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1  Introduction

The West African Monsoon System (WAMS) is a major fea-
ture of the large-scale circulation. Hundreds of millions of 
people depend on rainfall from this system for their liveli-
hoods. Seasonal modulation of the WAMS leads to two con-
trasting states. Centered on January, north-east trade winds 
prevail over the entire region of West Africa and are associ-
ated with the major dry season where atmospheric condi-
tions are stable, nights relatively cool and the concentration 
of aerosols in the atmosphere high. Conditions across the 
region in this season are largely homogenous (Biasutti 
2019; Annor et al. 2018; Agyekum et al. 2018; Okafor et 
al. 2019). By July, prevailing south-westerly trade winds 
bring moisture from the ocean to the continent (Gu and 
Adler 2004). During this season the region receives its rains 
mainly through mesoscale convective systems (Gu and 
Adler 2004; Jung and Kunstmann 2007). As a result, precip-
itation and other atmospheric conditions are heterogeneous 
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Abstract
Climate model evaluation presents a crucial pathway into the investigation of the simulation of future climate. It presents 
the only lens through which the future states of the climate of the planet can be explored. In this study, reference datasets 
including reanalysis products have been used to demonstrate the climatological annual migration of the West African Mon-
soon System (WAMS) in three components, namely, the West African Heat Low (WAHL), the West African Heat Band 
(WAHB) and the West African Rain Band (WARB). We have used 8 Global Climate Models (GCMs) from the Coupled 
Model Intercomparison Project Phase 6 (CMIP6) to assess how the models represent the climatological annual migration 
of these three features over the same domain for the same period. The results show close linkages between the WAHL, 
WAHB and the WARB as signature components of the WAMS in their climatological annual dynamics. All three features 
migrate from the south (with the minimum intensities) in January to the north (with the maximum intensities) in August 
over the region. The GCMs represent the climatological annual dynamics of all three features to some extent. However, 
in most of the models analysed the WAHL is too weak, and the WAHB and WARB are located too far south. Insights 
from this study can be beneficial for investigations of the future state of the WAMS. Also, development of models for the 
region should target the improved simulation of these features, specifically the intensity of the WAHL, and the locations 
of the WAHB and WARB.
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over the region (Annor et al. 2018, 2022; Agyekum et al. 
2018; Okafor et al. 2019), although climatologically isohy-
ets align neatly along lines of latitude to reach a minimum 
at the southern edge of the Sahara. Deep convection, often 
referred to and co-located with the Intertropical Conver-
gence Zone (ITCZ), occurs south of the location of the con-
vergence of the two trade winds which itself is known as 
the Intertropical Discontinuity (ITD). Biasutti (2019) attrib-
uted the movement of the ITCZ to the transport of moisture 
into the deep convective region via its lower branch and the 
transport of energy away from the ITCZ in its upper branch, 
where the mean position of the ITCZ results in a net energy 
transfer from the northern hemisphere to the southern hemi-
sphere. The result of this is the cyclical movement of bands 
of moisture (rain belt) and heat over the West African region 
(Dixon et al. 2017; Biasutti 2019).

While the WAMS comprises an array of atmospheric fea-
tures across space and time-scales, there are two key com-
ponents which are integral to the WAMS and are directly 
connected to the dynamics that drive the system. The first 
is the well-known West African Heat Low (WAHL). The 
second is the anomalous near surface temperature and here 
we introduce for the first time (to best of our knowledge) 
an index to characterize this, namely the West African 
Heat Band (WAHB). The WAHL is an area of extremely 
high surface temperatures formed by intense solar radiation 
that coincides with low surface pressures over continental 
Africa (Lavaysse et al. 2009, 2016; Dixon et al. 2017). The 
WAHL usually takes the form of a closed low pressure sys-
tem and, typical of a classic heat-low structure, is identifi-
able in lower tropospheric thickness anomalies. In July, the 
heat low is in the core of the Sahara over southern Alge-
ria and northern Mali (Engelstaedter et al., 2015) whereas 
in January, the feature occurs less frequently and is found 
far to the south beyond the northern extent of the Congo 
Basin (Lavaysse et al. 2009, 2016). The vertical extent of 
the WAHL is bounded within the 700 and 925 hPa levels in 
the atmosphere (Lavaysse et al. 2009, 2016). According to 
Thorncroft and Blackburn (1999), the heat low has a strong 
linkage with the African Easterly Jet (AEJ) at the upper 
level of the WAHL (700 hPa) in the month of July. They 
reported that the WAHL plays a crucial role in maintaining 
the AEJ and its associated meridional gradients in potential 
vorticity at the 700 hPa level. The West African Heat Band, 
unlike the classic heat low, is a broad zone of high near-sur-
face temperatures across West and North Africa. It is seen 
as a broad zone, within which the near-surface temperature 
exceeds the near-surface temperature of all other areas over 
the West African region. Like the WAHL, this feature occurs 
less frequently in the months centered on January and is also 
located far to the south compared with July. Together, these 
features set up and maintain the energy gradient required 

to drive the WAMS. As indicated above, the WAMS vital 
output is rainfall, and again for the first time (to the best of 
our knowledge) we present a third component of the WAMS 
called the West African Rain Band (WARB). The WARB is 
an index that characterizes are as with anomalous rainfall 
(like the WAHB, these are areas where precipitation within 
the zone exceeds the precipitation of all other areas over 
the West African region). These are key, large-scale features 
which are necessary for global climate models to simulate in 
order to replicate the WAMS adequately.

The African continent in recent times has received a 
boost in the analysis of numerical weather prediction and 
climate models for various weather/climate related investi-
gations (e.g., Mariotti et al. 2011; Drobinski et al. 2007) and 
the West African region is no exception (e.g., Vigaud et al. 
2011; Vellinga et al. 2016; Dixon et al. 2017; Akinsanola et 
al. 2017; Annor et al. 2018; Annor et al. 2022). This is a wel-
come development in filling the knowledge gap in the area 
of climate modeling for the continent. For instance, Klein et 
al. (2015) simulated the variability in the West African mon-
soon pattern due to different parameterization schemes of 
a regional climate model. They found differences between 
model versions in the WAMS, and attributed this to differ-
ences in the intensities of the moist Hadley-type meridional 
circulation which links the monsoon winds to the Tropical 
Easterly Jet. Also, Dixon et al. (2017) reported that, cli-
mate models with northward Sahara Heat Low biases have 
enhanced short wave absorption and increased low-level 
specific humidity due to the Saharan water vapor–tem-
perature feedback. A recent further step in this effort is the 
LaunchPAD (Priority on African Diagnostics) project which 
evolved through the Future Climate for Africa (FCFA) 
(www.futureclimateafrica.org) programme. The purpose of 
this paper, which is part of the LaunchPAD project, is there-
fore to investigate the structure and dynamics of the WAHL, 
WAHB and the rainfall response by the WAMS (i.e., the 
WARB) in coupled climate models. If climate models fail to 
replicate key large-scale drivers and response of the WAMS, 
such as the WAHL and WAHB, and WARB, it should not 
be reasonably expected that the response of these models 
to future greenhouse gas emissions can be trusted. The 
investigation in this paper could therefore be construed as 
an inspection of the necessary first-order features required 
of a climate model over West Africa. Here we focus on the 
most recently available ensemble of coupled climate model 
experiments, namely CMIP6. The data and the method of 
analysis applied in this study are presented in Sect. 2. Sec-
tion 3 contains the results and discussion. We provide our 
summary and conclusions in Sect. 4.
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2  Data and methods

