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ABSTRACT 
 

The economy of West Africa and particularly in the Sahel region depends primarily on                   
agriculture. Most of its agricultural productivity is achieved during the monsoon season (July- 
September) when the greatest amount of rain is recorded. The goal of this paper is to study the 
seasonal evolution of West African rainfall with a special focus on the onset of monsoon using five 
(5) regional climate models (RCMs) involved in the CORDEX (Coordinated Regional climate 
Downscaling Experiment) program. These RCMs have a horizontal resolution of 0.44° × 0.44° 
(about 50 km) and are initialised and forced to their lateral boundaries by the ERA-Interim 
reanalysis. The results show that the intra-seasonal variability of the West African monsoon (WAM) 
is well reproduced by RCMs despite the presence of some biases. The analysis of the dynamics of 
the West African monsoon shows that almost all models simulate a strong increase of the heat flux 
over the Sahara desert especially on its western part which promotes a substantial rise in the 
monsoon flow over the Sahel. This increase of low-level monsoon flow may induce an 
enhancement of the low-level specific humidity and the convective activity over the Sahel just after 
the onset. Moreover, the RCMs show a northward position and an intensification of the AEJ just 
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before the monsoon onset. The upper levels divergence seasonal evolution is similar with the 
rainfall band with collocation of the maxima suggesting that it may be used as a tool to better 
forecast the WAM onset. 
 

 
Keywords: Regional climate models; onset; precipitation; seasonal evolution. 
 

1. INTRODUCTION 
 
The Sahel region is one of the most vulnerable 
regions to climate variability and climate change 
in West Africa [1,2]. Sahel is mostly covered by 
semi-arid regions known for their unreliable 
rainfall regime which is highly variable on intra-
seasonal, inter-annual and interdecadal 
timescales [3,5]. Such variability influences the 
distribution and statistics of daily rainfall and 
extremes and can result in more frequent and 
severe drought and floods and delayed rainy 
season [6-8]. The Sahel economy depends 
heavily on agriculture. Most of its agricultural 
productivity is obtained during the rainy season 
(July-August-September), which corresponds to 
a strong convergence of the monsoon flow of 
south-southeast and a weak Harmattan of north-
northeast. The southern displacement of the 
Inter-Tropical Convergence Zone (ITCZ) is 
characterised by a succession of phases of 
intensification and pauses of rainfall [9,10]. As 
rainfall is the primary source of water for various 
crops over the Sahel, this may substantially 
impact crop productivity and food security [11]. 
The ITCZ is located between mid-April and June 
at 5°N marking the rainy season in the Guinean 
zone. It then migrates towards 10°N between the 
end of June and September marking the rainy 
season in the Sudan-Sahel zone. This transition 
from the first maximum to the second maximum 
precipitation is called the monsoon onset   
[12,13]. The onset date corresponds to the 
installation phase of the monsoon over the Sahel 
band. The land-sea surface temperature 
difference between the continent (Sahel and 
Sahara) and the ocean (Gulf of Guinea) 
dominates the West African Monsoon (WAM) 
onset. The land-sea surface and temperature 
differences are also of great importance in the 
East Asia Subtropical Monsoon Onset [14,16]. 
The knowledge of the monsoon onset date has 
crucial importance for the crop yield and the 
management of water resources in the Sahel 
region. The sowing of the crop is largely 
connected with the start of the rainy season as 
pointed out by some previous studies [17,18].  
 
Due to this, several studies have focused on the 
dynamics of the West African climate around this 

date. Among which Sultan and Janicot [12] 
performed such study with in situ data. Sijikumar 
et al. [19] and Diallo et al. [20] conducted similar 
study with regional climate models simulations. 
This work is based on the analysis of CORDEX 
regional climate models (RCMs). CORDEX is an 
international program implemented by several 
research centres, which aim at producing reliable 
climate change scenarios for impact and 
adaptation studies. The data from the ERA-
Interim reanalysis of the European Center for 
Medium-Range Meteorological Forecasting 
(ECMWF) [21] covering the period 1989-2008 
has been used to produce present day 
simulations that are intended to evaluate the 
performance of the CORDEX RCMs. For 
instance, some authors [22-24] have 
demonstrated that the CORDEX RCMs 
reproduce well with the rainfall and the 
temperature distribution during the WAM and that 
the mean ensemble average of all models 
generally outperforms the individual RCMs 
members. In the framework of CORDEX 
program, a series of experiments were also 
designed to obtain climate change projections 
that can be used for impact and adaptation 
studies. These simulations cover the period of 
1951-2100 including the recent historical period, 
as well as the whole 21st century. The CORDEX 
program has been described in details by Giorgi 
et al. [25]. 
 
