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Abstract: The study examines projected changes in dry- and wet-spell probabilities in West Africa using a
Markov chain approach. Four simulations of regional climate models from the CORDEX-Africa program were
used to analyze projected changes in intraseasonal variability. The results show an increase in the probability
of having a dry day, a dry day preceding a wet day and a dry day preceding a dry day, and a decrease in the
probability of wet days in the Sahel region under anthropogenic forcing scenarios RCP4.5 and RCP8.5. The
decrease in wet days is stronger in the far future and under the RCP8.5 scenario (up to -30%). The study also
finds that the probability of consecutive dry days (lasting at least 7 days and 10 days) is expected to increase in
the Western Sahel, the Central Sahel, and the Sudanian Area under both scenarios, with stronger increases in
the RCP8.5 scenario. In contrast, the decrease is expected over the Guinea Coast, with the changes more
important under the RCP4.5. These changes in dry- and wet-spell probabilities are important for water
management decisions and risk reduction in the energy and agricultural sectors. The study also highlights the
need for decision-makers to implement mitigation and adaptation policies to minimize the adverse effects of
climate change.

Keywords: West Africa; Markov chain process; climate change; dry spells; wet spells

1. Introduction

The Intergovernmental Panel on Climate Change (IPCC, 2013) has scientifically confirmed that
global warming is due to the increase in human-induced greenhouse gas (GHG) emissions on the
world's climate. According to Krishnan and Sanjay (2017), climate change constitutes a great
challenge to modern society because of its major implications with regard to environmental,
agricultural, natural resources, ecosystems, and socio-economic aspects. In the past few decades,
seasonal changes in the Western Africa has been influenced by an increase in average annual
precipitation, due to both an increase in the number of wet days and an increase in the average
intensity and number of extreme events, particularly in the southern parts of Western Africa
(Nkrumah et al,, 2019). In this region, water resources and agricultural production are highly
dependent on climate variability, especially in the semi-arid Sahel. Rainfall is one of the most
commonly used meteorological parameters for determining climate variability in the West Africa.
According to Ta (2016), its measurement is a major consideration in the tropics as it contributes
significantly to hydrological and climate studies. In addition, future trends and changes in weather
and climate extremes have been studied in West Africa (Sylla et al., 2015; Sarr and Camara, 2017;
Diedhiou et al., 2018; Ogega et al., 2020; Didi et al., 2020; Yapo et al., 2020). These studies mainly used
indices including dry and wet spells defined by the Expert Team on Climate Change Detection and
Indices (ETCCDI) to study the spatiotemporal evolution of temperature and precipitation extremes
(Klein Tank et al., 2009). Wet and dry spells are known to affect food security and water management;
however, they have been less studied in the West African region (Froidurot and Diedhiou, 2017; Biao
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and Alamou, 2018; Ayanlade et al., 2018). Sen (2015) showed that disasters induced by alternating
dry and wet periods have increased owing to global warming.

While these dry and wet spells are useful for the quantitative description of drought, flood, and
flash flood occurrence assessments (Biao and Alamou, 2018), studies on future changes in the
probability of occurrence of these high-impact events in West Africa are nascent.

The Markov chain process is a useful tool for determining the beginning and end of the rainy
season, as well as dry and wet spells, which largely determines the success of rainfed agriculture and
the availability of water resources (Pandharinath, 1991; Rockstrom et al., 2002; Basse et al., 2021). The
study's purpose is to assess future changes of the dry and wet days probabilities over West Africa
using Markov chain process under the RCP4.5 and RCP8.5 scenarios of the simulations of regional
climate models from the CORDEX-Africa programme (Giorgi et al, 2009; Jones et al. 2011; Hewitson
et al., 2012; Nikulin et al., 2012). The remainder of this paper is organized as follows. Section 2
discusses the data and methods used in this study. In Section 3, the results are analyzed and
discussed. Section 4 presents the summary and future outlook.

2. Data and Methods

2.1. Data

Daily rainfall data from four (04) regional climate models (RCMs) involved in the Coordinated
Regional Climate Downscaling Experiment (CORDEX) (Giorgi et al., 2009; Jones et al., 2011;
Hewitson et al., 2012; Nikulin et al., 2012) were analyzed in this study. CORDEX aims to produce
numerical simulations to better characterize fundamental regional and local climate features, their
variability, and changes using regional climate models (Mbaye et al., 2019). Table 1 summarizes the
climate model data with the forcing global climate model (GCM), the institute, the RCM, the historical
period (1976-2005) and the two future times: the near future (2021-2050) and the far future (2071-
2100). The choice of these RCMs is motivated by their capacity to simulate the general features of the
African climate, particularly in Western Africa (Sarr et al., 2018; Coulibaly et al., 2018; Lawin et al.,
2019, Kouadio et al., 2020; Koffi et al., 2023). These data have a horizontal resolution of 0.44° x 0.44°
and a daily time step for different Representative Concentration Pathway (RCP) scenarios. The
scenario RCP4.5 is a trajectory describes a radiative forcing of ~4.5 W.m2with stabilization after 2100,
corresponding to policies close to the mitigation efforts proposed by governments at Paris COP21
(Barredo et al., 2017). RCP8.5 refers to a radiative forcing above 8.5 W.m2in 2100. The ensemble mean
of the four regional climate models (arithmetic mean) was computed and analyzed in this study.

