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Abstract 

In this paper, we use simulations from the Swedish Meteorological and Hy-
drological Institute (SMHI) regional climate model (RCM) version 3.5 (SMHI- 
RCA3.5) following a multi-GCM boundary forcing approach. The model is 
run at a horizontal resolution of 50 km on the CORDEX-AFRICA domain. Key 
characteristics of precipitation, mean temperature and its extremes (minimum 
and maximum temperature) have been investigated over West Africa and on 3 
designed sub-domains, the Sahel (SAH), the Senegal-Gambia (SEN) and the 
Gulf of Guinea (GOG). The analysis covers a historical period 1981-2005 and 
two future time slices, an intermediate term (IT) 2031-2055 and a fat term 
(FT) 2071-2095, under the Representative Concentration Pathways 8.5 (RCP8.5). 
The regional climate model RCA, forced by the reanalysis ERA-Interim, 6 
CMIP5 GCMs and their ensemble, reproduces realistically the climatology of 
precipitation and temperatures over West Africa. Compared to observed da-
tasets GPCP for precipitation and CRU for temperature, the ensemble out-
performs both other GCMs and the verification model (ERA-Interim). The 
major biases in precipitation are the early onset over the Sahel and the little 
dry season (LDS), from mid-July to mid-September over the Gulf of Guinea, 
and a few models either overestimate and/or reflect rather poorly. The strong 
warming in extreme temperatures (minimum and maximum) combined with 
the drying mainly over Western Sahel (SEN) found in this study will very 
likely impact notably a vital sector like agriculture, both during the near and 
far terms. 
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1. Introduction 

The two last Inter Governmental Panel on Climate Change (IPCC) reports, AR4 
[1] and AR5 [2] have demonstrated the fact that global warming, due to human 
activities, is a reality. This changing climate will continue to affect the whole world, 
and more severely, highly vulnerable regions like Africa. A lot of efforts are un-
derway to reduce the climate change impacts, to help countries and communi-
ties resilient to the adverse effects of climate change and related extremes. This is 
particularly important in a region like West Africa, especially its northern part, 
known as Sahel. The Sahel has recorded one of the longest and most devastating 
droughts, stretching from the 1970s into the mid-1990s [3]. Key sectors of the 
economy, like agriculture including pastoralism and water resources were most 
affected. 

The complexity of climate change leads to major uncertainties, and efforts to 
obtain more accurate information at regional and more localized levels can be 
challenging. This is essential when working for sectors like agriculture in West 
Africa. To complement Global Circulation Models (GCMs), mainly run at coarse 
resolutions, Regional Climate Models (RCMs) are increasingly being used in 
many regions of the world. This is, however, not the case in many African re-
gions, including West Africa, although a few studies have used single RCMs to 
demonstrate their ability to simulate West Africa’s climate features and clima-
tology [4] [5] [6]. The fourth IPCC assessment report (AR4), in mainly Chapter 
11, which reviewed regional climate projections globally [7], emphasized the li-
mited amount of regional climate modeling information in West Africa, imply-
ing a high level of uncertainty on the expected changes in the climate of the re-
gion. 

This triggered a more sustained momentum to develop coordinated multi-model 
experiments focusing on Africa in general, but more specifically West Africa. These 
efforts include the West Africa Monsoon Modeling Evaluation (WAMME) [8] [9] 
[10], the African Monsoon Multidisciplinary Analysis (AMMA) [11] and the Pre-
dictions of Climate Change and their Impacts (ENSEMBLES) [12]. While very use-
ful, these strategies were not as coordinated as the IPCC CMIP3, and more re-
cently, the CMIP5 program of IPCC AR5.  

The World Climate Research Program (WCRP) has endorsed a new initiative, 
the Coordinated Regional Downscaling Experiments (CORDEX) for all land and 
“hot spots” areas like the Mediterranean region [13]. Africa is considered a priori-
ty area for the improvement of the levels of impact assessments derived from 
high-resolution climate simulations using CMIP5 AOGCMs. The program is split 
in two distinct phases. In the first part, the principal goal is to assess the capabil-
ity of participating RCMs to simulate detailed climate patterns in Africa’s vari-
ous regions [14]. The participating RCMs, use ERA-Interim Reanalysis (ERAINT) 
as initial and lateral boundary conditions (IC & BCs) and were run at 50 km ho-
rizontal resolution for the recent past, 1979-2008. Over West Africa, more de-
tailed studies have been conducted, using these datasets, to investigate the mean 
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climatology and its variability [15] and daily characteristics of precipitation and 
temperature [16] among others. Phase two of the initiative consists in running 
the same RCMs using ICs and BCs from CMIP5 OAGCMs for the historical pe-
riod up to 2005 and projections up to 2100, using Representative Concentration 
Pathway (RCP) emission scenarios [17] [18]. 

In this study, we use the simulations from the regional climate model of the 
Swedish Meteorological and Hydrological Institute (SMHI) RCA version 3.5 
[19] driven by the six CMIP5 GCMs (Table 1) that have a 365 days calendar, 
namely NorESM1-M, CNRM-CM5, CanESM2, MIROC5, GFDL-ESM2M, EC- 
EARTH and the verification GCM ERA-Interim, here-after in the text NCC, ARP, 
CCC, MIROC, GFDL, ICH and ERA. We opt to only consider in this study the 
highest emission scenario RCP8.5, to better assess the potential impacts on a vul-
nerable region like West Africa. 

