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Abstract9

Several tropical regions of the world, including West Africa are strong climatic hotspots where10

the increase in extreme climatic events (e.g., droughts) impacts on water resources and hydro-11

ecological systems. Even though the West African Sahel has been widely studied, reports12

on the rainfall climatology of coastal West Africa are considerably limited. Assessing the13

evolutionary changes in rainfall in this region is crucial to improving understanding on the14

impacts of global climate systems on rainfall variability. The main aim of this study is to15

assess the impact of climate change on the characteristics (mean annual, wettest month, driest16

month, and mean monthly) of coastal West African rainfall using General Circulation Model17

and two representative concentration pathways (RCP 4.5 and RCP 8.5 emission scenarios).18

Climate teleconnection induced rainfall is quantified using the partial least squares regression,19

and the dominant patterns of rainfall variability in the region are also assessed. The results20

indicate that areas along the coast with leading modes of rainfall variability and characterized21

by bimodal rainfall patterns are projected to receive highest rainfall in the mid and end of the22

century. However, inland areas are expected to receive low rainfall under the influence of both23

emission scenarios. An exception to this is the inland middle belt in Nigeria, which is projected24

to receive more rainfall than its surrounding areas. These results imply an intensification of25

the water cycle along the coastal region that could lead to increasing propensity of flood and26

drought events. Finally, Togo, Côte d’Ivoire, southern Ghana, Benin are hotspots in coastal27

West Africa where climate teleconnection patterns induce changes in rainfall.28
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1. Introduction31

One important aspect of the hydrological cycle that shows an increasing acceleration due to32

climate change is precipitation. As the global temperature warms, the water cycle accelerates,33

resulting in substantial changes in the spatial and temporal patterns of precipitation and also34

in the duration and intensity of extreme events (e.g., droughts, storms, and floods). In several35

tropical regions of the world, the increase in extreme weather events has implications (e.g.,36

loss of biodiversity, increased risk of flood, soil erosion, etc.) that will affect the sustainability37

of water resources, hydrological systems, human health, management of storm runoff, and38

agriculture (Usman et al., 2021a,b; Ballo et al., 2021; Huntington, 2006; Ojo et al., 2004; Gleick,39

1989). Multiple lines of evidence from considerable case studies (Hua et al., 2016; Diatta and40

Fink, 2014; Paeth et al., 2012; Bader and Latif, 2011; Joly and Voldoire, 2010; Losada et al.,41

2010; Ali and Lebel, 2009; Boone et al., 2009; Giannini et al., 2008; Reason and Rouault,42

2006; Nicholson and Grist, 2001) have shown West Africa’s continued increased propensity43

towards extreme climatic conditions. The aforementioned studies indicate that changes in44

climate through perturbations of the tropical oceans, mesoscale convective systems, indices of45

climate variability (ENSO) and the West African monsoon, impact strongly on precipitation46

patterns.47

The West African Sahel has been the focused of most climatological studies (Mohino et al.,48

2011; Nicholson and Palao, 1993; Nicholson, 2013). However, in the Guinea Coast regions of49

West Africa only few studies on the characteristics, structure and nature of rainfall variability50

have actually been reported (Ahokpossi, 2018; Nguyen et al., 2011). For instance, rainfall51

variability in different seasons as observed in the Republic of Benin are driven by multiple52

climate variability indices , including the southern oscillation index, Nino 3, Pacific Decadal53

Oscillation (PDO), Indian Ocean Dipole, among others (Ahokpossi, 2018). The equatorial54

Atlantic Ocean and other atmospheric processes contribute to driving moisture convergence55

along the Guinea Coast region. As recently confirmed by Zhang et al. (2021), the Atlantic56

multidecadal oscillation modify the rainfall structure in the Gulf of Guinea through influence57

on the Sahara heat low. Rainfall in West Africa is highly variable and unpredictable because58

of the complex physical phenomena that control the West African Monsoon, including strong59

land–atmosphere interactions and the influence from the surrounding oceans (Ahokpossi, 2018;60

Nicholson, 2013; Mohino et al., 2011; Janicot, 1992b; Nicholson and Selato, 2000). In the last61

few decades, large fluctuations in seasonal monsoon rainfall across a broad range of temporal62

and spatial scales in West Africa have been observed. In the coastal areas, much of these63
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variations in rainfall rates are driven by the perturbations of the nearby oceans through en-64

hanced northward moisture flux in the lower troposphere (Druyan and Fulakeza, 2015). The65

study by Nguyen et al. (2011) on coastal West African rainfall had previously linked sea sur-66

face temperature (SST) changes to observed variability in the springtime rainfall onset at the67

Guinean coast, re-affirming the vulnerability of this region to the influence of changes in the68

global climate system.69

Given the nature of variability in the West African rainfall, Fall et al. (2006) argued70

that the traditional indices used by policy makers and end users to assess rainfall variability71

over the entire Sahel-Sudan region will be unsuitable in some coastal West African countries72

where considerable amplitudes in annual rainfall is dominated by a north-south gradient. A73

broad scale holistic assessment of spatio-temporal patterns of rainfall variability in this coastal74

region is thus crucial. The Guinea coast region (coastal West Africa) is strategic to global75

climatology as it contains large forest and mangroves that could contribute to regulating fluxes76

and the mechanisms that drive precipitation through global ocean-atmosphere interactions.77

