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ABSTRACT

One nation in sub-Saharan Africa that is vulnerable to the adverse consequences of climate change is Cameroon.
The government of Cameroon has been funding the building of hydroelectric dam infrastructure for many years in an
effort to expand the energy sector, which generates revenue and jobs and aims to make the nation a rising nation by 2035.
Climate change, however, may make it more difficult for the hydroelectric projects the nation has committed to, which
would interfere with its development strategy and possibly impede its ability to meet its own targets for emergence. Thus,
the topic of this article is the influence of climate change and its detrimental impacts, which could impede Cameroon’s
hydropower industry’s development. The methodological approach involved searching using search engines like Microsoft
Academic, Scopus, ResearchGate, and Google Scholar to critically evaluate over 80 papers and do bibliographic analysis.
ENEO Cameroun SA, the firm in charge of producing and selling power in Cameroon, provided certain documents. The
literature review’s findings show that hydropower production in Cameroon is seriously threatened by climate change,
both generally and specifically with regard to the Lagdo hydroelectric facility, which is situated in the country’s northern
regions. The literature analysis also demonstrates how Cameroonian water resources—which continue to be a crucial
element of hydropower projects—are significantly impacted by climate change. Mitigation of the adverse impacts of

climate change on hydroelectric schemes in Cameroon may be achieved by adaptation strategies that entail the expansion of
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diverse hydroelectric production sources, especially in specific advantageous locations like Ngaoundere. The government

of Cameroon may potentially make investments in alternative energy generation methods, like renewable energies. To

better direct decision-makers toward investment, particularly in the development of hydroelectricity in Cameroon, studies

must be conducted in various regions of the nation to map the potential of renewable energies (solar, wind, etc.) in each

of those regions and to promote the construction of micro-hydroelectric dams that can operate both during the rainy and

dry seasons.

Keywords: Cameroon; Climate change; Hydropower

1. Introduction

We live in an interconnected and complex world, in
a continent and a country facing major economic, social
and environmental challenges. Among the most important
environmental challenges facing sub-Saharan Africa is the
issue of climate change. According to the Intergovernmental
Panel on Climate Change (IPCC), 2007 [, long-term cli-
mate change refers to a change in climatic parameters over
time and space (local, regional and global). According to
Christoph et al. 2004 ! the climate also varies due to astro-
nomical factors (solar radiation, atmosphere), geographical
factors (topography, ocean) for Bigot et al. 2005 B and me-
teorological factors.

According to Pan et al. 2004 ™ and Miller et al. 2006 1,
short-term global climate variability is generally associated
with phases of coupled oceanic and atmospheric phenomena,
including El Nifio (ENSO) and the North Atlantic Oscilla-
tion (NAO). While the El Nifio Southern Oscillation (ENSO)
affects weather and climate variability worldwide, the North
Atlantic Oscillation (NAO) represents the dominant climate
mode in the North Atlantic region. These oscillations have
been used in a number of research studies to develop accurate
models capable of predicting climate variability.

According to the scientific journal VivAfrika, 2015
in Cameroon, climate change could well jeopardise the ma-
jor development gains achieved in recent decades. Climate
change could also threaten the future growth and develop-
ment of hydroelectric schemes (water being the main raw
material). Irrespective of any climate change, and according
to UNDP-GEF 1998 [7], the high sensitivity of catchment
areas to small variations in climatic variables means that the
volume of water that can be mobilised will be greatly af-
fected by the reduction in runoff. Annual rainfall frequently
exceeds 3,000 mm, but decreases rapidly towards the east.
According to Suchel, 1987 this decrease is due to the al-

teration of the monsoon flow on the continent, reinforced by
the restrictive effect of a few massifs exceeding 1000 m on
the plateau. According to Gaston Liénou et al., 2008 1, an
analysis of the spatio-temporal variability of rainfall totals,
flow rates and runoff coefficients at monthly, seasonal and
annual time steps in the equatorial south of Cameroon reveals
that annual rainfall and flow rates have decreased. Accord-
ing to Gaston Liénou et al., 2008 ], the most significant
climate change is the change in rainfall patterns during the
dry seasons, modifying the annual hydrological cycle. The
drought observed in the equatorial and humid tropical regions
of Africa, where the climate is dependent on the Atlantic
seaboard, has some similarities with the Sudano-Sahelian
zone, as explained by Olivry et al., 1993 1'%; Bricquet et al.,
199711): Servat et al., 1999[121; Mahé et al., 2001 [13);

L’Hote et al., 2003 ['4]; Fontaine et al., 2007 ['3]. According
to Mahé, 1993 [161 this equatorial zone is a highly contrasted
hydrological environment. These studies have made it possi-
ble to identify the manifestations of climatic variability, in
particular the drought observed over the last thirty years in
the tropical African sub-region. In Cameroon, while rain-
fall deficits are well established in the north, the effects of
climate variability are less visible in the south, where re-
sources are still substantial in absolute terms, according to
Sigha-Nkamdjou et al., 1998 ['7. As water is an essential
element in the production of hydroelectric power, it has been
established that climate change could have a very negative
influence on water resources in Africa. However, hope is
not totally lost. Year on year, our understanding of the phe-
nomenon of climate change is improving, we are witnessing
a global governmental convergence of this climate challenge,
and countries are making major efforts to mitigate the ef-
fects of climate change in order to adapt to this changing
climate. It is in response to these concerns that the activities

carried out by the United Nations Development Programme
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(UNDP), 2018 18 in the field of energy respond to the main
targets of MDG 7: “By 2030, ensure access for all to reliable,
sustainable and modern energy services at an affordable cost;
cooperate with countries to increase the efficiency of energy
production and consumption; and ensure that the share of
renewable energy in the global energy mix is increased”.

The sub-Saharan African region appeared all the more
relevant for assessing the evolution of the water resources
in this region are very fragile from an environmental point
of view (strong anthropic pressure on the environment, de-
forestation, desertification, soil degradation, drought, etc.).
According to Daniel SIGHOMNOU, 2004 ['°] while rainfall
deficits average 20 to 25%, the drop in runoff is much greater.
It is generally at least double the rainfall deficit, i.e., 40 to
50% on average, but can be more than triple, particularly in
arid and semi-arid regions.

We are proposing a study to review the impacts of cli-
mate change on hydroelectric schemes in Cameroon. This
is an appropriate subject of study for dealing with climate-
related variability and the modelling of water resources, in-
sofar as the development of this region depends largely on

their control.

2. Bibliographic analysis

The literature was evaluated on the basis of a critical
reading of more than 80 articles from several search engines,
including Microsoft Academic, Web of Science, Scopus,
Google Scholar and ResearchGate, which were selected on
the basis of the relevance of their titles and abstracts. All
published articles whose title combined the keywords “cli-
mate change”, “hydropower”, “dam”, “hydroelectric dam”,

<

“water resources”, “impact of climate change”, were anal-
ysed. Publications with the highest number of citations using
other keywords, such as “climate change”, or related key-
words (Table 1 above), were also selected. Some documents
were obtained from the company in charge of producing and
marketing electric power in Cameroon (ENEO Cameroun
SA.) during our research internship, which took place from

1 October to 30 November 2022.

Table 1. List of keywords used in the bibliographic analysis.

Keyword 1 Keyword 2 Keyword 3
Climate change Cameroon

Impacts of climate change Water resources

Impacts of climate change Hydroelectric develop-

ment

Impacts of climate change ~ Hydroelectric dam Cameroon
Impacts of climate change =~ Water resources Cameroon
Climate change Hydropower Cameroon
I . Hydroelectric develop-

mpacts of climate change Cameroon

ment

3. Study area
3.1 Geographical location of Cameroon

According to the Atlas of Cameroon, 2015 [0,
Cameroon is a country in the Gulf of Guinea on the western
coast of Africa. It has 590 km of indented coastline along
the Atlantic Ocean. The country has a very wide latitude and
is roughly shaped like a triangle, with its base at 2 degrees
north latitude and its apex at the 13th parallel on the shores
of Lake Chad. Cameroon is surrounded by the following
countries and bodies of water:

1) Nigeria and the Atlantic Ocean to the west;

2) Equatorial Guinea, Gabon and the Republic of Congo to
the south;

3) The Central African Republic to the east;

4) Lake Chad to the north.

With a surface area of 475,442 km? and a population
estimated at 19,598,889 according to work carried out by
BUCREP, 2016 211, Cameroon is a medium-sized country in
Africa.

The country lies between the southern edge of the Sa-
hara and the northern limit of the Congo Basin equatorial
forest in the south. The west of the country is dominated by
high plateaux, and includes the highest massif in the whole
of West Africa: Mount Cameroon, which rises to 4,070 m
and is the ninth highest peak on the African continent. The
vast majority of the east of the country is covered by a well-
preserved equatorial forest. Along its 590 km of coastline,
there are a number of seaside resorts: Kribi and Limbé near

Mount Cameroon.
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Cameroon shares borders with six neighbouring coun-

tries as shown in the Figure 1.
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Figure 1. Map of Cameroun in the sub-region.

