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Abstract
The study investigates how the rising global temperature will affect the spatial pattern of rainfall and consequently drought in 
West Africa. The precipitation and potential evapotranspiration variables that are obtained from the Rossby Centre regional 
atmospheric model (RCA4) and driven by ten (10) global climate models under the RCP8.5 scenario were used. The model 
data were obtained from the Coordinated Regional Climate Downscaling Experiment (CORDEX) and analyzed at four 
specific global warming levels (GWLs) (i.e., 1.5 °C, 2.0 °C, 2.5 °C, and 3.0 °C) above the pre-industrial level. This study 
utilized four (4) indices: the standardized precipitation index, the precipitation concentration index, the precipitation con-
centration degree, and the precipitation concentration period over West Africa to explore the spatiotemporal variations in the 
characteristics of precipitation concentrations. Additionally, studying the impact of the four GWLs on consecutive dry days, 
consecutive wet days, and frequency of the intense rainfall events led to a better understanding of the spatiotemporal pattern 
of extreme precipitation. The results show that, at each GWL studied, the onset of rainfall comes 1 month earlier in the Gulf 
of Guinea compared to the historical period (1971–2000) with increasing rainfall intensity in the whole study domain, and 
the northeastern part of the study area becomes wetter. The rainfall concentration is uniformly distributed over the Gulf of 
Guinea and the Savanna zone for both the historical period and RCP8.5 scenario, while the Sahel zone which has shown an 
irregular concentration of rainfall for the historical period shows a uniform concentration of rainfall under all four GWLs.
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1 Introduction

Precipitation variability under global warming is strongly 
connected to extreme events, which pose threats to the 
environment and society (IPCC 2012), and can also have 
devastating consequences on ecosystems, food supply, and 
economies (Easterling et al. 2000). Droughts and floods are 
direct extreme events attributed to precipitation variability 
which involve detrimental consequences in West Africa (Ebi 
and Bowen 2016). The drought that affected West African 
countries from the beginning of the 1970s lasted for sev-
eral decades and is one of “the most undisputed and largest 
recent climate changes recognized by the climate research 
community” (Dai et al. 2004). Literature provides a good 
review of droughts in association with rainfall variability 
over West Africa (Le Barbé et al. 2002; Lebel and Ali 2009; 
Paturel et al. 1998).

The increases in surface air temperatures lead to a higher 
water vapor amount in the atmosphere and the change in 
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spatiotemporal precipitation patterns which contribute to 
the large precipitation differences in different regions of 
the world (Chou and Lan 2011; Gao et al. 2014). Kasei 
et al. (2010) evaluated the temporal characteristics of mete-
orological droughts by analyzing the intensity, the areal 
extent and the recurrence frequency in the Volta basin, a 
semiarid region in West Africa. The study reported 5 years 
(1961, 1970, 1983, 1992, and 2001) within the study period 
1961–2005 where 75% of West Africa was under histori-
cal droughts. Many authors (Fiala et al. 2010; Petrow and 
Merz 2009; Sung and Chung 2014; and Van De Giesen et al. 
2010) used an indicator based on the threshold to character-
ize drought and flood events. For instance, meteorological 
indices such as the standardized precipitation index (SPI, 
e.g., Joetzjer et al. 2013; Vicente-Serrano et al. 2012; Zargar 
et al. 2011; and Zhai et al. 2010) and Palmer Drought Sever-
ity Index (PDSI) (Palmer 1965; Abatzoglou et al. 2014) are 
commonly used to quantify hydrological drought. These 
meteorological approaches were also used by Garner et al. 
(2015), Teuling et al. (2013), and Trambauer et al. (2014) 
to find numerous thresholds, which allow the identification 
of extreme river flow events. A recent agreement on the 
increase in rainfall since the beginning of the 2000s is identi-
fied by L’Hôte et al. (2002), Lebel and Ali (2009) and Lebel 
et al. (2009). Hence, Descroix et al. (2012) and Panthou 
et al. (2014) showed an intensification of the rainfall regime 
in the Sahelian region since the 2000s, characterized by a 
greater contribution of extreme precipitation to the annual 
total rainfall.

The precipitation concentration indices play an important 
role in the total annual precipitation amount, the extent, and 
the intensity of extreme precipitation events. These indi-
ces have the potential to quantify/or to monitor floods and 
droughts events, which are expected to put considerable 
pressure on water resources (Zhang and Qian 2003; and 
Zhang et al. 2009). Precipitation concentration indices have 
been used in several studies including the precipitation con-
centration index (PCI) elaborated by Oliver (1980), modified 
by De Luis et al. (2011), and used by Shi et al. (2015) as an 
indicator of rainfall concentration for annual and seasonal 
scales. Ezenwaji et al. (2017) applied the PCI to investigate 
the implication of the concentration and variability of rain-
fall on flooding over Awka Urban Area (Nigeria). Further-
more, the precipitation concentration degree (PCD) and the 
precipitation concentration period (PCP) were redefined by 
Zhang and Qian (2003) in a study of droughts and floods 
over China. The basic concept behind the PCD and PCP 
is that the monthly total precipitation is a vector quantity 
with both magnitude and direction (Li et al. 2011; Wang 
et al. 2013).