We focus our study on the simulated rainfall and temperatures validated 
against observed dataset for a selected historical period (1981-2005) before 
looking at projected changes in two future time slices: 2031-2055 as near term 
(IT) and 2071-2095 the far term (FT) in order to obtain insights on likely 
changes in the climate over the region. Considering the importance of agricul-
ture in the region of study, which is mainly rainfed, we added features like the 
seasonal cycle and the associated onset of precipitation. The long-term trends 
and inter-annual variability are also important for the regional agriculture, im-
plying a need to explore how the models reproduce them on the targeted sub- 
regions. We have the Senegal-Gambia (SEN) domain, the western most part of 
Sahel considered as a “hot spot” in the IPCC reports and two others homogen-
ous sub-regions, the Sahel (SAH) know to have a unimodal rainfall regime as 
SEN and the Gulf of Guinea (GOG) which exhibit a bimodal regime [15] (Fig- 
ure 1). 

In this work, we concentrate on the validation of the models and their ensem-
ble on a historical period or recent past 1981-2005. This is a crucial first step, 
which helps to know how well the models simulations reproduce the observed 
base climate state of the region. Multi scale characteristics of key parameters for 
the agriculture will be explored prior to investigating future climate change pro- 
 
Table 1. The regional climate model RCA used and the forcing General Circulation 
Models (GCMs), their names, origin and short name used in the text. 

MODELS ORIGINE TYPE NAME IN TEXT 

RCA4 Sweden RCM RCA 

ECMWF-ERAINT UK GCM ERA 

NorESM1-M Norway GCM NCC 

CNRM-CM5 France GCM ARP 

CanESM2 Canada GCM CCC 

MIROC5 Japan GCM MIROC 

GFDL-ESM2M USA GCM GFDL 

EC-EARTH European Consortium GCM ICH 
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Figure 1. The West Africa domain to illustrate the 3 sub-regions: Sene-Gambia (SEN), 
Sahel (SAH) and Gulf of Guinea (GOG). The different countries (black contours) and the 
topography (shaded area in meters) are also represented. 
 
jections. Section 2 is dedicated to the materials and methods employed in the 
investigation. In Section 3 the main results on the assessment, at multi-time and 
space scales, of the models simulation of the key climatic features over West 
Africa and the selected sub-domains, are presented. Prior to Section 5 on conclu-
sion and discussions, Section 4 focuses mainly on climate projections under RCP8.5 
for both the intermediate and far terms. 

2. Materials and Methods 
2.1. Materials 

The Swedish Meteorological and Hydrological Institute (SMHI), regional climate 
model (RCM) RCA version 3.5 (Samuelsson et al., 2011), in the framework of 
the Coordinated Downscaling Experiment for Africa (CORDEX-AFRICA), is run 
at 50 km horizontal resolution over a wide area covering the whole of the Afri-
can continent with initial and lateral boundary conditions from six Climate Mod-
els Intercomparison Project version 5 (CMIP5) Global Circulation Models (GCMs) 
and a verification simulation driven by ERA-Interim. The ERA run for the re-
cent past started on 1st January 1979 and end on 31st December 2005. The first 
year is considered spin up time, implying that the analysis starts from 1st January 
1980. The seven GCMs are used to carry out simulations covering a transient 
period 1951 to 2100, corresponding to a historical reference period 1951-2005 
and future projection 2006-2100 using RCP8.5 scenarios. We use outputs at dai-
ly, monthly and yearly time scales from these simulations to study the perfor-
mance of the models runs in simulating the historical period on critical parame-
ters for rainfed agriculture over West Africa.  

For precipitation, we use the monthly datasets of the Global Precipitation 
Climatology Project (GPCP) version 3.1 [20] and the daily GPCP-1DD v.1.2. 
[21] available from October 1997 as validation dataset. Concerning temperature 
(mean, minimum and maximum), the models outputs are validated against Cli-
mate Research Unit (CRU) version 3.2 [22], a gridded multi variables monthly 
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dataset at a resolution of 0.5 × 0.5 degree (Jones et al., 2013), which uses station 
datasets known to have unequal density over Africa, in general, and more spe-
cifically over West Africa and its Saharan region, not well covered in stations. All 
models with a 365 days calendar are considered for the study. 

2.2. Investigation Methods 

As mentioned above, the analysis covers the West Africa domain and 3 sub- 
domains (Figure 1), SEN, SAH and GOG. The first order analysis, mainly cli-
matological, covers the historical period for both precipitation and temperature 
and aims at highlighting biases and the level of relationship with the validation 
datasets GPCP and CRU considered as observations. Trends and the interannual 
variability of rainfall over sub-domains is also investigate to better interpret and 
evaluate the projected changes during the near term (IT) and far term (FT). At 
higher temporal resolution, features like the seasonal cycle and the onset of the 
rainy season are studied to form the basis of a significant assessment of the 
models performance in simulating these critical characteristics of West Africa 
climate.  

The last step investigates projected future climate, with a special emphasis on 
precipitation, considered as the most difficult parameter to simulate [5] [9] [10] 
[11]. Statistical methods employed include correlation, variability and error as-
sessments using Taylor diagrams [23], linear regression and coefficient of varia-
tion for long-term trends for both historical and projected periods. 