3.2 Relief

Cameroon’s relief is made up of lowlands (the Mamfé
basin in the south-west, the Benoué basin and the north-
ern plain); the Cameroonian plateaux include southern
Cameroon, with an altitude of 650 m, and Adamaoua,
Cameroon’s water tower, which has an average altitude of
1,000 m but rises to 2,650 m; The western highlands are a
block of uplifted basement covered by basaltic outpourings,
arranged in an arc known as the Cameroon ridge. The peaks
range from 1,500 to 4,000 m. The best-known massifs are
Mount Mandara (Far North), Mount Atlantika (North) and
the still active volcanoes of Oku (North West) and Mount
Cameroon (South West), which at 4095 m is the highest point
in West Africa, Atlas Cameroun, 2015 291,

3.3 Climate

1) The climate is dominated by two domains!?°!:

The equatorial domain: this is characterised by abun-
dant rainfall, high and stable temperatures and vegetation.

The equatorial domain: this is characterised by abun-
dant rainfall, high and stable temperatures and vegetation

that deteriorates as one moves away from the equator. There

are four distinct seasons in the central and southern plateaux:
short rainy season (March to June), short dry season (July
and August), long rainy season (September to November),
long dry season (December to February), and the western
zone (Littoral, south-western mountains and western high
plateaux) with its superabundant rainfall for nine months in

a row from March to November.

2) The tropical zone: this is characterised by high temper-
atures and scant rainfall, either Sudanian (rainy season
from May to October, dry season from November to
April) or Sahelian, with very irregular rainfall, but no
rain from December to March. The lowest temperatures
are between 17 and 18 °C and the highest between 30
and 32 °C.

3.4 Vegetation

Cameroon’s vegetation is diverse and can be divided

into two main zones2l:

1) The tropical zone: this is largely covered by savannah,
including the wooded savannah of Adamaoua, which is
rich in shrubs; the grassy savannah of the north; and the
steppe of the Far North, which is poor in trees and grasses.
The trees found in the steppe are thorny and deciduous
to better withstand the drought.

2) The equatorial zone: the vegetation in Cameroon’s equa-

torial zone is luxuriantly green and comprises the dense

humid forest of the south and east, made up of very large
trees; the gallery forests of the west and north-west along
watercourses and in low-lying areas;

3) Mangroves on the coast in the Littoral and South-West.

3.5 Hydrography

Cameroon has a very dense hydrographic basin??”]
made up of watersheds and rivers including the Atlantic basin
(the Wouri, Nkam, Noun, Sanaga, Nyong, Kell¢); the Congo
basin (Bok, Lobo, Sangha, Dja); the Niger basin (Mayo Kébi,
Bénoué, Faro); the Chad basin (Logone, Vina, Chari).

The Sanaga is Cameroon’s longest river (918 km).
The main rivers are: Bénoué, Boumba, Chari, Dibamba,
Dja, Kadey, Kell¢, Kienké, Lobé, Logone, Lokoundjé,
Lom, Makombé, Mbam, Mbéré, Mefou, Moungo, Nd¢,
Ngoko, Nkam, Noun, Ntem, Nyong, Sanaga, Sangha, So’o,

Vina, Wouri.
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Lakes: crater lakes (Lake Oku, Lake Tison, Lake Bini,
Lake Barombi Mbo, Lake Nyos); subsistence lakes (Lake
Ossa, Lake Dissoni, Lake Ejagal); basin lakes (Lake Chad,
Lake Fianga); artificial lakes (Lake Bamendjing on the Noun,
Lake Mbakaou on the Djerem).

Waterfalls: Lobé Falls, Moakeu Falls, Ekom Falls,
Metché Falls, Mamy Wata Falls, Bamensingue Falls.

3.6 The country’s water balance

Rainfall in the country is fairly abundant on average,
feeding often powerful rivers. According to Aquastat, the
average annual rainfall is 1,604 mm, covering an area of
475,440 square kilometres, with an annual rainfall volume
0f 762.61 cubic kilometres. Of this volume of precipitation,
evapotranspiration and infiltration consume some 494.61
km?. This leaves 268 km?® of surface water resources pro-
duced within the country (internally). In addition, a renew-
able quantity of 5 km? of groundwater is produced each year,
also internally. This gives a total volume of 273 km? of

internally produced water.

The country also receives additional water from neigh-
bouring countries, namely 4 km? from the Republic of Chad,
representing the flow of tributaries of the Benoué (Mayo
Kébi), and 8.5 km? also from Chad, representing half the
flow of the Logone (17 km?3), a border river. This makes a
total of 12.5 km? from external sources.

3.7 Hydroelectric dams in Cameroon

According to eneo, 2020 2, the structure in charge
of producing and marketing electricity, in term of hydro-
electric potential, Cameroon is ranked second largest holder
of hydroelectric reserves in sub-Saharan Africa, which is
estimated at 20,000 MW, and should increase its installed
capacity to 3,000 MW in 2020 with the commissioning of
major hydroelectric projects currently underway. Cameroon
has a number of hydroelectric dams (Figure 2) already in
operation, which account for most of the country’s electricity

production, and others under construction (Table 2).

Table 2. Hydroelectric dams in Cameroon.

Name Region River Capacity Stadium
Songloulou Littoral Sanaga 384 MW In service since 1981
Edéa Littoral Sanaga 276 MW In service since 1950
Lagdo Nord Benoue 72 MW In service since 1986
Njock Centre Nyong 200 MW Full feasibility study
Warack Adamaoua Bini 75 MW In progress
Noun-Wouri Ouest-Littoral Noun+Wouri 20,000 MW Project mothballed
pending potential
Memve’ele Sud Ntem 201 MW Investor
Lom Pangar Est Sanaga 6 billion m? of Commissioning in
storage capacity 2016
Nachtigal Centre Sanaga In progress

Source: Eneo Cameroon, 2020 2,

4. Climate and climate change
4.1 Climate system

For Mahé, 1993 U9l Climate is defined as the set of
phenomena (pressure, temperature, humidity, precipitation,
sunshine, wind, etc.), which characterise the average state of
the atmosphere and its evolution in a given place. He quotes
Gibbs, 1987, specifying that the term “climate” is used to
indicate the statistical probability of occurrence of various

states of the atmosphere in a given place or region over a cer-

tain period. It differs in this respect from the term “weather”,
which is used to indicate the state of the atmosphere.
According to Reghezza-Zitt, 2023 4! the global cli-
mate system is an extremely complex system whose com-
ponents (atmosphere, hydrosphere, cryosphere, geosphere,
biosphere including human societies) interact (Figure 3). It
evolves over time under the effect of its own internal dy-
namics and as a result of external forcing (constraints) such
as orbital variations, solar evolution and cycles, major vol-
canic eruptions and anthropogenic forcing such as changes

in atmospheric composition and changes in land use.
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Cameroun - Carte de situation
Réseaux interconnectés et sites de production

Figure 2. Map of the situation in Cameroon - Interconnected
networks and power plants (ARSEL, 2014) 23],

Changes in the Atmosphere: Changes in the
Composition, Circulation Hydrological Cycle
Changes in
Sola s
Clouds.
l Atmosphere
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Figure 3. Schematic view of the components of the climate
system, their processes and interactions (IPCC, 2007) 251,

4.2 General information on climate change

According to the United Nations Development Pro-
gramme (UNDP), 2018 8] Climate change is a global, re-
gional and local problem that affects agricultural produc-
tivity, the state of the climate, biodiversity, water reserves
and the functioning and provision of ecosystem services.
According to the report by the United Nations Convention
to Combat Desertification (UNCCD), 2016 2], experts es-
timate that by 2030, energy needs will have increased by
50%, food needs by 45% and water needs by 30%. When
water is scarce, wasted, polluted or inaccessible, it is a source

of tension and even conflict, as identified by the UN. The

‘environmental compartment’ that makes up water interacts
with air and soil, via aerosols, groundwater, ecotones such
as riverbanks and shores, sediments, turbidity, hygrometry
and dissolved oxygen (or anoxia) levels in particular. For
sustainable development, good management necessarily in-
volves a global approach to heritage and the environment,
with three complementary components: restoration, protec-
tion and management of the resource. This makes water a
common good at the heart of governance processes that are
intended to be ethical and sustainable, or pragmatic in the
medium term, but also a source of conflict in the event of
disagreement between riparian states. In the broadest sense,
water resources include all water that is accessible as a re-
source, i.e., that is useful and available to man, the plants he
grows, the livestock he raises and the ecosystems at different
points in the water cycle. This resource is limited in quantity
and quality (especially in the dry season). It is essential to
life and to most human activities, such as agriculture, indus-
try and domestic use (drinking water supply). It is vital to
the functioning of terrestrial ecosystems. It is locally threat-
ened or severely degraded by pollution and eutrophication.
In a growing number of regions, water resources are being
over-exploited, with water being diverted or abstracted by
pumping or for irrigation to such an extent that it exceeds the
threshold for renewal and self-purification of surface water
bodies or water tables.