Understanding rainfall variability over the coastal West African countries could to a large78

extent enhance and further promote investigations into the dynamics of climate teleconnections79

and the influence of tropical ocean on climate variability in the region (Giannini et al., 2003,80

2013; Barbe et al., 2002). In particular, they provide opportunity to improve understanding of81

monsoon predictability, and reassess impact of human-induced climate change on monsoonal82

systems across the world.83

Considering country-specific analysis of rainfall, for example, the 1950s were classified as84

the wettest in Nigeria as well as several other Sahelian countries. While this was followed by85

a drier climate between 1970 and 1990, the 1980s were relatively the driest periods in the last86

century (e.g., Oguntunde et al., 2011). A somewhat similar transition and variability in rainfall87

across three different climatic zones of Nigeria between 1910 − 1999 have been confirmed by88

Ogungbenro and Morakinyo (2014). These observed variabilities in West African rainfall (e.g.,89

Sanogo et al., 2015) and the West African climate in general have been linked to the West90

African Monsoon (WAM) system, a significant element of the regional climate that brings91

about 70% of the annual rainfall (Sultan and Gaetani, 2016; Janicot, 1992a). Apart from92

the WAM system, SST forcings, and land surface conditions, quasi-periodic phenomena (e.g.,93

ENSO, sunspot activity, Quasi-Biennial Oscillation, etc.), and other low frequency global ocean94

signals play key roles in the strong inter-annual and multi-decadal variability of West African95

rainfall, be it in the Sahel or the Guinea Coast region (Diatta and Fink, 2014; Martin and96
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Thorncroft, 2014; Nicholson, 2013; Nguyen et al., 2011; Oguntunde et al., 2011).97

This study therefore aims to assess the impact of climate change on the variability of98

coastal West African rainfall using General Circulation Model and two representative concen-99

tration pathways (RCP 4.5 and RCP 8.5 emission scenarios). The trends and dominant spatio-100

temporal patterns of rainfall variability in the region is assessed using multivariate statistics.101

Climate teleconnection induced rainfall are quantified using the partial least squares regression102

(Lewis-Beck et al., 2003; Wold et al., 2001). Providing further discussions on changes in annual103

and intra-annual variability of rainfall in the entire region will enhance studies of atmospheric104

circulations in the region and also promote one of the core objectives of the African Monsoon105

Multidisciplinary Analysis (AMMA) project (Redelsperger and Lebel, 2009), which is to im-106

prove our understanding of the West African Monsoon (WAM) and its influence on the region.107

Essentially, given the strong inter-annual variability of rainfall, persistent susceptibility to108

climate fluctuations, problems of insufficient data and uncertainty in data sets (Paeth et al.,109

2012), extending the discussions on rainfall variability of West Africa therefore by focusing on110

the coastal areas, becomes critical.111

2. Materials and Method112

2.1. Precipitation113

The Climatic Research Unit precipitation dataset (CRU, Harris et al., 2014) was used114

in this study to assess spatio-temporal changes in rainfall and the influence of climate tele-115

connection on its distribution. The monthly CRU data is available on a high-resolution116

(0.5 x 0.5 degree) grids and covers the period 1901 − 2016. This data is more suitable for117

Africa and consistent with other observational rainfall data like the Global Precipitation118

Climatology Centre (GPCC) product. This data is available online for download https:119

//catalogue.ceda.ac.uk/uuid/7ad889f2cc1647efba7e6a356098e4f3.120

2.2. Sea surface temperature products and climate oscillations121

The sea surface temperature (SST) products used in this study are those of the At-122

lantic ocean (North Tropical Atlantic-NTA, East Tropical Atlantic-ETA, and South Tropical123

Atlantic-STA) and the Pacific. These products are normalised monthly means. Specifically,124

they include Ninos 1+2 (0-10S, 90W-80W), 3.0 (5N-5S, 150W-90W), 3.4 (5N-5S, 170W-120W)125

and 4.0 (5N-5S, 160E-150W). These are freely available in National Oceanic and Atmospheric126

Administration’s (NOAA) data portal (https://www.esrl.noaa.gov/psd/forecasts/sstlim/127
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atlanticindices.html). The ENSO (El-Ni˜no Southern Oscillation) data used in this study128

describes the presence of abnormally warm (El-Ni˜no) and cold (La-Ni˜na) sea surface tem-129

perature anomalies in the eastern Pacific. The ENSO and Pacific Decal Oscillation (PDO)130

time series used in this study can be found in these data portals (http://www.esrl.noaa.131

gov/psd/enso/mei/ and https://www.ncdc.noaa.gov/teleconnections/pdo/). The PDO132

is a long-lived El-Ni˜no-like pattern of Pacific climate variability. It is an irregular oscillation133

characterised by low-frequency variability and are important for prospective future climate134

outlook. We chose the aforementioned SST products and climate variability indices to capture135

the influence of nearby tropical oceans on rainfall anomalies over the Guinea Coast region.136

2.3. Future climate projections data137

Future climate projections data of AFRICLIM was used in this study. AFRICLIM pro-138

vides high-resolution climate projections for ecological applications in regions of Africa. A139

General Circulation Model (GCM) CCCma-CanESM2 developed by the Canadian Centre of140

Climate Modelling and Analysis and two Representative Concentration Pathways (RCP 4.5141

emission scenario and RCP 8.5 emission scenario) were dynamically downscaled by the Swedish142