Another important climate behavior, to investigate in this study, is the north-
ward/(withdrawal) movements of the Inter Tropical Convergence Zone (ITCZ), 
reflected in the annual cycle of precipitation. The final indicator, within the sea-
sonal cycle used, is the onset of the rainy season, mainly over the Sahelian re-
gions (SEN & SAH), which have a unimodal rainfall regime [15] [24]. 

In this paper, we use the definition of the onset of the rainy season used by the 
West Africa AGRrometeorology HYdrology and METeorology Center (AGRHY 
MET) and adopted in all countries belonging to the Permanent Inter-States 
Committee for Drought Control in the Sahel (CILSS). The onset of the rainy 
season we use here is defined as the total accumulated rainfall over 3 consecutive 
days amounting to at least 20 mm and not followed by a dry spell exceeding 10 
days respectively, in the next 30 days [25]. This definition is applied to the vali-
dation and verification dataset, the other GCMs and their ensemble in order to 
assess their skills in reproducing reasonably this strategic indicator for agricul-
ture. 

3. Main Results 
3.1. Climatology and Mean Bias 
3.1.1. Precipitation 
First, we compare the validation and verification datasets by looking at spatial 
patterns of rainfall (Figure 2(a) and Figure 2(b)). ERA (Figure 2(b)) represents  
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Figure 2. Annual climatology of: Precipitation for the reference period 1981-2005 over West Africa for the validation datasets (a) 
GPCP and the verification model ERA (b); Mean temperature (˚C) for the validation dataset CRU (c); and the validation model 
ERA (d). 

 
fairly well the spatial patterns of rainfall climatology over West Africa compared 
to GPCP (Figure 2(a)). 

The maxima of rainfall around the high topographic areas like the Guinea 
Highlands, JOS plateau and Mount Cameroon are well simulated by the run 
with ERA. ERA, with higher spatial resolution compared to GPCP even though 
regridded at 0.5˚, shows more detailed patterns and even exhibits a bell shape 
over the Sahel region following the well-known structure of the ITCZ [26]. This 
demonstrates that RCA forced with supposed “observed” boundary condition, 
even with a domain not typically tailored for West Africa, can reasonable well 
reproduce the mean climate of a complex parameter like precipitation. 

Detailed comparison with the model biases is shown in Figures 3(a)-(h). The 
highest bias (wet) is observed over GOG and over the Southeastern part of the 
domain mainly over Cameroon, Central Africa Republic, Gabon and Western 
Congo region. ICH and GFDL, respectively Figure 3(h) and Figure 3(g) exhibit 
the highest wet bias over GOG. Almost, all models underestimate rainfall pat-
terns over the Southeastern part of the domain. Over the sahelian portion, rain-
fall climatology patterns are reasonably well simulated. MIROC (Figure 3(f)) 
exhibit the lowest bias over the whole domain. Generally, the climatology is fair- 
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Figure 3. Precipitation mean bias (mm/day) relative to the validation dataset GPCP for (a) ERA; (b) MODENS; (c) NCC; (d) 
ARP; (e) CCC; (f) MIROC; (g) GFDL; and (h) ICH. 

 
ly well simulated with biases mainly between −1 and +1 mm/day from Senegal to 
Chad. Below 08˚N the bias locally reaches 2 mm/day. ERA (Figure 3(a)) shows 
the lowest biases in all regions compared to other models including MODENS. 

The wet biases, over southern Gulf of Guinea, are very likely induced by the 
respective GCMs known to miss propagating further north the ITCZ [27] [28]. 
This is shown in the seasonal cycle of precipitation mainly, the behavior over the 
Guinea coast and over northern Sahel (Section 3.2). The bias from individual 
GCMs is less apparent in the ERA (Figure 3(a)), result also noted in [15].  

Apart from the biases in the climatology, we apply a Taylor Diagram (Figure 
4(a) and Figure 4(b)) using monthly time series of precipitation and tempera-
ture (1981-2005) to better rank models using another temporal scale [23]. 

For precipitation (Figure 4(a)), known one of the most difficult parameter to 
simulated, amplified in tropical regions, mainly all simulations including the ve-
rification one and the ensemble have a correlation coefficient (cc) between 0.76 
and 0.94. MODENS and ICH have the highest correlation, respectively 0.94 and 
0.91. The verification simulation ERA with a cc of 0.83 outperforms only MIROC 
which has the lowest cc (0.76). Related to standard deviation, the highest values 
around 2.2 are noticed for MODENS and GFDF, while for others models the in- 
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(a)                                                            (b) 

Figure 4. Taylor Diagrams to assess relationships with respect to the validation datasets GPCP for precipitation (a) and CRU for 
mean temperature (b). Correlation coefficients, standard deviations, and centered root mean squared differences are represented. 
The verification dataset ERA, the others models NCC, ARP, CCC, MIROC, GFDL, ICH and their ensemble MODENS are represented 
by distinct colors. 

 
terval is between 0.8 for ERA and 1.5 for MIROC. These results are in agreement 
with other multi-modeling approaches. 

The use of a multi-RCMs forced by ERA has shown, over West Africa, the en-
semble outperforming individual RCMs [12] [14] [15] [27]. For our study, the 
same conclusion is found with MODENS outperforming individual GCMs and 
even the verification simulation ERA. This could suggest a relatively high weight 
to give to ensemble strategy. 