2.1  Data

2.1.1  Reference data

The quality of reference data in a model evaluation process 
is crucial and for the West African region; specifically, for 
precipitation; reference datasets created from dense rain 
gauge measurements are required due to the high spatial 
variability of precipitation. Temperature on the other hand 
tends to be more homogenous over the region. Similarly, 
geopotential fields do not vary much over short distances 
in the West African region. Two types of reference datasets 
(satellite-merged-with-gauge and reanalysis) are applied in 
this study. We used reanalysis datasets for the evaluation 
of the WAHL and WAHB. In the case of the WARB, the 
satellite-merged-with-gauge dataset type is used, because 
the precipitation fields in the reanalysis datasets used for 
the WAHL and WAHB are assimilated data which could not 
represent actual precipitation data as accurately as a mea-
sured dataset.

The determination of the WARB requires a monthly total 
precipitation dataset. In this case we used the Global Pre-
cipitation Climatology Project (GPCP version 2.3), with a 
horizontal resolution of 2.5◦ × 2.5◦  covering both the land 
surface and the oceans of the globe (Adler et al. 2018).

Like the WARB, monthly mean 2-m air temperature 
dataset is needed for the determination of the WAHB and 
two different reanalysis datasets are used here. We applied 
the European Centre for Medium-Range Weather Fore-
cast reanalysis product ERA5 (Hersbach et al. 2020) at 
0.25◦ × 0.25◦  horizontal resolution and the Modern-Era 
Retrospective analysis for Research and Applications, Ver-
sion 2 (MERRA2) (Rienecker et al. 2011) from the National 
Aeronautics and Space Administration  (NASA). The 
MERRA2 has 0.5◦ × 0.625◦  horizontal resolution.

The data requirement for identification of the WAHL 
is 6-hourly geopotential height. ERA-Interim  (ERA-IN) 

(Berrisford et al. 2011) at 0.5◦ × 0.5◦  horizontal resolution 
and ERA5 are used.

2.1.2  Model data

Eight Global Climate Model (GCM) simulations from the 
Coupled Model Intercomparison Project phase 6 (CMIP6) 
(Eyring et al. 2016) are used. GCMs outputs in CMIP6 are 
produced by various institutions across the globe. Due to the 
high temporal resolution requirement for the determination 
of the WAHL (i.e., 6-hourly geopotential data on various 
levels), we were constrained in the selection of the GCMs. 
Thus, the selection of the historical experiments of the 8 
models in this study, since their output temporal resolu-
tions are within the required domain that is needed for the 
determination of the features/processes in this study. The 8 
models used in this study (as a result of the above explained 
constraint) form a small subset of the entire CMIP6 ensem-
ble, however, they can be used adequately to show how 
some (not necessary a representative sample of) CMIP6 
models simulate these features/processes over the region. 
Further details of the modelled data applied for the study 
are given in Table 1.

2.2  Method

The simulations of the climatological migration of the 
WARB, WAHB and WAHL are examined in models, and 
compared to the reference datasets on monthly and seasonal 
scales over the study domain with longitudes 20.0°W to 
30.0°E and latitudes 0° to 40°N (Fig. 1). The precipitation, 
temperature and geopotential height outputs from the GCMs 
for the period 1983–2012 were extracted for the determina-
tion of the WARB, WAHB and the WAHL, as follows:

The West African Heat Low  The WAHL is an area of high 
surface temperatures that coincide with low surface pres-
sures over continental Africa. We applied the Low-Level 
Atmospheric Thickness (LLAT) approach which has been 

Model Institution Horizontal 
Resolution
(lon. X lat.)

Vertical 
Resolution

Reference

CNRM-CM6-1 CMCC 362 × 294 75 Voldoire et al. (2018)
GISS-E2-1G NASA GISS 144 × 90 40 NASA/GISS (2018)
IPSL-CM6A-LR IPSL 144 × 143 79 Boucher et al. (2018)
MPI-ESM1-2-HR MPI 384 × 192 95 Jungclaus et al. 

(2019)
MPI-ESM1-2-LR MPI 192 × 96 47 Wieners et al. (2019)
MPI-ESM-1-2-HAM MPI 192 × 96 47 Neubauer et al. 

(2019)
MRI-ESM2-0 MRI 320 × 160 80 Yukimoto et al. 

(2019)
NorESM2-LM NCC 144 × 96 32 Seland et al. (2019)

Table 1  Details of models used 
in the study, with the institutions 
that produced them, the spatial 
resolution and references. (Acro-
nym expansions are available 
online at http://www.ametsoc.org/
PubsAcronymList.)
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calculated for the 30-year period for the month January. The 
process is repeated for rest of the 11 months.

West African Rain Band  The WARB is an area over West 
Africa where monthly total precipitation exceeds a thresh-
old. We computed the Monthly Total Precipitation (MTP) 
for individual months in the study period. Then the cumu-
lative probability distribution function of the MTPs on all 
grids in the study domain (Fig. 1) is computed. Finally, the 
WARB is defined as the area with MTP exceeding 50% of 
the MTP cumulative probability distribution function (i.e., 
the highest 50% values of MTP). For example, to determine 
the climatological WARB for January, the MTP of each 
year is calculated. Similar to the WAHB there are 30 MTPs 
for January. We then computed the cumulative probability 
distribution function of MTP on all grid boxes within the 
domain (Fig. 1) to get the cumulative probability distribu-
tion function for the month of January. Then, the WARB for 
January is determined as grid boxes within the domain that 
have MTP with 50% exceedance of the January cumulative 
probability distribution function for a particular year. This 
is done for every January in the 30-year period and a mean 
WARB is calculated for the 30-year period. The process is 
then repeated for rest of the 11 months.

The abilities of the 8 models in representing the location and 
intensities of the WAHL, WAHB and WARB on monthly 
and seasonal time scales are assessed using observational/
reanalysis datasets as references.

3  Results

In this section we present and discuss how the models and 
reanalyses represent the month-to-month climatological 
migration of the three features. The seasonal cycle is pre-
sented for the zonal heat and rain bands. Maps of the fea-
tures by the models are used as a general assessment; while 
metrics applied for the specific assessments are the location, 
intensity and the shape of the features.