Extreme rainfall is projected to increase in frequency 
and intensity over Africa (IPCC 2014, SR1.5). Abiodun 
et al. (2018), Egbebiyi  (2016), Klutse et al. (2018), Kumi 

and Abiodun (2018), Maúre et al. (2018), and Nikulin et al. 
(2018) assessed extreme climate indices under different 
GWLs for different climate zones in Africa. The method-
ologies and the variables employed in these studies are vital 
for effective adaptation and mitigation strategies. Therefore, 
this study aims to use one type of drought indicator, SPEI to 
classify the present and future drought areas in West Africa, 
which is strongly influenced by the spatial distribution of 
rainfall. The indices PCI, PCD, PCP are therefore used to 
explain the spatial and temporal variability of precipitation. 
Among the precipitation indices, the consecutive dry day 
(CDD) and consecutive wet day (CWD) are used in this 
study to explain the maximum dry days and maximum wet 
days of global warming level 1.5 °C, 2.0 °C, 2.5 °C, 3.0 °C.

2  Description of the Study Areas 
and Methodology

2.1  Study Area and Data

The investigation area, West Africa covers the domain 
located between latitudes 0°N and 20°N and longitude 20°W 
and 20°E (Fig. 1). This region is bordered in the south by the 
Gulf of Guinea, in the north by Mauritania, Mali, and Niger, 
while the Cameroon Highlands and the Atlantic Ocean form, 
respectively, the eastern boundary and the western limit. The 
annual mean temperature is about 18 °C but in the Sahel, 
maximum temperatures can reach above 40 °C. Ocean cur-
rents and local features such as topography mostly affect 
rainfall patterns over this region. In terms of climatic zones, 
West Africa can be divided into three different regions. The 
first region covers the Sahel and is characterized as a semi-
arid zone located from western Senegal to eastern Sudan 
between 12°N and 20°N. The second zone is the Sudano-
Sahelian and the third zone comprises the Guinea coast, 
which is characterized by a two rainy season driven by the 
Inter-Tropical Discontinuity (ITD).

The evaluations of the four droughts indicators are done 
by using the precipitation and the potential evapotranspira-
tion datasets from CORDEX (Nikulin et al. 2012) and driven 
by RCA4 at daily and monthly timesteps. The simulated 
dataset at 0.44° × 0.44° resolution covers the period form 
1971 to 2100. And the evaluation period is from 1971 to 
2000 as the historical period and from 2006 to 2100 for the 
future projections. The GWLs reference values of the study 
are pre-industrial scenarios and RCP8.5: 1.5 °C, 2.0 °C, 
2.5 °C, and 3.0 °C. Table 1 inspired from Déqué et al. (2017) 
summarizes the classifications of the 30-year projection of 
each GWL. The gridded climate research unit (CRU v3.23, 
monthly at 0.5° horizontal resolution, 1901–2014; Harris 
et al. 2014) provided by the University of East Anglia and 
prepared based on the archive of monthly mean precipitation 
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and temperature provided by more than 4000 weather sta-
tions distributed all over the world.

2.2  Methodology

2.2.1  Standardized Precipitation Evapotranspiration Index 
(SPEI)

SPEI is an index computed based on the non-exceedance prob-
ability of the climate water balance described by Eq. (1), which 
relies on the differences between the precipitation (PRE) and 
the potential evapotranspiration (PET), adjusted using a three-
parameter log-logistic distribution which accounts for common 
negative values (Vicente-Serrano et al. 2010). The SPEI uses a 
three-parameter distribution to capture the deficit values since 

it is most likely that in arid and semiarid areas the moisture 
deficit can be negative. For two-parameter distributions as 
used in case of SPI, the variable x has a lower boundary of 
zero (0 > x < ∞) meaning that x can only take positive values 
while for the three-parameter distributions used in SPEI, x can 
take values in the range (γ > x < ∞) implying that x can also 
take negative values; γ is the parameter of origin of the distri-
bution (Vicente-Serrano et al. 2010). The SPEI is obtained by 
normalizing the water balance into the log-logistic probability 
distribution. Assume Dn as the difference between PRE and 
PET for the month n.