Table 1. Climate model used with these characteristics (i.e, global climate models (GCM), institute,
regional climate models (RCM)) and simulation periods.

Driving GCM Institute RCM Historical Projection Period
Period
MPI REMO 1976-2005 2021-2050 ; 2071-
2100
ICHEC-EC- KNMI RACMO22T 1976-2005 2021-2050 ; 2071-
2100
EARTH
DMI HIRHAMS5 1976-2005 2021-2050 ; 2071-

2100
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CNRM-CERFACS CLMcom CCLM4-8-17 1976-2005 2021-2050 ; 2071-
2100

2.2. Methods

The probabilities of occurrence of the dry and wet days were determined using daily rainfall
data processed with the Markov chain. A day is classified as dry (wet) if the daily rainfall is less than
1 mm (above or equal to 1 mm) (Froidurot and Diedhiou, 2017; Diba et al., 2018; Bichet and Diedhiou,
2018a, 2018b; Todzo et al., 2020; Basse et al., 2021; Fall et al., 2021). The Markov chain probability
model has been shown to be suitable for describing the long-term frequency behaviour of wet and
dry periods. The first-order Markov chain is the most basic and extensively used in academic
publications. It is characterized by a Markovian property, where the current state relies solely on the
preceding state (Ray et al., 2018; Basse et al., 2021).

The process of occurrence of a binary first-order Markov chain is thus depicted:

P = PriXe = j | Xeoq = 1, Xz = i1, ooy Xy = 1p) = Pr(Xy = j1 Xoq =) 1)

Where, i,j, i; ..., ii-1 €{0, 1} and Pr and P; represent respectively, the probability and the
transition probabilities from state i (dry and wet) to state j (dry and wet).
Consider the transition matrix as :
p00 P01:|
Py Py
Where, Py, Py; , Pip and Pj; represent respectively, the conditional probabilities to have a dry day
preceded by a dry day, a wet day preceded by a dry day, a dry day preceded by a wet day and a wet
day preceded by a wet day.
Thus, Pyg + Py =1 and Py + P, =1
The initial probabilities to have a dry day and a wet day are noted P, and P;, respectively.
These different probabilities used are calculated as follows (Ray et al., 2018; Basse et al., 2021):

Initial probabilities
No
Py =— @
° N
Ny
P, =— ®
YN
Transition probabilities
N
Poo = N_OOO 4)
N
Py = N_111 ®)
Pyy = 1 — Py (6)
Po=1-Py @)

Where, Ny , N; , Ngo and Ny; represent respectively, the number of the dry days, the number of
the wet days, the number of the dry days preceded by the dry days and the number of the wet days
preceded by the wet days.

Then, the probabilities of a dry and wet period lasting n-days are shown in equations 8 and 9,
respectively (Biao and Alamou, 2018; Basse et al., 2021).

P(D =n) = Pg5 ' (1 — Poo) ®)
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The dry- and wet-spell probabilities were analyzed for diverse time intervals (i.e. 7 and 10 day
durations) as in Basse et al. (2021) and Fall et al. (2021). These durations have been chosen to take into
account various synoptic patterns in the rainy season African Easterly Waves (Diedhiou et al., 1999;
Froidurot and Diedhiou, 2017) and they are motivated by the fact that longer dry spells in August
over the Sudano-Sahelian regions is one of the factors explaining the yield reductions, as August is
the heading phase when the plant needs enough water to develop (Ouédraogo et al., 2013).

In this study, the results are presented as the relative deviation (RD) between the two periods:

PP — HIST)
HIST

where PP represents the average summer projection period under the RCP scenarios, and HIST
represents the reference period (1976-2005).

Figure 1 shows the historical average summer rainfall (July-September) ensemble mean of
models in West Africa that covers 20°W-20°E longitude and 0-20°N latitude. The sub-regions
(Western Sahel, Central Sahel, Sudanian Zone and Guinea Coast) are also represented as in Froidurot
and Diedhiou (2017) and Basse et al. (2021). The historical seasonal rainfall ensemble mean presents
a zonal distribution with higher values in the mountainous areas (Fouta Djallon Mountains, Plateau
of Jos, and Mountains of Cameroon). The ensemble mean represents the summer rainfall realistically.
This distribution corresponds to the findings of Sarr et al. (2018) and Diba et al. (2016) who showed
that regional climate models reproduce West African summer rainfall quite well.