3.1  West African Heat Low (WAHL)

Results for the climatological monthly mean of WAHL for 
all the datasets including the references are shown in Fig. 2. 
It is evident from both the ERA-IN and ERA5 results as 
well as previous studies (e.g., Lavaysse et al. 2009) that the 
WAHL persists over the study domain every month of the 
year, which, according to Fig. 2, all the 8 CMIP6 GCMs are 
also able to generate.

In the reanalysis datasets, the WAHL is located at the 
south-eastern (the southernmost position) part of the 

widely used for the detection of the WAHL (e.g. Lavaysse 
et al. 2009; Lavaysse et al. 2010a, b; Dixon et al. 2017). The 
LLAT is determined as the geopotential thickness between 
700 hPa and 925 hPa using the daily 0600 UTC geopotential 
heights. According to Lavaysse et al. (2009) the tempera-
ture minimum and the pressure maximum are reached in the 
heat low region shortly before sunrise hence, the used of 
the 0600 UTC geopotential heights. We then calculated the 
cumulative probability distribution function of the LLATs 
on all grids in the study domain (Fig. 1) and finally, defined 
the WAHL as area with the highest 10% values of LLAT 
(Lavaysse et al. 2009).

The West African Heat Band  The WAHB is determined as 
an area over the West African region with climatological 
monthly mean 2  m temperature (MMT) above a certain 
threshold. We computed the cumulative probability distri-
bution function of the MMTs (similar to that of the LLAT) 
on all grid boxes within the study area (Fig. 1). The WAHB 
is then defined as the area where the MMT is above 50% of 
the MMT cumulative probability distribution function (i.e., 
the highest 50% values of MMT). For example, to deter-
mine the climatological WAHB for January, the MMT for 
January of each year is calculated. So, for the 30-year period 
used in this case, there are 30 MMTs for January. We then 
computed the cumulative probability distribution function 
of MMT on all grid boxes within the domain (Fig.  1) to 
get the cumulative probability distribution function for the 
month of January. Then, the WAHB for January is deter-
mined as grid boxes within the domain that have MMT 
with 50% exceedance of the January cumulative probability 
distribution function for a particular year. This is done for 
every January in the 30-year period and a mean WAHB is 

Fig. 1  The study domain over West Africa
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WAHL, however differences exist in the simulations of the 
location of the WAHL in the models. According to Semazzi 
and Sun (1997), Drobinski et al. (2007) and Lavaysse et al. 
(2009) the westward movement from January to August 
could be attributed to the leeward depression of the Aïr and 
Hoggar mountains that generate anomalous geopotentials; 
and it can be inferred from the results that this effect is 
generally represented in the models. The degree of differ-
ence seen in the reference datasets also exists in the models. 
While only IPSL-CM6A-LR simulates the southernmost 
location of the WAHL in January similarly to ERA-IN, all 
the other 7 models simulate the WAHL’s location in January 
similarly to ERA5. The location of the WAHL in August by 
the CNRM-CM6-1 model extents further east of the Sahel 
region, whereas in the case of the MPI models a smaller 
secondary heat low is located at the eastern part of the Sahel 

domain (over eastern Central African Republic) in Janu-
ary and thereafter it moves diagonally to the north-western 
(the northernmost position) part of the region (the Sahara 
region) in August. It then transverses back to the south-
eastern location in December to complete the annual cycle. 
There are some uncertainties (though not significant) in 
the location of the WAHL in January in the two reanalysis 
products. The January WAHL generated in ERA5 covers a 
wider area (more latitudes) than in ERA-IN. These results 
(especially the ERA-IN) are in agreement with earlier stud-
ies done on the WAHL (e.g., Lavaysse et al. 2009; Lavaysse 
et al. 2010a; Dixon et al. 2017). The north-south move-
ment of the WAHL has been linked to the migration of the 
solar radiation (Lavaysse et al. 2009). The results in Fig. 2 
indicate that all the GCMs used in this study are generally 
able to reproduce the climatological monthly location of the 

Fig. 2  Maps of monthly mean occurrence of the WAHL for the 1983–
2012 climatological period for the references and the 8 CMIP6 GCMs. 
These characterize the detection procedure of the heat low in grid 

boxes as the top 10% of LLAT values, and the colour bar shows the 
heat low intensity in m (i.e., anomaly in the geopotential height)
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prolonging the period of the circular shape for the dry (win-
ter) season. While the MPI models shorten the period for the 
circular shape for the wet season (summer) months (from 
June to September), in the case of the NorESM2-LM model, 
it is similar (May to September) to the reanalysis products. 
The NorESM2-LM model simulates the shortest period 
(April and October) for the elongated shape, followed by 
the 3 MPI models (April, May and October) in compari-
son with the reference datasets. The MRI-ESM2-0 model 
simulates the circular shape earlier (November to February) 
for the dry season than the reanalysis (December to Febru-
ary) and later (July to September) than the reanalysis (May 
to September) for the summer season. The CNRM-CM6-1 
model is quite unique among the models and the reanaly-
sis products in that the circular shape in the wet (summer) 
months is not present. The circular shape of the WAHL in 
the winter and summer seasons months has been attributed 
to the very intense cyclonic circulation that prevails in the 
vicinity of the WAHL (Lavaysse et al. 2009) and in gen-
eral, the models are fairly representing this very intense 
cyclonic circulation except CNRM-CM6-1 in summer. This 
could mean that the appropriate circulation in the summer 
season months (which is also crucial for rainfall over the 
region) is poorly represented in the CNRM-CM6-1 model 
in particular.

3.2  West African Heat Band (WAHB)

3.2.1  Spatial structure of the WAHB

The WAHB is an approach to locate the part of the region 
(with respect to latitude) where higher temperature (the 
highest 50% values of MMT) is located. It has been reported 
in several studies (e.g., Dixon et al. 2017; Biasutti 2019) 
that anomalous heating either in the northern or southern 
hemisphere is responsible for north-south movement of 
the ITCZ. We therefore present the results of migration of 
the WAHB for the 2 reanalysis products and the 8 CMIP6 
GCMs in this section.

In January (Fig.  3), the WAHB in both ERA5 and 
MERRA2 is located in the southern part (south of 18°N) 
of the domain. It then moves gradually northwards with 
increasing intensity, especially over the continent in April. 
While still a lower intensity of the WAHB lingers around the 
ocean south of 10°N, the northwards progression continues 
with the increasing intensity from May to August where the 
northernmost position (north of 15°N) and highest intensity 
is attained over the Sahel and the Sahara. This northwards 
migration of the WAHB (which is similar to the northwards 
migration of the WAHL) from January to August could be 
linked to the migration of incoming shortwave radiation, as 
mentioned in Lavaysse et al. (2009). From May to August 

region. The location of the WAHL in the month of August 
over the Sahel by the CNRM-CM6-1 model is much influ-
enced by the shape of the simulated WAHL. According to 
Lavaysse et al. (2009), a heat low is formed at a particular 
location over the West African region when there exists a 
low atmospheric pressure closer to the surface which results 
from lower tropospheric heating and the ensuing lifting of 
isobaric surfaces and divergence of air upward. The applica-
tion of the LLAT ensures the elimination of heat low forma-
tion due to deep planetary boundary layer mixing as result 
of afternoon heating and/or extra-tropical forcing (Lavaysse 
et al. 2009). In August in the CNRM-CM6-1 simulation, 
this system of lower tropospheric heating and the result-
ing lifting of isobaric surfaces and divergence of air aloft 
spreads across almost the entire Sahel region. Whereas in 
the MPI models’ simulations this feature occurs at an addi-
tional location in the eastern part of the Sahel.