Meteorological and Hydrological Institute SMHI-RCA4 Regional Climate Model (RCM). Dy-143

namically downscaled outputs were provided at a resolution of 50 km (0.44° * 0.44°). Further,144

change factor method (Tabor and Williams, 2010) was used to debias (correction of difference145

between observed and simulated climate baselines) these projections using a high resolution146

baseline from WorldClim (Hijmans et al., 2005), resulting in a more fine resolution of 9 km147

under the name AFRICLIM data produced by (Platts et al., 2015). For a detailed description148

of AFRICLIM data, interested readers are referred to the literature (Platts et al., 2015). The149

RCP 4.5 is also known as stabilization scenario and RCP 8.5 is known as high baseline emis-150

sion scenario (van Vuuren et al., 2011). These scenarios represent the future of anthropogenic151

greenhouse gas emission and their resultant radiative forcing (amount of extra heat that lower152

atmosphere will preserve as a result of additional greenhouse gases) i.e. 4.5 W/m2 in the RCP153

4.5 and 8.5 W/m2 in the RCP 8.5. These RCPs are used in climate modelling community for154

credible exploration of future options.155

2.4. Rainfall variability156

The rotated principal component analysis (RPCA, Jolliffe, 2002) was used in this study157

to characterize the variability of Guine Coast rainfall in time and space. First, the Bartlett’s158
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test statistics (Snedecor and Cochran, 1989) was employed to identify the statistically signif-159

icant orthogonal modes of variability from the precipitation grids Pi,j using a singular value160

decomposition (SVD) scheme. Second, these modes were then statistically rotated through161

the implementation of varimax rotation scheme (e.g., Jolliffe, 1995; Forina et al., 1989; Kaiser,162

1958). The varimax rotation provides an improved spatially explicit and well localised spatial163

patterns as opposed to the derived spatial loadings from the SVD scheme. The spatial (rotated164

empirical orthogonal function (REOF) outputs from the varimax scheme are normalised using165

the standard deviation of their corresponding rotated principal components (RPC) series while166

the latter is standardised using its standard deviation (e.g., Agutu et al., 2017). The varimax167

decomposition is given as;168

PRainfall = AET , (1)

where A contains the RPCs and ET the unit-norm eigenvectors (REOFs) in an order that169

corresponds to the eigenvalues. Furthermore, the trends in this study were estimated using170

the Sen’s slope (Sen, 1968) estimator since it is robust and resistant to outliers. Sen slope (Si)171

is the median overall values of the whole data and is estimated as172

Sk = Median(Pj − Pi

j − i
), for (1 ≤ i < j ≤ n), (2)

where Pj and Pi represents data values at time j and i (j > i), respectively while n is the173

number of data. The slope can be positive indicating increasing trend or negative, indicating174

decreasing trend.175

2.5. Partial least square and multiple linear regression models176

The partial least squares regression (PLSR) model is a double barrel multivariate tool as it177

combines features from PCA and MLRA. As opposed to these multivariate techniques, PLSR is178

a better choice for analysing high-dimensional data because of its robustness and adaptability179

(e.g., Chen et al., 2018; de Jong, 1993). PLSR looks for latent vectors, which performs a180

simultaneous decomposition of independent variable, X and response variable Y (e.g., Lewis-181

Beck et al., 2003; Wold et al., 2001). These PLSR components are so determined to maximize182

the covariance between the two variables whilst complying with certain orthogonality and183

normalization constraints (de Jong, 1993). After the multivariate calibration where leading184

PLS components are selected for modelling of dominant rainfall patterns based on climate185

modes, the PLSR relation between the predictor data matrix (XSST ) and response variable186

(YRainfall) was then formulated as187

Y = Xβ + ζ, (3)
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where β is the PLSR coefficients and ζ is the residual matrix. Rainfall variability in coastal188

West Africa remains very strong and complex owing to the impact of climate variability in-189

dices, atmospheric circulation features and complex topography, which perhaps could lead to190

orographically-induced rainfall. In order to understand the complex nature of rainfall patterns191

and the different phenomena inherent in climate signal at different spatial and temporal scales,192

the need for filtering the data sets to get rid of dominant signals becomes essential. To this end,193

multi-linear regression (MLR) model is therefore employed to deseasonalize rainfall over the194

GC region through the parameterizations of harmonic components (annual and semi-annual195

amplitudes) and trends as reported in previous studies (e.g., Ndehedehe et al., 2017; Rieser196

et al., 2010),197

yi,j(t) = ξ0 + ξ1t+

imax∑
i

(ξ2i cos(iωt) + ξ2i+1 sin(iωt)) + ε(t), (4)

where the least square-estimated coefficients, ξ0 is an offset, ξ1, linear trend and ξ2i and ξ2i+1198

represent the periodic components in the data. The annual amplitude of the data is captured199

when the period T of the angular frequency ω = 2π
T is 12 months with the coefficients, ξ2200

and ξ3 along with their corresponding trigonometric base functions (i.e., cos(ωt) and sin(ωt))201

representing the annual amplitude. The coefficients, ξ4 and ξ5 represent the semi-annual202

amplitude while ε is the error term. To quantify rainfall induced by SST products (ENSO,203

PDO, Nino 3.4, etc.), a least square fit was applied to the detrended deseasonalised rainfall204

data assumed to be the contributions of SST products and climate modes. The influence of205

these products on rainfall was thereafter assessed by comparing the amplitudes of rainfall with206

those of SST-induced rainfall.207

3. Results208

3.1. Rainfall variability in coastal West Africa (1980-2016)209

From the Bartlett’s test statistics, the varimax rotation of GPCC-based rainfall resulted in210

four principal hydrological regions. These regions were classified based on the leading spatio-211

temporal modes of rainfall and provide a summary of freshwater availability over coastal West212