Ens/RCM historical seasonal precipitation 1976-2005 (mm/d)

| T

RD = 100 X ( (10)

20°N

15°N

10°N

o

20°wW 15°W 10°W 5°W o° 5°E 10°E 15°E 20°E

Figure 1. Ensemble mean of summer precipitation (July-September) of CORDEX models for the
historical period (1976-2005) in West Africa. The four rectangles illustrate the Western Sahel
(magenta), Central Sahel (red), Sudanian Area (black), and Guinea Coast (blue). The mountainous
areas are also represented: Fouta Djallon Mountains (F]), Plateau of Jos (Jos), and Mountains of
Cameroon (CM).
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3. Results and Discussion

3.1. Spatial Variability of Summer Rainfall

The modelled summer period rainfall (July-September) changes during the near and far futures
under the RCP4.5 and RCP8.5 scenarios are presented in Figure 2. In general, most Sahelian regions
will experience a decrease in average rainfall of about -25% in the near future under both scenarios
(Figure 2a-b) compared to the average value of the historical period. However, the Guinean regions
are expected to experience an increase of approximately 30% under both scenarios. Changes in
rainfall in the far future (Figure 2c-d) show a generally larger decrease (increase) than in the near
future in the Sahelian regions (more than 30% in the Guinean regions). These results for the Guinean
areas are similar to those of Yapo et al. (2020) in Cote d'Ivoire. These studies showed an increase in
the rainfall intensity (SDII) under climate change. Moreover, the decrease in mean rainfall in the Sahel
is in agreement with the results of Sarr and Camara (2017) and Diba et al. (2021).

#Rainfall seasonal mean

Near Future Period
a°) rcpd.5 minus historical b®) rcp8.5 minus historical
- > ¥ 2

Figure 2. Rainfall changes (%) during the near (a, b) and far (c, d) future, following the RCP4.5 and
RCP8.5 scenarios relative to the historical period.

3.2. Spatial Variability of Summer Probabilities

The probability changes of a dry day (P,) and a wet day (P;) in the near future and far future are
presented in Figure 3. In the near future, the model ensemble average shows an increase in the P,
probabilities over the Sahelian regions and a decrease over the Guinean regions under both scenarios
(Figure 3c, d) compared with the historical period (1976-2005). This change is more pronounced
under the RCP8.5 scenario (up to 15%) in the Sahel and under the RCP4.5 scenario (up to -25%) in the
Guinean coast. For the P; probabilities (Figure 3e, f), a decrease was noted over the Sahelian
regions, especially over the north for both scenarios. This decrease is more prominent in the RCP8.5
scenario (up to -25%), particularly in northern Senegal, Mauritania, and northern Mali. The changes
in the P, probabilities in the far future (Figure 3g, h) generally exhibit a larger increase (decrease)
than in the near future in the Sahelian regions (Guinea regions) by more than 30% (up to -25%) under
RCP8.5. As in the case of the P, probabilities, the P, probabilities (Figure 3i, j) show a stronger
decrease (increase) in the Sahelian regions (Guinea Coast) than in the near future. The increase in the
P, probabilities over the Sahelian regions is due to a decrease in mean rainfall while the decrease in
the P, probabilities over the Guinean coasts is due to an increase in mean rainfall.
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#INITIAL PROBABILITIES CHANGE

Near Future Period: 2021:2050
a°) Dry Day: historical ¢’) Dry Day: rcpd.5 minus historical d") Dry Day: rcp8.5 minus historical

b")} Wet Day: historical

Far Future Period: 2071:2100
g") Dry Day: rcp4.5 minus historical h"} Dry Day: rcp8.5 minus historical

0 10 20 30 40 S50 B0 TO ED 90 10D ! ! ! !

i") Wet Day: repd.5 minus historical

[ .

j") Wet Day: repB.5 minus historical

Figure 3. Probability changes (%) of dry and wet days for the historical period (a, b), RCP4.5 (¢, e, g,
i) and RCP8.5 (d, f, h, j) scenarios with respect to the historical period during the near future (top)
and far future (bottom).

