been inadequate investment in
storage infrastructure due to recurring droughts and floods. These needs have been
shortchanged because water resource management tends not to prioritize freshwater
security in the climate change context.

In Senegal, water monitoring is mainly the responsibility of the Directorate of
Water Resources Management and Planning (DGPRE) in collaboration with other
national entities.However,watermanagement in Senegal is implemented at the sector
level, which limits the development of a comprehensive national water resource
management strategy. Many different national authorities oversee various aspects of
watermanagement, such as policy, law creation and enforcement, delivery of services
and consumption (Chitambi 2017). Thus institutional arrangements can be unclear
and/or conflicting.

The number and cross-cutting nature of various authoritative entities creates
dysfunction and therefore serves as a major constraint for freshwater safety. A big
issue is the fragmentation of skills and lack of coordination among organizations
responsible for implementing policies in Senegal and the other countries that share
its basins, as well as questions of authority within and between countries and dupli-
cation of effort. Jointly, this fragmentation has undermined sustainable livelihoods
(Murenga 2003) and driven economic, social and ecological costs to human societies
and to the environment (Kouam-Kenmogne et al. 2006). At the same time, a certain
level of redundancy has advantages in assessing natural land surface waters and inte-
grating water resource management at the national level. In addition, Senegal must
strengthen regional cooperation on water resource management as well as improve
research, data collection and information-sharing on water resource assessment and
management.
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4.2.3 National Initiatives and Strategies for Responding to Climate
Change in the Water Sector

The laws and codes described are a key mechanism for the adaptation of water
resource management to climate change, but their implementation must balance
mitigation and adaptation policies, and claim sufficient legal scope in relation to
other land-use planning documents. Adaptation strategies emphasizewater stress and
drought management, which addresses adaptation for water demand and develop-
ment of freshwater supply and flood risk management, which in Senegal has favored
infrastructure protection (retention basins, dikes, etc.) over prevention and infras-
tructure adaptation. Water stress and flood risk management, as part of the National
Flood Prevention Plan, must be developed and adapted in all vulnerable areas.

Responding to a “water crisis” is in itself insufficient. The real challenge is to adjust
strategies to local contexts in order to overcome obstacles inherent to climate change.
This requires the adoption of the right laws, the right policies, the right institutional
guidelines and clarification of the roles and responsibilities of all stakeholders. As
water governance is also a global concern complicated by cross-border water-sharing
along the Senegal river (represented by the OMVS and OMVG frameworks), it is
critical to pool resources and efforts among all partners and neighboring countries
(predominantly Mali, Guinea, Mauritania and Gambia) in order to deal with the
consequences of climate change, to strengthen the resilience of populations.

Governments must also coordinate their respective laws and policies that touch on
a broad range of societal issues that impact, directly or indirectly, water resources and
align management, service delivery and demand. Appropriate measures are likely to
support a shared vision of the water sector and the pooling of means and ideas in
order to ensure sustainable development of water resources in Senegal.

Achieving the Sustainable Development Goals–particularly Goal 6–requires
effective and sustainable resourcemanagement.A reliable supply ofwater is a prereq-
uisite for the economic and social development of any country. This, in turn, requires
protection and equitable sharing of water resources (Guesnier 2010) through fair and
reasonable governance and the management of water resources as a common, local
and also global heritage whose vital value is recognized by all (Baudru and Maris
2002). Given the role of water resource management for climate change mitigation
and adaptation, freshwater safety is clearly a development priority for Senegal, which
has integrated various strategies for water protection, provision, saving, distribution,
etc. Access to drinking water and sanitation in Senegal must be enabled by integrated
management (Senegal National Blue Book Committee 2010), which is why Senegal
has invested in reconciling economic development with environmental protection
across the country for the benefit of present and future generations to align with the
SDGs (including SDG 6).

Because of the urgency of water resource management to comply with the recom-
mendations of various world water summits, Senegal has been dedicated to coor-
dinating and enabling national and regional actors and programs that mobilize and
secure water resources, such as the Office of Lakes and Waterways and the Agency
for Promotion of the National Hydrographic Network (APRHN) (formerly the Office
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of the Lake deGuiers) to enhance adequate and sustainablemanagement of resources
to meet demand and supply for freshwater.

5 Conclusion

Water resources in Senegal are fragile and subject to the many pressures driven by
human activity and compounded by climate change. The effects of climate change
have become real as the frequency and intensity of droughts and floods increase.
Water pollution in its various forms is increasing and contributes to the degradation
of water quality.

Freshwater security strategies must account for demand, ensuring that any calcu-
lation and approach reflect “real” needs as expressed by the population. Solutions
must first address demand management before increasing net water supply, where
possible. Mobilization of additional water resources to support the overall demand
must include conventional as well as unconventional water resources (e.g., rivers,
lakes and water re-use).

Programs must focus on water resource preservation, including from wetlands
and other aquatic environments. Particular attention must be paid to the preserva-
tion of groundwater resources, including appropriate measures for avoiding over-
exploitation and pollution. Effectivewatermanagement is based on relevant, compre-
hensive and reliable information and decision support tools. Water quality and quan-
tity measurement networks must be maintained and modernized and information
must be accessible to stakeholders involved in water management as stipulated by
principles of good governance. To monitor progress and disseminate good practices,
observatories and water information systems to monitor climate change effects and
impacts on the water resources of the country must be established.
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Chapter 13
Assessment of Hydrological Impacts
of Climate Change on the Diarha
Watershed

Ibrahima Thiaw, Bakary Faty, Honoré Dacosta, Anastasie Mendy,
Abel Vincent Manga, and Amadou Abdoul Sow

Abstract This article assesses the impacts of climate change on surface water
resources in the Diarha watershed, a tributary of the Gambia River, in West Africa.
The analysis is based on the parallel application of two hydrological models (GR4J
and SAC-SMA) with RS Minerve software and includes an automatic optimization
based on a multi-criteria function that aggregates the Nash, Nash-ln, KGE’ and R
criteria according to the Shuffled Complex Evolution-University of Arizona (SCE-
UA) method. The hydrological model that best replicates the rainfall-runoff relation-
ship during the cross-validation phase (1975–1992 and 1998–2003) was fed with
daily climate data projected for the 2050 horizon, while evaluation of future impacts
of climate change on basin hydrology was based on the use of three Regional Climate
Models (IPSL-CM5A-LR, INM-CM4, and GFDL-ESM2G) from CORDEX climate
projections. CDF-t bias correction was applied to these scenarios before application
to the hydrological model. Flow rates of the Diarha river basin were subsequently
calculated in order to characterize their contribution to the projected climate scenarios
at the 2050 horizon. Results indicate that the GR4J model is better able to repro-
duce the observed hydrographs of the Diarha river basin than the SAC-SMA model:
values of the Nash-ln, KGE’ and R criteria were greater than 80% in both calibration
and validation, while the Nash model’s performance varied between 91% (in cali-
bration) and 62% (in validation). The models predict that climate change will have a
significant impact on the Diarha’s future flows, characterized by a decrease in annual
streamflows of 5% under the RCP4.5 scenario and 25% under RCP8.5. The models
furthermore project a decrease in the characteristic high flows (DMAX, DCC_10j,
DCC_20j, DC1, DC2 and DC3) in both emission scenarios.
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1 Introduction

The 1990s and 2000s are marked by a slight resumption of rainfall in the Sahelian
zone (Lebel and Ali 2009; Panthou et al. 2014; Fall 2014; Marega 2016) after a
long period of drought that not only weakened the functioning of hydrosystems but
also affected human activities such as agriculture, fisheries and livestock (Dacosta
1989; Servat et al. 1998). This return of rainfall intensity has been observed across
several West African watersheds, including the Senegal (Cissé et al. 2014), Gambia
(Faye 2018), and Diarha (Thiaw 2017) rivers, putting their hydrological functioning
at risk. It has been suggested that the return to humid conditions observed in some
West Africanwatersheds over the past few decades could be caused by anthropogenic
contributions to climate change (Paeth and Hence 2004). However, the monitoring
and assessment of these hydrosystems are hampered by a low density of moni-
toring networks associatedwith a lack of financial resources for national hydrological
services (Bodian et al. 2015), so the attribution of hydrological impacts of climate
change to rainfall or any other cause or causes would not be based on robust data.

Spot data for temperature, precipitation and potential evapotranspiration avail-
able at several monitoring stations are key inputs to existing water balance models,
compensating for a lack of flow data (Bop et al. 2014); in our study, a rainflowmodel
transforms time series describing the climatic conditions of a watershed into a series
of flows. This indirect assessment is an essential tool to understand the future of rain-
water and its dynamics in a watershed, the preferred scale for hydrological studies.
Given the complexity of this process, often several mathematical models are used
in parallel: global conceptual models, semi-distributed and distributed models. The
accuracy of these models to simulate flows is improved by calibrating parameters
(Gutpa et al. 2003; Vrugt et al. 2006)—modifying them until the output of the model
corresponds to an observed data set (Liu 2009)—which has enabled automatic opti-
mization techniques for hydroclimatic models in recent decades (Duan et al. 1992;
Vrugt et al. 2003).

Hydrological impacts of climate change include an increase in evaporation
coupled with rainfall variability, which can significantly affect surface runoff,
frequency and intensity of floods and droughts, soil moisture and water available for
irrigation and hydroelectric production (Setegn et al. 2011). InWest Africa, the work
of Roudier et al. (2014) shows that previous studies focused mainly on individual
watersheds and were based on Global- (GCM) or Regional Climate Model (RCM)
projections. More recently, the CORDEX (Regional Climate Reduction Experience
Coordinated, Giorgi et al. 2009; Famien et al. 2018) initiative indicates an overall
decrease in rainfall of 20%-30% inAfrica, resulting in a decrease in river flow ranging
from 40 to 60% (Biao 2017).

In Senegal, studies of the Gambia and Senegal river basins (Ardoin-Bardin et al.
2009; Bodian et al. 2013; Roudier et al. 2014; Mbaye et al. 2015; Bodian et al. 2018;
Stanzel et al. 2018) suggest a decrease in the flow of its rivers by the end of the
twenty-first century, correlating with a decrease in precipitation. Future impacts of
climate change have not been projected for the Diarha sub-basin. The few studies of
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the large basins of the Gambia, at Gouloumbou (Ardoin-Bardin et al. 2009; Stanzel
et al. 2018) and Mako (Bodian et al. 2018), project a reduction in water resources in
the Gambia of between −4 and 26%, but these studies do not provide disaggregate
projections at the level of each sub-basin of the Gambia. It is essential to assess the
sensitivity ofwater resources to future climate change at finer spatial scales in order to
understand fluctuations, given the significant uncertainties of hydroclimatic models
(Brulebois 2016; Stanzel et al. 2018). In addition, the local analysis provides a basis
for integrating climate into sustainable water resource management and exploitation
policies (e.g., water management design, hydroelectric development, the definition
of appropriate adaptation strategies to reduce the vulnerability of ecological systems
to irregular rainfall and flow variability).

Two models of RS Minerve (GR4J and SAC-SMA) were compared to evaluate
the hydrological impacts of climate change on the Diarha river basin. The CORDEX
approach among three regional climate models (IPSL -CM5A-LR, INM-CM4 and
GFDL-ESM2G) that best reflects the rainfall-runoff relationship during the cross-
validation phase (1975–1992 and 1998–2003) will be applied to project flows of the
Diarha in the near future (2020–2050).

2 Materials and Methods

2.1 Study Area

The Diarha catchment is a tributary of the left bank of the Gambia River. It extends
between the parallels 12°26’ and 12°63’ and the meridians −12°86’ and −12°57’.
The physical environment of the basin has been described in earlier work (Thiaw
et al. (2017)). With an area of 759.3 km2 and a perimeter of 145.1 km, the Diarha
extends 45 km upstream-to-downstream. Geologically, the basin lies entirely in the
Paleozoic and Proterozoic formations of the Birrimian basement, which has given
rise, as a result of the physicochemical alteration of the rocks, to low permeability
and very fragile soils. Its Sudano-Guinean climate is marked by the spatial and
temporal variability of precipitation since the 1967 climate break. From that time to
the year 2014, precipitation in the catchment has decreased by 10.5%. This decrease
in precipitation is attributable to the drought of the 1970s, which has been continuous
since 1968 for all the rainfall stations studied, and the magnitude of which, analyzed
by the Standardized Precipitation Index (SPI), is greater than that of the offsettingwet
period (1921–1967) (Thiaw 2017). In addition to changing its hydrological regime
and increased water erosion problems (Thiaw and Dacosta, 2017), this drought has
resulted in diminished rainfed and dry season farming systems, now threatening food
self-sufficiency. However, a slight return of rainfall conditions has been noted over
the last two decades (1991–2010) (Thiaw 2017) which also implies potential changes
in the hydrological behavior of the watershed.
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2.2 Data and Tools

2.2.1 Observed Data

The observed data (temperatures and daily rains) used in this study are from the
national meteorological agencies of Senegal and Guinea Conakry. Figure 1 shows
that the rainfall stations in the basin are very poorly distributed, with only three
stations in the basin itself, with another located in the east, far from the basin.

Table 1 provides the inventory of available climatic data and the percentage
of days that are unmeasured for each station during the reference period 1960–
2012. Although not common to all stations, this period is consistent with observed
temperature and rainfall data and has relatively few gaps.

Hydrological data from the Diarha station at the road bridge are from the database
of the Water Resources Management and Planning Directory (DGPRE). The Diarha
was followed regularly between 1972 and 1992, with only a two-year gap between
1973 and 1974. Its average annual flow is 7 m3/s, which equates to a volume of about
212.106 m3/year (Thiaw 2017).

Fig. 1 Diarha watershed—Location map of monitoring networks
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Table 1 Inventory of rainfall and daily temperature data observed

Longitude Latitude Station Id. Data
Description

Start of record End of record Gap %

−12.15 12.25 Bandafassi Daily
Rainfall

1/1/1975 1/1/2014 0.05

−12.64 12.46 Dakately Daily
Rainfall

1/1/1980 1/1/2015 26.51

−12.01 12.25 Fongolimbi Daily
Rainfall

1/1/1963 1/1/2015 0.02

−12.13 12.34 Kédougou Daily
Rainfall

1/5/1918 12/31/2016 0.02

Daily
Temperature

1/1/1961 12/31/2013 0.01

−13.11 12.47 Koundara Daily
Rainfall

1/1/1950 12/31/1994 0.004

−12.18 11.19 Labé Daily
Rainfall

1/1/1923 1/1/2013 1.2

Daily
Temperature

1/1/1950 12/31/2012 1.1

−12.11 12.64 Laminia Daily
Rainfall

1/1/1989 12/31/2002 0.5

−12.56 12.39 Nepin-Diakha Daily
Rainfall

1/1/1980 12/31/2001 2.0

−12.69 10.81 Pita Daily
Rainfall

1/1/1950 12/31/1982 0.10

−12.81 12.63 Salemata Daily
Rainfall

1/5/1973 1/1/2015 4.05

−11.47 12.47 Saraya Daily
Rainfall

1/1/1948 1/1/2015 0.01

−11.40 11.26 Tougué Daily
Rainfall

1/1/1968 11/9/2014 1.26

−13.30 12.50 Youkounkoun Daily
Rainfall

1/1/1950 1/1/1995 5.89

−11.23 12.85 Kéniéba Daily
Temperature

1/1/1950 31/12/2012 1.1

−12.08 10.36 Mamou Daily
Temperature

1/1/1960 31/12/2006 0.01

2.2.2 RS Minerve Model

RSMinerve is a hydrological and hydraulicmodeling software programdeveloped by
the Center for Research on the Alpine Environment (CREALP) and Hydro Cosmos
SA, in collaboration with the Polytechnic University of Valencia, Hydro10 and the
Federal Polytechnic School of Lausanne. It simulates the production and transfer of
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flows over a complex watershed according to a semi-distributed conceptual scheme
and an object-oriented approach. It incorporates several rain-flow models, such as
GSM, SOCONT, SAC-SMA, GR4J and HBV.

The RS Expert module of the software allows a thorough evaluation of simu-
lation results. Automatic calibration is applied using different algorithms, such as
Shuffled Complex Evolution, developed by the University of Arizona (SCE-UA)
(Duan et al. 1994) and the Uniform Adaptive Monte Carlo (Gilks et al. 1998; Liu
2001). The coupledmethod, Latin Hypercube (Rosenbrock 1960), calculates the best
hydrological parameters according to a user-defined Objective Function (OF). For
fluvial propagation, Lag-Time, Kinematic-Wave, Muskingum-Cunge and St-Venant
are applied. In addition, the scenario-simulation module simulates weather scenarios
or other parameters to study the variability and sensitivity of model results.

The two RS Minerve models GR4J and SAC-SMA tested in this study are cali-
brated in a semi-distributed conceptual mode to distinguish the respective contribu-
tions of each sub-basin to the natural flow of the large basin (Figs. 2 and 3). They
require (i) a spatial meteorological database (virtual stations) which provide daily
rainfall and temperature for each climate station, and (ii) the vector layers of the
watersheds for the automatic calculation of mean rainfall and potential evapotran-
spiration (ETP). The Diarha basin has been described accordingly in the ArcMap
environment to create Hydrological Response Units (HRU), which include area, the
center of gravity (x, y and z) and the longest flow-path of each HRU (Table 2). Using
the RS Minerve GIS module, the vector layers of the HRUs were imported into the

Fig. 2 Topology of the full model GR4J: production, transfer, then transport
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Fig. 3 Topology of the full model SAC-SMA: production, transfer, then transport

Table 2 Parameters of hydrological response units

HRU Area (km2) Longest Flow path (m) X (m) Y (m) Z (m)

Termessé 274.8 40,300 741,466 1,375,370 132

Niogola 159.3 28,500 747,162 1,365,570 174

Fangama 93.7 20,600 756,923 1,369,230 160

Bilèle 19.7 10,080 742,252 1,390,280 66

Diouguel 73.93 24,180 758,190 1,379,220 93

Dakately 44.03 12,470 752,031 1,379,030 107

Gokodou 14.43 8,212 747,620 1,390,750 74

Kéwé 44.42 12,380 750,577 1,386,850 92

Mbéma 31.57 10,724 744,745 1,394,010 62

program; because each sub-basin is associated with a virtual weather station (Figs. 2
and 3), the coordinates for the centers of gravity (x, y and z) have been used for
spatial interpolation using the Thiessen polygon method (Roche 1963). The ETP
was calculated using Oudin’s methodology (2006), which is based on average daily
temperatures and the latitude of the study area.
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2.3 Methods

In this study, two hydrological models of RS Minerve (GR4J and SAC-SMA) were
compared. The model that best reproduced the hydrographs observed during the
calibration (1975–1992) and validation (1998–2003) phases were used to reconstruct
flow data that was missing for the Diarha over three periods (1961–1974; 1993–1997
and 2004–2012). This enabled consideration of a continuous period of discharges
from 1961 to 2012. In addition, the same model was used to project future flows
(horizon 2050) to anticipate the impact of climate change on surface water resources
of the Diarha catchment. CORDEX simulations produced climate outputs that were
subject to three RCM (IPSL-CM5A-LR, INM-CM4, and GFDL-ESM2G). In addi-
tion, characteristic high (DCC) and low (DCE) flow rates were applied to projected
climate scenarios through 2050.

2.3.1 Structure of Hydrological Models

GR4J Hydrological Model

The GR4J model (Perrin et al. 2003) is based on two reservoirs (production and
routing) and two unitary hydrographs (UH1 and UH2). The model simulates flows
through the production and transfer functions (Fig. 4). It first neutralizes equivalent
daily rainfall (Peq) by potential daily evapotranspiration to determine net rain (Pn)
and net evapotranspiration (En) (Garcia Hernandez et al. 2018):

Pn = Peq−ET P

En = 0 Si P ≥ ET P

Pn = 0 Si P > ET P

En = ET P − Peq (1)

When Pn deviates from zero, a part of Pn denoted (Ps) feeds the production
reservoir (S), as presented in Eq. 2. Similarly, if En is not zero, the evapotranspiration
of the production reservoir (Es) is calculated as a function of the level of water
contained in Ps as described in Eq. 3.

Ps = d

dt

X1.
(
1 − ( S

X1 )
2
)
.tanh

(
Pn.dt
X1

)

1 + (
S
X1

)
.tanh
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) (2)

Es = d
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S.
(
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.tanh

(
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)
.tanh

(
En.dt
X1

) (3)

where

Ps intensity of the rain feeding the production reservoir
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Fig. 4 Conceptual scheme of the GR4J model (Garcia Hernandez et al. 2018)

X1 maximum capacity of the production reservoir;
S water content in the production reservoir
Es evapotranspiration of the production reservoir

The percolation (iPerc) from the production reservoir is therefore calculated as:

i Perc = d

dt
(S + (Ps − Es).dt).

(
1 −

(
1 +

(
4

9
.
S + (Ps − Es).dt)

X1

)
4

)
− 1

4

)

(4)

The variation of the production reservoir (S) is:

dS

dt
= Ps − Es − i PercS ≥ 0 (5)

The amount of water routed to the routing reservoir (iPr) is determined by:



286 I. Thiaw et al.

i Pr = i Perc + (Pn − Ps) (5)

where 90%of iPr is transportedbyunit hydrograph (UH1) andby the routing reservoir
and the remaining 10% by a second unit hydrograph (UH2).

Four parameters are used to calibrate the model:

X1 the size of the production reservoir
X2 exchanges between surface water and groundwater (if X2 < 0, groundwater

feeds runoff and vice versa if X2 > 0, runoff feeds groundwater)
X3 maximum capacity of the transfer reservoir
X4 the base time of the flood (Fig. 4) on which the two-unit hydrographs UH1 and

UH2 depend

A more detailed description of the GR4J model is available in the RS Minerve
software technical manual (Garcia Hernandez et al. 2018) and in Perrin et al. (2003).

SAC-SMA Hydrological Model

SAC-SMA or SACRAMENTO (Fig. 5) is a semi-distributed conceptual model,
developed in the 1970s (Burnash et al. 1973, Burnash 1995) to facilitate the simu-
lation of river flows by optimizing soil moisture and percolation. It is widely used
for flood forecasting in river forecast centers across the United States. Satisfactory
results in hydrological modeling are demonstrated by Ajami et al. (2004); Anderson
et al. (2006); Gan and Burges (2006); Laura et al. (2016). The model runs on a daily
basis with rain and ETP as input data. The ability of the model to simulate flow rates
depends primarily on the initial parameters and conditions presented in Table 3.

2.3.2 Optimization of Hydrological Models

The automatic optimization of the models is based on the use of a multi-criteria
function, which aggregates the Nash, Nash-ln, KGE’ and R (Table 4) criteria, to
avoid the biases that could result from the use of just one criterion (Nash).

The Shuffled Complex Evolution-University of Arizona (SCE-UA) method was
used for the automatic calibration of models. SCE-UA is a global optimization
method (Duan et al. 1992) based on the best characteristics of several algorithms
(Kan et al. 2016) and on the Nelder and Mead (1965) simplex method for linear
operations. This approach was developed to improve the calibration of hydrocli-
matic models (Ajami et al. 2004, Muttil and Liong 2004, Blasone et al. 2007)—in
this case, rainflow conceptual models (CRR models). It has recently been applied
successfully towatershed resourcemanagement (Zhu et al. 2006; Liu et al. 1998; Jeon
et al. 2014). SCE-UA synthesizes several techniques: (i) combining probabilistic and
deterministic approaches, (ii) systematic evolution of a complex of points covering
the parameter space, (iii) competitive evolution and, (iv) the Shuffling complex.
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Fig. 5 Conceptual scheme of the SAC-SMA model (Garcia Hernandez et al. 2018)

Numerous studies using different CRR models, including hydrological (HYMOD),
six parameters (SIX-PAR) and SAC-SMA (Duan et al 1992, Sorooshian et al. 1993,
Eckhardt and Arnold 2001) have shown that SCE-UA is an efficient, consistent and
flexible algorithm for the automatic calibration of environmental models.

SCE-UA optimization is based on the number of objective criteria selected and
the maximum number of iterations (MAXN) until the optimal value is reached,
based on a defined Objective Function (OF). A random draw of 7,000 combinations
of parameters for each model is then run to identify optimal values. Finally, 295
iterations of the functions of production and transfer by the models were run, to
which local adjustment of the parameters were applied. This process allows a choice
of model parameters to best reflect the relationship of rain to flow.

2.3.3 Downscaling of Regional Climate Models

In this study, the CDF-t method developed by Michelangeli et al. (2009) is used to
adjust the regional climatemodels IPSL-CM5A-LR, INM-CM4, andGFDL-ESM2G
produced by CORDEX climate projections. According to Famien et al (2018), this
method consists of matching the CDF of a climate variable simulated by a model
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Table 3 Initial parameters and conditions of the SAC-SMA model

Object Name Units Description Regular range

SAC-SMA S km2 Area of the watershed >0

Adimp – Maximum fraction of an additional
impervious area due to saturation

0 to 0.2

Pctim – Permanent impervious area fraction 0 to 0.05

Riva – Riparian vegetation area fraction 0 to 0.2

UztwMax mm Upper Zone Tension Water capacity 0.01 to 0.15

UzfwMax mm Upper Zone Free Water capacity 0.005 to 0.10

Uzk 1/d Interflow depletion rate from the Upper
Zone Free Water storage

0.10 to 0.75

Zperc – Ratio of maximum and minimum
percolation rates

10 to 350

Rexp – Shape parameter of the percolation curve 1 to 4

Pfree – Percolation fraction that goes directly to
the Lower Zone Free Water storage

0 to 0.6

LztwMax mm Lower Zone Tension Water capacity 0.05 to 0.40

LzfpMax mm Lower Zone primary Free Water capacity 0.03 to 0.80

LzfsMax mm Lower Zone supplementary Free Water
capacity

0.01 to 0.40

Rserv − Fraction of Lower Zone Free Water not
transferable to Lower Zone Tension Water

0 to 1

Lzpk 1/d Depletion rate of the Lower Zone primary
Free Water storage

0.001 to 0.03

Lzsk 1/d Depletion rate of the Lower Zone
supplemental Free Water storage

0.02 to 0.3

Side − Ratio of deep percolation from Lower Zone
Free Water storage

0 to 0.5

Adimlni mm Initial Tension Water content of the Adimp
area

–

Uztwlni mm Initial Upper Zone Tension Water content –

Uzfwlni mm Initial Upper Zone Free Water content –

Lztwlni mm Initial Lower Zone Tension Water content –

Lzfplni mm Initial Lower Zone Free supplementary
content

–

Lzfslni mm Initial Lower Zone Free primary content –

to the CDF of the same variable in observations through a mathematical function
(the transform). The CDF-t approach can be considered an extension of Q-matching,
because it directly provides CDFs. Instead of applying the quantile–quantile correc-
tion (Déqué 2007), it takes into account only the probability distribution. The CDF-t
adjusts model outputs based on the historical data and gauge observations of trans-
formations from the CDFs. The method assumes a transformation (T) that allows
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Table 4 Performance
indicators

Criterion Scale Idea value

Nash (NSE)
Nash-ln
Pearson (R)
KGE’ (modified KGE-statistic)

−∞ to 1
−∞ to 1
−1 to 1
0 to 1

1
1
1
1

Nash is the Nash-Sutcliffe coefficient; Xsim,t is the simulated flow
at time step t;Xref,t is observedflowat time step t;KGE’ ismodified
KGE-statistic; R is correlation coefficient between simulated and
reference flow; β is the ratio between the mean of the simulated
flows and the mean of reference ones; γ is variability ratio (ratio
between the coefficient of variation of the simulated flows and the
coefficient of variation of the reference ones)

Table 5 Regional Climate Models (RCM) used in this study

Modeling
Center or
Group

Model Name Resolution Scenarios
RCP

Present
Period

Historical Future
Period

NOAA
Geophysical
Fluid
Dynamics
Laboratory

GFDL-ESM2G 0.5° ×
0.5°

4.5 and
8.5

1961–2012 1950–2005 2020–2050

Institute for
Numerical
Mathematics

INM-CM4 0.5° ×
0.5°

4.5 and
8.5

1961–2012 1950–2005 2020–2050

Institute
Pierre-Simon
Laplace

IPSL-CM5A-LR 0.5° ×
0.5°

4.5 and
8.5

1961–2012 1950–2005 2020–2050

translation of the CDF of a GCM/RCM variable to be the predictor of the CDF
representing the local climate at a given weather station (Michelangeli et al. 2009).
FSh stands for the CDF of observed and historical daily temperature/precipitation
data, and FGh stands for the CDF of model outputs at a given grid cell for the same
period. FGf and FSf are the CDF equivalent to FGh and FSh but for a future period.

T (FGh(x)) = FSh(x) (7)

Define u = FGh (x) and thus x = F − 1Gh (u) with u ∈ [0, 1]. Replacing (x) in
Eq. 7 allows the following definition for transform T:

T (u) = FSh
(
F− 1
Gh (u)

)
(8)

In which T denotes the functional relationship between the CDF of observation
and simulation results over a historical period. Thus, assuming that the relationship
in Eq. 8 will remain valid in the future, and the corrected CDF is given by:
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FSf(x) = FSh
(
F− 1
Gh (FGf(x))

)
(9)

As with all methods, CDF-t results and technical constraints have their strengths
and weaknesses. An important advantage of CDF-t is that it has been extensively
tested and referenced in various publications since 2009 (Michelangeli et al. 2009;
Vrac et al. 2012, Vrac and Friederichs 2015, 2016; Vigau et al. 2013; Grouillet
et al. 2016; Famien et al. 2018). The Regional Climate Models used in this study
are presented in Table 5. They are bias-corrected at the scale of West Africa within
CORDEX climate projections (Famien et al. 2018).

3 Results

3.1 Efficiency of the SAC-SMA Model
in the Cross-Validation Phase

The comparison of observed and simulated hydrographs shows that the SAC-SMA
model reproduces average flows of the Diarha better than it does low flows and flood
peaks. Parameters calibrated between 1975 and 1992 give the best Nash criteria
(0.89 for calibration and 0.62 for validation; the Nash calculated from the logarithm
(Nash-ln) ranges from 0.52 (calibration) to 0.37 (validation)) (Figs. 6, 7, 8 and 9).

Fig. 6 Calibration of the SAC-SMA model over the period 1975–1992
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Fig. 7 Validation of the SAC-SMA model over the period 1998-2003

Fig. 8 Calibration of the GR4J model over the 1975–1992 period

3.2 Efficiency of the GR4J Model in the Cross-Validation
Phase

Performance criteria calibrated with the GR4J model over the calibration (1975–
1992) and validation (1998–2003) periods show good superimposition of the
observed and simulated daily hydrographs. The calculated Nash logarithm (Nash-ln)
gives the best results (0.96 for calibration and 0.90 for validation). Pearson (R) and
Kling Gutpa Efficiency (KGE’) values are greater than 80% in both calibration and
validation. These criteria (R and KGE’), although very sensitive to extreme values



292 I. Thiaw et al.

Fig. 9 Validation of the GR4J model over the period 1998–2003

(Legates and McCabe 1999), remain good indicators for the simulation of Diarha
streamflows. The output for calibration (1975–1992) and validation (1998–2003)
shows that the GR4J model has been well-calibrated to simulate future flows.

Results indicate that the GR4J model repruces the observed Diarha flow more
accurately than does the SAC-SMA model. For this reason, parameters (X1, X2, X3
and X4) of its 1975–1992 calibration period were used to reconstruct the missing
flows over the periods 1961–1974; 1993–1997 and 2004–2012 (Fig. 10).

Fig. 10 Observed and simulated daily hydrograph of Diarha
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Table 6 Segmentation of the
annual flow series of the
Diarha Basin

Beginning End Mean discharge (m3/s)

1961 1967 9.82

1968 1993 6.01

1994 2012 8.2

Fig. 11 Demonstration of the presence of rupture at all thresholds of confidence by the Bois’
Ellipse on the annual flows of Diarha

Buishand’s test (Buishand 1982) and Hubert’s segmentationmethod (Hubert et al.
1998) were applied to streamflow chronicles to analyze their stability, using Khrono-
Stat software (IRD 1998). Results indicate that the streamflow series of the Diarha is
not stationary, exhibiting several breaks as revealed by the segmentation of Hubert
(Table 6) and the Bois ellipse (Fig. 11).

Annual mean flows of the Diarha show breaks in 1967, 1990 and 2012,
characterized as:

– a wet phase (1961–1967) with an average annual flow of 9.82 m3/s;
– a dry phase (1968–1993) with an average flow of 6.01 m3/s/year;
– a wet phase (1994–2012), with an average flow of 8.2 m3/s/year.

3.3 Future Temperature and Precipitation Changes

The Cumulative Distribution Function transformation (CDFt) was applied to daily
temperature and precipitation data to assess the capacity of regional climate models
(INM-CM4, GFDL-ESM2G and IPSL-CM5A-LR) to forecast precipitation and



294 I. Thiaw et al.

temperature of the Diarha catchment. This method has been applied in several studies
to correct the extreme signals of climate models (Guo et al. 2018;Mbaye et al. 2018).

Results show that the CDFt method effectively corrects the variation of future
temperature (Fig. 12) and rainfall (Fig. 13) of the Diarha catchment.

The IPSL-CM5-A-LR, INM-CM4 and GFDL-ESM2G models predict, under the
RCP4.5 scenario, an increase in mean temperatures of 1.4 °C; 1.7 °C and 0.9 °C,
respectively in 2050 horizon. This increase is more pronounced under the RCP8.5
scenario, in which the same models forecast an increase of 1.99 °C; 2.04 °C and 1.09
°C, respectively, in 2050.

The CDFt projection shows that in both the RCP4.5 and RCP8.5 emission
scenarios, there is a downward trend in rainfall in the Diarha catchment. Compared to
the period 1961–2012, precipitation is expected to decrease in 2050 by between 2.1%

Fig. 12 Temperature biases corrected under RCP4.5 and RCP8.5
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Fig. 13 Precipitation biases corrected under RCP4.5 and RCP8.5

Fig. 14 Projected average temperatures of the Diarha basin under RCP4.5 and RCP8.5

(RCP4.5) and 12% (RCP8.5), signaling that the warming and decreased precipita-
tion that results from climate change will probably affect the hydrology of the Diarha
watershed (Figs. 14, 15 and 16).

3.4 Evolution of Annual Streamflow and Characteristic Flow
Rates by 2050

The corrected outputs of Regional Climate Models (RCM) were submitted to the
GR4J model to simulate the evolution of Diarha streamflows by 2050. Compared
to the 1961–2012 reference period, the GFDL-ESM2G, IPSL-CM5A-LR and
INM-CM4 models predict a decrease in streamflows of 0.5%, 1.5% and 12.4%,
respectively.

For the RCP8.5 scenario, the decrease in precipitation, as well as that of flows, is
more severe. Models predict a decrease in precipitation of 7.6% (GFDL-ESM2G) to
17.2% (INM-CM4). For flows, the same models predict a decrease of 16% to 35%.
The overall average RCP8.5 model predicts a decrease in rainfall of 12%, which
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Fig. 15 Relative (a, b) and Absolute (c, d) changes of annual rainfall for the Diarha River under
RCP4.5 and RCP8.5

Fig. 16 Relative change of mean annual flow for the Diarha River under RCP4.5

translates as a reduction in the flow of the Diarha of 25% (Fig. 17). These results
show how streamflow forecasting is highly sensitive to the quality of RCM output
data.

In addition, Diarha’s high (DCC) and low (DCE) characteristic flow rates were
forecast for 2050 climate scenarios, as compared to the 1961–2012 reference period.
Table 7 presents the characteristic flow rates used; Appendices A (RCP4.5) and B
(RCP8.5) show the relative projected changes inDCCandDCEunder their respective
scenarios. Figures 18 and 19 show the variation of the projected DCC and DCE (in
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Fig. 17 Relative change of mean annual flow for the Diarha River under RCP8.5

Table 7 Characteristic flow rates used

Characteristics Acronym Description

High flow DMAX Maximum Daily flow

DCC_10j Characteristic flood flow exceeded 10 days per year

DCC_20j Characteristic flood flow exceeded 20 days per year

DC1 Characteristic flow exceeded 1 month in the year

DC2 Characteristic flow exceeded 2 months in the year

DC3 Characteristic flow exceeded 3 months in the year

DC4 Characteristic flow exceeded 4 months in the year

DC5 Characteristic flow exceeded 5 months in the year

Median Flows exceeded six months in the year

Low flow DC7 Characteristic flow exceeded 8 months in the year

DC8 Characteristic flow exceeded 8 months in the year

DC9 Characteristic flow exceeded 9 months in the year

DC10 Characteristic flow exceeded 10 months in the year

DC11 Characteristic flow exceeded 11 months in the year

DCE_20j Characteristic low flow on a 20-day period

DCE_10j Characteristic low flow on a 10-day period

DMIN Minimum Daily flow
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Fig. 18 Evolution of characteristic flow rates (DCC et DCE) by 2050 under the RCP4.5 scenario

RCP4.5 and RCP8.5 scenarios) for the different RCM, compared to the reference
period 1961–2012.

The simulation results project a reduction of 9% (GFDL-ESM2G model) to 59%
(INM-CM4 model) of the maximum daily flow rates (DMAX) under the RCP4.5
scenario. Only the IPSL-CM5A-LR model forecasts a slight increase of 7%. The
RCP4.5 multi-model set (average of the three RCM) predicts a 15% and 14%
decrease in peak flow achieved or exceeded for 10 days (DCC_10j), 14% for 20 days
(DCC_20j), 16% for one month (DC1), 20% for two months (DC2) and 7% for three
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Fig. 19 Evolution of characteristic flow rates (DCC et DCE) by 2050 under the RCP8.5 scenario

months (DC3). However, all models forecast an increase of 23%, 42% and 50%of the
characteristic flows reached or exceeded for four months (DC4), five months (DC5)
and six months (median flow), respectively, for the period 2020–2050. Low flow
(DC7, DC8, DC9, DC10, DC11, DCE_20j, DCE_10j, and DMIN) models project
an average increase of 59% under the scenario RCP4.5.

The decrease in characteristic rates is more pronounced under the RCP8.5
scenario. The GFDL-ESM2G and INM-CM4 models predict a decrease of 35%
and 47% in DMAX; 24% and 97% (DCC_10j); 30% and 93% (DCC_20j); 27% and
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98% (DC1); 27% and 63% (DC2); and 4% and 11% (DC3), respectively. Model
IPSL-CM5A-LR, predicts a 20% increase in DMAX, and a chronic decrease in
DCC_10j (57%), DCC_20j (86%), DC1 (96%) and DC2 (67%), by 2050. Overall
averages with RCP8.5 (multi-model-RCP8.5) predicts a decrease of 41% (DMAX),
66% (DCC_10j), 80% (DCC_20j and DC1), 51% (DC2) and 7% (DC3). The models
also predict by 2050 an increase of 23%, 32% and 33% of the DC4, DC5 and median
flows, respectively.

For low flow characteristic rates (DC7, DC8, DC9, DC10, DC11, DCE_20j,
DCE_10j, and DMIN), models predict an average increase of 63% by 2050, under
RCP8.5. In sum, the hydrological model submitted to the outputs of regional climate
models projects a decrease in DMAX, DCC_10j, DCC_20j, DC1, DC2 and DC3,
and an increase in Diarha low flow characteristic rates under both emission scenarios
(RCP4.5 and RCP8.5). The hydrological model only predicts an increase in DMAX
with the outputs of the IPSL-CM5A-LR model under both RCP scenarios.

4 Discussion and Conclusions

Predicting the variation ofwater volumes in awatershed is essential because it enables
planners to assess the correlation between water demand and water availability in
order to anticipate and manage potential conflicts among users and sectors. In this
study, two hydrological models, GR4J and SAC-SMA, of the RS Minerve were
calibrated based on existing rainfall data for the periods 1975–1992 and 1998–2003.
Results show that the GR4J model is better correlated with actual observed flow
rates of the Diarha over the calibration (1975–1992) and validation (1998–2003)
phases. The parameters X1, X2, X3 and X4were determined based on the calibration
period and used to simulate flow rates over the missing periods. This allowed for
the extension of data to represent discharges continuously from 1961 to 2012. In
addition, randomness verification tests show the absence of stability on Diarha flow
chronicles, confirming the sensitivity of climate variables to climate change. (Stanzel
et al. 2018). The work of Thiaw (2017) confirms that rainfall series in the Diarha
catchment are marked by high interannual variability and long-term fluctuations,
from a very wet period between 1921 and 1967 to a very dry period between 1968
and 1990, followed by a slight return of rainfall starting in the 2000s.

At the same time, it should be noted that flow rates do not depend solely on climate.
Several factors related to the hydrological structure of the watershed (geology,
pedology, land use, etc.) may also impact model outputs. Unfortunately, the GR4J
model, though calibrated in semi-distributed conceptual mode, does not integrate
land use dynamics in the flow simulation. In addition, several studies have shown
that this model does not fully account for the relationship between groundwater
and surface water (Fabre et al. 2014, Bodian et al. 2018). Therefore, depending on
the physical characteristics of the basins modeled, the GR4J model overestimates
or underestimates low flows and peak flows. There are other hydrological models
that better take into account the interaction between groundwater and surface water
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(Pulido-Velazquez et al. 2007); however, their application at the scale of the Diarha
catchment is difficult because of the scarcity of hydrogeological data. Overall, despite
its inability to integrate the atmosphere-water-vegetation cycle, the semi-distributed
conceptual approach of the GR4J model correlates simulated and observed Diarha
hydrographs well.

After calibrating the GR4J model and taking into account the interannual vari-
ability of the Diarha flows, the outputs of the RCM (GFDL-ESM2G, INM-CM4 and
IPSL-CM5A-LR) of the CMIP5 (Coupled Model Intercomparison Project 5) experi-
ment under two Representative Concentration Pathways (RCP4.5 and RCP8.5) were
used to simulate the trend of flows by 2050, compared to the 1961–2012 reference
period. The models predict that by 2050 there will be a decrease in annual mean
flows of the Diarha compared to the 1961–2012 reference period.

Under the RCP4.5 scenario, the models predict a decrease of 2.1% in precipita-
tion and an average temperature increase of 1.4 °C, resulting in a decrease of 5%
in Diarha flows. The decrease of precipitation and, therefore, of streamflow is more
pronounced under the RCP8.5 scenario, which estimates a rainfall decrease of 12%
and an increase in temperatures of 1.8 °C, causing a net decrease of 25% in rainflow.
The models project, beyond the decline in annual flows, a decrease in the character-
istic flow rates (DMAX, DCC_10j, DCC_20j, DC1, DC2 and DC3) and an increase
in low flows in the two emissions scenarios (RCP4.5 and RCP8.5). This increase
in characteristic low flows (DCE) may be due to the limitation of the hydrological
model (GR4J) to model an extremely dry climate.

These results are consistent with those of Bodian et al. (2018) in the Gambia River
at Mako station and Senegal River at Bakel station. In that study, the authors used six
GCMs (CanESM2, CNRM, CSIRO, HadGEM2-CC, HadGEM2-ES and MIROC5)
from CMIP5, and the GR4J model to evaluate the hydrological impact of climate
change. They predicted a decline in Senegal’s streamflow of 8% (RCP4.5) to 16%
(RCP8.5), and a decline in the Gambia’ from 22% (RCP4.5) to 26% (RCP8. 5) by
2050. In addition, Mbaye et al. (2015), using a CORDEX simulation of the regional
REMO climate model as input to the MPI-HM hydrological model, found a decline
in flows, runoff, ETR, and soil moisture in the upper basin of the Senegal River
by 2071–2100, under the scenarios RCP4.5 and RCP8.5. The authors predicted a
decline of more than 50% in the water resources of the Senegal River, especially in
the northern part.

Furthermore, Setegn et al. (2011) used the outputs of nine GCMs under the SRES-
A2 emission scenario and the SWAT model to assess the impact of climate change
on the water resources of Lake Tana, in Ethiopia. They found a significant decrease
in average annual flows by 2080–2100, consistent with the work of Biao, (2017)
in the sub-basins Betou and Bonou of the Oueme River in Benin. In that study,
the HyMoLAP hydrological model was submitted to the outputs of the HIRHAM5
and RCA4 climate models under the RCP4.5 and RCP8.5 scenarios to assess the
hydrological impact of climate change. It noted, under the RCP4.5 scenario, a drop
in river flows with a magnitude ranging respectively from 25% to -39% and from
20% to 37% by 2020 (2011–2040), 2050 (2041–2070) and 2080 (2071–2100), and
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a drop between 15% and 34%; and 18% to 36% over the same time horizons under
the RCP8.5 scenario.

On the other hand, these results contradict the work of Azari et al. (2015) in the
Gorganroudwatershed of Iran. To simulate the hydrological impact of climate change
on this basin, the authors submitted the outputs of the A1F1, A2 and B1 emission
scenarios to the SWAT model. They found an increase in the mean annual flow of
the Gorganroud of 5.8% (A1F1), 2.8% (A2) and 9.5% (B1). In addition, Ardoin-
Bardin et al. (2009), using a hydrological model at monthly intervals (GR2M), using
GCM outputs (CSIRO-Mk2, ECHAM4, HadCM3 and NCAR-PCM) from the IPCC
third report, underscored the failure of these climate models to reproduce actual
precipitation volumes in the Sahelian zone as well as their failure to simulate the
seasonal dynamics of rainfall in the Guinean zone. For this reason, these studies
used two climate scenarios based on the variations predicted by the HadCM3-A2
model to generate precipitation and ETP data to the end of the twenty-first century.
These data then became inputs to the GR2M model to assess the future impacts of
climate change on the flows of the Senegal, Gambia, Sassandra and Chari rivers.
The results indicate a drop-in flows from the Gambia and Senegal rivers and an
increase in the Sassandra and Chari rivers. Variables such as the differences between
rainfall-flow models, the quality of Global/Regional Climate Models used, and the
geography under study (difference in climate, soil, relief, land use, etc.) can be
decisive factors. Future studies should use rainfall-flow models that integrate, in
addition to the climate, other variables that impact the hydrological dynamics of a
watershed (hydrogeology, topography, pedology, land use, etc.), for example, the
HEC-HMS and SWAT models.