In RCMs approach, differences could mainly be due to the internal dynamics 
and physics, while in this study they are very likely induced by the individual 
GCMs. This has been also shown in other studies [12] [14] [15] [27] [29]. RMCs 
have difficulty tracking the West Africa Monsoon (WAM) correctly when they 
fail to simulate, reasonably, the dynamic features like the Africa Eastern Jet 
(AEJ), the Sahara Heat Low (SHL), and the African Easterly Waves which are the 
smallest dynamic features that modulate rain producing systems in West Africa 
[27] [30] [31] [32]. Therefore, to explain biases, it is essential to investigate the 
ability of GCMs and RCMs in reproducing key features in the lower, mid and 
upper troposphere over West Africa, as well as surface properties at a more loca-
lized level [26]. 

3.1.2. Temperature 
In this section, we look at mean temperature climatology spatial patterns (Figure 
2) between the validation dataset CRU (Figure 2(c)) and the verification dataset 
ERA (Figure 2(d)). Even though, the spatial patterns look similar a noticeable 
difference is shown over northern Sahel and southern Sahara where ERA mainly 
under estimates mean temperature.  

ERA (Figure 5(a)), MIROC (Figure 5(f)) and CCC (Figure 5(e)) have the  
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Figure 5. Same as Figure 4 but for mean temperature. 

 
lowest bias compared to CRU. For all other models and the MODENS the do-
minant picture is a strong cold bias tongue lying over Northern Sahel and the 
Sahara from Mauritania to Niger. ICH, GFDL and ARP respectively (Figure 
5(e), Figure 5(g) and Figure 5(h)) have the highest bias, locally reaching 4˚C. 
This area is the ideal growing/developing area of the Sahara heat Low (SHL), a 
thermal low known to play a key role in the dynamic of the West Africa Mon-
soon (WAM). A misrepresentation in GCM fields can be among the potential 
cause of the cold bias. Other reasons like excess cloudiness, aerosols, surface al-
bedo are mentioned in [33] [34]. 

The models perform better over the Gulf of Guinea region, with biases below 
1˚C.  

The Taylor Diagrams (Figure 4(b)), only MODENS with a cc of 0.90 outper-
form ERA (0.83). For other models the correlation coefficients are between 0.74 
for GFDL and 0.63 for ARP. The standard deviations for temperature are be-
tween 1.8 and 2.5. Maximum and Minimum temperature will be further investi-
gated in the future projections. 

To better understand models biases in precipitation, we investigate additional 
features: the interannual variability and trends, the annual cycle and a key index 
(onset of rainy season), monitored for sowing activities of many crops in Sahel 
countries. Therefore, it is essential to know how well the models simulate these 
strategic parameters and indices important in many agricultural activities in a 
vulnerable Sahel region characterize by a high variability in rainy seasons. 
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3.2. Interannual Variability and Trend of Precipitation 

The time series (1981-2005) of annual precipitation, averaged over the SEN, SAH 
and GOG sub-domains, are compared to the validation dataset GPCP. Figure 6 
shows the year-to-year variability of precipitation over SEN domain. The GCPC 
(Figure 6(a)) has a gradual increase in the mean annual intensity of rainfall as 
show by the linear trend slope. This positive trend is observed in other models 
except NCC (Figure 6(d)) with a slightly negative trend. This is consistent with 
what is observed since the mid-90s after the long drought. This relative recovery 
is found in many studies and discussed in [26]. 

The signal is admitted but the major controversy remains on the causes [26]. 
We use the coefficient of variation (Table 2) for insight on the relative variability 
of rainfall. 

 

 
Figure 6. Interannual variability of precipitation (mm/day) (black line) and linear trend 
(blueline) over SEN domain for (a) GPCP; (b) ERA; (c) MODENS; (d) NCC; (e) ARP; (f) 
CCC; (g) MIROC; (h) GFDL; and (i) ICH. 
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Table 2. Onset (Julian days) over the 3 sub-domains of West Africa, SEN, SAH and GOG 
for the recent past (1981-2005), projection for the intermediate term (IT) (2031-2055) 
and the fat term (2071-2095) for GPCP, ERA, MODENS, NCC, ARP, MIROC, GFDL and 
ICH. 

 
HIS IT FT 

SEN SAH SEN SAH SEN SAH 

GPCP 182 194     

ERA 75 75     

MODENS 92 96 94 108 98 93 

NCC 112 112 118 118 97 97 

ARP 101 101 105 105 104 104 

CCC 84 84 96 96 85 85 

MIROC 69 69 92 93 80 85 

GFDL 102 102 96 96 94 94 

ICH 96 179 88 132 95 95 

 
For the SEN domain, GPCP has a cv of 13.02 almost identical for ARP and 

MIROC. ICH has a slightly higher interannual variability. The validation model 
ERA and MODENS mostly have a lower variability corroborated by Figure 6(b) 
and Figure 6(c). Overall, models perform relatively well in reproducing the ob-
served trend and variability over the SEN domain with a mean rainfall around 2 
mm/day. 

Over SAH domain (Figures 7(a)-(i)) the same positive trend as in SEN is ob-
served for GPCP (Figure 7(a)). Except GFDL, ICH and ARP with slightly nega-
tive trend, the others models (ERA, NCC, CCC, MIROC and MODENS) simu-
late the positive trend. ICH, MODENS and ERA have a lower relative interan-
nual variability compared to GPCP and others models which are close (Table 2). 
Models behavior over SEN and SAH are almost similar and this is realistic be-
cause they belong to the long Sahelian band. 

