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The West African Monsoon (WAM) system plays a crucial role in the West African climate system
because it transports moisture from the Atlantic Ocean into the subcontinent in summer. This study
evaluates the capability of the Model for Prediction Across Scales-Atmosphere (MPAS-A) to simulate the
characteristic reproduce the WAM system and the associated rainfall-producing features. The MPAS
model was used to perform a 30-year global climate simulation (1981–2010) at a regular grid (uniform
resolution of 60 km). The simulation was initialized with the Climate Forecast System Reanalysis (CSFR)
dataset. The results showed that MPAS simulate well the rainfall pattern over West Africa and repro-
duces the different phases of the monsoon dynamics system (i.e., the northward progression, the peak
period, and the southward retreat). The model also reasonably replicates the pattern of the zonal com-
ponents of wind and the vertical velocity. However, MPAS underestimates the orographic rainfall over
the Guinea Coast, Jos Plateau, and Mount Cameroon. It also underestimates the vertical velocity and
zonal wind magnitudes over the region. In addition, the model features a weaker temperature gradient
than in the reanalysis. Understanding and correcting the sources of these model biases will enhance the
suitability of MPAS for weather and seasonal forecasts over West Africa.
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1. Introduction

The monsoon is a global-scale circulation that
is dominated by a seasonal reversal of winds orig-
inating from the difference in heating between land
and Ocean (Sylla et al. 2009). The West African

Monsoon (WAM), a branch of the global monsoon,
plays a crucial role in the climate of West Africa
(WA). It modulates the seasonal change in
circulation over WA and controls the spatial dis-
tribution of the temperature and precipitation over
the region (Nicholson 2009). Two seasonal winds

J. Earth Syst. Sci.          (2024) 133:56 � Indian Academy of Sciences
https://doi.org/10.1007/s12040-023-02245-4 (0123456789().,-volV)(0123456789().,-volV)

http://orcid.org/0000-0002-8739-0982
http://crossmark.crossref.org/dialog/?doi=10.1007/s12040-023-02245-4&amp;domain=pdf
https://doi.org/10.1007/s12040-023-02245-4


characterize the WAM system: the north-easterly
wind, which blows dry cold air to the region in
winter; and the south-westerly wind, which brings
moist warm air over the region in summer
(Krishnamurthy and Ajayamohan 2010). The
south-westerly Cow transports moisture from the
Atlantic Ocean to WA and causes seasonal rainfall
over the subcontinent. Seasonal rainfall is essential
for millions of West African people, whose cultures
and lifestyles depend on the behaviour of the
monsoon rains and the associated growing season
(Sivakumar et al. 2014). In addition, given that
rainfed agriculture is the mainstay of the econo-
mies of most West African countries, variations in
WAM rainfall often devastate socio-economic
activities and food security in WA (Omotosho and
Abiodun 2007). Hence, to minimize the devastating
impacts of monsoon rainfall variability in WA,
there is a need for improved seasonal prediction of
the WAM and its associated rainfall. The WAM
system includes a multitude of atmospheric fea-
tures that interact in a complex way to generate
rainfall over WA. These atmospheric features
include the heat low, African easterly jet (AEJ),
African easterly waves (AEWs), and mesoscale
convective systems (MCSs) (Nicholson 2009). For
example, during summer, the heat low induces
maximum heating over the continent, resulting in a
temperature gradient between the West African
subcontinent and the Atlantic Ocean. This tem-
perature gradient drives the southwest monsoon
Cow from the ocean into the continent (Sultan and
Janicot 2003; Caniaux et al. 2011). The tempera-
ture gradient also induces the AEJ due to the
thermal wind eAect, and when the AEJ becomes
unstable, it generates AEWs (Grist and Nicholson
2001). The low-level convergence associated with
AEWs lifts the warm moist southwest monsoon
Cow to the level of free convection, thereby initi-
ating thunderstorms and mesoscale convective
systems that produce heavy rainfall and account
for more than 75% of the rainfall over WA (Hagos
and Cook 2007). Therefore, for a model to correctly
simulate rainfall characteristics over WA, it must
reproduce all these atmospheric systems and their
complex interactions (Abiodun et al. 2010). Hence,
understanding how contemporary climate models
link West African precipitation with these atmo-
spheric features is essential for improving the sea-
sonal prediction over this subcontinent.
Several studies have discussed the strengths and

weaknesses of global climate models (GCMs) when
it comes to simulating atmospheric systems and