The differences in the transition probabilities (Pyo, Py1) between the historical and future periods
are shown in Figure 4. In the near future, the model ensemble mean predicted an increase in the Py
probabilities in the northern parts of West Africa, particularly in the Sahelian regions, and a decrease
in the south (i.e., Guinea Coast) under both scenarios (Figure 4c, d) compared to the reference period.
The increase in the Sahelian regions is more important in RCP8.5, especially over the Central Sahel
(up to 15%) and the decrease over the Guinea Coast is more remarkable under RCP4.5 (up to -30%).
Considering the P,; probabilities, shown in Figure 4e-f, the model ensemble mean shows a decrease
in the northern parts of West Africa under both scenarios compared to the historical period, more
pronounced in the large part of the Sahel under the RCP8.5 scenario (up to -25%). However, an
increase is diagnosed in the southern part of West Africa, especially over the Guinea Coast, under
both scenarios, with larger changes under the RCP4.5 scenario (up to 25%). This picture is similar in
the far future (Figure 4g-j), where the rainy season is associated with an increase in the Py
probabilities (Figure 4g-h) in the most parts of the Sahel (about 25%) and a decrease in the Guinea
Coast (about -30%) under the RCP8.5 scenario. In contrast to the Py, probabilities, the Py
probabilities are characterized by an increase in the Sahel and a decrease over the Guinea Coast
(Figure 4i-j). However, the changes were more pronounced under the RCP8.5 scenario (up to -30% in
the majority of the Sahel and up to 25% in the Guinea Coast).
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#TRANSITION PROBABILITIES CHANGE

Near Future Period: 2021-2050
a") Dry to Dry: historical ) Dry to Dry: repd.5 minus historical d°) Dry to Dry: repB8.5 minus historical

b®) Dry to Wet: historical a’) Dry to Wet: rcp4.5 minus historical ') Dry to Wet: rcp8.5 minus historical
= = L h, = = "
. - A~ o

Eg Far Future Period: 2071-2100
") Dry te Dry: repd.5 minus histerical h°) Dry te Dry: rep8.5 minus historical

0 1 20 30 4p 50 60 TO E&D OO0 10D

Figure 4. Same as Figure 3, but for the dry-to-dry day probabilities and dry-to-wet day probabilities.

The probabilities P;; and Py are shown in Figure 5. West Africa is characterized by high (low)
Pi; (Py) probabilities, particularly over the ITCZ and mountainous regions (Figure 5a, b). These
model-averaged findings are consistent with the results observed by Basse et al. (2021) over the same
areas. The changes in the P;; probabilities in the near future (Figure 5c-d) are characterized by a
decrease in the northern parts of West Africa under both scenarios. The decrease is more pronounced
under the RCP8.5 scenario (up to -20%). In contrast, a weak increase is projected under both scenarios
in the southern part of West Africa (southern Conakry Guinea, Liberia, Sierra Leone and Cote
d'Ivoire). Regarding the P;, probabilities (Figure 5e, f), the model ensemble mean predict an increase
over the north and a decrease over the south of West Africa under both scenarios. The increase over
the north is more pronounced following the RCP8.5 scenario (Figure 5f) and the decrease over the
south following the RCP4.5 scenario (Figure 5e).

The changes in Py, probabilities during the far future are reported in Figure 5g and h for the two
scenarios. In general, considering both scenarios, we observe a decrease in the P;; probabilities of up
to -15% under the RCP4.5 scenario and at more than -25% under the RCP8.5 scenario in the northern
parts of West Africa region, except for the southern areas (Sierra Leone, Liberia, southern Conakry
Guinea, southern Cote d'Ivoire and southern Nigeria) where an increase of about 5% under the
RCP4.5 and up to 10% under the RCP8.5 scenarios is observed. The changes in the P;; probabilities
are larger in the far future than in the near future.

Regarding the Py, probabilities (Figure 5i, j), an inverse scenario is observed with respect to
the P;; probability. An increase of up to 20% under the RCP4.5 scenario and more than 30% under
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the RCP8.5 scenario is expected over the northern part of West Africa. However, some parts in the
south of West Africa will experience a decrease in the P;, probabilities under both scenarios and is
more pronounced under the RCP8.5 scenario (up to -30%).

#TRANSITION PROBABILITIES CHANGE

Mear Future Period: 2021-2050
a”) Wet to Wet: historical c”) Wet to Wet: rcpd.5 minus historical d°) Wet to Wet: repB.5 minus historical

SR T e i 1:|:;

Y Iy

b°) Wet to Dry: historical

Far Future Period: 2071-2100
g") Wet te Wet: repd.5 minus historical h") Wet te Wet: repB.5 minus historical

T | : &

i") Wet to Dry: rcpd.5 minus historical  j°) Wet to Dry: rcp8.5 minus historical

Figure 5. Same as Figure 3, but for the probabilities of wet-to-wet days and wet-to-dry days.