Africa. The south-west and extreme southern regions are characterized by strong annual213

amplitudes of rainfall while rainfall in central West Africa and Nigeria are dominated by214

multi-annual variations (REOFs 1-4, Fig. 1). The spatial patterns of rainfall in the first mode215

(REOF-1, Fig. 1) show that water availability is considerably high in the south-west countries216

of coastal West African countries. The strong spatio-temporal variability in extreme south and217
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Figure 1: Rainfall variability over the Guinea coast countries of West Africa during the 1980 − 2016 period

based on varimax rotation of the leading orthogonal modes. The REOFs (top panel) are spatial patterns of

precipitation (mm) while the corresponding RPC (bottom panel) are temporal variations, normalised using

their standard deviation.

central West Africa are also evidence of favourable hydrology in the region (REOFs 2-4, Fig. 1).218

The rainfall structure in Guinea Coast regions of West Africa indicate considerable annual219

and multi-annual (or bimodal) temporal patterns, in addition to high spatial variability. As220

opposed to the hydrological regions on the west coast with strong annual variations in rainfall221

(REOFs 1-2, Fig. 1), the coastal countries with strong bimodal rainfall patterns are located222

towards the east coast of West Africa (REOFs 3-4, Fig. 1).223

Apart from significant spatio-temporal variability, rainfall in the coastal regions of West224

Africa has shown some changes in the last 36 years (Fig. 2). For the entire period (1980−2016),225

positive trends are more pronounced in Sierra Leone compared to other regions (Fig. 2a). How-226

ever, a 10-year trend analysis of rainfall show considerable changes in its spatial distribution.227

Notable declines (approximately 40 mm/yr) in rainfall are observed in Guinea and Nigeria228

during the 1980 − 1989 (Fig. 2b). As opposed to the drying of the 1980s characterized by229

significant negative trends in rainfall, the west coast was experienced a considerable rise in230

rainfall during between 1990 and 1999 (Fig. 2c). While southern Nigeria and a couple of other231

hydrological hot spots remained wet, Cameroon and eastern Nigeria showed declines in rain-232
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Figure 2: Spatial distribution of trends (mm/yr) in annual rainfall over the Guinea coast countries for different

decadal windows (a-e).

.

Figure 3: Spatial distribution of trends (mm/yr) in maximum annual rainfall over the Guinea coast countries

for different decadal windows (a-e).

.

fall during the 2000− 2009 period (Fig. 2d). Even though the period between 2010 and 2016233

is not up to a 10-year window, the wide distribution of considerably strong negative trends234

(approximately 100 mm/yr) in the west coast and other hot spots towards the east coast of235

West African countries are indications of dangerous climatic thresholds (Fig. 2e). Moreover,236
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the trends in maximum annual rainfall show significant fluctuations in the spatial distribution237

of trends during the entire period. For example, while the entire period show negative trends238

in much of the region (Fig. 3a), the 1980s showed relatively wet conditions (Fig. 3b). The239

other periods (Fig. 3c-e) also indicate spatial patterns of trends in maximum rainfall that are240

slightly different from the results in Fig. 2. Generally, the somewhat inconsistencies in the241

spatial distribution of trends in annual and maximum annual rainfall reinforces the notion of242

strong spatial variability in the Guinea Coast rainfall. Given the multiple physical mecha-243

nisms, oceanic drivers and other low-frequency variability that are connected to slow oceanic244

and climate signals from global sea surface temperature (SST) anomaly (see, e.g., Ndehedehe245

et al., 2018; Diaz et al., 2001; Enfield and Mestas-Nuñez, 1999; Latif and Barnett, 1996), which246

contribute to changes in precipitation patterns, the spatial heterogeneity in distribution of long247

and short term trends over the region is expected.248

3.2. Influence of global climate on rainfall climatology249

The assessment of global climate influence on the rainfall of coastal West Africa was based250

on a suite of SST products (climate modes) from the Atlantic and Pacific oceans. The re-251

lationships between these climate modes and rainfall indicate some influence in a couple of252

hydrological hot spots in the region where relationships are generally modest (Fig. 4a-h). Côte253

d’Ivoire, southern regions of Ghana, Benin and Togo appear to be hot spots for STA and ETA,254

Ninos 1.2, 3.4, and 3 (Figs. 4b-d,f,g), while other climate modes tend not to be wide spread255

but indicate catchment-specific influence. For example, Nino 4 show significant relationship256

with rainfall in a couple of catchments in Guinea and southern Chad while NTA show links257

with rainfall around the middle belt in Nigeria and southern cameroon. Several regions in the258

coastal West Africa show weak association between these SST products and rainfall. Given259

that some studies have highlighted the influence of SST on West African hydro-climatology260

(e.g., Ndehedehe et al., 2018; Odekunle and Eludoyin, 2008; Fontaine and Bigot, 1993), all of261

the climate modes described in Section 2 where integrated in the PLSR scheme as predictors262

to model the temporal series of rainfall (predictands obtained from the PCA scheme) over the263

GC region. Notably, the PLSR model was formulated based on five PLSR components, which264

accounted for the most variability in the climate modes. These SST products were used as265

regression covariates in the PLSR scheme. The result confirm the linear relationship between266

rainfall and these modes (Fig. 5). The PLSR coefficients (i.e., the values of β in Eqn. 3)267

indicated Nino 3.4, Nino 1.2 and ETA were the leading climate modes with relatively stronger268

10



predictive power. The coefficients of NTA and PDO were the smallest and suggest limited269

influence on rainfall in the region. However, the temporal relationships of the predicted and270

observed rainfall appear to be still rather moderate indicating correlations of 0.49 and 0.30271

(Figs. 5a and b). Combining the outputs from the PLSR scheme (Fig. 5) with the MLR results272

(Fig. 4), it is noted that the influence of the Atlantic ocean on the coastal West African rainfall273

can be categorised as strongly moderate.