This study demonstrates the negative impact of climate change, especially for
characteristic high flows (DCC), and suggests the importance of integrating analysis
into adaptive management programs. These results will be useful to decision-makers
of the Gambia River Basin Development Organization (OMVG) and the Support
Program for Agricultural Development and Rural Entrepreneurship (PADAER) to
build and improve adaptive water resource management practices in the context of
climate change. However, assumptions based on these results should be cautious due
to weak monitoring networks in the Diarha river basin. Future studies would benefit
from the implementation of a robust monitoring network to provide more reliable
data on water resources in order to improve approaches for long-term exploitation
and sustainable management. Also, this research has not specifically studied the
impact of climate change-related changes in streamflow and characteristics in rela-
tion to the water demand-availability balance. Future studies should examine how
climate change will impact different users of Diarha’s water resources and study the
correlation between demand and available water resources in different time horizons
and scenarios. This study will serve as a foundation for this future work.
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Table 8 Relative change in characteristic high flows for different used RCM under RCP4.5

River
Basin

Flow rates GFDL-ESM2G INM-CM4 IPSL-CM5A-LR Multi-Model_RCP4.5

Diarha
river
RCP4.5

DMAX – 0.09 – 0.59 0.07 – 0.20

DCC_10j – 0.07 – 0.26 – 0.12 – 0.15

DCC_20j – 0.07 – 0.18 – 0.18 – 0.14

DC1 – 0.06 – 0.16 – 0.27 – 0.16

DC2 – 0.08 – 0.19 – 0.32 – 0.20

DC3 – 0.04 – 0.05 – 0.12 – 0.07

DC4 0.21 0.24 0.24 0.23

DC5 0.39 0.41 0.46 0.42

Median 0.46 0.48 0.57 0.50

Table 9 Relative change in flows below the median for different chosen RCM under RCP4.5

River
basin

Flow rates GFDL-ESM2G INM-CM4 IPSL-CM5A-LR Multi-Model_RCP4.5

Diarha
river
RCP4.5

DC7 0.49 0.52 0.64 0.55

DC8 0.51 0.54 0.68 0.57

DC9 0.53 0.53 0.71 0.59

DC10 0.39 0.52 0.73 0.55

DC11 0.53 0.54 0.76 0.61

DCE_20j 0.52 0.54 0.76 0.61

DCE_10j 0.53 0.54 0.77 0.62

DMIN 0.54 0.56 0.78 0.63
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Table 10 Relative change in characteristic high flows for different used RCM under RCP8.5

River
Basin

Flow rates GFDL-ESM2G INM-CM4 IPSL-CM5A-LR Multi-Model_RCP8.5

Diarha
river
RCP8.5

DMAX – 0.35 – 0.47 0.20 −0.41

DCC_10j – 0.24 – 0.97 – 0.57 −0.59

DCC_20j – 0.30 – 0.93 – 0.86 – 0.70

DC1 – 0.27 – 0.98 – 0.96 – 0.70

DC2 – 0.27 – 0.63 – 0.62 – 0.51

DC3 – 0.11 – 0.04 – 0.07 – 0.07

DC4 0.13 0.29 0.26 0.23

DC5 0.22 0.38 0.36 0.32

Median 0.23 0.39 0.36 0.33

Table 11 Relative change in flows below the median for different chosen RCM under RCP8.5

River
Basin

Flow rates GFDL-ESM2G INM-CM4 IPSL-CM5A-LR Multi-Model_RCP8.5

Diarha
river
RCP8.5

DC7 0.44 0.74 0.70 0.63

DC8 0.46 0.76 0.71 0.65

DC9 0.48 0.78 0.72 0.66

DC10 0.45 0.77 0.71 0.64

DC11 0.47 0.77 0.68 0.64

DCE_20j 0.46 0.75 0.66 0.63

DCE_10j 0.48 0.74 0.64 0.62

DMIN 0.49 0.73 0.61 0.61

References

Ajami K, Gupta N, Wagener HT, Sorooshian S (2004) Calibration of a semi-distributed hydrologic
model for streamflow estimation along a river system. J Hydrol 298(1–4):112–135. https://doi.
org/10.1016/j.jhydrol.2004.03.033

Anderson RM, Koren VI, Reed SM (2006) Using SSURGO data to improve Sacramento Model a
priori parameter estimates. J Hydrol 320(1–2):103–116. https://doi.org/10.1016/j.jhydrol.2005.
07.020

Ardoin-Bardin S, Dezetter A, Servat E, Paturel JE, Mahé G, Niel H, Dieulin C (2009) Using general
circulation model outputs to assess impacts of climate change on runoff for large hydrological
catchments in West Africa. Hydrol Sci J 54(1):77–89. https://doi.org/10.1623/hysj.54.1.77

Azari M, Moradi HR, Saghafian B, Faramarzi M (2015) Climate change impacts on streamflow
and sediment yield in the North of Iran. Hydrol Sci J 61(1):123–133. https://doi.org/10.1080/026
26667.2014.967695

Biao E (2017) Assessing the Impacts of Climate Change on River Discharge Dynamics in Oueme
River Basin (Benin,WestAfrica). Hydrology 4(4):47. https://doi.org/10.3390/hydrology4040047

Bodian A, Dezetter A, Dacosta H, Ardoin-Bardin S (2013) Impact du changement climatique sur
les ressources en eau du haut bassin du fleuve Sénégal. Rev. Géogr. Lab. Leïd. 2515:236–251

https://doi.org/10.1016/j.jhydrol.2004.03.033
https://doi.org/10.1016/j.jhydrol.2005.07.020
https://doi.org/10.1623/hysj.54.1.77
https://doi.org/10.1080/02626667.2014.967695
https://doi.org/10.3390/hydrology4040047


13 Assessment of Hydrological Impacts … 305

Bodian A, Dezetter A, Dacosta H (2015) Rainfall-runoff modeling of water resources in the upper
Senegal River basin. Int J Water Resour Dev 32(1):89–101. https://doi.org/10.1080/07900627.
2015.1026435

Bodian A, Dezetter A, Diop L, Deme A, Djaman K, Diop A (2018) Future Climate Change Impacts
on Streamflows of TwoMainWest Africa River Basins: Senegal and Gambia. Hydrology 5(1):21.
https://doi.org/10.3390/hydrology5010021

Bop, M.; Amadou, A.; Seidou, O.; Kébé, C.M.F.; Ndione, J.A.; Sambou, S.; Sanda, I.S. Modeling
the Hydrological Dynamic of the Breeding Water Bodies in Barkedji’s Zone. J. Water Resour.
Prot. 2014, 6, 741–755. [Google Scholar]

Blasone R-S, Madsen H, Rosbjerg D (2007) Parameter estimation in distributed hydrological
modeling: comparison of global and local optimisation techniques. Nord Hydrol 38(4–5):451.
https://doi.org/10.2166/nh.2007.024

Brulebois E. (2016). Impacts du changement climatique sur la disponibilité de la ressource en eau
en Bourgogne : aspects quantitatifs et qualitatifs. Sciences de la Terre. Université de Bourgogne.
Français. < NNT:2016DIJOS027 > .<tel-01488290>

Buishand TA (1982) Some methods for testing the homogeneity of rainfall records. J Hydrol 58(1–
2):11–27. https://doi.org/10.1016/0022-1694(82)90066-x

Burnash, R. J., Ferral, R. L., &McGuire, R. A. (1973). A generalized streamflow simulation system,
conceptual modeling for digital computers

Burnash RJC (1995) The NWS river forecast system-catchment modeling. Computer models of
watershed hydrology 188:311–366

Cisse MT, Sambou S, Dieme Y, Diatta C, Bop M (2014) Analyse des écoulements dans le bassin
du fleuve Sénégal de 1960 à 2008. Rev Sci Eau 27(2):167. https://doi.org/10.7202/1025566ar

DACOSTA H. (1989) - Précipitation et écoulements sur le Bassin de la Casamance. Thèse de 3ème

cycle, Faculté des Lettres et Sciences Humaines, Université Cheikh Anta Diop de Dakar, 278 p
Déqué M (2007) Frequency of precipitation and temperature extremes over France in an anthro-
pogenic scenario: model results and statistical correction according to observed values. Global
Planet Change 57:16–26

Duan Q, Sorooshian S, Gupta V (1992) Effective and efficient global optimization for conceptual
rainfall-runoff models. Water Resour Res 28(4):1015–1031. https://doi.org/10.1029/91wr02985

Duan Q, Sorooshian S, Gupta VK (1994) Optimal use of the SCE-UA global optimization method
for calibrating watershed models. J Hydrol 158(3–4):265–284. https://doi.org/10.1016/0022-169
4(94)90057-4

Eckhardt K, Arnold JG (2001) Automatic calibration of a distributed catchment model. J Hydrol
251(1–2):103–109. https://doi.org/10.1016/s0022-1694(01)00429-2

Fabre J, Ruelland D, Dezetter A, Grouillet B (2014) Simulating long-term past changes in the
balance between water demand and availability and assessing their main drivers at the river
basin management scale. Hydrol Earth Syst Sci Dis 11(11):12315–12364. https://doi.org/10.
5194/hessd-11-12315-2014

FALL A. (2014), Le Ferlo sénégalais. Approche géographique de la vulnérabilité des anthroposys-
tèmes sahéliens, thèse de doctorat, Université Paris 13 Sorbonne Paris-cité, 380 p

Famien AM, Janicot S, Ochou AD, Vrac M, Defrance D, Sultan B, Noël T (2018) A bias-corrected
CMIP5 dataset for Africa using CDF-t method. Earth Syst. Dynam. Discuss., under review, A
contribution to agricultural impact studies. https://doi.org/10.5194/esd-2017-111

Faye C (2018) Climatic Variability and Hydrological Impacts in West Africa: Case of the
Gambia Watershed (Senegal). Environmental and Water Sciences, public Health and Territorial
Intelligence Journal 2(1):54–66

Gan TY, Burges SJ (2006) Assessment of soil-based and calibrated parameters of the Sacramento
model and parameter transferability. J Hydrol 320(1–2):117–131. https://doi.org/10.1016/j.jhy
drol.2005.07.008

García Hernández, J., Paredes Arquiola, J., Foehn, A. and Roquier, B. (2018). RS MINERVE—
Technical manual v2.13. RS MINERVE Group, Switzerland

https://doi.org/10.1080/07900627.2015.1026435
https://doi.org/10.3390/hydrology5010021
https://doi.org/10.2166/nh.2007.024
https://doi.org/10.1016/0022-1694(82)90066-x
https://doi.org/10.7202/1025566ar
https://doi.org/10.1029/91wr02985
https://doi.org/10.1016/0022-1694(94)90057-4
https://doi.org/10.1016/s0022-1694(01)00429-2
https://doi.org/10.5194/hessd-11-12315-2014
https://doi.org/10.5194/esd-2017-111
https://doi.org/10.1016/j.jhydrol.2005.07.008


306 I. Thiaw et al.

Gilks WR, Roberts GO, Sahu SK (1998) Adaptive Markov Chain Monte Carlo through Regenera-
tion. Journal of the American Statistical Association 93(443):1045. https://doi.org/10.2307/266
9848

Giorgi, F. Jones, C. &Asrar G.R (2009). Addressing climate information needs at the regional level:
the CORDEX framework. WMO Bull., 58 (3) (2009), pp. 175–183

Guo L-Y, Gao Q, Jiang Z-H, Li L (2018) Bias correction and projection of surface air temperature in
LMDZmultiple simulation over central and easternChina.Advances inClimateChangeResearch
9(1):81–92. https://doi.org/10.1016/j.accre.2018.02.003

Gupta, H. V., Bastidas, L. A., Vrugt, J. A., & Sorooshian, S. (2003). Multiple criteria global
optimization for watershed model calibration. Calibration of Watershed Models, 125–132

GrouilletB,RuellandD,AyarPV,VracM(2016)Sensitivity analysis of runoffmodeling to statistical
downscaling models in the western Mediterranean. Hydrol Earth Syst Sci 20:1031–1047

Hubert P., Servat E., Paturel J-E., Kouamé B., Bendjoudi H., Carbonnel J-P., et Lubes-Niel H., 1998.
La procédure de Segmentation, 10 ans après. http://horizon.documentation.ird.fr/exl-doc/pleins_
textes/divers09–04/010017937.pdf

IRD (1998)-KhronoStat version 1.0. Logiciel, IRD, Montpellier. IRD, (1998)-KhronoStat version
1.0. logiciel, IRD, Montpellier. URL : http://www.hydrosciences.org/spip.php?article239

Jeon J-H, Park C-G, Engel B (2014) Comparison of Performance between Genetic Algorithm and
SCE-UA for Calibration of SCS-CN Surface Runoff Simulation.Water 6(11):3433–3456. https://
doi.org/10.3390/w6113433

Kan G, Liang K, Li J, Ding L, He X, Hu Y, Amo-Boateng M (2016) Accelerating the SCE-UA
Global Optimization Method Based on Multi-Core CPU and Many-Core GPU. Advances in
Meteorology 2016:1–10. https://doi.org/10.1155/2016/8483728

Legates DR, McCabe GJ (1999) Evaluating the use of “goodness-of-fit” Measures in hydrologic
and hydroclimatic model validation. Water Resour Res 35(1):233–241. https://doi.org/10.1029/
1998wr900018

Lebel T, Ali A (2009) Recent trends in the Central and Western Sahel rainfall regime (1990–2007).
J Hydrol 375(1–2):52–64. https://doi.org/10.1016/j.jhydrol.2008.11.030

Liu JS (2001) Monte Carlo Strategies in Scientic Computing. Springer Verlag, New-York, p 343p
LiuY (2009) Automatic calibration of a rainfall–runoff model using a fast and elitist multi-objective
particle swarm algorithm. Expert Syst Appl 36(5):9533–9538. https://doi.org/10.1016/j.eswa.
2008.10.086

Lujano Laura E, Sosa Sarmiento JD, Lujano Laura A, Lujano Laura R (2016) Modelación
hidrológica semidistribuida en la región hidrográfica del Titicaca: caso de estudio cuenca del
río Ramis, Perú. Revista de Investigaciones Altoandinas - Journal of High Andean Research
18(4):431. https://doi.org/10.18271/ria.2016.235

MAREGA O. (2016), Changements socio-environnementaux et évolution des pratiques agropas-
torales en Afrique sahélienne : étude comparée entre le Ferlo (Sénégal), le Gourma (Mali) et le
Fakara (Niger) » , thèse de doctorat, Université Diderot-Paris 7, 700 p

Mbaye ML, Haensler A, Hagemann S, Gaye AT, Moseley C, Afouda A (2015) Impact of statistical
bias correction on the projected climate change signals of the regional climate model REMO over
the Senegal River Basin. Int J Climatol 36(4):2035–2049. https://doi.org/10.1002/joc.4478

Mbaye, M. L., Diatta, S., & Gaye, A. T. (2018). Climate Change Signals Over Senegal River
Basin Using Regional Climate Models of the CORDEX Africa Simulations. Lecture Notes of
the Institute for Computer Sciences, Social Informatics and Telecommunications Engineering,
123–132

Michelangeli P-A, Vrac M, Loukos H (2009) Probabilistic downscaling approaches: application to
wind cumulative distribution functions. Geophys Res Lett 36:L11708. https://doi.org/10.1029/
2009GL038401

MUTTIL, N., & LIONG, S.-Y. (2004). ARE COMPLEXES IN SCE-UA NECESSARY? Hydroin-
formatics, 874–881

Nelder JA, Mead R (1965) A Simplex Method for Function Minimization. Comput J 7(4):308–313.
https://doi.org/10.1093/comjnl/7.4.308

https://doi.org/10.2307/2669848
https://doi.org/10.1016/j.accre.2018.02.003
http://horizon.documentation.ird.fr/exl-doc/pleins_textes/divers09%e2%80%9304/010017937.pdf
http://www.hydrosciences.org/spip.php?article239
https://doi.org/10.3390/w6113433
https://doi.org/10.1155/2016/8483728
https://doi.org/10.1029/1998wr900018
https://doi.org/10.1016/j.jhydrol.2008.11.030
https://doi.org/10.1016/j.eswa.2008.10.086
https://doi.org/10.18271/ria.2016.235
https://doi.org/10.1002/joc.4478
https://doi.org/10.1029/2009GL038401
https://doi.org/10.1093/comjnl/7.4.308


13 Assessment of Hydrological Impacts … 307

Oudin L (2006) Une formule simple d’évapotranspiration potentielle pour la modélisation pluie-
débit à l’échelle du bassin versant. La Houille Blanche 6:113–120. https://doi.org/10.1051/lhb:
2006109

Paeth H, Hense A (2004) SST versus Climate Change Signals in West African Rainfall: 20th-
Century Variations and Future Projections. Clim Change 65(1/2):179–208. https://doi.org/10.
1023/b:clim.0000037508.88115.8a

Panthou G, Vischel T, Lebel T (2014) Recent trends in the regime of extreme rainfall in the Central
Sahel. Int. J, Clim

Perrin C, Michel C, Andréassian V (2003) Improvement of a parsimonious model for streamflow
simulation. J Hydrol 279(1–4):275–289. https://doi.org/10.1016/s0022-1694(03)00225-7

Pulido-Velazquez, D., Sahuquillo, A., Andrieu, J., & Pulido-Velazquez, M. (2007). An effi-
cient conceptual model to simulate surface water body-aquifer interaction in conjunctive use
management models. Water Resources Research, 43(7). https://doi.org/10.1029/2006wr005064

Roudier P, Ducharne A, Feyen L (2014) Climate change impacts on runoff inWest Africa: a review.
Hydrol Earth Syst Sci 18(7):2789–2801. https://doi.org/10.5194/hess-18-2789-2014

Roche M. (1963).Hydrologie de surface
RosenbrockHH (1960) AnAutomaticMethod for Finding theGreatest or Least Value of a Function.
Comput J 3(3):175–184. https://doi.org/10.1093/comjnl/3.3.175

SERVAT É., PATUREL J.E., KOUAME B., TRAVAGLIO M., OUEDRAOGO M., BOYER J.F.,
LUBES-NIELH., FRITSCHJ.M.,MASSONJ.M.,MARIEUB. (1998) - Identification, caractéri-
sation et conséquences d’une variabilité hydrologique enAfrique de l’Ouest et Centrale. In:Water
Resources Variability in Africa during the XXth Century (Abidjan’98 Conference), É. SERVAT,
D. HUGUES, J.M. FRITSCH, M. HULME édit., Publication AISH, n° 252, p. 323–337

Setegn, S. G., Rayner, D., Melesse, A. M., Dargahi, B., & Srinivasan, R. (2011). Impact of climate
change on the hydroclimatology of Lake Tana Basin, Ethiopia. Water Resources Research, 47(4).
https://doi.org/10.1029/2010wr009248

SorooshianS,DuanQ,GuptaVK (1993)Calibration of rainfall-runoffmodels:Application of global
optimization to the Sacramento Soil Moisture AccountingModel. Water Resour Res 29(4):1185–
1194. https://doi.org/10.1029/92wr02617

Stanzel P,KlingH,BauerH (2018)Climate change impact onWestAfrican rivers under an ensemble
of CORDEX climate projections. Climate Services 11:36–48. https://doi.org/10.1016/j.cliser.
2018.05.003

Thiaw I (2017) Rainfall Variability and Water Supplies in the Diarha Watershed (Tributary of
Gambia River). Hydrology 5(4):41. https://doi.org/10.11648/j.hyd.20170504.11

Thiaw I, Dacosta H (2017) Mapping of Soil Erosion Risk in the Diarha Watershed Using Rusle,
RS and GIS. American Journal of Remote Sensing 5(4):30. https://doi.org/10.11648/j.ajrs.201
70504.11

Thiaw I, Dacosta H, Mendy A, Sow AA (2017) Topographic characterization and mapping of soil
erosion in the Diarha watershed using RUSLE, RS and GIS. International Journal of Advanced
Research 5(12):657–675. https://doi.org/10.21474/ijar01/6005

Vigau N, Vrac M, Caballero Y (2013) Probabilistic downscaling of GCM scenarios over southern
India. Int J Climatol 33:1248–1263

Vrac M, Friederichs P (2015) Multivariate-Intervariable, Spatial, and Temporal-Bias Correction. J.
Climate 28:218–237. https://doi.org/10.1175/JCLI-D-14-00059.1

Vrac M, Noël T, Vautard R (2016) Bias correction of precipitation through Singularity Stochastic
Removal: Because occurrences matter. J. Geophys. Res. Atmos. 121:5237–5258. https://doi.org/
10.1002/2015JD024511

Vrac M, Drobinski P, Merlo A, Herrmann M, Lavaysse C, Li L, Somot S (2012) Dynamical and
statistical downscaling of the FrenchMediterranean climate: uncertainty assessment. NatHazards
Earth Syst Sci 12:2769–2784. https://doi.org/10.5194/nhess-12-2769-2012

Vrugt, J. A., Gupta, H. V., Bastidas, L. A., Bouten, W., & Sorooshian, S. (2003). Effective and effi-
cient algorithm formultiobjective optimization of hydrologic models.Water Resources Research,
39(8). https://doi.org/10.1029/2002wr001746

https://doi.org/10.1051/lhb:2006109
https://doi.org/10.1023/b:clim.0000037508.88115.8a
https://doi.org/10.1016/s0022-1694(03)00225-7
https://doi.org/10.1029/2006wr005064
https://doi.org/10.5194/hess-18-2789-2014
https://doi.org/10.1093/comjnl/3.3.175
https://doi.org/10.1029/2010wr009248
https://doi.org/10.1029/92wr02617
https://doi.org/10.1016/j.cliser.2018.05.003
https://doi.org/10.11648/j.hyd.20170504.11
https://doi.org/10.11648/j.ajrs.20170504.11
https://doi.org/10.21474/ijar01/6005
https://doi.org/10.1175/JCLI-D-14-00059.1
https://doi.org/10.1002/2015JD024511
https://doi.org/10.5194/nhess-12-2769-2012
https://doi.org/10.1029/2002wr001746


308 I. Thiaw et al.

Vrugt, J. A., Clark, M. P., Diks, C. G. H., Duan, Q., & Robinson, B. A. (2006). Multi-objective
calibration of forecast ensembles usingBayesianmodel averaging. Geophysical Research Letters,
33(19). https://doi.org/10.1029/2006gl027126

Zhu, X., Wu, J., & Wu, J. (2006). Application of SCE-UA to Optimize the Management Model
of Groundwater Resources in Deep Aquifers of the Yangtze Delta. First International Multi-
Symposiums on Computer and Computational Sciences (IMSCCS’06). https://doi.org/10.1109/
imsccs.2006.192

https://doi.org/10.1029/2006gl027126
https://doi.org/10.1109/imsccs.2006.192


Chapter 14
Water Resources in the Sahel
and Adaptation of Agriculture to Climate
Change: Burkina Faso

Babacar Lèye, Cheick Oumar Zouré, Roland Yonaba,
and Harouna Karambiri

Abstract In West Africa, a shift in climate conditions since the 1970s is evidenced
by a decrease in average annual rainfall and an increase in temperatures between
1931–1960 and 1968–1990. The latter period was followed by a rainfall recovery
since the late 1990s in the western Sahel. The prolonged rainfall deficits of the twen-
tieth century have, however, strongly influenced the hydrological environment of
the major river basins. As a result, nowadays, there is a reduction in the vegeta-
tion cover as compared to the early 1950s, thus an increase in runoff, along with
the gradual disappearance of permanent streams and the appearance of large flood-
plains. Climate change has also had negative consequences on agricultural activity,
which is still mainly rainfed. The current state has motivated local stakeholders to
undertake programs and strategies to address the consequences of climate change. In
this chapter, an inventory of water resources and management practices in Burkina
Faso is presented and the impacts of climate change on the river hydrology and the
agricultural sector, as well as adaptation measures to these changes by the affected
communities, are investigated. These strategies include adaptation, mitigation and
strategic planning. The impacts on all stakeholders, including the rural communities,
government authorities and international agencies, are discussed.

Keywords Agriculture · Burkina faso · Climate change

1 Introduction

In West Africa, particularly in Burkina Faso, climate variability has increased since
the early 1970s. Between 1931–1960 and 1968–1990, therewas a decrease in average
annual rainfall of 20–40% (Intergovernmental Panel on Climate Change (IPCC
2014)). According to the IPCC, average temperatures in Africa increased by 0.6 °C
just between 1900 and 1996, and is anticipated to increase by another 3.5 °C during
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the twenty-first century in the Sahel zone (Dia and Duponnois 2013). In contrast,
Burkina Faso is experiencing an increase in rainfall since the 1990s (Nicholson 2005;
Hountondji et al. 2009), although a trend towards a significant decrease in the number
of rainy days still persists (Hountondji et al. 2009; Lebel and Ali 2009).

Rainfall deficit in Burkina Faso has strongly influenced the hydrological regimes
of the major river basins. The average annual flows of the major rivers in the region
have decreased by 30 to 60% between the 1960s and the early 2000s (Ardoin Bardin
2004). In addition, significant population growth (about 3% per year) since the begin-
ning of the 1990s has led to a profound change in management methods and the use
of natural resources (Dia andDuponnois 2013). Farmers have had to expand the areas
under cultivation to compensate for lower yields and to meet the growing needs of an
increasing population. As a result, there is a reduction in the vegetation cover, thus
promoting runoff, the disappearance of permanent river streams and the appearance
of large floodplains.

Climate change has other negative consequences for agricultural activity, which
is mainly rainfed. The agricultural sector employs 86% of the rural population and
contributes up to 30% of the gross domestic product. Because irrigation is practiced
on less than 2% of cultivated areas (FAO 2005), large numbers of people remain
vulnerable to dry spells that can reduce agricultural production.

This situation has motivated stakeholders in the field (including rural populations,
non-governmental organizations and government technical services) to undertake
programs and strategies to address the negative consequences and effects of climate
change. Thus, farmers and researchers have used techniques including water conser-
vation and harvesting, soil restoration, varietal adaptation and the use of climate
information (Sawadogo 2011; Zougmoré et al. 2014; Zongo et al. 2016). These
initiatives have been supported by the government through the development and
implementation of national climate change adaptation programs.

The general objective of these programs is to contribute to sustainable develop-
ment by providing appropriate solutions to water-related problems so that limitations
of water do not limit socioeconomic development. To wit, meeting demands for
water must respect ecosystems, protect against erosion, flooding and pollution, and
reduce the burden to the public by reallocating costs to the beneficiaries of invest-
ments. Strategies must also seek to prevent conflicts with neighboring countries. At
the regional level, many new projects facilitate agricultural planning in response to
climate hazards (Redelsperger et al. 2006; Roudier et al. 2014). These techniques
make it possible to recover large areas of degraded land and improve agricultural
yields. Irrigation is also essential to increase agricultural production. For this reason,
the government and its partners have constructed dams on many rivers to ensure
the availability of water resources. Small reservoirs are now an essential compo-
nent of rural landscapes and an undeniable element of water resource management
(Cecchi et al. 2009).These reservoirsmitigate thenegative effects of droughts through
temporal regulation of available water and provide flood protection. One of the addi-
tional benefits of these hydraulic infrastructures is their contribution to the recharge
of groundwater (Koussoubé 1996). The management of water resources, therefore,
deserves the highest attention.
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The main objective of this study is to summarize adaptation strategies imple-
mented in Burkina Faso in response to the impact of climate change on water
resources. It does this by first presenting an inventory of water resources andmanage-
ment practices, second by presenting the impacts of climate change on the agricul-
tural sector, hydrology of the catchment areas and the perceptions of the population
regarding climate change, and third by presenting some of the climate change adap-
tation policies and strategies adopted. These policies and strategies are discussed at
the levels of the rural community, government authorities and international agencies
through empirical research.

2 Water Resources

The demand for domestic water is estimated at 104 million m3 per year, of which
40 million m3 serves urban and semi-urban demand, and 64 million m3 serves rural
demand. The supply of drinking water to urban centers is the responsibility of the
National Office for Water and Sanitation. The Office currently manages 56 centers,
37 of which are supplied from groundwater, 12 from surface water and seven from
a combination of the two. In rural areas, the main source of modern drinking water
is provided through wells equipped with human-powered pumps. According to the
official database of the National Inventory of Structures, Burkina Faso had 58,003
Modern Water Points as of 31 December 2015 (MEA/BF 2015), including 48,808
boreholes (i.e., small-diameter wells) and 8,258 drillings (i.e., larger diameter and
deeper wells).

The three sources of water in Burkina Faso are rainwater, surface water and
groundwater; each is discussed in the following sections.

2.1 Rainwater

Burkina Faso has three climatic zones: the Sahelian in the North (600 mm of rain
per year), the Sudano-Sahelian (between 600 and 900 mm) and the Sudano-Guinean
(between 900 and 1200 mm). These climatic zones are illustrated in Fig. 1.

The country has two seasons: the rainy season, from June to September, and the
dry season, from October to May. Rainfall is limited to the rainy season and all
water resources depend on it, as do natural and cultivated plants. At the annual or
the inter-annual scale, precipitation and evapotranspiration control the dynamics of
the country’s hydrosystems (Jalota and Arora 2002). For example, Fig. 2 represents
climate data from 1961 to 2015 at the Ouahigouya station, located in the Sahelian
climatic zone (Mounirou et al. 2012; Zouré et al. 2019), which shows a significant
annual water deficit except in July and August.
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Fig. 1 Climatic zones of Burkina Faso (1981–2010). SourceAgence Nationale de la Météorologie
du Burkina Faso

Fig. 2 Interannual evolution of the standardized rainfall index in Ouahigouya during the period
1961–2015

Figure 3 shows the evolution of the standardized precipitation indices at the
Ouahigouya station. There is great interannual variability in precipitation and drought
between 1969 and 1990, and between 1970 and 1994.

In the Sahel region, since the 1990s, there has been an average of four dry spells
per rainy season (Fig. 4a), which is higher than the previous period (1978–1990). A
dry spell is defined as a consecutive number of days without effective rainfall (i.e.,
a rainfall amount which is likely to trigger runoff) during the rainy season (Zouré
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Fig. 3 Climate diagram based on climate data from the Ouahigouya station during the period
1961–2015 (Source Agence Nationale de la Météorologie du Burkina Faso)

Fig. 4 Number of dry spells (a) and (b) and dry spell lengths (c) and (d) at the Tillabery and Gaya
stations in Niger (Nassourou et al. 2018)
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et al. 2019). In the same area, starting from the year 1998, dry spells of more than
16 days have been observed (Fig. 4c). In the Sahelo-Sudanian zone, the length of
dry spells are somewhat stable and generally do not exceed 15 days (Fig. 4d), with
a number of dry spells between three and four (Fig. 4b). Nevertheless, from 1984 to
2013, there was more variability (8–17 days) in the duration of dry spells.

As compared to the 1986–2005 IPCC baseline, climate projections predict a
decrease in rainfall of 3.4% in 2025 and 7.3% in 2050. The decrease in rainfall will
be coupled with high interannual and seasonal variability. Rainfall in July, August
and September will decrease by 20–30%, while rainfall in November will experience
an increase from 60 to 80% (MECV/BF 2007).

2.2 Surface Water

Surface waters consist of streams, lakes, ponds and artificial mobilization of surface
water, such as is created by dams. The storable potential of these water reservoirs in
Burkina Faso is estimated at about 5 billion m3, of which 0.8 billion m3 represents
the storage capacity of small dams (Leemhuis et al. 2009). In the Sahelian zone,
Class A pan measurements have been used to estimate daily evaporation at 7–8 mm
during the rainy season and can reach 10 mm during the dry season, with an average
of 2,920 mm per year, far greater than the cumulative annual rainfall (Niang 2006).
Daily temperatures vary from 16 to 45 °C over the year.

Reservoirs are made up of 56% dams, 31% artificial lakes, 12% ponds and 1%
natural lakes (Naturama 2015). The country has a hydrometric network of about 95
functional stations that realize varying amounts of the water height, volume and flow.
According to the Ministry of Agriculture and Hydraulics, Burkina Faso had 1,806
surfacewater reservoirs in 2015 (MEA/BF2015). Furthermore, theNational Program
for Environmental Information Management, which is responsible for improving
the relevance, quality and availability of environmental information, developed a
database in 1999 that lists 1,457 dams throughout the country (MEA/BF 2015).
Nearly half of these dams were built between 1974 and 1987, a period that coincides
with the severe droughts of the 1970s and 1980s, rapid population growth and the
promotion of small-scale irrigation in West Africa.

The use of small basins has focused on domestic water use, manufacture of dried
clay bricks and livestock watering. The water from these ponds is rarely used for
supplemental irrigation, but they do helpmitigate the negative effects of droughts and
act as flood protection structures. They also contribute to the recharge of groundwater
(Koussoubé 1996). Figure 5 shows themap of water reservoirs andwatersheds across
the country.

Several recent studies have recorded climate parameters (rainfall, temperature,
evapotranspiration) and surface water resource in Burkina Faso (Op de Hipt et al.
2018). The interannual variation of the mean temperature is illustrated in Fig. 6.
Climate models projections indicate an increase in average temperatures of 0.8 °C
by 2025 and 1.7 °C by 2050 (MECV/BF 2007) as compared to the 1986–2005
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Fig. 5 Map of the water reservoirs in Burkina Faso (Cecchi et al. 2009)

Fig. 6 Interannual variation of the annual mean temperature at the Ouaga-Aero station (Source
Agence Nationale de la Météorologie du Burkina Faso)
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IPCC baseline. However, this increase is subject to seasonal variation: the months of
December, January, August and September will become significantly warmer than
usual, while the months of November and March will experience smaller increases
in heat.

The annual volume of water flow by 2025 and 2050 for each of the country’s four
watersheds were forecast based on these projections using MAGICC/SCENGEN
climate model data (MECV/BF 2007). Projections indicate that by 2025, the volume
of water flowing annually will decrease by 45.6% on the Comoe and 54.7% on the
Mouhoun watersheds compared to the mean annual of the 1961–1990 period. On
the other hand, the annual volumes of water flowing from the Nakanbe and Niger
basins are projected to increase by 35.9% and 47%, respectively, over the same
period. Known as the “Sahelian paradox,” this contradiction is attributable to land
degradation in the Said basins, resulting in greater runoff despite a reduction in
rainfall (Albergel 1987; Gal et al. 2017; Descroix et al. 2018). In 2050, as compared
to the 1961–1990 period, there will be a decrease of 68.9% for the Comoe, 73% for
the Mouhoun, 29.9% for the Nakanbe and 41.4% for the Niger.

2.3 Groundwater

Twomain types of aquifer formation are foundwithin the crystalline basement,which
constitutes 82% of the territory, and the sedimentary zones. Groundwater is related
to cracking, fracking or alteration of rocks. Sedimentary zones range from southwest
to north and south-east. Flow rates in the crystalline basement are generally between
0.5 and 20 m3/h, whereas sedimentary flows can reach 100 m3/h or more. A map
illustrating aquifer types and productivity is in Fig. 7.

The volume of groundwater is estimated at 32.43 billion m3. Groundwater
is replenished annually by rainwater, especially through runoff. Therefore, when
rainfall decreases, groundwater recharge is highly reduced.

Groundwater fluctuation data show that after a steady decline around the 1980s,
there was an increase in the 1990s, followed by another decline and then some
stabilization. The various sedimentary aquifers discharge their renewable waters
into the Mouhoun (127 million m3), the Comoe (123 million m3) and finally into
the Bafing (0.438 million m3), with a total discharge of 250,438 million m3/year
(MEE/DGH 2001). Because of the incidence of waterborne disease caused by the
consumption of raw water from reservoir dams, it is generally recommended to use
water from drillings and boreholes, which have become the main sources of water
supply for the rural population.
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Fig. 7 Burkina Faso aquifer type and productivity (BGS Earthwise 2013)

3 Impacts of Climate Change

3.1 The Agricultural Sector

Irrigation accounts for 64% of total water consumption. In Burkina Faso, as in most
Sahelian countries, climate variability and change pose a threat to agriculture and,
by extension, to food security. The major rainfall disruptions experienced during the
2007–2008 agricultural season, characterized by an early end of the rainy season at
the beginning of September, caused a 16% drop in cereal production compared to
the 2006–2007 season and an 11% drop compared to the average of the previous five
seasons (Ibrahim et al. 2014). . Agricultural water conservation techniques adopted
by farmers have limited effect in stabilizing agricultural production when drought is
prolonged over two to threeweeks (Barbier et al. 2009). This results in the cumulative
and irreversible decrease in the availability of fodder, which in turn pushes people
and herds southward. In addition, there is an increased frequency of drought and
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Fig. 8 Increase in Sahelian river flows during drought conditions (Dia and Duponnois 2013)

floods, which can make the land unsuitable for agriculture. The impact of climate
change on irrigation has rarely been studied (Fischer et al. 2007).

3.2 The Watersheds

Studies conducted over the past three decades (since 1990) have shown that runoff
coefficients have increased significantly, despite a marked decrease in regional rain-
fall (Albergel 1987;Diello 2007;Gal et al. 2017;Descroix et al. 2018). Rainfall simu-
lations associated with a pedological study have shown that the infiltration capacity
of soils is dependent on the properties of the soil surface, in particular, it is crusting.
A decrease in hydraulic conductivity has been observed on degraded soils compared
to cultivated soils and fallows (Mounirou et al. 2012), showing that soil crusting
and sealing result in a significant increase in runoff (between 50 and 80%), due to
the significant decrease in hydraulic conductivity (between 2 and 20 mm/h). The
crusting process associated with increased runoff has resulted in increased flows at
outlets of the Sahelian basins (Fig. 8). This phenomenon has led to a decrease in the
water retention capacity of the basins as well.

3.3 The Population Perspective

Several studies have shown that the increase in cultivated and bare land, compared to
natural vegetation, has an impact on precipitation and runoff (Legesse et al. 2003).
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While some regions are facing severe drought due to the decrease in total rainfall,
others are flooding. The drought periods between 1973–1974 and 1983–1984 greatly
affected eco- and production systems. A decrease in rainfall is also accompanied by
an extension of the dry season and a shortening of the duration of the rainy season.
As articulated by a farmer, There is a climate change. I was away for 11 years. When
I came back, I saw the difference. The rains have become messy, less regular and
more intense. Years before, it could rain continuously for three days; nowadays it
rains for 30 min. Similarly, when I was a child, it would not rain during the month
of February, while nowadays it could happen (Benoît 2008).

4 Adaptation Policies and Strategies

4.1 The Rural World

Historically, populations cope with climatic disturbances based on their own adap-
tation techniques and knowledge. Local and intergenerational knowledge of agri-
culture, including seed selection, agricultural practices and scheduling agricultural
interventions, has been perpetuated over generations. However, development poli-
cies implemented by the authorities often emphasize the use of equipment, fertilizer
extension and seeds, and do not always take into account the know-how of farmers in
developing adaptive agricultural practices. Not surprisingly, the population is, there-
fore, often reluctant to adopt new measures (Oualbéogo 2007). As a result, poor
agricultural productivity has, over time, led to an increase in cultivation to compen-
sate. As cultivatable land becomes scarcer, lowlands have been developed, and the
perimeters downstream ofwater reservoirs have been irrigatedmore intensely. A case
in point is the development of lowlands for rice and market gardening production,
supported by the government, which provides mineral fertilizer. At the same time,
rural populations have erected cropping fields on secure high land (mounds, hills) to
prevent the excess runoff overflow during heavy rains. Other examples of adaptation
are the building of stone rows and gullies, digging zaï (pits), half-moons and rock
dams, and the application of mulching and grass strips.

4.1.1 Agricultural Practices

Stone rows (Fig. 9) reduce runoff and increase water infiltration, which reduces crop
water stress during dry spells. This technique has proven effective in reducing soil
erosion, and 20–25% of areas in the north and north-central regions can be subjected
to the techniquewith corresponding gains in yield per hectare of 30–68% for sorghum
and 21–48% for millet (Ouédraogo 2005).

The zaï technique (Fig. 10) involves the introduction of organic matter into pits
containing the crop. The plants are sowed under favorable conditions for growth. This
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Fig. 9 Stone rows (Zouré et al. 2019)

Fig. 10 Zaï technique (Zouré et al. 2019)

technique contributes to reducing the effects of dry spells by improving water filtra-
tion into the soil through the retention of runoff water. However, it is not adaptable
to the humid southern Sudanese area. The practice of zaï has increased the income
from sorghum cultivation by 30 GBP/ha (38 USD/ha) (Zongo 2016).

Half-moons (Fig. 11) are also used to recreate soil moisture and fertile conditions
that are favorable to crop development on previously degraded soils. Their half-moon
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Fig. 11 Half-moon technique (Zouré et al. 2019)

shape rises downstream to retain runoff water. This technique is especially suitable
for Sahelian and Sudano-Sahelian areas. It is less useful in the Sudanian zone because
the half-moons prevent themechanization of agriculturalwork and require significant
maintenance. These structures are generally found only in dry areas and are suitable
only for soils that are relatively heavy and have high-water retention capacity: silty
and clay-like soils. Similar to zaï, the effectiveness of half-moons is usually limited
to the needs of rainfed crops over just two to 3 weeks of a dry spell (Roose et al.
1999).

Permeable rock dams (Fig. 12) are made of free stones built in a gully. They
improvewater infiltration and therefore contribute to adaptation to rainfall variability.
They also are effective in restoring land degraded by gullying and contribute to
groundwater recharge. They are well suited to the Sudano-Sahelian zone, given their

Fig. 12 Permeable rock
dams (WOCAT 2017)
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capacity to reduce flow velocity. On degraded soils, they can create new fields of
crops through sedimentation. However, these permeable rock dams do not maintain
soil moisture during long dry spells.

Mulching (Fig. 13) consists of covering the ground with a layer of grass that has
been cut to ensure soil cover against wind erosion and to stimulate termite activity.
Mulching contributes to the improvement of soil moisture retention, water infiltration
and the reduction of water erosion. However, its impact on yields is small: data from
surveys in the Sudano-Sahelian zone of Burkina Faso reveal an increase of cereal
yield of just 2–5% using this technique (Ouédraogo 2005).

Grass strips (Fig. 14) are barriersmadeof perennial grass. They are plantedperpen-
dicular to the direction of the runoff and according to corresponding characteristics

Fig. 13 Mulching (GIZ
2012)

Fig. 14 Grass strips (GIZ
2012)
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of the soils, slopes and land use. They contribute to reducing the effects of drought by
promoting water infiltration and slowing runoff due to their rough surface. This tech-
nique enables farmers to plant crops with shorter cycles than traditional crops. For
example, sorghum varieties have decreased from 120–150 days to 70–90 days during
the 2000–2015 period in some environments.Over 40 years (1970–2010), the average
adoption rate for stone rows is 69.3%, 49.1% for zaï, 39.1% for improved seeds and
26.2% for grass strips. The rate of adoption of other innovations (half-moons, bunds,
mulching) is less than 10% in total (Zongo 2016).

4.1.2 Seasonal Forecasts

Seasonal forecasts are also among farmers’ traditional strategies to reduce climate
risk for rainfed crop production. The agricultural calendar is established by farmers
according to pedoclimatic conditions: increase in temperatures, strong winds
followed by dust, and the clear visibility of the stars and the moon reflect a regular
distribution of rainfall for the upcoming season. Early and significant flowering of
Erythrina abyssinica and Brachystegia speciformis from July to November has also
been identified as one of the signals of a good rainy season. In contrast, abundant
production of fruit by the Boscia albitrunca and Adansonia digitata and the increase
of elephants appearing near watering points indicate an upcoming dry season. The
flowering of the plant species Brachystegia spiciforms and Julbernardia globiora
indicates the beginning of the rainy season, while an abundance of fruit fromUapaca
kirkiana and Parinari curatellifolia indicate drought for the upcoming season. In
addition to observing the behavior of animals and plants, ritual specialists use visions,
dreams anddivine revelations to predict theweather.As climate change has increased,
these ritual forecasts have become less reliable (Mogotsi et al. 2011).

4.2 Public Authorities

Burkina Faso implemented a national climate change adaptation program in 2007.
The plan seeks to develop adaptive capacity and resilience and to integrate the antic-
ipated consequences of climate change into policies and programs within relevant
sectors. Its purpose is to produce a reference to serve as a basis to reduce the vulner-
ability of natural, social and economic systems. The plan was developed rigorously
at the institutional, technical and financial levels. Researchers from the University
of Ouagadougou have prepared climate projections for Burkina Faso up to the year
2100 and have assessed the vulnerability of the various development sectors. The
Ministry of Environment and Sustainable Development has appointed a Technical
Committee to prepare and monitor the adaptation plan. Funding will be provided
by a combination of Federal funds, partners, international foundations, the private
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sector and Non-Governmental Organizations. Other measures that are being devel-
oped by the Government in Burkina Faso to help mitigate the adverse effects of
climate change include:

• the reorganization of the agrarian land system (through law No 034-2012/AN);
• the implementation of the environmental code (lawNo006/97/ADP) of 8February

2001, which modifies the Water Management Policy Act No. 002-2001/AN of 31
January 1997;

• the creation of the Integrated Water Resources Management Action Plan;
• the introduction of the National Drinking Water Supply and Sanitation Program,

and
• building water resources management structures (water agencies, the National

Water Council, Local Water Committees, etc.).

This system, established by the Government with the support of development
partners, seeks to improve the environmental management of water resources. At the
reservoir level, management is often entrusted to water user associations that often
lack themanagement tools and scientific and technical capacity to serve their mission
effectively.

A range of development partners have worked with the Government to implement
the commitments of the Government of Denmark to improve the drinking water
supply (the governments of Burkino Faso and Denmark have been in a development
cooperative agreement since 1973). Denmark has mobilized technical assistance to
strengthen the capacities of stakeholders to program, invest and manage integrated
water resource management. In addition to policy-level interventions, efforts target
conservation, extraction and mobilization of water resources. Water resource chal-
lenges in Burkina Faso have also been the subject of empirical research, the results
of which are expected to enable the Government to improve its technological, legal,
institutional and economic strategies to support access to water.

4.3 Scientific Research

4.3.1 The Anthropogenics of Hydrological Modeling

Changes in the rainfall-runoff relationship depend on an anthropogenic dimension,
in addition to climate variability. It is, therefore, necessary to take into account the
dynamics of land use in the hydrological modeling of watersheds. Thework of Diello
(2007) simulates human activity in and around watersheds in the Sahel, accounting
for land use dynamics and how they affect soil water retention capacity. The study
shows changes in Nakanbe River Basin natural vegetation, cultivation, bare soil
and water bodies in 1972, 1986, 1992 and 2002. Cultivated lands experienced a
two-stage dynamic between 1972 and 2002. From 1972 to 1992, the proportion of
land that was cultivated increased significantly (from 0.87 million ha in 1972 to
1.37 million ha in 1992). Between 1992 and 2002, the proportion of land that was
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Fig. 15 Temporal evolution of land use indicators in the Nakanbe Basin (Diello 2007)

cultivated stabilized and even underwent a downward trend. This indicates that at the
beginning of the 1990s, the potential of arable land was exploited to the detriment of
natural vegetation (which shrank from 10,475 km2 in 1972 to 3,439 km2 in 2002).
The bare soil surfaces increased in the basin between 1972 and 2002 (from 4.5% in
1972 to 13.8% in 2002). Figure 15 provides a summary of the dynamics of population
changes and their impact on four indicators in the Nakanbe Basin.

The simulations carried out by Diello (2007) demonstrate that changes in land
use magnified changes in the water retention capacity of the soil. Hence, it is critical
to account for these dynamics to better represent, through modeling, hydrologic
response and balance at the watershed scale.

4.3.2 Analysis of the African Monsoon

One cause of climate variability in West Africa is the West African Monsoon. Since
2001, more than 60 European, African and American laboratories have jointly oper-
ated a vast research program, theMultidisciplinary Analysis of the AfricanMonsoon
(AMMA), to advance knowledge on the African Monsoon. It seeks to improve the
scientific basis for addressing water resources and food security using a large obser-
vatory, the AMMA-CATCH observing system (Lebel and Ali, 2009), with locations
throughout West Africa. Its main objectives are to (i) analyze long-term evolution of
the eco- and hydro-systems at the regional scale; (ii) better understand critical zone
processes and their variability, and (iii) coordinate with decision-makers to address
socioeconomic and development needs (Galle et al. 2018).

4.3.3 Optimization of Small Dams

Researchers are trying to optimize themanagement ofwater resources for small dams.
The work of Fowe (2015) examines the Boura reservoir dam, located in southern
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Burkina Faso, as a pilot site representing a large number of small reservoirs in the
Volta basin subject to the same constraints. Once thewater balancewas determined, it
became possible to characterize the functioning of theBoura hydrosystem at different
time steps in the filling and destocking cycle. Findings are that of the water mobilized
by the reservoir (9.23 million m3), 60% evaporates, 24% infiltrates and 19% is levied
to meet user demands, especially irrigation. The load factor went from 2.3 for the
2012–2013 season to only 0.7 for the following (2013–2014) season. This indicates
that even over a short period, the water regime of the Boura dam is greatly variable,
mainly driven by variations in input controlled by rainfall. Calibrated hydrologic
models based on these data are then used to make projections of inputs to the Boura
reservoir, of agricultural water demand and of the functioning of the Boura reservoir
under different scenarios of climate change and socioeconomic development. The
conclusion is that it would be difficult to satisfy irrigation demands by considering
only the surface reservoir as a source of supply, and that the aquifer must also be
considered a water source to meet demand.

4.3.4 Supplemental Irrigation

In the Sahelian countries, farmers, the scientific community, governments and their
partners seek innovative agricultural practices to respond to periods of drought. The
thesis work of Zongo (2016) considers the adoption of agricultural innovations in
the Sahelian and Sudano-Sahelian areas of Burkina Faso, including the practice of
supplementing irrigation from individual basins on farms. Complementary irrigation
delivers water to crops during the long periods of drought during the rainy season.
This is runoff water stored in small basins built near crop fields (Fig. 16). The prac-
tice increases maize yield by 1.08 T/ha (88.3%) compared to a lack of supplemental
irrigation.About 78.4%of households believe that supplemental irrigation is an inter-
esting option to mitigate the effects of drought periods on agricultural production.
The study, however, notes the need to establish a system of financial credit to enable
such a scheme.

4.3.5 Agriculture and Climate Information

Several models have been developed to generate and communicate climate informa-
tion to different users according to their needs. The source of information is seasonal
climate forecasts based on meteorological data. The most relevant variables used to
create forecasts are the start of heavy rains, the beginning of sowing, the end of the
rainy season and the distribution of rainfall within the season (intra-seasonal distri-
bution). The thesis of Zongo (2016) evaluates the impact of climate information on
maize and sorghum production in the Bam province in the Sahel region during the
2013–2014 and 2014–2015 agricultural seasons. It compares the dates of seedlings,
yields and contribution to cereal requirement from experimental to control plots and
shows that producers use the sowing date information in the experimental group to
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(a) Excavation of a basin from family labor (b) Basin filled with runoff water 

(c) Observer plot (without irrigation) (d) Experimental plot 

Fig. 16 Complementary irrigation (Zongo 2016)

greater effect than in the control group. Farmers believe that the planting dates of the
experimental plots have been more accurate. As a result, 93% of households indicate
that they need climate information to guide their decision-making.

5 Conclusion

In Burkina Faso, the stakes of climate change are considerable. Several recent studies
have analyzed historic climate parameters (rainfall, temperature, evapotranspiration)
and surface water resources in the country. In the Nakanbe basin, results show an
increasing trend in surface runoff, suggesting that it could face a highly variable
climate and the hydrological regime in the coming decades, ranging from heavy
rainfall that leads to flooding to severe drought that leads to water scarcity and a
reduction in crop yields.

Agricultural innovation is a critical strategy to reduce household vulnerability to
climate change.According to a 2009 report byCILSS and theCentre for International
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Cooperation, most villages that practice natural management techniques have expe-
rienced poverty reduction. The biggest constraints to achieving the most effective
practices are poor organization and the lack of access of farmers to extension agents.
The majority of agricultural households believe that the practice of supplemental
irrigation and the provision of climate information is a viable alternative to mitigate
the drastic effects of dry spells on agricultural production. However, it is premature
to draw conclusions about the validity of information and the science on which it
is based. Efforts must be made to further improve seasonal forecasts by integrating
indigenous and scientific knowledge.

The role of the Government has been better appreciated over time, particularly
at the decentralized level, where minimal resources have been allocated to regional
water departments, limiting their ability to fulfill their missions. Local authorities,
civil society and the private sector are being coordinated better in their common goal
of improving water resource management. Since the early 2000s, there has been
a return to large hydraulic projects (e.g., the Samandeni dam in Burkina Faso, the
Bui dam in Ghana, the Fomi dam in Guinea and the Kandadji dam in Niger). It is
imperative to strengthen the capacity of technical services and skills, and human
resources, to sustainably improve resilience.

Despite harsh and unfavorable natural conditions in Burkino Faso, solutions exist
to help the country move toward sustainable development. To this end, the national
climate change adaptation program provides a reference framework for coordinating
efforts across stakeholders to reduce structural vulnerability, increase resilience and
sustain development.
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Chapter 15
Impacts of Climate Change on Water
Resources in the Volta River Basin:
Reducing Vulnerability and Enhancing
Livelihoods and Sustainable
Development

George A. Manful and Yaw Opoku-Ankomah

Abstract TheVoltaRiverBasin is a transboundary basin inWestAfricawith a popu-
lation of about 24 million people in six riparian countries (Benin, Burkina Faso, Cote
d’Ivoire, Ghana, Mali and Togo) with low gross domestic products. Water resources
are needed for domestic and industrial use, agriculture, hydropower generation, envi-
ronmental health and sustainability and ecosystem functioning. Assessment of the
impact of climate change on water resources is therefore crucial for the socioeco-
nomic development of all six countrieswithin the basin, includingmeasures designed
to alleviate poverty. A number of such studies assess the impacts of climate change
and variability on water resources, agriculture and human health. Climate change
adaptive measures and management practices to increase resilience and contribute
to the Sustainable Development Goals have been analyzed using historical tempera-
ture and precipitation data to determine climate variability. Climate forcing from
anthropogenic emissions of greenhouse gases is, in most cases, evaluated using
Regional Circulation Models downscaled from General Circulation Models. Mid-
level Representation Concentration Pathways and high-level forcing scenarios indi-
cate that before the 1980s, the basin was cooler than the average of the reference
period 1976–2005. Between 2006–2100, as GHG forcing increases, warming will
increase faster than the period 1976–2005, with increases in temperature between
1.5 and 6 °C projected by 2100. Precipitation anomalies show complex patterns in
the basin with high inter-annual variability. There is no clear trend for the magnitude
of variation for precipitation. A shift and shortening of rainy seasons and an increase
in the frequency of dry spells occurring within the rainy seasons is forecast under
climate change. These changes in rainfall characteristics will have a serious impact
on agricultural production, which is largely rain-fed. Agricultural productivity is a
principal pathway out of the vicious cycle of poverty within the Volta river basin;
negative impacts on agriculture can be averted if large scale irrigation practices are
implemented as part of a comprehensive water management strategy.
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1 Introduction

The Volta River Basin is a transboundary basin that spans parts of six riparian coun-
tries inWest Africa: Benin, Burkina Faso, Cote d’Ivoire, Ghana, Mali and Togo. The
basin is saddled with socioeconomic challenges associated with inadequate water
management practices and national development efforts. These countries depend, to
a large extent, on the exploitation of their natural resources, including water, for their
survival and to make progress toward their development aspirations. Throughout the
basin, agriculture, a major economic activity, is predominantly rain-fed, including
for cotton, millet, rice and sorghum, which are cultivated in the northern part of the
basin, and yam, cassava, plantain, cocoyam and cocoa, which are predominantly
grown in the south. Limited irrigation is used to grow crops like tomatoes and
onions throughout the basin in the dry season. Animals are also raised alongside
crop production. About 77% of water extracted from the basin is used for crop irri-
gation and livestock farming; the remaining 23% is used for urban and rural water
supply for drinking (UNEP-GEF Volta Project 2013). Large-scale irrigation in the
basin is not used and has a little socioeconomic impact. The total amount of water
extracted from the basin is 928 million cubic meters per annum. However, in order to
meet the agriculture demands of an increasing population coupled with variable and
uncertain rainfall intensity and distribution, serious irrigation practicesmust be intro-
duced across the basin. Water for irrigation alone is anticipated to increase from 69%
of the total volume of water used in 2000 to about 82% in 2020 (UNEP-GEF Volta
Project 2013). This proportion is subject to variation when climate change is factored
into planning for water management. Complicating planning, the effects of climate
change on rainfall distribution in the Volta River basin are not well understood; more
research is needed in this area.

