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Abstract
This paper presents an evaluation of theWeather Research and Forecasting (WRF)model in simulating wet and dryWest African
monsoon (WAM) rainfall seasons. Three model experiments with varying selected microphysics (MP), cumulus convection
(CU), and planetary boundary layer (PBL) schemes based on previous study were performed. Each of the model combinations is
used to run four WAM seasons that consist of two wet (2008 and 2010) and two dry years (2001 and 2011). To investigate the
behavior of WAM in the context of wet and dry years, the four seasons were used to compute composites of wet and dry WAM
seasons in terms of rainfall amount. The analyses majorly focus on the rainfall composites relative to rainfall from Global
Precipitation Climatology Project (GPCP) and Tropical Rainfall Measurement Mission (TRMM) as well as temperature, mois-
ture, and atmospheric circulation fields with respect to NCEP reanalyses. This study documents significant sensitivity in simu-
lation of the West African monsoon to the choices of the MP, CU, and PBL schemes. The simulation with the combination of
WRF single moment 5 (WSM5) MP, Yonsei University (YSU) PBL, and new Simplified Arakawa-Schubert CU (WSM5-YSU-
nSAS) shows good spatial distribution pattern of rainfall and the dynamics associated with the monsoon. Quantitatively, the
combination shows less agreement in distinguishing the selected WAM seasons compared with the Goddard MP, Mellor-
Yamada-Janjic PBL, and Betts-Miller-Janjić CU (GD-MYJ-BMJ) and the WSM5, Mellor-Yamada-Nakanishi-Niino 2.5 level
and new Tiedtke CU (WSM5-MYNN-nTDK). Also, the dynamical structures of the wet and dry WAM circulation composites
are reasonably reproduced in GD-MYJ-BMJ and WSM5-YSU-nSAS. The GD-MYJ-BMJ was able to distinguish between wet
and dry years and thus underscores its potential to reproduce climate change signals in future work.

1 Introduction

The West African monsoon (WAM) is a complex atmospheric
dynamics system of West African climate that provides about
75 to 90% of the total rainfall in the region (Hagos and Cook
2007). TheWest African climate system is however challenged
by growing anthropogenic pressures together with the menace
of climate change and variability that result in several environ-
mental impacts. Such impacts could however modify atmo-
spheric circulations (IPCC 2001, 2007; Hoegh-Guldberg et al.
2018) and thus have significant influence on variability of West

African monsoon intensity Hulme (1992), which could lead to
flood during wet years and meteorological drought during dry
years. Since the past few decades, the scientific and modeling
communities have been channeling efforts to adequately under-
stand the WAM variability by evaluating the capability of re-
gional climate models (RCMs) to accurately represent such
variability in model simulations (Sylla et al. 2009; Nikulin
et al. 2012; Akinsanola et al. 2018). These campaigns have
however provided reliable scientific findings relevant to inform
sound decision-making and climate assessment necessary to
help realize the sustainable development goals.

Several studies have analyzed both observed and modeled
data to understand the causes of variability in precipitation and
atmospheric circulation over the West African region. Most of
these studies focus on the Sahel because of the unprecedented
drought experienced in the region during the 1970s and 1980s
(Christensen et al. 2007; Baines and Folland 2007). For ex-
ample, Akinsanola and Zhou (2018) reported that most of the
increasing rainfall over the central eastern Sahel is balanced
by increasing vertical moisture flux and that the dynamic
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component of the vertical moisture flux has the largest contri-
bution to the observed increasing trend in the Sahel region.
Another study theoretically argued that cold (warm) sea sur-
face temperature anomalies located south of the West African
region should favor a large (small) meridional gradient of
entropy, a strong (weak) monsoon circulation, and wet (dry)
conditions in the Sahel (Eltahir and Gong 1996). Other studies
attributed the rainfall variability to changes in land surface
(Charney et al. 1977) or atmospheric structures (Burpee
1972; Thorncroft and Blackburn 1999).

The mean date of rainfall pre-onset occurs in 14 May be-
fore the mean date of onset in 24 June when the WAM is fully
developed (Sultan and Janicot 2003). The summer monsoon
season dominates the months of June through to September.
This gives rise to a lengthy dry season that is usually longer
than the wet season. Areas in the southern part of the region
experience two halfs of rainfall periods during the rainy sea-
son; the longer half is generally observed from the end of
April to July and the shorter from September to October. To
the north of 10° N latitude, only one rainy season from July to
September is experienced. The months of August and
September characterize the late half of the rainy season when
the monsoon circulation is fully developed and overrides the
dynamics of the atmosphere.