Over GOG (Figures 8(a)-(i)) significant differences are observed in terms of 
mean rainfall, variability and trend. Then mean daily amount in GPCP (Figure 
8(a)) is between 4 and 4.2 mm/day around the end of period. ERA (Figure 8(b)) 
underestimate the amount but simulates the slight positive trend. NCC and 
MODENS (Figure 8(d) and Figure 8(c)) reproduce fairly well the intensity. The 
difference in variability between GOG and SAH/SEN is shown in the coefficient 
of variations (Table 2). GFDL and MIROC (Figure 8(g) and Figure 8(h)) have 
opposite trend but all overestimate the mean daily rainfall and have the highest 
relative variability.  

The minima, coinciding with the extreme dryness during the Sahel drought 
(Lu, 2009) in the early 1980s, are not well captured by only GFDL and MIROC. 
The other interesting point is the fact that the majority of models are able to 
capture trends reasonably well but a few of them fail to reproduce the interan- 
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Figure 7. Same as Figure 6 but for SAH domain. 

 
nual variability controlled and modulated by local and remote factors cited in 
many studies [34] [35] [36].  

Meanwhile, we had to consider the fact the model is not driven by observed 
SST, one of the key modulators of interannual variability of rainfall. The same 
behavior has been found in other studies using other RCMs [37]. We thus had to 
take this into account when analyzing the projected interannual variability.  

As mentioned above, the CORDEX-Africa domain is not specific for West 
Africa and many processes are not taken into account by the models (both GCMs 
and the RCM). The relatively good performance of RCA, on reproducing the 
mean climate, could be improved by using a tailored domain design for West Africa 
an taking into account other processes (aerosols, land use etc.) which are fun-
damental for regional climate modeling [38] [39].  
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Figure 8. Same as Figure 6 but for GOG domain. 

 
For further insight into the performance of the models in reproducing of the 

structural behavior of rainfall, it is important to look at annual cycle, which re-
flect both the northward and withdrawal phases of the ITCZ, a key feature of the 
West Africa Monsoon (WAM) climate.  

3.3. Seasonal Cycle and Onset 
3.3.1. Seasonal Cycle 
Over West Africa, from the Gulf of Guinea to the Sahel, the Inter Tropical Con-
vergence Zone (ITCZ) is the dominant feature by characterizing the rainy sea-
sons and has three main phases. It is highly important that models show rea-
sonable potential in simulating these main phases of the ITCZ. A time-latitude 
diagram is used to represent the annual cycle of precipitation averaged between 
10˚W and 10˚E (Figures 9(a)-(i)). We use 5 days running mean on daily preci- 
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Figure 9. Hovmöller (time/latitude) diagram using a 5 days running mean of daily precipitation (mm/day) (1998-2005) over the 
West Africa domain representing the northward and withdrawal phases of the Inter-Tropical Convergence Zone (ITCZ) for the 
validation dataset (a) (GPCP); (b) ERA; (c) MODENS; (d) NCC; (e) ARP; (f) CCC; (g) MIROC; (h) GFDL; and (i) ICH. 

 
pitation to represent the seasonal cycle. The first attention is paid to the one peak 
regime over Sahel above 10˚N from mid-June and reaching its maximum on Au-
gust followed by a retreat phase, gradually from mid-September to end of Octo-
ber. The GOG with a longer rainfall cycle is known to have a “little dry season” 
(LDS) from mid-July to mi-September linked to the SST anomalies over the Gulf 
of Guinea [40], and is better represented using daily data. As opposed to Sahel, 
over GOG countries rainfall regime is almost continuous throughout the year as 
sown in Figure 9(a). The wet bias noted over GOG can partially be explained by 
the weak representation of the LDS by ICH, CCC and ARP (Figure 9(i), Figure 
9(f) and Figure 9(e)). One other plausible reason is a behavior known on many 
GCMs not propagating further north the rain band associate with the ITCZ. 
ERA, MODENS, MIROC and GFD (Figure 9(b), Figure 9(c), Figure 9(g) and 
Figure 9(h)) simulate the LDS but exhibit differences in the extent, magnitude 
and timing. 

The other dominant feature over the Sahel is the so-called monsoon jump 
dominantly occurs in the second fortnight of June [15] [24] [41] [42]. Looking at 
Figure 9(a), the monsoon jump in GPCP occurs on average in the 3rd decade of 
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June. This consistent with what is found in [24] where they inter-compared dif-
ferent observed dataset and different version of a regional climate model. The 
verification model ERA (Figure 9(b)), realistically reproduce the phases of the 
seasonal cycle over both SAH and GOG. MODENS and MIROC show skills in 
reproducing realistic seasonal cycle.  