Water supply for domestic and industrial use is also important for socioeconomic
development in the basin. Domestic water use there is projected to increase sharply
from 360 million cubic meters in 2000 to about 1,058 million cubic meters in 2025
(UNEP-GEF Volta Project 2013). In urban and rural areas with large populations,
surface water is treated and sufficient to meet human needs, and rural areas and
villages with smaller populations are served by water from springs and streams,
as well water. In general, urban populations have better access to safe drinking
water than rural populations. In Burkina Faso, for example, only 11.5% of the urban
population does not have access to safe water, compared to 35% of the rural popula-
tion (Lemoalle and de Condappa 2009). The potential for climate change to reduce
surface andgroundwater resources can threaten the sufficient supplyofwater if proper
management plans are not implemented. In the downstream basin, water is used for
hydropower generation; reduction in flows as a result of climate change and large
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scale atmospheric and global oceanic phenomena like El Niño and Southern Oscilla-
tion (ENSO)would pose further serious challenges to riparian countrieswhich jointly
depend on hydropower as a renewable energy resource. The Akosombo and Kpong
reservoirs downstream produce 4,800 GWh/year of hydroenergy; Bui in mid-Volta
produces 980 GWh/year. Upstream in Burkina Faso, hydroenergy production is 65,
19 and 17 GWh/year at Bagre, Kompienga and Samandeni reservoirs, respectively
(Sonabel 2009; VRA 2009; Lemoalle and de Condappa 2009).

The basin is underdeveloped, and economies are based predominantly on agricul-
ture and hydropower generation. The availability ofwater is subject to the climate, the
environment and the infrastructure available for water storage and use. The primary
source of water in the basin is rainfall modulated by general circulation, evapora-
tion and transpiration from vegetation. Rainfall becomes a surface and groundwater
resource through hydrological processes. Temperature can cause water to be lost to
the atmosphere without having been used. Climate change, caused to a large extent
by anthropogenic activity, is impacting global climates and thus the availability of
water for human survival and socioeconomic activities, including agricultural devel-
opment, hydropower generation and water supply for domestic and industrial use.
This literature review looks at the evolution of climate change and its impacts onwater
resources in the basin in the past, and projects impacts in the future. Temperature
and rainfall projections for the basin developed by the IPCC and used in simulations
in the Regional Climate Models (RCMs) and Global Circulation Model (GCMs) are
discussed.

2 The Volta Basin

2.1 Physical and Geopolitical Settings

The Volta Basin is the ninth largest in West Africa. It lies between latitudes 5o30’N
and 14o30’N and longitudes 2o00’E and 5o30’W (UNEP-GEF Volta Project 2013).
It covers an area of about 400,000 km2 and spreads over Benin, Burkina Faso, Cote
d’Ivoire, Ghana, Mali and Togo. Lemoalle and de Condappa (2009) noted that 85%
of the basin area is in Burkina Faso and Ghana. The Volta Basin is delimited at its
eastern and western borders by a series of hills and mountain ranges. At the eastern
border, there are the Akwapim ranges, Togo Mountains, Fazao Mountains and the
Atakora Mountains in Benin. The Kwahu Plateau and Banfora Plateau constitute the
western border. Ninety-five percent of the basin lies at an altitude below 400 m, with
an average elevation of 257 m. The basin slope index is 0.25 m/km.
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2.2 The River System

The Volta River has three main tributaries: the Black Volta, which originates from
Burkina Faso as Mouhoun; the White Volta, also from Burkina Faso where it is
called the Nakambe, and the Oti River, originating in Benin, where it is known as
the Pendjari (Lemoalle and de Condappa 2009). The Oti passes through Togo before
it joins the main Volta in Ghana. All these tributaries drain into Lake Volta, which,
together with the Lower Volta downstream, also receives flows from other small
tributaries, including the Pru, Sene and Afram. Therefore, the basin is considered to
have four sub-basins: the lower Volta, the black Volta, the white Volta and the Oti
(see Fig. 1).

2.3 Climate Conditions

The climate of the basin is determined by the north-south migration of the Inter-
Tropical Convergence Zone (ITCZ), an interface between the hot, dry and dusty
North-East Trade Winds blowing from the Sahara Desert, and the warm, moist trop-
ical maritime climate from the Atlantic Ocean known as the Monsoon. In addition,
squall Lines (SLs) originate overWest Africa and move in a westerly direction. They
are mesoscale disturbances and are the most important convective rainfall system
of the West Africa Sahel region, yielding precipitation in the summer months from
June to September (Peters and Tetzlaff 1988). SLs, which join larger-scale features
such as the African Easterly Jet, the EasterlyWaves and theMonsoon Front, produce
fields of flow and moisture (Peters and Tetzlaff 1988) and generate about 80% of
annual precipitation of the Sahel (Dhonneur 1981). In southern West Africa, SLs
contribute to annual rainfall, but its contribution to total rainfall decreases from 71
to 56% in the coastal zone (Maranan et al. 2018).

In general, there are three types of climatic zones: the humid south, with two
distinct rainy seasons (March/April-May/June, September-October), the tropical
transition zone, also with two rainy seasons which (May/June, September-October)
are narrowly separated, and the semi-arid north with only one season of rainfall
(May-September), with a peak around August. The south-north gradient of rainfall
is used to identify the main agro-climatic zones of the basin according to the FAO
classification for West Africa (FAO/GIEWS 1998). They are the Sudano-Sahelian
zone, the Sudanian zone and the Guinean zone. The Sudano-Sahelian zone receives
rainfall between 500 and 900 mm, the Sudanian zone 900 to 1100 mm and the
Guinean zone more than 1100 mm (Lemoalle and Condappa 2009).

Themean annual temperatures range from 24 °C in the South to about 36 °C in the
North (Oguntunde 2004; Hayward and Oguntoyinbo 1987). The high temperatures
in the basin amplify the impact of evapotranspiration, which is mainly driven by heat
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Fig. 1 The network of major rivers in the Volta Basin (Source Water Resources Commission,
Ghana)

fluxes, wind and relative humidity. Increasing temperatures as a result of anthro-
pogenic greenhouse gas emissions or climate change may increase water deficits via
evapotranspiration.

Precipitation is the primary source ofwater to the hydrological cycle. Studies in the
Volta basin examine the repartition of precipitation into various components: evapo-
transpiration, the outflow of the basin, seepage to groundwater and other losses (de
Condappa et al. 2008; Lemoalle and de Condappa 2009). Lemoalle and de Condappa
(2009) compute a total volume of the annual rainfall of about 395 km3 and ET of
346 km3 (88%), which is notably high. Outflow and groundwater recharge are only
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33 km3 (8%) and 13 km3 (3%), respectively; various losses are 1%. Fresh water
availability in the basin is thus very limited, especially in the drier northern part.

2.4 Groundwater

Aquifers in the basin are recharged directly and indirectly. Direct recharge is through
fractured and fault zones as well as through sandy portions of the weathered zones.
Indirect recharge occurs by infiltration through ponds in low-lying areas and also
through riverbeds. Indirect recharge rates are low compared to direct recharge from
rainfall after meeting evapotranspiration demand (HAP 2006; Lemoalle and de
Condappa 2009). Hard rock aquifers, which are low-yielding, underlie about 90%
of the basin.

Groundwater abstraction in the basin is low but with high potential for develop-
ment. Climate variability and change will have serious impacts on surface waters,
making groundwater use increasingly important. Currently, multiple streams and
springs are drying up as a result of climate change and variability, as well as poor
land use practices (Gyau-Boakye and Tumbulto 2000). Knowledge of aquifer yield
and other characteristics in the basin are limited; more research in this area is needed.

3 Observed Changes in Temperature and Rainfall

Ghana and Burkina Faso make up 85% of the total area of the basin (Lemoalle and de
Condappa 2009); hence temperatures and rainfall in the agro-climatic zones of the
basin used for this studywere taken fromnational statistics of these two countries sent
to the UNFCCC through their national communication reports. The agro-climatic
zone of the Burkina Faso part of the basin is largely Sudano-Sahelian (see Sect. 2.3),
and that of Ghana is Sudanian in the north and Guinean in the midsection of the
country.

3.1 Changes in Historical Temperatures

Over the period 1961–2008, the average annual temperatures in Burkina Faso
increased by at least 0.5 °C at all the synoptic stations (UNFCCC 2015a).
The minimum and maximum temperatures also increased in magnitude. Average
minimum temperatures varied between 20 and 22 °C over 1961–1990 and 1971–
2000, respectively, with the variability of about 2 °C. Maximum temperatures varied
between 0.4 and 3.6 °C, and minimum temperatures for the period 1960–2000 in
Sudan and Guinea Savannah zones in Ghana (in the lower part of the basin) showed
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a 3.7% increment. For maximum temperatures, rates of change of 6.1% and 2.7%
were observed for Sudan and Guinea Savannah, respectively (UNFCCC 2015b).

3.2 Changes in Historical Rainfall Amounts

Rainfall has been variable across the basin and over time (Oguntunde et al. 2006).
From 1901 to 2002, the 1970s and 1980s was the driest period, while the 1930s and
1950s were the wettest (Oguntunde et al. 2006). Inter-annual variability was more
pronounced in the northern part than the southern part of the basin (Kasei 2009, van
de Giesen et al. 2010). The northern part has only one rainfall season from about
May/June to September/October, and rainfall totals are lower in the north than in the
south, with about 500 mm or less in the Sahelian zone in the far north and about
1100 mm or more in the Guinean zone in the south (Lemoalle and de Condappa
2009). Hence, rainfall variability produces stress on human lives and socioeconomic
activities, especially in the upper reaches of the basin. Droughts there have become
very frequent since the 1970s (van de Giesen et al. 2010). Mean annual rainfall for
1901–1969 was 1100mm; for 1970–2002 the mean was 987mm. Furthermore, if the
year 1970 alone is eliminated from rainfall trend analysis, no rainfall trend is evident,
meaning that rainfall amounts varied from 1970 to 2002 without any particular trend.

Analysis of historical data from Burkina Faso’s National Communication
(UNFCCC2015a) showed amovement of isohyets for the periods 1931–1960, 1961–
1990 and 1971–2000 as shown in Fig. 2. The wettest 30-year period was 1931–1960,
followed by 1961–1990. 1971–2000 was the driest thirty-year period. From 1931 to
1960, a 1200 mm isohyet was discernible in the southwestern corner of the country.
whereas in the latter periods it was completely absent. This observation is consis-
tent with findings that the isohyets in the Sahel and Sudano-Sahelian zone in the
Volta basin moved about 150 km south during the climate transition period of the
early 1970s (L’Hote and Mahe 1996). Furthermore, even though 1971–2000 was the
driest period, there was no significant change in the number of rainy days compared
to 1961–1990. Because the two 30-year periods 1961–90 and 1971–2000 overlap,
further research is required to validate the migration of isohyets southwards in the
basin. In the southern part of the basin, the Sudan and Guinean agro-climatic zones
in Ghana also show variable rates of change in rainfall without any clear trend
(UNFCCC 2015b).

4 Climate Scenarios and Projection of Climate Change
in the Basin

Methods for assessing climate change in the basin have been varied, and range
from simple to robust. Some national climate change reports used old emission
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Fig. 2 Migration of isohyets from 1931 to 2000 (SourceThird National Communication of Burkina
Faso)

scenarios produced by the IPCC Special Report on Emission Scenarios (SRES)
(IPCC 2000). These projections integrate emissions, climate change and climate
impact data, including an assessment of their inherent uncertainties.

An advanced method is used in the IPCC Representative Concentration Pathways
(RCPs). The RCPs comprise a set of four GHG concentration trajectories (RCP2.6,
RCP4.5, RCP6.0, RCP8.5) spanning a large range of plausible human-caused climate
forcing (van Vuuren et al. 2011). RCP2.6 is the best-case scenario, with much effec-
tive reduction of Greenhouse Gases (GHG); RCP8.5 is the worst case, used as a
reference point for “business as usual” (i.e., taking no action to mitigate the effects
of climate change). Regional Climate Models are applied to simulations to down-
scale GCMs to project future climate of the basin under different levels of anthro-
pogenic GHG forcing. This method was used to develop climate projection in the
5th Coupled Inter-comparison Project (Taylor et al. 2012). Sylla et al. (2016) used
CORDEX (Coordinated Regional Climate Downscaling Experiment; Giorgi et al.
2009) simulation to estimate climate change in the Volta Basin. CORDEX uses a
number of regional climate models in downscaling GCMs at a spatial resolution
of 50 km. CORDEX has also been validated over West Africa (Gbobaniyi et al.
2014 and Klutse et al. 2015). Two IPCC RCPs (RCP4.5 and RCP8.5) were used
by Sylla et al. (2016) for temperature and rainfall studies under climate change for
a historical period of 1951–2005 using 1976–2005 as a reference period. Plots of
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anomalies of temperatures from the mean of the reference period show that the basin
was cooler than the average temperature before the 1980s. This was confirmed by
multi-model ensembles ofCORDEXRCMsand observations fromClimateResearch
Unit (Harris et al. 2014). Also, in recent decades, warming has grown at a sharp and
unprecedented rate, and is projected to increase.Warming estimates based on the two
scenarios diverge in the 2040s, with RCP8.5 warming at higher rate than RCP4.5.
RCP4.5 is projected to have temperature anomalies in the range of 1.5 to 4 °C and
RCP8.5 in the range of 4 to 6 °C by 2100. Overall, the basin is likely to increase in
temperature from 1.5 to 6 °C by 2100 (Sylla et al. 2016). These findings confirm the
projection for increased temperatures in the 3rd National Communication of Ghana
(UNFCCC 2015b) and 2nd National Communication of Burkina Faso (UNFCCC
2015a) submitted to the UNFCCC. Temperatures in Ghana are projected to increase
between 1 and 7 °C by 2080 in all the agro-ecological zones and in Burkina Faso by
0.9 °C by 2025 and 1.5 °C by 2050 in the whole country. In addition to the different
time horizons of these projections, the extent of increase in the temperatures also
vary among the studies. Standardization and harmonization of studies in the basin
and West Africa sub-region, in general, will be necessary.

Relating to precipitation, Sylla et al. (2016) showed great inter-annual variability
in the basin, with rainfall measured between−0.5 and 0.5mm/decade, making detec-
tion of negative or positive trends in rainfall very difficult. However, positive anoma-
lies dominated, even with some negative anomalies projected. This suggests that the
occurrence of wetter conditions is highly probable in the basin in the future. Mean
annual rainfall in the Guinea Savannah of Ghana (in the Volta Basin) is projected
to decrease by 3.5% in 2021–2040, 0.9% in 2041–2060 and 3.1% in 2061–2080.
However, for the Sudan Savannah, the mean annual rainfall is projected to decrease
by 3.2% by 2021–2040, increase by 0.8% in 2041–2060 and decrease by 2.3% by
2061–1080. The results also show no clear trend in the decadal analysis. Available
projection of rainfall in Burkina Faso’s 2nd National Communication (UNFCCC
2015a) did not use GCM-RCM modeling. Moreover, the study was for the whole
country and did not focus on agro-ecological zones. The results of that study indicate
that rainfall could decrease by 6.4% by 2025 and by 11% by 2050 in the worst-case
scenario. This result does not support evidence of a negative or downward trend in
projected rainfall.

The variability of inter-annual rainfall magnitudes bears on the availability of
water for socioeconomic development. Variability can impact on surface and ground-
water resources needed to supply water for domestic, industrial and irrigation use,
hydro-power generation and hydro-ecology for the sustenance of flora and fauna.
Inadequate rainfall in the basin as experienced in 1970 and 1983–1984 can have
a significant negative impact on rain-fed agriculture, a major economic activity in
the basin. While inter-annual rainfall variability is important, rainfall distribution
– onset, duration and intensity – and its variability within each year is also of great
importance to agricultural productivity. These studies have examined the impacts
of climate change on the variability of rainfall distribution, and have shown that
the onset of the rainy season has been shifting forward from April to May (van de
Giesen et al. 2010 and Laux et al. 2007). Knowing when the rainy season will begin
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is essential to farmers so that they can prepare the land and sow in order to use the
early rains for crop development, especially in an environment where rainfall is not
very reliable and can fail. While onset is variable, studies show that the end of the
rainy season remains fixed, resulting in a shortening of rainy seasons. Furthermore,
the average annual rainfall amount has not changed as the rainy season duration has
decreased, meaning that there is an increase in the frequency of extreme rainfall
events. Studies carried out by Sylla et al. (2016) show that extreme precipitation
intensity will tend to increase across the basin in the near future (2036–65) to the late
twenty-first century when greater GHG forcing will produce greater precipitation
intensity. The southern part of the basin is estimated to experience an increase of
more than 30%, and the northern part an increase of 10% to 20% compared to the
reference period 1976–2005.

Dry spell duration during the rainy season or lack of continuity of the rainy season
can disrupt rain-fed agriculture. Dry spell length is defined as the maximum number
of consecutive dry days that rainfall is less than 1 mm/day. Projection of dry spell
length is very small, from −5 to 5%, for mid-level GHG forcing in the near future.
In contrast, dry spell length for high-level GHG forcing for the same period is about
10%, and by the late 21st century, projections for high-level GHG forcing could be
up to 30% in the south and middle part of the basin. Under these conditions, farmers
in the basin will have to adapt to shortened and intensified rainy seasons coupled
with dry spells, through the use of crops and cultivars that are more suitable for
such conditions. Climate change will also require the use of reservoirs to capture,
store and use the surface runoff for irrigating crops, as well as the conjunctive use of
surface water with groundwater.

5 Agriculture, Water Resources and Climate Change

5.1 Climate Change Impacts on Crop Production
and Adaptation Strategies

The latest SpecialReport of the Intergovernmental Panel onClimateChange indicates
global warming of 1.5 °C above pre-industrial levels. Related assessment of global
greenhouse gas emission pathways indicates that the earth is already experiencing
the adverse impacts of 1 °C of global warming throughmore extremeweather, among
other changes, and thatwarming of 1.5 °C is not ‘safe’ formost nations, communities,
ecosystems, and sectors, posing significant risks to natural and human systems due
to the likelihood of increased frequency of extreme weather events coupled with
land-use change resulting in increased frequency of flood events (IPCC 2018).

Using a statisticalmetric ofmultidimensional climate change to quantify the emer-
gence of global climate change hotspots in the CMIP5 (Fifth phase of the Coupled
Model Intercomparison Project climate model ensemble), Diffenbaugh and Giorgi
(2012) observed that the Sahel and tropical West Africa are among the persistent
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regional climate change hotspots throughout the twenty-first century of the RCP8.5
andRCP4.5 forcing pathways in the 2016–2035, 2046–2065 and 2080–2099 periods.
These hotspots are characterized by widespread increases in mean temperature, the
intensification of extreme hot seasons and changes in intensity and distribution of
precipitation. These analyses, however, did not consider non-climatic factors that
will ultimately determine the impacts of climate change.

TheWest African region is particularly vulnerable to climate change and extreme
climate events such as floods and droughts. The region is highly reliant on rain-fed
agriculture and has little economic and institutional capacity to address the conse-
quences of climate variability and change (Sultan and Gaetani 2016; Zougmoré et al.
2016). These factors make the region particularly vulnerable to frequent food crises,
especially in the drier areas, including in northern sections of the Volta Basin (Caritas
2018; van deGiesen et al. 2010). These impacts invariably result in loss of human life
and livelihoods, which undermine advances toward sustainable development objec-
tives (CCAFS 2013). Poverty is defined as unacceptable deprivation in one or several
dimensions of human welfare (Ravallion 1996). The African Development Bank has
noted that agricultural growth in sub-Saharan Africa has been demonstrated to be a
principal driver of poverty reduction and stimulus of growth across economic sectors
on the continent. In fact, agricultural growth in this region has been demonstrated
to be twice as effective in reducing poverty as growth based in other sectors (AfDB
2010). Between 2007 and 2017, the share of the national labor force attributed to the
agricultural sector ranged from 33.6% in Mali to 47.5% in Togo, with an average of
41.6% across the six countries of the Volta basin. In 2017 alone, the sector generated
about 42.5% of the basin’s economic output (AfDB 2018). Several factors, including
climate shocks and loss of employment in agriculture, have adversely affected agri-
cultural productivity in Sub-Saharan Africa, which is expected to drop by nearly
10% this decade, with a corresponding increase in the numbers of people running
small household businesses (World Development Report 2018).

Data submitted by all six riparian countries to the UNFCCC over the past 15 years
reveals that increasing temperatures and changes in precipitation in the Volta Basin
are very likely to reduce cereal crop productivity with the potential to undermine food
security (UNFCCC 2011, 2015a, b, 2017, 2018). In spite of these challenges, agri-
culture continues to make an important contribution to the Gross Domestic Product
(GDP) of all the Volta Basin countries (Lemoalle and de Condappa 2010). Between
2007 and 2017, the share of the national labor force of the agriculture sector ranged
from 33.6% in Mali to 47.5% in Togo, with an average of 41.6% across the six
countries of the Volta basin (IMF 2018).

In 2017 alone, the sector generated about 42.5% of the basin’s economic output
(AfDB 2018). Food crops grown in the basin include maize, millet, sorghum, rice,
yam, groundnut, Bambara beans, cowpea, soybean and vegetables including tomato,
onion, cabbage, pepper and okra. Cocoa, cotton and coffee are the predominant cash
crops (UNFCCC 2011, 2015a, b, 2017, 2018). Planting is usually done in the wet
season and the vast majority of crop farms are small in size, with farmers typically
using rudimentary tools such as hoes and cutlasses with limited application of agro-
chemicals (Chamberlin 2008; Zougmoré et al. 2016). Total chemical fertilizer use



344 G. A. Manful and Y. Opoku-Ankomah

in 2014 amounted to 558,800 metric tons, equivalent to 12.2% of African fertilizer
consumption and 2% of global fertilizer consumption (FAOSTAT 2019). The Fifth
Assessment Report of the IPCC confirms that climate change exacerbates prevailing
stress on water availability and agricultural systems, particularly in semi-arid envi-
ronments of Africa, such as the northern parts of the Volta River Basin. Increasing
temperatures and changes in precipitation in the Volta Basin are very likely to reduce
cereal crop productivity, with strong adverse effects on food security (Niang et al.
2014). Crop growing periods inWest Africamay decrease by an average of up to 20%
by 2050, resulting in cereal yield losses of 40% as well as cereal biomass losses for
livestock due to a decline in rainfall and frequent, long-lasting and intense droughts
(Niang et al. 2014).

In its Fifth Assessment Report, the IPCC projects increases in precipitation in
West Africa to increase millet and sorghum yields; however, projected temperature
increases greater than 2 °C (relative to the 1961–1990 baseline) are estimated to
counteract positive effects on the yields of millet and sorghum (for B1, A1B, and
A2 scenarios) (Niang et al. 2014). These adverse effects will be felt more strongly
in the savannah ecological zone than in the Sahel, with new millet and sorghum
varieties subject to greater adverse impacts compared to their traditional counter-
parts (Sultan et al. 2013). Cassava (Manihot esculenta) is very adaptable to relatively
marginal soils, high temperatures and erratic rainfall conditions compared to many
cereal crops, making tuberous root crop a better substitute for cereals as an adaptation
response to climate change under rain-fed agricultural conditions. For peanuts, both
positive and negative impacts have been projected by researchers under A2 and B2
scenarios. Suitable agro-climatic zones for growing economically important peren-
nial crops such as cocoa and coffee are estimated to diminish significantly, largely as
a result of the effects of rising temperatures. Under an A2 scenario, by mid-century,
suitable agroclimatic zones that are currently classified as very good to good for
perennial crops may become marginal, and zones that are currently marginally suit-
able may become unsuitable. The report further concludes that crop growing periods
in West Africa may decrease by an average of 20% by 2050, causing a 40% decline
in cereal yields and a reduction in cereal biomass for livestock (Niang et al. 2014);
these findings have been largely confirmed by Zougmoré (2016). Detailed atmo-
spheric modeling for the West African region shows that the onset of rainy season
will shift to later in the year, roughly from April to May (van de Giesen et al. 2010).
Since the end of the rainy season, as well as the total amount of rainfall, remain more
or less fixed, the rainy season is decreasing in duration, leading to reduced rain-fed
agriculture, the dominant mode of food production in the region. The IPCC Special
Report projects that warming of up to 2 °C could result in accumulated heatwave
duration up to three months; warming of up to 3 °C would lead to drastic reductions
in the maize crop in Africa (IPCC 2018).

Schroth et al. (2016) observed that within the Volta Basin, cocoa is now mostly
grown in climates that have a maximum of four consecutive dry months, defined
as less than 100 mm of rainfall per month; in Ghana and Ivory Coast, the northern
limit of the cocoa belt also coincides roughly with the 4 months of dry season. The
difference between rainfall and ETP during the driest quarter is projected to decrease
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in the savannah in the 2050s compared to the present climate, especially in Ghana
(Schroth et al. 2016). Drier-than-average years could become more frequent in West
Africa than they are now, possibly increasing the risk of drought (Abiodun et al.
2013). Under present climatic conditions, it is generally assumed that drought is
a greater threat to cocoa than is high temperature in West Africa (Carr and Lock-
wood 2011). Drought has affected cocoa yields regularly inWest Africa, particularly
during the severe El Niño years of the 1980s (Ruf 2011). The only practical way
of protecting cocoa trees from high temperatures is through overhead shade from
appropriately selected, spaced and managed companion trees and selected crops
(especially bananas and plantains) co-located on the cocoa farm so that shading can
reduce coca leaf temperatures by up to 4 °C (Almeida and Valle 2007). Adequate
ventilation is also an important complement because it can reduce fungal disease on
cocoa plantations (Zhang and Motilal 2016).

Because of drought periods and erratic rainfalls without effective water manage-
ment to promote crop production, the Volta Basin countries can no longer rely on
rain-fed agriculture to feed their rapidly increasing populations. Mitigation practices
may include irrigation and water harvesting technologies to enhance agricultural
productivity. This is especially applicable to Northern Ghana and Burkina Faso,
where the rainy season lasts for only four to five months. Adaptive strategies would
therefore include continued efforts to produce faster-growing rain-fed crop culti-
vars, mainly corn and sorghum, as well as better storage of surface run-off in small
reservoirs during the wet season for use during the dry season. The use of (shallow)
groundwater during the dry season is a highly complementary adaptation strategy
(van de Giesen et al., 2008) for building the resilience of crop production systems
against climate change. Other such strategies in the Volta Basin include conserva-
tion agriculture, alternate wetting and drying approach (AWD) for rice production,
agroforestry, “zaï” water conservation technology and the development of varieties
of cultivars that are resilient to higher temperatures, drought, pest, weeds, salinity,
flooding, etc., with a greater emphasis on new varieties that can withstand multiple
stresses.

Trees in or near agricultural fields reduce the vulnerability of cropping systems to
climate variations, so the introduction of trees in agriculture, such as in agroforestry
and silvopastoralist systems, is considered to be an effective adaptation strategy.
Tree roots reach into deep soil for water and nutrients, which benefits crops during
droughts. Trees improve fertility and protect soils from erosion by increasing soil
organic matter, porosity, infiltration and soil cover (Verchot et al. 2007). Nitrogen-
fixing trees contribute to the resilience to droughts of crops due to improvements
in soil nutrients and water infiltration – in, for example, Ghana and Burkina Faso
(Garrity et al. 2010). Studies of agroforestry systems highlight the trade-offs of trees
between increasing soil protection and reducing the light available to crops under
the canopies. In agroforestry, tree ecosystems may contribute differently to the adap-
tation of crops to climate change depending on climate scenarios and production
systems (Verchot et al. 2007). Within the Volta Basin, farmers mostly maintain agro-
forestry parkland systems, characterized by the deliberate retention on farmlands of
economically valuable and multipurpose trees such as Shea (Vitellaria paradoxa),
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Dawadawa (Parkia biglobosa) and Kapok (Ceiba pentandra) (Poudyal 2009). There
is heavy dependence on the inherent fertility of the soil due to low fertilizer applica-
tion, both in terms of quantity per hectare and frequency of application. In addition,
pressure on agricultural lands has reduced fallow periods and therefore decreased
the quality of soil fertility.

5.2 Climate Impacts on Livestock-Rearing and Adaptation
Strategies

The livestock sector remains a major contributor to both rural livelihoods and the
national economies of all six Volta Basin countries, particularly in the savannah
ecological zones and semi-arid regions, where the predominant livestock is cattle,
sheep, goats, pigs, fowls and guinea fowls (UNFCCC 2011, 2015a, b, c, 2017, 2018).
It is estimated that at least 100million poor people inWest Africa rely on livestock as
part of their livelihood. In the Sahelian zone, livestock production accounts for about
30% of revenue from the agriculture sector. For both crop farmers and pastoralists,
livestock serves as a productive asset to generate income, and contribute to increasing
food security in the basin. Repeated droughts in the Sahel has led to the adoption of
agro-pastoralism—a combination of crop farming and livestock rearing on the same
farm—by pastoralists who were once solely dependent on livestock. Similarly, crop
farmers have diversified into rearing livestock due to repeated crop failure associated
with droughts (Thornton et al. 2014).

For both crop farmers and pastoralists, livestock rearing generates income,
contributing a key element of food security in the basin, because this diversification
is an effective adaptation strategy to increased prevalence of droughts and warming
temperatures (Thornton et al. 2014; Turner et al. 2014; Rosenstock et al. 2016).

Livestock contributes significantly to satisfying household needs, and constitutes
the second-largest export commodity for countries such as Mali and Burkina Faso
(FAOandECOWAS2017). Livestock rearing stabilizes the socioeconomic capability
of households by providing reliable income in times when prices of crops are low due
to a bumper harvest. The predominant livestock reared by farmers is cattle, sheep,
goats, pigs and fowl. In Burkina Faso, animal husbandry, like crop production, is an
important element of the farming system in all the regions of the country. In 2011,
the animal population in the West African region was estimated at 283 million head,
comprising 63,128,047 cattle, 7,492,551 sheep, 130,446,369 goats, 11,225,235 pigs
and 2,895,861 camels (FAO and ECOWAS 2017).

Strategies to enhance livestock-based livelihoods include the implementation of
management practices suited to drought and warming temperatures; introduction
and support of animal species and breeds able to adapt to drought and warming
temperatures and associated synergies and trade-offs, and policy and institutional
mechanisms to enhance adaptation of livestock production systems (Zougmoré et al.
2016).
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5.3 Climate Change Impacts on Inland Fisheries
and Adaptation Strategies

Fishing is the primary livelihood of many residents around the main surface water
bodies, both natural and artificial, such as the Lake Volta (Mul et al. 2015). The
majority of fish species found in the basin are edible. Along the shoreline of Lake
Volta are over 1,200 fishing villages inhabited largely by impoverished rural popu-
lations whose livelihood is primarily fishing in the lake. It is estimated that over
80,000 fishers and 20,000 fish processors and traders are involved in Lake Volta
fishing (UNEP-GEF Volta Project 2013). Inland fisheries are the major livelihood of
many communities along the Volta River, and fish provide about 60% of total protein
requirements of Ghana; inland fisheries and aquaculture contribute about 20% of
Ghana’s total production of fish (UNEP-GEF Volta Project 2013).

Fisheries encompass a wide range of ecological and socioeconomic components
within theVoltaBasin; artisanal fishery dominates employment in the fishing industry
and is active year-round. Artisanal fishermen use traditional wooden boats, some-
times motorized, with a variety of gear, including nets, lines and seines. In addition
to natural fish resources in the basin, aquaculture development, particularly caged
fish production, is increasing, especially in Lake Volta and in downstream reaches
of the river. Traditional processing methods include smoking, drying, salting and
curing (UNEP-GEF Volta Project 2013).

Climate change is projected to impact fisheries and aquaculture through water
stress and competition for limited water resources, which have the potential to
adversely impact aquaculture operations and inland fisheries production and increase
the likelihood of conflicts among water users Poff et al. (2002) and Cochrane et al.
(2009). The projected impacts of climate change on fisheries are both social and
economic for fishing communities.

5.4 Ecosystem-Based Adaptation Issues

The freshwater ecosystems of the Volta Basin provide a number of services that
contribute to local livelihoods and larger-scale basin objectives, including food, fuel
and construction materials, regulating flows (reducing peak and increasing base-
flows) and habitats for animals, such as migrant birds, which may attract tourism and
recreational activity.

Medicinal and pharmaceutical products are derived from various forest and
wetland products in the basin. The leaves, bark, seeds and roots of a range of plant
species are used for a variety of pharmaceutical and medicinal products, which are
also derived from the fauna that inhabits the ecosystems in the basin. But flora
species are threatened in Burkina Faso, Mali and Togo. In Burkina Faso, a study
in the southern Sahelian zone (axis Kaya-Tougouri-Yalgo) corresponding to the
White Volta-Nakambe watershed indicates that some flora species have shown a
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great decline in numbers so are considered to be at high risk (UNEP-GEF Volta
Project 2013).

6 Sustainable Development Issues

In 2013, the United Nations Economic Commission for Africa conducted a country-
level survey on sustainable development priorities in the member states of the
Economic Community of West African States (ECOWAS). These were then aligned
with the Poverty Reduction Strategies (PRSs) that integrate the economic, social and
environmental pillars of sustainable development. This analysis revealed that the
priorities for sustainable development, in order, are: education; health; sustainable
infrastructure development (energy, water, transport); inclusive economic growth,
diversification and transformation; good governance and the rule of law; agriculture
and food security; environment and natural resource management (forest, water and
soils); social protection for the poor and vulnerable; sanitation and urban manage-
ment; peace and security. Poverty is recognized as an overarching issue, while the
others are considered interrelated (UNECA 2015 and World Bank 2015).

In September 2015, UNMember States adopted the 2030 Agenda for Sustainable
Development, otherwise known as the Global Goals to end poverty, fight inequality
and injustice, and tackle climate change by 2030, and more commonly called the
Sustainable Development Goals (SDGs). These build on the Millennium Devel-
opment Goals (MDGs) adopted in 2000. Countries within the basin have made
good progress toward the MDGs, but the indignity of poverty is the reality for
millions of people within the basin. The SDGs go much further than the MDGs,
addressing the root causes of poverty and the universal need for development that
works for all people. The SDGs also set higher goals, seeking to eradicate, and not
just reduce, poverty, as well as embracing higher aspirations to meet obligations
for future generations. The SDGs seeks for no one to be left behind and is consid-
ered an agenda for shared prosperity, peace and partnership. It conveys the urgency
of climate action, underscoring the potential for dire consequences of mismanage-
ment of natural resources in the Volta Basin. Moreover, the SDGs emphasize that
poverty is not merely a lack of income but also takes the form of low educational
attainment, poor health and nutrition, exposure to physical insecurity and natural
hazards, and substandard living conditions. Poor people also lack access to improved
water sources, better sanitation facilities and electricity, the shortage of all of which
contribute to poor labor productivity, amplifying the cycle of income poverty (see
Table 1).

The Sustainable Development Goals include a goal on water (SDG6) with ambi-
tious targets for universal access to drinking water and sanitation (targets 6.1 and 6.2,
respectively) by 2030. Achieving sustainable universal access under the influence of
climate change will be a defining challenge for the SDGs. SDG6 also includes targets
to improve water quality (6.3), improve water-use efficiency (6.4), implement inte-
grated water resources management (IWRM) (6.5), and restore water ecosystems
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Table 1 Selected water and sanitation indicators in the six riparian countries

Countries HDI1 2017 Mortality rate
attributed to unsafe
water, sanitation and
hygiene Services (per
100,000 population)
SDG 3.9

Population using
improved water
sources (%) (2015)
SDG 6.1

Population using
improved sanitation
facilities (%) (2015)
SDG 6.2

Benin 0.515 59.7 67.0 13.9

Burkina Faso 0.423 49.6 53.9 22.5

Cote d’Ivoire 0.492 47.2 73.1 29. 9

Ghana 0.592 18.8 77.8 14.3

Mali 0.427 70.7 74.3 31.3

Togo 0.503 41.6 62.8 13.9

http://hdr.undp.org/sites/default/files/2018_human_development_statistical_update.pdf

(6.6). All of these will be impacted by climate change and in turn, influence the
resilience of drinking water and sanitation services. Inadequate water supply and
limited sanitation services have important consequences for human health: theWHO
(2014) estimates that globally nearly 1,000 children under five years die every day as
a result of diarrhea caused by poorwater and sanitation.At the end of theMDGperiod
in 2015, it was estimated that while 91% of the world’s population has access to an
improved water supply (UNICEF andWHO2015), only 68% has access to improved
sanitation. The corresponding figures within the Volta River Basin for access of the
population to an improved water supply and improved sanitation were 68% and 16%,
respectively (IMF 2018), indicating that these six countries have a long way to go
toward improving water and sanitation services. Open defecation remains a major
public health concern, and its elimination has been explicitly targeted in the SDGs.

Notwithstanding the ongoing challenges, there have been significant advances in
human development over the past decades in all six countries. For the period 2000–
2017, the human development index (HDI) increased by 18.4% for Togo and by
47.9% for Burkina Faso (IMF 2018). In 2010, the HDI score for Ghana rose to 0.554,
making it the only country within the Volta River Basin to transition from low human
development to medium human development, with the HDI growing at an average
annual rate of 1.14% for the past 17 years (IMF 2018). On average, all six countries
within the basin achieved modest positive economic growth rates. Over the period
2000–2016, the average annual real GDP growth rate for the subregion was 4.51%;
the most progress was made by Ghana, followed by Burkina Faso. Ivory Coast and
Togo made the least progress in the period. Despite these moderate gains, all basin
countries still face the challenge of raising and sustaining economic growth over the
long term (IMF 2018). Growth over this decade may be due to strong global demand
for export commodities such as oil and cocoa, better macroeconomic management
and new mining ventures. Increased agricultural productivity and transition of the
labor force to higher earning sectors of manufacturing and services is essential to

http://hdr.undp.org/sites/default/files/2018_human_development_statistical_update.pdf
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create higher earnings, employment and demand for the value chain of outputs from
other sectors. This transition will lead to a reduction in the share of agriculture to
national economies and the increase in the share of manufacturing and services,
which has the potential to increase employment and incomes and reduce poverty
(IMF 2018).

Across the basin countries, people are living longer and have greater livelihood
opportunities than 20 years ago, but they still lag behind most countries in the world
in human development measures, including education, health and access to drinking
water and other basic infrastructure services. These persistent social challenges have
hampered the efforts of these countries to accelerate growth and reduce poverty,
as envisaged in the national Poverty Reduction Strategies (PRSs) of each country.
According to World Bank revised estimates of global poverty from 1981 to 2015
based on 2011 Purchasing Power Parities (PPPs) released in September 2018, the
proportion of the population living on less than US$1.90/day (SDG 1.1) in Ghana,
Ivory Coast, Burkina Faso, Mali, Togo and Benin are 12.0%, 28.2%, 43.7%, 49.7%,
49.2%and 49.6%, respectively (IMF2018).Another indicator of poverty is the global
Multidimensional Poverty Index (MPI), an international measure of acute poverty
that goes beyond income poverty and takes into account multiple deprivations at the
household level, including health, education and standard of living. As expected,
computed MPI figures may vary significantly from SDG 1.1 values. MPI values,
taking into account broader parameters of deprivation, are 9.6%, 24.5%, 24.5%,
38.1%, 56.7% and 64.8% for Ghana, Ivory Coast, Togo, Benin, Mali, and Burkina
Faso, respectively (IMF 2018). Note that the MPI assesses poverty at the individual
level, and also permits comparisons both across countries and within countries by
ethnic group and urban/rural location. National life expectancy figures in the basin
countries are 63 years in Ghana, 61.2 years in Benin, 60.8 years in Burkina Faso,
60.5 years in Togo, 58.5 years in Mali and 54.1 years in Cote d’Ivoire.

7 Climate Change, Water, Health and Sanitation

All six riparian countries within the basin have witnessed some improvement in
access to sanitation over the past few decades. Notwithstanding, about 30% of the
populations of Mali and Ivory Coast, and only 15% of the populations of Benin,
Togo and Ghana, had access to improved sanitation facilities as of 2015. Significant
progress has been made by all the riparian countries to provide their citizens with
improvedwater sources.As of 2015,Ghana,Mali and IvoryCoast had provided about
78%, 74% and 73% of their populations with improved water sources, respectively,
with Burkina Faso providing up to 54% of the population with improved water
sources, the lowest in the river basin (see Table 1) (UNECA 2015). In the Upper
East and Upper West regions of Ghana, the water supply used for drinking and other
domestic purposes, serving approximately 80%of rural andurbanpopulations, comes
from groundwater sources (Johnston and McCartney 2010).
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African women are particularly vulnerable to the impacts of climate change
because they shoulder an enormous but imprecisely recorded portion of responsibility
for subsistence agriculture, the productivity of which can be expected to be adversely
affected by climate change and overexploited soil (Viatte et al. 2009).Global financial
crises, such as the one experienced in 2007–2008, as well as downturns in economic
trends at the national level, may cause job losses in the formal sector, drivingmen into
the informal sector to compete for jobs that were previously performed by women,
increasing the vulnerability of women (AfDB et al. 2010).

The health implications of the projected rise in temperature and rainfall vari-
ability are alarming, and include an increase in the incidence rate of measles, diar-
rheal disease, guinea worm infestation, malaria, cholera, cerebral-spinal meningitis
and other water-related diseases. These impacts of climate change and variability
worsen the plight of the poor, who are mostly women and children (Niang et al.
2014). Climate change amplifies existing health vulnerabilities, including insufficient
access to safe water and improved sanitation, food insecurity and limited access to
health care and education. Themost effective strategies to build resilient development
integrate consideration of climate change risks with land and water management and
disaster risk reduction. Oppressive temperatures and increasing heatwave duration
will also likely impact human health, mortality and productivity directly. With the
warming of up to 2 °C, there is a substantial increase in the risk of potentially deadly
heatwaves.

Climate change also poses significant risks to water and sanitation services. Risks
to water services include damage to infrastructure due to flooding, loss of water
sources and increasing water demand as a result of growth in the population and
economy and as well as changes in water quality. Adverse impacts on sanitation
services also include damage and loss of services from floods and reduced carrying
capacity of waters receiving wastewater. Measures to reduce risks may include the
integration of climate resilience strategies intowater safety plans, aswell as improved
accounting andmanagement ofwater resources. Technological options for enhancing
service delivery and changes inmanagementmodels offer the potential to reduce risk,
particularly in low-income settings.

The IPCC-projected global warming of 1.5 °C clearly states that the earth is
already experiencing the adverse impacts of 1 °C of global warming through more
extreme weather, among other impacts. It further asserts that warming of 1.5 °C is
not considered “safe” for most nations, communities, ecosystems and sectors, and
poses significant risks to natural and human systems. It is clear from the report
that warming of 1.5 °C or higher increases the risk associated with long-lasting or
irreversible changes, such as the loss of some ecological systems (IPCC 2018). With
the increased frequency of extreme weather events, coupled with land-use change-
related flood events and continued growth of settlements, people will be exposed to
the negative consequences of climate change increasingly (Milly et al. 2002, Jiménez
Cisneros et al. 2014).

Howard et al. (2016) assert that the impacts of climate change on sanitation infras-
tructure can be both positive and negative, depending on the nature of the impacts
as well as changes in the types of technologies employed by households. In the drier
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parts of the basin, the impact on rudimentary onsite sanitation infrastructure may
be positive due to the fact that groundwater pollution risks may be minimized as
the distance between the base of pits and groundwater (and hence travel time for
pathogens) increases (Mahmud et al. 2007). Seasonal groundwater flooding of pits
become less frequent (Sherpa et al. 2014), but increased flooding will pose major
threats to sewage and septic systems that rely on water (Howard et al. 2016).

Various policy options could address the resilience of water and sanitation
services. In rural areas, where small water supplies continue to be the norm, key
policy decisions revolve around which technologies are acceptably resilient. Howard
et al. (2010) suggest that some, such as dug wells, are less resilient because they are
vulnerable to contamination, drought and/or long-term reduction in water volume,
and inability to prevent damage during flooding. Other technologies, such as raising
the wellheads of tubewells, may be more resilient, though they have yet to be
demonstrated to be effective.

Groundwater resources arewidely expected to be less vulnerable to climate change
because of their inherent buffer against unpredictable rainfall, and are therefore
believed to form the basis of adaptation programs (Rockström et al. 2009 and Jaliffer-
Verne et al. 2015). In fact, groundwater resources are likely to be impacted as much
by increases in demand for groundwater as by changes to groundwater recharge
(Kundzewicz and Döll 2009). A caveat is that detection of and attribution to climate
change are difficult, given that surface and groundwater hydrology are governed by
multiple, interacting drivers and factors, such as land use change, water withdrawals,
and natural climate variability.

8 Conclusions

Studies have shown that the climate of the basin has been warming since the 1980s
when the temperature anomalies from the mean of the reference period of 1976–
2005 are examined for the entire historical period of 1951–2005, with temperatures
projected to increase by as much as 1.5 to 6 °C by the end of 2100 under mid-level
and high-level IPCC greenhouse gas forcing scenarios relative to 1976–2005. Precip-
itation has also varied, with the 1930s and 1950s being relatively wet and 1970s and
1980s being dry. There is some evidence of migration of isohyets southwards during
some decades, however, a trend has not been established with available informa-
tion. There have been positive and negative anomalies in rainfall records without
any clear trend, even though positive anomalies appear to dominate in the recent
past. The onset of the rainy season has been shifting forward without any significant
change in rainfall amount, even though there is an increase in the number of extreme
rainfall events. Projections using IPCC scenarios show an increase in future extreme
rainfall events and an increase in periods of dry spells within rainy seasons, which
may be detrimental to rain-fed agriculture.

Although agricultural productivity is a principal driver out of the vicious cycle of
poverty within the Volta basin, all six riparian countries have agricultural systems
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that are highly vulnerable to climate change and climate variability with associated
extreme climate events such as floods and droughts. This is due to a great reliance
on rain-fed agriculture, and little economic and institutional capacity to effectively
manage environmental and natural resources. The sub-region, therefore, requireswell
designed and adequately funded adaptation strategies, such as changes in crop vari-
eties, sowing dates and density, enhanced water harvesting and irrigation techniques,
fertilizer management, access to technologically appropriate agricultural mechaniza-
tion, emphasis on crop and livestock breeding to address multiple biotic and abiotic
stresses, livelihood diversification and crop substitution to enhance food security and
livelihood. Higher costs of food production due to climate change impacts within the
basin will have a major adverse impact on food security in these countries. Climate
change is a threat multiplier requiring greater investment to reach the aspirations of
the Sustainable Development Goals.
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Chapter 16
Potential Transboundary Impacts
of the Grand Ethiopian Renaissance Dam
Under Climate Change and Variability

Khaled M. AbuZeid

Abstract TheBlueNile originates in Ethiopia and flows downstream through Sudan
where it joins the White Nile to form the Main Nile which flows downstream into
Egypt, the most downstream country on the Nile River. The Blue Nile represents
the largest tributary to the Main Nile, providing an average annual flow of about
50 billion cubic meters (BCM), equivalent to about 60% of the natural average
flow of the Main Nile at Aswan in Egypt. Egypt depends on Nile River waters as
its main source of renewable water, utilizing 55.5 BCM annually as per the 1959
agreement which entitles Sudan to 18.5 BCM per year, making Sudan also highly
dependent on the Nile waters. Ethiopia embarked on the construction of the Grand
Ethiopian Renaissance Dam (GERD) on the Blue Nile in 2011, with the announced
objective to generate hydropower. The GERD’s reservoir maximum storage capacity
is 74 BCM and is projected to start filling in 2020, with full operation planned for
2022. The combined effect of the GERD filling and operation, together with the
effect of climate change and variability on the flows of the Blue Nile, calls for
careful assessment of the transboundary implications on downstream. This chapter
presents an assessment of the transboundary impacts of GERD filling and operation
on downstreamflows to Sudan andEgypt. Climate variability exacerbates the impacts
of the GERD, especially during years of drought. The analysis was based on 105
historical years of Blue Nile flows, simulation of five different initial water levels of
theHighAswanDam (HAD) reservoir in Egypt at the start of first filling of theGERD
upstream the Blue Nile, and four different scenarios for annual operation. Modeling
shows that climate change effects, if they materialize with more precipitation, may
naturallymitigate the negative impacts of the GERDon downstream countries so that
they can meet their basic water needs during droughts. In contrast, if climate change
effects materialize with less precipitation this will result in the reduction of flows of
the Blue Nile, and the GERD’s transboundary negative impacts will be exacerbated.
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1 The Nile River Basin and the Blue Nile Basin Climate
Variability

The Nile Basin in Ethiopia receives about 450 BCM of rain per year out of a total
of 970 BCM falling on Ethiopian lands. Ethiopia has several aquifers and river
basins other than the Blue Nile, Sobat, and Atbara Basins associated with the Nile
Basin in Ethiopia (AbuZeid 2016). Ethiopia, with the largest livestock production
in Africa, depends on rainfed natural pasture lands for feeding. The geographical
climate variability and the distribution of rainfall on the Nile Basin countries created
the dependence of Egypt and Northern Sudan on the river’s water and Ethiopia’s
reliance on direct rainfall, which contributes to vast areas of forests, pasture, and
rainfed agriculture in Ethiopia, as well as recharging a vast reservoir of renewable
groundwater. It is therefore expected that upstream countries such as Ethiopia rely
on “rainwater” in the Nile Basin, whereas downstream countries such as Egypt and
Sudan rely on “running water” from the Nile River itself. Egypt and large areas of
Sudan are considered arid and hyper-arid areas where there is practically no rainfall.
Egypt and Sudan use only about 4.6% of the total rainfall in the 11 countries of
the Nile Basin, which is about 1660 BCM per year on average. The rainfall in the
Nile countries, including other basins, is about 7000 BCM annually on average, with
annual variation corresponding to temporal climate variability. Figure 1 shows the

Fig. 1 Distribution of rainfall on the Nile Basin countries (AbuZeid 2012)
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distribution of rainfall on theNile Basin countries, reflecting thewide range of spatial
geographical climate variability.

According to the 1959 agreement, Sudan‘s annual share from the Nile is 18.5
BCM. Egypt‘s annual share is 55.5 BCM, and is governed by the 1959 agreement
and confirmed by historical uses for decades. This share is not enough to meet
Egypt’s increasing water needs. In 2015, Egypt imported agricultural food products
that would have required about 50 BCM of (virtual) water to grow (AbuZeid 2018).
Egypt is the only country among those in the Nile Basin that is forced to reuse
wastewater and agricultural drainage tomeet its water demand. It has also desalinated
seawater for decades to fill the water gap on the coasts of the Red Sea and recently
in cities on the Mediterranean Sea. Satellite images confirm Ethiopia‘s use of the
Blue Nile Basin water in agriculture, industry, and urban development, but no data
is published showing the exact abstractions or water uses in the Blue Nile Basin in
Ethiopia. However, Ethiopia’s agriculture is more dependent on rainfall. The Blue
Nile is the main tributary of the Nile River, and has the largest flow volume among all
major tributaries, discharging about 50 BCM/year on average. The effect of annual
climate variability on the Blue Nile can be inferred from the recorded flows from
1911 to 2015, with a range from 20.69 BCM/year in 1913 to 69.85 BCM/year in
1929. The Blue Nile originates in Ethiopia, and flows downstream to Khartoum in
Sudan, where it joins the main Nile, which then flows into Egypt.