This study aims at analysing the seasonal 
evolution of WAM rainfall with a focus on the 
monsoon onset by using five (5) regional climate 
models of the CORDEX program during the 
period of 1989-2008. 
 
Section 2 describes the data and methods used 
in this study. In section 3, the results are 
presented. The last part of this work is dedicated 
to the conclusion and outcomes.  
 

2. DATA AND METHODS 
 

2.1 Models Description and Experiment 
 
RCMs are the area limited models which are 
used to dynamically disaggregate the global 
climate models (GCMs) [26]. They simulate the 
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climate at the regional scale. In this work, high 
resolution simulations were used (0.44°×0.44°, 
approx. 50 km) resulting from 5 RCMs of the 
CORDEX-Africa program: CCLM4, RCA4, 
RACMO22T, CanRCM4 and HIRHAM5. These 
models are forced by the ERA-Interim reanalysis 
which is the third generation of the European 
Centre for Medium-range Weather Forecasting 
(ECMWF) data reanalysis. The simulations are 
integrated over the whole Africa domain from 
1989 to 2008. The model's institutions and the 
references are shown in Table 1. The study area 
considered in this work (Fig. 1) exhibits some 
highlands localised around Cameroon 
(Cameroon mountains, CM), Central Nigeria (Jos 
plateau, JP) and the Republic of Guinea (Guinea 
highlands, GH). 
 
2.2 Observation Data 
 
The validation data for rainfall come from the 
Global Precipitation Climatology Project (GPCP; 
[27,28]). Previous studies [22,7] have reported 

that the GPCP climatology represented well the 
spatial and temporal distribution of West african 
rainfall. These data as well as the Era-interim 
reanalysis are described in Table 2. 
 

2.3 West African Monsoon Index (WAMOI) 
 
To study the dynamics of the West African 
climate around the onset date, the West African 
Monsoon Index (WAMOI) was computed [19]. 
The Guinea (10°W-10°E; 0°-7.5°N) and the 
Sahel (10°W-10°E; 7.5N-20°N) rainfall indexes 
have been calculated using the mean rainfall for 
5-days (or pentad) in the first step. The 
standardised difference between the Sahel 
rainfall index (SI) and Guinea rainfall index (GI) 
are calculated afterwards. If the difference (SI-
GI) is positive (negative) then the Sahelian 
rainfall rate is higher (lower) than Guinean rainfall 
rate. The mean onset date corresponds to the 
first pentad just above the 0 threshold for at least 
three successive pentads. 

 

 
 

Fig. 1. Topography of the study domain (West Africa) and considered sub-domains (Western 
Sahel, Central Sahel, Eastern Sahel and Guinea) 

 
Table 1. Description of the regional climate models 

 
Name Institution References 
CCLM4 CLM-community Baldauf et al. [29] 
RACMO22T KNMI, The Netherlands Van Meijgaard et al. [30] 
RCA4 SMHI, Sweden Samuelsson et al. [31] 
CanRCM4 CCCma, Canada Scinocca et al. [32] 
HIRHAM5 DMI, Denmark Christensen et al. [33] 
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Table 2. Description of the validation data and Era-interim reanalysis 
 

 GPCPV22 ERA-interim 
Spatial resolution 2.5° in monthly 

1° in daily 
     0.75° 

Spatial coverage Land and Ocean Land and ocean 
Temporal coverage Monthly :1979-2015 

Daily : 1997-2015 
Monthly  and daily : 
1979-to present 

References Adler et al. [27]; Huffman et al. [28]   Dee et al. [34] 
 
3. RESULTS 
 
3.1 Validation of the Mean Summer 

Rainfall 
 
The distribution of the summer rainfall (July-
September) over West Africa is presented in Fig. 
2; while Table 3 summarises the mean bias 
(MB), the root mean square error (RMSE) and 
the pattern correlation coefficient (PCC) for the 
models and the ERA-Interim reanalysis with 
respect to GPCP observations. The RMSE 
measures the amplitude of errors committed by 
models; while the mean bias characterises                
the sign of errors (overestimation or 
underestimation). The PCC allows to 
characterise the linear interdependence of two 
climate parameters. 
 