The calculated D values are aggregated at different time-
scales as follows:

(1)Dn = PREn − PETn

Fig. 1  Study domain show-
ing West African topography 
and the area of focus: Gulf of 
Guinea (Guinea), Savanna, and 
Sahel

Table 1  Recapitulative of 
selected years of RCA4 models 
according to each global 
warming level (Déqué et al. 
2017)

RCM RCP8.5

GCM 1.5 °C 2.0 °C 2.5 °C 3.0 °C

RCA4 CanESM2 1999–2028 2012–2041 2024–2053 2034–2063
CNRM-CM5 2015–2044 2029–2058 2041–2070 2052–2081
CSIRO-Mk3 2018–2047 2030–2059 2040–2069 2050–2079
EC-EARTH-r12 2005–2034 2021–2050 2034–2063 2047–2076
GFDL-ESM2 M 2020–2049 2037–2066 2052–2081 2066–2095
HadGEM2-ES 2010–2039 2023–2052 2033–2062 2042–2071
IPSL-CM5A-MR 2002–2031 2016–2045 2027–2056 2036–2065
MIROC5 2019–2048 2034–2063 2047–2076 2058–2087
MPI-ESM-LR 2004–2033 2021–2050 2034–2063 2059–2088
NorESM1-M 2019–2048 2034–2063 2047–2076 2059–2088
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where k is the timescale (months) of the aggregation and n 
is the particular month for which the climate water balance 
is computed.

The probability density function of a log-logistic dis-
tribution is given as:

where �, � and γ are, respectively, scale, shape, and origin 
parameters for 𝛾 > D < ∞ . The probability distribution 
function for the D series is then given as:

With f (x) , the SPEI can be obtained as the standardized 
values of F(x) according to the method of Abramowitz and 
Stegun (1964):

where

and

for P ≤ 0.5 , P is the probability of exceeding a determined 
D value, P=1−F(x).

If P > 0.5, P is replaced by 1 − P  and the sign 
of the resultant SPEI is reversed. The constants 
a re :  C0 = 2.515517 ,  C1 = 0.802853 ,  C2 = 0.010328 , 
d1 = 1.432788 , d2 = 0.189269 , d3 = 0.001308

The computation of the SPEI is done over each grid 
point for each dataset. The SPEIs have been calculated 
for 1 month, 3 months, 6 months and 12 months. Table 2 
presents its classification according to the moisture state.

(2)Dk
n
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(5)SPEI = W −
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2

1 + d1W + d2W
2 + d3W

3

(6)W = −2 ln (P)

2.2.2  Calculation of Precipitation Concentration Index (PCI)

PCI elaborated by Oliver (1980) and modified by De 
Luis et al. (2011), and also used by Shi et al. (2015) was 
employed as an indicator of rainfall concentration for annual 
and seasonal scales (wet and dry seasons). The precipitation 
concentration index (PCI) was then tested to find out the 
eventual trend of rainfall spatial distribution. As per Oli-
ver (1980), a uniform precipitation distribution (i.e., low 
precipitation concentration) refers to PCI values less than 
10, when PCI values are between 11 and 15 indicating a 
moderate precipitation concentration and, for PCI values 
between 16 to 20, representing an irregular distribution; 
finally, values above 20 represent a strong irregularity (i.e., 
high precipitation concentration) in the precipitation distri-
bution (Table 3). The following equations were used on each 
grid point to calculate the PCI.

Equation (7) is used for annual PCI, while Eqs. (8) and 
(9) are utilized for seasonal scales (respectively, rainy, and 
dry seasons). nw and nd represent, respectively, the num-
ber of rainy and dry season months; p = precipitation of ith 
month. To investigate the change in PCI, 30 years were con-
sidered for both historical (1971–2000) and future periods 
(2006–2100). Table 1 shows the projection periods used for 
each GWL.

2.2.3  Computation of Precipitation Concentration Degree 
(PCD) and Precipitation Concentration Period (PCP)

The PCD and PCP were proposed by Zhang and Qian (2003) 
to measure the rainfall distribution and the peak rainfall date. 

(7)PCIannual =

∑12

i=1
P2
i

(
∑12

i=1
Pi)

2
× 100

(8)PCIwet =

∑nw

i=1
P2
i

(
∑nw

i=1
Pi)

2
×
100 ∗ nw

12

(9)PCIdry =

∑nd

i=1
P2
i

(
∑nd

i=1
Pi)

2
×
100 ∗ nd

12

Table 2  Classification of moisture level with the SPEI

SPEI value Moisture level

+ 2.0 and greater Extremely wet
+ 1.5 to 1.99 Very wet
+ 1 to 1.49 Moderately wet
− 0.99 to 0.99 Near normal
− 1.49 to − 1.0 Moderately dry
− 1.99 to − 1.5 Severely dry
Less to − 2.0 Extremely dry

Table 3  Classification of PCI

PCI value Precipitation distribution state

10 ≤ PCI Uniform precipitation distribution
11 ≤ PCI ≤ 15 Moderate precipitation distribution
16 ≤ PCI ≤ 20 Irregular precipitation distribution
PCI ≥ 20 Strong irregular precipitation distribution
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The concept is based on the daily or monthly total precipita-
tion. It can be assumed that total precipitation on a timescale 
(daily, 5 days, weekly, decade, or monthly) is a vector quan-
tity and that the direction for a year can be seen as a circle 
(360°). According to Li et al. (2011) and Zhang and Qian 
(2003), the indices were calculated as follows:

where i is the year (e.g., for pre-industrial period i = 1971, 
1972,…, 2000), j represents the timescale (daily, 5 days, 
weekly, decade, or monthly) of that year, Ri is the amount 
of rainfall of a year, rij is the precipitation of the jth time-
scale in the ith year, n is the number of timescale per a year 
(e.g., daily: for a non-leap year, n = 365, while in a leap year, 
n = 366)