2 The “GERD” and The “Agreement on the Declaration
of Principles”

Ethiopia launched the constructionof theGrandEthiopianRenaissanceDam(GERD)
on the Blue Nile in Ethiopia in April 2011 and the project was about 65% complete
by November 2017. Figure 2 shows the progress of construction on the GERD and
the auxiliary Saddle Dam as of 2017.

GERD has become controversial because of its potential impacts on downstream
countries, Egypt and Sudan. In an attempt to assess the impact of the GERD on Egypt
and Sudan during filling and operation, the Center for Environment andDevelopment
of the Arab Region and Europe (CEDARE) conducted a comprehensive study on the
potential impacts of the GERD on Egypt and Sudan (AbuZeid 2017a). Some of the
results of this study are presented here.

The “Agreement on the Declaration of Principles on the GERD,” signed by the
leaders of Egypt, Ethiopia, and Sudan in March 2015, stipulates that the three coun-
tries will agree on “the first filling rules, the annual operation rules and will establish
amechanism to coordinate the management of dams and reservoirs in the three coun-
tries.” It is therefore important to study the potential impacts of the GERD on the
downstream countries of Sudan and Egypt, so that determinations about filling and
operating rules can be made based on the results. A consortium of two consulting
firms was hired by the three countries to conduct formal impact assessment studies.
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Fig. 2 Progress of construction in the GERD and the auxiliary Saddle Dam as of 2017

However, progress on the studies has been delayed due to disagreements among
countries.

Figure 3 shows the High Aswan Dam (HAD) that lies downstream of the GERD
in Egypt; HAD is the control structure that regulates the release of flows for Egypt’s
water uses as per the 1959 agreement with Sudan which allocates 55.5 BCM/year
for Egypt and 18.5 BCM/year for Sudan.

Fig. 3 High Aswan Dam (HAD) (Egypt)
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3 GERD Impact Assessment Methodology, Scenarios,
and Assumptions

The study of the impacts of the first filling and operation of the GERD is based on
simulating more than 100 possible scenarios (AbuZeid 2017b). The amount of the
first seepage losses, annual seepage, and annual evaporation from the GERD were
estimated based on the volume of storage and the water surface area of the GERD
Reservoir. The study presents scenarios for the first filling volume of up to 15, 25,
and 62 BCM over a period of 6 years, 10 years, and in some cases, 4 or 5 years. The
study is based on simulating the historical series (1911–2015) of Blue Nile flows on
which GERD is being built in Ethiopia (Abu-Zeid 2010; Said 1993). Different water
levels in the High Aswan Dam (HAD) reservoir of 150 meters (m), 160, 165, 170,
and 175 m (above mean sea level) were used as simulations for the HAD level at the
beginning of the first filling of the GERD reservoir in the Upper Blue Nile. Different
combinations of these variables created the scenarios that were studied and modeled
into the future when the GERD is in place. The impact of the GERD on the flows
of the Blue Nile downstream and the water levels and storage volumes of the HAD
reservoir was predicted by the model, taking into account the other Nile tributaries
flows and Egypt’s and Sudan‘s shares of the Nile water. The results were compared
to the baseline scenario (without GERD). The number of years of water deficit for
Egypt and Sudan, and the volume of the deficits were assessed for every scenario.
Since there is no agreement yet on the operating rules of the GERD, assumptions for
operation scenarios were made based on lowering the reservoir levels of GERD by
the end of the hydrological year back to different scenarios for the first filling volume
of 15, 25, and 62 BCM.

The “first filling” is defined as filling up the dead storage volume in addition to
a safety height of about 20 m above the level of the main turbines, to 590 m above
mean sea level (amsl), which is equivalent to total storage of around 15 BCM. The
relationship between the water level in the GERD reservoir and the water surface
area, and the storage volume in the GERD reservoir is depicted in Fig. 4.

The “first seepage” and “annual seepage” from GERD were assumed as per the
“average scenario” in the charts given in Figs. 5 and 6.

According to Wale (2008), the evaporation rate from Lake Tana in Ethiopia, the
surface water level of which is 1786 m (amsl), is about 4.63 mm/day. According to
Bashar and Mustafa (2009) , the evaporation rate from the Roseires Dam Reservoir
in Sudan, the water level of which is 480 m (amsl), has an average evaporation rate
of about 6.62 mm/day. As the GERD highest water level is about 640 m (amsl),
by interpolation the evaporation rate of the GERD reservoir may be estimated to
be 6.38 mm/day. This estimated evaporation rate is reflected by the “interpolation
scenario” for GERD “annual evaporation” as shown in Fig. 7. The assessment in this
study uses the “average” scenario.

The relationship among the water level in the HAD reservoir, the water surface
area, and the storage volume is presented in Fig. 8.
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Fig. 4 The relationshipbetween thewater elevation, surface area, andvolume in theGERDreservoir

Fig. 5 The “first seepage” scenarios from GERD related to the storage volume

According toAbouEl-Magd andAli (2012), the rate of evaporation from theHAD
reservoir is about 4.45 mm/day, about 11.1 BCM per year at the maximum water
level and surface area of the reservoir. This is in line with Fig. 8 for calculating the
evaporation and seepage losses from the HAD Reservoir, assuming seepage losses
of about 2 BCM/year at the maximum water level. Assumptions for evaporation and
seepage losses from the HAD reservoir are shown in Fig. 9.
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Fig. 6 The “annual seepage” scenarios from GERD related to the storage volume

Fig. 7 GERD “annual evaporation” scenarios related to storage volume

GERD operating rules are based on Blue Nile flow storage during the high flow
period (July–October), which represents about 80% of total annual discharge, to
take advantage of the high levels of hydropower generation from GERD, and to be
released throughout the year.

The annual average flow of the White Nile River was considered to be 28.5
BCM/year atMalakal, the annual averageflowof theAtbaraRiver to be12BCM/year,
and that of the Rahad and Dinder Rivers at Khartoum to be 4 BCM/year. The average
annual losses from the Roseires and Sennar Dam Reservoirs were estimated at 0.9
BCM/year. The average annual losses were estimated to be 1.0 BCM/year from the
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Fig. 8 Relationship between water elevation, surface area, and volume in the HAD reservoir

Fig. 9 Relationship between volume and evaporation and seepage losses from the HAD reservoir

Atbara, Tekizi, and Khashm El-Girba Dam Reservoirs, 2.5 BCM/year from Jebel
El-Awliaa Dam Reservoir, 1.8 BCM/year from the Marwi Dam Reservoir, and 3.3
BCM/year from the upstream Nile River reaches to Aswan (MWRI 2004).

Projections for Blue Nile flows were assumed to begin with 10-year average
flows of 38 BCM/year (lowest historical 10-year average), 45 BCM/year (moderate
historical 10-year average), and 50 BCM/year (historical 10-year average). It was
assumed that the flow volumes of the Blue Nile between 1911 and 2015 will be
repeated in the same order for the next 105 years starting as soon as the GERD filling
starts.
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Fig. 10 The cross-sectional levels and technical specifications of the GERD main features

According to the 1959 agreement, Egypt and Sudan share any agreed deficit
caused by another riparian state in the Nile Basin equally. Scenario simulations were
based on the assumption that these Egypt and Sudan’s shares are to be met and that
number of deficit years in meeting these shares is to be determined. Deficit scenarios
ranging from 0.5 to 5 BCM/year were assumed for each country during deficit years.

It was assumed that the purpose of the GERD is to generate hydropower only,
which was the basis of the Declaration of Principles on the GERD signed by Egypt,
Sudan, and Ethiopia in March 2015. It was understood that Ethiopia commits not to
withdraw water from the GERD reservoir for any other purposes.

The engineering specifications of GERD in terms of water levels, elevations,
heights, and the allowable flow according to the capacity of the turbines and gates
are outlined in Fig. 10.

4 Hydrological Impact Scenarios of the GERD Under
Climate Variability

The average annual storage volume of the GERD and the cumulative evaporation
and seepage losses from GERD reservoir are the most influential variables in the
ability of Egypt and Sudan to fulfill their shares from the Nile in the presence of
GERD. The storage volume is assumed to return to the minimum storage of the “first
filling” at the end of the hydrological year to accommodate the next year’s flood. The
smaller the storage amount, the smaller the evaporation and seepage losses from the
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GERD reservoir and the smaller the impact on the flows downstream to Egypt and
Sudan. Thus, the best case scenario is when the GERD reservoir returns to 15 BCM
at a level of about 590 m at the end of the hydrological year. In reality, the level may
need to drop to 7 or 3 BCM in very dry years, however, this was not simulated in
this study. When the level is this low, it is insufficient to operate any of the top 14
turbines, leaving just the two lower turbines operable. Figure 11 shows the effect of
the remaining storage volume at the end of the hydrological year during operation
on the number of deficit years and in providing the allocated shares to Egypt and
Sudan during the 105-year period used for simulating the filling and operation of
the GERD. Scenarios include different sizes for the minimum operating volumes of
(15, 25, 62, and 74 BCM) at the end of the hydrological year, during the time series
modeled. Scenarios also include three different 10-year averages of Blue Nile during
the first filling before annual operation.

Figure 12 shows a set of possible scenarios for the HAD reservoir end-of-year
storage for the projected 105 years following the completion of the GERD, starting
with 10-year average flows of 38 BCMduring “first filling,” compared to the baseline
scenariowithout the presence of theGERD. It is clear from all the scenarios presented
that HAD storage falls under the dead storage level of 31 BCM (i.e., below the level
at which turbines can operate) due to the expected cumulative effect of evaporation
losses and seepage in the GERD reservoir, which will be evident in years of low Blue
Nile flows.

Figure 13 shows a set of possible scenarios for the HAD reservoir end-of-year
storage in the 105 years following the completion of the GERD starting with 10-year
average flows of 45 BCM during “first filling,” compared to the baseline scenario
without the presence of the GERD. It is clear from all the scenarios presented that
HAD storage falls under the dead storage level of 31 BCM (i.e., below the level at
which turbines can operate) due to the expected cumulative effect of evaporation
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front of the HAD 

at the beginning of 
the time series 160 

m

Water level in
front of the HAD 

at the beginning of 
the time series 165 

m

Water level in
front of the HAD 

at the beginning of 
the time series 170

m

Water level in front of the 
HAD at the beginning of 

the time series 175 m

Filling volume 
scenarios, 
remaining 

minimum range 
during operation 

BCM

Filling volume 
scenarios, 
remaining 

minimum range 
during operation 

BCM

Filling volume 
scenarios, 
remaining 

minimum range 
during operation 

BCM

Filling volume 
scenarios, 
remaining 

minimum range 
during operation 

BCM

Filling volume scenarios, 
remaining minimum 

range during operation 
BCM

15 25 74 15 25 74 15 25 74 15 25 74 15 25 62 74
Deficit years in 

providing Egypt
and Sudan shares

Deficit years in 
providing Egypt

and Sudan shares

Deficit years in 
providing Egypt

and Sudan shares

Deficit years in 
providing Egypt

and Sudan shares
Deficit years in providing 
Egypt and Sudan shares

Filling 
Period in 
10 Years

50 20 22 37 15 16 34 15 16 30 15 16 21 15 16 21
45 18 20 28 16 18 24 15 17 23 14 17 23 14 16 22
38 19 20 24 16 17 22 15 16 21 14 15 20 11 15 19

Filling 
Period in 6 
Years

50 21 23 29 15 18 28 15 16 26 15 16 25 15 16 21
45 19 21 29 16 23 26 15 17 25 14 16 24 14 16 23
38 19 20 24 16 18 23 15 18 22 14 16 21 12 15 20 20

Filling
Period in 5 
Years

50
45 23
38

Filling 
Period in 4 
Years

50 21
45
38

Fig. 11 Scenarios for the number of deficit years during GERD operation
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Fig. 12 Scenarios: (150, 160, 165, 170, 175) 38 (15, 25, 74)/(6,10)

Fig. 13 Scenarios: (150, 160, 165, 170, 175) 45 (15, 25, 74)/(6,10)

losses and seepage in the GERD reservoir, which will be evident in years of low
Blue Nile flows.

Figure 14 shows a set of possible scenarios for the HAD reservoir end-of-year
storage in the 105 years following the completion of the GERD, starting with 10-year
average flows of 50 BCM during “first filling,” compared to the baseline scenario
without the presence of the GERD. It is clear from all the scenarios presented that
HAD storage falls under the dead storage level of 31 BCM (i.e., below the level at
which turbines can operate) due to the expected cumulative effect of evaporation
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Fig. 14 Scenarios: (150, 160, 165, 170, 175) 50 (15, 25, 74)/(6,10)

losses and seepage in the GERD reservoir, which will be evident in years of low
Blue Nile flows.

The graphs below analyze separate scenarios of potential HAD storage at the
end of the hydrological year in the presence of the GERD compared to the baseline
scenario without the GERD. Some unlikely scenarios were excluded, such as those
scenarios when the Blue Nile average mean of 10 consecutive years is low and the
beginning of this period coincides with the lowest level in the HAD reservoir, or
when the GERD is operating at a minimum storage of 74 BCM.

5 GERD Operation After Filling During a Low 10-Year
Average Flow (38 BCM/Year)

Figure 15 assumes a series of flows at the beginning of the filling period with a 10-
year annual average equal to 38 BCM/year (similar to the period from 1978 to 1987),
whichwas the lowest 10-year historic average, coincidingwith aHAD reservoir level
at the beginning of the series of about 165m (equivalent to HAD storage of 78 BCM).
This scenario assumes annual operation at 15 BCM minimum storage. Deficit years
where the Blue Nile flows through GERD will be short of meeting the shares of
Egypt and Sudan reached about 15 years during the first 20 years of the series of
105 years of the simulated historical flows used.

There will be a deficit in the shares of Egypt and Sudan to avoid the falling of the
HAD reservoir levels below the dead storage level.

Figure 16 shows an annual deficit ranging from 2.5 BCM to 3 BCM for both
Egypt and Sudan for a period of 10 years, with a total deficit during the first 10 years
of about 56 BCM.
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Fig. 15 Scenarios: (165) 38 (15)/(6,10)

Fig. 16 Scenarios: (165) 38 (15)/(6,10) with deficit in the shares of Egypt and Sudan

Figure 17 assumes a series of flows at the beginning of the filling period of
6 years with a 10-year annual average equal to 38 BCM/year (similar to the period
from 1978 to 1987), which was the lowest 10-year historical average, and coinciding
with a HAD reservoir level at the beginning of this series at about 170 m (equivalent
to HAD storage of about 99 BCM). This scenario assumes the annual operation
at 25 BCM minimum storage. Deficit years where Nile water shares of Egypt and
Sudan cannot be met reached about 16 years during the first 20 years of the series of
105 years of the simulated historical flows used.
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Fig. 17 Scenarios: (170) 38 (25)/(6,10)

Figure 18 shows an annual deficit ranging from 2.5 BCM to 3 BCM for each of
Egypt and Sudan for a period of 10 years, with a total deficit during the first 10 years
of about 57 BCM for both countries.

Figure 19 assumes a series of flows at the beginning of the filling period of
6 years with a 10-year annual average equal to 38 BCM/year (similar to the period
from 1978 to 1987), which was the lowest 10-year historical average, and coinciding
with a HAD reservoir level at the beginning of this series at about 175 m (equivalent
to HAD storage of 122 BCM). This scenario assumes the annual operation at 62
BCMminimum storage. Deficit years where the BlueNile Flows downstreamGERD
cannot meet the shares of Egypt and Sudan, reached about 20 years during the first

Fig. 18 Scenarios: (170) 38 (25)/(6,10) with deficit in the shares of Egypt and Sudan
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Fig. 19 Scenario: (175) 38 (62)/(6)

Fig. 20 Scenario: (175) 38 (62)/(6) with deficit in the shares of Egypt and Sudan

20 years and again after 40 years of the series of 105 years of the simulated historical
flows used.

Figure 20 shows an annual deficit ranging from 2.5 BCM to 5 BCM for each
of Egypt and Sudan for a period of 11 years, at the beginning of the series and for
3 years after 38 years with a total deficit of about 112 BCM for both countries.

6 GERD Operation After Filling During a Moderate
10-Year Average Flow (45 BCM/Year)

Figure 21 assumes a series of flows at the beginning of the filling period with a 10-
year annual average equal to 45 BCM/year (similar to the period from 1973 to 1982),
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Fig. 21 Scenarios: (170) 45 (25)/(6,10)

which was a moderate 10-year average flow, and coinciding with a HAD reservoir
level at the beginning of this series of about 170 m (equivalent to HAD storage of
about 99 BCM). This scenario assumes the annual operation at 25 BCM minimum
storage. Deficit years where the Blue Nile flows through GERD will not be able to
satisfy the shares of Egypt and Sudan, reached about 17 years during the first 25 years
and after 47 years of the series of 105 years of the simulated historical flows used.

Figure 22 shows an annual deficit of about 2.5 BCM for each of Egypt and Sudan
for a period of 12 years, with a total deficit during the first 14 years of about 60 BCM
for both countries.

Fig. 22 Scenarios: (170) 45 (25)/(6,10) with deficit in the shares of Egypt and Sudan
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Figure 23 assumes a series of flows at the beginning of the filling period with
a 10-year annual average equal to 45 BCM/year (similar to that which occurred in
the period from 1973 to 1982), which was a moderate 10-year historical average,
and coinciding with a HAD reservoir level at the beginning of this series at about
175 m (equivalent to HAD storage of 122 BCM). This scenario assumes the annual
operation at 15 BCMminimum storage. Deficit years of inability of Blue Nile flows
through GERD to meet the shares of Egypt and Sudan reached about 14 years during
the first 17 years of the series of 105 years of the simulated historical flows used.

Figure 23 also shows an annual deficit of about 2.5 BCM for each of Egypt and
Sudan for a period of 8 years, with a total deficit during the first 17 years of about
40 BCM for both countries.

Fig. 23 Scenarios: (175) 45 (15)/(6,10) with deficit in the shares of Egypt and Sudan

Fig. 24 Scenario: (175) 45 (62)/(5) with deficit in the shares of Egypt and Sudan



376 K. M. AbuZeid

Figure 24 assumes a series of flows at the beginning of the filling period with a
10-year annual average equal to 45 BCM/year (similar to the period from 1973 to
1982), which was a moderate 10-year historical average, and coinciding with a HAD
reservoir level at the beginning of this series at about 175 m (equivalent to HAD
storage of 122 BCM). This scenario assumes annual operation at 62 BCMminimum
storage. Deficit years where the Blue Nile flows through GERD will not be able to
meet the shares of Egypt and Sudan reached about 23 years during the first 20 years
and after 42 years of the series of 105 years of the simulated historical flows used.

Figure 24 also shows an annual deficit ranging from 0.5 BCM to 3 BCM for
each of Egypt and Sudan for a period of 18 years at the beginning of the series and
a period of 3 years after 42 years, with a total deficit of about 122 BCM for both
countries.

7 GERD Operation After Filling During a 10-Year Average
Flow (50 BCM/Year)

Figure 25 assumes a series of flows at the beginning of the filling period with a 10-
year annual average equal to 50 BCM/year (similar to the period from 1940 to 1949),
which is an average 10-year average flow, and coinciding with a HAD reservoir level
at the beginning of this series at about 160 m (equivalent to HAD storage of 62
BCM). This scenario assumes an annual operation at 15 BCM minimum storage.
Deficit years where the Blue Nile flows through GERD will not be able to meet the
shares of Egypt and Sudan reached about 10 years after 38 years of the series of
105 years of the simulated historical flows used.

Fig. 25 Scenarios: (160) 50 (15)/(6,10)
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Fig. 26 Scenarios: (160) 50 (15)/(6,10) with deficit in the shares of Egypt and Sudan

Figure 26 shows an annual deficit ranging from 1.5 to 2.5 BCM for each of Egypt
and Sudan for a period of 10 years, with a total deficit after 38 years of about 48
BCM for both countries.

Figure 26 assumes a series of flows at the beginning of the filling period with
a 10-year annual average equal to 50 BCM/year (similar to the period from 1940
to 1949), which is an average 10-year average flow, and coinciding with a HAD
reservoir level at the beginning of this series of about 175 m (equivalent to HAD
storage of 122 BCM). This scenario assumes annual operation at 25 BCMminimum
storage. Deficit years where the Blue Nile flows through GERD will not be able to
meet the shares of Egypt and Sudan reached about 16 years after 36 years of the
series of 105 years of the simulated historical flows used.

Figure 27 shows an annual deficit of about 2.5 BCM for each of Egypt and Sudan
for a period of 12 years, with a total deficit after 36 years of about 60 BCM for both
countries.

Figure 28 assumes a series of flows at the beginning of the filling period with a 10-
year annual average equal to 50 BCM/year (similar to the period from 1940 to 1949),
which is an average 10-year average flow, and coinciding with a HAD reservoir level
at the beginning of this series of about 175 m (equivalent to HAD storage of 122
BCM). This scenario assumes the annual operation at 62 BCM minimum storage.
Deficit years where the Blue Nile flows through GERD will not be able to meet the
shares of Egypt and Sudan reached about 21 years at different periods of the series
of 105 years of the simulated historical flows used.

Figure 28 shows an annual deficit ranging from 0.5 BCM to 3 BCM for each of
Egypt and Sudan for a period of 29 years, with a total deficit in the different period
of the series about 124 BCM for both countries.
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Fig. 27 Scenarios: (175) 50 (25)/(6,10) with deficit in the shares of Egypt and Sudan

Fig. 28 Scenario: (175) 50 (62)/(4) with deficit in the shares of Egypt and Sudan

8 Deficit Years and Volumes for Selected GERD Filling
and Operation Scenarios

Figure 29 shows water-deficit years and volumes of deficit for the selected scenarios
for Egypt and Sudan applied to the simulated historical series of flows used during
the “operating period” after “first filling” of an amount of 15 BCM and keeping this
storage as a minimum operating level.
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Operating 
after first 
filling 
period of 15 
BCM and 
keeping this 
storage as 
the 
minimum 
during 
operation 

Average 
flows for 
Blue Nile 
in the first 
10 years of 
filling and 
operation 
(m3 / year) 

Water level in front of HAD at the 
beginning of time series at 160 m 

Total 
Deficit 

Volume 
per 

country

Water level in front of HAD at the 
beginning of time series at 165 m 

Total 
Deficit 

Volume 
per 

country

Water level in front of HAD at the 
beginning of time series at 175 m 

Total 
Deficit 
Volume 

per 
country

Withdrawals by Egypt and Sudan Withdrawals by Egypt and Sudan Withdrawals by Egypt and Sudan

55.5 54 53 52.5 55.5 54 53 52.5 55.5 54 53 52.5

18.5 17 16 15.5 18.5 17 16 15.5 18.5 17 16 15.5
Deficiency Volume 

(BCM/year/each country) 
Deficiency Volume 

(BCM/year/each country) 
Deficiency Volume 

(BCM/year/each country) 
Variable 1.5 2.5 3  variable 1.5 2.5 3  variable 1.5 2.5 3

Deficiency Years Deficiency Years Deficiency Years

Filling 
Period in 10 
Years 

50 15 1  9  24
45           14  8  20
38 15 4  6  28

Filling 
Period in 6 
Years 

50 15 1  9  24
45           14  8  20
38 15 4  6  28

Fig. 29 Deficit years and volumes for Egypt and Sudan while GERD is operating at 15 BCM end
of year

Figure 30 shows water-deficit years and volumes of deficit for the selected
scenarios for Egypt and Sudan applied to the simulated historical series of flows
used during the “operating period” after “first filling” of an amount of 25 BCM and
keeping this storage as a minimum operating level.

Figure 31 shows water-deficit years and volumes of deficit for the selected
scenarios for Egypt and Sudan applied to the simulated historical series of flows
used during the “operating period” after “first filling” of an amount of 62 BCM and
keeping this storage as a minimum operating level.

Operating 
after first 
filling period 
of 25 BCM 
and keeping
this storage as 
the minimum 
during 
operation 

Average flows 
for Blue Nile 
in the first 10 
years of 
filling and 
operation 
(m3 / year) 

Water level in front of HAD at the 
beginning of time series at 170 m 

Total 
Deficit 
Volume 

per 
country

Water level in front of HAD at the 
beginning of time series at 175 m 

Total 
Deficit 
Volume 

per 
country

Withdrawals by Egypt and Sudan Withdrawals by Egypt and Sudan 

55.5 54 53 52.5 55.5 54 53 52.5

18.5 17 16 15.5 18.5 17 16 15.5

Deficiency Volume 

(BCM/year/each country) 

Deficiency Volume 

(BCM/year/each country) 

variable 1.5 2.5 3  Variable 1.5 2.5 3

Deficiency Years Deficiency Years

Filling Period 
in 10 Years 

50 16 12 30 

45 17  12  30      

38 15 3 7 28 

Filling Period 
in 6 Years 

50 16 12 30 

45 16  12  30      

38 16 3 7 28.5 

Fig. 30 Deficit years and volumes for Egypt and Sudan while GERD is operating at 25 BCM end
of year
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Operating after 
first filling period 
of 62 BCM and 
keeping this 
storage as the 
minimum during
operation 

Average 
flows for 
Blue Nile in 
the first 10 
years of 
filling and 
operation 
(m3 / year) 

Water level in front of the HAD at the beginning of time series at 175 m Total Deficit 
Volume per 

countryWithdrawals by Egypt and Sudan 

55.5 55 53.5 53 52.5 5.055.1525

18.5 18 16.5 16 15.5 5.315.4151

Deficiency Volume 

(BCM/year/each country) 

Variable 0.5 2 2.5 3  3.5  4  5

Deficiency Years

Filling Period in 4 
Years 

50 21 7  15 7  
62

Filling Period in 5 
Years 

45 23 1 1 4 8 7
61

Filling Period in 6 
Years 

38 20 2  2  5  5  
56

Fig. 31 Deficit years and volumes for Egypt and Sudan while GERD is operating at 62 BCM end
of year

9 GERD Impacts on HAD Hydropower

The impact on a shortage of hydropower generated from the HAD is evident, unless
parties agree to discharge the entire flowof theBlueNile in the samemonths it arrives,
without distributing the flows throughout the year. However, uniform hydropower
production throughout the year fromGERDleads to a decrease in averagewater levels
in the HAD, even when the entire flow is discharged annually after the filling period.
The HAD’s hydropower may decrease by 24–40% due to the GERD. Hydropower
of the HAD does not represent a large proportion of the generated power at the
national level in Egypt, but it does account for about one-third of the hydropower to
be generated by the GERD and contributes to meeting the demands of two or more
governorates in Upper Egypt.

Figure 32 shows a decrease in the average levels and contents of theHADaffecting
hydropower generation due to the operation of the GERD at a minimum operating
level equivalent to a storage volume of 25 BCM and ensuring that GERD levels
return to that level by the end of the hydrological year. These scenarios lead to a
maximum reduction in the average reservoir storage of HAD of about 50 BCM, and
a maximum drop of about 11.5 m in the average water level in the HAD. Minimum
reductions are also shown in Fig. 32.

Figure 33 shows a decrease in the average levels and contents of theHADaffecting
hydropower generation due to the operation of the GERD at a minimum operating
level equivalent to a storage volume of 15BCMand ensuring that GERD levels return
to that level by the end of the hydrological year. This operating rule at 15 BCM has
the least impact on the hydropower of HAD downstream in Egypt. These scenarios
lead to a maximum reduction in the average reservoir storage of HAD of about 43
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Fig. 32 HAD average content/level scenarios: (150, 160, 165, 170, 175) 50 (25)/(6,10)

Fig. 33 HAD average content/level scenarios: (150, 160, 165, 170, 175) 38 (15)/(6, 10)

BCM, and a maximum drop of about 9.7 m in the average water level in the HAD.
Minimum reductions are also shown in Fig. 33.

Figure 34 shows a decrease in the average levels and contents of theHADaffecting
hydropower generation due to the operation of the GERD at a minimum operating
level equivalent to a storage volume of 15BCMand ensuring that GERD levels return
to that level by the end of the hydrological year. This operating rule at 15 BCM has
the least impact on the hydropower of downstream countries. These scenarios lead
to a reduction in the average reservoir storage of HAD of about 30 to 37 BCM, and
a drop of about 6.5 to 8 m in the average water level in the HAD.
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Fig. 34 HAD average content/level scenarios: (150, 160, 165, 170, 175) 45 (15)/(6,10)

Figure 35 shows a reduction in the hydropower generation head ranging from 24
to 40%, which will have a similar effect on the decrease in hydropower generated
from the HAD due to the presence of the GERD as a consequence of a decrease in
the average HAD level, which corresponds to reductions in average annual storage
ranging from 30 to 50 BCM.

Average flows in 
the first 10 
years of filling
and operation

The 
minimum 
reduction in 
average HAD 
storage 
(BCM)

The 
maximum 
reduction in 
the average 
HAD storage 
(BCM)

The minimum 
reduction in 
the average 
level in the 
HAD (m)

The maximum 
reduction in 
the average 
level in the 
HAD (m)

The minimum 
percentage 
reduction in 
hydropower 
generation head 

The maximum 
percentage 
reduction in 
hydropower 
generation head 

Operating 
at 15 BCM 

50 37.28 45.17 8.30 10.30 29% 36% 

45 30.31 36.70 6.50 8.00 24% 29% 

38 37.35 43.07 8.00 9.70 27% 33% 

Operating 
at 25 BCM 

50 41.33 50.12 9.50 11.50 33% 40% 

45 34.30 40.89 7.00 9.00 25% 33% 

38 41.69 46.82 9.20 10.20 32% 35% 

Fig. 35 Reduction estimates in HAD hydropower generation reflected by reduced volumes and
levels
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10 Potential Climate Change Impacts on the Blue Nile
Flows

According toESCWA(2017a, b), in theBlueNileBasin, the change inmean tempera-
ture for RepresentativeConcentration Pathway (RCP) 4.5 shows an increase of 1.5 °C
at mid-century and 1.8 °C at end century. For RCP 8.5, temperatures increase by 2 °C
for mid-century and 3.6 °C at end century. At the seasonal level, the highest increase
in temperature is shown to occur in winter with an increase of as much as 3.9 °C
by the end of the century for RCP 8.5. Precipitation results for RCP 4.5 projected
a change of −6 and −5% at mid- and end centuries, respectively. For RCP 8.5,
precipitation change is−3% for mid-century and−5% by end century, reaching the
greatest reduction in winter, with a 7% decrease.

The headwaters of the Blue Nile in the Ethiopian Highlands show broad variation
among individual ensemble members for runoff in both models (HYPE and VIC); no
conclusive trend can be perceived. The mean values from discharge changes show
a decrease over time, but, given the broad ranges, this trend cannot be considered
conclusive. For instance, the change in mean discharge for end century is −8% for
RCP 8.5, but values range from −68 to 86%, as shown in Fig. 36.

The direction of change of flows of the Blue Nile has inverse impacts when
reconciled with GERD impacts as described above. If the direction of the change is
positive (increased flow), the result can be a reduced impact of GERD on Egypt and
Sudan. But if there is a decrease in Blue Nile flows (as suggested by the direction of
the mean discharge of −8%), GERD impacts on Egypt and Sudan are exacerbated.

Fig. 36 HYPE: change in Blue Nile discharge mean (%), (ESCWA 2017a, b)
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11 Conclusion

There is a failure to fulfill the shares of Egypt and Sudan in almost all scenarios. The
largest impact on the annual shares of Egypt (55.5BCM) and Sudan (18.5BCM) after
the completion and operation of the GERD is the volume of dead storage (storage up
to the highest level of the turbines), the first filling volume, and the average annual
storage volume, which affects the volume of evaporation losses and seepage. The
cumulative effects of these losses have a great impact on the volume of storage in
the HAD reservoir. The lower the annual average storage of the GERD reservoir, the
less the evaporation and the seepage losses of the GERD and the less the effect on
the downstream Blue Nile flows to Egypt and Sudan. GERD operations will lead to
a decrease in hydropower generated from the HAD due to the operation of the HAD
turbines at a lower average level than the baseline scenario before the construction
of the GERD.

The volume (first filling/minimum operating level) of the GERD has the largest
impact on the cumulative effect of evaporation losses and seepage during operation;
its biggest impact is the reduction of Blue Nile flows to Egypt and Sudan. The
agreement among the three countries on the annual operating rules is as important,
if not more important, than the agreement on the first filling rules. The greatest risk
may occur in the operating period and not in the filling period, so the real impact
of the GERD may occur in the years following the filling and during the operation
period. In the long run, all filling scenarios will converge, and the greatest impact of
the GERD will be during the drought years of low natural flows of the Blue Nile.

Deficit modeling shows that the current shares of Egypt and Sudan, due to GERD,
could be affected and will vary in time according to climate variability impacts on
Blue Nile flows within the year, but may also last for periods ranging from 10 to
20 consecutive years during low-flow years due to climate variability from 1 year to
another. There is a high level of uncertainty regarding the impacts of climate change
when combined with GERD impacts.

12 Recommendations

It is critical that the official GERD studies, commissioned by the three countries, be
completed promptly so that the parties can agree on the first filling and operating
rules to minimize any negative impacts on Egypt and Sudan.

Egypt, Sudan, and Ethiopiamust agree on the size of the first filling before consid-
eration of the filling rules. Agreement on the rules of filling must take into account
and coordinate the operating rules. The feasibility of reducing the overall size of
GERD below the current design size of 74 BCM should be considered to enable
operating at low average levels to reduce the negative impacts on Egypt and Sudan
downstream, where the maximum storage capacity is only large enough to absorb
high flows during the high-flood months.
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It is recommended that the volume of the first filling of the GERD should be
established at just above the dead storage level, i.e., the lowest storage above which
turbines can operate, estimated at less than 15 BCM. It is important to reduce GERD
storage to the first filling volume at the end of each hydrological year and to discharge
the annual flows to reduce the cumulative impact of evaporation and seepage losses
and to absorb the flows of the next year’s flood.

A comprehensive climate change impact study on the Blue Nile Basin is needed
to reduce the level of uncertainty about the predicted flows, and to assess GERD
impacts on downstream countries in light of climate change impacts.

Egypt, Sudan, and Ethiopia must agree on the parameters for the first filling,
the operating rules, and the mechanism for coordinating dam management in the
three countries. Among the details that are important to include in the agreement
is Ethiopia’s commitment to limit the use of the GERD reservoir for hydropower
generation as per the Declaration of Principles signed by the heads of states to
ensure water security for the downstream countries. The three countries must agree
to compensation principles that account for the possible negative impacts on Egypt’s
and Sudan’s water shares, rights, existing uses, and hydropower generation from the
HAD in Egypt, as well as other dams in Sudan pursuant to the provisions of the
Declaration of Principles.
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Abstract Lake Chad is extremely sensitive to climate variability because it is a
shallow inland lake, and about 97.5% of its water supply depends on the Chari-
Logone River System and other tributaries. Any increase or decrease in lake volume
inflow means a substantial increase or decrease in lake area. Droughts in the Sahel
Region andwithin the basin after the 1970s hadgreat impact ondischarges of different
tributaries, which led to a drastic decrease of water inflow in the lake, as well as
significant seasonal and inter-annual variation of the lake area over the last 50 years.
Information gaps about the water system and uncertainties about climate variability
and change remain a challenge. Hydrological extremes, both floods and droughts,
present a threat to agriculture and water resource management within the Lake Chad
Basin.Drought andfloodmonitoring over the basin is difficult because of the shortage
of observational data, both historic and in real time. Satellite remote sensing and
hydrological modelling are techniques used to compensate for the data collection
shortcomings of the region. The Africa Flood and Drought Monitoring (AFDM)
provides drought and flood monitoring, and short-term and seasonal forecasting that
combine climate prediction, hydrological modelling and remote sensing data in the
sub-Saharan African continent. For the Lake Chad Region, the system was adapted
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with higher resolution to provide near-real-time water levels, as well as short-term
forecast of flood risks, as well asmedium-term forecasts of drought hazards and long-
termprojections of climate change impacts. Preliminary results are very encouraging;
the system will continue to be updated, tested and validated to enable its operational
use by decision-makers at all levels.

Keywords Flood · Drought risk management · Early warning ·Medium-term
forecasts · Long-term projections · Lake chad · Climate variability

1 Introduction

Lake Chad and its basin are located in the eastern Sahel Region on the southern edge
of the Sahara Desert. It is a vast resource of freshwater shared by Cameroon, The
Central African Republic, Chad, Niger, Nigeria and Libya. The average depth is only
1.5 m, making it a shallow lake with a relatively low volume of water and therefore
extremely sensitive to any variation of its inflows. The hydrological regime of the
lake and related basin, which constitutes the largest surface water input, is influenced
by rainfall patterns in the wet tropics and equatorial southern regions of the basin
(Leblanc et al. 2011). Ninety-five percent of the lake’s water supply depends mainly
on the Chari-Logone River System flowing from the Adamawa Plateau and draining
from the Central African Republic, Cameroon and Chad, while the Komadugu-Yobe
River and its tributaries draining from Nigeria and Niger provide less than 2.5% of
the lake’s water. The remaining water comes from direct precipitation falling on the
lake (LCBC 1998). Therefore, any variation of the discharge of the Chari-Logone
and other tributaries has a direct impact on the volume and area of the lake. The most
distinctive feature of Lake Chad is its water volume variability.

The lake has experienced a long history of wet and dry periods over geolog-
ical, annual and seasonal time scales. Observed droughts in the Sahel Region and
within the basin after the 1970s had great impact on lake discharges of the different
tributaries, particularly the Chari-Logone ensemble. These droughts led to a drastic
decrease in the amount of freshwater available in the lake basin; as a consequence, the
hydrology of the lake has experienced progressive and extensive change over the last
50 years (Lemoalle et al. 2012; L’Hôte et al. 2002). The lake area has varied between
2,500 km2 and 25,000 km2 during this period, with significant consequences for the
livelihoods of the millions of people dependent on the resources of the lake and its
basin. Policelli et al. (2018) observed that despite various evidence of changing lake
size, an updated time series of the lake’s total surface water area does not exist except
for 1986–2001,whichwas derived from thermal remote sensing (Leblanc et al. 2011).
However, the EU Joint Research Center Global Surface Water Dataset (Pekel et al.
2016) provides data for the 32 years from March 1984 to October 2015 based on
the Landsat archive that could provide a new understanding of the spatio-temporal
variability of inundation in Lake Chad.
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Lake Chad has been a centre for development, trade and cultural exchange among
established populations in the north and south of the Sahara for thousands of years.
The lake is a direct source of livelihood to 2.5 million people living on its shores and
islands. It is also a net exporter of food and a source of seasonal jobs, contributing
to the food and job security of about 13 million people living in its hinterlands,
including Ndjamena and Maiduguri. Therefore, understanding the dynamics of the
lake, its natural variability and the dynamics of water resources within the basin on
seasonal to multi-annual timescales is of critical importance for adaptation. While
climate change models do not show a clear rainfall trend in the region, rainfall is
an important component of natural hydro-climatic variability. Importantly, human
intervention within the basin includes water resource development such as large-
scale irrigation, which will also continue to influence the basin’s water balance and
dynamics. An example of this is the agricultural development of the Komadougou-
YobeUpperBasin and the decline and sometimes disappearance of the river, resulting
in the extinction of Lake Chad’s Northern Basin.

Due to its critical importance for the livelihood of the population, the water
resources dynamics of LakeChadmust be understood and challenges facing the basin
must be addressed through an inclusive and evidence-based ecosystem and Integrated
Water Resource Management (IWRM) approach. The Lake Chad Basin Commis-
sion (LCBC) has been working with its member states and partners to improve
transboundary water resource management. Milestones have included the adoption
of a common vision in 2008 and the development of the Lake Chad Basin Strategic
Action Programme 2025. The Lake Chad Water Charter, currently developed and
approved, is a binding framework for themember states to promote sustainable devel-
opment in the basin through the integrated, equitable and coordinated management
of natural resources, in particular, water resources. Various plans and projects have
been developed in response, including the Lake Chad Development and Climate
Resilience Action Plan (LCDAP) for the period 2016–2025, which seeks to turn
Lake Chad into a centre of regional rural development, known as the LCBC Reha-
bilitate and Strengthen the Resilience of Socio-ecological Systems in the Lake Chad
Basin (PRESIBALT) Programme. A Global Environment Facility (GEF) project,
‘Improving Lake Chad management through Building Climate Change Resilience
and Reducing Ecosystem Stress through Implementation of the SAP for the Lake
Chad Basin’, has also been approved.

Uncertainties about the water resources of the Lake Chad Basin and its changes
under climate variability and climate change remain a challenge. In particular, floods
anddroughts present significant challenges to agriculture andwater resourcemanage-
ment, and monitoring hydrological extremes in near-real-time and short-term-to-
seasonal forecasts is therefore essential to be able to manage risks. However, data
collection mechanisms are currently very limited, in part because of unreliable
monitoring networks. Similarly, climate and hydrological forecasting has not been
implemented and therefore its potential to provide early warning is untested.

Satellite remote sensing and hydrological modelling has been introduced into
regions that have limited, if any, ground observations, and little capacity to develop
other adequatemonitoring and analysis systems. Satellite remote sensing can provide
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near-real-time estimates of nearly all aspects of the hydrological cycle (Sheffield et al.
2018), and, when coupled with hydrological modelling systems, can provide consis-
tent and continuous estimates of the hydrological cycle, including its extremes. The
effectiveness of this approach has been demonstrated in various settings, such as the
African Flood and Drought Monitor (AFDM) system (Sheffield et al. 2014). The
AFDM provides drought and flood monitoring, and short-term and seasonal fore-
casting that combines climate predictions, hydrological models and remote sensing
data in the sub-Saharan African continent. This chapter describes how the AFDM
is adapted to the Lake Chad Basin, a mechanism known as the Lake Chad Basin
Flood and Drought Monitor (CHADFDM), to provide timely and useful informa-
tion on water resources and hydrological hazards and improve management and
preparedness in the region. The CHADFDM is designed specifically for the Lake
Chad Basin, building on representations of the lake dynamics, updated soil and
vegetation parameters, and incorporation of existing ground data.

1.1 Supporting the Lake Chad Basin Commission and Its
Member States

The Lake Chad Basin Flood and Drought Monitor (CHADFDM) is a platform to
develop monitoring and forecasting for planning and decision-making in Lake Chad.
The platform supports the Lake Chad Basin Commission (LCBC), the organization
that represents member states, by providing data so that it can fulfill its mandate to
implement the Water Charter.

TheWater Charter highlights the importance of monitoring water dynamics in the
lake and recognizes that, in addition to natural climate variability, an uncontrolled
increase in irrigation abstractions could impact the water level and footprint of Lake
Chad. This in turn will have an impact on dependent ecosystems and the livelihoods
they support. The Charter explicitly recognizes the importance of data generation
and information exchange among member states in this transboundary basin, which
is essential to develop a common understanding and manage water resources and
aquatic ecosystems effectively. Specific obligations of the LCBC include (World
Bank Group 2018) the following:

a. Monitoring and analysing the hydrologic system and its components (rainfall,
ET, streamflow, soil moisture, vegetation).

b. Monitoring the hydro-ecological status of the basin in real time and in the context
of short-term and seasonal forecasts.

c. Managing relevant information (e.g. hydro-meteorological data, model results,
water uses and abstraction impacts) among member states through a water
resources information management system.

d. Supporting evidence-based decision-making for sound management of water
resources in the Lake Chad Basin.
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This chapter describes the development of the CHADFDM and its main features,
including the online interface, and provides an overview of the validation of the
system outputs. It concludes by discussing the potential use of the system in decision-
making and policy development, and future plans for enhancing and further refining
the system.

2 Overview of the Lake Chad System

2.1 Rationale and Background

TheCHADFDM is an outgrowth of various continental systems that have been devel-
oped since about 2010: the Africa Flood and Drought Monitor (AFDM) (Sheffield
et al. 2014), the Latin America Flood and Drought Monitor (LACFDM 2019) and
the US Flood and Drought Monitor (USFDM) (Sheffield et al. 2012). In general,
these systems leverage the coverage of satellite remote sensing, the consistency of
hydrological modelling and the power of climate forecasts, combined with available
on-the-ground information, to estimate water availability (primarily flood poten-
tial and drought conditions), historically, in near-real time and as forecasts. The
CHADFDM draws from the long legacy of operational and experimental systems
developed for the U.S. by the Terrestrial Hydrology Group at Princeton University
(Luo and Wood 2007), part of the North American Land Data Assimilation System
Phase 2 (NLDAS-2; Xia et al. 2012) and the Climate Forecast System (NCEP)
Climate Test Bed Program.

2.2 Main Components of the System

The CHADFDM consists of four parts (Fig. 1): 1. A historic, multi-decadal recon-
struction of the terrestrial water cycle is generated by forcing a land surface hydro-
logical model (Variable Infiltration Capacity (VIC)) (Liang et al. 1994 and Hamman
et al. 2018) with a merged reanalysis/satellite/observation dataset of precipitation
and other meteorological variables. This forms the climatology against which current
conditions are compared. Then the real-time monitoring system (2018–present) is
driven by a merged precipitation dataset and atmospheric analysis data that tracks
flood and drought conditions in real time. 2. The simulated outputs are augmented
by satellite remote sensing of soil moisture and vegetation indices. 3. A 7-day fore-
casting component provides hydrological forecasting of floods andwater availability,
and 4. A seasonal forecast component provides hydrological predictions and derived
drought products out to 6 months, based on bias-corrected and downscaled climate
model forecasts that are used to drive the hydrologic and potentially other impact.
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Fig. 1 Flowchart of the CHADFDM. The system comprises four parts: 1. Historic reconstructions
of the terrestrial hydrological cycle that is derived from simulations of the VIC land surface model
forced by a hybrid reanalysis-observational meteorological dataset. The datasets can be used for a
variety of applications including analysis of historic drought events, estimation of trends and vari-
ability, and investigation of drought mechanisms. 2. A real-timemonitoring component that updates
the model runs to 2–3 days from real-time forced by a merged in situ, satellite and reanalysis fields
of precipitation (MSWEP: Beck et al. 2017, 2019), and GFS analysis fields of temperature and wind
speed. There is also potential to include other impact models such as crop models. 3. Short-term
(7-day) hydrological forecasts focused on flood prediction, derived from downscaled and bias-
corrected GFS precipitation and temperature forecasts that are used to drive the VIC model and
provide ensemble forecasts of precipitation, soil moisture and streamflow. 4. A seasonal climate
forecast component that uses bias-corrected and downscaled NMME climate model forecasts of
precipitation and temperature to generate ensemble predictions of meteorological drought condi-
tions. Existing components are shown in standard font, and potential future components in italic font
(Sheffield et al. 2014)

The regional system uses the same framework as the continental systems. Several
upgrades have been implemented, in part to improve the fidelity and accuracy of
the system relative to the continental systems, and also to address user needs at
regional scale. These include (i) increasing the spatial resolution of the monitor
from 25 to 5 km. This was accomplished by upgrading the forcing precipitation
data, the soil properties and the vegetation land cover. The new precipitation data
merges improved historical data, a large suite of satellite precipitation products and
weather model analysis information; (ii) using historic in situ and upgraded data to
fine-tune the hydrological modelling system and its parameters, and evaluating the
model output against data provided by the Lake Chad Basin Commission and from
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the Global Runoff Data Centre (GRDC) and (iii) inclusion of representation of Lake
Chad, as the most important hydrological feature of the region, via a component
of the modelling system and using satellite imagery. These are discussed in detail
below.

2.3 Details of Each Component

a. Historic and real-time climate data

Historically, the system is driven by Version 2 of the Multi-Source Weighted-
Ensemble Precipitation (MSWEP) dataset (Beck et al. 2019) that significantly
enhances Version 1 (Beck et al. 2017). MSWEP is a precipitation product (1979–
present) recently completed with a focus on use in regional monitoring systems, with
the potential to be used globally. Its new (and unique) features include: (i) optimal
merging of an unprecedented broad range of gauge, satellite and reanalysis precip-
itation products; (ii) high spatial (0.1°) and temporal (three hourly) resolution; (iii)
fully global coverage; (iv) correction for distributional precipitation biases by prob-
ability matching; (v) correction for long-term terrestrial precipitation biases using
discharge observations from 13,762 stations around the globe; (vi) incorporation of
daily (rather than monthly) gauge observations from 66,993 gauges around the globe
and (vii) accounting for regional differences in the 24-hour accumulation period of
gauges. Version 2 of the software is described and validated by Beck et al. (2019). A
near-real-time extension has also been developed and is used to force theCHADFDM
operationally.

The VIC model is driven by MSWEP plus other meteorological variables
(minimum and maximum air temperature and wind speed) that are derived in the
same way as is the AFDM, that is, historically they are based on downscaled and
bias-corrected data from the Princeton Global Forcings (PGF; Sheffield et al. 2006),
which is a hybrid reanalysis-satellite-gauge dataset. In real time, they are based
on bias-corrected analysis fields from the US National Oceanic and Atmospheric
Administration (NOAA) NCEP Global Forecast System (GFS).

b. VIC model, lake model and streamflow routing

The VIC model is a land surface hydrological model that was originally developed
as the land component of coupled climate models (Liang et al. 1994), but has evolved
through its use in applied hydrological research to be a fully distributed hydrological
model (Sheffield et al. 2014; Hamman et al. 2018). Given inputs of precipitation
and other near-surface meteorology, the model solves the surface water balance and
estimates the partitioning of precipitation into evapotranspiration, surface runoff,
baseflow (subsurface flow) and the change in soil moisture content. The model is
parameterized in terms of the soil type and land cover spatial fields and associated
soil and vegetation parameters. These have been updated to align with the AFDM.
The updated soil data is from SoilGrids, a global collection of updatable soil property



394 A. Amani et al.

and class maps with a spatial resolution of 250 m (Hengl et al. 2017). The soil maps
were produced using machine learning algorithms based on about 150,000 global
soil profiles and 158 remote sensing soil covariates. The maps consist of about
280 raster layers of global soil information, including organic carbon, bulk density,
cation exchange capacity (CEC), pH, soil texture fractions and coarse fragments. Soil
properties are provided at seven standard depths (0, 5, 15, 30, 60, 100 and 200 cm).
Soil texture data was converted into soil hydraulic properties needed by the land
surface model using standard pedotransfer function relationships and coarsened to
5 km using bilinear interpolation.