Climate change is a reality that is becoming increas-
ingly apparent. Numerous studies have clearly shown that
increased economic activity has led to rising global tempera-
tures and climate disruptions, such as an increase in extreme
weather events. This climate change has a direct impact on
natural resources, ecosystems and societies. The water sec-
tor is one of the most affected sectors, as demonstrated by
expert projections. The impacts of climate change on water
resources are complex and vary from one region to another,
with major environmental and socio-economic repercussions.
Africa is also a victim of the impacts of climate change, yet
it is a low emitter of greenhouse gases. According to the
World Water Committee (WWC), 2016 ?7), arid and dry sub-
tropical regions of Africa will be affected by climate change,
which will be more significant by 2100. This is when regions
already affected by severe aridity, such as the Sahel, can ex-
pect an increase in drought episodes. The proportion of the

African population likely to be faced with water stress will
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be greater, increasing from 47% in 2000 to 65% in 2025 271,
During COP21, water was in the spotlight for the first time
during a climate conference. Several initiatives have been
launched as part of the Action Program. The Paris conference
also saw significant mobilization of stakeholders. According
to forecasters, the cumulative effects of climate change and
those of overexploitation and pollution (which do not stop at
borders) will also affect water resources and the difficulties
of managing them sustainably!?”],

In recent decades, climate change has become a real
issue for the international community. As a result of the in-
crease in greenhouse gas concentrations in the atmosphere to
levels not seen for a long time, the planet’s radiation balance
has become slightly positive, which means that the Earth
is warming. The fourth report of the International Panel
on Climate Change (IPCC, 2007) "I confirms that the last
three decades have been the warmest on record. From the
end of the pre-industrial era to the present day, the average
global surface temperature has risen by 0.85 °C. This in-
crease may not seem very impressive, but it conceals major
regional disparities: while some areas have experienced little
warming, others have already recorded increases of more
than 2 °C. According to KD Crowlely and N. Huddleston,
2007 28] gcientists began to see the importance of certain
gases in regulating global temperature in the 1820s. Joseph
Fourier was the first to suggest that the planet’s atmosphere
acted as a heat insulator. The gases in question include car-
bon dioxide (COy), methane (CHy), nitrous oxide (N2O) and
water vapour, all of which help to maintain a moderate tem-
perature at the planet’s surface. Solar radiation intercepted
at the Earth’s surface is partly reflected, partly absorbed by
the oceans and continents, and then re-emitted in the form
of infrared radiation. Without the greenhouse effect, this
radiation would escape into space. Thanks to greenhouse
gases (GHGs), they are redirected in several directions, in-
cluding towards the earth’s surface, warming the atmosphere.
The problem is that the atmospheric concentration of these
gases, which has remained constant over the last few thou-
sand years, has exploded since our industrial revolution(?®!,
These gases have various origins, some natural, others com-
pletely anthropogenic. Their exponential increase since the
pre-industrial era (Figure 4) is mainly linked to the use of
fossil fuels. According to Stocker et al., 2014, carbon dioxide
(COz), methane (CH4) and nitrous oxide (N20) have reached

concentrations not recorded for at least 800,000 years on the
surface of the globe. Their effects, combined with those of
other anthropogenic factors, have been detected within the
climate system and are, with an extremely high probabil-
ity, the dominant cause of the warming observed since the
middle of the 20th century.

400 T T T ™12000
o {1800
= —— Carbon Dioxide (CO,)
= F —— Methane (CH,) 41600
% 350 —— Nitrous Oxide (N,0) =
S| {1400 &
E b=
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Ry o e s [T
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Figure 4. Changes in the atmospheric concentration of greenhouse
gases over the last 2000 years (KD Crowlely and N. Huddleston,
2007) 281,

In recent decades, climate change has impacted humans
worldwide and natural systems and across the oceans. The
IPCC, 2014 ! states that impacts are due to observed cli-
mate change, whatever its cause, indicating the sensitivity of
natural and human systems to climate change. The evidence
of observed climate change impacts is strongest and most
complete for natural systems. In many regions, changes in
precipitation or snow and ice melt are modifying hydrologi-
cal systems, affecting water resources in terms of quantity
and quality. For several key variables, the climate system
is already moving away from the pattern of natural climate
variability in which our society has developed and prospered.
There is a significant risk that many of these trends will ac-
celerate, leading to extreme weather events and an increased
risk of sudden and irreversible climate reversals(!l. The im-
pacts of climate change are numerous: an increase in the
frequency and intensity of natural disasters, droughts, floods,
rising sea levels, water acidification, diminishing reserves of
drinking water, loss of biodiversity, soil erosion, etc. These
impacts are very unevenly distributed and are likely to have
a significant impact on the environment. These impacts are
very unevenly distributed, and the countries of the South are
the first victims, even though their historical responsibility
for global warming is more than limited. While the African
continent accounts for very little of the greenhouse gas emis-
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sions that have accumulated in the atmosphere to date, it is
home to at least 22 countries that have been identified as
being the most exposed to extreme risks linked to climate
change. This vulnerability is heightened by the heavy de-
pendence of the economies of developing countries on the
agricultural sector.

The manifestations of climate fluctuations are many
and varied. One of the main ones is drought, which partic-
ularly affects the world’s two tropical regions, and inter-
tropical Africa in particular. Numerous studies have at-
tempted to establish relationships between rainfall fluctu-
ations and certain climate factors in this sub-region. The
main parameters studied are: soil albedo according to Char-
ney et al. 1977 B9, solar radiation intensity measured on the
ground for Courel et al., 1984 311, Sea Surface Temperature
(SST), winds aloft, cloud cover, pressure and water vapour
for Lamb, 19783%; Fontaine, 19913, Fontaine & Bigot,
1991 B34; Mahé, 1993 [19] the position of the Inter-Tropical
Convergence Zone - ITCZ for Citeau et al., 1988 331 and
1989 3¢, Mahé, 1993 ['6] stresses that the complexity of the
phenomenon quickly became apparent and no systematic
relationship was established. He goes on to point out that
the correlations between the mean values of the various pa-
rameters studied are not sufficient to explain the variations
in rainfall over Africa.

The climate changes observed in Cameroon over the
last 50 years are characterised by a decline (—2.2%) in rainfall
per decade since 1960, with the decrease in rainfall affecting
in particular the Agro-Ecological Zone (AEZ) of the high
plateaux (West and North-West), and above all the Sudano-
Sahelian AEZ. An increase (+0.7 °C) in mean annual temper-
ature between 1960 and 2007, with the agro-ecological zones
most affected by the rise in temperature being the Guinean
high savannah AEZ. The scenarios predict a drier climate in
the north and a warmer climate in the south, with consider-
able variability across the whole of Cameroon, and a rise in
sea level of between 9 and 38 centimetres in 2050, rising to
86 centimetres by 2100 ],

By 2100, the Earth could be 15% warmer than pre-
dicted by the IPCC. The latter were therefore too optimistic.
If we hope to stay below 2 °C, we will have to reduce green-
house gas emissions even further than previously predicted.
In 2014, the IPCC, the leading scientific body on global

warming, published a range of scenarios predicting global

warming at the end of the 21st century based on the vol-
ume of greenhouse gas emissions. Patrick Brown and Ken
Caldeira, climatologists at the Carnegie Institute at Stanford
University in California (USA), estimate in a study published
in the journal Nature that “global warming is likely to be
greater” than the IPCC’s prediction models. Pointing to the
degree of uncertainty in the climate scenarios, they note that
the most pessimistic models, which assume an increase in
greenhouse gas emissions throughout the century, predict
a rise in temperatures of between 3.2 and 5.9 °C by 2100

compared with the pre-industrial period?”,

4.3 Climate change factors

Variations in land coverage of solar radiation, atmo-
spheric concentrations of greenhouse gases and aerosols in-
fluence the energy balance of the climate system and con-
tribute to climate change. They affect the absorption, emis-
sion and scattering of radiation in the atmosphere and at the
Earth’s surface. This results in positive or negative variations
in the energy balance, known as radiative forcing. This is
used to compare the influence of factors that warm or cool
the planet’s climate. Human activities generate emissions
of four long-lived GHGs: carbon dioxide (COz), methane
(CHa), nitrous oxide (N20) and halogenated hydrocarbons.
Atmospheric concentrations of greenhouse gases increase
when emissions outweigh absorption processes. As a re-
sult of human activity, atmospheric concentrations of CO»,
CH4 and N>O have risen sharply since 1750, and are now
well above the historical values determined by analysis of
ice cores spanning many millennia. In 2005, atmospheric
concentrations of CO2 (379 ppm) and CH4 (1774 ppb) far
exceeded the range of natural variation over the last 650,000
years. The primary cause of the rise in CO; concentration is
the use of fossil fuels; land-use change also contributes, but
to a lesser extent. It is very likely that the observed increase
in CH4 concentration is mainly due to agriculture and the
use of fossil fuels. The increase in N>O concentration is
mainly due to agriculture ', The global atmospheric con-
centration of carbon dioxide has risen from around 280 ppm
in pre-industrial times to 379 ppm in 2005. The annual rate
of increase in CO: concentration has been faster in recent
years (1.9 ppm per year on average between 1995 and 2005)
than it has been since continuous direct atmospheric mea-

surements began (1.4 ppm per year on average between 1960
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and 2005), although it may vary from year to year ', The
global atmospheric concentration of CH4 rose from around
715 ppb in pre-industrial times to 1732 ppb in the early 1990s,
reaching 1774 ppb in 2005. The rate of increase has fallen
since the early 1990s, in line with total emissions (the sum
of anthropogenic and natural sources), which have remained
virtually constant over this period. The global atmospheric
concentration of N;O rose from 270 ppb in pre-industrial
times to 319 ppb in 2005 1,