The average changes in consecutive dry days of different durations from historical simulations
(1970-2005) as well as changes in future periods are evaluated and the results are illustrated in Figure
6. As shown in Figure 6a, the West African region exhibits low probabilities of 7-day dry spells
located in the Inter-Tropical Convergence Zone (ITCZ), particularly in the mountainous areas such
as the high plateau of Fouta Djallon, the plateau of Jos and the mountains of Cameroon. The overall
model mean probabilities of 10-day dry spells (Figure 6b) is similar to that of 7-day dry spells but
with lower probabilities over most of West Africa. The changes in the probabilities of 7-day and 10-
day dry spells in the near future under the RCP4.5 and RCP8.5 scenarios are shown in Figure 6¢c-d
and Figure 6e-f, respectively. Under global warming, the models average shows an increase in the 7
and 10-day dry spell probabilities over the Sahelian regions under both scenarios, but the magnitude
of the changes and their spatial extension are greater under RCP8.5 (up to 100% for 7-day and more
than 100% for 10-day dry spell probabilities). However, a decrease of up to -50% in the 7-day dry
spell probability occurrence and up to -75% in the 10-day dry-spell probabilities occurs over the
Guinea Coast for both global warming scenarios. The same is true in the far future (Figure 6g-j), where
the rainy season is associated with a more important increase compared to the near future in the dry-
spell probabilities in the Sahel and a decrease over the Guinea Coast. However, our results confirm
those of Sarr and Camara (2017), who predicted the increase the occurrence in the maximum duration
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of dry spells over the Sahel. Furthermore, our results are also consistent with those of Yapo et al.
(2020) over Cote d'Ivoire (Guinea Coast region) during the summer monsoon season (JAS).
#DRY SPELL PROBABILITIES CHANGE
Mear Future Period: 2021-2050

a°) 7 days: historical ’) 7 days: rcpd.5 minus historical d°) 7 days: rcp8.5 minus historical

.

b°) 10 days: historical i e) 10 days: rcpd.5 minus historical 1°) 10 days: rcp8.5 minus historical

Far Future Period: 2071-2100
g°) 7 days: rcp4.5 minus historical h®} 7 days: rcpB.5 minus historical

i’} 10 days: rcpd.5 minus historical j°) 10 days: rcp8.5 minus historical

Figure 6. Same as Figure 3, but for the 7 and 10-day probabilities of dry spells.

Similar to the consecutive dry days, the ensemble mean of the consecutive wet day probabilities
with varying lengths over the historical period are shown in Figures 7a and b. As shown in Figure
7a, the model ensemble mean shows higher probabilities of the seven consecutive wet days, located
in the ITCZ and low probabilities in the northern Sahel. The probabilities of consecutive wet days
decrease with increasing duration (Figure 7b) and are noted in mountainous areas. These regions
with higher probabilities of consecutive wet days are also characterized by a higher rainfall mean and
higher intensity during the West African monsoon season (Basse et al., 2021).

Changes in the 7-day wet-spell probabilities during the near future are shown in Figures 7c and
d, following scenarios RCP4.5 and RCP8.5. A decrease in the 7-day wet-spell probabilities is projected
over the Sahelian regions under both scenarios. However, the decrease is more pronounced in the
RCP8.5 scenario (up to -40%). These changes are also observed in the 10-day wet-spell probabilities
(Figure 7e, f) with a larger decrease (up to -60%) comparing to the 7-day dry-spell probabilities. In
addition, a lower increase is expected in some areas of the Guinea Coast (Guinea Conakry, Liberia,
Cote d'Ivoire). Thus, the far-future changes in the 7-day wet-spell (Figure 7g, h) and the 10-day wet-
spell (Figure 7i, j) probabilities show a generally larger decrease under RCP8.5 (up to -80% for the 7-
day wet spell and more than -90% for the 10-day wet-spell probabilities) in the Sahel sub-regions than
in the near future. However, a weaker increase in the consecutive wet days probabilities appears
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across the Guinea Coast, particularly south of the regions such as Cote d'Ivoire, Guinea Conakry, and
Liberia and is more pronounced following the RCP8.5.

#WET SPELL PROBABILITIES CHANGE

Mear Future Period: 2021-2050
a”) 7 days: historical ') 7 days: rcpd.5 minus historical d®) 7 days: rcpB.5 minus historical
r - - . —— v

Far Future Period: 2071-2100
g°) 7 days: rcpd4.5 minus historical h°) 7 days: rcpB.5 minus historical
- - y - Sl

days: repB.5 minus historical

Figure 7. Same as Figure 3, but for the probabilities of wet spell of 7 and 10 days.