Land cover data is obtained from GlobeLand30, which consists of open-access,
high-resolutionmaps of land cover across the globe (Chen et al. 2015). It is generated
using a machine learning algorithm based on the integration of pixel- and object-
based methods, by the use of more than 20,000 Landsat and Chinese HJ-1 satellite
images. The accuracy assessment, using nine types and over 150,000 test samples,
shows that the overall accuracy of the product is 80.33%. The spatial resolution is
as high as 30 × 30 metres, but the land cover is aggregated into tiles of different
land cover types at the 5 km modelling grid scale. Other model parameters that are
specific to the VIC model and its parameterizations are taken from the AFDM and
interpolated to 5 km.

c. Short-term (GEFS) and seasonal (NMME) forecasts

Short-term forecasts are based on theU.S. Global Ensemble Forecast System (GEFS)
which produces global weather forecasts out to 16 days operationally. We use GEFS
precipitation, temperature and wind speed forecasts out to 7 days to drive the VIC
model to produce weather and hydrological forecasts for the LCB; evaluations for
some example rainfall events are shown in Sect. 3.3.Weather forecast data are down-
scaled and bias-corrected to align with the statistics of the historic CHADFDM data,
using a quantile mapping approach (Wood et al. 2002). Seasonal forecasts are taken
from the North American Multi-Model Ensemble (NMME; Kirtman et al. 2014),
which consists of hindcasts (historic forecasts) and operational forecasts from a set
of six global climate models. The hindcasts are for approximately the past 30 years,
depending on the climate model, with 10–20 ensemble members per model per
monthly forecast, with lead times of up to 12 months. The forecasts of precipitation
and temperature are downscaled and bias-corrected based on the ensemble mean
forecasts for each model.

d. Web interface

The website (Fig. 2) provides an intuitive interactive interface for visualizing,
analysing and accessing data. The interface is built on Google Maps, which provides
the functionality to pan, zoom and interrogate maps, including animation of maps
of historic, current and forecast data and indices. The user can select among daily,
monthly and annual data, and derived statistics. Users can also display time series
of data at any time step for a chosen location selected via a mouse click or latitude-
longitude selection. The data can also be downloaded in standard formats such as
Netcdf, Arc-ASCII and csv to be used with other software.
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Fig. 2 Web user interface for the Lake Chad Flood and Drought Monitor showing a map of SPI6
for July 2018

3 Validation of Historic Data and Evaluation of Forecast
Skill

In this section, we show preliminary validation of the system outputs on a range
of time scales, including historic data and short-term forecasts. Evaluation of the
seasonal forecasts is ongoing and will be reported elsewhere.

3.1 Evaluation of Historic Data

Historic data is compared to independent datasets of various components of the water
budget, including precipitation, surface soil moisture, evapotranspiration and terres-
trial water storage changes derived from satellite remote sensing (datasets described
in the appendix). Simple comparisons between the CHADFDM and these datasets
are made at the basin average and spatial map level. All datasets represent monthly
means, if not already available at monthly resolution. For the basin average compar-
isons, all datasets were interpolated to the CHADFDM resolution (0.05-deg, ~ 5 km),
masked to the basin, and then spatially averaged, to produce monthly time series.
The spatial map comparisons are based on average maps calculated over all years
of the comparison period. All datasets were compared over the period 2001–2016,
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Fig. 3 a Basin averaged monthly mean time series of precipitation from the CHADFDM, TMPA
3B43v7 and GPCP V3.1. b Basin averaged monthly mean time series of surface soil moisture from
the CHADFDM, AMSR-E+VOD and SMAP MA. c Basin averaged monthly mean time series of
evapotranspiration (ET) from the CHADFDMandGLEAMV3.2a. dBasin averagedmonthlymean
time series of total water storage anomalies from the CHADFDM and GRACE RL05

although some remote sensing products are available for shorter time periods within
these years.

Figure 3 shows basin average time series comparisons of the CHADFDM with
the various remote sensing-based products. Figure 3a indicates that the CHADFDM
precipitation (based onMSWEP) is generally lower than the coarser resolutionGPCP
data but comparable to the TMPA data, at least in the latter part of the time period.
Figure 3b shows the surface soil moisture from the CHADFDM, which is for the
top 10 cm model layer, compared to the AMSR-E + VOD and SMAP data (both
valid for the top few cms of soil). This difference represents soil depth and explains
the overall differences in the datasets. Despite this, the seasonality is consistent
among the datasets. Comparison of evapotranspiration (ET) is shown in Fig. 3c,
and indicates large differences among the datasets, which is typical for ET datasets.
The CHADFDM and GLEAM datasets have a well-defined seasonal cycle with a
peak in the middle of the wet season in July-September, and a minimum close to
zero in the dry season. The CHADFDM ET is significantly higher than GLEAM
at the peak season, which requires further investigation to understand whether it is
attributable to specifications or parameters for vegetation distribution, or to forcing.
Comparisons of total water storage anomalies are shown in Fig. 3d and indicate a
reasonable agreement between CHADFDM and GRACE data on average, with a
general underestimation by the CHADFDM of the seasonal range. This could be
attributable in part to high ET. GRACE anomalies from year to year are not well
captured by the CHADFDM, although there are large uncertainties in GRACE basin
average data which have to be filtered to remove external influences in the underlying
coarse scale GRACE data.

Figure 4 shows time-averaged spatial map comparisons of the CHADFDM using
the various remote sensing-based products. Figure 4a shows the strong wet-to-dry
gradient in precipitation from south to north across the basin, which is consistent
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Fig. 4 a 2001–2016 average precipitation from the CHADFDM, TMPA 3B43v7 and GPCP V3.1.
b 2001–2016 average surface soil moisture from the CHADFDM, AMSR-E+VOD and SMAP
MA. c 2001–2016 average evapotranspiration (ET) from the CHADFDM, and GLEAM V3.2a.
d 2001–2016 average total water storage anomalies from the CHADFDM and GRACE RL05

across all three products. GPCP data is relatively coarse at a 2.5° resolution and so
does not capture the fine scale variability found even at the scale of the CHADFDM.
Figure 4b shows the surface soil moisture maps from the CHADFDM and the two
remote sensing datasets. The difference in mean levels shown in Fig. 3 is apparent
spatially, with a slightly less distinct north-south gradient in the CHADFDM. The
two remote sensing products have a similar wet-dry gradient to the CHADFDMdata,
and is generally wetter in the southern part of the basin. Figure 4c shows the spatial
maps of ET and both datasets display a wet-dry boundary in the middle of the basin
that is consistent with the precipitation maps in Fig. 4a. The CHADFDM is spatially
comparable to the GLEAM dataset. Comparisons of maps of total water storage
in terms of the maximum range of storage change over 2001–2016 are shown in
Fig. 4d. The coarse resolution (1.0°) of this version of the GRACE dataset is evident,
but there is reasonable alignment of the wet-dry transition between the two datasets,
consistent with the precipitation maps. As with the time series comparison in Fig. 4,
the CHAFDM underestimates the GRACE data across the basin.

3.2 Evaluation of GEFS Short-Term Forecasts

The accuracy of the forecasts is evaluated here for three selected large precipitation
events across the basin during 2018 compared to observed precipitation and model
simulations driven by observed precipitation. This provides only a snapshot of the
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performance of the model and a more comprehensive analysis is required to under-
stand its reliability. Nonetheless, the evaluation provides an initial estimate of the
potential of the system. The GEFS provides 20 ensemble forecast members which
are aggregated to daily, downscaled and bias-corrected to the LCB domain at 0.05°
resolution. Bias correction is against the historic data in the Lake Chad Monitor for
the overlap period. Forecasts are carried out for lead times from 6 to 0 days.

Figure 5 shows an example of the 6-day lead forecasts of precipitation for 2 May
2018: the forecast was initialized on 26 April 2018. The 20 ensemble members are
shown and compared to the observed data for the forecast date. Note the spread in
the ensembles, which generally encompass the spatial footprint of the observed data,
but tend to underestimate it overall.

Figure 6 shows a summary of the accuracy in terms of the spatial correlation of
the forecasts across the three example dates and for each lead time. Correlation is
calculated across the wetter part of the basin up to latitude 15oN to avoid biasing the
results to the strong wet-dry meridional gradient of precipitation. The lines represent
the mean of the ensemble and the error bars are ± one standard deviation of the
ensemble. Precipitation and runoff correlations are modest (<0.4), which is expected
given the difficulty in forecasting convective systems. Correlation tends to reduce
with increasing lead time, as is also expected. The soil moisture correlations aremuch
higher given its persistence, with much lower uncertainty across ensemble members.

Figure 7 shows an example of the basin average forecast for the three variables
with a 6-day lead, highlighting the improved accuracy when averaging over larger
scales, even with this somewhat long lead time. The uncertainty for the precipita-
tion is however quite large, with some ensemble members predicting high and early
precipitation. The translation of this uncertainty into total runoff and soil moisture is
dampened and their relative accuracy is higher, although with a tendency to under-
estimate the observed data; if this is found to be systematic, it can be bias-corrected
as a post-processing step.
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Fig. 5 Example maps of forecasts at 6 days lead of precipitation for the test forecast date of 2018-
05-02. The observed data is in the top left of each panel and the 20 forecast ensemble members are
below



400 A. Amani et al.

0 1 2 3 4 5 6

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Spatial Correlation 20180502

Lead time (days)

S
co

rr

Prec
SM1
Totrun

0 1 2 3 4 5 6

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Spatial Correlation 20180619

Lead time (days)

S
co

rr

Prec
SM1
Totrun

0 1 2 3 4 5 6

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0

Spatial Correlation 20180707

Lead time (days)

S
co

rr

Prec
SM1
Totrun

Fig. 6 Summary of spatial correlation for the three forecast test dates for precipitation, soilmoisture
and total runoff for 0 to 6-day lead times. The correlation is calculated across the wetter part of the
basin up to latitude 15 N

4 Conclusions

In summary, the CHADFDM provides near-real-time estimates of the basin water
balance and identification of droughts and floods, in monitoring and forecast mode.
The system overcomes the lack of dense ground data in the basin by drawing on
a wealth of remote sensing and model information that can provide consistent and
continuous estimates of the surface water budget and its extremes. Initial validation
of the system shows that its estimates are comparable to independent data from satel-
lite products and are consistent with the few on-the-ground observations available.
This together with further integration of in situ data (e.g. merging of precipitation
gauge data) and satellite data (e.g. assimilation of SMAP soil moisture into the
hydrological model) provides confidence in its use. With further calibration of the



17 Strengthening Flood and Drought Risk Management Tools … 401

Fig. 7 Basin average precipitation, soil moisture and total runoff at 6-day lead for 20 ensembles
(red lines) compared to the observed (black line) for the test forecast date of 2nd May 2018

hydrological model, estimates will be improved more. Additionally, the initial evalu-
ation of accuracy of short-term forecasts indicates that there is potential for their use
in decision-making. Systematic evaluation across a broader set of hindcasts, forecast
variables (e.g. start of the rainy season) and skill metrics (e.g. probability of drought
detection) is necessary to identify where and when the forecasts might be considered
robust and reliable enough to inform specific planning and management decisions.

The system is being continuously improved in collaboration with LCBC and the
member states in order to provide reliable and useful information for planning and
decision-making. Indeed, efforts are beingmade to consider andmainstreamall avail-
able rainfall and discharge data from LCBC member countries into the system. This
is expected to provide a comprehensive view of basin water resources. Furthermore,
a comprehensive validation exercise is proposed as a partnership of all meteorolog-
ical and hydrological services of the LCBC member countries, with a focus on key
aspects of basin hydrology.

Given the necessity for the Commission to implement the Water Charter, the
system is providing useful information to improve the overall knowledge of surface
water variation within the basin and on the hydrological extremes in near-real time.
As the system evolves, it will improve the information it generates to enable better
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decision-making for management and preparedness. For example, better information
on the nature of the rainy season within the basin would help policy and community
leadership plan appropriately for predicted conditions.

The co-development of the CHADFDM has benefitted from continued input from
the LCBC staff through periodic meetings and discussions, sometimes also attended
by national agency technical staff. Operational training on the system is organized
for experts from member countries and from the LCBC secretariat. The tool will be
widely disseminated for use by communities and policy-makers within the basin.
Given the limitation of data availability in the Lake Chad Basin, the information
already provided by the CHADFDM represents a significant step towards the devel-
opment of a robust transboundary information system, providing a baseline of timely
information that includes historic data, near-real-time data, short-term forecasts and
seasonal forecasts. This is already a great source of state-of-the-art hydrological data
using remote sensing and global datasets to support the mandate of the LCBC to
implement the Water Charter. The system will continue to be refined for application
to specific opportunities that will arise from its use and ownership.

Priorities for next steps include the systematic integration of ground data from
rainfall stations and improvement of calibration using in situ streamflow data. A
continued dialogue among the LCBC and the national agencies of the member
states is the key to creation of an operational and well-functioning transboundary
information platform to monitor and forecast water resources.
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Appendix

A.1. Validation Datasets
a. Precipitation

GPCP—Global Precipitation Climatology Project
We use the latest version (v2.3) of the GPCP monthly analysis. This improves the
homogeneity of the previous version, especially since 2002, through corrections of
the cross-calibrationof satellite data andupdates to the gauge analysis. Thedataset is a
merger of various satellite-based estimates globally, combined with the precipitation
gauge analyses over land from the Global Precipitation Climatology Centre (GPCC).
The satellite-based estimates are a combination of passive microwave estimates over
ocean, passive microwave estimates over land and estimates from IR/microwave
sounders, contributing at higher latitudes (above 40o latitude).

TMPA—TRMM Multisensor Precipitation Analysis
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We use the latest version (V7) of the TMPA. The TMPA is a calibration-based
sequential scheme for combining precipitation estimates from multiple satellites, as
well as gauge analyses where feasible, at fine scales (0.25° × 0.25° and 3 hourly).
TMPA is available both after and in real time, based on calibration by the TRMM
combined instrument and TRMMmicrowave imager precipitation products, respec-
tively. Only the after-real-time product incorporates gauge data. The dataset covers
the latitude band 50°N–S for the period from 1998 to the delayed present. The data
currently contains two products, 3 hourly combined microwave-IR estimates (with
gauge adjustment) and monthly combined microwave-IR-gauge estimates of precip-
itation computed on quasi-global grids about 2 months after the end of each month
starting in January 1998. We use the 3B43_7 monthly version of the dataset, which
incorporates gauge adjustments, at 0.25° resolution.

b. Soil Moisture

SMAP—Soil Moisture Active Passive

The NASA Soil Moisture Active Passive (SMAP) mission launched in January 2015
was designed for global mapping of soil moisture at a 10-km spatial resolution with
a 2–3-day revisit time under both clear and cloudy sky conditions. This improves
on the resolution relative to AMSR-E (25 km) and SMOS (50 km) by combining an
L-band radar (high resolution 1–3 km, lower accuracy) and an L-band radiometer
(low resolution 40 km, higher accuracy), as well as retrievals for a wider range of
vegetation conditions and for the top 5 cm of the soil. SMAP products also include
level 4 (L4) root-zone estimates by merging SMAP observations with land surface
model estimates via assimilation extending the utility of the data. Unfortunately, the
SMAP radar failed in July 2015 thus restricting soil moisture products to the 40 km
resolution of the radiometer. Here we use monthly mean values that are calculated in
theAFDMbased on 3-daymoving average data, which are referred to as SMAP-MA.

AMSR-E + VOD
This dataset is based on a retrieval algorithm for daily global soil moisture and
vegetation optical depth (VOD) derived from dual-polarized AMSR-E brightness
temperatures at 10.7 GHz. It uses a simplified radiative transfer model that assumes
(1) the surface to be retrieved is vegetated soil only and (2) the vegetated soil consists
of a smooth bare soil surface plus a layer of vegetation. The model approximates the
output from generally used, but more complex and more rigorously parameterized
radiative transfer models quite well, irrespective of the vegetation density. By incor-
porating both soil roughness parameters and to-be-retrievedVOD implicitly, the algo-
rithm simplifies the retrieval process since accurate prior knowledge of the global soil
roughness information is unavailable at AMSR-E frequencies and footprint scales.
The data are available globally, for 2002–2009, at 0.25°, daily resolution.

c. Evapotranspiration

GLEAM—Global Land Evaporation Amsterdam Model
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We use the latest version of the GLEAM dataset, V3.2a, which is a global dataset
spanning 1980–2017 at 0.5°, daily resolution. The dataset is based on reanalysis net
radiation and air temperature, satellite and gauged-based precipitation, VOD, soil
moisture and snow water equivalent. Components of evapotranspiration (transpira-
tion, canopy interception, soil evaporation, open water evaporation and sublimation)
are calculated separately. The Priestley and Taylor equation is used to calculate
potential evaporation based on reanalysis surface net radiation and near-surface air
temperature. Estimates of potential evaporation for the land fractions of bare soil, tall
canopy and short canopy are converted into actual evaporation using a multiplica-
tive evaporative stress factor based on observations of microwave Vegetation Optical
Depth (VOD) and estimates of root-zone soil moisture. The latter is calculated using
a multi-layer running-water balance. To try to correct for random forcing errors,
satellite retrievals of surface soil moisture are also assimilated into the soil profile.
Interception loss is calculated separately in using a Gash analytical model. Finally,
estimates of actual evaporation for water bodies and regions covered by ice and/or
snow are obtained using an adaptation of the Priestley and Taylor equation. We also
use the surface and root-zone soil moisture calculated by GLEAM.

d. Terrestrial Water Storage

GRACE—Gravity Recovery and Climate Experiment

TheGRACEmission has beenmonitoring changes in theEarth’s gravity field since its
launch in 2002 by measuring the distance between two orbiting satellites. Variations
in these fields can be attributed to changes in terrestrial water storage after removal
of atmospheric and ocean bottom pressure changes. We use the JPL RL05 dataset of
approximately 30-day Total Water Storage (TWS) anomalies. We also use the JPL
RL05-based time series for the Lake Chad Basin using a 300 kmGaussian half-width
averaging kernel that is available from the University of Colorado.
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Chapter 18
Developing a Framework
for the Water-Energy-Food Nexus
in South Africa

T. Mabhaudhi, G. Simpson, J. Badenhorst, A. Senzanje, G. P. W. Jewitt,
V. G. P. Chimonyo, S. Mpandeli, and L. Nhamo

Abstract The water-energy-food (WEF) nexus is a cross-sectoral approach to
resource management and sustainable development. We propose a framework for
linking the WEF nexus to the Sustainable Development Goals (SDGs), emphasizing
SDG 2, 6 and 7. We further propose indices and models to evaluate WEF nexus
performance. A systematic analysis of existing WEF nexus frameworks in academic
and gray literature resulted in the development of a South African framework that
considers the three sectors as well as technological innovation, human well-being,
the SDGs, and different drivers of theWEF nexus. It is proposed that this framework
be utilized as a point of departure for future research related to the WEF nexus in
South Africa. Future research on the WEF nexus should focus on (i) developing an
integrated model and indices to assess WEF resources in South Africa and creating a
WEF nexus database; (ii) translating existing knowledge to inform policies for inte-
grated sustainable resourcemanagement; and (iii) undertaking participatory research
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to demonstrate the applicability of the WEF nexus at the local level, focusing on the
poor. The development of aWEF nexusmodel and indices is a pathway for unlocking
the value of existing Resources data indices to integration generate sustainability new
datasets.

Keywords Resources · Indices · Integration ·Metrics ·Models · Sustainability

1 Introduction

Sustainable resource management is a major worldwide governance concern as
the demand for natural resources has increased exponentially with population and
economic growth Sustainable resourcemanagement since the 1960s, when theGreen
Revolution was ushered in. Human resource consumption is disproportionate to the
size of populations, with the wealthiest continents (North America and Europe)
consuming on average ten times as much as poor continents (Africa ,West Asia, etc.)
(UNEP 2016), while thewealthy countries also contribute disproportionately to envi-
ronmental pollution. International trade of natural resources contributes significantly
to the Gross Domestic Product (GDP) of many developing countries, but is often
perceived to be a “curse,” because countries with an abundance of natural resources
also tend to suffer from poverty, inequality, conflict, and insecurity (Ross 1999).
An integrated approach to managing natural resources is required if the Sustainable
Development Goals (SDGs) are to be realized by 2030.

Since 2011, the water-energy-food (WEF) nexus has been investigated frommany
points of view, each interest framing its analysis through the lens of its own economic,
political, social, or scientific perspective. The WEF nexus is broadly defined as a
framework that accounts for the interactions, synergies, and trade-offs among water,
energy, and food when managing these resources. Water, energy, and food securi-
ties are inextricably linked, with usage within one sector influencing the use and
availability of the others. Unlike Integrated Water Resource Management (IWRM),
which is by definition water-centric, the WEF nexus approaches resource manage-
ment holistically. Each resource sector within the nexus is considered equally impor-
tant. The WEF nexus presents an opportunity for policymakers, researchers, and
development agencies to optimize resources, maximize synergies and trade-offs,
minimize ineffective redundancy of effort, and reduce conflicts among stakeholders
representing each resource.

The WEF nexus is closely aligned with the SDGs, particularly SDG 2 (zero
hunger), 6 (clean water and sanitation), and 7 (affordable and clean energy). Origi-
nally, the SDGs (the successor to theMillenniumDevelopment Goals (MDGs)) were
established as a response to world poverty, inequality, and insecurity, but they have
evolved into guiding principles for resource management. Developing countries,
including South Africa , are likely to benefit greatly from the integrated resource
management approach that the WEF nexus provides, particularly those countries
experiencing significant trade-offs among water, energy, and food. The WEF nexus
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framework is particularly relevant when considering the recent proposed policy shift
on land expropriation, which if adopted will significantly influence land utilization.
Currently, various government agencies generally approach resource management in
isolation, without accounting for the usage ofwater, energy, and land by other sectors.
This is a major challenge in South African policymaking, especially considering the
country’s limited water availability, threats posed by both climate variability and
change across climate-sensitive sectors, the scarcity of high-potential arable land, and
the country’s reliance on fossil fuel-based energy generation. Furthermore, climate
change is expected to further compromise the availability of resources in South
Africa, through changes to ecosystem services, rainfall frequency and distribution,
and natural disasters.

South Africa is a water-scarce country with approximately 13% arable land, much
of which is in regions that have a high concentration of mineral resources, e.g., coal.
About 30% of South Africa’s crops are grown on irrigated land, accounting for
approximately 75% of total national agricultural water use (Ololade et al. 2017).
From 1985 to 2008, South Africa was a net food exporter (Ololade et al. 2017).
However, this has changed in recent years due to a reduction in agricultural yields and
an increase in population (Ololade et al. 2017), on top of the country’s heavy reliance
on non-renewable energy resources (Ololade et al. 2017).Due to projected population
growth and economic development, multiple countries within the Southern African
Development Community (SADC)will be water-stressed by 2040, with SouthAfrica
experiencing a high ratio of water withdrawals to supply (World Resources Insti-
tute, 2015). It is therefore necessary to operationalize an inter-sectoral framework to
understand dynamics amongwater, energy, and food systems for sustainable resource
management and regional development.

This chapter seeks to develop a draft framework for implementing theWEF nexus
for South Africa , linked to the Sustainable Development Goals (SDGs) and empha-
sizing SDGs 2, 6, and 7. We also propose indices and/or metrics as well as models
that can be used to evaluate WEF nexus performance.

1.1 Current Status of the WEF Nexus in South Africa

Achieving water, energy, and food security is essential to South Africa’s develop-
mental agenda and aspirations to address existing inequalities and improving the
quality of life for all. Approaches to WEF security must therefore be integrated with
South Africa’s primary focus on employment, poverty alleviation, equality, and the
elimination of corruption. Responsibility for tackling these challenges is shared by
the government at the national, provincial, and local levels. Progress toward achieving
the SDGs consequently also depends on breaking down the “silo” mentality between
government sectors. Despite the relative sophistication and success of SouthAfrica in
developing sound public policy, it is still too often compartmentalized by sector. This
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was the case in the adoption of the Millennium Development Goals (MDGs), which
often lacked harmonization and thus failed to deliver as effectively as it otherwise
could have.

In 2014, the Worldwide Fund/South Africa (WWF-SA) published a series of
documents, funded by the British High Commission in Pretoria, entitled Under-
standing the Food Energy Water Nexus (Carter and Gulati 2014). The framework for
approaching the WEF nexus was through the relationship of climate change, waste
management, financial flows, and integrated planning to various disciplinary perspec-
tives. South Africa For example, for energy, South Africa is taking advantage of its
geographic location and ecosystem to develop renewable energy generation projects
(see Fig. 1). The focus is on wind power generation and photovoltaic energy conver-
sion, with relatively few concentrated solar power (CSP) and photovoltaic energy
projects in the southern portion of the Northern Cape. Similarly, energy generated
through biomass must be rainfed and not use irrigation (Nhamo et al. 2018).

Figure 2 shows changes in WEF nexus elements since 1999 in South Africa,
revealing a definitive decrease in the food deficit over time, and an improving trend
for sanitation facilities, as well as improved access to water and electricity. Simpson
and Berchner (2017) indicate that South Africa currently fulfills its own demand for
cereals. Less than 5%of the population is undernourished, andmost of the population
has access to clean and safe drinking water sources (in 2015, 93.2% of the population
had access to improved water sources) and reliable electricity (in 2014, 86% of the
population had access to electricity, albeit predominantly fossil fuel-based).

Fig. 1 Renewable energy projects in South Africa , as at 2018 (REDIS 2018)
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Fig. 2 Annual changes in WEF nexus indicators (improved water source, access to electricity,
renewable energy consumption, improved sanitation facilities, fossil fuel energy consumption, and
depth of food deficit) from 1990 to 2014 relating to SDGs 2, 6, and 7 over time in South Africa
(FAO 2017; The World Bank 2018)

Obstacles to achieving WEF security differ by province. Gauteng is the physi-
cally smallest province in South Africa, but includes Johannesburg, the economic
capital of the country; the province is home tomore than a fifth of the nation’s popula-
tion. Due to isolation from significant water sources, Gauteng imports approximately
88% of its water via various inter-basin transfer schemes. The province contributes
approximately 3% of agricultural production but consumes about 20%. Electricity
consumption is high South Africa , accounting for 24% of South Africa’s total elec-
tricity delivered in March 2018 (StatsSA 2018). Electricity for Gauteng is supplied
predominantly by coal-fired power stations inMpumalanga (VonBormann andGulati
2014).

The Western Cape Province generates approximately 25% of the agricultural
sector’s gross income, and exports more than 50% of its produce, 75% of which is
destined for Europeanmarkets. The provincial government has invested significantly
to ensure good water quality within this region, as the income from produce exports
is between R190 million and R570 million annually (Von Bormann and Gulati,
2014). The sustainability of food exports is controversial, since this practice indirectly
exports water from a water-scarce area. The threat of exporting “virtual water” was
demonstrated with the drought of 2017–’18 in the Western Cape, including Cape
Town. These trade-offs must be studied further from awater perspective to determine
the continued viability of fruit and vegetable exports.

In the Karoo, no large-scale electricity generation projects exist; the region relies
on small solar farms and access to the national power grid. The energy generation
of this region has been the subject of debate, focusing on unconventional energy
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sources such as shale gas or coalbed methane. Water is required to enable drilling
and hydraulic fracturing, and it is a very scarce resource in the arid, semi-desert
Karoo, leading to concern about the impact of these energy generation methodolo-
gies on the quality and quantity of groundwater. Water resource systems and the
supporting infrastructure within the Karoo are already extremely strained: only 14%
(16 million m3) of the storage capacity of the Welbedacht Dam is currently avail-
able due to unmitigated siltation (Ololade et al. 2017). Smaller towns in the Karoo
generally depend on groundwater supply, which amplifies the potential threat that
unconventional oil and gas (UOG) operations present (Ololade et al. 2017).

2 Methodology

A framework for analysis of the WEF trade-offs was developed by stakeholders
during a consultative workshop. Existing WEF nexus frameworks were examined
to ascertain their applicability to South Africa . Based on the literature review1, 20
frameworks were identified and screened, leaving 18 frameworks for assessment for
their applicability to the WEF ecosystem of South Africa based onAfricamultiple
factors:

• Inclusion of all WEF nexus sectors, with equal weight to water, energy, and food;
• Comprehensive consideration of the economic and demographic drivers of change

(industrialization, global climate change, population growth, urbanization);
• Applicability to the economic and demographic circumstances of South Africa

(based on the above drivers of change);
• Applicability to other socio-economic, environmental, and technical character-

istics of South Africa (livelihoods [rural poverty], data requirements, sectoral
compartmentalization [governance/policy], fossil fuels, etc.);

• Integration of the framework among the different sectors;
• Breadth of sectors considered, e.g., environment/ecosystems, land, climate

change, livelihoods, waste management, recycling/reuse;
• Integration of the SDGs and MDGs; and
• Innovation and infrastructure, e.g., power stations, improved technology.

A ranking template was applied, giving each framework a score (on a ten-point
scale) based on its relevance to the established criteria. The South African framework
was adapted from the most relevant of the frameworks based on the above-stated
criteria. Those selected are discussed in detail in Sect. 3.1.

A specific aim South Africa was to yield a framework linking the WEF nexus
to the SDGs, particularly SDGs 2, 6, and 7. Land is a key consideration in South

1Search words such as WEF nexus model, WEF nexus frameworks, WEF nexus tools, WEF nexus
analytical tools, WEF nexus governance, WEF nexus synergies and trade-offs, WEF nexus sustain-
ability indicators, WEF nexus application, WEF nexus data, WEF nexus operationalisation, WEF
nexus case studies, and WEF nexus financing were searched in Google.
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Africa, as is Africathe incorporation of innovation in the WEF nexus to supplement
advances achieved by just rebalancing amongWEF trade-offs, which in itself would
be insufficient. Innovation is necessary to ensure resource security, and access to
water, energy, and food for all people.

3 Results and Discussion

Awide range of international initiatives exist to analyze the close relationships among
the WEF components. The WEF nexus has gained prominence as an approach to
consider solutions to global challenges in part because it can be used as an analytical
tool, a conceptual framework, and as a basis of discussion and debate (Keskinen
et al. 2016). As an analytical tool, the WEF nexus systematically and quantitatively
reveals the interactions among WEF resources; as a conceptual framework, it is
a pathway to understand WEF linkages, promote coherence in policymaking, and
enhance sustainability , and as a discussion platform it is a tool for problem-framing
and the promotion of cross-sectoral collaboration (Albrecht et al. 2018). For these
reasons, the WEF nexus contributes substantively to understanding the complex and
dynamic interlinkages among issues related to the security of water, energy, and food.

3.1 Applicability of Other Existing Frameworks to the WEF
Nexus in South Africa

Based on the methodological criteria, five existing frameworks were identified as
most applicable and were evaluated.

(a) Smajgl et al. 2016

The study by Smajgl et al. (2016) presents a cross-sectoral, balanced, and dynamic
WEF nexus framework where sectoral objectives are given equal weight, revealing
the emergences and/or changes in cross-sectoral connections as a result of single
sector interventions. The dynamic WEF nexus framework describes interactions
between (a) the three sectors and (b) the nexus core and the three sectors (Fig. 3).
The nexus core in this framework consists of the major drivers of the water, energy,
and food sectors, as well as cross-sector factors.

This framework, however, limits consideration of the interacting variables in the
nexus core as it looks at only climate change and population growth as the main
drivers of ecosystem services. The framework also displays how sectoral outcomes
provide feedback and control core drivers, thereby creating sustained interactions.
Three distinct entry points are depicted in the framework, introducing sector-specific
interests. This conceptualization coordinates across sectors, to avoid unintended
trade-offs and consequences. The framework requires that stakeholders account for
sectoral interdependencies.
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Fig. 3 The energy-water-food nexus presented by (Smajgl et al. 2016)

(b) Ringler et al. (2013)

Ringler et al. (2013) present the concept of the water-energy-land and food (WELF)
nexus, emphasizing that this concept plays out differently in various parts of the
world. The WELF nexus framework evaluates the linkages that exist among the
water, energy, land, and food sectors (Fig. 4). The direct and indirect drivers of
change, which affect these linkages, are clearly depicted in the framework. Standard
WEF nexus frameworks do not include the land dimension; its inclusion in this
framework is recognition of its importance not only in the production of food, but
also for water (underground water storage, reservoirs) and energy supply (shale gas
or biofuels), as well as shedding light on the importance of land scarcity. In contrast
to many WEF nexus frameworks that tend to be water-centric, this framework puts
food at the center.

(c) Karabulut et al. (2018)

In this study, a synthesis WELF matrix system describes the complex and closely
related relationships among the natural resources used for food (most importantly,
water and land), energy, and ecosystems . The matrix can be set for different scales
(from global to local) and includes the impacts and nexus with climate change. The
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Fig. 4 The extended water, energy, food, and land nexus presented by (Ringler et al. 2013)

aim of the matrix is to integrate quantitative and qualitative aspects, which are often
neglected in conventional approaches of impact assessment. Due to the complexity
of interactions among the different components, quantitative and expert assessments
are both required.

This framework centers on ecosystems (Fig. 5), because they represent all features
of water, energy, land and food availability, and production. Land is included within
the concept of ecosystems, since the term “land” embraces different land users, land
covers, and soil ecosystems. The centrality of ecosystems is also recognized by their
incorporation into environmental policies and initiatives internationally. Figure 5
uses three matrices for the WEFL (water-energy-food-land) nexus in the form of a
double-entry table to identify relationships among sectoral uses of resources aswell as
the provision of ecosystem services. Potential service flows are classified according
to types/sub-types of sectoral uses, which can refer to either final or intermediate
services, with direct or indirect effects on human well-being. The main purpose of
this framework is to support a comprehensive nexus approach, called the Ecosystem-
Water-Food-Land-Energy (EWFLE) Nexus.

(d) Martinez-Harnandez et al. (2017)

This study, called “NexSym,” employs simulation and analytics to depict its Nexus
Simulation System. The purpose is to develop a tool for integrated resource assess-
ment, and to account for integration within and acrossWEF sectors, ecosystems, and
consumption components that interact with local systems. A premise of this study
(Martinez-Hernandez et al. 2017) is the need for a nexus tool on a local scale, tailored
to local conditions to more easily achieve synergistic techno-ecological interactions.

TheNexSym software allows users to simulate how a part of a nexus is affected by
a change in another part, as well as to evaluate key interactions the synergies of which
may be further integrated. It offers a conceptual andmodeling framework, taking into
account local use of energy, water and food production, and waste treatment, as well
as interactions of local components of the WEF nexus, such as ecosystems and
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Fig. 5 Framework for the ecosystem-water-energy, land and food security nexus presented by
Karabulut et al. (2018)

consumption. The approach combines data inputs, predictive models, and integrated
outcome analysis (Fig. 6).

The NexSym models a local WEF system using ecological (managed or natural
ecosystems such as heathlands or forests), technological (man-made industrial and
municipal facilities), and consumption components (“sinks” of products and services,
such as residential and commercial activities). The framework is primarily focused
on local systems, and therefore requires detailed input from a subject locale to enable
meaningful assessment. The study summarizes its focus by stating that, “engagement
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Fig. 6 The NexSym model’s intended input, output, and techno-ecological view of the WEF
subsystem and their interactions (Martinez-Hernandez et al. 2017)

with researchers and local communities to develop datasets specific to local contexts
is crucial for the successful application of the tool.”

(e) Conway et al. (2015)

Conway et al. (2015) approach southern Africa’s nexus from the perspective of
climate, based on a modified Hoff’s nexus framework (Hoff, 2011), which integrates
global trends (drivers) with actions, to highlight the role of climate as a driver. The
framework considers the main elements of intra-regional interdependencies in WEF
sectors within each country, while it highlights connections on the river basin scale
and draws attention to case studies of specific trade-offs and synergies.

The importance of climate in determining potential agricultural production,
medium-term water availability, and some components of energy production and
demand are emphasized in this framework. Figure 7 depicts how climatic variability
drives fluctuations in WEF elements, with secondary effects on the whole nexus.

3.1.1 Ranking of Frameworks

Table 1 indicates the rankings of the selected frameworks, features of which are used
to develop a modified framework for South Africa . Of the 25 identified frameworks,
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Fig. 7 Amodified version of the (Hoff 2011) nexus framework presented by Conway et al. (2015)

only five were sufficiently suitable to the South Africa context using the established
criteria (Table 1).

The framework developed by Smajgl et al. (2016) scored relatively well on the
“applicability to South Africa” criterion, but was weak Africa in its consideration of
innovation.

The next three studies, by Ringler et al. (2013), Karabulut et al. (2018), and
Martinez-Hernandez et al. (2017), ranked second through fourth, respectively, in
terms of their applicability to South Africa, but would have benefited from South
Africa deeper consideration of potential innovation and its connection to the SDGs.
The framework by Conway et al. (2015) would have been more applicable to use in
South Africa by integrating sectors, acknowledging adjacent sectors (e.g., liveli-
hoods, land, ecosystems), and including innovation. All these shortcomings were
accounted for by modifying the selected frameworks for more applicability and
relevance to South Africa.

3.1.2 Innovation

SouthAfricaConsideration of innovation encompasses improved infrastructure (e.g.,
power stations with lower emissions and/or dry-cooled power plants), renewable
energy mechanisms (biofuels, wind, tidal, and better exploitation of abundant solar
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energy), and data generation improvements to support the big data needs to develop
useful output to inform decision-making and facilitate data sharing and dissem-
ination. There is also potential to further develop technologies to improve water
efficiency (desalination, establishing dry-cooled power plants) and seasonal climate
forecasting (climate change for farmers).

3.1.3 Sustainable Development Goals (SDGs)

The WEF nexus is a key tool for regional integration and development of the SDGs,
as well as delivery of SDG goals at the national level (Mabhaudhi et al. 2016). SDGs
will drive future policies related to the WEF nexus through SDGs 2, 6, 7, 8, and 9.

SDG 2 (zero hunger); SDG 6 (clean water and sanitation); SDG 7 (affordable
and clean energy); SDG 8 (affordable work and economic growth); and SDG 9
(industry, innovation, and infrastructure) illustrate how the SDGs connect with the
WEFnexus. For example, achievingSDG2 requires the eradication of food insecurity
and improving nutrition. SDG 6 requires basic access to water and sanitation to
overcome water scarcity. SGD 7 necessitates the development of greater renewable
energy sources, and access to them.

3.1.4 Challenges

The frameworks offered by Karabulut et al. (2018) and Martinez-Hernandez et al.
(2017) scored low for the inclusion of key societal challenges and would be strength-
ened by taking into account livelihoods (rural poverty, high rates of unemployment,
barriers to educating the poor, electricity shortages, land issues), nutrition, health and
food insecurity (agricultural sector), as well as improving economic growth, water
scarcitywithin the context of climate change, and data requirements and accessibility.

3.1.5 Integration

Conway et al. (2015) had the lowest score for integration among the five top-ranked
frameworks; in order to improve its applicability to South Africa, it must account for
integration among the threeWEFsectors by illustrating how they interrelate, andoffer
recommendations to improve integration and its potential to enhance livelihoods,
land management, environmental ecosystems, climate change resilience, and waste
management.
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3.2 A Proposed South African-Based WEF Nexus
Framework

Figure 8 is a schematic of a proposed WEF nexus framework for South Africa based
on the criteria Africa used to select the top five WEF nexus frameworks delineated
in Sect. 2.

The work by Smajgl et al. (2016), Ringler et al. (2013), and Karabulut et al.
(2018), in conjunction with the work by Hoff (2011), was built upon to design
the WEF nexus framework for South Africa. Figure 8 illustrates the vital drivers of
change and the biggest challenges facing the country Africa, strongly influencing the
WEF nexus. It also illustrates that with proper policies, strategies, and the consider-
ation of alternative clean, renewable options, vastly improved human well-being and
environmental sustainability can be achieved. The framework developed for South
Africa puts emphasis on SDGs 2, 6, and 7, describing drivers and feedback among
these sectors. Direct and indirect drivers of change, which affect these linkages, are
also illustrated in the framework (Fig. 8).

3.3 Potential Indices, Metrics, and Models for Evaluating
the WEF Nexus

It is imperative to define the priorities, aims, scale of application, and data availability
in order to effectively adopt the WEF nexus framework in South Africa (Endo et al.
2017). No one approach is applicable to all situations and the suitability of a given
framework or methodology will vary in response to the aims, priorities, and scale
of application, from global to local. As one would expect, data requirements and
needs for their aggregation and analysis will increase as one move from local to
global scale. Likewise, required tools and models increase in complexity from local
to global scale (Zhang et al. 2018).

To accurately model and assess the WEF nexus, it is useful to generate data that
quantifies flows of energy and materials, makes numerical predictions, and estimates
the associated costs (Keairns et al. 2016). When developing or considering models
to guide data generation, it is important to restrict scope to the relevant aspects of the
WEF nexus to eliminate complexity, but to be aware of risks associated with these
omissions and to develop assumptions associated with these risks. All stakeholders
must contribute to the assessment process, which will inevitably require trade-offs
between indicator-based assessments and quantitative approaches (Keairns et al.
2016).
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3.3.1 Tools

A number of indices, metrics, and models can be used to evaluate the WEF nexus.
The MuSIASEM (Multi-Scale Integrated Assessment of Society and Ecosystem
Metabolism) tool was developed to simulate the WEF nexus by means of depicting
the metabolic patterns of WEF in relation to ecological and socio-economic vari-
ables. It was originally developed for the energy sector, but can be adapted to the
WEF nexus by including water and food in its methodology (FAO 2013). MuSI-
ASEM allows the simultaneous use of demographic, ecological, and social vari-
ables even if they were defined on different levels and scales, thus enabling effec-
tive analysis of the interdependencies among water, energy, and food at a national
or sub-national level. Furthermore, MuSIASEM provides feasibility, viability, and
desirability checks of each proposed scenario. It was used to generate an integrated
assessment of the contribution and convenience of Concentrated Solar Power (CSP)
and woody biomass as alternative sources for electricity production in South Africa
(LIPHE4, 2013). This case study uses quantitative data from published research
to evaluate electricity consumption in South Africa , as well as production factors
of CSP and woody biomass-based electricity. The maximum short-term potential
of CSP and woody biomass were calculated to be 3,000 GWh and 5,900 GWh,
respectively; their respective input requirements as well as the trade-offs between
production factors, such as water and land requirements, are described in Table 2.

TheWEF Nexus Tool 2.0 was developed by QEERI to evaluate the water, energy,
land, financial, and carbon production requirements for food supply in Qatar (Wicak-
sono et al. 2017). It is a scenario-based tool created primarily to quantify the resources
required for food supply at a national scale; it allows the user to create various
scenarios by setting parameters for inputs of water, energy, and foods. In Qatar,
it assessed water, energy, and land requirements, carbon footprint, financial cost,
energy consumed through import, and carbon emission through import (Daher and
Mohtar 2015). Multiple scenarios were generated, with the most realistic scenarios
depending on scientific and policy inputs. Assumptions and limitations include the
following:

• Food products assessed are only agricultural crops and exclude meat, dairy, etc.
• There is no calculation of water and soil quality.
• Relationships among system components are based on empirically based data.
• The tool assumes linear relationships among systems.
• Projections of prices, population growth, and resource demands are not included.

Table 2 Requirements of production factors for scenarios concentrated solar power (CSP) and
woody biomass-based electricity (LIPHE4, 2013)

Scenario Labor (Mhr/y) Water (hm3/y) Land (ha)

CSP 2.7 9.1 5 100

Woody biomass 120 NA 9 241 000
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• It does not capture the financial costs associated with the use of different water
and energy sources.

The WEF Nexus Tool 2.0 represents an opportunity to develop a tool for South
Africa specifically. It may be further improved by including prediction analyses of
population growth, resource demand increase, and financial considerations.

The water and energy nexus is applied to a Sankey diagram (Fig. 9) that quantifies
flows in each stage of the water and energy supply chains (Hu et al. 2013). The
diagram depicts the water-energy nexus at a household scale in Australia (Kenway
et al. 2013), a regional scale in China (Hu et al. 2013), and a national scale in
the USA (USDoE, 2014). More recently, it was used to generate the relationships
among water, energy, and food for the United Kingdom at a capital, government,
and household levels, using multiregional input-output (MRIO) databases, as can be
seen in Fig. 9. If applied to South Africa, it would provide a graphical representation
of the complexity of the interlinkages among water, energy, and food. The Foreseer
Tool (https://www.foreseer.group.cam.ac.uk) can be used to create Sankey diagrams.

Fig. 9 Sankey diagram showing water, energy, and food flows, from industry to final consumption
for the UK in 2013, where 1 = agriculture and food processing, 2 = power generation and distri-
bution, 3= primary material industries, 4=manufactured goods and recycling, 5= transport, 6=
other services (Owen et al. 2018)

https://www.foreseer.group.cam.ac.uk
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3.3.2 Indices

The Nexus City Index (NXI), developed by the United Nations, considers food,
energy, and water resources and includes an equity index. The UN-Habitat approach
forms the basis forNXI and offers indices tomonitor the development of productivity,
infrastructure development, quality of life, equity, and environmental sustainability.
The approach is based on urban resilience, which is targeted in Goal 11 of the SDGs
(Schlör et al. 2018). Along with the NXIregion, the World City Prosperity Index, the
RegionalCityProsperity Index, and theRegionalCity Index (NXIcity)were developed
to assess the resilience of various regions and cities in the world (Schlör et al. 2018).
They provide data to support decision-making to identify, monitor, plan, and manage
urbanization in cities and regions, with special attention to developments within the
WEF sectors (Schlör et al. 2018). These indices are useful for South Africa, but do
not consider policy implications, nor do they include scenario-based predictions of
population growth, climate change, or economic growth.

3.3.3 Models

The SouthAfrica TIMESmodel (SATIM-W) tool considers trade-offs betweenwater
and energy systems for cost-effective sustainable planning (Ahjum et al. 2018). As
the name suggests, it is specific to South Africa and incorporates large amounts of
quantitative data relating to the country’s water supply, usage, and costs (including
water quality and treatment). Scenarios include climate change impacts, economic
growth, local environmental best practice, policy compliance, and low carbon tech-
nologies (Ahjum et al. 2018). To address the hydrological gaps of the model, the
World Bank, with the SADC secretariat, has launched a project to build sustainable
groundwater management in the region (The World Bank, 2016). This model may
be altered to include the food sector of the WEF nexus as well as social aspects; it
has great potential to effectively evaluate the WEF nexus in South Africa.

A new model for integrated assessment of global change (ANEMI) was estab-
lished as an integrated assessment model to simulate all relevant variables, including
climate, the carbon cycle, the economy, population, land use, the hydrological cycle,
and water demand and quality (Davies and Simonovic, 2011). It emphasizes the
interconnections and feedback of each element, and is a significant improvement
over previous models because it includes food production and considers factors that
optimize the energy-economy factor (Akhtar et al. 2013).

Ozturk (2017) formulated simple non-linear regression equations using a set of
explanatory variables of agricultural sustainability to create an understanding of
the water-energy-food nexus within six sub-Saharan African countries. The study
utilized three panel regressions, including the least squares regression (“common
constant method”); fixed effects (“least squares dummy variables”); and the random
effects model (“Dynamic Model”).
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The Climate Land-use Energy and Water Strategies (CLEWS) modeling frame-
work integrates existing models and systems, such as Water Evaluation and Plan-
ning (WEAP), Long-range Energy Alternatives Planning System (LEAP), and Agro-
ecological Zoning (AEZ), by simulating and comparing data among them inmultiple
iterations to find a convergent solution (Keairns et al. 2016). It analyzes interlink-
ages among resource sectors to determine the effect that one sector might have on
the others, and identifies counterintuitive findings in these integrated systems. It is a
free online tool that creates scenarios based on (UN DESA 2013):

• Global estimates of CO2 emissions, water use, and investment in energy and
material production.

• Estimates of CO2 emissions and water use by energy source.
• Estimates of mix of energy supply.

This model has been applied to a case study in Mauritius, focusing on two policy
goals: renewable energy production and renewable fuel standards that mandate the
blending of ethanol into gasoline. Similarly, case studies for Kenya and Bolivia
investigated SDG 7 (energy access to all). This model may be adaptable to South
Africa ; however, it is mainly limited to the energy sector.

Simpson and Berchner (2017) propose to develop a composite indicator to report
on theWEFnexus. Their study highlights that indices should be based on quantitative
data and represented by a single numeric value, for consistency among evaluations
of different cities and countries. Mitigation scenarios could be tested to ensure the
establishment of achievable and measurable goals to improve the WEF nexus index
over time.

For all these and any tools, models, and indices, data storage and accessibility
will play a significant role in understanding and analyzing the WEF nexus. It is also
important to consider temporal and spatial scale differences of different elements,
suggesting the need to integrate multiple available models and tools, as well as input
from stakeholders and policymakers. Table 3, adapted from Martinez-Hernandez
et al. (2017), summarizes key models and indices that may be used for evaluation.

4 Conclusions

A WEF nexus framework for South Africa is urgently required so that it can
be applied as a tool for resource management to optimize benefits and minimize
conflicts. Water, land, and energy resources in South Africa are highly emotional
issues and therefore must be approached and managed judiciously; the WEF nexus
offers such an opportunity. An understanding of the WEF nexus in South Africa is
of great value when developing a framework that is specific for the country.

The WEF nexus framework was developed with emphasis on Sustainable Devel-
opment Goals 2 (zero hunger), 6 (clean water and sanitation), and 7 (affordable and
clean energy). Its framework considers the importance of livelihoods and human
well-being and eminent threats to sustainable development, especially in South
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Africa . Current literature shows that policies, strategies, and plans have not fully
embraced the applicability of the WEF nexus to sustainable resource management.
More research is needed andmust include participation of policymakers, researchers,
and other stakeholders to provide a comprehensive perspective on the desirability of
and approach to implementing the WEF nexus in South Africa.