4.4 Climate sensitivity and feedbacks

Equilibrium climate sensitivity is an indicator of the
response of the climate system to a constant radiative forc-
ing. It is defined as the mean equilibrium warming at the
Earth’s surface under a doubling of CO> concentration. The
progress made by the IPCC in their 2018 report 7} means
that it is likely to be between 3 and 5 °C, and very unlikely to
be less than 1.5 °C. Feedbacks can amplify or attenuate the
response to a given forcing (Figure 5). Direct emissions of
water vapour (a greenhouse gas) linked to human activities
play a negligible role in radiative forcing. Thus, the increase
in the concentration of water vapour in the troposphere as
a result of the rise in average global surface temperature is
not a forcing factor in climate change, but essential positive
feedback. Variations in water vapour concentration, the main
feedback influencing the sensitivity of the climate to equilib-
rium, are now better understood. Cloud feedbacks remain the
greatest source of uncertainty. The spatial patterns of climate
response depend to a large extent on climate processes and
feedbacks. For example, feedbacks related to sea ice albedo
tend to reinforce the response at high latitudes!!!. Warming
impairs the fixation of atmospheric CO; in land masses and
oceans, thereby increasing the portion of anthropogenic emis-
sions that remains in the atmosphere. This positive feedback
in the carbon cycle reinforces the increase in atmospheric
CO; and leads to greater climate change for a given emis-
sions scenario. However, the strength of this feedback effect
varies considerably between models!!].

Aerosols emitted during explosive volcanic eruptions
are an additional episodic cooling factor in the few years
following an eruption. The range for linear contrails does
not take into account other possible effects of aviation on

cloud cover.
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Figure 5. Global average radiative forcing (RF) in 2005 (best
estimates and 5 to 95% uncertainty ranges) with respect to 1750
for CO,, CHa, N2O and other important agents and mechanisms,
together with the typical geographical extent (spatial scale) of the
forcing and the assessed level of scientific understanding (LOSU).
Aerosols from explosive volcanic eruptions contribute an
additional episodic cooling term for a few years following an
eruption. The range for linear contrails does not include other
possible effects of aviation on cloudiness (IPCC, 2007) [,

4.5 Climate change and its short- and long-
term impacts under various scenarios emis-
sions Scenarios

Given the mitigation policies and sustainable develop-
ment practices already in place, global GHG emissions will
continue to rise over the coming decades. The ranges of emis-
sions anticipated in the reference scenarios published by the
IPCC on emissions scenarios (SRES, 2000) are comparable
to those shown in the figure below (Figure 6). According to
the SRES scenarios, global baseline GHG emissions are ex-
pected to increase by between 9.7 and 36.7 Gt CO2-eq (25%
to 90%) between 2000 and 2030, with fossil fuels remaining
the dominant energy source at least until 2030. As a result,
CO; emissions from energy consumption are expected to rise
by between 40% and 110% over this period. In the studies
published after the SRES (i.e., according to the post-SRES
scenarios), lower values were used for certain emissions fac-
tors, particularly for demographic projections. However, in
the studies incorporating the new demographic projections,
changes in other factors such as economic growth have only
a slight impact on overall emissions levels. According to the
projections of the post-SRES reference scenarios, economic
growth in Africa, Latin America and the Middle East up to
2030 is lower than that anticipated in the SRES scenarios, but
this has little impact on global economic growth and emis-

sions as a whole. The role played by emissions of aerosols
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(which have a net cooling effect) and their precursors, includ-
ing sulphur dioxide (SOz), black carbon and organic carbon,
is better taken into account in the post-SRES scenarios. As a
general rule, these show lower emissions than those forecast
in the SRES scenarios!l.

Scenarios for GHG emissions from 2000 to 2100 in the
absence of additional climate policies

200
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Figure 6. Global GHG emissions (in Gt CO»-eq per year) in the
absence of additional climate policies: six illustrative SRES
marker scenarios (coloured lines) and 80th percentile range of
recent scenarios published since SRES (post-SRES) (gray shaded
area). Dashed lines show the full range of postSRES scenarios.
The emissions include CO, CHy, N>O and F-gases. (IPCC, 2007)
(1

2060 2080 2100

Six illustrative reference scenarios (SRES, coloured
lines) and 80th percentile range of scenarios published after
the SRES (post-SRES, shaded area). The dotted lines delimit
the full range of post-SRES scenarios. GHGs are CO, CHa,
N20O and fluorinated gases.

The acronym SRES refers to the scenarios described
in the IPCC Special Report on Emission Scenarios. These
are grouped into four families (Al, A2, B1 and B2), which
study different development paths based on a wide range of
demographic, economic and technological factors and the
resulting GHG emissions. Only current climate policies are
taken into account in these scenarios. The emissions antici-
pated in the projections are widely used to estimate future
climate change, and the socio-economic, demographic and
technological assumptions on which they are based are taken
into account in many recent assessments of vulnerability to
and impacts of climate change [l. The Al framework as-
sumes a world characterised by very rapid economic growth,
a global population peak in the middle of the century and the

rapid adoption of new, more efficient technologies. This fam-
ily of scenarios is divided into three groups corresponding to
different directions of technological change in terms of en-
ergy sources: fossil-intensive (A1FI), non-fossil (A1T) and
balanced (A1B). Canvas Bl describes a converging world
with the same demographic characteristics as Al, but with
a more rapid evolution of economic structures towards a
service and information economy. Framework B2 describes
aworld characterised by intermediate levels of demographic
and economic growth, with an emphasis on local action to
ensure economic, social and environmental sustainability.
Finally, the A2 framework describes a highly heterogeneous
world characterised by high population growth, low eco-
nomic development and slow technological progressi!l.

4.6 The Vulnerability of water to climate
change

Global warming is now a certainty, leading to climate
disruption that will affect the water cycle and water resources.
The Intergovernmental Panel on Climate Change clearly
stated in its Sth Assessment Report that climate change im-
pacts four specific sectors: water; ecosystems, both freshwa-
ter and marine; crop yields; and health, through the increased
risk of water-borne diseases!?’l. These impacts hinder the
development of these sectors and do not promote their good
management. Climate change has varied consequences de-
pending on the sector of activity.

The consequences for the water cycle mainly concern
changes in the average and geographical distribution of rain-
fall, increased evapotranspiration, and an upsurge in peri-
ods of drought and heavy rainfall. This resurgence, whose
socio-economic impact is beginning to weigh on countries
financially, calls on governments and the international com-
munity to implement resilience actions. Indeed, the impacts
of climate change on water are already visible all over the
world, in California, Brazil, the Sahel countries, etc. In
the Mediterranean region, reductions in rainfall are being
recorded, with an increase in extreme climatic phenomena.
Similarly, global warming is having a negative impact on the
regularity of river flows, which used to be fed by melting
snow. On the other hand, climate change is reducing the
self-cleansing capacity of rivers, exacerbating the problems
of water pollution.

All these consequences mean additional pressure on
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water resources, which are already under pressure from over-

exploitation in many parts of the world, increasing the num-

ber of challenges to be met.

According to the IPCC, 2014 * and in its 5th report,

water cycle change trends are manifested by:

1)

2)

3)

4)

temperatures have been rising since the middle of the
19th century: the years from 1983 to 2012 are probably
the hottest 30-year period in the northern hemisphere for
1,400 years. This increase in temperature could continue
in the future. Higher temperatures will affect the nature
of precipitation (rain or snow), which will have an impact
on runoff patterns.