This work evaluates the performance of Weather Research
and Forecasting (WRF) model physics in simulating the wet
and dry WAM with a focus on the microphysics (MP), plane-
tary boundary layer (PBL), and cumulus convection (CU)
schemes. Previous studies (e.g., Afiesimama et al. 2006;
Flaounas et al. 2011; Sylla et al. 2010a; Xue et al. 2010;
Nikulin et al. 2012; Hernández-Díaz et al. 2013; Im et al.
2014; Klein et al. 2015, among others) have made attempts to
describe the key characteristics of the WAM in both global and
regional climate models. These studies used some selected pa-
rameterization schemes to describe complex subgrid-scale pro-
cesses that are not resolved by the model due to its horizontal
resolution. Also, the schemes used are not exhaustive, and
some, for example, the Kain-Fritsch convective scheme used
in Nikulin et al. (2012), are known to produce too much rain
(Gbode et al. 2018), and introduce uncertainties in the model
outputs. This presents the need for the current study to perform
further evaluation of the performance of the WRF model. A
great concern is the difficulty in reproducing the rainfall distri-
bution because of its strong variability at a wide range of tem-
poral and spatial scales (Gallée et al. 2004; Sylla et al. 2010b).
Further, the spatial and temporal rainfall distribution could vary
greatly on intraseasonal, interseasonal, and interannnual scales
depending on the behavior of the underlying atmospheric cir-
culation that dominates during the WAM period. Out of many
factors that modulate the characteristics of theWAMduringwet
and dry years, the cloud microphysical, planetary boundary
layer, and convection processes will be studied through sensi-
tivity experiments that compare two MP, three PBL, and three

CU schemes. These properties have been chosen because pre-
vious studies presented strong sensitivity in the model perfor-
mance to the representation of subgrid-scale physical processes
mostly cloud, convection, and planetary boundary layer activ-
ities (Klein et al. 2015; Gbode et al. 2018).

Recent studies using various versions of the WRF model
have reported their efforts to improve the performance of the
model in simulating the WAM and to understand the model
behavior and sensitivity of the WAM to different model phys-
ics (e.g., Flaounas et al. 2011; Hagos et al. 2014; Noble et al.
2014; Li et al. 2015; Klein et al. 2015; Noble et al. 2017;
Gbode et al. 2018). These studies have achieved substantial
progress in terms of representing subgrid-scale physical pro-
cesses, but there are however indications of model systematic
errors, which underscore the need for improvements in the
simulation of key processes. Due to the uncertainties inherent
in the representation of subgrid-scale convective processes,
Prein et al. (2013), among others, stressed the need to explic-
itly represent deep convection with a more realistic model
dynamics, an approach challenged by huge computational
cost. The current work builds on previous work by providing
a detailed evaluation of existing and newly modified cumulus
convection, planetary boundary layer, and microphysics
schemes. The work portrays the capability of the WRF model
to adequately simulate wet and dry WAM rainfall seasons.
Section 2 gives a detailed description of the data and methods
used. Section 3 presents and discusses the results, and conclu-
sions are made in Section 4.

2 Data and methods

2.1 Model setup

The Advanced ResearchWRFmodel, version 3.8.1, is used at
20-km horizontal grid resolution to simulate different phases
of the West African monsoon season. The simulations include
selective wet (2008 and 2010) and dry (2001 and 2011) mon-
soon years. The WRF model physics used combines three
parameterizations of subgrid-scale processes such as the CU,
MP, and PBL effect (Table 1). These choices are based on an
analysis of the model performance in some preliminary tests
(Gbode et al. 2018). The selected physics are considered ap-
propriate treatment for describing atmospheric processes such
as (i) moisture and latent heat distribution through shallow and
deep convective clouds; (ii) water vapor, cloud, and precipi-
tation processes; and (iii) the evolution of atmospheric mois-
ture, temperature, and wind profiles. The combined effect of
the chosen physics determines the redistribution of moisture
and heat at spatio-temporal scales aside from determining the
cause of atmospheric phenomena in the West African region.

The moisture and temperature vertical fluxes are resolved
by the PBL scheme at each grid point within the model’s
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atmospheric column. The resulting vertical profiles feed into
theMP and CU schemes at every model time step. Convective
instabilities are released by the CU scheme in the model col-
umns, which restricts the MP from generating unrealistic or
erroneous grid-scale convection. The CU vertically redistrib-
utes the simulated moisture and heat to produce convective
precipitation. On the other hand, the MP produces non-
convective precipitation through the removal of surplus atmo-
spheric moisture due to resolved saturation. The selected pa-
rameterization schemes (as shown in Table 2) use different
algorithms to describe similar physical processes. However,
for other physics like the land surface and radiation physics,
the unified Noah land-surface model scheme (Chen and
Dudhia 2001) and Rapid Radiative Transfer Model
(RRTMG) schemes (Iacono et al. 2008), respectively, are kept
constant in all simulations. Further details of the choice of
physics can be found in Gbode et al. (2018).

The domain of the model simulation covers the region of
active WAM activity (as shown in Fig. 1). The horizontal grid
size of the model domain is 20 km. Avertical grid of 50 levels
is used to ensure a good representation of deep vertical pro-
cesses within the model atmospheric column of each grid
scale. At every 6-h interval, the model gets atmospheric
boundary conditions from the 0.75° ERA-Interim reanalysis
(Dee et al. 2011) with initial soil moisture and temperature
interpolated from the 1° resolution NCEP final analysis
(NCEP FNL 2000; from the NCAR’s Computational and
Information Systems Laboratory Research Data Archive).
FNL is used as the choice of soil initialization because its
source model is more consistent with the unified Noah land-
surface model. For grid point comparison, the model outputs
were regridded to the observation grids using the first-order
conservative remapping method (Jones 1999).