The most relevant and applicable indices , models, and metrics relating to the
WEF nexus in South Africawere reviewed and summarized. Most would require
modifications to be applicable to South Africa. Data availability and quality will be a
factor in the reliability of any model, emphasizing the necessity of a central database
where data can be compared and validated. Temporal and spatial scale differences
among data inputs also require further consideration and may be best resolved by
integrating multiple models and tools.
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Chapter 19
Mainstreaming Climate Change
into Transboundary River Basins:
A SADC Regional Case Study

Motlole Christopher Moseki

Abstract Member States that are signatory to the Revised Protocol on SharedWater
Courses in the Southern African Development Community (SADC) have to collab-
orate on development, management, use, and conservation of water resources of
the shared river system and to enhance a common and better understanding of the
system. Additionally, international water and sanitation agreements must be robust
and resilient with respect to climate change. This chapter seeks to investigate climate
change considerations in regional water policy formulation and implementation, and
to provide an account of the extent to which climate change has been considered in
transboundarywater agreements, SADC regional protocols and frameworks. Recom-
mendations for assessment and subsequent mainstreaming of climate change factors
into regional water policy frameworks, plans, and practice are offered. Case studies
of theOrange-Senqu, Limpopo, and Incomati (Inkomati) River Basins are used to test
the extent to which climate change is considered in transboundary water resources.
The Orange-Senqu River is a water-scarce basin with low rainfall-to-runoff conver-
sion, high aridity, and high climatic variability. Climate models project an increase in
mean annual temperature of over 3 °C in the intermediate future (2046–2065). The
Limpopo Basin is semi-arid, highly variable in climate, and prone to drought, which
is projected to increase in frequency and severity, while rainfall projections are uncer-
tain. The Incomati, a semi-arid basin with an average annual rainfall of 767 mm and
temperature of 17 °C, is projected to become drier in the future. This chapter is based
on climate change research at the Water Research Commission as well as literature
search. The objective of this work is to encourage mainstreaming of climate change
forecasting into water management and planning at the transboundary level. There
is a great need to strengthen institutional capacity for sustainable management of
water under a changing climate and to improve coverage of climate change scenario
projections in southern Africa.
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1 Introduction

There are 16 member states of the Southern African Development Community
(SADC) that are signatory to the Revised Protocol on SharedWater Courses (Fig. 1).
The recently admitted country is the Union of the Comoros, which joined at the 37th
SADC Summit of Heads of State and Government held in Pretoria, South Africa in
August 2017. At the Summit, each member state has to ensure that she is meeting
her obligations on transboundary relations in the interest of regional economic inte-
gration, peace, and security. The Water Master Plans for each country encourage all
riparian states to integrate management of transboundary water resources. Member
states are tasked with collaboration on development, use, and conservation of water
resources of the shared river systems and to enhance common and better under-
standing of the Revised Protocol on SharedWater Course Systems, which is essential
given the ubiquitous nature of water and the fact that it does not recognize political
boundaries. For instance, about two-thirds of South Africa’s streamflows in rivers
are shared with neighboring countries, underscoring the essential nature of trans-
boundary cooperation in adaptation to climate change impacts. International water
and sanitation agreementsmust be robust and resilient with respect to climate change.
Moreover, cooperation among riparian states often strengthens their adaptive capac-
ities (Keller 2012). This chapter investigates the degree to which climate change

Fig. 1 SADC Member States (modified to include the Comoros)
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strategies have been integrated into water and sanitation management strategies at
the transboundary level. Based on this examination, and using case studies from the
three transboundary basins, recommendations are made to address vulnerability in
regional water policy frameworks.

The Orange-Senqu River Commission (ORASECOM) agreement of 2000 was
the first river basin institution to be established in the SADC region among the four
countries (South Africa, Botswana, Lesotho, and Namibia). The Limpopo Water-
course Commission (LIMCOM) evolved from the SADC structure and mandate,
but the four economic powers (South Africa, Botswana, Zimbabwe, and Mozam-
bique) have yet to agree on a management plan for the Limpopo River Basin. The
Incomati-MaputoAgreement, ensuring cooperation on the protection and sustainable
utilization of water resources, was reached among South Africa, Mozambique, and
Swaziland in 2002. That was a milestone because it resolved a previously intractable
conflict over water allocation of the Incomati Basin through inclusion of Maputo
in the negotiations. However, neither the agreement (adopted in May 2002, signed
in August 2009 and ratified in February 2010) nor a technical report by the Tripar-
tite Permanent Technical Committee (TPTC) on systems operating rules (drafted in
2010)1 even mentions climate change.

2 Climate Outlook for Southern Africa

Southern Africa is characterized by a highly variable climate. Francois Engelbrecht
(2018, personal communication) of the CSIR contends that South Africa’s present-
day climate is often under the influence of high-pressure systems of the subtropical
high-pressure belt, which causes air to sink over southernAfrica, thereby suppressing
thundercloud formations and therefore rainfall. Hence, a large part of South Africa’s
climate is semi-arid. Figure 2 shows key features of the climate system of southern
Africa.

Chapman (2011) observes that climate change will affect different parts of
southern Africa differently. Indeed, climate change model scenarios project that
some areas will become dry, others wet, and others remain uncertain, particularly
in the more distant future. Davis-Reddy and Vincent (2017) assert that the global
mean annual temperatures have increased by 0.85 °C since 1880 and are projected to
increase by 0.3 to 2.5 °C by 2050, relative to the 1985–2005 climatological average.
As it is generally the case, globally, changes in rainfall are harder to detect than
changes in temperature; there is no clear trend in rainfall projections, but higher
variability in rainfall (spatially) is expected. Notwithstanding uncertainty in rainfall
projections, a decrease in rainfall is projected over central southern Africa (e.g.,

1Additional information in this regard is accessible from the Agreement and the TPTC report by
Hallowes et al. (2010).
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Fig. 2 Key features of southern Africa’s climate system (Jack et al. 2016)

northern Botswana, Namibia, southern Zambia, and Zimbabwe) and over the south-
western Cape of South Africa, while an increase in rainfall is projected over northern
Mozambique and Tanzania (Davis-Reddy and Vincent 2017).

3 The Orange-Senqu River Basin

The Orange-Senqu River Basin (Fig. 3) covers central to southwestern Namibia,
southern Botswana, central South Africa, and Lesotho. It is notable that part of the
Orange River Basin in Lesotho is known as the Senqu River.

The basin originates in the Lesotho Highlands at an altitude of more than 2,750 m
above sea level from where it flows 2,500 km westward to its mouth at Alexander
Bay on the Atlantic West Coast (ORASECOM 2011). It is the third largest river in
southernAfrica, after theZambezi and theCongo. The region as awhole is committed
to the overall objectives of the “Revised SADC Protocol on SharedWatercourses” to
foster close cooperation among members for judicious, sustainable and coordinated
management, protection and utilization of shared watercourses, and to advance the
SADC agenda of regional integration and poverty eradication.

In terms of future climate outlook, the anticipated increase in temperature and
resulting increase in evaporation rates in the basin is likely to impact the magni-
tude, frequency, and intensity of rainfall events as well as seasonal and geograph-
ical distributions of rainfall and its internal variability (ORASECOM 2008). These
impacts are likely to influence the magnitude and variability of streamflow in the
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Fig. 3 The map of the Orange-Senqu River Basin (Lange et al. 2007)

river basin, food and water supply security, and sustainability of the ecosystem. In
response, the SADC Climate Change Adaptation Strategy aims to promote applica-
tion of the Integrated Water Resource Management (IWRM) plan to reduce climate
vulnerability and promote adaptation to climate variability and change. The IWRM
uses the “SADC Water Adaptation Cube” mechanism which calls for adaptation
measures at various levels (i.e., local, river basin, and regional), stages (i.e., prepara-
tory, response, and recovery), and levels of authority (such as governance, develop-
ment, and management). The cube was designed to raise awareness, build resilience,
reduce climate risks, and facilitate coordination among stakeholders.

To ensure sustainability of the IWRM, adaptation to climate change is essential.
Approaches include adjusting economic activities, national and regional reforms
(IWR 2014) design and development of infrastructure, and strategic intervention to
address resilience in agricultural production and enterprise development which are
important for rural as well as national and basin-wide development.
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3.1 Background and General Climatic Conditions
in Southern Africa with Implications
for the Orange-Senqu Basin

Even prior to consideration of potential global climate change impact, the natural
hydrological system of the southern Africa region is highly variable, with a high-
risk hydro-climatic environment. The rainfall-to-runoff conversion of less than 5%
is very low, due to high aridity and highly seasonal rainfall (ORASECOM 2008).
Complexities and uncertainties in water resource management are a consequence of
inter-annual rainfall variability (the coefficient of variation in rainfall for southern
Africa is more than 40%). According to Schulze (2011), the intra-annual variability
of hydrological response is even higher. The Orange-Senqu River Basin is the largest
basin south of the Zambezi, spanning an area of 896,368 km2 and covering 43% of
South Africa, the whole of Lesotho and large portions of Namibia and Botswana.
Figure 4 depicts major dams (including the Vanderkloof, Gariep, Vaal, Hardop, and
Katse) in the basin.

Fig. 4 The Orange-Senqu River Basin in detail showing major dams (WRP Consulting Engineers
(Pty) Ltd, 2020)
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The Orange River Catchment within the Orange-Senqu River Basin is generally
arid, with very low annual precipitation and high evaporation rate. Seasonal rainfall
is reported (Knoesen 2012) to be concentrated over only a few months, with approx-
imately 85% of the rainfall in Lesotho occurring during the period from October to
April; as much as 15% of Mean Annual Precipitation (MAP) may occur in a 24-hour
period in some areas.

The complex geology of the basin consists mostly of sedimentary rock of the
Karoo Supergroup with some dolerite intrusions, dolomite, and Kalahari sands.
Groundwater is the main source of supply, particularly in the western parts of the
basin. A high erosivity index and poor land management practices (such as over-
grazing, cultivation of steep slopes, uncontrolled burning, and alluvial diamond
mining) have led to high erosion rates and sediment loading (Knoesen 2012). Agri-
culture is typically a major water consumer at more than 60% of total use. Water is
often transferred from plentiful to water-deficient areas. High variability in climate,
low rainfall, a high evaporation rate, and non-climatic stress factors such as deteriora-
tion in water quality, increasing competition for water use, and challenges associated
with access all render the basin vulnerable.

3.2 Modeling Climate Change Impacts

Most of the projected climate change-related work in the Orange-Senqu River Basin
is based on research by Knoesen et al. 2009, Knoesen 2012) and Schulze (2011).

The agro-hydrologicalACRUmodel (a daily time step physical conceptualmodel)
was used (Fig. 5) at the University of Kwa-Zulu Natal to predict climate change
impacts on hydrology and water resources.

Earlier, (i.e., prior to delineation of catchments into the current finer scale) the
South African Department of Water and Sanitation had delineated South Africa,
including both Lesotho and Swaziland into 1946 interlinked and hydrologically
cascading Quaternary Catchments (Schulze 2011), that was deemed too coarse to
represent climatologically homogeneous units and thus that could not appropriately
depict hydrological responses to climate impacts (Fig. 6).

The southern Africa area modeled using ACRU also covers much of the Orange-
SenquRiver Basin. The entire area is now sub-delineated into quinaries (i.e., at higher
resolution) that resulted in 5 838 hydrologically interlinked and cascading quinaries
covering the RSA, Lesotho, and Swaziland.
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Fig. 5 The ACRU agro-hydrological model (concepts and linkages) (Schulze 2011; Koesen 2012)

Fig. 6 Primary and quaternary catchments covering SouthAfrica, Lesotho, and Swaziland (Schulze
2011)
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3.3 Assessing Climate Change Impacts on Key Hydrological
Drivers and Responses in the Orange-Senqu River Basin

The Orange-Senqu is a water-scarce high-risk hydro-climatic basin as a consequence
of low rainfall-to-runoff conversion, high aridity, and high climatic variability. It is
thus at higher risk to climate change impacts than many other regions in the world
(Knoesen 2012). Each of the 1,443 hydrologically interlinked quinary catchments
that make up theOrange River Catchment was simulated using data from theQuinary
Catchment Database.

Streamflows for the intermediate (2046–2065) and distant (2081–2100) future
climate were also simulated. However, that was only for catchments that exist in
South Africa and Lesotho, while Botswana and Namibia were not included due to
the lack of readily available historical data and downscaled values for these areas of
the basin.

3.4 Projected Changes Due to Climate Change
in the Orange-Senqu River Basin

3.4.1 Rainfall

Rainfall is categorized as short or long duration. Short duration rainfall occurs over
24 h or less, and depending on the intensity, it may contribute to local flooding. Long
duration rainfall in contrast occurs over 1 to 7 days and, if extreme, may result in
larger scale regional damage. Mean annual rainfall is projected to generally increase
across the basin. However, Schulze (2011) projects precipitation in southern Africa,
including the Orange-Senqu Basin area, to be highly variable, particularly in the
distant future (Fig. 7).

Fig. 7 Increase in variability of annual precipitation under projected future climates, derived from
multiple GCMs, with variability increasing more into distant future (Schulze 2011)
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In contrast, Fig. 8 shows that overall across South Africa an increase of up to
10% in short duration rainfalls may be expected in the intermediate future, with
the exception of patches south of 32 °S and north of 27 °S where models show no
discernible change from the present.

Spatially within the basin, relative increases in mean annual rainfall are greatest
in the eastern runoff-producing regions of the basin and tend to decrease westwards.
Studies also show (Knoesen et al. 2009) that rainfall across the basin is likely to
become more variable in both the intermediate and more distant futures, which is of
particular concern to water managers because such variability may result in drought
and flood events. The number of days of rainfall above a certain amount is expressed
as the ratio of the number of rain days for both intermediate and more distant futures
to those experienced presently; the higher this ratio, the more rain days are likely to
occur. In the Orange-Senqu River Basin, projections show that the increase in the
number of rain days will be greatest in the eastern regions.

Koetze et al. (2009) also assert that in the intermediate future about 40% of the
basin is likely to experience an increase in the amount of rainfall per short duration
event,while 38%of the basin is projected to experience a decrease. In themore distant
future, however, about 72%of the basin is projected to show an increase in the amount
of rainfall per short duration event. Regarding long duration rainfall, extreme events
are likely to increase, with about 83% of the Orange-Senqu River Basin projected to
experience larger extreme rainfall events with a recurrence interval of 2 years than
at present. These events have implications for the safety of water infrastructures.

3.4.2 Temperature

Indications are that mean annual temperatures will increase over the entire Orange-
SenquRiverBasin. The projected increase inmean annual temperatures in theOrange
River Catchment is between 3 and 3.5 °C in the intermediate term; this is expected to
grow to more than 7 °C in the more distant future (Knoesen 2012). It is worth noting
that for much of southern Africa, high increase in temperature is projected for the
future compared to the present (Fig. 9).

The highest ratios indicating an increase from the present mean annual temper-
atures on the order of 20–40% occur in the medium term over Lesotho (Knoesen
2012), the source of the Orange River and the Caledon, and by 40–60% in the distant
future. Increased temperature impacts a number ofwater-related processes, including
soil moisture, irrigation water demands, heat wave episodes, and meteorological as
well as hydrological droughts (Knoesen et al. 2009).

3.4.3 Evaporation

The projected increases in temperature will have a profound impact on evapora-
tion, affecting runoff, recharge, and water storage. Figure 10 shows that potential
evaporation in future (2016–2045) will increase compared to present (1975–2006).
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Fig. 8 Averages of ratio changes in short duration design rainfall between intermediate future and
present (top), more distant future and present (middle) and distant and intermediate future (bottom)
climate scenarios, using outputs from multiple GCMs (Schulze 2011)
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Fig. 9 Average of change in temperature between the present (left) and future (right). Source is
Department of Water and Sanitation (2019)

Fig. 10 Potential evaporation in future (on the right) compared to present (left). Source is
Department of Water and Sanitation (2019)

3.4.4 Streamflow

Figure 11 shows a percentage change in streamflow between the present (1975–
2006) and future (2016–2045). The graph clearly shows that the percentage change
in streamflowwill generally decrease. It is clear from themap that the largest decrease
in streamflow is expected in the Vaal, eastern part of the Orange and the Mzimvubu-
Tsitsikammawater management areas of South Africa. Slight increase in streamflow
is projected for the southern, western, and eastern parts of the country.

Schulze (2011) projects an increase in design streamflows over large parts of South
Africa. For example, for the 1-day, 2-year return period, the increase is 10–50% (i.e.,
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Fig. 11 Percentage change in streamflowbetween the present (1975–2006) and future (2016–2045).
The map (left) depicts spatial percentage change while the graph (left) depicts the same changes in
streamflow between present and future by also showing the number of quaternary catchments and
corresponding percentage change in streamflow (Department of Water and Sanitation 2019)

ratio changes of 1.1 to 1.5) over the eastern two-thirds of the country, and 50–100%
in the western one-third. The exception is the extreme southwest, where a decrease in
design streamflows is projected when the daily output from multiple GCMs is used
in the ACRU model with techniques to analyze extreme values (Schulze 2011). The
following issues were highlighted in the study:

• As the return period increases from two through five and 10 to 20 years, the
rate of increase in design streamflows decreases and becomes less pronounced,
irrespective of duration (i.e., irrespective of duration of 1 or 7 days).

• The regions within SouthAfrica where the greatest increases in design stormflows
are projected are the transitional areas between summer andwinter rainfall regions
where inconsistent weather patterns are likely to be experienced in future.

• On a local scale, as the return period increases from 2 to 20 years, the area in the
southwest expands where decreases in design streamflows are projected.

• For a given return period, the spatial patterns of change into the intermediate
future do not vary among the 1-, 2-, 3-, and 7-day durations, i.e., the changes in
design streamflow appear to be sensitive to return period, but not to duration.

The mean annual streamflow is likely to increase for both the intermediate future
and more distant future since projections indicate higher rainfall events, particu-
larly in the high altitude eastern parts of the basin. Projected increase in mean
annual streamflow is likely to be significantly larger than those projected for mean
annual precipitation because both increases and decreases in rainfall are amplified.
According to Knoesen et al (2009), studies show that variability in streamflow is
projected to increase more in the distant future than the intermediate future. Such
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increasesmake it difficult for water managers to plan for future streamflows, andmay
result in an increase in the number of extreme events such as floods and droughts.

3.4.5 Floods and Droughts

Further climate change will impact the basin that is already vulnerable to extreme
events. Increase in the annual variation of rainfall and stream flow is likely to lead to
an increase in frequency of floods and drought. In such cases, hydraulic engineering
structures (e.g., stormwater systems) would have to be redesigned to accommodate
floods and high volumes of water.

3.4.6 Recommendations for the Orange-Senqu Basin

Climate change research has been studied relatively more extensive in the Orange-
Senqu Basin than in other basins in the region. The next step is to mainstream the
climate change and research outcomes into basin planning and management. The
Commissions for affected member states and other stakeholders in the basin should
take climate change scenario projections into account for sustainable management
and planning of water resources in the region.

4 Lesotho Highlands Water Project (LHWP)

The Lesotho Highlands Water Project (LHWP) is one of the world’s largest intra-
basin water transfer schemes within the Orange-Senqu River Basin; it supports the
largest economic hub in Africa (Gauteng). Currently, the transfer of water from the
LHWP into Gauteng amounts to about 27% of the total allocation for this area. It
was not the original intention to include the LHWP in these case studies, but its
uniqueness within the Orange-Senqu Basin justifies discussion. This water scheme
is both important and at risk of depletion due to overutilization and climate change
impacts. Two well-established tools that inform good and sustainable water manage-
ment in the basin and within the region are the Revised SADC Protocol on Shared
Watercourses and the Climate Change Adaptation Strategy in SADC—A Strategy
for the Water Sector.

Because the Lesotho Highlands Water Project (LHWP) is an intra-basin water
transfer scheme within the Orange-Senqu River Basin, it falls under the authority
of the Orange-Senqu River Basin. However, there are issues that are specific to the
LHWP, which is located upstream in the mountain catchments in Lesotho, and not
necessarily important at a basin scale (Fig. 12).

The Lesotho Highlands represent an exception to the generally semi-arid region
within the Orange-Senqu River Basin (ORASECOM 2008). Its climate is temperate
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Fig. 12 The LHWP showing the water infrastructure. Source Dube et al. (2014)

and the annual rainfall exceeds evaporation, whereas evaporative losses in other parts
of the region, such as the Lower Orange, are arid to hyper-arid.

Water quality is generally impairedby seepage, runoff, andpoint source discharges
ofmunicipal, industrial, and agricultural effluents. There are also high sediment loads
from land degradation in the catchment.

Most damswere designedwithout consideration of potential future climate change
projections. For example, if a dam was designed on the basis of a 30-year period that
experienced significantly greater rainfall than today, the operating rules may need to
be reviewed to take into account climate conditions and projections.

Climate change- related issues are not adequately addressed in any of the LHWP
projects, but the SADC Climate Change Adaptation Strategy has implications for
the transfer scheme because the LHWP is within the SADC region. Recent drought
conditions that resulted in water supply augmentation for the South African town
of Aliwal North from the LHWP, while both the Katse and Mohale Dams are at
their lowest water levels ever recorded, underscore the importance of climate-related
considerations in that water scheme. Climate change models project yet warmer
conditions for the period from 2030 through 2050, with a projected increase in air
temperature ranging from about 0.8 to 2.9 °C above the historical average of 12.7 °C
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(World Bank 2016), while precipitation predictions indicate that in the future there
could be either wetter or drier conditions compared to the historical record.

Forecasts show reduced runoff as a result of lower precipitation, recurring
droughts, and increased temperature. The LHWP is expected to become more
water-stressed into the future due to both demands and unfavorable climatic effects.

4.1 Livelihoods and Vulnerabilities

Most communities in Lesotho, particularly in rural setting markedly dependent on
agriculture, with maize as the staple crop and livestock production to sustain liveli-
hoods of households in the highlands.Resources from thewild (such as fuelmaterials,
building materials, plants, and medicines), which are found on primary production
and resource harvesting, are also critical for meeting daily nutritional and survival
needs (Lewis et al. 2011a, b) (Fig. 13). Communities are hence vulnerable to any
changes in climate and to extreme events such as drought. Diversification of liveli-
hoods is promoted to reduce the resource dependency of households, thereby helping
them to cope more effectively with socio-economic challenges.

Fig. 13 Grass harvested for roofing (Lewis et al. 2011)
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Fig. 14 Typical thatched roof huts in Lesotho (Carraro and Marzi 2014)

4.2 Climate Change Impacts on the LHWP

An analysis by Lewis et al. (2011a, b) indicates that projected changes in climate are
likely to be similar in all pilot catchment areas within the Lesotho Highlands. Mean
annual temperature is projected to increase particularly in the intermediate to more
distant futures with a resulting increase in evaporation of 10–15% in the medium
term and 20–25% in the long term. The mean annual precipitation is projected to
increase by 100–200 mm in the intermediate future and by up to 300 mm in the more
distant future. Rainfall seasonality is projected to shift from mid-summer (January)
to late-summer (February) and to be distributed across the months with a reduction
in the summer rainfall, as well as greater frequency of high-intensity rainfall events.
These increases in precipitationmay impact soil moisture with a consequent increase
in water clogging.

Under a changing climate, the ecosystem is likely to be impacted due to, among
other things, increased temperature and evaporation. This causes concern about the
potential for decrease in some of the goods and services that depend directly on the
ecosystem, such as grazing and thatching. Goods such as thatching are important for
many communities in Lesotho, as exemplified by the thatch-roofed houses in most
villages (Fig. 14).

4.3 Key Issues to Address to Ensure Water Security Under
a Changing Climate

Lesotho is currently supplying water to South Africa through the Lesotho Highlands
Scheme, while Botswana also needs an allocation. Consequently, the governments
of Botswana, Lesotho, and South Africa initiated a high-level planning study to



450 M. C. Moseki

evaluate the possible development and transfer of water resources from the highlands
of Lesotho to the southern part of Botswana (World Bank 2016).

It is essential to account for climate change by using climate change scenario
projections and potential system responses as detailed water resource balancing is
considered. Adaptation strategies must also address factors that may not directly
be related to climate, such as deterioration of water quality, and assessment and
protection of major groundwater aquifers. Compliance with water use monitoring
and enforcement should be improved in all four countries. Institutional capacity to
effectively manage water quality is also a major constraint in the member states
(ORASECOM 2008). Other issues requiring attention include enhanced investment
in renewable energy sources while implementing technologies that increase effi-
ciency of coal-powered stations, infrastructure optimization, water use efficiency in
agriculture, and improved monitoring and use of forecasting (ORASECOM 2014).

4.4 Recommendations for the LHWP

Lewis et al. (2011a, b) dealt with climate change in the LWHP comprehensively
by focusing on its impacts on ecosystem goods and services, based on the research
work by Schulze et al. (2010) for the southern Africa region, including Lesotho. It is
moreover recommended that a dynamic downscaling approach be applied to develop
higher resolution climate change scenario projections for the LHWP to inform adap-
tation. Additionally, water managers and planners must develop adaptation plans and
implementation strategies to addresswater-related challenges driven by both climatic
factors and non-climatic factors (such as unsustainable land use and pollution).

5 The Limpopo River Basin

The Limpopo Watercourse Commission (LIMCOM) evolved from the SADC struc-
ture and mandate. However, it has yet to establish a shared vision among the
four riparian states (South Africa, Botswana, Zimbabwe, and Mozambique) for
managing the basin and developing appropriate institutional arrangements to coordi-
nate management. The Limpopo River Basin, one of the most populated river basins
in Africa, cuts across southern Botswana, most of the northern provinces of South
Africa, southern Zimbabwe, and central Mozambique (Fig. 15). Economic drivers
are mining, industry, agriculture, and large urban centers.

As it progressively becomes a scarce resource in the basin, water poses the biggest
threat to livelihoods, economies, and ecosystems of the river basin (Petrie et al. 2014).
Water supply is insufficient to meet demand, food insecurity results from climate
change-driven highly variable rainfall, and livelihoods rely significantly on climate-
sensitive natural resources. The basin is home to resource-poor rural communities
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Fig. 15 The Limpopo River Basin (Gwata and Shimelis 2013)

and suffers from insufficient public and private resources, thus making the basin
highly vulnerable to resource shortages and climate-related risks.

The western areas of the basin are projected to become drier than the northeastern
areas. Rainfall is most uncertain due to lack of clarity around future dynamics of the
intertropical convergence zone (i.e., the equatorial region where winds originating
from the northern and southern hemispheres converge and generate most of the
rainfall over the river basin), and cyclonic activity on the coastal plain (Chapman
2011). Additionally, rising temperatures, highly variable climate, deteriorating water
quality, and over-allocated water are some of the other challenges facing the region.

By 2025, rapid growth in urban population, mining, and energy projects are antic-
ipated (Petrie et al. 2014) to place enormous pressure on the basin’s water resources.
Currently, there is poor capacity to adapt to these pressures across the system, height-
ening the need for building resilience. Analyses indicate that no single regional or
national institution is tackling the three key threats facing the Limpopo River Basin:
water scarcity, declining ecosystem services, and climate change and variability.

System resilience and enhanced adaptive capacity need to be addressed, including
but not limited to the use of tools such as early warning systems and forecasts
and strengthening basin-wide governance and institutional arrangements for water
management.

5.1 Hydrology, Climate, and Climate Change

The Limpopo Basin is semi-arid and characterized by a highly variable climate, and
also prone to drought and floods. Drought is projected to increase in frequency and
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severity while intensity in rainfall and associated dry spells also increase. Models
indicate uncertainty in rainfall due to uncertainty in future dynamics in the intertrop-
ical convergence zone. The western parts are likely to become drier while the north-
eastern parts become relatively wetter. The region is further projected to become
hotter over the next 40 to 80 years.

5.2 Vulnerability and Impacts

Vulnerability varies by country dependingon its infrastructure development plans and
institutional capacity. The LimpopoRegion is densely populated and the rural poor in
the basin rely on climate-sensitive resources such as rain-fed agriculture, and hence
adaptive capacity is generally low. Vulnerability in the basin increases with poor
implementation of policies. The area near the Mozambique border often experiences
extreme rainfall and tropical cyclones such as the recent Dineo tropical cyclone
of February 13, 2017 with an average speed of 160 km/hour (Fig. 16) that caused
destruction in the region, including in much of South Africa. Rising temperatures
also deteriorate water quality.

Fig. 16 Tropical cyclone Dineo (http://news.searchsa.co.za/weather-alerts/tropical-storm-dineo-
to-reach-land-24h.php)

http://news.searchsa.co.za/weather-alerts/tropical-storm-dineo-to-reach-land-24h.php


19 Mainstreaming Climate Change into Transboundary … 453

5.3 Water Governance and Management-Related Issues

Over-allocation and scarcity of water and poor infrastructure are some of the water-
related challenges experienced in this region. Storage is lacking in certain areas and
not fully functional in others, and most vulnerable and resource-poor communities
do not have access to potable water.

5.4 Adaptation Measures and Recommendations

Strengthening of institutional arrangements for better coordination of water manage-
ment processes at the transboundary level, enhanced institutional capacity andutiliza-
tion of earlywarning systems, and preparedness are essential for improved resilience.
Additionally, higher resolution climate change projections and more comprehensive
studies on the changing and variable climate are recommended for the Limpopo
River Basin.

6 The Incomati River Basin

The Incomati-Maputo Agreement was reached among South Africa, Mozambique
and Swaziland in 2002 to resolve a conflict over allocation of Inkomati catchment
water by including Maputo in the negotiations. The agreement seeks to ensure coop-
eration to protect and sustain water resources among the three states. The states also
agreed to coordinate water security initiatives, monitor and mitigate flood events,
and exchange data and information among them.

However, neither the agreement (adopted in May 2002, signed in August 2009
and ratified in February 2010), nor a technical report by the Tripartite Permanent
Technical Committee on systems operating rules (drafted in 2010) even mention
climate change.

The Incomati is a semi-arid transboundary river basin in southern Africa, which is
water-stressed because of the competing demands of irrigated agriculture, forestry,
energy, environmental flow, and basic human needs (Okello et al. 2015). The total
basin area is approximately 46,750 km2, of which 2,560 km2 (5.5%) is in Swaziland,
15,510 km2 (33.2%) is in Mozambique, and 28,681 km2 (61.3%) is in South Africa.
Figure 17 depicts both the Incomati Basin and adjacent Maputo Basin.

The three basins—Incomati, Maputo, and Umbeluzi—are shown in detail in
Fig. 18.

All three rivers flow from east to west, from the inland highland mountains in
South Africa and Swaziland to the Indian Ocean (Hake 2016).
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Fig. 17 Incomati Basin (Hake 2016)

The Inco-Maputo is arid to semi-arid areawith an average rainfall of about 767mm
per year and average temperature of 17 °C, while the evaporation rate varies between
1,600 and 2,000 mm per year in the southwest to eastern parts, respectively.

Communities in the region are mostly poor and vulnerable to climate change
impacts with very low adaptive capacity.

6.1 Water Governance, Management, and Use

The agreement empowers the parties to individually and where appropriate jointly
develop technical or administrative measures to manage, control, and protect water
resources. Member states agreed to coordinate plans for water security and also
to exchange data and information. All these technical issues must also take socio-
political aspects of each country into consideration.

Water use in the Maputo River Basin is estimated at 1,198 mm3/year, with
agriculture accounting for about 86% of total water use.
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Fig. 18 Detailed map of the Incomati, Maputo, and Umbeluzi Basins (Hake 2016)

6.2 Hydrology and Current Climate

The basin is arid to semi-arid with an average rainfall (which occurs mostly in the
summer) of 767mmper year, mean annual precipitation of 400–1,000mm, andmean
annual runoff (MAR) of 3,539 mm3/year. Evaporation varies from 1,600 mm in the
southwest to 2,000 mm in the east. The mean annual temperature is 17 °C.



456 M. C. Moseki

6.3 Climate Change, Vulnerability, and Impacts

Weak legal and institutional frameworks lead to weak adaptive capacity. In this
region, poor rural communities are vulnerable to climate change as exemplified by
reduced rainfall and, as a result, low crop yields (i.e., reduction in agricultural output).

This basin is generally projected to become drier in the future. Climate in the
eastern parts, around Mozambique, is driven by conditions in the Indian Ocean;
more study of these dynamics is required.

6.4 Adaptation Measures and Recommendations

The vulnerability of this basin must be assessed to ensure understanding of climate
change. In particular, climate change projections at a more local scale are necessary.

7 Barriers to Mainstreaming of Climate Change

Various factors can limit effective mainstreaming of climate change into water plan-
ning and management. Some of the commonly encountered barriers include reluc-
tance by water managers and planners to use climate change projections decrying
the uncertainty in model predictions, the ill-advised notion that climate change will
only occur or threaten people in the distant future, the conflict in time steps wherein
climate change models are often based on daily metrics while hydrological models
are often based on monthly metrics.

Some of the factors may be driven by narrow interests that seek to resist change.
For instance, Le (2018) asserted that policy is difficult to change even in the face
of such serious existential threats as climate change when the political motivation
to maintain the status quo is often stronger than the drive to address challenges.
Limited resources and information are also often a barrier to mainstreaming climate
change. According to the Australian Government (2011), limits to the availability of,
or access to, information as well as funds, expertise, and other capacity necessary to
make appropriate decisions that lead to proportional action are some of the barriers
to mainstreaming of climate change.

8 Conclusions

TheOrange-SenquBasin has been studied in greater depth than any of the other trans-
boundary regions. The next logical steps are for the Commissions of the member
states as well as other stakeholders to incorporate this information and data into
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basin planning and management. Higher resolution climate change scenario projec-
tions must be developed for the Lesotho Highlands Water Project and subsequently
taken into account in the development and implementation of adaptation strategies
to address water-related challenges driven by both climatic and non-climatic factors.
A number of countries in the SADC region, particularly South Africa and Botswana,
look to Lesotho to supplement their water supply and this calls for development and
application of climate change scenario projections to support and inform decisions.
Further work on climate change projections and more comprehensive studies on the
changing climate should be undertaken in the Limpopo River Basin. Additionally,
institutional capacity must be enhanced for better coordination of water manage-
ment as well as effective use of early warning systems and preparedness to improve
resilience. The Incomati River Basin needs climate change vulnerability assessment
study to inform adaptation and to better understand climate change-related chal-
lenges. In particular, climate change projections at higher resolution and at local
level are essential for sustainable water management and use.
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Chapter 20
Does the Use of Local Knowledge
in Complex Systems Reduce
Vulnerability to Climate Change?
Insights from Nexus Water Management
in the Niger Basin

Luca Ferrini, Euan Mackway-Jones, and Nora Van Cauwenbergh

Abstract In response to climate change and in an attempt to address complexity
and uncertainty, management of water resources is increasingly framed as adaptive
management. By definition, adaptive management includes experiential learning
to improve understanding of systems and their responses to change. It is increas-
ingly recognized that the knowledge of local communities contributes to system
understanding. This is particularly important in Africa, where data is limited and
vulnerability to climate change is high. This chapter focuses on the contribution of
local knowledge in adaptive water resource management in Africa in a context of
nexus governance. The hypothesis tested in this study is that a holistic approach to
water management, which includes local knowledge and ensures local participation,
contributes to a decrease in climate change vulnerability and can lead to greater
capacity for adaptation, particularly for natural resource-based societies. The anal-
ysis focuses on water governance in the Niger Basin through three case studies. The
first looks at the creation of National User Coordination structures for basin manage-
ment. The second and third look at local participation in two major projects in the
basin; the Kandadji Dam in Niger and the Fomi Dam in Guinea. These cases were
selected to understand the roles of system boundaries and system understanding,
stakeholders and levels of involvement, adaptation capacity and vulnerability in
complex adaptive systems, and their governance. Results show that nexus governance
structures generally facilitate inclusion of local knowledge in theory, but that this
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inclusion is limited in practice. Moreover, we identify a negative impact on manage-
ment outcomes when involvement is limited, with indications that such limitations
increase the vulnerability of communities.

Keywords Local knowledge · Participation · Complex adaptive systems · Nexus

1 Introduction

Management ofwater resources under climate change is highly complex. Complexity
is a result of multiple uses across multiple spatial and time scales, as well as of
uncertainties. Water management is a crucial element of systems management under
climate change and has the potential to either mitigate or exacerbate the effects
of climate change. Given the complexity and changing nature of systems under
climate change, water resources’ management is increasingly framed as Adaptive
Management (AM). The foundation ofAM is a thorough understanding of the system
that is managed, through experiential learning and knowledge exchange (Fabricius
andCundill 2014). This encompasses understanding of various uses, sectors, sources,
stakeholders, and their interrelations. The AM paradigm emerged in the 1970s and
is predicated on managing uncertainty through management action (Johnson 1999)
centered on ongoing learning about the “processes governing the system” cited by
Medema et al. 2008).

AM is one of various strategies that has been developed to holistically address
complexity and interdependencies in water systems. The ecosystem services
approach (e.g. de Groot et al. 2002) recognizes the highly complex interactions
among people and the ecosystems on which their livelihoods depend. Integrated
Water Resources Management (IWRM) focuses on integration and coordination
through governance and stakeholder involvement (Medema et al. 2008).

One approach that has gained traction is the Water-Energy-Food-Environment
(WEFE) nexus framework, which moves away from a water-centric approach to
an issue-based approach, in which natural resources are seen as instruments for
achieving human water, energy, and food security and environmental sustainability
(Hoff 2011). Particularly under climate change, holistic planning of natural resources
should thus take account of the trade-offs and synergies of different use (Brouwer
et al. 2018). However, few analyses examine practical attempts to apply the approach,
and those that do focus largely on the Global North (Kurian and Ardakanian 2015;
Cairns and Krzywoszynska 2016).

This chapter focuses on the role of local knowledge in adaptive water resources
management in Africa to mitigate vulnerability through multisectoral nexus gover-
nance.

There is a trend towardmethods and approaches inwhichmultiple stakeholders are
involved not only in the implementation of adaptationmeasures, but alsomore funda-
mentally in the understanding of the system that needs to adapt, as well as the design
of adaptation measures. These approaches seek to improve the outcome through
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better system understanding (Berkes et al. 2000; Vedwan 2006; Byg and Salick
2009; Vignola et al. 2009; Raymond et al. 2010; Alexander et al. 2011), tailoring
measures, and interventions to the needs of the communities involved (Agrawal 2010;
Lebel 2013), increasing ownership of implementation (Adger 2003, Chapagain et al.
2009) and strengthening sustainability, e.g., through reinforcement of local institu-
tions (Agrawal 2010). The improvement of systemunderstanding through integration
of local knowledge might be particularly important in Africa, where data is limited
and vulnerability is great, notably in natural resource-based societies (Thomas et al.
2005; Armitage 2005; Lebel 2013) where the stake of local communities is high.

This chapter describes how this premise has been tested in theNigerBasin to deter-
mine if the inclusion of local knowledge in adaptive water management promotes
community empowerment and reduced vulnerability. Included is an overview of the
latest research and thinking in adaptive management of vulnerable complex systems,
emphasizing adaptation to climate change. The study seeks to determine how water
management and governance in the Niger Basin (1) uses local knowledge and local
participation; (2) uses local knowledge in a nexus approach to reduce vulnerability,
and, if so, for whom, and (3) how institutional (and other) challenges are identi-
fied and addressed in inclusive nexus governance. Based on analysis of Niger Basin
governance at different scales, the link between vulnerability and local knowledge
integration in adaptivewatermanagementwill be examined, andfindingswill provide
elements to improve water management as a climate adaptation tool where there is
great vulnerability to climate change.

2 Complex Adaptive Systems and Climate Change

A system, at its most basic, is “any group of interacting, interrelated or interdepen-
dent [elements] that form a complex and unified whole that has a specific purpose”
(Kim 1999:4). All elements of a system must be present in order for its purpose to
be optimized. Indeed, if elements can be removed without it affecting system perfor-
mance, it can be concluded that the elements did not comprise a “system,” but were
rather a collection of different parts (Kim 1999; Meadows 2008).

Similarly, the arrangement and ordering of different elements within a system also
affect systemperformance; if the elements can be combined or ordered randomlywith
no effect on performance, then it also cannot be considered a “system” (Kim 1999).
A key feature of system behavior is the tendency to maintain stability through feed-
back mechanisms, which creates a virtuous cycle of information within the system
that improves performance for its systemic purpose, and enables action to correct
suboptimal performance.

While systems can be delineated by boundaries, they are permeable and inter-
secting or overlapping with the boundaries of other systems, increasingly so in the
contemporary globalized world (Midgley 2004, 2008; Brincat 2017).
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Because the multitude of stakeholders interacting within and across systems
(and/or issue areas) influences the system as a whole, systems, which are charac-
terized by connectedness, complexity, uncertainty, conflict, multiple stakeholders,
and, thus, multiple perspectives, grow increasingly unpredictable (de Savigny and
Adam2009 as cited inSwanson et al. 2012). Systems are characterized byboundaries,
perception of system complexity, and of the stakeholders and elements composing
the system, as well as of the system’s vulnerability and capacity to adapt, which all
contribute to system understanding. Ecosystems are also “perceived as bounded by
the conceptualizations and judgments of humans” (Ison et al. 2007, p.5).

It can therefore be useful to apply analysis that accounts for the complexity of
the system. The conceptualizing of systems as Complex Adaptive Systems (CAS)
addresses this (Arnold and Wade 2015). Unlike “regular” systems, CAS behave
unpredictably owing to external influence, to the extent that cause and effect patterns
within such systems are difficult if not impossible to detect (Brincat 2017). General
(linear) systems and complex adaptive systems are distinguished by the constantly
evolving nature of CAS that interact with and are shaped by interactions with other
systems (de Savigny and Adam 2009; Brincat 2017). CAS have emergent properties
which give rise to unexpected behaviors (Brincat 2017).

Climate change can be considered the ultimate destabilizing contributor to a river
basin system that excludes it from a linear realm and places it in a complex adaptive
system. The unpredictability of climate change and its localized impact is the external
dimension that requires adoption of this additional layer of complexity.

3 Vulnerability, Resilience, and Adaptation

Conceptual and analytical frameworks with roots in disciplines from economics to
anthropology have integrated climate change in the analysis of complex systems of
natural resource management. The vulnerability of biophysical and social systems to
climate change is a specific subject of analysis (e.g., Cuevas 2010; Podschun 2017).

Vulnerability to climate change can be defined as “the degree to which a system
is susceptible to, or unable to cope with, adverse effects of climate change, including
climate variability and extremes. Vulnerability is a function of the character, magni-
tude, and rate of climate variation to which a system is exposed, its sensitivity, and
its adaptive capacity” (IPCC 2001, quoted in Maxim and Spangenberg 2006:4).
Maxim and Spangenberg (2006) provide a good overview of vulnerability, illus-
trating its analysis through the use of the DPSIR framework (driving forces, pres-
sures, state, impacts, and responses) which integrates social, political, economic, and
environmental factors.

For societies reliant on direct use of natural resources, which is the case in the
Niger Basin, the adaptation definition by Thomas et al. (2005:7) applies: “Adaptation
is seen as the adjustment of a system to moderate the impacts of climate change, to
take advantage of new opportunities or to copewith the consequences. Inmany cases,
climate does not affect people directly but indirectly, by affecting the physical and
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biological systems in which they live. For societies that are reliant to a significant
degree on the use of natural resources, these changes take on both direct and indirect
aspects, since for such groups livelihoods do not provide a buffer against climate,
but are highly reliant upon it. Adaptation can be best seen as a process that involves
changes in a system to increase its coping range, rather than temporary adaptation
of historically familiar measures to cope with a transient threat.”

Adaptive capacity is “the ability of countries, communities, households and indi-
viduals to adjust in order to reduce vulnerability to climate variation,moderate poten-
tial damage, cope with, and recover from the consequences, including ecosystem
responses to climate forcing” (Thomas et al. 2005:7). The greater a system’s
resilience, the more it adapts to maintain its critical functions (adaptation capacities):
“resilience is the capacity of a system to absorb disturbance and reorganize while
undergoing change so as to still retain essentially the same function, structure, iden-
tity, and feedbacks” (Walker et al. 2004:2). Points of no-return, at which the system
is unable to maintain its critical functions even after adaptation, are described as
tipping points.

4 Role of Governance, Participation, and Local Knowledge

From anthropology to social policy, an array of terminology and concepts has been
adopted in the study of climate change adaptation and governance, aswell asmanage-
ment of natural resources in vulnerable societies. Examples are “social learning”
(Cundill 2010), “collective action” (Ratner et al. 2017), “social capital” (Adger 2003,
2013), “role of knowledge” (Lebel 2013), and “traditional ecological knowledge
(TEK)” (Berkes et al. 2000).

“Adaptive governance” as it is used by Pahl-Wostl et al. (2012) describes
water governance for “mastering complexity” in basins worldwide, including in
sub-Saharan Africa.

Most analyses of the role of knowledge in adaptive system governance and
management find that different types of knowledge improve system outcomes. Local
knowledge (Vedwan 2006), indigenous knowledge and participation (Nyong et al.
2007), local perceptions and understanding (Byg and Salick 2009; Chapagain et al.
2009; Lebel 2013), and the combination of local and scientific knowledge (e.g., Van
Cauwenbergh 2008; Vignola et al. 2009; Raymond et al. 2010; Alexander et al.
2011) all seem to enhance system outcomes, albeit with nuances, mostly related to
the institutions and the individuals or groups managing the knowledge, as well as the
role of knowledge brokers and moderators (Berkes et al. 2000; Thomas et al. 2005;
Agrawal 2010).

Participatory management and governance is widely promoted not only in rela-
tionship towater, natural resources, and climate change, but also as a general approach
to management of goods and services in a society. However, there is limited under-
standing of how to achieve the benefits of participation effectively (VanCauwenbergh
et al. 2018).Whereasmethods for stakeholder analysis (e.g., Reed 2008) are routinely
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Fig. 1 The Arnstein Ladder of citizen participation (Arnstein 1969)

used, it remains a matter of debate who to involve, when, and at what level (e.g.,
Godinez-Madrigal et al. 2019). As early as 1969, Sherry R. Arnstein developed a
ladder of citizen participation to describe the degree of citizen involvement in gover-
nance (Fig. 1). Comprised of eight rungs, the Arnstein Ladder describes increasing
degrees of citizen participation, from the lowest level of manipulation to the highest
level of citizen control.

The eight rungs are grouped in three types of relationships between authorities
and citizens. At the lowest level is non-participation, where citizens are manipu-
lated, “educated,” or “cured” by power holders (Arnstein 1969:2); the middle level is
tokenism, where a gesture toward participation is offered to citizens who are discour-
aged or precluded from requesting more participation or protesting; the highest level
is citizen power, in which citizens have an influential and equal say to that of authori-
ties. The Arnstein Ladder is the framework used in this chapter to evaluate the degree
of local participation and use of local knowledge in adaptive water management.
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5 Materials and Methods

The Niger Basin is the largest in West Africa and third largest in Africa. It covers an
area of 2.13 million km2 and is home to over 130 million people in nine countries
in West and Central Africa: Benin, Burkina Faso, Cameroon, Chad, Ivory Coast,
Guinea, Mali, Niger, and Nigeria (Fig. 2).

Six of the nine basin countries are Least Developed Countries (LDCs) and seven
are among the 20 poorest countries in the world, with large income disparities in
the richer basin countries. The population of the basin is projected to double by
2050 while also getting richer, meaning the region could be required to increase
its food production by a factor of five (Akumaga and Tarhule 2018). Over 70% of
the population lives in areas where food security depends on unreliable rainfall and
highly variable inter-annual and intra-annual river flows.

The basin covers six agro-climatic zones and presents a cross-section of the
complex development challenges of West African societies (Ogilvie et al. 2010).
Climatic zones vary from hyper-arid to sub-equatorial; annual rainfall fluctuates
from over 4,000 mm in southern Nigeria/Cameroon to less than 400 mm (with no
rain in some years) on the edges of the Sahara Desert in northern Mali and Niger
(Ogilvie et al. 2010). Figure 3 shows the heterogenic distribution of annual precipi-
tation and mean temperature in the basin, posing specific and diversified challenges

Fig. 2 Niger Basin and member countries of the Niger Basin Authority (NBA) (sourceNiger Basin
Authority)
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Fig. 3 Average annual precipitation and mean temperature in the Niger Basin (source Aich 2015)

to the sustainable management of water resources. The IPCC has declared the Niger
Basin to be one of themost vulnerable regions to climate change in theworld. Climate
change impacts on the water resources of riparian countries are expected by some to
exacerbate existing poverty and worsen inequality (Oyerinde et al. 2017).

Management and governance ofwater in the basin are overseen by theNiger Basin
Authority (NBA), with representation of member states and civil society at regional
and local levels, through National User Coordinations (NUCs). The Niger Basin is
an example of a complex adaptive system. Its vulnerability to climate change ranks
among the most in the world, with weak human and financial capacity and direct
dependence on water resources for livelihoods. Table 1 presents an analysis of the
Niger Basin as a Complex Adaptive System (CAS) (Fig. 4).

The first case study focuses onwater governance at the Niger Basin scale to under-
stand the process of inclusion of civil society, including representatives of resource
users, in basin governance. It examines intended and actual levels of local partici-
pation and use of local knowledge as perceived by user organizations themselves.
The next two case studies illustrate local participation in two local dam projects, the
Kandadji Dam in Niger and the Fomi Dam in Guinea, both of which with regional
impact. These studies reveal some of the effects of the terms of water governance as
a result of varying degrees and forms of local participation (or lack thereof).

Analysis focuses on the structure of water governance in the Niger Basin, in
particular, on the extent of local participation and local knowledge. Outcomes are
then related to changes in vulnerability.

Analysis is based on1 the following:

1. The history of the governance structure of the Niger Basin Authority (NBA),
with a focus on the creation and functioning of the National User Coordinations
(NUCs) of basin resources.

1More details in the Annex.
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Table 1 The Niger River Basin as a Complex Adaptive System (CAS) marred by vulnerability and
climate change Source adapted from de Savigny and Adams (2009). Niger Basin inputs from the
authors of the chapter

Characteristics of a CAS Relevance in the Niger Basin

Self-organization: system dynamics arise
from the internal structure of the system

The Niger Basin’s multiple climatic zones,
significant percentage of arid and semi-arid
zones, and large ecosystems which directly
provide livelihoods for millions of people
(Inner Niger Delta), as well as its size and its
steeply growing population make it
particularly vulnerable to changes and impacts
of climate change

Constant changes: systems are constantly
adapting to internal and external stimuli, often
in a way that is unpredictable

Increasing water withdrawals, large dam
construction, intensifying agricultural
practices, and population pressures on land and
forests are all internal stimuli which are only
partly predictable and quantifiable, particularly
across national borders. Climate change,
migration, armed conflict, and geopolitical
dynamics (e.g., oil and food prices) are
external stimuli

Governed by feedback: systems are
controlled by feedback loops, moderating
behavior as elements “react and back react” on
one another

The Niger Basin is experiencing changes in
rainfall patterns, increasing soil erosion,
desertification and sedimentation, and changes
in ecosystems. These affect the choice of
human settlement, create conflict on hot spots
of resource availability and cross-border
migration to make up for changes in pressure
on resources

Non-linearity: relationships within a system
cannot be arranged along a simple input-output
model

A choice to increase water withdrawals for
irrigation as well as fertilizer use may well
increase agricultural productivity, but from
there to food security there is still a long way,
with trade, food prices, rainfall, and energy for
storage and transformation still playing an
important role. Climate conditions still play an
unpredictable role to determine the output of
the system

Tightly linked: high levels of connectivity
between and across systems: changes in one
sub-system affect others (negatively or
positively)

One significant example is the worsening
security and instability situation in the Sahel.
Itself a dimension of vulnerability, this
situation affects almost all aspects of human
and natural life

(continued)
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Table 1 (continued)

Characteristics of a CAS Relevance in the Niger Basin

History dependence: effects may not be
evident immediately; short-term effects may be
insufficient to generate continued support for
an intervention

A reduction in the rate of deforestation can
have a positive long-term impact on limiting
soil erosion and sedimentation. But immediate
pressure for biomass and firewood most often
prevail, particularly for the poorest and most
vulnerable

Counter-intuitive: proven or effective
interventions in one setting fail to deliver when
transposed into a different context

Measures addressing conflict and instability
and strengthening climate-resilient
development sometimes have unintended
negative effects, deteriorating the security
situation even further. For example, in cases
such as communities in northern Mali, Niger,
and Chad at the edge of the Sahara Desert,
where desertification and radicalization are
perceived as going hand in hand. Efforts to
channel water to some of these communities,
to restore land and improve its productive use,
have in various cases resulted in conflict with
surrounding communities and other resource
users, such as herders and cattle breeders, often
belonging to different ethnic groups or
communities, who have attempted to benefit
from the improved infrastructure for their own
economic activities

Resistant to change: interventions may not
generate desired outcomes if the bottlenecks
and barriers are too entrenched

Attempts to change cooking practices for
moving away from traditional three-stone
fireplace cooking to efficient stoves for
reducing firewood consumption have often
failed due to resistance to change social
practices

2. Reports from workshops, consultations, and negotiations among governments
and mayors, village leaders, basin user representatives, elders, women’s groups,
and civil society organizations. The focus is on two processes of dam construction
and displacement of populations in order to analyze the modalities of involve-
ment of local populations, concerns about the use of local knowledge, and the
information needs of communities. The first wave of displacement occurred in
the Kandadji Dam and the concerns of local communities in the design and
preparation are examined in the context of the Fomi dam.