Following closely to the month-to-month location is the 
intensity of the WAHL, where it starts increasing in intensity 
from January, reaching a maximum in August, and thereafter 
(from September) decreasing to a minimum in December, as 
shown in the reanalysis datasets in Fig. 2. High intensities 
of the WAHL in June, July and August (mainly the summer 
monsoon months (Sylla et al. 2009; Marshall et al. 2014; 
Biasutti 2019)) have the location in the Sahara region, which 
is consistent with studies including Lavaysse et al. ( 2009, 
2010a) and Dixon et al. (2017), hence the name Sahara Heat 
Low (Ramel et al. 2006). The intensity is slightly stron-
ger in ERA-IN than ERA5. Similarly, some variations are 
seen in the simulation of the intensity of the WAHL by the 
models. Models such as CNRM-CM6-1, IPSL-CM6A-LR, 
NorESM2-LM, MPI-ESM-1-2-HAM, MPI-ESM1-2-HR 
and MPI-ESM1-2-LR simulate generally stronger intensi-
ties than the reanalyses for the dry season (winter) months 
(November-March) and weaker for the wet season (sum-
mer) months (May to August). The GISS-E2-IG model for 
instance simulates slightly stronger intensities than ERA-IN 
for all months, especially the core of the heat low in July 
and August, while MRI-ESM2-0 simulates weaker intensi-
ties than ERA5 for all months.

The WAHL assumes a circular shape in the dry (winter) 
season months (December to February), and the wet (sum-
mer) season months (May to September). Then, it’s shape/
form changes into an elongated structure for the March, April 
(in spring), October and November (in autumn) months 
(Fig. 2). Similar shapes have been reported in earlier studies 
of the heat low over the region (e.g., Lavaysse et al. 2009; 
Dixon et al. 2017). In general, these two shapes are all pres-
ent in all the CMIP6 models used for this study. Models such 
as IPSL-CM6A-LR and GISS-E2-1G have similar shapes as 
the reanalysis products. The NorESM2-LM and the MPI- 
models have circular shapes for November to March, thus 
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both the WAHB and the WAHL clearly confirms the strong 
linkage between the West African Monsoon (WAM) and 
both the WAHL (Chauvin et al. 2010; Lavaysse et al. 2010a) 
and the WAHB.

There are some differences in the simulations of the 
WAHB in the models especially with respect to the inten-
sity. For the winter (dry) season (DJF) months, models 
such as CNRM-CM6-1, NorESM2-LM, IPSL-CM6A-LR, 
MPI-ESM1-2-HR and MPI-ESM1-2-LR (Fig.  3) simulate 
in general stronger WAHB intensities than the reanalysis 
products over both ocean and the continent. This result is 
consistent with studies that have reported the simulation 
of warm biases over the Gulf of Guinea by models (e.g., 
McCrary et al. 2014; Zuidema et al. 2016). MPI-ESM-1-2-
HAM simulates the strongest intensities of the WAHB over 
the ocean, but slightly weaker intensities over the continent 
in comparison to the reanalysis datasets. These biases could 
result in the simulation of enhanced evaporation over the 
ocean in the model. MRI-ESM2-0 and GISS-ESM-E2-1G 

the WAHB is mainly located over the continent and the 
parts over the ocean vanish. From September, its intensity 
reduces, retreats southwards and the part over the ocean 
begins to appear, until December where it reaches its south-
ernmost (south of 18°N) location over both ocean and conti-
nent. The results show that the WAHB has higher intensities 
over the continent than over the ocean. This could be due to 
the different partitioning of incoming solar radiation over 
the continent and the ocean. In general, a greater portion 
of the incoming solar radiation is converted into sensible 
heat than latent heat over the continent and the reverse is the 
case over the ocean, where also heat is transferred to deeper 
depths. It is widely known that surface heating increases the 
thickness of the Planetary Boundary Layer (PBL), it is then 
consistent that the migration of the WAHB and the locations 
of the highest intensity follow closely to that of the WAHL. 
This is because the LLAT approach used in this study for 
the determination of the WAHL is highly controlled by the 
surface heating (Drobinski et al. 2005; Lavaysse et al. 2009; 
Dixon et al. 2017). The similarity in the annual migration of 

Fig. 3  Maps of monthly mean WAHB for the 1983–2012 climatological period for the references and the 8 CMIP6 GCMs. The colour bar shows 
heat band intensity (near surface temperature) in ˚C
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model to another are generally within the range of the 
uncertainties that are seen in the reference datasets. These 
results suggest that the models are representing the north-
south migration of incoming solar radiation quite similarly 
to the reference datasets.

3.2.2  Zonal structure of the WAHB

The climatological monthly mean time - latitude Hovmoeller 
diagrams of the WAHB for all the datasets are shown in 
Fig. 4, illustrating the seasonal cycle of the WAHB.

In the winter season (DJF) months, the highest intensi-
ties of the heat band (but rather relatively low – less than 
6 °C, but greater than 4 °C) are seen mostly between 4°S 
and 12°N in the reanalysis products. This result is consis-
tent with that of Lavaysse et al. (2009). In most models, the 
simulation of the highest intensity of the heat band in the 
winter season extends south of 4° S, with intensities greater 
than 6 °C in some models, though, intensities simulated by 
GISS-ESM-E2-1G and MRI-ESM2-0 are less than 5 °C.

During spring (MAM), the heat band narrows (lying 
between latitudes 8°N and 20°N) with highest intensities 
similar to that of the winter season. In CNRM-CM6-1, MPI-
ESM1-2-HR and MPI-ESM1-2-LR (GISS-ESM-E2-1G, 
IPSL-CM6A-LR, MPI-ESM-1-2-HAM and NorESM2-
LM) the width of the WAHB is slightly thicker (thinner) 
than that of the references. Also, highest intensities are 
slightly weaker in models such as GISS-ESM-E2-1G, 
IPSL-CM6A-LR, and NorESM2-LM, than the references, 
whereas models including MPI-ESM1-2-HR and MPI-
ESM1-2-LR simulate the highest intensities of the WAHB 
between 6 and 7 °C.