Figure 4: Distribution of spatial correlation coefficients between sea surface temperature products/climate

modes and rainfall (1980− 2016) over Guinea coast countries.
274

3.3. Characteristics of projected rainfall under the RCP 4.5 and RCP 8.5 emission scenarios275

From the analysis of rainfall during observed period (1980 − 2016), it became clear that276

high spatiotemporal variability is an associated characteristic of the rainfall in the region277

of coastal West Africa. Climate change is an undeniable phenomenon taking place all over278

the world, and this region of Africa is no exception to this change. Analysis of the rainfall279

characteristics under the influence of climate change towards the middle and end of the XXI280

century is vital to understand the nature of rainfall variability and occurrence of any hotspots.281

Different characteristics like the mean annual rainfall, rainfall wettest month, rainfall driest282

month, mean monthly rainfall were analyzed here with respect to the RCP 4.5 and RCP 8.5283
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Figure 5: Modelling the influence of SST products on localised rainfall (1980−2016) over Guinea coast countries

using SST products as inputs to a PLSR model. The spatial patterns are the regions associated with this

influence of SST products.

Figure 6: Characteristics of mean annual rainfall, rainfall wettest month, and rainfall driest month in the coastal

African region for the period for (a) RCP 4.5 2041− 2070, (b) RCP 8.5 2041− 2071, (c) RCP 4.5 2071− 2100

and (d) RCP 8.5 2071− 2100.

emission scenarios for the period (2041− 2070 and 2071− 2100). For the sake of convenience,284

the period 2041−2070 is termed as mid of century period and the period 2071−2100 is termed285

as end of century period.286

3.3.1. Mean annual rainfall287

For the mid of century period, the highest (more than 4500 mm/year) mean annual rainfall288

was projected under the RCP 4.5 in the western part of the study region, which is along the289
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coast, while a gradual decrease was recorded in mean annual rainfall in hinterland towards290

the inland north of the study region (Fig. 6a). The other region for which the highest mean291

annual rainfall was also projected was the lower south-eastern part of the study area. Patterns292

of gradual decrease in mean annual rainfall in the inland areas was also recorded in this293

part as well. In these two areas of high rainfall, another distinction was observed as well.294

Unlike western part of the study region where almost all of the areas closer to the coast were295

projected to experience more rainfall, regions experiencing high rainfall in the coastal area of296

lower south-eastern part of region was relatively smaller. Areas to receive the lowest projected297

mean annual rainfall (less than 1000 mm/year) was the central region of the study area and298

patterns of low mean annual rainfall recorded in this region were extended up to the north-299

eastern part. However, an exception to these low rainfall areas was also observed, these were300

along the middle belt region in Nigeria where moderate rainfall was projected under the RCP301

4.5 emission scenario for the mid of century period. Moderate mean annual rainfall was also302

recorded over the eastern part of the study area. A somewhat similar pattern of amount and303

distribution of rainfall were recorded under the RCP 8.5 emission scenario with one noticeable304

difference. Mean annual rainfall was projected to be higher than moderate in different sections305

of the middle belt compared to the RCP 4.5 emission scenario in which moderate mean annual306

rainfall was projected. This shows the intensification of rainfall under the extreme emission307

scenario for the mid of century period in this region (Fig. 6b).308

Mean annual rainfall was also projected to be highest in the western and lower south-309

eastern parts of the study region with close proximity to coast, under the RCP 4.5 emission310

scenario for the end of century period (Fig. 6c). Central parts of the region were projected to311

experience low rainfall with the exception of the middle belt region (projected to experience312

moderate mean annual rainfall). Mean annual rainfall was projected to be moderate over the313

eastern part of the study region under the RCP 4.5 emission scenario. Patterns of rainfall314

distribution and magnitude under the RCP 8.5 emission scenario for the end of century period315

were somewhat like the RCP 4.5 emission scenario (e.g. high rainfall in the regions of close316

proximity to coast on western and lower south-eastern region) with some noticeable exceptions.317

Magnitude of rainfall in the highest rainfall regions was projected to increase (more than 4600318

mm/year as compared to 4490 mm/year under the RCP 4.5 emission scenario) (Fig. 6d).319

Furthermore, more regions with moderate rainfall were observed in the central regions which320

were mostly low rainfall regions under the RCP 4.5 emission scenario. Additionally, substantial321

proportion of middle belt regions were projected to experience higher than moderate rainfall.322
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3.3.2. Rainfall wettest month323