GPCP Climatology exhibits a north-south rainfall 
gradient with a maximum localised over the 
orographic areas (Fouta Djallon Mountain, 
Cameroon Mountains, Jos Plateau). Almost all 
RCMs have shown a dry bias over the western 
Sahel except HIRHAM5 model (Fig. 2g). This 
model strongly overestimates the rainfall intensity 
mostly over the entire West Africa (up to 27%) 
except Western Sahel and more particularly over 
the Senegal where a dry bias is present [21]. The 
strongest dry bias is shown by CCLM4 model 
(Fig. 2f) (about 50%) over Western Sahel. The 
RMSE over this region is generally weak for the 
RCMs with a good PCC (up to 0.6) except for 
HIRHAM5 model (about 0.4). In Central and 
Eastern Sahel, almost all RCMs have recorded 
wet biases except RCA4 which exhibits a dry 
bias on the most part of the study region           
(about 12%). 

 

 
Fig. 2. Mean JAS rainfall (mm/day) averaged from 1989 to 2008 for: a. GPCP and the biases 

with respect to GPCP (expressed in %) for b. ERA-Interim, c. RCA4, d. CanRCM4, e. 
RACMO22T, f. CCLM4, g. HIRHAM5 and h. ensemble mean of all models 
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Table 3. Mean bias (MB) expressed in %, root mean square error (RMSE) expressed in mm/day and pattern correlation coefficient (PCC) of the 
mean summer (JAS) rainfall for the RCMs and ERA-interim reanalysis with respect to GPCP observation 

 
Model Western Sahel Central Sahel Eastern Sahel Guinea West Africa 

Mean bias RMSE Mean bias RMSE Mean bias RMSE Mean bias  RMSE Mean bias RMSE  PCC 
CCLM4 -50 3.4 1.6 2.1 1.9 2.1 -47.9 4.1 -19.6 3.4 0.6 
RACMO22T -2.1 3 42.9 3.9 31.6 3.3 -32.2 3     0.5     2.8 0.6 
RCA4 -5.7 2.5 -23.6 1.1 -30 1 -38.9 4.6 -12.4     2.9 0.7 
CanRCM4 -4.2 2.5 22.7 2.4 16.2 2.2 -34.6 3.2 -2.6 2.4 0.8 
HIRHAM5 6.8 3.3 45 3.9 21.4 2.9 28.1 6.3 27 4.2 0.4 
ENS/RCMs -10.7 1.8 17.9 2.1 8.5 1.8 -25.1 2.9 -1.9 2.1 0.8 
ERA-Interim - 40 6.4 -54.5 2.4 -24.5 2.4 13.8 2.4 -7.6 2.2 0.6 
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This large underestimation simulated by this 
model is in line with the findings of Dee et al. 
[34]. The strongest wet bias is simulated by the 
HIRHAM5 (Fig. 2g) and RACMO22T models 
(Fig. 2e) (about 45% and 42%, respectively) over 
Central Sahel. These biases have been found to 
be very weak for the CCLM4 model in Central 
and Eastern Sahel (about 1.6% and 2%, 
respectively). In Guinea zone, only the HIRHAM5 
model displays a wet bias (up to 28%). The other 
RCMs show dry biases in this area. The 
strongest dry bias (up to 47%) is exhibited by the 
CCLM4 model followed by RCA4 and CanRCM4 
models in this region. This latter model exhibits a 
good PCC over the study area (about 0.8). When 
considering the RMSE, it is stronger in the 
Guinea region compared to the Sahel area. The 
ensemble mean of models has exhibited the 
weakest biases (below 2%) and a good PCC 
(exceeding 0.8) over the study region. Thus, the 
ensemble mean of all models outperforms the 
individual RCMs members in coherence with 
some previous works [22,23,35,36]. The forcing 
data (ERA-Interim) records an important dry bias 
in most of the Sahel region and a weak wet bias 
(<14%) along the Guinean zone. This 
configuration seems to be in opposition (except 
the Western Sahel) with that of CCLM4, 
CanRCM4 and RACMO22T simulations and the 
ensemble mean of the models (Fig. 2h). These 
reveal a dry bias over Guinea and a positive 
rainfall bias over most part of the Sahel. Thus, 
biases of the RCMs do not depend only on the 
forcing data because internal variability of 
models may play a strong role too [37]. 
 