The summer season (JJA) has the highest intensities of 
the heat band and the northernmost location of the WAHB. 
The results of the WAHL in the previous section of this 
study and also other studies (e.g., Drobinski et al. 2005; 
Ramel et al. 2006; Lavaysse et al. 2009; Dixon et al. 2017) 
indicate that the strongest heat low core which occurs in 
July and August is located over the Sahara. This is consis-
tent to the WAMS. There are some uncertainties in the rep-
resentation of the seasonal zonal WAHB in the reference 
datasets. All the 8 CMIP6 models used in this study fairly 
represented the location of the zonal heat band however, the 
highest intensities are simulated differently. For instance, 
highest intensities are stronger (weaker) than the references 
in models such as GISS-ESM-E2-1G, MPI-ESM1-2-HR 
and MRI-ESM2-0 (CNRM-CM6-1, IPSL-CM6A-LR, MPI-
ESM-1-2-HAM and NorESM2-LM). It is interesting to note 
that among the 3 models that simulate strongest intensities 
of the zonal WAHB in the summer season, only GISS-ESM-
E2-1G simulates a corresponding stronger heat low core in 
July and August in comparison to the reanalysis products. 

simulate the reanalysis products’ WAHB intensities for the 
winter months quite closely.

In March and April, CNRM-CM6-1, NorESM2-LM, 
IPSL-CM6A-LR and MPI-ESM-1-2-HAM (Fig.  3) repro-
duce slightly stronger (weaker) intensities of the WAHB 
over the ocean (continent) in comparison to the reanalysis 
products. This result in the models’ simulations could lead 
to the simulations of more evaporation over the ocean in 
the models. While MPI-ESM1-2-HR and MPI-ESM1-2-LR 
simulate slightly stronger intensities, GISS-ESM-E2-1G on 
the other hand, simulates slightly weaker intensities over 
both land and ocean compared to the references. The MRI-
ESM2-0 model simulated the WAHB intensities similar to 
that of the MERRA2.

The West African region receives most of its annual 
rains in the summer monsoon months of May to September 
(Hagos and Cook 2007; Dixon et al. 2017) and according to 
the reference datasets, the strongest intensities of the WAHB 
occur in larger areas exclusively over the continent. In these 
months, CNRM-CM6-1, NorESM2-LM, IPSL-CM6A-
LR and MPI-ESM-1-2-HAM (Fig.  3) generally simulate 
slightly weaker intensities of the WAHB than the reanalysis 
datasets. Earlier studies including Thorncroft and Black-
burn (1999), Ramel et al. (2006), Hagos and Cook (2007), 
Hsieh and Cook (2008), Dixon et al. (2017) have reported 
that the monsoon circulation that brings moisture from the 
ocean onto the continent is substantially influenced by the 
maximum meridional temperature gradient that exists over 
the West African region in these months. The simulation of 
weaker WAHB intensities for these months in these mod-
els may lead to a reduced temperature gradient which could 
hamper the simulation of moisture flux from the ocean onto 
the continent. In other models (MRI-ESM2-0, GISS-ESM-
E2-1G, MPI-ESM1-2-HR, MPI-ESM1-1-LR) the intensity 
of the WAHB in May to September is more similar to that 
of reanalysis products, although, there are some months 
and some models where the WAHB is slightly stronger in 
the models than in reanalyses. This may be associated with 
slightly stronger moisture fluxes.

The WAHB in October and November has patterns simi-
lar to that in March and April, though intensities are stronger 
in the spring months than the autumn months. Models such 
as CNRM-CM6-1, NorESM2-LM and GISS-ESM-E2-1G 
(Fig. 3) have WAHB intensities that fall within the values 
shown by the two reanalysis products. IPSL-CM6A-LR 
and MPI-ESM-1-2-HAM simulate intensities similar to 
MERRA2. The MRI-ESM2-0, MPI-ESM1-2-HR and MPI-
ESM1-2-LR models simulated slightly stronger intensities 
for October and November in comparison to the references. 
Like the rest of the months; the simulation of the WAHB 
(especially in terms of the intensity) for these months are 
fairly done by the models since the variations from one 
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located below latitude 0˚ over the ocean (this second WARB 
over the ocean is also simulated in NorESM2-LM, IPSL-
CM6A-LR). The GISS-ESM-E2-1G model locates the rain 
band over the ocean below latitude 0˚, which is also the 
location of WARB simulated by all the 3 MPI models over 
both ocean and continent. Intensities are weaker in both 
NorESM2-LM, IPSL-CM6A-LR simulations over ocean 
and continent than in GPCP. On the other hand, intensities 
are stronger/thicker over the ocean, but thinner over the 
continent than GPCP in the MPIs’ simulation.

There is a slight northwards extension and a widening of 
the WARB from March to April. These are the rainfall onset 
months for the Guinea Coast sub-region (Sultan and Janicot 
2003; Annor et al. 2018; Agyekum et al. 2018) over West 
Africa. The rain band is located in the southern parts of West 
African coastal countries, close to 5˚N, and this location is 
also similar to that of the ITCZ in April. All the 8 models 
simulated the WARB at a lower latitude than GPCP over the 
ocean, whereas, models like MRI-ESM2-0, NorESM2-LM, 
IPSL-CM6A-LR and GISS-ESM-E2-1G simulate the loca-
tion of the rain band quite similarly to that of the reference 
dataset over the continent. Model such as CNRM-CM6-1 
and GISS-ESM-E2-1G, simulate a stronger and wider 
(weaker and thinner) rain band over the ocean (continent) 
compared to GPCP. Whereas the MRI-ESM2-0 and all the 
MPI models simulate a stronger and wider rain band, espe-
cially over the ocean, than the reference. The NorESM2-
LM model simulates slightly weaker WARB than GPCP, 
whereas the simulation of the intensity by IPSL-CM6A-LR 

The highest intensities simulated by the MPI-ESM1-2-LR 
are similar to that of the references.

In the autumn season (SON), the zonal WAHB retreats 
to the south with highest intensities between 2 and 6  °C 
according to both references. The differences in the simu-
lated highest intensities and the location of the autumn zonal 
heat band by the models are within the range of the refer-
ence datasets.

3.3  West African Rain Band

3.3.1  Spatial structure of the WARB

In January and February, the WARB lies south of 8˚N 
(5˚N) over the ocean (continent), with total monthly pre-
cipitation greater than 135 mm over the ocean (continent) 
in the western (eastern) parts of the domain in the GPCP 
dataset (Fig. 5). The WARB is located southward of both 
the WAHB and the WAHL. In these months dry conditions 
prevail over the whole West African region which is con-
sistent with the location of the ITCZ (below 5˚N) (Sultan 
and Janicot 2003). MRI-ESM2-0 simulates a stronger and 
thicker rain band than GPCP over both ocean and continent, 
with the location of the WARB further south than that of the 
reference over the ocean, but with similar location as the 
reference over the continent. The simulations by CNRM-
CM6-1, GISS-ESM-E2-1G are stronger/thicker (weaker) 
than the reference over the ocean (continent). In the case of 
the CNRM-CM6-1 simulation, there is a second rain band 

Fig. 4  Hovmoeller diagram (from 25° W to 30° E) of the climatological (1983–2012) monthly mean of the WAHB. The colour bar shows zonal 
heat band intensity (near surface temperature) in ˚C
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gradient. Models such as CNRM-CM6-1 and GISS-ESM-
E2-1G are not able to reproduce the GPCP’s rain band over 
the continent especially in the eastern parts of the domain. 
The northwards migration of the WARB in the models is 
quite normal over the land, but a bit slower over the ocean. 
The highest intensities of rand band over the Guinea Coast 
are captured quite well by most of the models.