Rainfall in wettest month was projected to range from 127 mm/month to 1132 mm/month324

for the mid of century period under the RCP 4.5 emission scenario (Fig. 6a). Overall, wettest325

month with high rainfall was projected in the western and lower south-eastern regions of the326

study area. Coastal parts of the western regions of the study area were projected to record327

wettest month with highest rainfall (more than 1100 mm/month) under the RCP 4.5 emission328

scenario for the mid of century period. Furthermore, the central regions of the study area were329

projected to experience wettest month with low rainfall (less than 130 mm/month). Most of330

the remaining areas in north-east and south-east were projected to experience wettest month331

with a moderate amount of rainfall with an exception of central Nigeria. In upper parts of332

this central region, wettest months were projected to be with higher than moderate rainfall.333

Rainfall amount in a wettest month ranged from 135 mm/month to 1145 mm/month under334

the RCP 8.5 emission scenario for the mid of century period (Fig. 6b). Distribution of wettest335

month was rather similar to that of RCP 4.5 emission scenario. Wettest month in upper parts336

of in the inland areas of Nigeria was projected to experience an even higher amount of rainfall,337

which implies an intensification of rainfall wettest month with extreme emission scenario.338

Under the RCP 4.5 emission scenario for the end of century period, rainfall amount in339

a wettest month ranged from 126 mm/month to 1161 mm/month (Fig. 6c). Patterns of340

rainfall wettest month were much similar to that of mid of century period under the respective341

emission scenario. But under the RCP 8.5 emission scenario for the end of century period,342

the distribution of rainfall amount in a wettest month ranged from 141 mm/month to 1148343

mm/month (Fig. 6d). Spatial distribution of wettest month with high, moderate, and low344

rainfall appeared to be consistent with that of mid-century period under the respective emission345

scenario with a few exceptions. Concentration of wettest month with highest rainfall was not346

only projected in the coastal western regions but also in the coastal regions of lower south-east.347

Rainfall amount in wettest month was also projected to be higher than other emission scenario.348

3.3.3. Rainfall driest month349

For the mid of century period, under the RCP 4.5 and RCP 8.5 emission scenarios, all350

the (upper) regions of study area from west to east were projected to experience driest month351

with no rainfall at all (Fig. 6a-b). These are also the regions which are farthest from the352

coast. All the central regions from west to east were projected to experience driest month353

with minimal amount of rainfall. Regions of the study area that has close proximity to the354
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Figure 7: Mean monthly rainfall under the RCP 4.5 emission scenario for the mid of century period (2041-2070).

Figure 8: Mean monthly rainfall under the RCP 8.5 emission scenario for the mid of century period (2041-2070).
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coast (from west to east) were projected to experience driest months with rainfall amount of355

up to 156 mm/month. These results implies that even the driest months in the regions of356

close proximity to coast were projected to experience some rainfall, and the amount of rainfall357

diminished in the inland areas. For the end of century period, under the RCP 4.5 and RCP358

8.5 emission scenarios, patterns of driest month distributions were recorded as that of mid of359

century period and appeared to be similar (Fig. 6b-c).360

3.3.4. Mean monthly rainfall361

For the mid of century period, under the RCP 4.5 emission scenario, upper region (farthest362

from coast) of the study area from west to east and upper middle region was projected to363

experience little to no rainfall in the December-January-February (DJF) (Fig. 7). Moderate364

rainfall was projected for middle to lower middle region. High rainfall (up to 290 mm/month)365

was projected for the lower region which has the closest proximity to the coast, right from366

west to east. Maximum rainfall was projected in few regions on the coast in lower south-367

west and south-east. More or less similar patterns of rainfall amount and distribution were368

projected under the RCP 8.5 emission scenario as well for the mid of century period (Fig. 8).369

In March-April-May (MAM), upper region was projected to record low rainfall in start of370

season and shifted to moderate rainfall towards the end of season under the RCP 4.5 emission371

scenario for the mid of century period. Upper middle to lower middle regions were projected to372

experience moderate to high rainfall in MAM, and lower region of the study area was projected373

to experience highest rainfall (up to 551 mm/month) which intensified as the MAM approached374

its end (Fig. 7). Rainfall patterns under the RCP 8.5 emission scenario were projected to be375

somewhat similar to those of RCP 4.5 emission scenario (Fig. 8). In JJA under the RCP 4.5376

emission scenario, moderate to high rainfall was projected for the upper region of the study377

area, while progressing through June-July-April (JJA) central region of the study area started378

to record lower rainfall which even disappears while approaching the coastal areas of the central379

region by the end of JJA. On the other hand, maximum rainfall (up to 1132 mm/month) was380

projected throughout the JJA in coastal parts of western region of the study area, followed381

by high rainfall in the eastern parts (Fig. 7). Under the RCP 8.5 emission scenario, projected382

rainfall patterns were more or less similar to those of RCP 4.5 emission scenario (Fig. 8).383

In September-October-November (SON), rainfall showed distinctive characteristics under the384

RCP 4.5 emission scenario for the mid of century period in the upper region of the study area385

and was projected to be moderate to high in early SON, low to moderate while progressing386
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through SON, and little to no rainfall at the end of the season. Maximum rainfall was projected387

for the western region of the study area along the coast and high rainfall was mostly projected388

to be concentrated in middle to lower south-eastern regions of the study area (Fig. 7). Rainfall389

patterns under the RCP 8.5 emission scenario were projected to be somewhat similar to those390

of RCP 4.5 emission scenario (Fig. 8). For the end of century period, a more or less similar391

pattern of rainfall amount and spatial distribution in the DJF, MAM, JJA, and SON to that392

of mid of century period was projected under the respective emission scenarios i.e., the RCP393

4.5 and RCP 8.5 (Figs. 9-10).