3.2 Intraseasonal Variability of the West 

African Monsoon 
 
In order to better understand the latitudinal 
progression of the WAM, the hӧvmoller diagram 
of 5-day mean precipitation (or pentad) averaged 
between 10°W and 10°E for GPCP observation, 
ERA-Interim reanalysis, the RCMs and their 
ensemble mean are displayed in Fig. 3. The 
mean onset date is also indicated in the figure by 
the vertical line. 
 

The GPCP climatology has exhibited three 
phases: the first phase corresponds to a rainfall 
centred maximum around 5°N until the second 
half of June. This is the beginning of the first 
rainy season in the Guinean zone. A strong 
reduction of the rainfall has been noted followed 
by an increase towards 10°N signifying the start 
of the rainy season in the Sahelian zone by the 
end of June (second phase). Finally, the GPCP 

climatology exhibits a progressive southward 
retreat of the rain band between September and 
October (third phase) corresponding to the 
second rainy season in the Guinean zone. 
 
The ERA-Interim reanalysis (Fig. 3b) reproduces 
quite well with these three phases but some 
differences appeared. Indeed, the first rainfall 
peak intensity is underestimated while the 
second rainfall maximum is overestimated. The 
ERA-Interim reanalysis also shows a monsoon 
jump at later stage. 
 
Clearly the RCMs simulate the northward shift of 
the ITCZ to the Sahel region. However, the 
CCLM4 and HIRHAM5 models (Fig. 3f and 4g 
respectively) overestimate the magnitude of the 
first rainfall peak (between 2°S and 6°N); which 
is in coherence with Nikulin et al. [22]. The 
magnitude of the second peak has been 
underestimated in the CCLM4 model. It should 
also be noted that HIRHAM5 model tends to 
simulate the monsoon jump too late (second half 
of July). As for RCA4 model (Fig. 3c), it presents 
a strong underestimation of the rain band and 
fails to quite reproduce the monsoon jump, and 
this is consistent with the findings of Akinsanola 
et al. [38]. The RACMO22T model (Fig. 3e) 
underestimates the magnitude of the first rainfall 
peak. The second peak rainfall of this model is 
too wide compared to other observations. 
Considering the CanRCM4 model (Fig. 3d), the 
observed rainfall peaks are in general well 
reproduced. The ensemble mean of the RCMs 
also records the monsoon jump rather well with 
the first rain band more intensely and more 
extensively compared to that of GPCP 
observations. 

 
The main driving forces of the ITCZ propagation 
northward to the Sahel are the low-level 
meridional flow (between surface and 800hPa), 
the AEJ (between 500-700hPa) associated with 
the intense solar heating over the Sahara 
[12,39,40,20]. 
 
Fig. 4 presents the hӧvmoller diagram of 5-day 
mean of wind divergence at 850 hPa from the 
ERA-Interim reanalysis, the RCMs and their 
ensemble mean average along 10°W-10°E. 
Negative (positive) values refer to convergence 
(divergence) respectively. The ERA-Interim data 
(Fig. 4a) displays a weak convergence over the 
Guinea region (near 2°N) during the beginning of 
April until the end of May which has shifted 
northward to the Sahel (near 10°N) before the 
onset date until the southward retreat. 
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Compared to the reanalysis, these models have 
a relatively similar structure with different 
magnitudes. RCA4, CanRCM4 models and the 
ensemble mean of RCMs (Fig. 4b, 4c and 4g, 
respectively) underestimate the first convergence 
peak over the Guinean zone. RACMO22T, 
CCLM4 and HIRHAM5 models (Fig. 4d, 4e and 
4f respectively) show rather well the first peak 

convergence in the Guinean zone with a 
displacement towards the north (10°N) over the 
Sahelian zone before and after the onset date. 
These three models simulate a convergence 
band much broader and more intense than the 
reanalysis data over the Sahelian zone. This is in 
agreement with the rainfall patterns. 