A further migration of the WARB to the northernmost 
location is seen in the reference dataset in July and August. 
The highest intensities of the rain band are broadened over 
the continent from the central to the eastern parts of the 
region. The middle of the rain band moves to around 10˚N 
which is consistent with the location of the ITCZ according 
to Sultan and Janicot (2003). Also, the very low intensity 
WARB over the Guinea Coast zone between 10˚W and 5˚E 
is consistent with the abrupt shift of the ITCZ between the 
same longitudes, as reported by Sultan and Janicot (2003). 
In these months, areas in the Guinea Coast zone between 
10˚W and 5˚E enter into the so-called little dry season, hence 
the very low intensity WARB seen in the GPCP data. On the 
other hand, the Soudano-Sahel and the Sahel receive most of 
their annual rainfall in these months which is clearly shown 

is quite similar to the reference dataset over the continent. 
The results imply that the simulation of the northward 
migration of the ITCZ in the models could be slower than 
the reference dataset; which could in turn imply that March 
and April may not be captured as the onset of the rainy sea-
son over the Guinea Coast by the models. This assertion, to 
some extent, is confirmed in the simulations by the models, 
where barely any of the WARBs are located over the Guinea 
Coast during these months.

In May and June, there is still a further northwards pro-
gression of the WARB. This is the first rainy season for 
the Guinea Coast sub-region, whereas the Soudano-Sahel 
and the Sahel in West Africa receive the onset of the rain-
fall (Sultan and Janicot 2003; Sylla et al. 2009; Annor et 
al. 2018; Agyekum et al. 2018). Again, the location of the 
WARB is consistent with that of the ITCZ reported by Sul-
tan and Janicot (2003). In May and June, highest intensity 
heat bands are located between 10˚N and 30˚N, with the 
location of the rain band at the transition zone (between 0˚ 
and 10˚N) of the latitudinal temperature gradient over the 
region, confirming the pulling of moisture onto the continent 
by the northward movement of the latitudinal temperature 

Fig. 5  Maps of monthly total WARB for the 1983–2012 climatological period for the reference and the 8 CMIP6 GCMs. The colour bar shows rain 
band intensity (total monthly rainfall) in mm
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GISS-ESM-E2-1G. The NorESM2-LM model simulates a 
thinner WARB, especially over the ocean, compared to the 
reference dataset.

3.3.2  Zonal structure of WARB

In Fig.  6, we have indicated the climatological monthly 
mean time-latitude Hovmoeller diagrams of the WARB for 
all the datasets, showing the seasonal cycle of the rain band 
over the West African region.

In the dry season (November- February)  the highest 
intensity of the rain band (75-100 mm) is similar for all of 
the dry season months, with the middle of the zonal rain 
band mostly around latitude 0˚  according to Fig.  6. This 
result is consistent with the location of the ITCZ over the 
region in the dry season. During this season, almost the 
entire West African region is under the influence of the dry, 
dusty northeast trade winds, forcing the convergence zone 
to the southernmost location (Sultan and Janicot 2003; Sylla 
et al. 2009; Annor et al. 2018; Agyekum et al. 2018). All 
the 8 CMIP6 models overestimate the GPCP’s precipita-
tion, however, models such as CNRM-CM6-1, GISS-ESM-
E2-1G and IPSL-CM6A-LR simulate the highest intensity 
relatively closer to that of the reference dataset for some 
months in the season. Also, all the models locate the mid-
dle of the zonal rain band at latitudes further south than 0˚. 
With the exception of the GISS-ESM-E2-1G model (which 
is one of the models with highest intensity relatively close 
to the reference), all the models simulate stronger highest 
zonal heat band intensities than the references (see Fig. 4), 
and the highest intensities are also located at lower latitudes 
compared to the references. Therefore, the stronger high-
est intensities of the zonal WARB; that are located south of 
latitude 0˚ in the models could be linked to the simulations 
of stronger temperature gradient at the transition zone of the 
ocean and the continent. This result is in agreement with 
several studies including Hagos and Cook (2007), Hsieh 
and Cook (2008), Dixon et al. (2017).

In the wet season months the highest zonal WARB 
intensities increase from 100 mm in March, to greater than 
150mm in August (when northernmost location of zonal 
rain band is reached). By October, the highest intensity 
decreases below 150  mm and the zonal WARB returns 
to the south. The simulations of the intensities of the rain 
band in the onset (March) and cessation (October) months 
are stronger in the models, though GISS-ESM-E2-1G and 
IPSL-CM6A-LR (CNRM-CM6-1) simulate intensities rela-
tively closer to that of GPCP for both March and October 
(only October). Most of the models simulate wider high-
est intensity zonal WARBs than GPCP. On the other hand, 
the level of the highest intensity (greater than 150 mm) and 
the northernmost location of the zonal rain band in the wet 

by the location of the highest intensity of the WARB. Mod-
els such as MRI-ESM2-0, NorESM2-LM, IPSL-CM6A-LR 
and MPI-ESM1-2-HR simulate the intensity, location and 
the size of the WARB quite close to GPCP, though the little 
dry season feature over the Guinea Coast is missing, except 
in NorESM2-LM. In the CNRM-CM6-1 model, stronger 
(weaker) intensity and faster (slower) northwards rain band 
migration are simulated over the half western (eastern) parts 
of the domain compared to GPCP. The difficulty found in 
CNRM-CM6-1’s pulling of the moisture over the continent 
especially in the east, could be linked to the weak latitudi-
nal temperature gradient simulated by this model (see Fig. 3 
and Hagos and Cook 2007; Hsieh and Cook 2008; Dixon et 
al. 2017). GISS-ESM-E2-1G captures quite well the loca-
tion of the rain band, but the intensity is weaker over the 
continent. MPI-ESM-1-2-HAM and MPI-ESM1-2-LR both 
simulate slightly stronger intensity and slower northward 
migrating WARBs, especially over the ocean.