3. Workshop debates, recommendations, and interviews with representatives of
NUCs, the NBA, and representatives of national governments of riparian
countries.

The question this chapter aims to answer is whether local knowledge can improve
the outcome of decisions for the complex system of water resource management
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Fig. 4 The Niger River Basin and the position of the Fomi Dam at the basin’s head and of the
Kandadji Dam in the mid-Niger. (source adapted from L. Corsini 2011)

under climate change, and thus reduce vulnerability? To answer this question, anal-
ysis of vulnerability and levels of involvement of stakeholders is used. The WEFE
approach mobilizes theories of complex adaptive systems and their governance;
referencing system boundaries and understanding; and stakeholders and their levels
of involvement, adaptation capacity, and vulnerability.

Weanalyze the current andpast degree of local participation as called for in statutes
of the NBA as well as in the case of two specific major dam projects. A timeline of
important events for water management in the basin since the founding of the Niger
Basin Authority (NBA) provides intended levels of involvement and how these levels
materialized in practice. Using the Arnstein Ladder of citizen participation (Arnstein
1969), degree of involvement is plotted against intentions.

For purposes of this study, vulnerability is defined as changes in perceived adap-
tation capacity by water user groups and individuals themselves as described in
written assessments and reported in interviews. Finally, we identify institutional
(and other) challenges for adaptive governance andmanagement for all stakeholders.
This approach enables a broad perspective of differences in system understanding,
and application of system boundaries at different levels of governance in relation to
participation and vulnerability.
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6 Results

6.1 Inclusion of Civil Society and User Groups in Basin
Governance of the Niger Basin Authority (Case Study 1)

Civil society involvement in water management in the Niger basin dates back to the
1980s, when the construction of large dams was increasingly met by resistance at the
local level. Local communities blocked work during the construction of dams such
as the Talo Dam on the Bani (a major tributary of the Niger). It took more than two
decades, however, for the role of civil society to be institutionalized. In 2005, theNBA
formally recognized the need to involve civil society in the governance of the basin,
and in 2006 civil societywas officially recognized as a stakeholder and given a formal
platform in the National User Coordinations (NUCs) and, in 2007, its participation
mechanisms. The functioning of NUCs was reviewed in 2009, leading to a number
of adjustments and signing of new NUC Memoranda of Understanding in 2014.
This section focuses on the 2005–2014 period to compare the formal provisions for
stakeholder participation to its manifestation in reality in relation to capacity building
and vulnerability. The section relies heavily on the analysis conducted jointly by GIZ
and ABN (Edl 2017) on state of cooperation among the NBA Executive Secretariat,
civil society, and national focal structures.

The NBA (2010:3) defines the objectives of civil society in the NUCs as, “the
users of the natural resources of the basin [to] participate in various decision-making
stages: planning, program implementation, evaluation, etc.; and contribute, through
their actions as structured organizations, to the sustainable development of the basin
and in particular the actions of the Development Plan and Investment Plan which
may concern them.” On paper, this corresponds to a high level of participation (level
6 according to Arnstein 1969–Partnership). The scale of participation is defined by
the geographical extent of the NBA mandate, which is the entire river basin; the
type of stakeholders concentrates on main users. Users are considered to be a varied
but “structured” body of stakeholders, able to make decisions and implement actions
throughout the chain of water management activities. Peripheral reference is made of
investments and activities at a more local level, presumably touching specific groups
of users. The capacity required to participate beyond civil society participation objec-
tives in NUCs is high, including mobilization, participation, coordination, defining
interests, brokerage, planning, implementation, and evaluation. It also formalizes the
definition of users.

In 2009, following a series of false starts, the NBA launched a study on capacity
building and strengthening the involvement of civil society in the process of sustain-
able development of theNiger Basin. This study notes that theNUCs “operate timidly
and are not aware of their roles and their anchoring in the process” for sustainable
development of the Niger Basin. In addition, NUCs are reported to lack “an initial
financial allocation to support the installation and operation” and suffer from “the
absence of a formal commitment and effective involvement of Member States to
provide support for the establishment and operation of the NUCs” (Tchouplaou et al.
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2009:7). This reported lack of organizational, financial, and institutional capacity
(Tchouplaou et al. 2009; NBA 2010; Edl 2017) indicates potential vulnerability of
NUCs to decisions that reflect the interests of other, more powerful stakeholders
(CRU-BN 2017; Edl 2017). This was confirmed at the NBA regional workshop on
“integration of the water-energy-food Nexus in the NBA Operational Plan 2016–
2024” in June 2018, where NUC representatives evaluated alongside representatives
of the water, energy, agriculture, and environment ministries their respective and
combined capacities to influence and implement decisions on uses of the basin’s
resources in each country’s portion and the basin as a whole. The NBA study even
notes ongoing debate about the identity of users, some of whom felt misrepresented
by the term “civil society.” The definition ultimately agreed upon is, “rural and urban
populations whose livelihoods depend on the exploitation of the natural resources of
the Niger basin” (Tchouplaou et al. 2009:4).

To improve the situation, the following interventions were proposed: “The setting
up of a technical assistance mission that provides technical and organizational
support/advice to the NUCs; the capacity building of the members of the NUCs
on accompaniment through adequate logistical means; organization of an informa-
tion and awareness campaign for users and civil society organizations on NBA,
Shared Vision and investment plans; support for capacity building; implementation
of income-generating activities” (Tchouplaou et al. 2009:19). These interventions
reflect the NBA’s drive and interest for users to support implementation of certain
projects, and also serves as motivation, at least indirectly, for some state entities
of the NBA member states. These interventions are however reported to have the
unintended and undesirable effects of making participation more passive (KPMG
2016).

Representatives of theNUCs, particularly thosewho participated in the creation of
the agreement following protests over the construction of dams, expressed in inter-
views their perception that, once users are seen as recipients of capacity building
and financial support, the nature of their relationship to public authority changes.
Involvement would be characterized by Arnstein’s levels 1–3, manipulation, to
therapy to informing, which are all highly passive. In addition, the definition of
“user” is limited to the identified representatives, who are allocated offices and a
budget, distancing them from their stakeholder base (interviews with members of
NUCs networks in Mali and Niger). Finally, the system focus remains on high-level,
basin-wide processes, mainly representing the view of NBA, failing to connect effec-
tively with lower level processes and system understanding (interviews with NUC
representatives in Chad, Ivory Coast, and Nigeria).

In 2014, new protocol agreements were signed among NUCs, the ministries
responsible for the NBA in each country and the NBA itself. The revised proto-
cols refine expectations for the involvement of users in the management of the Niger
Basin, to promote greater local involvement as advocated by scholars (e.g., Thomas
et al. 2005; Armitage 2005; Lebel 2013); formal institutions tend to welcome voices
of local interests (Agrawal 2010). But NUCs are effectively under the control of
the national focal structure of the relevant ministry, and made dependent on NBA
supervision and oversight. The objective of the new agreements of the NUCs are
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to “Promote and organize consultation between users of the national portion of the
basin; Contribute to the sustainable management of the natural resources of the Niger
Basin; Mobilize users at the national and regional levels for greater participation in
decision-making about the future of the basin; Promote the capacity building of users
of natural resources at local, national and regional levels.”

This language suggests a top-down approach, which threatens to significantly
reduce the agency of users compared to the objectives initially formulated in 2006
(interviewswithNUCmembers in Niger andGuinea). System boundaries are limited
to the national portions of the basin, and participation modalities focus more on
mobilization than on planning, decision-making, and implementation (KPMG 2016;
CRU-BN 2017). The role of stakeholders—users themselves—remains a mostly
passive one, emphasizing the need to co-opt them to buy into schemes developed
at higher levels (interviews with CNU members in Guinea and Niger). The contri-
butions of users to actual decision-making are channeled through modalities devel-
oped and controlled by stakeholders and structures other than the local communities
themselves (Eau Vive 2006, 2007; Barry 2010). Local knowledge is thus marginal-
ized (interviews with NUCs representatives) and its impact on decision-making
is diluted. On the Arnstein ladder of participation, interviewees characterize their
involvement as 3 (informing), 4 (consultation), and 5 (placation), which make up
the second of three levels of “tokenism.” There was no consensus among intervie-
wees about the cause(s); some perceived the intention to marginalize by their NUCs
(e.g., NUC Nigeria) and others blame the limited capacities of user organizations
(NBA representatives).

In 2014, the NBA planned the “revitalization project of the partnership NBA-
Civil Society of the Niger basin“ for the period 2014–2016. The project aimed to
strengthen theNBA-civil society partnership through the implementation of theNBA
Investment Program. But the project was never launched due to lack of funding, with
NUCs reporting “enormous difficulties due to the lack of funds as well as difficulties
in the implementation of the memorandum of understanding” (CRU-BN 2017). The
lack of financial resources is explained by non-payment of membership fees and
dues of the NUC members, in addition to the failure to regularly finance the effort
by the NBA and the member states. In addition, the NUCs report a consistent lack
of regular communication with the NBA national structures that formally supervise
them, as well as deficiencies in regular reporting and reaching consensus on annual
work plans (KPMG 2016; Edl 2017).

At present, NUCs are not actively involved in the preparation and implementation
of projects and programs. This makes them vulnerable to resource allocation deci-
sions made at other levels and without sufficient input from users. This is in spite of
policies to encourage greater stakeholder involvement and the sensitivity of technical
partners to these issues, e.g., ECOWAS Directive announcement of the construction
of large dams in West Africa, 2017; the Water Charter of the Niger Basin Authority,
2008); and coalitions such as the Network of Mayors on water infrastructures in
West Africa. Further examples of these challenges are provided in the following case
studies.
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6.2 Increased Vulnerability of Displaced Communities
at the Kandadji Dam (Case Study 2)

The Kandadji Program for Regenerating Ecosystems and Enhancing the Valley of
Niger (P/KRESMIN) is a priority sectoral program of Rural Development in Niger.
It is also one of the three dams of common regional interest identified in the NBA’s
Programme for Sustainable Development. The project is supported by multiple
donors and will lead to the displacement of at least 38,000 people. This section
documents the nexus impacts of displacement at the local level and uses the case to
reflect on the relation between nexus governance at the project level and vulnerability
of the communities involved.

A first displacement and resettlement operation to allow construction of the
dam affected 5,500 people in villages in the river bed. The NUC deployed several
information-gatheringmissions inNiger between 2013 and 2018, producing awealth
of information and lessons learned on the participation of local communities in
decision-making around displacement and the project itself. These serve not only as
key learning points for subsequent and future waves of displacement and planning
in the Kandadji Dam Project, but also for the other major dam projects of common
regional interest in the Niger Basin, Fomi in Guinea, and Taoussa in Mali.

In terms of system understanding and system boundaries, the sensitivity of the
displacement operations means that the focus stays relatively local for all stake-
holders. However, the project is generally perceived as a national utility initiative
by the Nigerian authorities. The transboundary dimension is weak, an assessment
confirmed by the little participation of the NBA in the process, despite the clear
impacts beyond Niger.

The legal (inventory, compensation, land rights), cultural, and social (disruption
of social networks by the displacement) boundaries of the system are subjects of
misunderstanding and miscommunication and are identified by stakeholders as the
main obstacles to deeper local participation in decision-making around the project.
Populations underscored insufficiencies in three areas: preparation of the targeted
sites before displacement, low participation of populations to be displaced, and
unsatisfactory communication between project owners and impacted populations.

Whereas the project owner appears to have a very good understanding of the
stakeholders involved and the different interlocutors and representatives of the local
communities, serious shortcomings are noted in the level of involvement. Local
community representatives think of themselves as recipients of information, and
complain of the inconsistency and incompleteness of the information provided by
project authorities. This self-perception as passive participants in management and
communication places them, at best, at level 3 of the Arnstein Ladder (informing).
Overall, the community structures (committees) created for the projects are perceived
as dysfunctional (see reports in Annex). The capacity of local populations to partic-
ipate and influence the process proactively is limited, particularly in the domains of
legal rights and dealing with the unexpected. Both residential and agricultural land
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rights of displaced populations are identified by interviewees as weak. Clarity among
village leaders, elders, and women’s groups is necessary for equitable compensation.

These shortcomings have negative impacts for the communities on the ground.
Examples include the struggle by women for even minimal access to water following
displacement, and a reported increase in vulnerability for new home owners and
farmers. Villagers were given the choice between receiving new houses already
built, and receiving the value of their existing houses in cash to enable them to build
their own houses. Many villagers choose the latter, with the unintended consequence
in many cases of under-investment in new homes and therefore exposure of these
villagers to new risks. The capacity to plan and invest corresponds strongly to percep-
tions of risk, social pressures, risk aversion, and cultural influences. Village leaders
and mayors are most often highly aware of the tendencies of their constituents and,
in the opinion of NUC representatives in Niger, could have seen this coming. In their
opinion, discussing the relocation plan with village leaders inmore detail would have
allowed village leaders to better explain the pros and cons of compensation options
for the villagers, leading to wiser and more sustainable choices, i.e., more villagers
choosing quality housing over financial compensation. Unexpected flooding of the
irrigated perimeter caused by abundant rainwater during the displacement period
compromised agricultural productivity for farmers.

These outcomes increase the vulnerability of local populations through damage
to their livelihoods as well as a lack of sufficient involvement of local communities
in the project. The reports of the NUCs also identify that the populations of certain
villages “live in fear; are very perplexed and pessimistic. Even the collaborators
closest to the project [management] are worried, having witnessed the experiences
of the first wave of displacement” (NUC Niger 2015—translated from French by the
authors of this chapter).

In the words of NUC members, “in view of the lessons of the first wave and the
number of people affected by the second wave, it should be emphasized that the
enormous second wave calls for a holistic and cross-sectoral participatory approach,
with close communication and strong involvement of the populations to be displaced
and institutional actors. The effective inventorying of goods is one of the essential
keys to the success of these operations” (NUC Niger 2015—translated from French
by the authors of this chapter).

6.3 Discrepancies in System Understanding Around the Fomi
Dam (Case Study 3)

Located in theGuineanHighlands, the FomiDamon theNiandanRiver is 39 km from
its confluence with the Niger River, and was already identified in 1940. The current
presidential administration of Guinea has made the project a political priority, with
knock-on political effects inMali and the other basin countries, due to the magnitude
of the project and the downstream impacts. This section considers the objectives and
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potential impacts of the project at the local and regional levels and examines how its
(nexus) governance leads to changes in vulnerability.

At the national level, the first priority of the Fomi Dam Project is to provide local
households,markets, and the nationalmining industrywith electricity. The significant
hydroelectric potential of 100 MW was the primary motivation for Guinean author-
ities to conceive the project. Furthermore, the water reservoir has the potential to
irrigate around 100,000 ha of agricultural land inGuinea, as well as to provide fishing
and fish-farming opportunities. The initiative would require, however, the displace-
ment of an estimated 45,000 people, which unsurprisingly is the main concern of
local rural stakeholders who have long been aware of the project and associated with
various activities around its preparation. Recently, a new site seems to have gained
preference among the project’s managers and contractors: 15 km upstream, where
the population to be displaced is estimated to be only about 5,000.

The potential impact of the project is not limited to Guinea. The project regained
some regional interest in 2014, notably with the call to re-evaluate the possible
environmental and social impacts and discuss its shared costs and benefits among
NBA countries.

The Fomi Dam Project is noted among basin-scale planning projects by the NBA
for its potential to regulate the Niger’s discharge beyond significant seasonal varia-
tions, along with two other dam projects (the Taoussa Dam in Mali and the Kandadji
Dam inNiger). In a region that has a rainy season typically concentrated in a period of
only 3 months, the need to store water to optimize its use at the economic, social, and
environmental levels is significant. Regulating the discharge of Niger’s main water-
course would potentially allow expansion of irrigation and agricultural production,
thus improving the security and independence of food production in the region. The
NBA’sSustainableDevelopmentActionPlan (inFrenchPland’ActiondeDéveloppe-
ment Durable) (Niger Basin Authority, 2008) estimates, for example, that the Fomi
Dam could provide for the development of about 10,000 ha that could be developed
as far away as the country of Niger. Discharge control throughout the year would
also allow for improved navigation and regional commerce to be developed on the
river.

The dam project has been validated by all stakeholders, including basin users. But
the magnitude of the basin and of the number of communities affected mean that any
proper consultation is ambitious and extremely costly. On a political and regional
integration level, the project falls under the mandate of the NBA, but raises important
questions for all impacted riparian countries—for example, who would determine
policy for water retention and release, and the general regime functioning of the dam.
There are many stakeholders associated with the project and they span a variety of
geographies, including local, national, and basin/regional. In the recent consideration
of social and economic impacts of the dam, certain stakeholders have felt consistently
alienated, particularly when focus is on local impacts to the exclusion of regional
stakeholders (interviews with stakeholders in Mali and Niger). Mali and Guinea
have established a joint inter-ministerial consultation group; nonetheless, Mali has
complained about not having access to the most up-to-date information about the
planning of the dam (36th Ordinary Session of the NBA Council of Ministers 2018).
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The position of the dam “en tête de bassin” (at the head of the basin) is particu-
larly delicate, and raises questions about the nature of its impacts and the capacities
required to adapt locally and regionally. Economically and socially, changes in the
river’s regime and dischargewould demand big changes in agricultural and economic
practices. Artificial control of the river’s natural regime would entail a change in the
relationship between the river and the ecosystems it sustains through seasonal fluctu-
ations (Zwarts et al. 2005). It would also directly impact human activity, depending
on the natural resources of each ecosystem, for example, fishing and rice farming,
which depend on the seasonal flooding of certain areas of the basin. Furthermore,
redirecting the main purpose of the dam from hydropower to river discharge regu-
lation would have a significant influence on financial calculations of the economic
viability of the project (NBA internal document 2018). This means, for example,
that farmers, fishermen, and herders in the Inner Delta would realize impacts. While
some organizations (e.g., Wetlands International and the International Union for the
Conservation of Nature) regularly attempt to voice concerns, the inhabitants of the
Inner Delta are only vaguely aware of the projected impacts of the dam and its impli-
cations for their economic activity. A comprehensive understanding of the project’s
impacts is complex for inhabitants close to the project location as well (interviews
with representatives of Wetlands International and NUC Guinea). Participants in
workshops with local community stakeholder representatives in Guinea, particularly
those who are likely to be affected by displacement plans, raise concerns and ques-
tions (CRU-BN 2017) that indicate insufficient understanding of the dynamics of
such a project, including individual and group rights, the expected benefits of the
dam as well as the risks and changes it imposes on different groups.

The NUC in Guinea is considered an honest information broker and a trustworthy
moderator of relationships between the local communities and national authorities
(interview with member of NUC Guinea). Mayors and village leaders participate
regularly in meetings and workshops, and their point of view is integrated in discus-
sions and group exercises. But highly varying capacities to access and use tech-
nology, communicate effectively, and advocate for strategies mean that these popu-
lations have achieved consultation and, at best, placation (levels 4 and 5 according
to Arnstein 1969). An illustration of this comes from the workshop on the kick-
off of the dam’s social and environmental impact updated study in 2017, at which
contracted consultants had access to the full list of participants and a ranking of the
issues that were most sensitive for their communities. The workshop was intended
to demonstrate the complexity of the project to stakeholders, and only minimally
affected the consultant’s plans for the study (AECOM workshop report, September
2017; authors’ observation at theworkshop).Moreover (interviewwithNUCGuinea;
report of the 27th Ordinary Session of the NBA Council of Ministers 2018), issues
of displacement had not been communicated in detail to villagers, and many very
basic questions around management and governance of the displacement processes
were not addressed.

Open questions around the Fomi Dam make it difficult to predict its impact on
vulnerability to climate change in the region. In view of the potential impact and the
great number of stakeholders at varying levels of governance, involvement of local
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populations to prepare adaptation strategies for socio-economic change as a result
of the dam is important.

7 Discussion

Results show the factors influencing levels of involvement of local knowledge and
its relation to nexus governance. Issues of scale, system understanding, and barriers
to inclusive nexus governance are identified across the case studies.

The reported lack of organizational, financial, and institutional capacity of
National User Coordinations (NUCs) signals the potential vulnerability of the NUCs
to the interests of other, more powerful, stakeholders. The three case studies confirm
that involving local knowledge has the potential to improve multisectoral nexus
governance and reduce vulnerability. This is shown in the case of the NUC inGuinea,
which established itself as a trusted knowledge broker and led to a potential new loca-
tion of the Fomi Dam that would significantly reduce forced displacement. Involve-
ment of local knowledge also accommodates sensitivities that may not be accounted
for in scientific analysis: cultural considerations, relationships between and within
groups, social capital, and preferred modes of communication and of social learning.
Involvement of local stakeholders increases ownership of the project, as was the
case, with some significant positive impacts on project implementation, in Kandadji
(capacity building, involving women groups, etc.). Conversely, vulnerability can
increase when local knowledge structures are not involved, as was the case in giving
villagers individual choice on housing compensation.

On the Arnstein Ladder of participation, relevant rungs identified by interviewees
range consistently from 3 (informing) to 4 (consultation) to 5 (placation), repre-
senting the second of three levels of the ladder—tokenism. This generally corre-
sponds to a feeling of increased vulnerability, mostly caused by the lack of control
of local stakeholders. This has negative implications for decision-making and trust
among governing authorities.

It could be argued that the increases in vulnerability in the short term are necessary
evils in order to realize the long-term benefits of the completed dam projects. Dams
designed at basin level are intended to result in return at a large scale, something that
is difficult if not impossible for local communities to achieve. But it is also the case
that displacement occurs at a very advanced phase of dam project implementation,
and co-design of resource management could start from a much earlier stage of
planning to include populations in the analyses, such as alternatives to the dam. This
would mean initiating a partnership with local communities early and at different
scales, because resource use and allocation apply at minimum to a national scale,
and often a multinational scale.

Our analysis confirms that formalization helps to mainstream local knowledge
into multisectoral water management processes. Once NUCs are officially estab-
lished, they participate regularly in statutory meetings and have an official mandate
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to influence processes. They learn the “rules of the game” and build historical knowl-
edge of the institutions with which they negotiate. On the downside, formalization
of NUCs may result in introducing some rigidity to the system, in turn leading to
a loss of depth of the stakeholder base. This is because representatives of the users
in some cases lose a direct link to their base (farmers, fishermen, energy users and
producers, cattle breeders), preferring to turn to other entities, particularly for finan-
cial support, which naturally influences their priorities. The establishment of official
relationships between the users and public institutions, while legitimizing the NUCs
and facilitating access to information and contact with project designers, owners,
and implementers, also makes users more dependent on the state and other official
bodies, such as the NBA.

With regard to involvement of local knowledge in water management at different
levels, we note significant shortcomings in involving local communities meaning-
fully across the project spectrum. There are also barriers to an effective partnership
among government/public institutions and users: inequality in financial capacities
and leverage, different professional networks and legitimacy, and issues of percep-
tion and semantics (e.g., “civil society” and its connotations). The lack of exten-
sive information exchange to reach a shared understanding of the boundaries of the
systemexcludes or undervalues some stakeholders, andby extension themanagement
outcomes for those stakeholder groups.

We also find some evidence of the value of increasing the stakeholder base in
governance processes. While complexity can be daunting, our analysis confirms
that polycentrism in governance reduces vulnerability and improves outcomes. The
obstacles to maximizing the potential of polycentrism lie in the lack of established
mechanisms and fora for an effective information exchange, in the overlapping and
conflicting interests of different information brokers which can contradict each other,
and in a loss of clarity and trust, particularly by those stakeholders which are less
equipped in terms of capacities and analytical tools (often the users themselves).
Effective information exchange is crucial to overcome different understandings of
the system and ensure a more holistic view of project impacts.

Observations from the three case studies confirm that institutions with different
mandates tend to frame the system differently, leading to a divergence of under-
standings (Boelens et al. 2016). The NBA predominantly looks at the basin in its
entirety, while users (such as women, young people, pastoralists, fishermen, farmers)
have the tendency to understand the system around boundaries and cleavages that
bear on their interests. In general, stakeholder groups present a better understanding
of aspects of the system that are closest to them (Van Cauwenbergh et al. 2018).
This is illustrated by the deep awareness of the displaced populations of Kandadji
of the rights they have lost, and the introduction of irrigated perimeters. Similarly,
inhabitants of the Inner Niger Delta may well not yet grasp the potential impact
of the distant upstream Fomi Dam on their livelihoods. Governance and system
dynamics are directly influenced by who is interpreting the system, even within the
same stakeholder group (Reed 2008). This has an impact on individual capacity to
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participate; we also observed that the demographics of the spokespersons and repre-
sentatives (e.g., age, gender, social capital, socio-cultural identity, and interests) also
influences the type of knowledge being communicated.

At the group level, management outcomes are determined by the capacity to
organize, to make decisions internally, to build partnerships, and to negotiate. This
is particularly true for local groups which find themselves facing national and inter-
national institutions which are often the official owners and/or promoters of projects
such as multi-purpose dams (Boelens et al. 2016). Also important is the arbiter of
knowledge exchange between groups, who understands the system differently and
uses different vocabularies to describe it (Berkes 2000; Thomas et al. 2005; Agrawal
2010).

Vulnerability is perceived in concrete termsby local stakeholders.Displacedpopu-
lations reported difficulty in accessing drinking water after displacement, which
mainly affected women. In addition, due to concurrent climatic conditions, unex-
pected floods and dry spells in Kandadji directly impacted food availability for the
populations displaced from their farmland. In an area that increasingly experiences
food insecurity, in part due to climate change, it is all the more important to put
safeguards in place to ensure that food needs are met; this effects the trust of the
population in the authorities managing the dam project.

The result of the overall under-inclusion of local knowledge is a potential and,
in the case of Kandadji, established increase in vulnerability. This vulnerability is
directly related to the underdeveloped potential of capacity across stakeholders at
different levels. This dynamic can be most effectively addressed, we believe, through
more autonomous organization and agency of civil society, instead of using a top-
down approach driven by central governments. There is potentially a significant role
for donors and technical cooperation partners in accompanying local stakeholders,
while keeping in mind the risks of over-formalization and of changing the nature of
the coordination-type institutions themselves. There may be a research gap here to
be filled—how best to support civil society while allowing it to maintain its status as
independent representatives of under-represented, and often vulnerable, groups.

The cases presented confirm the complexity involved in the multisectoral, nexus
management of water resources in contexts of vulnerability, limited capacities, and
highly different scales and stakeholders. Capacities remain the main obstacle to
deeper proactive participation of users to higher level decision-making. Indeed,mobi-
lizing constituencies, obtaining financing, managing transport, formulating interests,
pooling resources, and organizing collective action are capacity-intensive activities.
But these are exactly the activities that translate into adaptation capacities and reduce
vulnerability to climate change and unsustainable management of natural resources
(Walker et al. 2004; Agrawal 2010; Lebel 2013).
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8 Conclusions

These case studies set out to test the claim that more holistic approaches to nexus
water management, including local knowledge and ensuring local participation,
lead to reduced climate change vulnerability and greater capacity for adaptation,
particularly for natural resource-based societies.

Based on theories of complex adaptive systems, interventions in theWest African
Niger River Basin were analyzed for implications on the nexus structure across
different levels, depth of participation, use of local knowledge, and the existing gover-
nance system. The recent (2006–2018) inclusion of civil society and user associations
in the governance of the Niger Basin Authority was the first such intervention. The
second study, in the Kandadji Dam in Niger, where several villages were displaced
in the period 2013–2018, lessons learned from this experience are used to analyze
the effect of local participation on (intermediate) project outcomes in the short to
medium term. The third is the case of the Fomi Dam in Guinea, scheduled to start
construction in the coming months; data from stakeholder meetings examines the
level of local involvement and how it bears on decisions and outcomes.

Generally, these case studies indicate the importance of involving local stake-
holders. This often translates into ambitious strategies and aspirational goals for
a partnership-type involvement of local knowledge. The reality, however, is that
involvement falls significantly short of goals; consultation and informing are the
norm, often with complaints from local stakeholders that information is partial,
inconsistent, and difficult to digest. In these cases, a lower level of involvement
does appear to impact management outcomes negatively.

Polycentrism of decision-making and governance is seen as an approach that
facilitates management outcomes. Formalization of polycentric governance struc-
tures appears to improve outcomes, albeit with a risk of increasing the rigidity of the
system to the point of undermining continuous learning and adaptation. Given the
largely unpredictable nature of climate change, designing management systems that
anticipate the need to adapt and learn seems key and should be given more attention.

Institutions with different mandates tend to frame and understand the system
differently, and the weakness of information exchange to reach a shared under-
standing of system boundaries excludes or undervalues some stakeholders, and thus
damages the outcomes for those stakeholder groups. The cases analyzed indicate
that inclusion of local knowledge in the management of natural resources can help
reduce vulnerability to climate change. In particular, for projects such as dams, which
profoundly alter the lives of entire villages in a short period of time, greater integra-
tion of local knowledge can soften the severity of vulnerability. However, assessment
(both before and after governance initiatives) needs to be improved to understand the
relationship among stakeholder involvement, management outcomes, and resulting
vulnerability.

Future research must examine which types of local knowledge are most crucial to
themanagement ofwater and land resources in vulnerable complex adaptive systems,
and look into the capacities necessary and the stakeholders best placed to collect
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and deliver such knowledge in governance and decision-making. This would also
allow stakeholders to identify obstacles to greater involvement of local knowledge
and design interventions and capacity development to support greater integration.
Research must also contribute to maximizing efficiency through local knowledge,
which would provide clear guidance to project developers and national governments
and validate the allocation of resources required to create deeper partnerships with
owners and brokers of local knowledge.
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Annex—Data for Analysis

1. Rapport De Synthese De La Visite D’echange D’experiences Des Delegations
De La Societe Civile De Fomi (Guinee), De Kandadji (Niger) Et De Taoussa
(Mali) A Selingue Au Mali Du 25 Au 27 Mars 2010

2. CapitalisationDesExpériencesDuProcessusDeDéplacement EtRéinstallation
Des Populations De La Zone Des Barrages De Kaleta Et Souapiti, Préfecture
De Dubréka

3. TroisièmeRencontreDuCadreDeConcertationDesMairesAutourDesGrands
Barrages Dans Les Bassins Hydrographiques En Afrique De L’ouest Et Du
Centre

4. Rapport De L’atelier DeRestitution Suite ALaVisite D’echangeD’experiences
Tenue A Selingue Entre Les Populations Riveraines Des Barrages De Fomi
(Guinee) Et Selingue (Mali)

5. Atelier De Restitution Du Voyage D’etude Des Acteurs Du Projet De Barrage
De Fomi (Kouroussa) Sur Le Site Du Barrage De Garafiri (Kindia)

6. Rapport De La Visite D’echange D’experiences Entre Les Futures Populations
Affectees Par La Realisation Du Projet De Barrage De Fomi En Guinee Et Les
Populations Du Barrage De Selingue Au Mali.

7. Concertation Avec Les Populations Affectees Pour Le Suivi De La Mise En
Oeuvre Des Aspects Sociaux Des Pges/Pr/Pdl Du P/Kresmin

8. Voyage D’etude Des Acteurs Du Projet De Barrage De Fomi (Kouroussa) Sur
Le Site Du Barrage De Garafiri (Kindia)

9. Débat télévisé: https://www.gwiwestafrica.org/fr/kandadji-reinstallation-des-
populations-quelle-lecons-tirees

10. Documentaire Kandadji: https://www.gwiwestafrica.org/fr/kandadji-compen
sation-des-terres-agricoles-quelles-lecons-capitaliser-debat-canal3-niger

11. Focus Fomi à l’Assemblée Nationale de la Guinée: http://www.crubn.org/vid
eos/la-cru-bn-a-l-assemblee-nationale-du-mali.html

12. Rapport de l’atelier d’information sur le Barrage de Kandadji, CNU Niger,
Novembre 2018

https://www.gwiwestafrica.org/fr/kandadji-reinstallation-des-populations-quelle-lecons-tirees
https://www.gwiwestafrica.org/fr/kandadji-compensation-des-terres-agricoles-quelles-lecons-capitaliser-debat-canal3-niger
http://www.crubn.org/videos/la-cru-bn-a-l-assemblee-nationale-du-mali.html
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13. Synthese Du Premier Atelier Regional De Dialogue Nexus Eau-Energie-
Securite Alimentaire-Environnement Dans Le Bassin Du Niger

14. Dialogue Nexus dans le bassin du fleuve Niger : intégration du Nexus eau-
alimentation-énergie dans le Plan Opérationnel de l’ABN, Rapport sommaire
de l’Atelier régionale de l’ABN de Juin 19–20 2018

15. Edl, M., 2017. Processus d’établissement et état de lieux de la coopération entre
le Secrétariat Exécutif, les Structures Focales Nationales et les Coordinations
des Usagers/Usagères. GIZ/ABN, Niamey

(ITSELF BASED ON THE FOLLOWING PRIMARY SOURCES)

I. Autorité duBassin duNiger, février 2008 : Processus de laVisionPartagée.
Programme d’Investissement du plan d’action de développement durable
du bassin du Niger. Synthèse.

II. Autorité du Bassin du Niger, mars 2010 : Rapport de synthèse de
l’atelier de validation de l’étude sur le renforcement des capacités et la
consolidation de l’implication de la société civile dans le processus de
développement durable du Bassin du Niger pour la période 2009–2010.

III. Autorité du Bassin du Niger, juillet 2011 : TDRs relatifs à l’organisation
des ateliers nationaux pour le renforcement des capacités des Structures
Focales Nationales sur la connaissance des objectifs et résultats poursuivis
par l’ABN dans les états membres (2001 à 2013).

IV. Autorité du Bassin du Niger, mars 2012 : Proposition des TDR relatifs à
la mission de la Commission de réflexion interne de l’ABN par rapport
aux Structures Focales Nationales et à la Société Civile.

V. Autorité du Bassin du Niger (a), 2013: Rapport final. Atelier national de
renforcement des capacités de la structure focale nationale (SFN)-ABN
Bénin (Cotonou du 25 au 27 mars 2013).

VI. Autorité du Bassin du Niger (b), 2013: Rapport de synthèse de l’atelier
régional de concertation des structures focales nationales de l’ABN.
Abidjan (Ivory Coast), du 23 au 24 septembre 2013.

VII. Autorité du Bassin du Niger, novembre 2014: Rapport du Comité ABN
de réflexion sur la dynamisation des Structures Focales Nationales dans
les pays membres.

VIII. Autorité du Bassin du Niger, septembre 2015: Compte rendu de la
rencontre du Secrétaire Exécutif (SE) de l’Autorité du Bassin du Niger
(ABN) avec les Coordinateurs des Structures Focales Nationales (SFN)
des Etats membres.

IX. Autorité du Bassin du Niger, Eau Vive, novembre 2007: Offre tech-
nique et financier pour mission d’appui à la participation efficace des
usagers de l’eau au processus de la vision partagée. Organisation et réal-
isation d’ateliers nationaux dans 5 pays de l’ABN (Bénin, Burkina Faso,
Cameroun, Niger et Nigeria).

X. Barry, B. (a), Autorité du Bassin du Niger, 2008: Rapport de mission au
Bénin.
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XI. Barry, B. (b), Autorité du Bassin du Niger, 2008: Rapport de mission au
Guinée.

XII. Barry, B. (c), Autorité du Bassin du Niger, 2008: Rapport de mission au
Niger.

XIII. Barry, B. (d), Autorité du Bassin du Niger, 2008: Rapport de mission au
Nigeria.

XIV. Barry, B., Autorité du Bassin du Niger, 2010: Rapport d’activités 2010 du
Chargé des SFN et la Société Civile.

XV. Barry, B. Autorité du Bassin du Niger, 2012: Présentation de la mission,
la vision, l’état du partenariat avec la société civile du Bassin du Niger.

XVI. Barry, B., Autorité du Bassin du Niger, 2013: Résultat de la réflexion
interne du Secrétariat Exécutif sur les SFN-ABN.

XVII. Barry, B., Autorité du Bassin du Niger, janvier 2015: Rapport de passation
de service du chargé du suivi des structures focales nationales (SFN) et
d’implication de la Société Civile dans la GIRE au 31/12/2014.

XVIII. CRU-BN, avril 2016: Dispositif pouvant améliorer la communication
et l’information au sein des coordinations nationales des usagers des
ressources naturelles du bassin du Niger.

XIX. CRU-BN, janvier 2017: Bilan technique et financier du fonctionnement
de la CRU-BN.

XX. Diarra, A. T., Autorité duBassin duNiger, ACDI,mars 2006: Processus de
vision partagée. Participation de la société civile. Rapport de synthèse des
études nationales d’identification et de caractérisation des acteurs usagers
de l’eau en vue de leur implication et participation au processus de la
vision partagée. Thème: Barrages.

XXI. Eau Vive et Autorité du Bassin du Niger, juin 2006: 1ère Forum Régional
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Chapter 21
Proposed Research, Science, Technology,
and Innovation to Address Current
and Future Challenges of Climate
Change and Water Resource
Management in Africa

Andrea Vushe

Abstract Africa’s adaptation to climate change requires significant shifts from
existing management systems for water and land resources for sustainability,
achieving food security, and socioeconomic development. Research and develop-
ment programs must focus on practical conjunctive water management systems for
salty and freshwater resources, strengthen capacities of urban and rural communi-
ties to circumvent existing institutional constraints, and socioeconomic challenges
and political conflict. Research on flood- and drought-prone climates must examine
water resource management at river basin scales. Soil and water conservation efforts
should focus on commercializing small-scale farming, reforestation, pasture revital-
ization, enhancement of soil fertility, management of erosion and sediment, and
development of cost-effective technologies for floodwater harvesting, treatment,
recharging of aquifers, and efficient irrigation. Research on cost-effective urban
wastewater treatment systems that exceeds minimal effluent quality standards and
wastewater recycling may produce practical solutions that reinforce freshwater and
human nutrient cycles, reduce pollution, and mitigate water stresses. Food secu-
rity programs must include cost-effective mechanization; post-harvest technology;
intensified agronomy; breeding; distribution; extension; commercializing production
systems; and marketing of drought, pest, and disease-tolerant exotic and indigenous
crops (small grains and fruit trees), livestock, wildlife, and edible insects. Devel-
oping cleaner renewable energy technologies for domestic power supply (substi-
tuting wood fuel), powering water pumps, and small-scale industries may improve
the productivity and standard of life of rural and peri-urban communities. Collabora-
tion of local and global researchers and manufacturers, designers, and testing institu-
tions for appropriate technologies must lead to innovation and growth of small-scale
industries, agriculture, creation of jobs and wealth, and improved water services.
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1 Introduction

Africa is warming faster than average warming in the rest of the world, with a
projected increase of 3 to 4 °C in the twenty-first century, which may cause consider-
able economic challenges for the continent (UNEP 2016). In some areas, warming is
likely to reduce crop yields and livestock productivity, cause water scarcity, increase
food insecurity, and increase reliance on food imports. Extreme weather and climate
events such as droughts and floods are expected to be more frequent, with nega-
tive impacts on human life and health (UNEP 2013). Climate change may also lead
to change in wildlife migration patterns due to habitat loss (UNECA 2014), thus
increasing human-wildlife conflict. Demand for freshwater is increasing with the
rising population and economic development, and at the same time freshwater is
under threat from pollution and climate change. While some progress has been made
to improve access to safe drinking water and sanitation, Africa remains plagued with
waterborne diseases, such as cholera.

Competition for water resources is driving prices and local-level conflicts between
communities with freshwater-dependent economic activities. Cooperation at the
national and regional levels and between sectors and use of appropriate technologies
can be an important intervention for conflict reduction and sustainable manage-
ment of water resources in the continent. The adoption of polices and strategies to
integrate river basin management approaches and consider management of surface
water and groundwater resources as single systems would help African countries
to prudently manage land and water resources (World Bank 2006). Several trans-
boundary rivers inAfrica are nowmanaged by river basin organizations,which advise
governments on utilization of water resources in their respective river basins, and
hence modeling and coordinated management using globally successful approaches
may increase the effectiveness of water resource management for economic devel-
opment in Africa. For example, in China, river basin organizations hold legal status
and development projects are required to be consistent with their plans, and in
Italy, a 1989 law conferred river basin management as a formal government unit
to regulate the programs of various sectoral and regional institutions (World Bank
2006). River basin management committees and institutions in riparian states that
drive research and synchronize policy formulation must align objectives to build
resilience to impacts of climate change. Understanding climate change and vari-
ability, the water, energy, food (WEF) nexus, and the urgency of providing robust
and resilient solutions requires immediate, industrious, and intensive efforts to mobi-
lize African political will, financial and human resources to effectively implement
optimal solutions.

Africa has been slowly industrializing, has to diversify the region’s economies,
build resilience to shocks, and develop productive capacity for sustained economic
growth. This commitment to industrial development led to the adoption of the New
Partnership for Africa’s Development (NEPAD) in 2001. Economic transformation
through industrialization is a guiding principle of NEPAD as a critical vehicle for
economic growth and poverty reduction. Also, in 2008, the Plan of Action for the
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Accelerated Industrial Development of Africa (AIDA) was adopted (UNEP 2016),
which builds on the momentum created to industrialize as well as focus on the
need for African researchers to perform cutting-edge research to produce strategies
for solving challenges of climate change and water resource management. These
research themes will contribute to enabling African communities to mitigate their
existing problems, improve their position to leverage opportunities, and adapt to and
increase resilience against the threat of climate change. This would be expected to
position Africa to be an active player in global markets.

In order to be competitive in the long term in the global economy, African commu-
nities facing adverse effects of climate change must urgently embrace policies and
development programs that promote effective and sustainable management of water
and land resources. Vulnerability to the adverse impacts of climate change may be
mitigated throughmeticulousmanagement ofwater demands, eradicatingwaterborne
diseases and controlling water stresses caused by droughts and floods. Experiments
on cost-effective coordinatedmanagement of freshwater and saltwater, treatment and
reuse of polluted water for irrigation, and artificial recharge of aquifers at catchment
scales are essential. This can include cost-effective urban wastewater and sludge
treatment systems for nutrient and water recycling for agricultural use and urban
water supply. Strategies to build national food security can examine the commercial-
ization of indigenous African small-scale farming and enhance reforestation, pasture
revitalization anddiversified animal production andbreeding techniques. Further effi-
ciencies can be pursued through cost-effective mechanization of smallholder farms
with low-cost technology for supplementary irrigated agriculture, tillage, environ-
mentally friendly crop protection, and improvements to harvesting and post-harvest
processes.

Forging sustainable and effective technology for rural African areas by adopting
renewable energy technologies for these communities may save forests and econom-
ically empower people living in rural environments. African researchers and devel-
opment partners should be at the forefront of producing and implementing effective
socioeconomic models that diversify agricultural and industrial production systems,
strengthen capacities of urban and rural African communities, eliminate unnecessary
institutional constraints, and control economic and socio-political conflict. African
communities should be producers of new, innovative products that compete and/or
complement existing products in international markets. New products require new
production systems that must be developed, tested, and commercialized, and hence
the input of international research collaborators and institutions is indispensable.



492 A. Vushe

2 Water and Land Resource Demand Management,
vulnerability to climate change Impacts, Sustainable
Food Security, and Socioeconomic Development

Climate change threatens to negatively impact the availability ofwater,which directly
threatens the economic development of vulnerable developing countries in Africa.
Vulnerability is exacerbated by current demographic trends, and related land-use
changes. Other drivers of change are increased population pressure, economic devel-
opment, and urbanization trends. Rapid urbanization and economic development
have been the main drivers of water demand and pollution (spatially and tempo-
rally), so they impose cross-cutting pressure on a scarce but indispensable environ-
mental resource, worsening imbalances between supply and demand, especially in
semi-arid and arid areas. In the recent past, these drivers stressed water resources
far beyond the stress caused directly by natural global climatic changes (Al-Kalbani
et al. 2014). Increasing demand for vulnerable freshwater resources combined with
prevalent management systems for water and land resources has resulted in the too-
slow improvement of livelihoods and well-being of many inhabitants of developing
countries (Gain et al. 2012).

About 500,000 km2 of land in Africa is estimated to be degraded due to
soil erosion, salinization, pollution, and desertification. Deforestation, forest fires,
over-cultivation, inefficient irrigation practices, overgrazing, overexploitation of
resources, and uncontrolled mining activities, as well as climate change and vari-
ability, are blamed for the degradation (UNEP 2016). Arresting the degradation and
rehabilitation of the degraded lands requires shifts from current management prac-
tices to scientifically proven solutions for the various causes of degradation. Cutting-
edge technology and practical and cost-effective strategies that are best developed
through research are required to deal with the root causes and effects. The conse-
quences of the degradations include reduced agricultural productivity with concomi-
tant effects on food availability, nutrition, and human health. This research may lead
to understanding cross-cutting issues like social, economic, and political tensions;
migration; and the spread of diseases (UNEP 2016).

Inefficient irrigation practices and poor management of fertilizers led to loss of
topsoil and salinization, resulting in loss of soil fertility and poor plant growth. The
areas most affected by salinization are the arid and semi-arid regions of North and
Southern Africa, where about 30% of irrigated land has been lost to salinization.
Desertification, desert encroachment, and an alteration of hydrological regimes have
been observed in several African ecosystems and regions (Odjugo 2010; Descroix
et al. 2009; IPCC 2007). Research into a combination of agricultural management
best practices and use of appropriate irrigation technology may solve salinization
problems on irrigated lands. Practical solutions to desertification and salinization
challenges may require reforestation, pasture revitalization, and best practices in
animal production and agronomy in large-scale agricultural production systems, and
management of overgrazed lands and regulation of nomadic pastoralism. The huge
challenge is finding appropriate methods for utilization and/or conversion of deserts
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and semi-arid lands into productive industrial or agricultural lands cost-effectively
and sustainably at large scales, and simultaneously fight land degradation as well as
alleviate poverty and food insecurity.

According to UNEP (2016), approximately 85% of people in sub-Saharan coun-
tries live in rural areas, with farmingmaking up their main source of income. Rainfed
agriculture produces much of the food consumed and accounts for more than 95%
of farmed land in sub-Saharan Africa (IWMI 2018). Therefore, the quality of life
in many parts of Africa depends on climatic factors, especially frequency of rainfall
events and severity of agricultural droughts. Sustainable food production is under
threat from droughts and floods, especially for countries that rely on low-input
and low-output subsistence production systems. Small-scale agricultural production
systems are often subsistence, labor-intensive, rainfed, or informally mechanized,
while many irrigation schemes have water-inefficient irrigation systems that rely on
costly non-renewable energy. The cost of energy, financing and maintenance, insuf-
ficient economies of scale, and consequently modest profits remain barriers to the
sustainability of many small-scale rainfed and irrigated farms.

Africa is committed to industrialization as a way of diversifying the region’s
economies, build resilience to shocks, and develop productive capacity for sustained
economic growth. Primary industries like agriculture and the extractive sector domi-
nate industrial activity in the region,which are likely to cause localized environmental
damage such as water and land degradation (UNEP 2016). Africa’s industrialization
must take advantage of the region’s abundant and diverse resources, including agri-
cultural and mineral assets, but it must also embrace green economic approaches
to improve resource efficiency and cleaner production, including the reduction of
greenhouse gas emissions. Can improvements in technology and productivity as well
as more environmentally protective approaches broaden and strengthen economic
fundamentals, build wealth, create jobs, and raise the standard of life of communi-
ties with little capacity to adapt to climate change, as well as protect African river
basins against pollution?

Africa has the world’s fastest growing population, and hence the ratio of land
and water availability to person continues to dwindle. Demand for freshwater is
increasing with economic development and the rising population, and this resource
is under threat from pollution and climate change. Competition for water resources
is driving prices and local-level conflicts, with impacts on freshwater-dependent
economic activities such as agriculture and electricity generation (Jacobsen et al.
2012; UNEP 2016). Cooperation at national and regional levels and among sectors,
as well as technology development, is essential for the sustainable management of
water resources in the region and in turn to improve food security and socioeco-
nomic development. How best to cooperate in management of transboundary river
basins and among communities with competing and diverging interests is a chal-
lenge for many African countries. Is equitable benefit sharing possible, and would it
enhance cooperation and economic development of transboundary water resources?
Case studies of the construction and management of dams on the Kunene River for
Ruacana hydropower generation, inter-basin water transfer for urban and rural water
supply, and irrigation development in theCuvelai-EtoshaRiverBasin in southwestern
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Angola and northern Namibia are models that may be adoptable across the continent.
Management cooperation and benefit sharing on the Kariba Dam between Zimbabwe
and Zambia are not unique, but lessons learned can be applied to other projects to
optimize peaceful utilization of available shared water and land resources. Identi-
fying opportunities for intra-African virtual water trade between water-rich parts of
Africa (e.g., the Congo River Basin) and water-scarce regions like the Sahel and the
Sahara, or semi-arid parts of southern Africa, may be other options worth exploring.

2.1 Conjunctive Use of Surface and Groundwater as a Tool
for Integrated River Basin Management

Cooperation of stakeholders improves water management, leading to well-planned
recharge and recovery phases and consequently to a lower probability of harm to
surface and groundwater resources. Today, conjunctive water management is less
common than conjunctive use, because of weak institutions and coordination mech-
anisms (WorldBank 2006). To improveAfrican resilience to projectedwater stresses,
stakeholders in the water sector must invest in and reformwater management institu-
tions to prioritize implementation of conjunctive water management before conjunc-
tive use. New methods are required to streamline conjunctive management reforms
and investments so that they optimize the balance between improving infrastruc-
ture and building conjunctive management capacities. This can be achieved through
improved monitoring systems and management practices, institutional reform and
better alignment of incentive to priorities (Shah et al. 2005). In many African river
basins, research is still needed to quantify and understand the role of watershed
management and particularly role of soil and water conservation practices on aquifer
recharge, metamorphosis of river runoff and surface and aquifer storage, natural
recharge, potential for induced natural and artificial recharge of the aquifer(s), and
comparative economic and environmental benefits derived from the various possible
recharge options (CSE 2002a). The development of GIS techniques could certainly
help to assess overall water resources within a river basin and the effect of various
changing human interventions such as soil and water conservation practices, land
clearance for agriculture, veld fires over large areas, and construction and operation
of large or small dams.
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2.2 Practical Conjunctive Water Management Systems
for Surface and Groundwater, Saltwater and Freshwater
Resources to Adapt to Climate Change

Industrialization and the growing urban population of Africa will increase freshwater
demand (Jacobsen et al. 2012). Therefore, new copingmechanisms to dealwith fresh-
water scarcitymust be explored, e.g., conjunctivewatermanagement of saltwater and
freshwater resources. Abstraction from salt- and freshwater-stratified aquifers, like
the Ohangwena Aquifer that straddles the northern Namibia and southern Angola
border (Sorensen 2013) and commercial use of saltwater resources like the great salt-
water Turkana aquifer in northern Kenya (Ruvaga 2015), is a huge challenge for the
communities that may benefit from these water resources. This necessitates research
into cost-effective ways to abstract and produce freshwater from saltwater aquifers.
Studies must include abstraction systems for freshwater- and salty water-stratified
aquifers, dilution of salty water with good quality surface water for human and
animal consumption, and recharge of saltwater aquifers with treated surface runoff
and commercial uses of salty water. Requiredmay be studies on appropriate adoption
and implementation of solutions from some developed economies who use brackish
groundwater as cooling water for power generation, aquaculture, and a variety of
applications to the oil and gas industry (such as drilling), enhancing recovery and
hydraulic fracturing (USGS 2018). Other possible solutions that require studies
include pumping out salty groundwater for deposition in the sea, then recharging the
salty aquifer with freshwater, desalinating salty groundwater as well as extraction,
and processing of the salts for industrial uses.