3  Results and Discussion

3.1  Evaluation of the Climate Variables

The ensemble mean of models (referred as RCMEAN) 
appropriately represents, over West Africa, moisture 
variables such as precipitation (PRE), the potential 

(10)�j =

(
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j
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)
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∑

rij
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)

evapotranspiration (PET), and the climate water balance 
(CWB = PRE-PET) with a very good and significant (99% 
of confidence level) correlation ( r ≥ 0.90 ) compared to 
observed CRU. The precipitation is well reproduced regard-
ing the observed CRU. The model was able to capture the 
spatial gradient of precipitation over the study area, with 
well-located maxima (maximum around the Gulf of Guinea 
and minimum in the Sahel), with some scattering location 
of the maximum rainfall in southern of Nigeria, Guinea-
Conakry, and Liberia, and the west of Cameroun. In terms 
of amount, the bias pattern shows that RCMEAN globally 
fairly overestimates the precipitation except the southeast-
ern part of the study domain where the model displays an 
underestimation of the precipitation. From the assessment 
of the climate water balance (Fig. 2g–i), it can be seen a 
very important water deficit (negative bias) in the Savanna 
and Gulf of Guinea, which is due to the underestimation 
of precipitation, while in the Sahel, there is a surplus of 
water. However, particularly high values are recorded around 
coastal countries as Liberia, Sierra Leone, and southern 
Nigeria.

The inconsistency of the climate water balance assess-
ment between the simulated models and observed can be 
assigned to various factors. For instance, the wet (positive 
values) bias over western part of the study area indicates that 
the convective parameterization schemes at 0.44º horizontal 
resolution in RCA4 model may be too active in producing 
precipitation over this area (Abiodun et al. 2018), while the 
dry (negative values) bias over the eastern part of the study 
area suggests that the convective parameterization schemes 
are not fully resolved over the eastern area, producing less 
moisture available for inland rainfall. It can also be due to 
the density of the weather stations available over the area 
(both Eastern and Western) for the observed data estima-
tion. The method of calculating PET can also be a factor of 
the disparity. Abiodun et al. (2018) assessed the uncertainty 
of PET estimation with Hargreaves and Penman methods 
and found that its uncertainty contributes to the CWB’s 
divergence.

The annual cycle of precipitation presented in Fig. 3 
lies within the model ensemble spread in all the sub-zones, 
and the ensemble mean closely follows the observed curve. 
In the Gulf of Guinea, RCMEAN and CRU indicate two 
rainy seasons, while the Savannah and Sahel have shown a 
single-mode diet with a dry season (dry winter) and a sin-
gle rainy season (wet summer). These observations reflect 
the seasonal fluctuations (oscillation) of the ITD over West 
Africa. The average value of precipitation over the Gulf of 
Guinea and Savanna is increasing from the second part of 
May up to a peak (180 mm month−1 for the Gulf of Guinea 
and 230 mm month−1 for the Savanna) in August when the 
ITCZ reached its most northerly position (second quasi-
stable position) about 10ºN. The average rainfall value in 
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(a)

(d)

(g)

(b)

(e)

(h)

(c)

(f)

(i)

Fig. 2  Spatial distribution of climate variables for CORDEX RCA4 
models ensemble (RCMEAN) and CRU over West Africa for the 
historical period (1971–2000). The climate variables are: precipi-
tation (PRE, mm  month−1), the potential evapotranspiration (PET, 
mm  month−1), and the climate water balance (CWB = PRE-PET, 

mm  month−1). r is the correlation between the observed CRU 
and RCMEAN, and the bias is the difference between them (bias: 
RCMEAN-CRU). The asterisks (*) explain the correlation which is 
statistically significant at 99% of confidence level

Fig. 3  Annual cycle of the climate variables (precipitation (PRE : 
mm month−1), potential evapotranspiration (PET : mm month−1), and 
the climate water balance (CWB = PRE-PET, mm  month−1)) over 
the three main zones of the study area (Gulf of Guinea, Savanna and 

Sahel). RCMEAN represents the ensemble mean (solid line) of simu-
lated model, and ENS.SPRD is the spread of CORDEX-RCA4 simu-
lations. The dashed line presents the CRU variable
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the Sahel also peaked in August, but showed a later increase 
(July) compared to other regions. The driest period is from 
October to March in the Gulf of Guinea and from October to 
May for the Savanna, where the PET increases till reaching 
its maximum value. It can also be noticed that during the 
rainy season the PET value dropped to its minimum value. 
The observed value does not lie within the model spread but 
follows the model’s curve and underestimates the simula-
tions over the Gulf of Guinea and Savanna. The Sahel is 
dry for the whole year because the CWB is negative for the 
historical period. The PET here agreed well by lying within 
the models and follows the curve of simulations.