 

 

 

Fig. 3. Time/latitude diagram of the 5-day mean of precipitation (mm/day) averaged from 1989 
to 2008 for: a. GPCP b. ERA-Interim, c. CCLM4, d. RCA4, e. RACMO22T f. CanRCM4, g. 
HIRHAM5 and h. ensemble mean of all models. The mean onset date is indicated by the 

vertical line 
 

 

 

Fig. 4. Time/latitude diagram of the 5-day mean of wind divergence at 850 hPa (multiplied by 
106s-1) during the period 1989-2008 for : a. ERA-Interim, b. RCA4, c. CanRCM4, d. RACMO22T, 
e. CCLM4, f. HIRHAM5, g. ensemble mean of all models. The mean onset date is indicated by 

the vertical line 
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The hӧvmoller diagram of 5-day mean wind 
divergence at upper levels (200hPa) averaged 
along 10°W-10°E is represented in Fig. 5. An 
upper-level divergence situation is known to 
promote deep convection. 
 
The ERA-Interim reanalysis (Fig. 5a) shows a 
maximum of wind divergence over the Guinean 
zone between April and May followed by a 
second one just after the onset over the Sahel. 
 
This distribution is well reproduced by all RCMs 
and their ensemble mean except RACMO22T. 
The latter model does not simulate the guinea 
peak and it strongly overestimates the Sahel 
maximum, resulting in an overestimation of Sahel 
rainfall (Fig. 3). The ensemble mean of all 
models displays a seasonal evolution similar to 
that of the rainfall with a colocation of the 
Guinean and Sahelian peaks. This result 
suggests that the upper-level divergence may be 
a good indicator in the forecasting of the onset of 
monsoon in the Sahel region. 
 
The 5-day mean relative vorticity at 500 hPa 
average along 10°W-10°E is depicted in Fig. 6. 
When the relative vorticity is positive (negative), 
this situation corresponds to a cyclonic 
circulation (anticyclonic circulation). 
 

The ERA-Interim reanalysis shows a cyclonic 
circulation over the rain band with a maximum 
localised between the latitudes 6°N and 12°N 
from the beginning of June until the monsoon 
retreat phase with a minimum cyclonic circulation 
over the Guinea area. 
 
The RCA4 model (Fig. 6b) fails to accurately 
reproduce this distribution. This model simulates 
an anticyclonic circulation over the rain band 
area and a cyclonic circulation below this band. 
That is consistent with the strong 
underestimation of the rainfall peaks simulated 
by this model. The other models reproduced 
rather well the patterns of the ERA-Interim 
reanalysis. Nevertheless, they exhibit a slight 
differences. The circulation is slightly 
overestimated in the CanRCM4, RACMO22T 
models and the ensemble mean of the models 
(Fig. 6c, 6d and 6g respectively) which show a 
strong cyclonic circulation just after the onset 
over the Sahel region. CCLM4 and HIRHAM5 
models (Fig. 6e and 6f, respectively) simulated a 
cyclonic circulation much more intense and more 
extensive over Guinea (between 2°N and 6°N) 
than the ERA-Interim reanalysis. In the            
southern Sahel (between 10°N-12°N), CCLM4 
underestimates this circulation while HIRHAM5 
model overestimates it. 
 

 

 

Fig. 5. Time/latitude diagram of the 5-day mean of wind divergence at 200 hPa (multiplied by 
106s-1) during the period of 1989-2008 for: a. ERA-Interim, b. RCA4, c. CanRCM4, d. 

RACMO22T, e. CCLM4, f. HIRHAM5, g. ensemble mean of all models. The mean onset date is 
indicated by the vertical line 
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Fig. 6. Time/latitude diagram of the 5-day mean of relative vorticity at 500 hPa (multiplied by 

105s-1) averaged from 1989 to 2008 for : a. ERA-Interim, b. RCA4, c. CanRCM4, d. RACMO22T, 
e. CCLM4, f. HIRHAM5, g. ensemble mean of all models. The mean onset date is indicated by 

the vertical line 
 

 

 
Fig. 7. Time/latitude diagram of the 5-day mean of zonal wind at 500 hPa averaged from 1989 to 