Many transboundary rivers in Africa pass through semi-arid and/or arid areas, and
aquifers recharge zones before discharging into seas, but the recharge and extent of
aquifer-river interactions are not well documented or known. Most rivers discharge
their nutrient-rich sediment into sea deltas (which is important for sea and delta
fauna and flora) so research is necessary to improve methods for flood water diver-
sion, clarification for aquifer recharge, and to return sediment to the river and sea
during flood seasons. Recharging depleted and salty aquifers with freshwater to
respectively increase water yield and reduce salt concentration during heavy rainy
seasons and flooding periods is worth exploring, especially in semi-arid and arid
regions under water stress. According to CSE (2002b), the village of Balisana in
India was successful when it harvested rain to reduce fluoride levels in well water
by using wells that recharge artificially. Can this technique be applied to saline and
polluted aquifers, by pumping out saltwater during dry seasons and using it as a raw
material in the production of salts and industrial chemicals and/or dilution of the
saltwater with freshwater during rainy seasons? Another option could be the deposi-
tion of water in the sea using flooded rivers during the rainy season, while diverting
some flood water for treatment before recharging the aquifers for dilution of the salty
groundwater. These approaches can be analyzed to determine the most cost-effective
methods for diversion, treatment, and artificial aquifer recharge, potentially using
renewable solar and wind energy in abstraction and saltwater treatment.
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According toCSE (2002a), watershedmanagement is an effectivemethod to inter-
cept dispersed runoff. Many techniques for water conservation have been developed
along hill slopes with the intention to prevent soil erosion and reduce surface runoff,
and then increase infiltration in the ground to recharge aquifers. This could increase
recharge of aquifers as well as water retention, which, on a large scale, can change
hydrological conditions within a river basin for a considerable period of time. Before
such an approach could be attempted, thorough analysis of the impacts of catchment
modification using soil and water conservation measures on the hydrology of each
catchment would be required. In extremely arid catchments, several techniques have
been tested to improve control and regulation of flash floods (spate) and reduce
sediment transport. Unfortunately, current design and feasibility studies are often
hampered by lack of adequate data on runoff from flash floods (Hatibu and Mahoo
2000). Therefore, data collection and more researches are required to devise better
methods to harvest, treat water, and recharge aquifers for entire river catchments in
a cost-effective way when there are flash floods. Other techniques that may also be
tested are use of check dams, underground dams, and sand dams, as well as use of
various types of artificial recharge wells.

Peak runoff is a significant proportion of the total discharge of rivers, and it usually
occurs during periods with the smallest water demand (FAO 1995). Transferring
water from the high-supply season to the high-demand season is a challenge usually
solved by storing surface water behind dams. Unlike storage of water in aquifers,
surface reservoirs have evaporation and sedimentation problems, for which practical
and sustainable solutionsmust be developed. Groundwater storage is seldom harmful
to the environment, but groundwater aquifers rarely have large storage capacity, so
they generally cannot absorb great volumes from floods in a short period of time,
and they also have low water yields per well (CSE 2002a). Therefore, water experts
must find a balanced, practical conjunctive water storage systems for surface and
groundwater, especially for water-stressed dry areas where optimizing catchment
water retention is a priority. A practical example is the Omaruru Delta Reservoir
and aquifer artificial recharge system, in the Namib Desert, that supplies water to
Namibian coastal towns. A surface storage reservoir is used to harvest flood water
and clarify the water by natural settlement of suspension for a few days. The clarified
water is used to recharge an aquifer, which is a cost-effective solution for retention
of water in the catchment.

Aquifers can offer natural water distribution systems to water users within
and between neighboring catchments. This requires extensive knowledge of the
hydrology of the catchments and of the nearest aquifers including the energy and cost
implications, inter-basin transfers, and linkages. Aquifers may leak into other catch-
ments, and hence they are natural conduits of water for inter-basin water transfer.
Understanding the hydrogeology of all transboundary catchments and aquifers
requires careful hydrogeological investigation to avoid conflict if equitable water
allocation and abstraction are to be implemented under these conditions. One typical
example is theNubianSandstoneAquifer in theSaharaDesert that lies beneathEgypt,
Libya, Sudan, andChad, believed to be the largest fossil aquifer ever discovered. Total
and useful volumes vary greatly. Some studies suggest that the groundwater there
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is not entirely fossil because little recharge exists from seepage from the Nile River
(Dolezal 2013) and possibly from the Tibesti Mountains and/or Ennedi Mountains
in Chad. This is one of many African aquifers where factors that govern aquifer
yield, recharge, and storage are not well documented or understood; thus, compre-
hensive studies, information sharing among stakeholders, and inclusive planning are
required for strategic management of the water resource. Most likely, enhanced arti-
ficial recharge of the Sandstone Aquifer using Nile floodwater can improve water
security in the Sahara Desert. Studies maybe required in order to compare the bene-
fits of conjunctive management (use of the aquifer and Nile River surface water
resources) to current independent use of surface storage reservoirs in the Nile Basin
with low utilization of the Nubian Sandstone Aquifer. Artificial recharge may enable
conjunctive use of the groundwater and surface water of the Nile River. This may in
turn enable the building of huge settlements and the development of hinter Sahara
Desert areas whichmay help to decongest settlements along the Nile, hence reducing
the pollution risk of the Nile River. Comprehensive studies are required to formulate
conjunctive management strategies in order to avoid unintended consequences such
as conflicts among riparian states on the Nile River.

Storing water in disused and decommissioned mines through artificial recharge
may reduce evaporation losses. However, it would require finding solutions to
seepage losses, reducing pumping costs, and decontaminating water of heavy metals
andmining chemicals and related contaminants.As part of an environmentalmanage-
ment strategy effort, implementation of cleaner production systems or mine end-of-
life (mining venture) clean ups that leave no water contaminants must be devel-
oped. This would enable decommissioned mines to be used as safe groundwater
water storage facilities. Finding effective clean-up methods and identifying the most
appropriate uses for suchwater (such as irrigation) are newchallenges for researchers.

In South Africa, disposal of coal and gold mine wastewater is a problem because
of the high concentration of chemical pollutants that make the wastewater unsuitable
for direct discharge into rivers. Irrigation with mine water in suitable soils can solve
the twin problems of wastewater disposal and shortage of irrigation water. A field
trial in South Africa used center pivots for irrigation with coal mine wastewater on
virgin (unmined) soil andmine-rehabilitated land. Several crops including wheat and
beans were successfully irrigated with gypsiferous mine water on a commercial scale
for 3 years, which resulted in plans to scale up the project (Shah et al. 2005). There-
fore, further research into cost-effective methods for achieving practical conjunctive
water management that make use of water storage in decommissioned mines and
mine drainage water should be encouraged. Shah et al. (2005) further recommended
that research should explore practical strategies for proper institutional and orga-
nizational development, including incentives for conjunctive management among
different stakeholder groups, water pricing structures for both fresh and wastewater,
and institutional reforms and investment in the capacities of local governments to lead
participatory groundwater and integrated water resource management initiatives.

Energy for pumping andwater treatment is required to recharge and abstract water
from aquifers. To enable commercial activity, it is necessary to reduce capital and
other costs by providing renewable energy from solar and wind farms, especially in
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arid and semi-arid areas which usually depend on groundwater for water supply. An
example of the exploration of such methods is a pilot project using solar-powered
abstraction and desalination of saltwater that took place in the Cuvelai-Etosha Basin
in Namibia. Evaluation of sustainability of this approach is especially useful because
beneficiaries are low-income communities with few skills and little capacity to
manage novel technology. Additional research is necessary to build capacity, and to
invigorate Africa’s political framework to prioritize research in developing cutting-
edge technologies and large-scale implementation of such technologies for solving
major African problems.

Exploitation and pollution in urban areas can exacerbate groundwater supply
challenges. According to CSE (2002b), making rainwater harvesting mandatory in
Delhi helped to mitigate depleting groundwater tables. Rainwater harvesting and
purification, gray water recycling, and ecological sanitation are potential solutions
for mitigating water scarcity in urban areas. Demand-side management, financial
and institutional support, groundwater contamination, and an integrated approach
to water literacy, economics, etc. need to be addressed before harvesting rainwater
for aquifer recharge in urban areas. Other relevant study themes are urban surface
runoff and sewage harvesting, catchment area treatment, watershed development,
artificial recharge, andwater harvesting under special conditions such as groundwater
harvesting and snow harvesting. Formulation of methods for sourcing of funds for
subsidies and financial assistance as well as distribution and administration of funds
is also of serious concern for those who implement urban water harvesting projects.

2.3 Developing Cost-Effective Technologies for Floodwater
Harvesting, Treatment and Artificial Recharging
of Aquifers, Sediment Harvesting, and Irrigation

Flash floods that occur in semi-arid areas can be effectively harvested and utilized, for
example, use of the majaluba system devised in Tanzania (Hatibu and Mahoo 2000),
but there are serious constraints. River basin-scale challenges include the optimiza-
tion of water harvesting, river channel storage, runoff diversion, and aquifer recharge
in a practical and economically sustainableway.During floods and highflow regimes,
rivers naturally desilt certain reaches and deposit the sediment in other reaches,
creating andfilling upwater pools simultaneously. This iswhy it is imperative to iden-
tify the best methods and technologies to control hydraulic deposition and desilting
of pools and dams, for low-cost river channel water storage and sediment manage-
ment in semi-arid areas. Technology uptake and river basin-scale implementation
by communities are additional challenges for researchers, NGOs, and governments.
Studies are required to determine best practices for flood water harvesting, sand trap-
ping, enhancing aquifer recharges by maximizing retention time of floodwater, and
trapping selected sediments (e.g., gravel, sand, and silt)while releasing the suspended
fine particulates downstream and protecting the integrity of estuary ecosystems. One
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of the biggest challenges is optimizing water harvesting for entire river basins and
simultaneously protect the riverine ecosystems. Therefore, researchers must identify
a balanced system for reducing soil erosion and river sedimentation with sustainable
river sand harvesting techniques (especially for construction) that cause negligible
disruptions to riverine ecosystems, optimize subsurface water storage, and yield of
subsurface water abstraction from silted rivers and sand dams.

During rainy seasons, flooded streams often overflow, and water tables are high,
and hence aquifers and even some ephemeral streams can yield adequate water for
supplementary irrigation seasonally. This can alleviate impacts of mid-season agri-
cultural droughts, the main cause of crop failure for rainfed crop production in semi-
arid climates. Devising commercially viable low-cost technologies and cheap energy
for flood water and groundwater abstraction for supplementary irrigation is a chal-
lenge that researchers and farmers must solve in order to adapt to droughts. Small-
and large-scale irrigation projects may be used for recharge of aquifers with surface
freshwater as well as increase food production but environmental pollution with
nutrients are major concerns. How best to derive benefits from all forms of irrigation
and artificial aquifer recharge while minimizing adverse environmental effects and
upscaling the benefits to catchment levels across political and administrative bound-
aries remains a challenge for researchers and projects managers in African countries
who operate with limited resources and in stifled information sharing environments.

3 Water and Soil Conservation at River Basin Scale
Through Eroded Soil and Water Harvesting,
Afforestation, Soil Fertility, Erosion, and Sediment
Management

According to UNEP (2016), one of the main drivers of aridity in Africa is deforesta-
tion. Changes in land cover and use inAfrica are largely driven by population growth,
urbanization, and investments in large-scale commercial agriculture. Overgrazed,
deforested, and arable lands are susceptible to wind and water erosion. River chan-
nels and natural pools are filling up with silt, which limits surface water storage and
groundwater recharge. Restoring pools in river channels (vital for survival of riverine
aquatic life during dry seasons) requires practical and environmentally friendly
methods. Biological and mechanical soil and water conservation measures have
been proven to be effective in protecting land against degradation and desertifica-
tion, but only for small areas. These measures can include veld pasture management,
afforestation, and mechanical soil conservation measures, e.g., zero-grade contour
construction and dugouts forwater retention and low-cost check dam construction for
silt trapping and gully erosion control. Large-scale conservation efforts in degraded
African communal lands must account for socioeconomic and political complexi-
ties. Surface runoff in semi-arid areas often degrades fertile lands and carries fertile
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sediment that is deposited in river channels, behind dams, and estuaries. Conser-
vationists must find cost-effective ways of harvesting sediment, e.g., by using sand
traps, desilting surface water reservoirs, and assessing the feasibility of desilting and
reusing the fertile silt/mud to rehabilitate degraded arable lands, and using infertile
sand for construction in urban settlements. Probably, regulating trade in reclaimed
river sedimentsmay solve the problem of illegal sandmining (for use in construction)
that has caused degradation of surroundings of many African towns.

Efforts to improve soil fertility, reduce erosion, and manage sediment to protect
surface water resources must incorporate diversified production, enhanced reforesta-
tion, and pasture revitalization. Regulating livestock populations, planting grasses,
reforestation, and afforestation of grazing lands with carefully selected indigenous
plants that can fix nitrogen, and tolerate salty soils and droughts may succeed in
reversing the deterioration of pastures. A good case study was conducted in four
villages in the Mount Moorosi area in Lesotho, where communities successfully
rehabilitated rangelands by constructing physical barriers on the mountain slopes
to slow runoff, trap sediment, and promote water infiltration. Significant obstacles
to rehabilitation of communal pastures in large catchments demand well-informed
livestockmanagement practices, policies, and community participation facilitated by
broad participation in self-regulating systems which include guidance on stocking
levels and community education. Research is required for refinement of regulations
and their enforcement, and analyze use of property and land-use taxes to generate
funding for conservation. Scholars have suggested the introduction of soil conserva-
tion incentives (such as loans), land reclamation bonds, soil loss, and legal liability
for water pollution and liability insurance (UNEP 2007). These approaches have
been used successfully elsewhere, but their introduction to Africa (e.g., communal
areas) may require modifications.

Many streams and rivers are drying up quickly at the end of rainy seasons due
to erratic and low rainfall, but siltation and deforestation of catchments (especially
in riparian zones) could also be contributing factors. A long-term observed effect
(indigenous knowledge) is that some wetlands, springs, and streams in semi-arid
areas of Africa dry up whenever riparian vegetation like water berry (Syzygium
cordatum) has been cleared. One hypothesis is that water-use-efficient riparian trees
provide cool shades over the wetlands, springs, and shallow water channels which
reduce evaporation rates. This means that evapotranspiration could be less than evap-
oration in a forested riparian zone with indigenous trees that are water use efficient. If
scientifically proven, this hypothesis could lead to one method to protect riverbanks
from erosion and shade streams and springs to reduce water evaporation through
reforestation of the riparian zones with water use-efficient vegetation. This could be
upscaled in riverbank protection and water conservation efforts. Research would be
required for selecting a wide range of desirable traits in trees and grasses that are
appropriate for the targeted environment, seedling production, and afforestation of
degraded and deforested areas with the plant species that are economically lucrative
and easy to propagate in each river basin. These traits and uses could include floods,
drought, and salinity tolerance; rooting systems that aid conservation of soil and
water; food security; wood fuel and/or timber production; medicinal uses; etc.
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Africa’s industrialization takes advantage of its abundant and diverse resources,
and hence primary industrial activity in agriculture and the extractive sectors domi-
nate economic activities in the region. These activities are likely to cause local-
ized environmental damage such as pollution of water bodies and land degradation
(UNEP 2016). Besides its effect on land, extraction activities, like mining, also result
in considerable waste management challenges and water pollution, for example,
drainage from acid mining challenges in South Africa (CSIR 2009). Reclaiming
mine wasted lands for productive and sustainable activity and acid mine drainage in
a cost-effective manner presents challenges that require serious attention in Africa’s
mining areas. African governments must devise management strategies that ensure
that agreements to extract natural resources adequately fund restoration and compen-
sation for environmental damage. This ensures that the short-term benefits from
extractive industries are not outweighed by long-term penalties on future genera-
tions. African think tanks must devise resource management strategies to guarantee
that the wealth generated from the extractive sector is used to protect the envi-
ronment, reclaim already polluted lands, tackle water scarcity challenges, improve
adaptation to climate change, integrate the extractive sector with improved environ-
mental conservation and agriculture production, raise the standard of living in rural
areas, and increase the number of people with productive livelihoods in affected
communities.

3.1 Conjunctive Management of Fresh, Salty and Wastewater
for Irrigation and Artificial Recharge of Aquifers

Conventional desalination plants may seem to be an attractive option to supply water
to urban areas and large settlements in arid coastal zones, but Akinaga et al. (2018)
suggested that more comprehensive desalination, which is coupled with agricultural
and salt production may be more sustainable by improving food security, increasing
economic activity, and reducing pollution of land for inland desalination plants.
Chauhan et al. (2016) stated that this approach mitigates the potentially negative
impact on the marine environment from brine discharges. Seawater greenhouses
that are used to produce high-value food crops at commercial scales in hot and dry
coastal regions exist, but disposal of brines from the greenhouses is considered one
of the major challenges associated with all desalination plants today (Akinaga et al.
2018). Also, seawater greenhouse technology may require significant modification
to be suitable for year-round use in cold and dry coastal regions of northern and
southern Africa, which haveMediterranean climates. Akinaga et al. (2018) indicated
that designs have been optimized for smallholder farmers, even suitable for a small
family-run farm. Scaling up the technology will require state backing, political will,
and affordable funding systems. Use of locally available or manufactured materials
may reduce capital costs and could ensure sustainability and lower production costs,
and hence they may be applicable to low-value crops. To advance this potential,
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collaborative research must be nurtured for owners of the technology and interested
African institutions.

Coastal seawater greenhouses could be a cost-effectivemechanism for turning vast
desert coasts of Africa into productive green belts. Further studies are required for
adopting this technology for larger-scale production of low-cost staple crops and/or
complement rainfed production systems in order to reduce the cost of production and
risk of drought-induced failure. Finding cost-effective ways to scale up technology
under existing patent laws for mutual benefit of patent holders and poorly resourced
African farmers is a challenge that must be tackled. Widespread use of such seawater
greenhouse projects could complement environmental conservation efforts to halt
desertification.

Generally, desalination is an energy-intensive process, and hence irrigation with
desalinated water is often too costly for production of low-value crops. Proposed
sustainable solutions for resilience against droughts and flooding lie in provi-
sion of renewable energy like solar pumps which can drive simple but efficient
seawater green houses and irrigation systems, and installation of small-scale local
grids that can power cold storage and post-harvesting processing mechanisms.
These can enable smallholder farmers in remote areas to add value to their crops
and store and market their produce more profitably, thus creating jobs; increasing
income; socially stabilizing communities; andpotentially decreasingpoverty, hunger,
crime, and extremism while increasing resilience to socioeconomic turbulence (UN
2016; Thomson Reuters Foundation 2018; The Economist 2014). Major challenges
facing the developing countries of Africa are sustainably funding implementation of
these food security measures, and seamlessly developing and adopting technologies
productively, commercially, and competitively.

4 Strengthening Capacities of Urban and Rural
Communities to Circumvent Institutional Constraints
and Economic and Socio-Political Turbulence

FAO (2016) stated that eliminating poverty in rural and peri-urban areas is essen-
tial to eradicating hunger and poverty globally. Peri-urban poverty and rapid growth
of informal settlements in African urban areas are closely linked to rural-to-urban
migration as the rural population seeks jobs and improved standards of living in the
cities. Vibrant land markets are slowly developing in peri-urban communities, but
it is unclear if this is resulting in increased land productivity. The lack of political
will to prioritize agriculture, particularly to transform peri-urban and rural small-
holder agriculture, may be among the most serious post-independence misjudge-
ments by African nations. Smallholder agricultural development, job and wealth
creation, and food security in African rural areas should be taken seriously by
researchers and extension services. These developments cannot be divorced from
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issues of democracy, politics, and governance (Rukuni 1997) as well as other cross-
cutting issues like enabling socioeconomic environments that ensure adequate risk
management andmarket linkages.Also, relevant researchmust focus onmobilization
of new capital, funding models, specialization and commercialization of diversified
production systems, and entrepreneurial training and extension.

Some studies have shown that smallholder farm investment is financially viable,
but performance is better where rainfed systems are integrated with irrigation, and
the irrigation system is owned and operated by farmers. More successful still is
where farmers either develop their own individual water source and/or manage their
irrigation independent of other farmers (Rukuni 1997). These findings suggest that
smallholder farms need more flexible machinery and equipment design to optimally
service 1–3 ha smallholder farming systems. Technology must enable the farmer to
diversify into high-value crops and to integrate full scale, supplementary irrigation
and dryland farming systems.

Security of land rights is also important, and hence smallholder farming communi-
ties must adopt governance systems that assure rights to land resources (Namubiru-
Mwaura 2014). Long-term tenure will encourage direct investment in new tech-
nology and increase agricultural productivity, as well as increase the capacity for fair
compensation and ensure that restoration rights and benefits are shared by affected
communities. Most African governments, after political independence from colonial
masters, have inadvertently maintained the colonial legacy of undermining indige-
nous tenure systems (Rukuni 1997), which has discouraged investment and produc-
tivity in rural areas. Most African governments have been slow to reform these
systems and rights relating to natural resources, particularly water. Reforms that
strengthen tenure security and allow greater control by African communal farmers
over the land and water that they use will likely yield greater investment and more
efficient utilization of land, water, and irrigation systems.

Research to strengthen community-based legal and institutional mechanisms for
tenure and property rights is required to demonstrate the interests of African govern-
ments in decentralizing and strengthening traditional institutions. Such interests
include conflict resolution and the coordination of the government and farmers in
the planning and governance of land and water resources. Best practices such as
Zimbabwe’s Communal Areas Management Programme for Indigenous Resources
(CAMPFIRE) could be adopted elsewhere to enable local communities to manage
and utilize their natural resources to their exclusive economic benefit. The approach
is proven for the management of wildlife held on communal land, but its broader
effects, such as its robustness on sustainable natural resources management under
a changing climate, socio-political, and other cross-cutting challenges linked to
Zimbabwe’s turbulent macroeconomics, must be studied, in order to fully under-
stand if the CAMPFIRE concept is adaptable to macroeconomic challenges, is
applicable to management of water resources, and can be copied and applied in
other countries. What is the best mechanism for governments to decentralize and
strengthen traditional institutions (including the ability to resolvemajor conflicts) for
conserving natural resources? Research is required to determine appropriate targeted
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solutions that include institutional support and enforcement of regulations for effec-
tive management of communally shared resources like pastures and water, especially
in cases where administrative and river basin boundaries overlap.

Rukuni (1997) stated that the chronic inability of smallholder farmers to repre-
sent their economic interests in the political process is cause for serious concern,
particularly in societies with both commercial and independent agriculture sectors.
Factors that support the production and product markets of commercial farmers are
better represented in the national economy. Similarly, institutions that serve agricul-
ture are also historically better suited for the needs of large-scale agriculture. But in
sub-Saharan Africa, the next-generation agricultural population will be younger with
smaller areas of land to farm (FAO 2016). Hence, research is required to improve and
modernize transport, storage, and processing, and build marketing capability cost-
effectively for smallholder farmers. How can cost-effective financing methods, like
micro-credit schemes, be tailored to support smallholder farming? Micro-finance
schemes could be the decisive factor for sustained adoption and sustainable low-
cost mechanization in Africa for supporting production, marketing, and processing
of produce from small-scale farms. This includes devising practical methods that
enable African smallholder farmers to consistently produce high-quality products
that can generate high market value (Rukuni 1997), and hence complement and/or
compete in global markets, currently dominated by large-scale commercial farmers
and multinational corporations. In West Africa, cocoa is produced predominantly
by smallholder farmers on six million hectares, and this provides about 70% of the
global cocoa production (Mfegue 2018). Probably, with the aid of research, exten-
sion, andwell-coordinatedmarketing, African smallholder farmersmay supplymore
products into the global markets by commercializing and consistently supplying new
indigenous organic crop and animal products.

5 Commercializing and Mechanizing Indigenous African
Small-Scale Farming

Small-scale farming is expected to dominate agriculture in Africa. With the world’s
fastest growingpopulation, per person land availability inAfrica continues to dwindle
and hence efficient food production technologies are needed to meet the region’s
nutritional needs while also preserving the integrity and health of land resources
(UNEP2016). This requires injection of innovation to increase productivity and adap-
tation to climatic, socioeconomic, and political turbulence. The agriculture sector is
the major employer in many African countries; unfortunately, the majority are small-
scale peasant farmerswith land ranging1–3ha (FAO2016). Smallholder family farms
are often more productive than larger units in terms of yield per hectare and profit
per hectare and therefore have greater potential for alleviating poverty, hunger, and
unemployment (Hazell et al. 2006). Hence, appropriate agricultural technologies that
improve productivity and reduce the drudgery of farm work, development of finance
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capital, robust credit schemes, and building wealth and industrial development in
smallholder farming areas are challenges that need to be explored to address the
demographic shifts of migration of young labor from African rural areas.

According to Fisher and IAEA (2018), some Kenyan farmers are increasing crop
yields and enhancing the fertility and quality of the soil in an environmentally friendly
and cost-effective way through an integrated cropping-livestock production system
that recycles the nutrients present in both animal manure and crop residues. This
reduces the need for synthetic fertilizers that release large quantities of greenhouse
gases and thereby contribute to climate change. Can the Kenyan model be upscaled
to all African smallholder farms and even pastoral environments? A critical piece
of this challenge is the integration of nomadic pastoralists into a cropping-livestock
production system.

Introduction of exotic crops to Africa has displaced many indigenous African
crops (Odeigah and Osanyinpeju 1998). Agricultural research, particularly by scien-
tists in developed countries, has traditionally focused on staple foods, while little
attention has been given to underutilized and neglected crops, such as cereals,
legumes, and fruit tree species indigenous to African arid and semi-arid agrocli-
matic conditions (Heller et al. 1997). Africa has a number of forgotten plants (trees
and grasses) that can be used for food and stock feed production. Commercial agri-
culture, particularly of exotic crops that require large capital investment of irrigation,
agrochemicals, and technical training, is largely responsible for directing attention
and resources away from forgotten plants and their past and potential contribu-
tion to generating value and reducing food insecurity. Attention must be given to
the commercialization of organic production, agro-processing, and marketing of
forgotten crops. Successful uptake in Africa may lead to profitable introduction to
global markets.

Forgotten cereals includeOryza glaberrima Steud (African rice), Sorghumbicolor
(sorghum), Eleusine coracana (fingermillet), and Pennisetum glaucum (pearl millet).
Sorghum and finger millet are drought-tolerant but are currently produced and
marketed in few African countries at low profit margins and with few commercial
applications (like making beverages), if compared to maize and wheat. African rice
has unique traits that make it suitable for low-input agriculture, such as a tolerance
to salt, drought, flooding, pest resistance, weed competitiveness, and the ability to
grow on infertile, acidic soils. African rice also matures faster than Asian varieties
and its wide leaves shut out weeds (Harlan 1995; Linares 2002; Sarla and Swamy
2005). Namibia has successfully commercialized the production of an indigenous
African long grain rice variety, cultivated mainly in the Zambezi valley.

Indigenous legume crops that may be candidates for commercial production are
cowpeas and Vigna subterranean (bambara groundnuts). Biochemical analysis of
the composition of carbohydrate, fat, and protein reveals that bambara groundnut
produces an almost complete diet, owing, in addition to its nutritional compo-
sition, to its functional properties and antioxidant potential. Bambara groundnut
is composed of 15–25% protein, and it has been used in high-protein foods like
porridge for children and household breads, biscuits, and soups in sub-Saharan
Africa. Its organic vegetable milk has been rated higher in acceptability than milk
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from other legumes like soybean and cowpea (Murevanhema and Jideani 2013). The
crop is underutilized because of its “hard-to-cook” (HTC) quality in combination
with inadequate processing techniques (Mubaiwa et al. 2017). Further research may
provide cost-effective methods to optimize farming and food-processing techniques
at industrial scale. As a drought-tolerant crop that is relatively resistant to disease
and pests, the bambara groundnut can be a new product for the food industry that
can contribute to fightingmalnutrition in disadvantaged communities (Murevanhema
and Jideani 2013) or even stock feed manufacturing. Pilot experiments are also being
conducted on commercializing field production, processing, and marketing of other
indigenous plants crops, such as Colocasia esculenta (dumbbell yams), Cucumis
metuliferus (horned melon), and Cucumis Africanus (African spiked cucumber)
that may improve national food security and unlock new revenue streams that may
economically empower small-scale farmers in Africa.

African indigenous fruit trees with similar potential are Strychnos spinosa
(monkey oranges), Sclerocarya birrea (marula), Lannea microcarpa (tree grapes),
and many others. These trees can be found in sub-Saharan Africa around villages,
and their potential for commercial production on large- and small-scale farms may
have to be evaluated. Moreover, the leaves, bark, roots, and fruits of these trees have
variousmedicinal properties, and they can also be used for timber. Above all, they are
hardy and drought-tolerant, and are often undamaged by natural savannah fires (Stys-
linger 2011). Research and development are needed to identify and select desirable
and more nutritious varieties of these trees. There is potential to plant these trees on
deforested rural and peri-urban areas to conserve soil and water resources, enhance
food security, and provide input for industrial production of wine and beverages,
which may provide new flavors and new products untainted by chemicals and with
low environmental costs. Researchmust optimize agronomic practices, breeding, and
artificial selection to attain maximum yield and financial sustainability. Innovative,
low capital-intensive, and commercially viable agricultural enterprises, adapted to
African climatic conditions, are required for low-income rural communities, so that
they can enter a niche in the global organic agriculture market.

Farmers in some parts of the Sahara Desert and in the Namib Desert in Namibia
and South Africa produce dates at a commercial scale, while relatively wetter regions
of sub-SaharanAfrica use date trees as ornamental plants or as wild vegetation. South
Africans have demonstrated that commercialized production of juices and wine from
marula fruits is possible. The marula, monkey orange, tree grape, dates, and other
indigenous trees may be the appropriate tree types for planting in degraded lands
of Africa as part of a reforestation program to counter the increasing aridity and
to build and diversify income, and hence increase resilience to impacts of climate
change. Successful cultivation may require adoption of scientifically proven inter-
cropping techniques that optimize yield, diversity, and environmentally friendly crop
protection techniques for exotic and indigenous fruit trees.
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6 Diversified Products, Enhanced Reforestation,
and Pasture Revitalization

African forests and natural ecosystems are expected to decline (UNEP 2007), for
example, a forest clearance rate of 18 million hectares per year was stated by Swan-
borough (2016). Arresting the decline may require scientific selection and planting,
and reforestation of degraded woodlands and grasslands with appropriate trees and
grasses preferably indigenous non-invasive plants.Grasslandsmay require preferably
indigenous, nutritious, and palatable pasture plants that are fast-growing, drought-
and salinity-tolerant, and with rooting systems ideal for soil and water conservation.
Toppriority could be given to plants that providemultiple benefits,whichmay include
uses for fodder, timber, foodstuff, processing of fruit juices and other industrial prod-
ucts, water clarification, andmedicinal products (e.g., moringa tree hasmany of these
uses). Concerted studies would be required on agronomy, post-harvest processes,
produce marketing, water use efficiency, and drought tolerance of the trees, as well
as their ability to restore natural pastures. The research may include formulation of
methods to scale up reforestation programs, implement targeted reforestation incen-
tives, possibly using reforestation bonds, forest management bonds (UNEP 2007),
and cost-and-benefit sharing schemes. An assessment of the success of conserva-
tion and reclamation of degraded lands should determine the total value of benefits
from the ecosystem and net benefits of an intervention that alters ecosystem condi-
tions, and it can identify winners and losers (for devising appropriate compensatory
measures) and potential financing sources for conservation and produce strategies
that make ecosystem conservation financially self-sustaining (UNEP 2007).

For reforestation and revitalization of pastures, research must reveal best agro-
nomic practices for selecting trees that have multiple desirable traits for reclamation
and reforestation. For example,Makhado et al. (2016) showed that Colophospermum
mopane leaves, twigs, pods, and seeds are nutritious, and hence the mopane may be
a suitable tree for reforestation and revitalization of pastures in semi-arid areas.
Some challenges are that fresh mopane leaves are less favored by livestock during
the wet season due to the high levels of secondary metabolites such as phenols and
tannins (Hooimeijer et al. 2005; Wessels et al. 2007), which decline during the dry
season as the leaves mature and age. The mopane leaves are rich in crude protein
(8–16%) which is useful for livestock and wild animals, and for mopane worm
feeding. Research on how best to restore deforested lands and pastures can intensify
and optimize commercial production of stock feeds from indigenous tree products
(like twigs, leaves, pods, etc.) with high crude protein content. Research may also
experiment on partial domestication of some wild animals (like antelopes) that are
capable of feeding on crude protein-rich freshmopane leaves (Hooimeijer et al. 2005;
Wessels et al. 2007). Antelopes such as oryx, kudu, and eland are adapted to drier
environments, and hence pilot studies are required on the compatibility and viability
of substituting traditional livestock (e.g., cattle) with harder animals like antelopes
and/or mixed production of antelopes and harder traditional livestock like goats.
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These researches may encompass large-scale reforestation of degraded lands with
trees that have high-protein leaves and fruits/pods, like the African ebony (Diospyros
mespiliformis), also called jackalberry (National Research Council 2008), as well as
the mopane tree and other hardy legume trees, e.g., some accacia species. These
studies could be complemented by studies on management of plant and animal
diseases and pests. Reforestation pilot projects can also be used to examine soil and
water conservation and the production of edible insects like mopane worms (Wessels
et al. 2006). These edible, protein-rich insects can increase the availability of low-
cost protein diets. Incorporating antelope domestication and breeding can increase
global trade in African agricultural products, ecotourism, and food and financial
security for arid regions of Africa. These efforts are likely to lead to the creation
of new industrial products that do not compete directly with but rather complement
existing production systems, diversify revenue streams and create new, environmen-
tally friendly products, economically empower communities, and reduce migration
away from African rural areas.

7 Cost-Effective Urban Wastewater and Sludge Treatment
Systems and Reuse in Agriculture

Practical solutions that support the freshwater and human nutrient cycles while
reducing pollution, especially in water-stressed regions, are urgently required. Many
urban and peri-urban settlements in Africa use pit latrines which fill up after a
few years and are sometimes reused after manual desludging. African cities should
investigate the feasibility of adopting integrated urban water management methods
which have worked well in Indian slums (Jacobsen et al. 2012), especially where
there are pit latrines. Many African settlements that use waterborne sanitation and
conventional wastewater treatment facilities often release effluents that do not meet
prescribed environmental standards, especially on nutrient load. Wastewater and
sludge treatment and reuse in agricultural systems to enhance food production and
promote a cleaner urban environment remains an acceptable concept but has low
global industrial applications. Upscaling this ecological sanitation concept requires
serious researches in pilot projects in cities like Accra which produces 90% of its
vegetables from wastewater irrigated plots (Jacobsen et al. 2012). Urban centers
must develop integrated urban water management systems, with a prime objective of
reaching nearly 100% recycling of macronutrients (NPK) using low-cost sanitation
technologies that disinfect pathogenic organisms and remove odor from fecal matter
and wastewater.

Theoretically, nutrients in domestic wastewater and organic waste are nearly suffi-
cient to fertilize the crops needed to feed the world population (Refsgaard et al.
2005). Direct recycling of nutrients from human fecal matter as fertilizer has been
found to be cost ineffective because of the availability of affordable and user-friendly
synthetic fertilizers. The benefits of using fecal matter as an agricultural fertilizer
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were observed in Medieval cities in Asia, some of which were more hygienic than
most European cities of that time that experienced higher recurrent water pollu-
tion due to the urban fecal matter (Sedlak 2014). Today, research challenges are in
devising cost-effective methods for treatment and reuse of sewage in organic agri-
culture in a more environmentally friendly, socially acceptable, and technically and
economically sustainable at a large commercial scale, especially in developing coun-
tries of Africa that have limited technology for collection, treatment, and handling of
the sewage (in conventional waterborne systems) and pit latrine sludge. Innovators
must develop reuse processes that are simultaneously economically viable, and user
and environmentally friendly to compete with and/or complement synthetic fertil-
izers that dominate the market and are the main source of nutrient pollution of water
resources. The costs and benefits of implementing new waste management systems
versus substitution of old systems is another challenge (Refsgaard et al. 2005), and
hence the newmethodsmay have to compliment or improve existing systems in order
to avoid huge capital outlays and enhance uptake by urban authorities. Commercial
production andmarketing of new ecological sanitation technologies due to low social
acceptability is another area for examination. New policies and regulations, as well
as new processing methods, may be required to reduce nutrient and water waste in
current wastewater treatment.

Quality control of ecological sanitation systems could be based on contract
farming or long-term agreements to use and manage urban fertilizers. This would
be a vital element especially for poor countries where urban agriculture plays an
important role in sustaining food security (Refsgaard et al. 2005). Formulation of
appropriate new quality control and certification processes is required, starting with
the commercial scale manufacture of organic fertilizers from urban waste, particu-
larly fecal matter, to be used in agriculture. The industry would start with production
of low-risk crops such as non-food plants and fodder crops as pilot projects to inno-
vate and test for socially acceptable and economically optimized systems. Hence,
researchers must formulate methods that would partially or fully replace government
subsidies on urbanwaste collection, treatment, and reuse so that urbanwastemanage-
ment systems are absolutely sustainable. Government subsidies are not always avail-
able especially during periods of macroeconomic hardships, which adversely affect
performance of water utilities that rely on government subsidies. It would be perfect
if the novel systems are transparently monitored and evaluated, as well as ensure
that the farmers and/or food consumers are well educated and informed, and actively
participate in monitoring and evaluation. This may enhance the economic and envi-
ronmental sustainability of water services by ensuring total wastewater recycling in
freshwater and wastewater services, improve effluent quality standards, and increase
water supply security. Some such programs have already been partially tested in the
southern African cities of Harare and Windhoek that have improved urban water
supply security by recycling wastewater indirectly and directly, respectively. There-
fore, pilot research on cost-effective urbanwastewater treatment systems that surpass
minimum effluent quality standards, combined with wastewater recycling, may lead
to practical solutions that help to close the freshwater and human nutrient cycles,
reduce pollution, mitigate water stresses, and improve resilience to drought.
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According to Sedlak (2014), current pricing methods and price control mech-
anisms for water services are not sustainable. For example, U.S. pricing models
fail to incentivize water utilities to invest in existing water reticulation infrastruc-
ture or expand services, and hence the utilities rely heavily on federal subsidies.
African countries with growing urban populations require new, well-thought-out
water service arrangements,water pricing, and revenue collection strategies. Conven-
tionalwaterborne andpit latrine systems are failing, especially inwater-stressed semi-
arid urban areas. For this reason, African water engineers and scientists must develop
new cost-effective designs and management systems suitable for drought-prone
areas.

8 Mitigate Water Stresses and Improve Resilience Against
Droughts

Proactive and reactive measures are required to mitigate the effects of drought-
induced water shortages and hunger. Wada et al. (2014) propose strategies that
were distinguished as “soft path” and “hard path” measures. Soft strategies that
may be applicable to Africa include increasing agricultural water productivity of
irrigated and indigenous crops and breeding new cultivars that adapt to the changing
climate and are highly nutrient-efficient. There are serious concerns about the impact
of eutrophication, so nutrient pollution from agriculture must be monitored and
controlled. Genetically Modified Organisms (GMOs), for food production, can be
a fitting soft path solution, but there are consumer health and environmental safety
concerns (Lödige 2018). The biotechnology industry must ensure that there is full
understanding, which can only be established through participative long-term trans-
parent scientific analyses and uncontested safety assurance for GMO foodstuff to be
freely accepted by the African majority.

New energy- and water-efficient irrigation technologies for large-scale and small-
holder farms (as small as 0.5 ha), as well as development of wastewater recycling
and saltwater desalinization, are approaches worth exploring. Reduction of domestic
and industrial water could be achieved in water-stressed areas through, for example,
reducing leakage in the water infrastructure and improving water recycling facilities.
Limiting the rate of urban population growth, especially in water-stressed areas, may
be achieved through family planning and tax incentives. Other solutions that may
be tested are decentralized economic development that discourage urban expansion
in water-stressed areas in favor of industrial expansion in water-rich regions and/or
strengthening the virtual water trade.

Hard strategies include increasing water storage in surface and groundwater reser-
voirs, which could, in principle, be applicable to any water-stressed basin with a
reservoir. Research will be required to make existing reservoirs larger and/or build
new reservoirs and reduce sedimentation with minimum socioeconomic and envi-
ronmental costs. Low-cost desalination of seawater could be developed in coastal
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water-stressed basins through modification of existing technologies like seawater
greenhouses and membrane technologies, while eliminating wastewater that would
cause disposal challenges (Wada et al. 2014). The rightmix of hard and soft path solu-
tions is required for cost-effective mitigation of water stresses and improve Africa’s
resilience against agricultural and hydrological droughts.

9 Food Security Anchored in Cost-Effective
Supplementary Irrigated Agriculture

A well-managed supplementary irrigation is a cost-effective system to mitigate the
effects of droughts. Unlike full scale irrigation, the timing and amount of supple-
mentary irrigation cannot be determined in advance, owing to rainfall stochas-
ticity. Researchers have to find solutions to these key challenges for implementing
successful supplementary irrigation in each agroclimatic region.Major research tasks
include (i) determination of optimal scheduling for farm conditions, (ii) selection of
crops and cropping patterns tomaximize profitability to determine the socioeconomic
feasibility of occasionally supplying extra water to rainfed crops, (iii) promotion of
water user associations to manage water use in a sustainable manner, (iv) setting
fixed and efficient water delivery schedules in rainfed dry areas, (v) maximization
of yield from a unit of water as well as yield from a unit of land, (vi) exploring the
cost-benefit balance of supplementary irrigation, and (vii) optimizing other inputs
and cultural practices (World Bank 2005).

Other challenges include the identification of on-demand, efficient water delivery
systems that are best suited to supplementary irrigation, especially for small areas
such as 1–3 ha smallholder fields. Commercially available efficient irrigation systems
like drip, center pivots, and linear sprinklers are too costly for small-scale farmers
who mainly produce low-value staple crops, because these systems are designed
for large-scale commercial agricultural systems. To be effective and sustainable,
supplementary irrigation must be properly integrated with improvement of crops and
soil management and improvement of other production inputs like germplasm and
fertilizers in order to achieve the desired output. Also, farmers must understand the
technology and how to use it, and hence researchers and extension service providers
should develop simple and practical tools for supplementary irrigation scheduling,
since scheduling is the key to improving water use efficiency. Extension services
and human capacity building should play a major role in this respect. Long-term
training and advisory programs that build the capacity of extension workers and
farmers to install, operate, and maintain their irrigation systems should be designed
and implemented. Use of incentives for farmer participation, technology transfer,
and water cost recovery may prompt adoption of improved management options.
Innovative researchers have to develop low-cost, low-energy irrigation systems such
as drip or sprinkler technologies, including pumping sets. Development of low-
cost and simple but effective systems for monitoring groundwater and surface water
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quality and quantity to avoid pollution and overexploitation (World Bank 2005) is
essential.

10 Cost-Effective Mechanization of Small-Scale Farms
with Low-Cost Technology

For a sustainable and profitable farming in semi-arid climates; new mechanization
efforts must improve on old approaches to prepare land, irrigation systems (as insur-
ance against drought); new techniques to harvest crops; crop management in the
post-harvest phases as well as livestock production in order to convert the prevailing
high risk (of failure); and labor-intensive and subsistence farming systems into
modern, productive, and efficient comercialized agricultural units. The conversion
may be possible if smallholder farmers acquire know-how as well as the following:
robust, cost-effective, energy-efficient, ergonomic, water-efficient irrigation systems,
machinery for land preparation and crop protection and post-harvest technologies,
and best practises in livestock production. The low-cost technologies should be suit-
able for 1–3 ha dryland plots and should enable small-scale farmers to operate inde-
pendently. Hence, researches for production of appropriate technologies and teaching
best practices have to incorporate field-based prototype testing and farmer partici-
pation. Monitoring and evaluation, redesigns and modifications should have farmer
inputs as part of the project cycle, for easy uptake of the technologies and best prac-
tices by the small-scale farmers. Research institutions, government departments that
provide extension services and donors should support such protracted testing and
enter into agreements with the private sector for mass production and distribution of
successful prototypes (Rukuni 1997).

Utilization of robust, ergonomic, and low-cost technologies may enhance inno-
vation and productivity of African agriculture as well as retain labor in rural areas.
Land and water productivity can be improved by building capacity in government
and private agencies to provide technical support and advisory services to farmers.
Remaining challenges include building the African small-scale mechanized farming
environment; capacity to establish national standards and control parameters for
mechanization processes; growing capacity in the private sector to manufacture,
import, and market machinery and equipment to provide reliable services for users
and to develop business environments that support African small-scale farmer invest-
ment in new technologies through the careful use of subsidies and soft loans (World
Bank 2005). Hence, political will at national and local community levels has to be
cultivated so that African governments successfully provide incentives, guarantees
for loans, and enabling environments.

The new technologies should be cost-effective for dryland smallholder farming
even in semi-arid climates. The ecology of the rainfed dry areas is fragile and the
farming business in these climates is highly susceptible to drought-induced failures.
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Hence, the main challenge in this environment is to enhance and stabilize produc-
tivity, income, and expenditures even during dry seasons (World Bank 2005). The
following topics may be ripe for further research in rainfed agriculture: (i) intensi-
fied agronomic practices that include breeding exotic and indigenous livestock and
crops like small grains and fruit trees for drought, pest, and disease tolerance; (ii)
commercialization of smallholder production systems, distribution, extension, and
marketing; and (iii) enhancement of commercial production of edible, nutrition-rich
insects such as locusts and mopani worms.

11 Adopting Renewable Energy Technologies to Save
Forests and Economically Empower Communities

Sub-Saharan Africa continues to rely heavily on low-quality traditional sources of
energy, such as wood fuel. Seventy six percent (76%) of the population depends
on wood fuel as a source of energy (ENDA 2005). Adopting renewable energy
technologies such as biomass, solar, wind, and seawater wave power for domestic
electric power supply (to replace wood fuel), powering water pumps, small-scale
water desalination plants, small tractors, and small-scale industries may improve
productivity of rural and peri-urban communities (Watson et al. 2010). Methods
must be devised to improve poor renewable energy adoption. These may include
inadequate policymaking and/or oversight, lackof awareness among rural households
about the benefits of renewable energy, the high cost of the technologies, and the
undeveloped nature of renewable energy markets (Mfune and Boon 2008).

Well-thought-out programs to deploy renewable energy technologies in rural areas
must be integrated into wider rural development programs to ensure suitability and
harmonization. African governments must create enabling government policies to
stimulate uptake of renewable energy technologies in rural areas, both on the supply
and demand sides. This may include provision of subsidies, support for research,
public awareness campaigns, pilot programs, and regulations and/or waivers of
import duties. African countries must develop local knowledge for effective and
sustainable use of renewable energy technologies, so it is essential to build local
capacity among both technology suppliers and users. If local input is incorporated
into program design, it will enhance local support and understanding, which can
lead to job creation and cost reduction (Watson et al. 2010) as well as sustainable
large-scale uptake of the technologies.
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12 Forging Sustainable and Effective Technology for Rural
African Areas

Forging sustainable and effective technology for rural African areas will require
collaboration of local and global researchers, as well as designers, manufacturers,
quality assurance testing experts, and commercial industrial producers. Local manu-
facture of machinery will depend on commercial agreements, complexity, skills, and
competitive advantages. It could be mutually beneficial for equipment and compo-
nents to be designed and manufactured both in Africa and overseas. Producing the
appropriate technologies locallymay enhance innovation and productivity of African
small-scale industries and agriculture, which can create jobs and wealth, raise stan-
dard of rural life, and retain labor in small-scale farming areas and small towns.
African governments must optimize policies, regulatory frameworks, and prioritize
adoption of modern energy and technology systems (World Bank 2005) in order to
build sustainable agriculture at various scales and in various African environments.

All stakeholders have roles, for example, local communities must provide input
into designs, evaluation of prototypes, andmanufacturing. The local and international
private sectors must participate in developing hardware as well as standards and
accreditation schemes to both raise quality and promote competition. Governments,
in collaboration with local stakeholders, must ensure that the economic framework
for technology development can survive after any subsidies have been phased out.
The technology market structure must ensure a reduction in overall production cost,
development of robust equipment and machinery, with competition amongmanufac-
turers not just on price but also on longer product guarantees and warranties. New
programs and funding mechanisms must be developed to introduce financial incen-
tives for users and developers of the technologies. Access to bank loans can make the
technology affordable to rural customers provided there are adequate guarantees to
reduce associated costs and risks (Watson et al. 2010). Researchers, practitioners, and
other role players (various stakeholders) have to work together in multidisciplinary
teams for planning and implementation of strategies for technology development and
dissemination, so as to build resilience of Africa to adverse climatic conditions and
other disasters.

13 Conclusion

Research, science, technology, and innovation to address current and future chal-
lenges of climate change and water resource management in Africa must focus on
establishing sustainable resilience, food security, and socioeconomic development
that strengthens the capacity of urban and rural communities and minimizes insti-
tutional constraints and economic and socio-political turbulence. African govern-
ments must establish practical conjunctive water management systems for saltwater
and freshwater resources and focus on river basin-scale water and soil conservation.
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Policies for commercializing small-scale farming, floodwater harvesting, and treat-
ment and artificial recharging of aquifers and irrigation will improve water and food
security. Integrated urban water management and cost-effective urban wastewater
treatment systems that surpass minimum effluent quality standards, combined with
wastewater recycling, may result in cleaner cities and reduce the incidence of water-
borne disease in many urban settlements. Adopting renewable energy technologies
for domestic power, running water pumps, agricultural machinery, and small-scale
industrywill reduce deforestation and pollution, andmay enhance cleaner production
and productivity in remote rural areas. Collaboration of local and global researchers,
designers, manufacturers, and evaluatorsmay produce commercially appropriate and
ergonomic technologies that create wealth and jobs in rural areas and small towns,
curbing the rate of migration from rural to urban areas of Africa.
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