3.3. Mean Changes of Dry and Wet Spells

The quantitative values during the rainy season (JAS) over the four regions of West Africa
(Western Sahel, Central Sahel, Sudanian Area and Guinea Coast) are reported in table 2 for rainfall
indices, 7- and 10-day dry-spell, and 7- and 10-day wet-spell probabilities. As shown in table 2, the
models ensemble mean shows (on average) the rainfall decrease in the Sahelian regions (Western and
Central Sahel) with maxima of -13.22% in the Western Sahel following the RCP8.5 scenario and -
7.46% in the Central Sahel following the RCP4.5 scenario, during the far future. However, the rainfall
increase is projected in the Sudanian Area and over the Guinea Coast with maxima of 10.94% and
26.07% over the Guinea Coast during the near and far future, respectively and under the RCP8.5
scenario. Regarding the dry-spell probabilities, an increase (on average) is projected in the Western
Sahel, Central Sahel and Sudanian Area for all considered categories (i.e., 7 and 10-day durations).
The maxima of the probabilities are observed in the Central Sahel (up to 82.35%, on average) when
we consider the 7-day dry-spell probabilities and in the Western Sahel (up to 223.04%, on average) in
the case of the 10-day dry-spell probabilities during the far future and following the RCP8.5 scenario.
In contrast, the dry-spell probabilities decrease is predicted over the Guinea Coast during the two
future periods. However, the decrease is more important during the far future and under the RCP4.5
scenario with the probabilities of -27.42% for the 7 days dry spells and of -34.10% for the 10 days dry
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spells. In addition, a decrease in the probability of wet spells is predicted in the Western Sahel, the
Central Sahel and the Sudanian Area. This decrease of the 7 (10) days wet-spell probabilities reaches
-35.51% (-47.22%) in the Central Sahel, -43.75% (-57.68%) in the Western Sahel and -13.77% (-24.53%)
in the Sudanian Area during the far future following the RCP8.5 scenario. Over the Guinea Coast,
small changes are expected during the two periods and under both scenarios.

Table 2. Mean changes (in %) relative to the historical time (1976-2005) in the sub-regions of West

Africa.
Periods 2021-2050 2071-2100
Scenarios RCP4.5 RCP8.5 RCP4.5 RCP8.5
Rainfall
Western Sahel 571 -1.44 -10.04 -13.22
Central Sahel -6.04 -3.00 -7.46 -6.55
Sudanian Area 1.71 5.67 3.13 8.28
Guinea Coast 7.51 10.94 12.58 26.07
7-day dry-spell probabilities
Western Sahel 11.63 15.55 25.90 47.17
Central Sahel 24.40 34.52 56.65 82.35
Sudanian Area 2.66 15.52 49.77 81.23
Guinea Coast -33.33 -27.18 -27.42 -25.61
10-day dry-spell probabilities
Western Sahel 27.24 34.73 60.61 126.53
Central Sahel 51.18 76.91 133.91 223.04
Sudanian Area 19.75 43.71 120.10 215.20
Guinea Coast -40.93 -35.03 -34.10 -20.60
7-day wet-spell probabilities
Western Sahel -14.64 -23.23 -29.33 -43.75
Central Sahel -14.54 -24.01 -28.36 -35.51
Sudanian Area -3.41 -5.92 -8.22 -13.77
Guinea Coast 0.37 -0.25 -0.15 1.43

10-day wet-spell probabilities

Western Sahel -17.90 -31.50 -40.49 -57.68
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Central Sahel -20.54 -34.68 -41.31 -47.22
Sudanian Area -6.07 -11.01 -15.33 -24.53
Guinea Coast 3.16 0.71 1.94 6.38

3.4. Interannual Variability of Probabilities

Temporal changes are analyzed during the rainy season (July-September) for different
probabilities from the historical (1976-2005) (olive line) to the future horizon (2006-2100) following
the RCP4.5 (blue line) and RCP8.5 (red line) scenarios. The future change of the anomalies, compared
to the historical period is done for the four areas in West Africa (Figure 1).

The results of future projections of seasonal rainfall for the different West African subregions by
2100 are illustrated (Appendix A, Figure A1) and show an accentuation of rainfall variability. A slight
downward trend is projected in the Western Sahel and the Central Sahel (Figure Ala and b,
respectively) under both scenarios. In the Sudanian Area (Appendix A, Figure Alc) and over the
Guinea Coast (Appendix A, Figure Ald), an increasing trend is projected under both scenarios. The
RCP8.5 scenario is more alarming, with an increase of 4.5 mm in the Sudanian Area and
approximately 7 mm over the Guinea Coast by 2100. This divergence between the scenarios over the
Guinea Coast is not specific to our study because Yapo et al. (2020) showed this difference in the
simple daily intensity index (SDII) in Cote d'Ivoire.