2008 for:a. ERA-Interim, b. RCA4, c. CanRCM4, d. RACMO22T, e. CCLM4, f. HIRHAM5, g. 
ensemble mean of all models. The mean onset date is indicated by the vertical line 
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Figs. 7 and 8 show respectively the seasonal 
distribution of the 5-day mean zonal wind at 
500hPa and 200hPa from ERA-Interim 
reanalysis, the RCMs and their ensemble mean. 
These two levels are used to focus on the 
analysis of the characteristics of the mid-levels 
African Easterly Jet (AEJ) and the upper levels 
Tropical Easterly Jet (TEJ). The AEJ appears 
over West Africa during the boreal summer as 
the result of the strong meridional surface 
moisture and temperature gradients between the 
Sahara and equatorial Africa. It is located around 
15°N [41-43]. The TEJ is associated with the 
upper-level outflow from the Asian monsoon. It is 
centered on 10°N. An AEJ position more 
northward associated with a strong TEJ is 
favourable to the rainfall reinforcement over the 
Sahel region [44]. 
 

The ERA-Interim data at 500hPa (Fig. 7a) 
exhibits a maximum of zonal wind between April 
and June over the Guinean region followed by 
another maximum in the Sahel region in August-
September period. The AEJ seasonal evolution 
is well captured by the RCMs and their ensemble 
mean. However, there are some differences. In 
fact, all simulations tend to strongly overestimate 
the strength of the mid-levels easterly flow. 
Moreover, the AEJ is located more northward 
when considering the models and their ensemble 
mean except the RCA4 model. Moreover, 

CCLM4 and RACMO22T models exhibit a 
reinforcement of the AEJ intensity just before the 
onset. 
 
When the zonal wind at 200hPa is considered, 
the ERA-Interim reanalysis (Fig. 8a) shows a 
reinforcement of the TEJ after the WAM onset. 
All simulations reproduce this distribution but the 
strength of the easterly flow core is largely 
overestimated by the RCMs. The RCA4 model 
(Fig. 8b) tends to locate the TEJ core more 
northward. This analysis suggests that the TEJ 
may not play a key role in the establishment of 
the monsoon (onset) over West Africa. 
 

3.3 West African Monsoon Onset 
 

This part of the study is about the dynamics of 
the WAM during the onset period. When 
detecting the mean onset date following [19]           
(Fig. 9),  In the present study it has been found 
that it is located in the 33rd pentad (11-15               
June) for GPCP which is in line with Sijikumar et 
al. [19]. The RCA4 and CCLM4 models              
have simulated the mean onset date very    
earlier. It has been observed that in the 30th 
pentad (01-05 June) and in the 31

st
 pentad (06-

10 June), respectively. CanRCM4, RACMO22T 
models and the ensemble mean of                   
RCMs capture the mean onset later (35

th
 pentad 

or 21-25 June). This date is very close to that
 

 

 
Fig. 8. Time/latitude diagram of the 5-day mean of zonal wind at 200 hPa averaged from 1989 to 

2008 for : a. ERA-Interim, b. RCA4, c. CanRCM4, d. RACMO22T, e. CCLM4, f. HIRHAM5, g. 
ensemble mean of all models. The mean onset date is indicated by the vertical line 
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was found by Sultan and Janicot [12], i.e., June 
24th. Diaconescu et al. [45] using the CanRCM4 
model also found the mean onset in the same 
pentad, i.e., 35

th
 pentad. The HIRHAM5 model 

and ERA-Interim reanalysis show very late 

monsoon jump; their mean onset dates are 
located in the 39th pentad (11-15 July) and the 
37

th
 pentad (01-05 July), respectively. These two 

previous onset dates are far from the GPCP 
climatology date. 

 

 

 

Fig. 9. Standardised differences between the Sudan-Sahel rainfall index (10°W-10°E, 7.5°N- 
20°N) and the Guinea rainfall index (10°W-10°E, 0°-7.5°N) for: GPCP, ERA-Interim, RCA4 , 

CanRCM4, RACMO22T, CCLM4, HIRHAM5 and the ensemble mean of all models during the 
period 1997 to 2008 

 

 

 

Fig. 10. The composite difference of 3 pentads after onset and 3 pentads before onset (after 
minus before) of 850 hPa wind (arrows in m/s) superimposed over the 2 m air temperature 

(shading in °C) and the mean sea level pressure (contour in hPa) for: a. ERA-Interim, b. RCA4, 
c. CanRCM4, d. RACMO22T, e. CCLM4, f. HIRHAM5 and g. ensemble mean of all models during 

the period of 1997 to 2008 
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After the detection of the onset dates, three (3) 
successive pentads located before and after the 
onset date for the composite study are shown 
below. 
 