Changes in the average and geographical distribution
of precipitation, with significant disparities at regional
level: climate change tends to interfere with the spatial
and temporal distribution of precipitation. As a result,
some regions are likely to become wetter and others drier.
The Sahel and West Africa show the strongest downward
trend in precipitation. Areas such as the Mediterranean
basin, southern Africa and Central America could also
see fairly significant reductions in rainfall;

more frequent periods of drought and heavy rainfall: cli-
mate change is leading to changes in the frequency, in-
tensity, spatial extent, duration and timing of extreme
weather events. Extreme weather events represent a seri-
ous risk for people, infrastructure and ecosystems, and
have an impact on water quantity and quality. In North
America, precipitation is intensifying. Projections show
that it is very likely that the frequency of intense rainfall
will increase over time, especially in high altitudes and
tropical regions, as well as in the northern hemisphere
and in winter. Widespread increases in heavy precipi-
tation events are observed even in arecas where average
annual precipitation is decreasing. Observations show
that some regions, particularly southern Europe and West
Africa, have been experiencing trends towards more in-
tense and longer periods of drought since 1950. At the
same time, droughts have become less frequent, less in-
tense and shorter in other regions of the globe, such as
North America, Central America and Western Australia.

Melting glaciers and reduced snow cover: Glaciers
around the world have shrunk due to the effects of global
warming, leading to a significant decline in water stor-

age in glaciers and contributing to rising sea levels. In
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1)

2)

3)

addition, snow cover has decreased in most regions, par-

ticularly in spring and summer.
Changes in runoff, river flow and groundwater flow:

Changes in annual rainfall volumes and extreme events
will impact runoff and the rate of groundwater recharge.
Runoff can also be affected by increased evapotranspi-
ration. A downward trend in runoff has been observed
around the Mediterranean basin and in West Africa. The
decline in the availability of water resources in regions
where runoff is falling will result in increased conflict
between the various uses of water. These regions, which
are already experiencing water shortages, will be the
hardest hit, with an increase in the frequency and inten-
sity of droughts in arid areas, and episodes of destructive
heavy rainfall. In these regions, populations will fall back
on easily accessible and over-exploited water resources,
such as groundwater, to draw on non-renewable reserves,
with all the known consequences for the sustainable man-
agement of this resource.

The impact on evapotranspiration and soil moisture: cli-
mate change affects evapotranspiration and soil moisture.
In the great water cycle, evapotranspiration accounts for
around two-thirds of the volume of exchanges. As a re-
sult, there is a need to invest in this subject, especially
as direct measurements of this phenomenon are limited,
and as a result, little reliable information about the trends
observed is available. Changes in evapotranspiration and
in the volume and timing of precipitation are thought to
have an impact on soil moisture. However, projections of
changes in soil moisture are highly uncertain. Decreases
are expected in some regions (such as the subtropics, the
Mediterranean and high altitudes), while increases are
expected in others.

Rising sea levels: the continuing rise in atmospheric tem-
peratures has resulted in the gradual melting of glaciers,
the thermal expansion of water and a consequent rise in
sea levels, threatening coastal towns and small islands
just above or at sea level. Since the middle of the 19th
century, the rate of rise in average sea levels has been
greater than the average rate for the last two thousand
years. The global mean sea level rose between the 19th
and 20th centuries and is still rising. The spatial distri-
bution of the change is not uniform. The other impact

of climate change is the increase in water-related natural
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disasters. The risk of flooding is expected to increase,
particularly in South, South-East and North-East Asia,
tropical Africa and South America. While the increase
in the frequency and intensity of water-related natural
disasters can largely be attributed to climate change, the
increase in losses linked to these disasters is essentially
due to socio-economic factors that contribute to increas-
ing the vulnerability of populations: demographic growth,
poverty, precariousness, absence or lack of urban plan-
ning and development, informal housing, construction in
flood-prone areas, absence of monitoring, warning and
crisis management systems, etc. The vulnerability of

populations to water-related disasters is also increasing.

In addition, vulnerability to pollution and nuisance will
only increase, especially in regions where runoff is reduced
and/or more concentrated over time, due in particular to
the reduced dilution and self-purification capacity of wa-
tercourses. With climate change, freshwater ecosystems
are particularly at risk. Rising water temperatures, reduced
run-off and the drying out of wetlands will lead to the disap-
pearance of a large number of amphibian and other aquatic
species. The coasts of deltas are also particularly sensitive
to change, and reduced runoff and the construction of dams
are altering sediment inputs, resulting in increased coastal
erosion. Furthermore, the increase in uncertainty about the
evolution of water resources is in itself the main impact of
climate change, with potentially significant consequences
for water management. Lastly, global warming would lead
to an increase in demand for domestic, industrial, tourist and

irrigation water.

4.7 Climate in Africa and water

Although Africa’s resources are relatively large, there
remains one of the world’s most wounded continents, with
with 3,931 billion m?, or almost 9% of the world’s fresh-
water resources. Geographically, the water situation in Africa
is highly contrasted?.

While the continent as a whole has substantial water
resources, there are important disparities between the regions
of Africa. Northern Africa, parts of Southern and Eastern
Africa and the Sahel, which receive less rainfall, have lim-
ited water resources. Equatorial and tropical regions, on the
other hand, Have many water resources. The richest water in

Central Africa and West Africa are six and account for 54%

of all continent resources, while the twenty driest countries
account for just 7%. That said, the lack of equipment and
infrastructure, combined with the rural nature of the popula-
tion, means that even if Africa does not lack water, part of
its population does not have access to it. A third of Africa’s
population, 330 million people, have no access to drinking
water, and almost half of Africans suffer from health prob-
lems due to a lack of drinking water. The proportion of the
population without access to drinking water is much higher
in sub-Saharan Africa, at around 40% 271,

When it come in sustainable development, Africa as
a whole fall well below global averages on most water and
sanitation indicators: low proportion of the population with
access to water and sanitation, low renewable resources, very
little irrigated agriculture land, hydroelectric potential under-
exploited. Some countries on the continent are already fully
exploiting their renewable water resources, while others use
less than 1%. Currently, more than 40% of Africa’s popula-
tion lives in arid, semi-arid and sub-humid zones. According
to the World Bank, 2008, 47% of the African population
was water-stressed in 2000. Furthermore, more than 64% of
Africa’s population lives in rural areas'®], a large proportion
of whom depend on subsistence farming. 95% of Africa’s
agricultural land is rain-fed, making a large proportion of
the population highly dependent on rainfall. For small-scale
farms, regular and adequate rainfall is vital to living condi-
tions and food security. In some areas, such as West Africa,
where 80% of jobs are in the agricultural sector, regular rain-
fall is essential to the whole economy. Rainfall irregularity
on interannual, decadal and longer time scales is a particular
concern in arid and semi-arid zones where rain-fed agricul-
ture is precarious. African countries with low greenhouse gas
emissions and high poverty rates are suffering the impacts
of climate change. This change will exacerbate the already
fragile situations of both societies and ecosystems. As a
result, the continent must be given special treatment. The
impact of climate change is exacerbating water stress and
compromising the economic development of the African con-
tinent. Climate change will be more significant by 2100 in
the arid and dry subtropical parts of Africa. Regions already
affected by severe aridity, such as the Sahel, are likely to
experience an increase in drought. The proportion of Africa’s
population likely to experience water stress is likely to in-
crease from 47% in 2000 to 65% in 2025. The global water
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crisis would therefore take on a particular dimension in the
African context. Between 2010 and 2040, Africa’s popula-
tion is expected to increase by 50%, with the percentage of
urban dwellers rising from 44% to 57%, according to the
African Water Association (AfWA), 2010 3%,

4.8 Integrated management of water resources

Worldwide, the degradation of natural resources, partic-
ularly water resources, is a cause for concern. River basins
are threatened by human activity and climate change. In
Africa, from users to decision-makers, we need to raise
awareness and mobilise everyone to ensure better manage-
ment of water resources at basin level. This means organ-
ising stakeholders and building their capacities in terms of
the measures to be taken to protect water resources, using
a participatory approach that includes all the players and
stakeholders involved.

Participatory approach that includes all stakeholders
and usersl,

In 2014, in the Congo Basin, the NGO Eau Vive carried
out a mission to bring stakeholders together, raise awareness
and provide advocacy training for civil society players (live-
stock breeders’, farmers’ and fishermen’s associations, etc.),
planners and political decision-makers. The advocacy train-
ing workshop promoted the involvement and effective par-
ticipation of all the parties concerned in the management of
water resources, and trained planners and decision-makers in
the management and protection of the resources of the Congo
River basin, which is shared by 5 Central African countries
(Cameroon, Central African Republic, Congo, Gabon and

Democratic Republic of Congo) 1.