According to the good agreement of the models with 
respect to the observed (Figs. 2, 3), the evaluation of the 
spatial pattern to detect potential drought and flooding 
areas is performed using the SPEI for various scales to 
focus on different types of droughts. The SPEI1 is used to 
characterize the meteorological drought, while the couple 
(SPEI3, SPEI6) and (SPEI9, SPEI12) are referred to agri-
cultural and hydrological droughts, respectively. Figure 4 
shows that RCMEAN reproduces the patterns in phase 
opposition (with negative correlation). This opposite per-
formance may be due to various factors. It can be related 
to the temporal gridded average for each model and the 

(d)

(a)

(g)

(j)

(m)

(e)

(b)

(h)

(k)

(n)

(f)

(c)

(i)

(l)

(o)

Fig. 4  Standardized Precipitation Evapotranspiration Index (SPEI) 
over West Africa for historical period for various drought types 
(SPEI1: meteorological drought, SPEI3 and SPEI6 : agricultural 
drought, SPEI9 and SPEI12: hydrological drought). RCMEAN is the 

ensemble mean of CORDEX-RCA4 models, CRU is the observed 
dataset, and BIAS = RCMEAN-CRU is the difference between the 
model ensemble mean and the observed; r is the correlation between 
the observed CRU and RCMEAN
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ensemble mean of models. However, it has to be kept 
in mind that on a grid, the SPEI has either negative or 
positive values and its averaging could be the reason for 
the misrepresentation of both model ensemble mean and 
observed. It can also be mentioned based on Fig. 4 that 
the more the SPEI scale increases, the more the model 
improves its reproducibility with the observed pattern. 
Another factor can be the potential large discrepancy 
among the simulated patterns.

3.2  Assessment of the Extreme and Severe Dry 
Events for Historical Period

To explain the misrepresentation of ensemble mean SPEI 
pattern with respect to CRU (Fig. 4), the computation of 
the magnitude of drought frequency is undertaken. Fig-
ures 5 and 6 show, respectively, the frequency of extreme 
(SPEI < − 2) and severe (− 2 < SPEI < − 1.5) droughts in 
West Africa for the historical period for both the observed 
and the RCMEAN. The performance of the model in simu-
lating drought intensity and frequency over the study area 

(d)

(a)

(g)

(j)

(m)

(e)

(b)

(h)

(k)

(n)

(f)

(c)

(i)

(l)

(o)

Fig. 5  Frequency of the extreme dry over West Africa for various 
drought types (SPEI1: meteorological drought, SPEI3 and SPEI6: 
agricultural drought, SPEI9 and SPEI12: hydrological drought). 
RCMEAN is the ensemble mean of CORDEX-RCA4 models, CRU 

is the observed dataset, and BIAS = RCMEAN-CRU is the difference 
between the model ensemble mean and the observed; r is the correla-
tion between the observed CRU and RCMEAN
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depends on the scale of which the SPEI is computed. The 
model reproduces the extreme and severe droughts for 
each type of drought with positive correlation. The agree-
ment of the model decreases when the scale of the SPEI 
increases (pointing out with the correlation r computed 
between the RCMEAN and CRU), which means that the 
RCMEAN captures the meteorological and agricultural 
extreme and severe droughts better than the hydrologi-
cal extreme drought. However, the ensemble mean at the 
scale of meteorological and agricultural droughts over-
estimate the frequency of extreme drought events up to 2 
events per decade at the northwestern part and the Gulf of 
Guinea. The underestimation of the frequency of extreme 
drought lies in the Gulf of Guinea for both agricultural 

and hydrological drought events. Nevertheless, the models 
do capture well the magnitude of hydrological extreme 
drought over Nigeria, Benin, south of Ghana, and north-
ern part of Niger with a bias close to zero. According to 
the model, the high values of the frequency in extreme 
drought are located at the Gulf of Guinea, the Sahel, and 
the eastern part of the study area including Chad and the 
north of Nigeria for the agriculture drought. Conversely, 
the model records the low value of the frequency of agri-
cultural extreme drought in Niger, Ghana, Cote d’Ivoire 
Guinea, and Cameroon. It shows that the frequency of 
severe drought is from 4 to 8 events per decade, while for 
the observed this frequency is between 2 and 12 events per 
decade. Globally at the scale of meteorological drought, 

(d)

(a)

(g)

(j)

(m)

(e)

(b)

(h)

(k)

(n)

(f)

(c)

(i)

(l)

(o)