The September WARB has a similar pattern to August, 
but it retreats southwards to quite a similar location to the 
rain band in June. The highest intensities of the WARB 
cover the entire region from the Guinea Coast to the Sahel. 
September (like June) is the peak month for the second rainy 
season over the Guinea Coast, which is in agreement with 
the GPCP rain band result. The October WARB has a simi-
lar pattern as the one in May, however, from 10˚W to the 
east, there is virtually no rain band over the ocean. The rain 
band is found in the Guinea Coast and the southern parts 
of the Soudano-Sahel sub-regions. The simulations for both 
months are quite close to the reference dataset in models 
such as MRI-ESM2-0, NorESM2-LM, IPSL-CM6A-LR, 
GISS-ESM-E2-1G, MPI-ESM1-2-HR and MPI-ESM1-
2-LR. The CNRM-CM6-1 model on the other hand simu-
lates a stronger, wider and a slower southward migrating 
WARB in the west, with barely no/low intensity rain band 
in the eastern corner. The simulation of the WARB by the 
MPI-ESM-1-2-HAM model is slightly stronger and wider 
over both ocean and continent than the GPCP’s WARB.

In November and December, the WARB migrates to 
the southernmost location, with patterns similar to that in 
January and February. In these months, the ITCZ is in its 
southernmost location (in conformity with the WARB in the 
GPCP), marking the beginning of the major dry season over 
West Africa. The migration of the WARB is simulated faster 
by models including MRI-ESM2-0, CNRM-CM6-1, GISS-
ESM-E2-1G and all the MPI models in order to locate the 
WARB at lower latitudes than GPCP. The intensity simu-
lations are slightly stronger over both ocean and continent 
in the MRI-ESM2-0, IPSL-CM6A-LR, MPI-ESM-1-2-
HAM, MPI-ESM1-2-HR and MPI-ESM1-2-LR models. 
Whereas, the intensity is slightly weaker (stronger) over 
the continent (ocean) in models such as CNRM-CM6-1 and 

1 3

801



T. Annor et al.

3.4  Differences in the simulations of the three 
features in relation to each GCM’s specification

The simulations of climate variables in GCMs are impacted 
by several factors. Notable among them are the resolution 
and parameterization. This section discusses how these two 
factors could contribute to the differences in the simula-
tions of the WAHL, WAHB and the WARB by the models. 
The main target of both a high-resolution simulation and a 
parameterization in climate models is to resolve small-scale 
features in order to represent the heterogeneities that exist in 
grid (i.e., high resolution) and sub-grid (parameterization) 
levels.

All the 8 GCMs used in the study have atmosphere (high-
est resolution being 100 km for MPI-ESM1-2-HR and MRI-
ESM2-0 and the lowest resolution at 250 km for rest of the 
models), land (the same as atmosphere), ocean (the high-
est resolution at 50 km for MPI-ESM1-2-HR and the low-
est at 250 for MPI-ESM1-2-LR and MPI-ESM-1-2-HAM, 
with the rest having 100 km resolution) and sea ice (again 
the MPI-ESM1-2-HR has the highest resolution of 50 km, 
GISS-E2-IG, MPI-ESM1-2-LR and MPI-ESM-1-2-HAM 

season are reasonably captured by the models. It worth 
mentioning that the northernmost location of the zonal rain 
band in the wet season in the models’ simulations in general 
are at lower latitudes than the reference. The dynamics (i.e., 
the north-south migration) of the zonal rain band in the wet 
season over the region, are quite well represented, though 
a bit slower in the models. This implies that the models are 
simulating an ITCZ that is located at lower latitudes than 
observed. The results presented here are consistent with 
Dixon et al. (2017) which shows that models with north-
ward Sahara Heat Low biases have enhanced short wave 
absorption and increased low-level specific humidity (see 
their Fig. 5) through the development of the Saharan water 
vapor–temperature feedback (as described in Evan et al. 
(2015)). In the case of this study, slightly southward biases 
are seen in the models’ simulations of the WAHL and the 
WAHB, which could be the possible reason for the south-
ward biases in the simulation of the WARB by the models.

Fig. 6  Hovmoeller diagram (from 25° W to 30° E) of the climatological (1983–2012) monthly mean of the WARB (mm). The colour bar shows 
zonal rain band intensity (total monthly rainfall) in mm
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Similarly, the simulation of the WAHB by the mod-
els could more significantly be influenced by the param-
eterization than resolution. Models such as GISS-E2-IG, 
MPI-ESM1-2-HR and MRI-ESM2-0 (CNRM-CM6-1, 
IPSL-CM6A-LR, MPI-ESM-1-2-HAM and NorESM2-
LM) with different resolutions simulate stronger (weaker) 
JJAS WAHB than the reanalysis datasets. Different param-
eterization schemes in the models that are responsible for 
the partitioning of incoming solar radiation into sensible 
heat and latent heat over the continent and the ocean could 
be responsible for the differences in the simulation of the 
WAHB. As pointed out earlier, surface heating increases the 
thickness of the PBL, thereby, influencing the representa-
tions of both the WAHB and WAHL by the models which 
is highly controlled by the surface heating as reported by 
Drobinski et al. (2005), Lavaysse et al. (2009) and Dixon 
et al. (2017).

In the case of the WARB, parameterization schemes han-
dling mesoscale convective activities in the models could be 
responsible for the differences in the simulations of the rain 
band. Over the West African region, mesoscale convective 
activities (which are influenced by model resolution) play 
a significant role in precipitation processes. Another syn-
optic feature influencing West African precipitation is the 
influx of moisture from the ocean to the land especially in 
the summer monsoon (Annor et al. 2018, 2022; Agyekum 
et al. 2018). A look at the simulations of the WARB shows 
that these two factors are represented differently in the mod-
els. For instance, the simulation of the WARB by CNRM-
CM6-1 could be attributed to the model’s inability to pull 
the moisture flux on the land. In the case of the 3 MPI mod-
els (and also, the rest of the models), resolution of the mod-
els could be the reason for the difference in the simulation of 
the rain band. The representation of the WARB by the MPI-
ESM1-2-HR model (the model with the highest resolutions 
in all the applied climate components in the model develop-
ment) is relatively closer to that of the reference dataset than 
the rest (especially the MPI-ESM1-2-LR and MPI-ESM-1-
2-HAM which have similar (coarser) resolutions for the 
applied climate components in their development). Models 
such as GISS-E2-IG, IPSL-CM6A-LR, MRI-ESM2-0 and 
NorESM2-LM simulate the rain band relatively better than 
the MPI-ESM1-2-LR and MPI-ESM-1-2-HAM suggesting 
the influence of model resolution on the representation of 
the WARB by the models.