The West African region can be subdivided into three dif-
ferent climatic zones (as shown in Fig. 1): Guinea coast (4–8°
N), Savannah (8–11° N), and Sahel (11–16° N), based on land
use/land cover, climate, and ecosystem characteristics (Iloeje
1981; Omotosho and Abiodun 2007; Abiodun et al. 2013).
Both observation and model data are employed to compute
composites of wet and dry monsoon years. The composites
are analyzed for each climatic zone to show the difference in
precipitation, temperature, and atmospheric circulations.
Rainfall, a useful climate indicator in the region, is distributed
unequally in time and space. For instance, Fig. 2 presents the
averaged daily precipitation for each of the climatic zones
(Guinea coast, Savannah, and Sahel) during the wet and dry
year composites. The seasonality of the monthly mean of daily
rainfall shows regional variance, thereby highlighting the dis-
tinct spatial complexity of the WAM. Figure 2a, b shows the
well-established two rainfall peaks, which is associated with
the meridional migration of the Inter-Tropical Discontinuity
(ITD) (Nicholson 2013, among others) and postulated
Bmonsoon jump^ (Sultan and Janicot 2000; Le Barbé et al.
2002), in the month of June and September over the Guinea
coast. These peaks are observed for both wet and dry summer
monsoon seasons in observations and model outputs.
However, there is variance in magnitude, most especially, dur-
ing the wet monsoon. In Savannah (Fig. 2c, d), a single peak is
observed. The peak is observed in August (September) for wet
(dry) monsoon year. The models reasonably agree in dry years
unlike the wet years where only the WSM5-MYNN-nTDK
simulates its peak in September. The more homogeneous
Sahel zone shows a single peak in the month of August (Fig.
2e, f). The WSM5-MYNN-nTDK underestimates the ob-
served precipitation in both monsoon composites while
WSM5-YSU-nSAS overestimates the observed precipitation
mostly in dry monsoon. However, all the model simulations
show good agreement in the Sahel.

2.2 Monsoon simulation

The model was initialized in the month of February for each
year of the four runs. Each run starts from February through to
the end of October. Outputs in the initial month were however
used as spin-up in all simulations. The current study analyzes

Table 2 The three
different WRF model
physics combinations
derived from the selected
schemes

S/N MP PBL CU

RUN 1 WSM5 MYNN nTDK

RUN 2 GD MYJ BMJ

RUN 3 WSM5 YSU nSAS

Table 1 Regional physics parameterization schemes used in the study

Serial Microphysics (MP) Planetary boundary layer (PBL) Cumulus convection (CU)

1 WRF single moment 5 (WSM5;
Hong et al. 2004)

Yonsei University (YSU; Hong et al. 2006) Betts-Miller-Janjić (BMJ; Janjić 1994,
2000)

2 Goddard (GD; Tao et al. 1989) Mellor-Yamada-Janjić TKE (MYJ; Janjić 1994) New Tiedtke (nTDK; Tiedtke 1989; Zhang
et al. 2011)

3 Mellor-Yamada-Nakanishi-Niino 2.5 level TKE (MYNN;
Nakanishi and Niino 2004, 2006)

New simplified Arakawa-Schubert (nSAS;
Han and Pan 2011)
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the months of June to September (JJAS) from the composites
of wet (2008 and 2010) and dry (2001 and 2011) WAM
years. These months were considered because this is the

period when the WAM is more active and most parts of
Wes t Af r i ca rece ive a cons ide rab l e amoun t o f
rainfall. Though the choice of the wet and dry years may not

Fig. 2 Seasonal cycle of area-
averaged precipitation over the
Guinean coast, Savannah, and
Sahel climatic zones from the
three experiments, TRMM and
GPCP observation during wet
(a, c, and e) and dry (b, d, and f)
year’s composite

Fig. 1 Model domain and
elevation used for the WRF
simulations. The three climatic
zones (a Guinean coast, b
Savannah, and c Sahel) for
area-averaged analysis are
outlined on the map
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be all-encompassing to evaluate the performance of the WRF
model to reproduce WAM variability, it gives useful insights.
Some useful information that could be derived from the se-
lected monsoon years to confirm the robustness in simulating
WAM is on its associated precipitation and atmospheric cir-
culation. The monsoon composites were used to assess the
role of strong and weak circulations and moisture fluxes on
the characteristics of WAM.

Composites of wet (2008 and 2010) and dry (2001
and 2011) monsoon years depict the characteristics of
weak and strong atmospheric circulations and how
these differences inf luence the WAM activi ty.
Precipitation can be used to describe the observed dif-
ferences in wet and dry years. Klein et al. (2015) used
the Global Precipitation Climatology Center (GPCC)
0.5° gridded gauge analysis (Schneider et al. 2014)
data to show that the selected years are categorized
among wet and dry monsoon years. The grouping is
based on the yearly precipitation departure from long-
term mean over the study region.

2.3 Datasets

Model simulations are compared with reanalysis data and sat-
ellite observations in order to explain the behavior of the dif-
ferent monsoon composites produced from the selected model
physics combinations. Data from the Global Precipitation
Climatology Project (GPCP) 1° daily is used as reference to
evaluate the model’s precipitation. GPCP is a reliable satellite
rainfall product obtained from merged estimates of micro-
wave, infrared, and sounder data together with rainfall gauge
analysis (Huffman et al. 2009, 2016). GPCP is used as refer-
ence rainfall because of its remarkable performance, and the
product has been described to be the closest alternative source
to station gauges over the West African region (Sylla et al.
2013). Another precipitation product used is the three hourly
and 0.25° horizontal resolution 3B42 Tropical Rainfall
Measurement Mission (TRMM) data, a reliable high-quality
precipitation estimate from a satellite platform (Huffman et al.
2007).