Future projections of the P, probability anomalies in the four West African areas (Appendix A,
Figure A2) all show increasing trends following the RCP4.5 and RCP8.5 warming scenarios over all
regions except the Guinea Coast (Appendix A, Figure A2d), where a slight decreasing trend is
projected under both scenarios. The upward trend would initially follow a slight slope until 2050,
when the increase in the P, probability will be higher and under RCP8.5. However, we observe
inverse trends in the P, probability anomalies (not shown) compared to the P, probability
anomalies over all selected sub-regions under both scenarios. Similarly, the Py, probability
anomalies (Appendix A, Figure A3) as well as the P;, probabilities anomalies (Appendix A, Figure
A4) would increase over all regions, except the Guinea Coast where a decreasing trend is noted and
is more prominent following the RCP8.5 scenario. The increase trend will be more accentuated under
RCP8.5, especially in the Western Sahel by 2100. On the other hand, future projections of the P;; and
the Py; probabilities anomalies (not shown) would predict opposite trends over each area compared
to the Pyy and P, probabilities anomalies. These results show that the dry days would be more
frequent over the Sahelian regions which are characterized by a decrease in rainfall during the future
horizons.

The future projections of the 7-day and 10-day dry-spell probability anomalies are shown in
Figures 8 and 9, respectively. As presented in Figure 8a and b, increasing trends of the 7-day dry-
spell probability anomalies are projected over the Sahelian regions in the future under both scenarios.
The divergence between the scenarios is more visible in the Western Sahel than in the Central Sahel
by 2100. In the Sudanian Area (Figure 8c), increasing trends are projected in the future for both
scenarios. This increase is more accentuated under RCP8.5. Over the Guinea Coast (Figure 8d), a
downward trend in the 7-day dry-spell probabilities anomalies is expected during the future horizon
following both scenarios. However, the two scenarios show little divergence by 2100. Similar trends
to those of the 7-day dry spells are observed in the case of the 10-day dry-spell probabilities anomalies
(Figure 9) but with lower amplitude than the 7-day dry-spells.
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Figure 8. Temporal evolution of probability of 7 days dry spells: a°) Western Sahel, b°) Central Sahel,
¢®) Sudanian zone and d°) Guinea Coast during the WAM (JAS) season under RCP4.5 and RCP8.5.
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Figure 9. Same as Figure 8, but for the probability of having 10 consecutive dry days.

3.5. Dry- and Wet-Spell Probabilities Uncertainties in the West Africa Sub-Domains

For a more quantitative assessment, the mean seasonal changes for dry (Figures 10 and 11) and
wet (Figures 12 and 13) spells are presented in the form of box-whisker plots for the two future
periods (near and far future), according to the RCP4.5 and RCP8.5 scenarios for each selected sub-
domain (Figure 1).
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Regarding the dry-spell probabilities, the main characteristic is the expected increase across the
Sahel areas (i.e. Western and Central Sahel) and the decrease in the Guinea Coast for both the near
future (Figure 10) and the far future (Figure 11) and under RCP4.5 and RCP8.5 during the summer
period. The extent of change is more marked in the far future than in the near future and under
RCP8.5. Over the Sahel areas, the median, the 25th and the 75th percentiles exhibit positive values,
underscoring the robustness of the increase in the dry-spell probabilities. Similarly, over the Guinea
Coast, the median, the 25th and the 75th percentiles are negative, suggesting that the decrease in the
dry-spell probabilities is also a consistent result. In the Sudanian Area, the changes during the
summer season are considerably uncertain in the near future (Figure 10), because the interquartile
interval covers negative and positive signs for both scenarios. On the horizon to 2100 (Figure 11), an
increase in the probability of dry spells is projected under both scenarios, except for the 10-day dry-
spell probabilities under RCP8.5, because the interquartile interval includes negative and positive

signs.
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Figure 10. Boxplots of dry-spell probabilities change during the near future: a°) Western Sahel, b°)
Central Sahel, ¢®) Sudanian Area and d°) Guinea Coast.
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Figure 11. Same than in Figure 10, but for the far future.

For the wet-spell probabilities, the most remarkable feature is the negative evolution expected
in the Western Sahel on the horizon to 2050 (Figure 12) and on the horizon to 2100 (Figure 13) and
following the two scenarios during the summer season. The changes are more significant in the far
future and under RCP8.5. In addition, the median, interquartile ranges, 25th and 75th percentiles,
and maximum and minimum are less than 0, which means that the predicted decrease in the wet-
spell probabilities is substantially important. In the Central Sahel, the wet-spell probabilities are
projected to decrease in both periods and under both scenarios, except for the 7-day wet-spell
probabilities in the near future and under both scenarios (Figure 12b), where the changes are rather
uncertain because the interquartile interval covers negative and positive signs. The changes in the
wet-spell probabilities are also quite uncertain in the Sudanian Area, except for the 7-day wet-spell
probabilities by 2100 and following scenario RCP8.5 (Figure 13c). Over the Guinea Coast, the most
notable feature is the decrease in wet-spell probabilities by 2050, following the two scenarios (Figure
12d).
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Figure 12. Boxplots of wet-spell probabilities change during the near future: a®) Western Sahel, b°)
Central Sahel, ¢®°) Sudanian Area and d°) Guinea Coast.
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Figure 13. Same than in Figure 12, but for the far future.