The mean difference (after onset minus before 
onset) of the low-level (850 hPa) wind 
superimposed over the 2 m air temperature and 
the mean sea level pressure is displayed in Fig. 
10. 
 
ERA-Interim reanalysis (Fig. 10a) shows an 
increase of the westerly flow from the Atlantic 
Ocean to the Sahel band (10°N-12°N). This 
increase is driven by the north-south pressure 
gradient due to the intense heat low in Western 
Sahara (or Saharan heat low). The Saharan heat 
low plays a significant role in the monsoon jump 
process [40,46]. Therefore, the bias in onset date 
could be partly explained by the Saharan heat 
low dynamics [12]. 
 
The meridional temperature gradient is 
realistically simulated by the RCMs and the 
ensemble mean of all models which display the 
same spatial pattern obtained with the reanalysis 
data except the HIRHAM5 model. This may 
explain the origin of the important anomaly in the 
onset date simulated by the HIRMHAM5 model 

(Fig. 10f). Furthermore, the magnitude of the 
Saharan heat low in the CanRCM4, RACMO22T, 
CCLM4 models (Fig. 10c, 10d and 10e, 
respectively) and their ensemble mean (Fig. 10g) 
is greater than that of the ERA-interim reanalysis. 
 
This intensifying heat low could be at the origin of 
the strong north-south pressure gradient. 
According to Sijikumar et al. [19], this gradient 
forces the moist air of the ocean to penetrate 
inside the continent and leads the meridional 
component of the wind across Guinea in the 
Sudan-Sahel region. This may explain the wet 
rainfall biases simulated by these models in large 
parts of the Sahel region. 
 
Fig. 11 shows the mean difference (after minus 
before onset) of the low-level (850 hPa) specific 
humidity from the ERA-Interim reanalysis, the 
RCMs and their ensemble mean. 
 
The ERA-Interim reanalysis has a dipolar 
structure clearly showing an increase of the low- 
level specific humidity over the Sahel and the 
Sahara and a reduction over the Guinean area 
just after the onset. CanRCM4, RACMO22T 
models (respectively Fig. 11c and 11d) and the 
ensemble mean of the models (Fig. 11g) show 
an increase in a narrow band over the Central

 
 

 
Fig. 11. The composite difference of 3 pentads after onset and 3 pentads before onset (after 

minus before) of specific humidity at 850 hPa (g/kg) for: a. ERA-Interim, b. RCA4 , c. CanRCM4, 
d. RACMO22T, e. CCLM4, f. HIRHAM5 and g. ensemble mean of all models during the period 

1997 to 2008 
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Fig. 12. The composite difference of 3 pentads after onset and 3 pentads before onset (after 
minus before) of the outgoing longwave radiation (W.m-2) for: a. ERA-Interim, b. RCA4, c. 

CanRCM4, d. RACMO22T, e. CCLM4, f. HIRHAM5 and g. ensemble mean of all models during 
the period 1997 to 2008 

 
and East Sahel (between 14°N and 18°N). The 
HIRHAM5 model reveals clearly a dipole in West 
Africa when considering the low-levels specific 
humidity with an increase over the entire Sahel 
zone and a decrease over the whole Guinea 
area. The strong increase of the low-specific 
humidity over the Sahel zone is well correlated 
with the wet rainfall biases simulated by the 
RCMs over that region. Concerning the RCA4 
model, it shows a slight humidity increase only 
over the Western Sahel which is in line with dry 
rainfall biases simulated by this model. 
 