Other model fields such as the moisture, temperature, and
circulation are compared with the National Center for
Environmental Prediction-Department of Energy (NCEP-
DOE) Atmospheric Model Intercomparison Project (AMIP-
II) reanalysis (R-2) datasets (NCEP-DOE AMIP R2,
Kanamitsu et al. 2002, here after NCEP). The NCEP is avail-
able in 2.5° × 2.5° horizontal resolution at 17 vertical pressure
levels. It consists of omega, zonal, and meridional winds,
specific humidity, and temperature data among others.
Though the difference in NCEP is much smaller from that in
NCEP reanalysis 1 (Kalnay et al. 1996), it contains improve-
ments through error fixes and parameterization updates
(Kanamitsu et al. 2002).

3 Results and discussions

3.1 Rainfall

The rainfall climatology of wet and dry composites of the
West African summer monsoon season is analyzed. Figure 3
depicts the spatial distribution of mean daily rainfall for the
period June–September (JJAS) derived from the composites
of wet and dry years for GPCP, TRMM, and the three model
experiments as well as the model differences relative to GPCP.
During JJAS, the spatial distribution of observed rainfall ex-
hibits a meridional gradient with rainfall decreasing in inten-
sity from the Guinea coast to the Sahel in association with the
latitudinal migration of the ITD, which combines with the
Saint Helena anticyclonic high pressure to control the mon-
soon wind that determines the amount of moisture influx into
the region (Sultan and Janicot 2003). The observed localized
maxima over the Jos Plateau, Cameroun Mountains and over
the west coast of Guinea along 5°–10° N and Fouta-Djallon
highlands are reproduced in the wet and dry year composites.
Also, over this terrain, the observed rainfall amount is higher
in the wet than the dryWAM season (Sultan and Janicot 2003;
Im et al. 2014).

Although both wet and dry WAM composites show similar
observed features, they exhibit some difference in terms of
spatial magnitude. During wet WAM year, GD-MYJ-BMJ
(bottom panel of Fig. 3a) overestimates rainfall between 1 and
5 mm day−1 offshore of west coast of Guinea, over the Fouta-
Djallon and Cameroun Mountains. The same combination
shows dry bias of about 3 mm day−1 in the western part of
the region above 10° N and southern coast of Guinea along
5° N latitude. On the other hand, GD-MYJ-BMJ simulates
increased wet bias above 4 mm day−1 and decreased dry bias
below 3 mm day−1 in dry WAM season (bottom panel of Fig.
3b). The WSM5-MYNN-nTDK combination simulates exten-
sive spatial coverage of dryness above 4 mm day−1 over the
ocean and 2 mm day−1 or less in most parts of land areas in
the wet WAM season. Also, the combination produces 3–
5 mm day−1 wetness over the Fouta-Djallon, Jos Plateau, and
Cameroun Mountains. The intensity of the dry (wet) biases
decreased (increased) significantly during the dry (wet) WAM
season mostly over the ocean. For the WSM5-YSU-nSAS
combination, the model agrees well with the observed spatial
pattern by producing much less dry bias of 3 mm day−1, com-
pared with other simulations, over some small spatial areas in
both wet and dry WAM seasons, but it, however, overestimates
by more than 3 mm day−1 over high terrain. Similar to the
WSM5-MYNN-nTDK, the magnitude of the dryness
(wetness) in the WSM5-YSU-nSAS simulation decreased
(increased) during the dry (wet) WAM season. On average,
WSM5-MYNN-nTDK simulations are relatively dry, GD-
MYJ-BMJ are moderately wet and dry while WSM5-YSU-
nSAS are comparatively wet with respect to GPCP.
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The common shortcoming in all simulations appears
around the Cameroun Mountains, Jos Plateau, and over the
Fouta-Djallon extending towards western coast of Guinea. All
the three model combinations fail to accurately capture the
intensity of the localized maximum over these high terrains
regardless of the cloud microphysics, cumulus convection,
and planetary boundary layer schemes used, thus showing
significant dry and wet spatial biases. Such systematic biases
displayed in the models are not limited to the simulations of
the current study, but appears to be a quite typical error found
in many other regional climate simulations over West Africa
(Sylla et al. 2009; Flaounas et al. 2011; Zaroug et al. 2013; Im
et al. 2014; Klutse et al. 2014; Klein et al. 2015; Gbode et al.
2018). Differences among the three model combinations can
be explained by the difference in the physics used (Nikulin
et al. 2012; Klein et al. 2015; Gbode et al. 2018). For instance,
both GD-MYJ-BMJ and WSM5-MYNN-nTDK use a local
closure PBL scheme, that is, MYJ and MYNN, where the
eddy diffusion coefficients are derived from their prognostic
turbulent kinetic energy (TKE). Contrarily, WSM5-YSU-

nSAS uses a non-local closure scheme with a parameter that
allows enhanced vertical mixing and entrainment of air from
above the PBL even in a neutral boundary layer where the
vertical gradient of potential temperature is zero (Hong et al.
2006). This difference allows the combination with YSU PBL
to possess enhanced deep convection and thus produce more
spatial wetness relative to other combinations as a result of a
stronger water cycle possibly due to increased evaporation
associated with a more strongly mixed PBL, which serves as
a source for consistent production of more vertical transport
by convection into the troposphere (Ulate et al. 2014). Also,
the profile adjustment convection scheme (BMJ) appears to
produce less fraction of total rainfall (approximately 75% or
less) compared with the mass flux nTDK and nSAS CU
schemes (not shown), which can produce total rainfall fraction
of 80% and above.