4. Conclusion and Perspectives

Future probabilities changes of dry and wet event in West Africa (WA) are examined using a
combination of four CORDEX-Africa RCMs and two forcing scenarios (RCP4.5 and RCP8.5). The
predicted seasonal for initial, transition and consecutive probabilities changes are evaluated by
contrasting two future 30-year horizons (2021-2050 and 2071-2100) relative to the historical period
(1976-2005) following the RCP4.5 and RCP8.5 scenarios. In addition, the time series of the interannual
variability of the different probabilities are analyzed in the WA zones (Western Sahel, Central Sahel,
Sudanian Area and Guinea Coast). Finally, the uncertainties are assessed by quantifying the
dispersion of changes over each zone. The results indicate that a decrease in rainfall is expected in
most of the northern regions of WA and an increase in the southern regions following the two
scenarios and the two horizons. The changes are much more pronounced on the horizon to 2100,
following the RCP8.5 scenario (more than 30%). An increase in the P, probabilities, the Py,
probabilities and the P, probabilities is predicted in the Sahelian regions under the RCP4.5 and
RCP8.5 scenarios to about 20% by 2050 and more than 30% by 2100. However, a decrease in P
probabilities, P;; probabilities and Py; probabilities is projected in the Sahelian regions under the
rcp45 and rcp8.5 scenarios to about -20% by 2050 and more than -30% by 2100. Over the Guinea Coast,
a decrease in the Py, Py, and P, probabilities and an increase in the P;, P;; and Py; probabilities
are expected in the future and in the two scenarios.

Regarding the dry-spell probabilities, an increase in the Sahel is predicted during both periods
and under both scenarios but the change magnitude and the spatial extension are more important on
the horizon to 2100 under RCP8.5. Moreover, a decrease in these spells is expected in the Guinean
regions, up to -50% for the 7-day dry-spell probabilities and up to -75% for the 10-day dry-spell
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probabilities on the horizon to 2100 under RCP8.5. When considering the probabilities of wet spells,
a decrease of about -40% by 2050 and more than -60% by 2100 is projected in the Sahel under the
RCP8.5 scenario, for the 7-day wet-spell probabilities. These changes are more important when
considering the longer wet spells (i.e., 10-day wet spells). In addition, these characteristics are linked
to a high variation in the various probabilities with larger amplitudes of variability in the projected
climate in the different subregions. For rainfall, a decreasing trend is observed in the Western and
Central Sahel over the whole period (1976-2100) and an increasing trend in the future over the
Sudanian Area and over the Guinea Coast. The trends are more significant under RCP8.5. In addition,
the Western and Central Sahel also show the trends of increasing of the P, probabilities, Pyo
probabilities, P, probabilities and dry spells probabilities over the whole period considered with
discernible differences between the two scenarios. In the Sudanian Area, the historical period is
characterized by a decreasing trend of the P;, P,y and Py, probabilities while an increasing trend is
observed in the future. In addition, the dry spells probabilities show quite normal trends in the
historical period and an increasing trend in the future.

Over the Guinea Coast, P, and Pj, probabilities show decreasing trends during the whole
period. The Py, probabilities shows low variability in the historical period and an increasing trend
is observed in the future. For dry-spell probabilities, Guinea Coast is characterized by an increasing
trend in the historical period and a decreasing trend in the future period. Furthermore, when
assessing the projected changes in the dry-spell probabilities, it appears that the most prominent
feature is its increase in the two future horizons and following the two scenarios in the Western Sahel.
This increase in the probabilities of dry spells strengthens the risk of natural catastrophes such as
droughts. This can have a substantial impact on agricultural production, which is, mainly rainfed in
West Africa. This study suggests that decision makers should implement mitigation and adaptation
policies to minimize the adverse effects of climate change. The results of this study on the dry and
wet-spell probabilities in West Africa could be helpful for water conservation and for cultivation and
hydropower sectors.
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Appendix A
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Figure Al. Temporal evolution of rainfall anomalies: a®) Western Sahel, b°) Central Sahel, ¢°)
Sudanian zone and d°) Guinea Coast during the WAM (JAS) season under the RCP4.5 and RCP8.5
scenarios.
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Figure A2. Same than in Figure A1, but for the dry day probabilities.
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Figure A3. Same than in Figure A1, but for the dry day preceded by a dry day probabilities.
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Figure A4. Same than in Figure A1, but for the dry day preceded by a wet day probabilities.
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