Figure 9: Mean monthly rainfall under the RCP 4.5 emission scenario for the end of century period (2071-2100).
394

4. Discussion and conclusions395

4.1. Understanding rainfall variability over coastal West Africa396

Rainfall variability in West Africa remains a profound challenge to the availability of fresh-397

water for agriculture, hydropower generation, and other ecosystem services. It is obvious that398

the temporal and spatial dynamics of rainfall in West Africa have been heavily documented399

(see, e.g., Nkiaka et al., 2017; Sanogo et al., 2015; Otto et al., 2013; Paeth et al., 2012; Frap-400

part et al., 2009; Ali and Lebel, 2009; Barbe et al., 2002; Lebel et al., 2000; Nicholson et al.,401
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Figure 10: Mean monthly rainfall under the RCP 8.5 emission scenario for the end of century period (2071-2100).

2000; Janicot, 1992a), and show that rainfall is highly variable at inter-annual (year to year)402

and intra-annual (seasonal) time scales. During the period of 1968 − 1997 in West Africa,403

Nicholson et al. (2000), for example, noted that rainfall has been on average about 15% to404

40% lower compared to the 1931–1960 period. Nonetheless, in a synopsis that details the405

characteristics of rainfall, the atmospheric circulation systems that govern inter-annual vari-406

ability, and land-atmosphere relationships amongst others, Nicholson (2013) mentioned that407

inter-annual variability of rainfall was greater in recent years compared to the previous 40408

years. Although the Sahelian rainfall has shown some recovery from the extreme dry periods409

of 1970’s and 1980’s, the strong inter-annual and multi-timescale variability observed in the410

Sahel rainfall (e.g., Sultan and Gaetani, 2016; Martin and Thorncroft, 2014; Lebel and Ali,411

2009; Nicholson and Webster, 2007b; Barbe et al., 2002) have been linked to anomalies in412

the August and September periods (Nicholson, 2013). In the central Sahel, a more extreme413

climate was observed as the proportion of annual rainfall linked to extreme rainfall increased414

from 17% during 1970− 1990 to 21% in the 2001− 2010 period (Panthou et al., 2014).415

Since the inception of meteorological measurements, unusual climatic signals in the region416

have been recorded (e.g., Panthou et al., 2012; Nicholson, 2013; Barbe et al., 2002). For417
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example, a sudden decline of approximately 20-40% rainfall in the Sahel region in the late418

1960s up to the end of late 19th century was such an extreme case of variability that perhaps419

was never recorded in human history (Nicholson, 2005). Furthermore, despite the recovery of420

rainfall in the Sahel region, the mean annual rainfall of the last two decades is still lower than421

that of the period between 1950 and 1970 (Panthou et al., 2012). In slight contrast to the422

general perception of rainfall recovery in the region, Nicholson (2013) argued that the recovery423

in the Sahel region was not total (i.e., recovery was in the eastern part of Sahel) as drought424

prevailed in the western part of Sahel whose mean annual rainfall for the period of 1990−2007425

was approximately the same for the drought period of 1970s and 1980s. In Giannini et al.426

(2013), the recovery in Sahel rainfall is said to be the outcome of an increase in daily rainfall427

intensity and not in the frequency. A recent study by Sanogo et al. (2015) provides more428

highlights on the recent rainfall conditions of West Africa. Consistent with other narratives429

on rainfall recovery (e.g., Lebel and Ali, 2009; Nicholson et al., 2000; Nicholson, 2005), they430

found statistically significant positive trends in annual rainfall totals in the Sahel during the431

1983− 2010 period.432

4.2. Factors modulating extreme rainfall variability433

The intertropical convergence zone (ITCZ) and atmospheric circulations e.g., the African434

Easterly Jets (AEJ),Tropical Easterly Jets (TEJ), African Westerly Jet (AWJ), and West435

African Westerly Jets (WAWJ) have been associated with spatio-temporal rainfall variability436

in West Africa (e.g., Nicholson, 2013; Lebel and Ali, 2009; Nicholson and Webster, 2007b;437

Nicholson and Grist, 2001). These studies have shown that the location, position, and intensity438

(strength) of both the circulation features and ITCZ are responsible for the extreme wet and439

dry conditions in the Sahel and likewise the Gulf of Guinea. Other large scale and local factors440

that detail the roles played by the oceans and the vast African land surface in rainfall variability441

have been documented (e.g., Diatta and Fink, 2014; Nguyen et al., 2011; Nicholson and Grist,442

2001). Apart from notable climate oscillations, e.g., Atlantic Multi-decadal Oscillation-AMO,443

ENSO, IOD, PDO, and North Atlantic Oscillation-NAO that have been associated with West444

African rainfall in the aforementioned studies, one interesting and somewhat unpopular low445

frequency large scale phenomenon that has also been associated with rainfall variability in446

West Africa is the Madden-Julian Oscillation (MJO, Madden and Julian, 1971).447

The variability of rainfall in West Africa has been associated with atmospheric circulation448

features, remote climate indices and tele-connections, land-ocean contrast amongst others449
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(see, e.g., Diatta and Fink, 2014; Boone et al., 2009; Lebel and Ali, 2009; Giannini et al.,450

2008; Nicholson and Grist, 2001). For instance, the relationship of inter-annual to decadal451

variability of West African Monsoon rainfall and sea surface temperature (SST) is well known452