To further evaluate the model ability to reproduce different
WAM seasons, the quantitative measure of rainfall produced
in the model relative to observations is given in Table 3.
Table 3 presents the total rainfall amount over the three

(a)

(b)

Fig. 3 Spatial distribution of mean a wet year (2008 and 2010) and b dry year (2001 and 2011) composite boreal summer (JJAS) precipitation
(mm day−1) from the TRMM and GPCP observations, three experiments, and their differences with GPCP observations
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different climatic zones; the italic values indicate cases where
wet years are consistent in both observations and models. This
was done to see how well the models are able to distinguish
between wet and dry years. The skill of individual models to
distinguish wet and dry years will give more confidence in its
ability to show climate change signals in future work.
Observed rainfall amounts agree quite well and are consistent
for wet and dry years in GPCP and TRMM; however, the
latter appears to have more rainfall on the Guinea coast where
the differences are large. GD-MYJ-BMJ skillfully reproduced
the selected wet and dry years in the three climatic zones,
though with varying magnitudes. WSM5-MYNN-nTDK
failed to reproduce one of the two wet years on the Guinea
coast but was however skillful in distinguishing the different
WAM seasons over Savannah and Sahel. In WSM5-YSU-
nSAS, the model appears to have difficulty in differentiating
wet and dry years in the Guinea coast and Sahel regions. The
inabilities of some of the models to clearly differentiate the
selected WAM seasons suggest that they are unable to repro-
duce the peak phase of some observed rainfall events (Gbode
et al. 2018). This was also seen clearly in Fig. 2a where the
June peak is missed.

One important atmospheric variable that can be used to
explain the variability of the West African climate is the rain-
fall (Nicholson 1989; Hulme 1992). Rainfall in the region
responds to the latitudinal evolution of the rain belt, defined
by the mean surface position of the ITD, which is tightly
coupled with the displacement of the Inter-Tropical
Convergence Zone (ITCZ) over the western coast of West
Africa. This interaction gives way to the abrupt northward
migration and gradual southward retreat of the rainfall during
the monsoon cycle (Sultan and Janicot 2000; Le Barbé et al.

2002; Lebel et al. 2003; Hagos and Cook 2007; Nikulin et al.
2012; Hernández-Díaz et al. 2013). GPCP, TRMM, and the
three experiments are used to place and compare the compos-
ites of wet and dry monsoon in an interannual perspective.
Time–latitude cross sections that display the evolution of the
monthly rainfall, averaged between longitudes 10° Wand 10°
E, over West Africa for the monsoon composites, are present-
ed in Fig. 4. The seasonal migration and retreat of the mon-
soon is non-linear as indicated by the northward monsoon
jump of maximum rainfall.

From GPCP (Fig. 4a, f), the first major quasi-stationary
monsoon core appears near 5° N in mid-May for wet and
dry years, which corresponds to the onset of the monsoon
along the Guinea coast, whereas TRMM (Fig. 4b, g) shows
that the core near the same latitude extends further into June
for both composites. All simulation combinations also simu-
late the core near 5° N but with a different magnitude in May
during wet years. This result is consistent with previous find-
ings that both the observations and simulations portray abrupt
transitions for the monsoon onset, maximum, and retreat with
differing intensities (Eltahir and Gong 1996; Sultan and
Janicot 2000; Im et al. 2014; among others). In contrast, the
models simulate the core near 5° N later in June for dry com-
posite. The distribution in WSM5-MYNN-nTDK extends
from April to June. The results of the models suggest that
the monsoon onset is early(late) in wet(dry) monsoon years
around the Guinea coast.

The second high-intensity rain belt jumps towards the
Sahel region, and the maximum core is observed around 11°
N in August, when the monsoon reaches its peak, with differ-
ing magnitudes for wet and dry years. In TRMM, the maxi-
mum core extends southwards from 11° N to around 9° N and

Table 3 Total rainfall (mm) for
wet and dry monsoon seasons
over the three climatic zones. The
italic values indicate cases where
wet years are consistent in both
observations and models