Fig. 6  Same as Fig. 5 but for severe dry events
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there is an overestimation of the frequency of severe 
drought except for countries as Mauritania, Mali, and 
Cameroon, which present an underestimation of 2 events 
per decade in response to the frequency to CRU. The 
model at the agricultural scale underestimates the severe 
drought over Chad, northern Nigeria, southern or Benin, 
Niger, and Mauritania up to 4 events per decade. The 
model fails to reproduce the hydrological severe drought; 
it widely underestimates the frequency of severe drought 
in Niger, Mali, Mauritania Nigeria, Chad, Benin, southern 
Ghana, and Cote d’Ivoire. The highest value for its mis-
representation is over northeastern Nigeria (a part of Lake 
Chad) and Mauritania, and northern of Chad where the 
model evaluates the magnitude of the hydrological severe 
drought about 7 events per decade against 12 events per 
decade according to the observation. The model for all 
types of severe drought overestimates the magnitude over 
Senegal, Mauritania, eastern of Mali, and the northern 

part of Niger, Cote d’Ivoire, and Ghana up to 4 events 
per decade.

3.3  Assessment of the Projection of Extreme 
and Severe Dry Events

Figures 7 and 8 present the variability of extreme and severe 
dry events, respectively, under different GWLs and various 
drought types. Figure 7 indicates that more than 80% of 
RCA4 models under the GWL1.5 °C show that West Africa 
experiences a northward increasing trend of extreme dry 
events (i.e., there is an increase in the frequency of extreme 
drought events compared to the historical period from the 
south to the northern part) which is materialized with the 
black cross (+). Conversely, for the GWL1.5 °C a south-
ward decreasing trend of severe drought is recorded (proved 
with the horizontal black stripe in Fig. 8), and the frequency 
of the event increases from the meteorological drought to 
hydrological drought. In terms of frequency, over the Sahel, 

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)

(m) (n) (o)

(q) (r) (s) (t)

(p)

Fig. 7  Frequency of the extreme dry over West Africa for various 
drought types (SPEI1: meteorological drought, SPEI3 and SPEI6: 
agricultural drought, SPEI9 and SPEI12: hydrological drought) at dif-
ferent GWLs during the projection periods. The horizontal stripe (−) 

indicates that more than 80% of the models agree with a decreasing 
trend of extreme dry events, while the cross (+) shows that at least 
80% of the models agree with an increasing trend of extreme dry 
events
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the extreme dry weather frequency is above of 4 events per 
decade and about 3 events per decade in the Savanna. In 
the Gulf of Guinea, this frequency is about 2 events per 
decade. In the meteorological drought for the other GWLs 
(2.0 °C, 2.5, and 3.0 °C), the Gulf of Guinea and Savannah 
experienced an increase in extreme drought trends with a 
frequency of about 2 events per decade, while over Sahel and 
Savanna more than 80% of the models show a downtrend 
of the extreme dry event for agricultural and hydrological 
droughts. This decrease extends also to the Gulf of Guinea 
for the SPEI9 under GWL2.5. Only some coastal countries 
such as Ghana, Cote d’Ivoire, and Cameroon experience 
an increase in the extreme dry events during the projected 
periods. Globally, the frequency of the extreme drought is 
between 1 and 2 events per decade for the GWLs 2.0 °C, 
2.5 °C, and 3.0 °C. However, it is projected a uniform pat-
tern of extreme drought events over West Africa according 
to the RCA4 models.

In summary, under the interested GWLs used in this 
study, much variability has been noticed with the reference 
period. The ensemble mean of models shows either important 

extreme or severe dry events. Globally, under the GWL1.5 for 
all drought types studied, a recurrent increase in extreme dry 
events is noticed, particularly the Gulf of Guinea and Savanna 
for both events experienced an increasing trend, while the 
Sahel illustrates an increase in only extreme dry events. For 
the GWL 2.0, 2.5, and 3.0, at agricultural and hydrological 
drought scales, a high important decrease in the extremely dry 
events is perceived over the Savanna and the Sahel particularly 
around countries as Niger, Mali, Burkina Faso, Benin, and 
Nigeria. The coastal countries detect an increase in extremely 
dry events, while the southeastern area notes an increase in the 
extremely dry events. To figure out the causes of these various 
drought events recorded, an analysis on the concentration of 
the precipitation according to the simulations of CORDEX-
RCA4 is undertaken.

3.4  Annual Variability of the Precipitation 
Concentration Index

The annual scale of the PCI calculated in this study varies 
generally across the study area from values greater or equal 

(a) (b) (c) (d)

(e) (f) (g) (h)

(i) (j) (k) (l)
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Fig. 8  Same as Fig. 7 but for severe dry events
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to 10, to higher than 20; according to Oliver’s (1980) clas-
sification, this denotes a seasonal rainfall regime. Figure 9 
presents the variability of PCI on annual, rainy season (wet 
season), and dry season periods over West Africa for the 
GWLs 2.0 °C and 3.0 °C. The display of PCI of GWLs 
1.5 °C and 2.5 °C (not shown) is similar to the analysis of 
GWLs 2.0 °C and 3.0 °C. From Fig. 9a–c, the lower values 
recorded during the historical period (here called the con-
trol period or CTL) are between 10 and 13 on the Gulf of 
Guinea, thus illustrating a moderate precipitation concen-
tration over this area. The seasonality is more pronounced 
in the transition area (the Savanna) with a PCI between 17 
and 18, which shows how the precipitation concentration 
is irregularly distributed; lastly, the Sahel area has a high 
precipitation concentration (PCI>20), which means that the 
precipitation is strongly and irregularly distributed.