3.3.2. Onset 
Another key indicator for agriculture is the onset of rainy season, mainly valid 
over the Sahel. It is defined as the first three consecutive days of rainfall, reach-
ing at least 20 mm and that is not followed by 10 consecutive days without rain 
in the month [25]. This definition is the standard applied by AGRHYMET and 
recommended to all Sahelian countries that are members of CILSS. Following 
the annual cycle presented above, the onset of the monsoon season over the Sa-
hel generally occurs gradually from June to July and corresponds to the sowing 
period for the major rainfed crops. A false start of the rainy season could lead to 
re-sowing and other implications that affect later crop maturity [43]. Figures 
10(a)-(i)) represents the onset of the rainy season over the Sahel band (in Julian 
days) for the validation dataset GPCP (Figure 10(a)), the verification model 
ERA (Figure 10(b)), the other runs from GCMs and their ensemble show a no-
ticeable lack of skill in certain models in reproducing the onset of rainy season  

 

 
Figure 10. Spatial representation of the onset (in Julian days) over West Africa, with a special focus on the Sahel for the 
validation dataset (a) (GPCP); (b) ERA; (c) MODENS; (d) NCC; (e) ARP; (f) CCC; (g) MIROC; (h) GFDL; and (i) ICH. 
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over Sahel in general and in individual sub-domains SEN, SAH and GOG (sum-
marized in Table 3). Failing to reproduce the seasonal cycle will unequivocally 
lead to a failure in simulating the onset of the rainy season. GPCP (Figure 
10(a)) the onset criteria are meet between Julian day 100 (mid-April) and 180 
(end-June). 

Over SEN a blue band is noticed over the northwest, meaning an early onset. 
This is realistic and certainly link to off-season rains known to occur from Cape 
Verde to Senegal and Mauritania where they are observed between November 
and March ([44] [45]). Over Niger and northern Mali, the onset window is be-
tween Julian day 120 and 180. Only a few models have a realistic onset. ARP, 
CCC and GFDL have an onset window between 100 and 160 on eastern parts of 
the domain and between 120 and 140 toward western Senegal/south Mauritania. 
Table 3 shows that ERA, CCC and MIROC with respectively 75, 84 and 69 don’t 
have a significant skill in representing the maximum onset compared to GPCP. 
This is certainly due to the complexity of the onset criteria for GCMs and RCMs 
simulation as they induce more light rains than observed and shown in many 
studies [16] [24] [27]. 

4. Projections under RCP8.5 
4.1. Precipitation and Temperature Projected Change 
4.1.1. Precipitation 
Based on the historical reference period analysis, we explore the projected cli-
mate change under RCP8.5 over West Africa and the selected sub-domain for an 
intermediate term (IT) 2031-2055 and a far term (FT) 2071-2095.  

For precipitation, slightly wetter conditions are projected for the IT over the 
Gulf of Guinea countries (Example of NCC (Figure 11(b)) and MIROC (Figure 
11(e)). No change to little increase is projected by ICH (Figure 11(g)), GFDL  
 
Table 3. Coefficient of Variation (CV) (%) for annual precipitation averaged over 3 sub- 
domains for the recent past (1981-2005), projection for the intermediate term (IT) (2031- 
2055) and the far term (FT) (2071-2095) for GPCP, ERA, MODENS, NCC, ARP, CCC, 
MIROC, GFDL and I CH. 

Periods HIS (1981-2005) IT (2031-2055) FT (2071-2095) 

Domains Data SEN SAH GOG SEN SAH GOG SEN SAH GOG 

GPCP 13.02 12.98 7.02       

ERA 8.72 11.10 9.03       

MODENS 15.85 11.59 9.08 16.15 12.71 8.09 14.96 13.87 9.22 

NCC 17.50 11.99 5.89 20.59 21.24 12.95 16.47 13.61 8.17 

ARP 13.05 9.77 7.17 17.15 9.54 10.40 13.44 7.48 5.27 

GPCP 14.81 16.44 7.79 20.04 9.01 6.70 16.16 11.46 9.75 

MIROC 13.72 10.22 9.02 13.05 11.97 8.08 14.49 10.54 6.12 

GFDL 15.47 15.93 14.06 15.78 13.08 7.87 16.76 29.12 10.44 

ICH 18.68 8.90 5.38 13.14 12.70 5.54 13.36 11.42 6.28 
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Figure 11. Projected change in precipitation (mm/day) by RCA as a response to GHG emissions under RCP8.5 for the interme-
diate term (IT) (2031-2055) over West Africa domain for the different forcing GCMs and their ensemble: (a) MODENS; (b) NCC; 
(c) ARP; (d) CCC; (e) MIROC; (f) GFDL; and (g) ICH. 

 
(Figure 11(f)), MODENS (Figure 11(a)) and ARP (Figure 11(c)). Over Seneg-
al, MIROC and CCC project dryer conditions, stronger in MIROC with a de-
crease reaching 1.6 mm/day over southern Senegal. This feature has been em-
phasized in IPCC reports AR4 and AR5. The other models don’t exhibit signifi-
cant change for the IT. 

For FT (Figures 12(a)-(g)), an amplification of wetter conditions is projected 
over the Guinea coast countries. The increase is extended in large parts of Sahel. 
The major noticeable difference is over Senegal where dryer conditions remain. 
This clearly looks like a consistent and strong signal reported since AR4. Only 
NCC (Figure 12(b)) is projecting an opposite sign over Senegal. 

4.1.2. Temperature 
Concerning temperature, our attention is paid on the change in extremes (min-
imum and maximum). The general picture is the warming projected over the whole 
domain for both the IT and the FT. The warming magnitude for minimum tem-
perature (Figures 13(a)-(g)) is generally between 1.5˚C and 3˚C reaching more than 
6˚C in CCC (Figure 13(d)).  