Monsoon Year GPCP TRMM GD-MYJ-
BMJ

WSM5-MYNN-
nTDK

WSM5-YSU-
nSAS

Guinea coast

Dry 2001 1291.2 1423.5 1069.1 1106.7 1326.0

2011 1153.7 1311.5 1109.1 1132.2 1385.2

Wet 2008 1421.6 1607.5 1136.9 1202.4 1436.1

2010 1367.0 1592.3 1174.4 1076.2 1340.7

Savannah

Dry 2001 1155.7 1121.0 1254.0 1135.4 1367.3

2011 1049.7 1014.9 1224.1 1183.1 1324.8

Wet 2008 1330.2 1260.4 1359.8 1281.1 1405.1

2010 1276.6 1184.8 1336.4 1251.2 1461.1

Sahel

Dry 2001 671.6 602.6 652.3 460.9 722.8

2011 588.4 557.8 621.4 450.3 616.1

Wet 2008 764.5 708.2 702.8 596.3 671.0

2010 774.4 730.3 752.4 604.7 790.8
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Fig. 4 Latitude–time cross section of monthly mean daily precipitation (mm day−1) averaged from 10° W to 10° E from TRMM, GPCP observations,
and the three experiments averaged over the a–e wet year (2008 and 2010) and f–j dry year (2001 and 2011) composites
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the rainfall amount in this phase is less than that in the first
phase for both composites. Further, the monsoon retreats to-
wards the Guinea coast around October, which marks the end
of the season. During the wet years, all models simulate the
maximum rainfall core between 9 and 10° N in August. In
GD-MYJ-BMJ, the core is displaced southwards and that of
WSM5-MYNN-nTDK extends to September. For dry year,
the models maintain their mean latitudinal position but simu-
late an extended maximum rainfall core from July through
to September. The core in September linearly extends south-
wards in WSM5-YSU-nSAS. Also, all simulations reproduce
a noticeable core in September as well as southwards displace-
ment of the rainfall core.

3.2 Vertical structure of temperature and humidity

The vertical cross section of zonal mean temperature averaged
over 10° W and 10° E and the patterns of the model bias
during the month of June through September (JJAS) for wet
and dry year composites are presented in Fig. 5. A stratified
region of maximum (minimum) temperature dominates the
lower (upper) troposphere and a weak stratification at mid-
layer. The core of the maximum temperature in the lower
atmosphere around latitude 24° N corresponds to the
Saharan heat low (SHL). This climatological feature appears
in dry and wet years. SHL describes the existence of intense
heating of the Sahara (Nicholson 2009; Thorncroft et al.
2011). Similarly, the two simulated monsoon composites rea-
sonably replicate the vertical temperature gradient but with

varying magnitudes (not shown). A common characteristic
of the models is an overestimation of temperature up to about
4 °C over land. This feature intensifies as it extends north-
wards from 5° N and around 11° N in the lower and mid-
troposphere, respectively. This indicates a warm tropospheric
bias over the Sahara Desert in the model regardless of the
physics difference tested. Also, a compensating cold region
resides in the upper atmosphere. These structures are clearly
seen in the two composites, and they however possess wider
coverage aside from their intensification in dry years.

Figure 6 depicts the vertical cross section of JJAS mean
specific humidity averaged over longitudes 10° W–10° E and
the differences between the three model experiments for wet
and dry composites. Unlike temperature that is isothermal
along latitudes, specific humidity decreases with increasing
latitudes. In JJAS, the mean core of maximum humidity is
situated at about latitude 10° N. This characteristic is peculiar
in both wet and dry composites. All simulations underestimate
(overestimate) atmospheric moisture over ocean (land) and
Sahel region. This explains the overestimation of rainfall over
the expected region of maxima and other areas of West Africa
(as shown in Fig. 3). The models also overestimates the max-
imum at 10° N with other similar bias patterns over ocean and
land areas for wet and dry composites. Awarm bias over land
areas can however enhance the excessive moisture that can
lead to higher moist static energy, which could cause an in-
crease in the convective available potential energy and thus
create a favorable environment for induced convection
(Eltahir 1998; Findell and Eltahir 2003).

Fig. 5 Vertical cross section of JJASmean temperature (°C) averaged over 10°W–10° E from NCEP, and the differences between the three experiments
and NCEP for wet year (2008 and 2010) (top panels) and dry year (2001 and 2011) (bottom panels) composites
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3.3 Large-scale circulation

The model performance with respect to the large-scale circu-
lation is assessed at three levels to gain useful insight about the
simulated three-dimensional dynamical structure of WAM
system. Figure 7 displays wind vectors at 850, 650, and
150 hPa averaged for the month of August derived from the
three simulations driven by ERA-Interim (and NCEP FNL
soil only) as well as the NCEP reanalysis. In order to conserve
the properties of dynamic fields and reduce excessive cancel-
lation effects, only the results of August, which represents the
peak of WAM activity, are provided for both wet and dry
composites instead of the mean JJAS.

At low levels (850 hPa), the NCEP reanalysis shows that a
westerly monsoon flow dominates the Guinea coast and
Savannah zones. This flow transports moisture from the
Atlantic Ocean into the region. North of 20° N, the winds
are predominantly northeasterlies that carry dry and dusty air
into the region. Where the two trade winds meet over land
denotes the ITD position. The simulations all reproduce these
observed features at low levels except for WSM5-MYNN-
nTDK, which simulated stronger westerly monsoon flow in
the wet season along the Guinea coast. In the wet WAM com-
posite, WSM5-MYNN-nTDK and WSM5-YSU-nSAS simu-
lations agree well with the observed monsoon flow, though
WSM5-MYNN-nTDK simulates much stronger winds
around the Cameroun Mountains. For GD-MYJ-BMJ, the
wind magnitude is also high over the Cameroun Mountains

and the moisture influx is less due to easterlies along south
coast, which weakens the monsoonal flow. Also, the GD-
MYJ-BMJ and WSM5-MYNN-nTDK simulations reproduce
the westerly monsoon flow further north. For the dry compos-
ite, there is a general increase in winds over Cameroun
Mountains. GD-MYJ-BMJ simulates an anticyclonic flow
over the southwestern coast of the region. Likewise, the mois-
ture flux extends further inland in all simulations. The charac-
teristics of the atmospheric circulation at this level are consis-
tent with previous studies that reported observed maximum
westerlies over the Cameroun Mountains and weak flow over
the continent with longitudinal and latitudinal extents of 20° E
and above 18° N, respectively (Akinsanola and Ogunjobi
2017).