5. General information on hydroelec-
tricity and hydroelectric schemes

People have been trying to harness the power of water
since ancient times. Traces of hydraulic structures dating
back to 3000 BC have been found in Mesopotamian civilisa-
tion. Throughout history, this form of energy has alternated
between phases of prosperity and decline. A decisive ad-
vance came in the 19th century, when the mechanical energy
supplied by rivers could be used to generate electricity. The
turbine, the electric generator and the transformer made it

possible to produce electricity industrially at that time. In

the 20th century, particularly between 1920 and 1960, hydro-
electricity underwent spectacular growth. According to the
Agence de I’Environnement et de la Maitrise de 1’Energie
(ADEME), 2003 91 in 1962, more than half of all electric-
ity generated was hydroelectric. But this development then
came to a halt, mainly because of the poor image of the large
dams built in the post-war period, the environmental prob-
lems they caused and the reduction in the number of sites
available. However, hydroelectricity has a number of major
advantages: it is a renewable form of energy, can be stored
if necessary, and does not produce greenhouse gases. As
part of the Kyoto agreements signed in 1997, the European
Union undertook to reduce greenhouse gas emissions to 1990
levels. To achieve this, increased use of renewable energies

is essential [40],

5.1 Principle of hydropower conversion

The natural cycle of evaporation and precipitation re-
sults in the appearance of water at a certain altitude; this
resource may be in the form of running water in torrents,
rivers or their catchment areas, groundwater in aquifers; it
may also be in the form of snow on high ground or ice in
glaciers. A volume of water V existing at a certain altitude &
above the sea corresponds to a potential energy:

E=pgVh

Where p: the density of water,

g: acceleration due to gravity.

The purpose of hydropower schemes is to convert some
of this potential energy into usable energy. From the first
century BC until the middle of the 18th century, the aim
was to produce mechanical energy for craft or industrial use:
the potential energy of a waterfall, or the kinetic energy of
a river, was used to turn a wheel or a turbine, as in all the
old mills that can still be seen here and there. According to
VIOLLET, 2010 ! hydroelectricity is produced when this
mechanical energy (rotation of the wheel or turbine shaft)
is converted into electrical energy using a dynamo (direct
current) or an alternator (alternating current). Some small
hydroelectric installations use the kinetic energy of a stream
of water directly to turn a turbine. However, the vast majority
of hydroelectric schemes harness part of the potential energy

of water at altitude by building a waterfall.
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5.2 Hydropower and hydroelectric dams

2003 (421,

dropower, or hydroelectricity, is a renewable form of elec-

According to World Hydropower, hy-
trical energy that results from the conversion of hydraulic
energy into electricity. A hydraulic turbine turns the kinetic
energy of the water into a mechanical energy, and then elec-

trical energy by a synchronous electric generator.

Hydroelectric power harnesses the energy of water
moving from ahigh point to a low point, essentially to pro-
duce electricity (Figure 7). Hydroelectric power generation
projects include reservoir dams, hydropeaking, run-of-river
and in-stream powerplants at all scales. This diversity means

that hydroelectric power can meet major centralised urban

needs as well as decentralised rural needs. Production varies
according to the vagaries of hydroelectricity (flow in a given
year or month compared with a year or month considered
“normal”). The use of hydropower dates back to the begin-
ning of our era. Until the Middle Ages, numerous mills
provided mechanical energy. Some of them still producere-
newable electrical energy today. The sites were converted to
electricity production in the 19th century. Interms ofvolume,
the resource available on a given date is not always sufficient
to meet demand. Consequently, networks of reservoirs are
essential in order to store surplus water on a given date and
redistribute it when the need arises 39!,

The term reservoir covers all structures used to store
water. Among the most common reservoirs are dams (also
considered as control structures) but also smaller structures
such as adjustable weirs and numerous agricultural reser-
voirs. These networks of structures are directed/optimised
using a set of management rules that enable daily allocation
decisions to be made. The large dams, generally located
upstream, are the key structures in these hydraulic schemes
because of their large storage capacity. This research fo-
cuses on this particular type of construction. According to
Florence Padovani, 2004 [43], the main producers of hydro-
electricity in 2022 will be China (30.7%), Brazil (9.6%),
Canada (8.9%) and the United States (5.9%),whose power
stations are among the most powerful. In 2019, hydroelec-
tricity will account for 93.4% of electricity production in
Norway, 63.5% in Brazil and 58.8% in Canada.
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Figure 7. Operating principle of a hydropower plant.

5.3 Hydropower and the environment

According to Sarradin P., 2007 [44] hydropower is con-
sidered a renewable energy, unlike oil or natural gas. Some
research casts doubt on the greenhouse gas balance of hy-
dropower systems. Bacteriological activity in the water of
dams, especially in tropical regions, is said to release large
quantities of methane (a gas with a greenhouse effect 20 times
greater than CO2). In dam projects, the production of hy-
droelectricity often complements other objectives, such as
controlling flooding and its consequences, improving the
navigability of a river, supplying water to canals, building up
water stocks for irrigation, tourism, etc. Since the creation
of the Three Gorges Dam on the Yangtze River in China in
2014, that country has been a leader in hydroelectric produc-
tion, not only in Asia, but also in Africa and South America.
The economic stakes of such constructions, as well as the
fight against global warming, take precedence over other
ecological issues.

6. The hydrological balance: from

global to catchment scale

According to Musy, 2004 [43] planet Earth is the only
planet in the solar system to possess water in its three physi-
cal forms (liquid, solid and gaseous) in sufficient quantity
to allow life to develop (Figure 8). On a global scale, the
energy provided by solar radiation evaporates the water on
the surface of the oceans and continents. This water vapour
condenses,then precipitates in liquid or solid form. Over the

continents, the excess of precipitation over the quantity evap-
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orated creates run-off, forming rivers and streams, allowing
the water to return to the oceans. The amount of water on the
surface of the globe is constant. So, according to Cosandey
and Robinson, 2015 ¢, we cannot speak of “consumption”
of the resource, but rather of its “use”. But the distribution

of this resource is unequal.
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Figure 8. The water cycle (Dingman, 2008) 7],

The total volume represents nearly 1.4 billion km?, but
the part that makes up the hydrological cycle (precipitation
or evapotranspiration) represents only 500,000 km?. By defi-
nition, hydrology according to Chow, 1965 [“8is the science
that studies water. But for obvious reasons, this science has
not covered all areas where water is present. For example,
it does not cover the study of the oceans (oceanography)
or the study of water in the human body (medical hydrol-
ogy). It is concerned with describing all the many processes
that affect the hydrological cycle. Through its links with
climatology, meteorology, agronomy, soil science, geology,
land use planning and many other disciplines, hydrology is
a multidisciplinary science, whose members form a family
described by Klemes, 1986 ], as a *blended family’, given
the variety of fields from which hydrologists come.

According to Roche et al., 2012 D%, the spatial scale
at which the hydrological cycle is studied has evolved with
the issues. Initially studied on a local scale, then on an
integrated basin scale, the hydrological cycle is now increas-
ingly studied on a global scale, as part of climate change
studies. Nevertheless, the catchment scale remains essential
for hydrologists. According to Gril and Dorioz, 2004 B,
it provides a coherent spatial framework for addressing is-
sues relating to water management and operational decision-
making in a given area. By taking measurements at its outlet
(flow rate, concentration of elements), the catchment area

can be used to understand the “rain-flow” relationship, but

it also provides information on pollutant flows. According
to Roche, 1963 2], the concept of a catchment area can be
defined as a hydrological unit within which precipitated wa-
ter is drained to a specific point on a watercourse, known as
its outlet. Ideally, the ridgeline bordering the watercourse
defines its recharge zone, and therefore the geographical ex-
tent of the catchment area. The hydrological balance is then
established between the quantity of water precipitated over
its catchment area, the run-off measured at its outlet and the
quantity of water evapotranspired. But this simplification
is not the reality, as exchanges of various origins are possi-
ble with outside the catchment area: either of natural origin
(underground circulation, in karstic areas for example), or
anthropogenic (withdrawals and/or discharges outside the
catchment area). What’s more, the more the “rainfall-flow”
relationship is analysed at a finer time step, the more pro-
cesses will affect it. An annual balance is simple because
it does not take into account the delay in runoff and stock
variations during the hydrological year. E. BRULEBOIS,
2016 531 believes that a balance carried out at a shorter time
step should take into account the interception of rainfall by
vegetation, the retention of water in soils, which is a function
of the initial soil moisture conditions, the delay in the various
flows (low for surface runoff, moderate for subsurface flows,
and high for deep flows), and the presence of water bodies,
the filling of which can slow down the hydrological response
of the catchment. On a sub-annual scale, the hydrological
balance can be negative (when losses exceed effective rain-
fall, when reserves are depleted) or positive (when reserves

are replenished).