The mean difference (after minus before onset) 
of the outgoing long wave radiation (OLR) is 
represented on Fig. 12. The negative values 
(positive) correspond to an increase (reduction) 
in the convection. The ERA-Interim reanalysis 
(Fig. 12a) shows a strengthening of the 
convection over West Africa despite the 
presence of dry rainfall biases over the Sahel. 
The increase in the convective activity just after 
the onset over the Guinea area is consistent with 
the wet bias found in this area. RCA4 model (Fig. 
12b) displays an increase in the convection over 
the western Sahel and particularly over the 

Senegal and Mauritania and a reduction over the 
rest of the study region. Regarding the 
CanRCM4 model, an increase over the Western 
Sahel and the North of the Central Sahel has 
been observed. A strong reinforcement of the 
convection over the Sahel is simulated by 
RACMO22T, CCLM4, HIRHAM5 models (Fig. 
12d, 12e and 12f respectively) and by the 
ensemble mean of the models (Fig. 12g). This 
increase in the convection simulated by these 
models is also associated with wet rainfall biases 
over this region. Thus the increase in the 
convection just after the onset has also a positive 
impact on the installation of monsoon in the 
Sahel. 
 

4. CONCLUSION 
 
In this work, high resolution simulations (0.44° × 
0.44°) performed by five (5) RCMs of CORDEX 
program which are forced over the period 1989-
2008 by the ERA-Interim reanalysis, are 
analysed. Simulations resulting from these 
models and their ensemble mean are validated 
with GPCP climatology precipitation data and the 
Era-interim reanalysis data. 
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The analysis of the various results reveals that 
spatial distribution of West African rainfall is well 
reproduced by the RCMs. However, they exhibit 
certain differences. CanRCM4, CCLM4 and 
RACMO22T models present wet biases over the 
Central Sahel and the Eastern Sahel and dry 
biases over the rest of the domain. As for the 
model HIRHAM5, it displays wet biases over a 
large part of West Africa; while the RCA4 model 
shows a dry bias over the whole domain. These 
biases are generally weak in the RCMs 
ensemble in coherence with previous findings 
[22]. 
 

The main characteristics of the intra-seasonal 
variability of rainfall (monsoon onset and the 
installation and retreat phases) have been 
studied. They are generally well reproduced by 
the models and their ensemble mean. Some 
differences between the RCMs and GPCP 
observations on the positioning, duration and 
intensity of the rainfall peak are also noted but 
the monsoon jump was clearly captured by these 
models with certain differences; it appeared 
earlier in RCA4 and CCLM4 models and later in 
other models and the multi-model ensemble. 
 

The analysis of the hӧvmoller diagram of 5-day 
mean winddivergence at upper levels (200hPa) 
exhibits a seasonal evolution similar to that of the 
rainfall with a colocation of the Guinean and 
Sahelian peaks. This result suggests that the 
upper-level divergence may be a good indicator 
for the forecast of the onset date in the Sahel 
region. 
 

Concerning the zonal wind at 500hPa and 
200hPa, the RCMs exhibits a reinforcement of 
the AEJ and located it more northward before 
and after the WAM onset compared to the ERA- 
Interim reanalysis except for the RCA4 model. 
Furthermore, an intensification of TEJ has been 
diagnosed just after the West African monsoon 
onset. 
 

The analysis of some key parameters involved in 
the monsoon onset shows that the ERA-Interim 
reanalysis and RCMs simulate an increase of the 
specific humidity at 850 hPa just after the onset 
over the Sahel and the Sahara except for RCA4 
which presented a reduction on the Central 
Sahel the Eastern Sahel. RACMO22T and 
CanRCM4 also show a reduction over the North 
of the Central Sahel, the Eastern Sahel and over 
the Sahara. 
 

When considering the composite difference of 
the meridional gradient of temperature, ERA- 

Interim presents a slight increase over the 
Sahara especially on its Western part and a 
reduction over the Sahel and the Guinean zone. 
This structure creates a pressure gradient 
between the continent and the equatorial Atlantic 
Ocean which is at the origin of the westerly 
monsoon flow. All models except RCA4 
overestimated this meridional gradient which 
translated into a stronger moisture flux compared 
to ERA-Interim reanalysis. 
 
Despite the presence of some biases, this work 
reveals the ability of the MCRs to represent well 
the West African climate and to understand the 
key processes involved in the onset of the WAM. 
It needs to be continued by analysing the 
CORDEX climate change projections to 
determine the behaviour of the West African 
monsoon during the near and the far future. 
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