An identical picture with an amplification of the warming is projected for the 
FT. It reaches between 3˚C and 6˚C with local maxima of more than 6˚C for  
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Figure 12. Same as Figure 11 but for FAR TERM (FT) 2071-2095. 

 

 
Figure 13. Projected change in maximum temperature (˚C) by RCA as a response to GHG emissions under RCP8.5 for the inter-
mediate term (IT) (2031-2055) over West Africa domain for the different forcing GCMs and their ensemble: (a) MODENS; (b) 
NCC; (c) ARP; (d) CCC; (e) MIROC; (f) GFDL; and (g) ICH. 
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CCC (Figure 14(d)). 
A noticeable feature is the fact that the warming projected between IT and FT 

in minimum temperature is stronger than in maximum temperature. For the IT 
(Figure 15) the warming is between 1.5˚C and 3˚C for almost all models except 
CCC where it is between 4.5˚C and 6˚C, over the Sahara and northern Sahel. For 
the FT (Figure 16), the warming is mainly between 3 and 4.5 except CCC pro-
jecting slightly warmer condition. This result is also consistent with what was 
found in AR4 and AR5 reports. 

4.2. Seasonal Cycle and Onset  

With weak performance of the models in simulation reasonably well the seasonal 
cycle reduces the confidence in change seen in both the IT and FT. One clear 
picture not shown is that the precipitation is not extending further north over 
the Sahel in almost all models. An apparent shift with a delayed monsoon Jump 
is projected and an LDS in August is project by ARP. Except over Sahel, the sea-
sonal cycle in MIROC don’t show significant changes. For the FT the ITCZ is 
further south over the northern Sahel. 

For the onset of rainfall, the maxima of onset vary in the IT between 93 for 
MIROC in SEN and SAH and 118 for NCC (Table 3). MODENS projects rela-
tively realistic onset for both IT and FT. For the FT except ARP with a maxi-
mum onset of Julian day 104 all other models are bellow day 100. These results 
don’t show a clear picture on a strong signal of early/(delayed) onset or a con- 

 

 
Figure 14. Same as Figure 13 but for FAR TERM (FT) 2071-2095. 
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Figure 15. Projected change in minimum temperature (˚C) by RCA as a response to GHG emissions under RCP8.5 for the inter-
mediate term (IT) (2031-2055) over West Africa domain for the different forcing GCMs and their ensemble: (a) MODENS; (b) 
NCC; (c) ARP; (d) CCC; (e) MIROC; (f) GFDL; and (g) ICH. 

 

 
Figure 16. Same as Figure 15, but for the FAR TERM (FT). 
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firmation of the failure of models in simulating the onset but also the different 
phases of the seasonal cycle. 

4.3. Interannual Variability and Trend  

The trend is analyzed over the 3 sub-domains SEN (Figures 17(a)-(g)) and (Figures 
18(a)-(g)), SAH (Figures 19(a)-(g)) and (Figures 20(a)-(g)), GOG (Figures 
21(a)-(g)) and (Figures 22(a)-(g)). 

 

 
Figure 17. Projected precipitation interannual variability and trend over SEN domain for 
the intermediate term (2031-2055) for (a) MODENS; (b) NCC; (c) ARP; (d) CCC; (e) 
MIROC; (f) GFDL; and (g) ICH. 
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Figure 18. Same as Figure 17 but for FAR TERM (FT) 2071-2095. 

4.3.1. Intermediate Term 
For SEN, only GFDL (Figure 17(f)) is projecting a positive trend with a mean 
daily rainfall of 2.9 increasing up to 3.2 mm/day at the end of the period 2055. 
The other models project a negative trend or no slope. For NCC and CCC 
(Figure 17(b) and Figure 17(d)) the mean daily rainfall is around 1.2 mm/day 
against 2 mm/day for ICH, MIROC and MODENS. The relative variability is 
higher compared to the historical period (Table 2). The highest relative variabil-
ity is projected in models like NCC and CCC. 

For the SAH domain, what is projected is close to what we have on the SEN 
domain. We have less relative variability in other models except NCC (Figure 19(b)) 
the highest with a coefficient of variation of 21.24%. GFDL projects a positive 
trend but a lower mean daily amount compared to SEN.  

The lower variability in GOG seen in the historical period is found in the IT. 
The negative trend is only projected by NCC (Figure 21(d)), which also have the 
smallest mean rainfall amount around 3.4 mm/day. The wetter conditions pro- 
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Figure 19. Projected precipitation interannual variability and trend over SAH domain for 
the intermediate term (2031-2055) for (a) MODENS; (b) NCC; (c) ARP; (d) CCC; (e) 
MIROC; (f) GFDL; and (g) ICH. 
 
jected in the climatology is reflected in the trend for other models with the mean 
daily rainfall between 4 and 5.5 mm/day. 

4.3.2. Far Term 
GFDL and MIROC (Figure 18(f) and Figure 18(e)) have a slightly positive trend 
and higher mean daily rainfall (2.5 to 3 mm/day) compared to the historical period. 
For the other models the mean daily rainfall is between 2 mm/day for MODENS 
and ICH and 1 and 1.5 mm/day for ICH and NCC.  

For SAH (Figures 20(a)-(g)) a positive trend is projected by almost all mod-
els with a mean daily rainfall amount increasing to 2 mm/day. 
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Figure 20. Same as Figure 19 but for FAR TERM (FT) 2071-2095. 