(e.g., Sultan and Gaetani, 2016; Losada et al., 2012; Nicholson, 2013; Lebel and Ali, 2009; Balas453

et al., 2007). While Martin and Thorncroft (2014) showed positive correlation between Sahel454

rainfall and the Mediterranean SST, Nicholson and Webster (2007b) emphasised that changes455

in SST determines changes in the position of the summer rain-belt. This assertion agrees with456

that of Paeth et al. (2012) who indicated that SST of the eastern tropical pacific and the457

eastern Mediterranean could be responsible for the 2007 flood in the West African sub region.458

The viewpoints regarding the influence of SST in rainfall variability in West Africa are not459

only consistent but seems to gain a wider acceptance. But the role of climate tele-connection460

indices e.g., ENSO, Indian Ocean Dipole-IOD, amongst other competing physical mechanisms461

that drives rainfall in West Africa (Druyan, 2011), remains a controversial subject (Nicholson,462

2013). Most studies are consistent on the roles of large scale ENSO impacts on meteorological463

processes in the region (Paeth et al., 2012; Polo et al., 2008; Nicholson and Selato, 2000;464

Nicholson et al., 2000). Modelling approaches of Sahel rainfall in the 20th century have465

unanimous views on oceanic forcings as leading drivers of rainfall variability at inter-annual466

and decadal time scales in the region (e.g., Sultan and Gaetani, 2016; Diatta and Fink, 2014;467

Giannini et al., 2013; Bader and Latif, 2011). New studies emerging on the role of global468

climate modes on West African rainfall suggests the coupling between QBO and precipitation469

in three climatic zones in West Africa (Ballo et al., 2021). The influence of this climate mode470

on rainfall insinuates the vulnerability of the coastal West African climate to the impacts of471

multiple physical oceanic phenomena.472

Moreover, the MJO, along with the circulation systems (e.g., African Easterly Jet) that con-473

trols its variability according to some reports (e.g., Nicholson, 2013; Lavender and Matthews,474

2009) do have significant influence on the observed variability in Sahel rainfall. These reports475

align with some new results by Berhane et al. (2015) indicating that not only is MJO found476

to influence precipitation extremes during Spring rains, its impacts on rainfall over a consid-477

erable part of Equatorial West Africa make up a difference of 20% − 50% from mean daily478

rainfall rates for the season. Because of these and other outcomes, they concluded that MJO479

episodes have predictive potential for regional-scale precipitation anomalies and convection480

during Spring over the region. The MJO is indeed one of the least studied climate oscillation,481

which impacts on West Africa’s meteorological patterns. Further investigations are therefore482
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necessary to establish its robust connection with the region’s climatology and its potential in483

providing actionable forecast information.484

4.3. Future climate outlook for coastal West Africa485

In this study Regional Climate Model RCA4 driven by the GCM CCCma-CanESM2 was486

used. This RCM-GCM combination has better performance in simulating observed rainfall487

over West African regions and is among top performing models among several others as re-488

ported many studies (Ogega et al., 2020; Ashaley et al., 2020; Akinsanola et al., 2018). Coastal489

West Africa is dominated by convective rainfall system, which occurs in the mesoscale (begin-490

ning at around 5 km). GCMs have a coarse resolution ( 200 km) and are unable to resolve491

local climatic phenomenon. Climate information at local information is required for a number492

of applications e.g. management of resources, planning of policy and impact assessments (Us-493

man et al., 2021d,c; Fuhrer et al., 2014; Stoffel, 2014). For the derivation of this information494

GCMs are downscaled and one of the ways to downscale a GCM is by using a RCM. RCMs495

are used for downscaling purpose because they consistently represent physical processes at a496

high resolution and show representative climate signals as compared to observations (Feser497

et al., 2011). The Coordinated Regional Climate Downscaling Experiment (CORDEX) is an498

initiative where RCMs are used to downscale the GCMs (Giorgi et al., 2009). Even though499

the CORDEX-Africa RCMS’ have a relatively higher resolution ( 50 km) when compared to500

GCMs they are still coarse to resolve mesoscale convective rainfall system. Therefore RCA4501

driven by CCCma-CanESM2 at a high resolution ( 9 km) was used in this study (Platts et al.,502

2015). This study has shown that mean annual rainfall is projected to be highest in the western503

regions of Africa (study region), which has close proximity to the coast under both the average504

and extreme emission scenarios. These coastal area with high projected rainfall also are the505

areas with lowest elevation among the whole study area. These regions include parts of Bissau,506

Conakry, Freetown (Sierra Leone), and Monrovia (Liberia). Another region which is projected507

to experience high rainfall is the coastal regions of Nigeria (e.g., Port Harcourt), Cameroon508

(Douala), and Equatorial Guinea (Malabo) all located in the lower south-eastern region of the509

study area. In these high rainfall regions, one phenomenon is observed, where rainfall starts to510

decrease as we move away from these coastal regions. Over the central regions (Ghana, Togo,511

Benin, and Côte d’Ivoire) however, low rainfall is projected. Moreover, we also show that512

within this low rainfall region, a region with contrasting rainfall characteristics exist. This is513

in central Nigeria where moderate rainfall is projected and shifts to even higher rainfall with514
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increasing greenhouse gas emission scenario. Moderate rainfall was projected for the eastern515

part (Cameroon) of the study area as well.516
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