For the different GWLs studied, it is noticed that, for the 
Gulf of Guinea and the Savanna, an irregular precipitation 
concentration exists, except for some countries (Liberia and 
Côte d’Ivoire), which have a low precipitation concentration, 
while a strong irregular precipitation distribution is observed 
in the Sahel.

3.5  Seasonal Variability of the Precipitation 
Concentration Index

The PCI calculated for the seasonal scale shows complex 
spatial patterns of precipitation distribution in the area of 

study. Thus, Fig. 9d–f illustrates the uniform precipita-
tion concentration (i.e., PCI values below 10, Oliver 1980) 
across the Gulf of Guinea and the Savanna. For the speci-
fied GWLs, the average of the uniform precipitation distri-
bution extends toward the Sahel. The northern part of the 
study area records an irregular precipitation concentration 
(16 ≤ PCI ≤ 20) during the wet season.

Figure 9 (g–i: PCI for the dry season) shows that, during 
this period of the year selected, an irregular precipitation 
concentration is only observed over the Gulf of Guinea. All 
the other areas, such as the Savanna and the Sahel, have a 
strong irregular precipitation concentration, which means 
that the total precipitation occurs within 1 or 2 months.

The results from Fig. 9 (concerning the annual and sea-
sonal evaluation) confirm that the precipitation in West 
Africa is uniformly distributed during rainy season in the 
Gulf of Guinea and the Savanna. Despite the global warming 
effect for all levels, this precipitation concentration does not 
change; on the contrary, it extends toward the Sahel. In gen-
eral, the highest values of PCI are recorded over the Sahel, 
whereas the lowest occur over the Gulf of Guinea.

3.6  Variability of the Precipitation Concentration 
Degree and the Precipitation Concentration 
Period

Figure 10 displays the PCP and PCD. Figure 10a–c illus-
trates that the range of PCPs across West African region 

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

Fig. 9  Variability of PCI at annual and seasonal scales for the historical period (CTL: 1971–2000) and for projections of GWLs 2.0  °C and 
3.0 °C
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for the present or future study periods is around 7 ± 2. This 
means that the yearly mean PCP on West Africa is from 
June to September, a period of rainfall production governed 
by the West African Monsoon (WAM). The highest value 
for the historical period (1971–2000, also referred to as the 
control period) is recorded over the northwestern part of 
West Africa, while for the projections, this value is located 
over the Sahel. The result confirms that the rainy season 
arrives earlier in the southern areas, followed by the transi-
tion area (the Savanna), before reaching the Sahel. The mean 
yearly PCDs (Fig. 10d–f) vary from 0.17 to 0.90, denot-
ing the high variability of the precipitation concentration 
over West Africa. During the present period (Fig. 10d), the 
PCD values increase, suggesting the existence of a gradi-
ent across the Gulf of Guinea and Sahel. The lower values 
(0.17–0.60) are recorded over the Gulf of Guinea and the 
highest (> 0.80) in the Sahel. This gradient explains that 
precipitation is concentrated in fewer months over the Sahel 
than over the coastal areas. The same gradient dynamics is 
observed in the case of future projections, although the PCD 
values are reduced, compared to the historical period. The 
lower values here are between 0.17 and 0.50, and the higher 
values are between 0.5 and 0.6. For the future period, the 
precipitation concentration decreases, and the Savanna and 
Sahel have the same precipitation distribution. Furthermore, 
the GWLs indicate that the rainy season will start earlier 
than in the present (historical period). The highest concen-
tration period for the Gulf of Guinea and the Savanna will 
be from May to July, while the concentration over the Sahel 
will be highest in August.