7. Climate change, risk and Future
impact

Cameroon is a sub-Saharan African country and there
is a clear consensus that the African climate has undergone
some changes in recent decades as stated by Christensen et
al., 2007 B4, and climate change has had an impact on many
river basins in the region, including Cameroon’s rivers. For
this reason, several studies have been carried out to determine
the level of impact and its possible future projection in many
river basins in Africa. For Tarhule et al., 2015 B%; Liénou et
al., 2008 I°%; Dzana et al., 2011 %; Amougou, 2018 [¥7), there

is a general consensus that, around 1970, an abrupt change
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in rainfall and runoff patterns across Cameroon and West
Africa in general occurred.

Continued greenhouse gas emissions will lead to fur-
ther warming and cause long-term changes in all components
of the climate system, increasing the likelihood of severe,
pervasive and irreversible impacts on people and ecosys-
tems. Limiting climate change would require substantial and
sustained reductions in greenhouse gas emissions, which,
combined with adaptation measures, can limit the risks of

climate change.

7.1 Key factors controlling future climate

According to IPCC, 2014 58 cumulative CO> emis-
sions largely determine global average surface warming at
the end of the 21st century and beyond. Projections of green-
house gas emissions cover a very wide range, depending
on both socio-economic development and climate policies.
Anthropogenic greenhouse gas emissions depend mainly
on population size, economic activity, lifestyle, energy con-
sumption, land use, technology and climate policy. The RCP
scenarios used to make projections based on these factors
describe four different trajectories for the 21st century in
terms of greenhouse gas emissions and concentrations, air
pollutant emissions and land use. The RCPs include a miti-
gation scenario leading to very low forcing (RCP2.6), two
intermediate scenarios (RCP4.5 and RCP6.0), and a scenario
with very high greenhouse gas emissions (RCP8.5). The sce-
narios with no climate policy aimed at reducing emissions
(“reference scenarios™) correspond to trajectories between
RCP6.0 and RCP8.5. RCP2.6 is representative of a scenario
that aims to keep global warming below 2 °C compared with

the pre-industrial period.

7.2 Climate models

The IPCC defines climate models as “highly sophisti-
cated computer programs that encompass our climate system
and simulate, with as much fidelity as possible, the complex
interactions between the atmosphere, ocean, land surface,
snow and ice, global ecosystem and various chemical and
biological processes”.

According to Charron, 1. 2016 ! many elements influ-
ence climate, including ocean temperatures, clouds, precipi-

tation and vegetation growth. Each of these processes can be
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simulated in a climate model. Climate models are so complex
that running a simulation can take several weeks, even with
supercomputers. In order to reduce calculation time as much
as possible, climate models divide the Earth into large grid
cells. IPCC, 2013 9] states that for Global Climate Models
(GCMs) that cover the entire globe, grid cells are often more
than 100 kilometres (km) in size. Data from grid squares
smaller than 100 km may be required for impact, vulnerabil-
ity or adaptation studies. For example, extreme precipitation
events often occur on scales much smaller than 100 km. In
addition, local landscape features can have an impact on
local temperatures. Dynamic or statistical downscaling is
one way of obtaining higher resolution data (smaller grid
cells). Dynamically scaled models are also known as Re-
gional Climate Models (RCMs). RCMs simulate the climate
of a smaller region based on the information provided by
GCMs. RCM grid cells are generally between 10 and 50
km in size. Mc Sweeney, Robert, Hausfather, Zeke, 2018 111
states that RCMs use the laws of physics to simulate local
climate. Statistically scaled models take advantage of statis-
tical relationships between local climate variables (such as
precipitation) and large-scale variables (such as atmospheric
pressure). The relationships are then applied to GCM projec-
tions to simulate the local climate. Climate models are used
to predict future climate conditions based on the assump-
tions of the Representative Concentration Profiles (RCP). In
other words, this means that a climate projection shows how
certain elements of climate, such as the average temperature
of a region, might vary according to a RCP!l. Although
climate models are based on the laws of physics, different
methods can be used in different climate models to simulate
these laws in a climate simulation. Therefore, the projections
of different climate models may vary even if they are based
on the same RCP],

7.3 Hydrological modelling

According to Singh and Woolhiser, 2002 621, hydro-
logical modelling is the discipline that attempts to describe
quantitatively the processes of the terrestrial phase of the
hydrological cycle. A hydrological model, or rainfall-runoff
model, is a numerical tool for representing the rainfall-runoff
relationship on the scale of a catchment. Numerous hydro-
logical models have been developed since the late 1960s.

According to Charbonneau, R., Fortin, J.-P. and Morin, G.,
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1977 191 the choice of the type of model to use generally de-
pends on the modelling objective and the input data available.
Hydrological models are used to transform series describ-
ing the climate of a catchment (typically precipitation and
temperature series) into a series of flows (Figure 9). This
transformation is often divided into two parts:

1) A first part, often called “production”, which consists of
determining the water balances at catchment scale. This
balance makes it possible to break down the gross rainfall
observed (all the rain that falls on the catchment and is
measured by one or more rain gauges) into net rainfall
(the proportion of the gross rainfall that contributes to
the flow of the catchment studied), the quantity of water
evapotranspired and the quantity of water stored by the
catchment.

2) A second part, often called “transfer” or “routing”, which

consists of distributing over time the quantity of water

contributing to the flow of the catchment studied.

OUTPUTS

MODEL

f(X,.0)

. | N .
\.

- PARAMETERS

Figure 9. Schematic representation of a hydrological model (from
Blasone, 2007) 1641,

The simplified mathematical form of a hydrological

model is described in the following equation:
Yt =f(Xt, ®)

This is a system of equations represented by the opera-
tor f(.), which produces at each time step t, a number m of
outputs (hydrological responses) given by the vector

Yt: Yt=(y1t..,ymt)
The inputs to f(.) are a vector of p meteorological inputs
Xt: Xt=(x1t.,xpt)

And a vector of n model parameters

0:0=(01,...,0n)

Perrin, C., Michel, C. and Andréassian, V., 2003 [6]
present the different types of approaches that have been de-

veloped to represent the rain-flow relationship: empirical

approaches, conceptual approaches and physically based
approaches.
1) Empirical model

An empirical model is built around direct mathemat-
ical relationships established between inputs and outputs
observed in the catchment under consideration. This kind of
model is sometimes referred to as a “black box” model since
it makes no attempt to explain the mechanisms underlying
the rainfall-flow relationship. For instance, the GR4J model.
2) Conceptual model

Without reference to the physical laws controlling the
various processes involved, a conceptual model aims to de-
pict the primary processes in the rainfall-runoff connection.
This type of model is often made up of interconnected reser-
voirs, whose levels rise and fall over time and which are sup-
posed to represent the different hydrological compartments
of the catchment. The use of different reservoirs allows an
initial separation of the components of the rainfall-discharge
relationship. This model seeks to represent the catchment
functions in the form of interconnected reservoirs®®). Exam-
ple: SWAT model.
3) Physically based model

The mechanisms of the rainfall-runoff relationship are
represented by a physics-based model that makes use of the
physical rules governing these processes. Another type of
physically grounded model that depicts the link between
rainfall and runoff is the continental surface model. It is also
feasible to determine the different terms in the water bal-
ance of the catchment under study using this kind of model.
Example: Modcou.
4) Global model

In a global model, the catchment is represented as a
single homogenous spatial entity. The spatial variability of
the processes studied is therefore not explicitly taken into
account with this type of model. Example: the GR4J model
requires only daily precipitation and potential evapotranspi-
ration data to simulate the flow at the catchment outlet.
5) Semi-distributed model

In a semi-distributed model, certain processes are mod-
elled by dividing the catchment into several spatial entities.
This division of space can be achieved using hydrological
criteria (division into sub-catchments) or topographical cri-
teria (division into altitude bands). This model allows the

spatial variability of the processes studied to be taken into
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account. Example: SWAT, HBV.
6) Distributed model

In a distributed model, the catchment area is divided
into several spatial entities. This division of space can be
in the form of a regular mesh, or by sub-catchments. This
model allows the spatial variability of the processes studied

to be taken into account. Example: Modcou.

7.4 Use of hydrological models

A hydrological model can be used in a number of con-
texts: flood forecasting, low-water forecasting, predetermi-
nation of extreme flows, study of anthropogenic impact on
hydrology (construction of hydraulic facilities, changes in
land use, etc.), study of the impact of climate change on
hydrology, simulation of flows to fill data gaps and restore

historical flow series.

7.5 Choice of hydrological model

According to Wagener et al., 2007 [, although sev-
eral hydrological models are now available, the relationship
between precipitation and runoff is complex due to the com-
plexity of the landscape caused by enormous heterogeneities
and variability associated with the occurrence of connectiv-
ity, similarity and the uniqueness of places at all scales. In
2004 71, this author explains that it is also for this reason
that the choice of a hydrological model in river basins is
made on the basis of certain specific criteria such as:

1) the structure of the model adapted to the modelling objec-
tive envisaged. The modelling objective defines aspects
such as the hydrological processes that need to be taken
into account and the modelling time step required.