 
The small relative variability mentioned in for the historical and near term pe-

riods is also seen in the far term (Table 2). NCC and GFDL have a slightly nega-
tive trend and the mean daily rainfall amount vary between 3.5 mm for CCC 
(Figure 22(d)) and 5.5 mm for GFDL (Figure 22(f)). 

Giogi and Coppola (2010) found that for precipitation, the projected change is 
largely independent of the model bias over a given region. They stated that re-
gional model in impact assessment studies need to be conducted carefully, be-
cause models with small and large biases can produce substantially different re-
sults. This explains our consideration of all projected climates by RCA, driven by 
different GCMs, in our analysis, while keeping in mind the high level of uncer-
tainty associated with the response of West Africa climate to anthropogenic 
GHG emissions [46] [47] [50]. 
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Figure 21. Projected precipitation interannual variability and trend over GOG domain 
for the intermediate term (2031-2055) for (a) MODENS; (b) NCC; (c) ARP; (d) CCC; (e) 
MIROC; (f) GFDL; and (g) ICH. 

5. Discussion and Conclusions 

In this paper, we explored simulations with multi-GCMs as boundary and initial 
conditions, conducted with SMH-RCA version 3.5 model in the framework of 
CORDEX-AFRICA. Transient runs were carried out from 1951 to 2100, in two 
phases. These were the historical period up to December 2005 and projection for 
the period 2006-2100 using RCP8.5. Our main focus is West Africa and 3 ho-
mogenous sub-regions, the Sahel region (SAH), a western domain Senegal- 
Gambia (SEN) and the Gulf of Guinea (GOG). The RCA model in these experi-
ments was forced by a verification model ERA-Interim (ERA) for the period 
1979 to 2005) and 6 GCMs (NCC, ARP, CCC, MIROC, GFDL, ICH and their 
ensemble MODENS).  
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Figure 22. Same as Figure 21 but for FAR TERM (FT) 2071-2095. 
 

Our study results on the investigation of simulated precipitation and temper-
ature have shown a qualitative improvement in the simulation of the spatial pat-
terns of parameters like precipitation. We found that for both parameters (pre-
cipitation and temperature), MODENS always exhibits the highest correlation 
which reaches (0.96) for precipitation. The fact that MODENS outperforms in-
dividual GCMs and the verification model has been found in multi-RCMs simu-
lation [15]. These results indicate that the ensemble can be a good strategy for 
modeling strategy and should be given a high weight. Further studies are still 
needed using others models to determine the growing interest in added value 
brought by ensemble.  
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It also appears from our study that a few GCMs outperform the verification 
simulation ERA, demonstrating the net improvement mentioned and the added 
value brought internally by the RCM. Except NCC, the other models and the 
ensemble were able to capture reasonably the relative positive trend in precipita-
tion over SEN and SAH domains in the historical period. A basic difference be-
tween models was on the scale of relative variability expressed by the coefficient 
of variation. The seasonal cycle and the known monsoon Jump [36] was rela-
tively well simulated by only the verification model ERA, MODENS and ICH. 
Models also failed to simulate the onset of the rainy season also seen in other 
studies using other RCMs (e.g. [24]), and mainly an early onset is simulated by 
models. Results have shown that RCA, when forced by realistic boundaries, can 
reproduce the annual cycle of precipitation over West Africa reasonably well. 
Further, the little dry season (LDS) over central Gulf of Guinea is well repro-
duced by a significant number of models. The weak representation of the annual 
cycle of precipitation is very likely induced by the GCMs and is the cause of the 
shortcomings in models like ICH, CCC, ARP and CCC. Representation of the 
onset of the rainy season is thus poorly captured by most models while only 
marginal accuracy is attained below 14˚N. Indeed, most models failed to repro-
duce the onset of the rainy season or deviated from the real picture by showing it 
as too early. 

About temperature, it is important to highlight the systematic cold bias, in 
most models, observed over the Sahara, around the ideal growing/developing 
area of the Sahara Heat Low (SHL). This is a key feature during the monsoon 
season and shown in previous studies [15]. Relative to extremes (minimum and 
maximum temperature), a strong warming signal is projected for both the near 
and far terms by all models but with difference in magnitude. This will very 
likely induce negative impacts on agriculture [48]. Another finding of the study 
is the fact that warming between NT and FT is higher in minimum temperature 
compared to maximum temperature. 

Under RCP8.5 a slight increase is projected in precipitation in many parts of 
West Africa, mainly over the Gulf of Guinea and eastern Sahel. Over the West-
ern Sahel centered on SEN domain, a net decrease and/or no significant change 
in precipitation, is projected by the majority of models except mainly NCC. This 
result has been found and expressed in both AR4 and AR5 [8] [49]. This could 
make this part of Sahel a “hot spot” region requiring further investigation in or-
der to better quantify the magnitude of the change but also major drivers in 
terms of circulation which is outside the scope of this paper. The increase in 
projected rainfall, weak in the near term is significant in the far term over East-
ern Sahel and Gulf of Guinea regions. Trends mainly exhibit a slightly negative 
slope in the near term and a relatively positive slope in the far term by a few 
models and MODENS. On both domains SEN, SAH and GOG MODENS project 
a positive trend for the FT and almost a constant trend for the NT. 
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