3.7  Daily Variability of Precipitation

Figure 11 presents the variations between the projection of 
each GWL and the present period. Higher values of CDD 

are observed in the northern part of the study area, while 
higher CWD values occur in the coastal areas. Compar-
ing the patterns of Figs. 11a–d, i–l, it can be seen that the 
CDD decreases about 10 ± 5 days over the northeastern 
part of the study domain, both annually and during the 
rainy season. In the northern part, a significant variability 
of dry days occurs within the rainy season (for instance, a 
reduction over the northeastern area and an increase over 
the northwestern area), which means that the northeast-
ern of the study domain is wetter under GWLs and the 
northwestern area is drier. The Gulf of Guinea has a very 
slight variability in respect of CDD for all GWLs studied, 
at both annual and rainy season scales. The projections of 
the GWLs 1.5 °C, 2.0 °C, 2.5 °C show essentially the same 
variability in the annual CDD, while the GWL 3.0 °C 
(Fig. 11i) shows a significant increase in the annual CDD. 
The CDD is projected to increase for 4–5 days over the 
Gulf of Guinea; in Mauritania and Senegal, the increase 
is projected to be 10 ± 2 days. Niger and Chad (which are 
characterized by a dry northeasterly flow crossing the 
Sahara desert) are projected to record a reduction of CDD 
with a range of 12 ± 2 days. This agrees with the results of 
Klutse et al. (2018), who illustrated a decrease for GWLs 
1.5 °C and 2.0 °C, in terms of the number of CDD in West 
Africa during the rainy season, and the results of Sultan 
and Gaetani (2016), who reported a reduction in the num-
ber of dry days over central Africa.

In general, the CWD does not appear to record as 
many variations as was the case with the CDD. It varies 
slightly with 0 ± 3 days. Nonetheless, high and important 
variations can be noticed at several specific points. Fig-
ure 11e–h shows that CWD is projected to decrease by 
10 ± 2 over the southern parts of Benin and Nigeria. A 
small increase in CWD of up to 2 days is also likely to be 
recorded over the Sahel.

(a) (b) (c)

(d) (e) (f)

Fig. 10  Spatial distribution of yearly mean PCD and PCP for the historical period (CTL: 1971–2000) and at projections of GWLs 2.0 °C and 
3.0 °C
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4  Summary and Conclusion

West Africa is known to be particularly vulnerable to cli-
mate change due to high climate variability, high reliance on 
rain-fed agriculture, and limited economic and institutional 
capacity to respond to climate variability and change. In 
this context, better knowledge of how climate will change 
in West Africa, and how such changes will impact extreme 
climate events such as drought constituted the purposes of 
this study. The spatial distribution of SPEI values exam-
ined showed that during the historical period the Sahel and 
Savanna experimented extreme and severe droughts, specifi-
cally during years 1971–1974, 1977–1980, 1987–1989, 1994 
and 1995, confirming the results from Masih et al. (2014), 
where it explained that droughts which occurred in Sahel 
and Savanna in 1972–1973, 1983–1984, and 1991–1992 
were most intense and widespread. The results are also in 
agreement with the investigation on drought in West Africa 
by Hulme et al. (2001), Nicholson (2005), Van De Giesen 
et al. (2010), Kasei et al. (2010), Oguntunde et al. (2017a, 
b), and Diasso and Abiodun (2015). Under the RCP8.5 sce-
nario, the Gulf of Guinea could be the wettest area, espe-
cially the coastal countries that signed with negative values 
of SPEI. A reduction of the driest episodes under GWLs 
was also found, particularly in the areas covering latitude 
12ºN–16ºN, while an increase in extreme droughts for the 
coastal part of Liberia and Cameroon, Mali, Burkina Faso, 
Niger, Ivory Coast, Benin, Nigeria, and Chad is noticed. 
The relevant uncertainty shown in Figs. 2, 4, 5, and 6 of the 
model in response to the observed may be due to the bias in 
both GCMs and RCMs simulations (Abiodun et al. 2018). 
More focusing on the reduction of this bias may enhance 
the application of the results. In this study, to mitigate the 

effect of this bias for the applicability of the results, other 
indices such as PCI, PCP, and PCD were involved to explore 
the spatial distribution of precipitation, in order to reinforce 
the analyses from the SPEI’s variabilities. The findings 
obtained with regard to the PCI illustrated that the main 
rainfall activity period over West Africa was between May 
and September. During the historical period, rainfall was 
uniformly well distributed over the Gulf of Guinea and the 
Savanna, while in the Sahel a more moderate and irregu-
lar precipitation concentration was recorded. Under all the 
GWLs (i.e., 1.5 °C, 2.0 °C, 2.5 °C and 3.0 °C), the moder-
ate and irregular precipitation concentration was projected 
to reduce making appear more uniform distribution, except 
over the northeastern areas (Niger and Chad), which became 
the least dry according to all four GWLs. To obtain further 
detail about the period of the concentration of rainfall in 
West Africa, the PCP variable was calculated. It showed 
that the precipitation concentration increased gradually from 
the Gulf of Guinea to the Sahel, thus showing the exist-
ence of a south–north gradient. During the historical period 
(1971–2000), the highest rainfall concentration occurred in 
July–August over the Gulf of Guinea and the Savanna, while 
it was highest during September over the Sahel. The rainfall 
was found to be more concentrated in June–July over the 
Gulf of Guinea and the Savanna, and during August for the 
Sahel. In general, the degree of the concentration seemed to 
be more important in the Savanna–Sahel (with high values 
of PCD), due to the WAM system, which is led by the back-
and-forth movement of the ITD between south and north.
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