4  Summary and conclusions

In this study, datasets, including reanalysis products and a 
satellite-gauge merged dataset, have been applied to dem-
onstrate the climatological annual cyclical movement of the 

have the lowest of 250 and the rest at 100 km resolution) 
components. Except the NorESM2-LM model at 250  km 
resolution, all the rest of the models do not have a land ice 
component. The ocean biogeochemical component is pres-
ent at resolutions ranging from 50 to 250 km, but CNRM-
CM6-1 and GISS-E2-IG have no ocean biogeochemical 
component. IPSL-CM6A-LR, MPI-ESM1-2-HR and MPI-
ESM1-2-LR do not have atmospheric chemistry, but the 
rest of the models have it at 250 km resolution. With the 
exception of IPSL-CM6A-LR (none) and MPI-ESM1-2-HR 
(at 100 km), the rest of the GCMs have an aerosol compo-
nent at 250 km. The GCM with all the 8 components is the 
NorESM2-LM and the one with the least (5 components) 
is the IPSL-CM6A-LR model. In terms of resolution, the 
MPI-ESM1-2-HR (MPI-ESM-1-2-HAM) has the highest 
(lowest) resolution in all the components that are incorpo-
rated in the development of the model (Voldoire et al. 2018; 
NASA, 2018; Boucher et al. 2018; Jungclaus et al. 2019; 
Wieners et al. 2019; Neubauer et al. 2019; Yukimoto et al. 
2019; Seland et al. (2019).

Among the 8 components that are incorporated in the 
development of the models, paramount to the representation 
of the WAHL are the atmosphere, land and ocean, although 
aerosol and atmospheric chemistry could impact the rep-
resentation through radiative forcing of the formation of 
chemical compounds that are radiatively active. The LLAT 
is impacted strongly by the mean temperature between 
the 925 and the 700 hPa levels and therefore requires that 
ocean-land-atmosphere processes responsible for mean 
temperature between these two pressure levels are appro-
priately resolved in the models. Also, the westward move-
ment of the WAHL from January to August which has been 
attributed to the leeward depression of the Aïr and Hoggar 
mountains (Semazzi and Sun 1997; Drobinski et al. 2007; 
Lavaysse et al. 2009), could require a climate model with 
adequate resolution and parameterization that could resolve 
the leeward depression of these mountains. From Fig. 2, it 
is only the GISS-E2-IG model which has a stronger core 
intensity WAHL than the reanalysis datasets. The rest of 
the models have weaker core intensity WAHL for the JJAS 
months. For the NDJFM months, almost all the models have 
stronger core intensity WAHL than the reanalysis datasets. 
This suggests that though resolution might play a role, the 
differences in the representation of WAHL by the GCMs 
could be attributed to the kind of parameterization in the 
models, since the model with the highest resolution (MPI-
ESM1-2-HR) could not simulate the WAHL so differently 
from its low-resolution counterparts MPI-ESM1-2-LR and 
MPI-ESM-1-2-HAM. This assertion is corroborated in the 
way the CNRM-CM6-1 model simulates the WAHL, espe-
cially for the JJAS months.
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intensity of the zonal rain band in the dry season months, 
however, models such as CNRM-CM6-1, GISS-ESM-
E2-1G and IPSL-CM6A-LR simulate the highest intensity 
relatively closer to that of the reference dataset for some 
months in the season. The simulations of the intensities of 
the rain band in the onset (March) and cessation (October) 
months are also stronger in the models. The location of the 
zonal rain band in both wet and dry seasons in the models’ 
simulations in general are further south than the reference, 
implying the simulation of an ITCZ that is located further 
south than observed.

We have elucidated the close linkages between the West 
Africa Heat Low, Heat Band and the Rain Band as signature 
components of the WAMS in their climatological annual 
dynamics. We have also shown that all the features migrate 
from the south (with the minimum intensities) in Janu-
ary to the north (with the maximum intensities) in August 
over the region. All the 8 GCMs applied in the study are 
able to represent the climatological annual dynamics of all 
the three features and the linkages between them indicat-
ing the satisfactory representation of the WAMS in the 8 
CMIP6 models in general, though, difference in the models’ 
simulations of these features exist, which is also true in the 
case where more than one reference dataset is applied. Our 
results are in agreement with earlier studies (e.g., Vizy and 
Cook 2009; Chauvin et al. 2010; Lavaysse et al. 2010a) that 
show that the import of moisture and sensible heat into the 
northern Sahara through the midlatitude jet have impact on 
the Sahara Heat Low on a synoptic scale. It is also impor-
tant to mention the weaknesses in the models’ simulations 
– which are in general weaker intensities of heat low and 
slightly southward biases in the locations of the three fea-
tures, particularly in the case of the WAHB and the WARB. 
These weaknesses in the simulations by the models are also 
consistent with Dixon et al. (2017). Our study suggets that 
the model evaluation process can be applied for the future 
investigation of these features in order to develop appro-
priate warning systems for any future changes that might 
occur. Also, model developers can utilize the outcome of 
this study to highlight model development that is targeted 
at the improvement of these features as key components of 
the WAMS.
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products (ERA5 and MERRA2) and the 8 CMIP6 models 
were used for the same period and domain. The GPCP pre-
cipitation dataset is used as a reference dataset for the evalu-
ation of the WARB for the 8 models.

In general, all the GCMs are able to reproduce the cli-
matological monthly migration of the WAHL found in the 
reanalysis datasets, however the location of the WAHL in 
August simulated by the CNRM-CM6-1 model extents fur-
ther east of the Sahel region, and in the case of the MPI 
models a smaller secondary heat low is located in the eastern 
part of the Sahara. Most of the models simulate generally 
stronger intensities than the references for the dry season 
(winter) months (November-March) and weaker intensities 
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the exception of GISS-E2-IG (MRI-ESM2-0) which simu-
lates generally slightly stronger (weaker) intensities than the 
references for all months.

The monthly dynamics of the WAHB are similar to that 
of the WAHL. Also, the results show that the WAHB has 
higher intensities over the continent than the ocean. These 
similar dynamics in both the WAHL and the WAHB could 
be linked to the annual cyclical migration of incoming 
shortwave radiation, which has also been reported in ear-
lier studies including Drobinski et al. (2005), Lavaysse et al. 
(2009) and Dixon et al. (2017). There is an overestimation 
of the WAHB’s spatial intensity mostly over the ocean by 
the models in general. The models simulate the migration 
of the zonal heat band for all months fairly well, however 
models such as GISS-E2-IG, MPI-ESM1-2-HR and MRI-
ESM2-0 (CNRM-CM6-1, IPSL-CM6A-LR, MPI-ESM-1-
2-HAM and NorESM2-LM) overestimated (underestimate) 
the summer months’ heat band intensities.

Similar to the WAHL and the WAHB, the WARB migrates 
from the southernmost location in January, reaches the 
northernmost location in August, and then migrates to the 
southernmost location in December. All the models fairly 
represented the annual cycle of the monthly WARB dynam-
ics (changes in location and intensity). However, most of 
the models simulate the rain band at lower latitudes (south-
ward biases) than GPCP and also the intensities are weaker 
(stronger) over the continent (ocean) in the simulations, 
especially in the CNRM-CM6-1 and GISS-E2-IG mod-
els. All the 8 CMIP6 models overestimate GPCP’s highest 
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