At middle levels (650 hPa), strong easterly flow associated
with the African Easterly Jet (AEJ) dominates (middle plots of
Fig. 7). All simulations capture the major characteristics of the
flow patterns at this level as they agree well with the observed
maximum intensity and average location of maximum in
NCEP. However, the simulations were unable to simulate
the observed weak easterlies along the south coast of the re-
gion. During wet years, easterly winds are weaker which is
necessary to allow more influx of moisture into the region that
favors convective activity (Grist and Nicholson 2001; Dezfuli
and Nicholson 2011). Though GD-MYJ-BMJ simulates
stronger easterlies over the Guinea coast, it reproduces
a better zonal band of AEJ. In WSM5-MYNN-nTDK and
WSM5-YSU-nSAS, the intensity of the AEJ belt decreases

Fig. 6 Vertical cross section of JJAS mean specific humidity (g kg−1) averaged over 10° W–10° E from NCEP, and the differences between the three
experiments and NCEP for wet year (2008 and 2010) (top panels) and dry year (2001 and 2011) (bottom panels) composites
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(a)

(b)

Fig. 7 Spatial distribution of wind vectors at 850 (top), 650 (middle), and 150 hPa (bottom) averaged for the month of August from the three simulations
and NCEP. Here, color shading indicates the speed of the wind (m s−1) for (a) wet year (2008 and 2010) and (b) dry year (2001 and 2011) composites
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eastward. For dry years, the observed and modeled AEJ in-
tensifies and there is a noticeable increase in coastal easterlies.
The meridional extent of the AEJ belt increases in all simula-
tions. WSM5-MYNN-nTDK exhibits the strongest winds and
extends southwards to the coast of the region. This causes the
depth of the low-level moisture flux to decrease and in turn
bring about a reduction in rainfall amount (Fig. 3).

Finally, at upper levels (150 hPa), there is a strong wide
zonal band of easterlies associated with the Tropical Easterly
Jet (TEJ), which is caused as a result of mass outflow around
the Himalayas. This zonal band of easterlies extends across
the Guinea region. Also, noticeable are westerly winds north
of theWAMdomain. The strong upper tropospheric flows and
the resultant divergence are consistent with the simulated low-
level convergence, which enhance rising motion of moist and
warm air from near the surface (see Fig. 9). The simulations
are able to reproduce these two major observed features of the
upper-level flow. Further, the simulations reproduce the ob-
served TEJ intensification during the wet year and weakening
in the dry year. This suggests that the model is able to allow
the mass outflow from the Himalayas to propagate into the
southeastern corner of the model domain but, however, at
higher magnitudes most especially in dry years. The TEJ is
described to play a role in the development of the rainbelt over
West Africa (Nicholson and Grist 2003; Nicholson 2009).

Figure 8 depicts the vertical structure of the zonal wind
averaged from 10° W and 10° E longitudes for the month of
August. The vertical structure portrays the stratified behavior

of the atmospheric circulation with three major components
that are consistent with the results of Akinsanola et al. (2015)
among others. The prevailing westerly flow up to 850 hPa
describes the monsoon flow, and the two easterly maxima
centered on 650 hPa and 200 hPa describe the AEJ and TEJ,
respectively. The westerly monsoon flow dominates between
the equator and beyond 15° N. The position and intensity of
the monsoon flow is an important factor that determines the
magnitude and spatial distribution of rainfall in the region.
From NCEP, the depth of the monsoon extends further up-
wards and its core shifts northward in wet year contrary to
the dry year where it is less deep. All simulations reproduce
this characteristic but with a broader zonal extent. However,
the strength of the simulated monsoon flow for both compos-
ites is comparable with the reanalysis.

The AEJ is a paramount feature of the WAM dynamics,
and it is associated with strong baroclinic atmospheric condi-
tions caused by the strong meridional surface temperature gra-
dient and moisture between the Sahara and equatorial Africa
(Newell and Kidson 1984; Cook 1999; Thorncroft and
Blackburn 1999; Thorncroft et al. 2003). All simulations rea-
sonably reproduce the mean position of the AEJ centered on
650 hPa for wet and dry composites. Also, all the simulations
reproduced intensified AEJ in dry year as well as shift of the
jet core southwards from the average latitudinal position of
15° N.

Considering the TEJ, all simulations reasonably reproduce
the strength, depth, and latitudinal position compared with

Fig. 8 Vertical cross section of zonal wind (m s−1) averaged from longitude 10° W to 10° E for the month of August from NCEP and the three
experiments for wet year (2008 and 2010) (top panels) and dry year (2001 and 2011) (bottom panels) composites
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NCEP composites. The models also simulate the downward
extension of the jet core in a dry year.