2) the characteristics of the catchment: these are important
criteria for determining which type of process description
is appropriate.

3) the available data which allows a certain degree of causal-
ity in the process description and allows a particular min-

imum spatial and temporal resolution.

7.6 Uncertainty and ambiguity in hydrological
modelling

Because of their complexity and variability, natural
systems cannot be described and studied in their entirety, so

modelling is used to analyse and predict their dynamics. Ac-

cording to Isabella Zin, 2006 %, in the field of hydrospheres,
the theories currently available cannot take into account all
the processes involved and their interaction, in particular
because of the great spatial and temporal heterogeneity that
exists and the difficulty of instrumenting all the hydrological
scales. All of this results in a large number of uncertainties:
firstly, about the data that feeds the models, and secondly
about their structure and the values of the parameters. All
this calls into question the reliability and credibility of the

simulations already carried out.

8. Climate change in Cameroon

According to Cameroon’s National Action Plan for
Adaptation to Climate Change (PNACC), 2015 6%, “Cli-
mate change” has become one of the most important issues
across the political world. At the beginning of the 21st cen-
tury, humanity finds itself in a contradictory situation: as
the example of emerging countries shows, humanity has the
organisational and technological means to overcome poverty
throughout the world. Without clean air, clean water, healthy
soils and healthy ecosystems, long-term development is in-
conceivable. Over the years, it has become increasingly clear
that rational and effective decision-making in the field of
environmental and climate change depends on a reliable data
base. One of the main tasks for statistics stems from the in-
ternational conventions that aim to limit climate change and
its impacts. The monitoring of conventions on biodiversity,
desertification and greenhouse gas (GHG) emissions, the im-
plementation of the United Nations Framework Convention
on Climate Change (UNFCCC), and the Kyoto mechanisms
and other multilateral environmental agreements are creating
a range of new requirements for statistics. In this context,
the question of how to determine the priority indicators to
be produced by an institution in charge of environmental
issues arises, all the more so as the resources to do so are
particularly limited.

Cameroon, like other countries around the world, is
suffering the adverse effects of climate change, which are
reflected in reduced agricultural production, dwindling graz-
ing land, the development of diseases linked to water and
extreme heat, the occurrence of extreme weather conditions
such as droughts and floods, and even an increase in conflicts

between communities in search of vital goods, all against
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a backdrop of biodiversity loss. The challenge of climate
change calls for the efforts of the entire international com-
munity. Cameroon is aware of the challenges posed by this
phenomenon, and is resolutely committed to supporting sus-
tainable development. As a result, it is becoming more imper-
ative than ever to have reliable statistics on climate change,
not only for the sustainable and wise management of natural
resources, but also to inform the choice of public policies in
the areas concerned, and to assist in development planning
and the prioritisation of projects and programmes.

The national strategy is essentially based on
Cameroon’s National Action Plan for Adaptation to Cli-
mate Change (PNACC), which was produced in 2015 and
is based on a participatory approach that allows account to
be taken of the age-old information and observations accu-
mulated by local communities on the interactions between
man, his environment and climatic conditions. It is crucial
to integrate this type of information into the diagnosis of
vulnerabilities.

The overall objective of the PNACC is based on two
pillars:

1) O Reducing greenhouse gas emissions to contain the rate
of global warming;

2) @ Adapting societies to the now inevitable changes in
climate in order to limit the damage caused.

The PNACC also presents:

1) An inventory of climate change in Cameroon;

2) A strategy for adapting Cameroon to climate change;

3) Anaction plan for implementing the adaptation strategy;

4) Detailed fact sheets on projects with an indirect or close
link to climate change.

The national strategy also takes into account other
government programmes with links to climate change,
namely: The National Action Plan to Combat Desertification,
2021 79 the overall objective of which is to reverse desertifi-
cation/land degradation trends in order to combat poverty and
promote sustainable development. The NAP/LCD also aims
to strengthen synergy with the major sectoral programmes
and between the three United Nations Conventions (UNCCD,
CBD, UNFCCC);

The National Environmental Management Programme,
1996 "], which aims, among other things, to control pressure
on natural resources, promote the regeneration of natural

resources and protect biodiversity, control the impacts of
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climate change and promote adaptation strategies for pop-
ulations, focuses on limiting the harmful effects of climate
change on the environment and socio-economic activities,
taking into account the protection of the ozone layer.

The PNGE aims to implement REDD+ and other GHG
mitigation mechanisms, as well as existing adaptation strate-
gies. It also focuses on the development and promotion of
new mechanisms for adapting to climate change. The PNGE
defines the areas of intervention and priority areas, including:
)
2)

Combating desertification and climate change;
Conservation of biodiversity on land and in continental
waters;

3)
4)
5)
6)

Management of coastal and marine ecosystems;

Management of natural risks and disasters;

Management of continental and transboundary waters;

Waste management and sanitation.

Lastly, the NACP takes into account the National Strat-
egy and Action Plan for Biological Diversity, 2020 "> and
many other government programmes.

Cameroon is currently one of 7 countries to have drawn
up a national plan for adaptation to climate change. The coun-
try also drew up and submitted its Nationally Determined
Contribution (NDC) in September 2015. This document,
submitted by the government to the UNFCCC to commu-
nicate internationally the measures taken by the country to
combat climate change, includes REDD+ and the forestry
sector as one of the main areas for mitigation.

For Cameroon, this commitment is contained in the
appendix to the CPDN in the strategy matrix through:

1) Orientation: Ensure coherence in planning and develop-
ment of rural areas to develop agriculture while limiting
deforestation/degradation and,

2) Action: Ensuring consistency between agricultural de-

velopment plans and strategies to limit deforestation or

degradation (REDD+ process) through the National Land

Use and Sustainable Development Plan in consultation

with each of the sectors and territories.

9. Impacts of climate change on
hydroelectric  production in
Cameroon

Located in sub-Saharan Africa, Cameroon in particular

and the African climate in general have undergone a num-
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ber of changes in recent decades'™]. Climate change has
had an impact on many river basins in the region in general
and on Cameroon’s rivers in particular. With this in mind,
numerous studies have been carried out to determine the
impact of climate change on water resources in river basins,
while modelling the climate to produce future climate projec-
tions. Annual rainfall will decrease by 1-10%, while annual
temperature and Potential Evapotranspiration (PET) will in-
crease by 8—18% and 6-30% respectively. Depending on
the scenarios, models and future periods, the reduction in
rainfall combined with the increase in PET will lead to a
significant reduction in flows in the HEBBs (up to 51%),
with the direct consequence of reducing the hydroelectric
potential of the Lagdo dam. According to Rodric M. Nonki,
20191731 this region will experience extremely dry environ-
mental conditions due to an increase in PET greater than
the increase in Actual Evapotranspiration (AET). He goes
on to say that the combination of reduced rainfall and water
flow and increased PET will have a negative impact on the
hydropower potential of the Lagdo dam under the climate
change scenarios, models and future periods.

Faced with all these observations, a number of initia-
tives have been developed over the last few years by several
players to promote renewable energies in Cameroon. Sup-
plied by the sun, the wind, the heat of the earth, waterfalls,
tides and the growth of plants, renewable energy is by defi-
nition inexhaustible. On a human timescale, their natural re-
newal is fast enough for them to be considered inexhaustible,
and they generate little or no waste or polluting emissions.
The various families of renewable energies are beginning to
attract the interest of Cameroon’s research and development
community. Mechanical wind turbines are used to pump
water in many countries. Power stations with a capacity of
no more than 10 MW make up what is known as small-scale
hydroelectricity. The driving force of waterfalls is used by
turbines installed on rivers to generate electricity. Together
with large dams and tidal power plants, small hydro is the

second largest source of renewable energy in the world.

10. Conclusion

Climate change is having a strong negative impact on
Cameroon in general and on hydroelectric schemes in par-

ticular. Hydroelectric production from dams is increasing

because of the social conditions facing the country, such as
population growth and industrial development. But it is still
far from sufficient to meet the needs of the population. The
purpose of this study was to provide a summary of knowl-
edge on the phenomenon of climate change in general and its
impact on hydroelectric schemes in Cameroon in particular.
In this study, we talked about the climate, presented the var-
ious results of certain authors on climate change in Africa,
advances in the field of climate and hydrology modelling and
presented the results of researchers on the impacts of climate
change on the water resources of hydroelectric schemes in
Cameroon. The study shows that climate change is having a
negative impact on hydroelectric production in Cameroon in
general, and on the Lagdo hydroelectric dam in particular,
which no longer has the necessary production capacity due
to the lack of water in the dam during the dry season, which
now lasts nine months, even though it used to last seven
months. It is therefore imperative for the Cameroon gov-
ernment to set up renewable energy projects (micro-hydro
power stations, wind farms, etc.) capable of sustaining the

country’s electricity production.
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