Figure 9 presents the vertical cross section of mean vertical
motion averaged along longitudes 10° W and 10° E in the
month of August. The figure clearly defines the described
two regions of vertical ascent (Nicholson 2009). The first
region of ascent (blue) lies between the mean latitudinal posi-
tion of AEJ (~ 15° N) and TEJ (~ 5° N), while the second
shallow region of vertical ascent resides around the surface
position of the ITD and center of the Saharan heat low. The
vertical ascent shows strong sensitivity to the choice of phys-
ics options, most especially the PBL and convection schemes
as found in preliminary study (Gbode et al. 2018). Irrespective
of the disparities in the simulated shape and magnitude, two
locations of strong ascending motion are reproduced in the
wet and dry year simulations when compared with reanalysis.
The depth of the major region of ascent extends beyond
200 hPa with its core positioned around 10° N. This region
is related to convective activity, and it corresponds to the lat-
itudinal position of maximum rainfall amount (Nicholson
2009). All simulations are able to reproduce this ascent but
with different meridional width. However, the structure of
WSM5-YSU-nSAS appears to agree well with the reanalysis.
During wet years, when the ascent is strongest, the meridional
width broadens and shifts slightly northwards. In a dry year,
when the ascent is usually weak, it is narrowwith a southward
displacement and its core extends to about 300 hPa. WSM5-
MYNN-nTDK has a more shallow southern extension of as-
cent core, which makes it underestimate rainfall most

especially within the zonal band of 5° N to 10° N (see Fig.
3). While theWSM5-MYNN-nTDK simulation shows under-
estimates, WSM5-YSU-nSAS overestimates the rainfall dis-
tribution. The ascending motion is strongest in WSM5-YSU-
nSAS, followed by GD-MYJ-BMJ and WSM5-MYNN-
nTDK during wet and dry years. Its strength is more in
WSM5-YSU-nSAS in the dry years. This result strongly im-
pacts the simulated rainfall amount and distribution, that is,
consistent with the overestimated rainfall in WSM5-YSU-
nSAS, moderate distribution in GD-MYJ-BMJ, and underes-
timation inWSM5-MYNN-nTDK. This impact is clearly seen
over the west coast of the region. However, there is a need to
extend the present study by performing more detailed dynam-
ic investigation in future work so as to further understand the
underlying mechanisms responsible for the observed mon-
soon jump.

4 Conclusion

This paper presents results of simulations of wet and dry
WAM years using the WRF regional climate model. Three
different physics combinations of microphysics, cumulus con-
vection, and planetary boundary layer schemes were consid-
ered. Other schemes like the unified Noah land-surface model
scheme and RRTMG schemes were used to represent the land
surface and radiation processes, respectively. The model was
run for four WAM seasons that consist of two wet (2008 and
2010) and two dry years (2001 and 2011). The four

Fig. 9 Vertical cross section of omega (Pa s−1) averaged from longitude 10° W to 10° E for the month of August from NCEP and the three experiments
for wet year (2008 and 2010) (top panels) and dry year (2001 and 2011) (bottom panels) composites
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simulations were used to compute composites of wet and dry
WAM seasons.

The results presented here depict that simulation of the
WAM showed strong sensitivity to the choice of both the plan-
etary boundary layer and the convection scheme. One of the
good agreements with observations in the simulation of the
WAM rainfall distribution pattern was with WSM5-YSU-
nSAS because it was able to reproduce better circulation fea-
tures that are associated with typical wet and dry WAM.
However, the combination was unable to quantitatively differ-
entiate between wet and dry years as compared with GD-MYJ-
BMJ andWSM5-MYNN-nTDK, which produced both a good
seasonal evolution and magnitude of the monsoon rainfall. On
the contrary, WSM5-MYNN-nTDK tends to underestimate
rainfall along the coast especially over the western coast of
West Africa and the tropical Atlantic Ocean. Simulation outputs
from GD-MYJ-BMJ show moderate spatial overestimates and
underestimates of rainfall compared with the GPCP product
over the region. The inconsistent simulation of the observed
circulation features related to the WAM activity caused the
WSM5-MYNN-nTDK to perform less well with respect to
observed rainfall. However, this combination and others were
able to reproduce good vertical distributions of temperature and
moisture profiles, though with warm and wet biases over land
and the reverse over the ocean region. This feature is noticeable
during the wet and dry WAM seasons.

Lastly, it was shown that the WRF regional climate model
is capable of reproducing the main features of the large-scale
circulation during wet and dry WAM periods. During these
periods, the three model experiments were able to capture the
low-level westerly monsoon flow, middle-level African east-
erly jet, and upper tropospheric tropical easterly jet. Also, two
of the model combinations, GD-MYJ-BMJ and WSM5-
MYNN-nTDK, demonstrate a significant skill in capturing
the difference in wet and dry WAM seasons as shown in this
study. The outcomes presented here suggest a significant po-
tential for WRF model as a useful tool to investigate how
future WAM seasons could vary with climate change in order
to understand the possible implications of such variability on
economic activities such as agriculture, water resources, and
other climate-related sectors of the economy.
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