rainfall over WA (Cook and Vizy 2006; Hourdin
et al. 2010; Xue et al. 2010; Sylla et al. 2012, 2013;
Matte et al. 2017; Akinsanola et al. 2018; Ajibola
et al. 2020; Chagnaud et al. 2020). For instance, by
applying the 5th generation European Centre
Hamburg general circulation model (ECHAM5)
over WA, Sylla et al. (2012) showed that the model
captures the characteristics of rainfall events over
the entire Guinea Coast. After evaluating CMIP6
GCMs, Ajibola et al. (2020) found that these
models can reproduce wet and dry conditions over
WA. However, the GCMs typically have issues in
reproducing the main WAM features, probably due
to the coarse grid spacing that is usually used
(Cook and Vizy 2006; Hourdin et al. 2010; Sylla
et al. 2010, 2013; Xue et al. 2010; Chagnaud et al.
2020). For example, Cook and Vizy (2006), after
evaluating several GCMs, found that most models
fail to represent the precipitation over WA prop-
erly. Xue et al. (2010), after evaluating how well
several GCMs simulate the characteristics of the
WAM, found that most models struggle to repro-
duce the intensities of the AEJ and the tropical
easterly jet (TEJ). Arguing that using regional
climate models (RCMs) with a higher resolution
than GCMs may be a solution to the resolution
problem, some studies have employed and evalu-
ated RCMs over WA (ABesimama et al. 2006; Pal
et al. 2007; Abiodun et al. 2010; Sylla et al.
2010, 2012; Diallo et al. 2012; Klutse et al. 2016;
Odoulami et al. 2019; TamoAo et al. 2022). Sylla
et al. (2010) found that RegCM3 realistically sim-
ulates the precipitation over the region, but other
studies noted some uncertainties in the simulation
(Pal et al. 2007; Browne and Sylla 2012; Odoulami
et al. 2019). Pal et al. (2007) found that RegCM3
produces excess precipitation over WA. Odoulami
et al. (2019) found that the models generally
overestimate the magnitudes of the rainfall indices
over the Guinea Coast. Browne and Sylla (2012)
attributed the precipitation biases in RCMs to
boundary condition problems. Hence, the attempt
to address the low-resolution problem of GCMs
and the boundary conditions problem of RCMs has
prompted several studies to utilize stretched-grid
GCMs (SG-GCMs) (e.g., Fox-Rabinovitz et al.
2006, 2008; Abiodun et al. 2011; Smith et al. 2013;
Martini et al. 2015; Harris et al. 2016).
The Model for Prediction Across Scales (MPAS)

is a good example of SG-GCM. MPAS is also
known for its quasi-equal distance between grids,
which eliminates the problem of ‘pole singularity’
at the poles where the grids converge. This
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singularity usually causes numerical instability and
computational challenges (Kramer et al. 2020). In
addition, the stretched-grid capability of MPAS
allows for two-way interaction between the regio-
nal scale features over the high-resolution area and
the large-scale motion outside the area (Heinzeller
et al. 2016). However, MPAS is becoming more
prominent for studying regional atmospheric fea-
tures. It has been used to simulate and study
tropical cyclones (Davis and Birner 2016; Michaelis
et al. 2019; Lui et al. 2021; Donkin and Abiodun
2023), Intertropical Convergence Zones, the Mad-
den–Julian Oscillation, and the West African
Monsoon (Landu et al. 2014; Heinzeller et al. 2016;
Pilon et al. 2016). All these studies conclude that
MPAS gives realistic simulations of these atmo-
spheric features. In addition, Lui et al. (2021) found
that MPAS performs better than the Weather
Research and Forecasting (WRF) model in repro-
ducing the western North PaciBc tropical cyclone
model. Despite the potential of MPAS for regional
scale studies, only Heinzeller et al. (2016) has
evaluated the performance of the model in West
Africa, and the evaluation only cover one season.
The present study intends to build on Heinzeller
et al. (2016) by testing the model capability over a
longer period.
Hence, the present study aims to investigate the

performance of MPAS in simulating the WAM
system, its associated features, and the precipita-
tion over WA compared to four AMIP (Atmo-
spheric Models Intercomparison Project) models.
The article is structured as follows: Section 2
describes the paper’s methodology, section 3 pre-
sents and discusses the results, and section 4 pro-
vides the conclusions.

2. Materials and methods

2.1 Model description and experiments

The Model for Prediction Across Scales-Atmo-
sphere (MPAS-A) is used in this study. It is a non-
hydrostatic atmosphere model (Klemp and Ska-
marock 2021) that is one of the components of the
Earth-system models generally denoted as MPAS.
MPAS uses centroidal Voronoi tessellations for its
horizontal meshes (Thuburn et al. 2009; Ju et al.
2011). A 60-km uniform resolution mesh with
1,63,842 cells is used for the run. We utilized the
mesoscale ‘reference physics’ suite with 55 vertical
and four soil levels. For the terrain, we applied the

Land-Surface Model (Noah-LSM) (Chen et al.
1996).
The associated parameterization schemes are

summarized in table 3. This conBguration is used in
the work of Heinzeller et al. (2016). The radiation
(long-wave, short-wave) scheme uses a constant
value for carbon dioxide, which represents the
atmospheric CO2 concentration around 2004. The
static input data are from the Moderate Resolution
Imaging Spectroradiometer (MODIS) 20-class land
cover product, which depends on the global land
cover climatology collected from 2001 to 2010 at a
resolution of 500 m (Broxton et al. 2014) and the
Global Multi-Resolution Terrain Elevation Data
(GMTED2010) (Danielson and Gesch 2011)
topography. The albedo and vegetation indices are
updated using the monthly climatology of MODIS
satellite images.
The experiment is a continuous simulation that

was initializedwith theNCEP,CFSR(NationCenter
for Environmental Prediction, Climate Forecast
System Reanalysis) data available from https://rda.
ucar.edu/datasets/ds093.1/. The model was set to
periodically update using 6 hours of CFSR Sea Sur-
face Temperature (SST) and sea-ice data for realistic
results.The simulation ran fromDecember 1, 1980, to
January 31, 2011, with data analysed between Jan-
uary 1981 and December 2010. December 1, 1980 is
considered a spin-up.
To quantitatively assess MPAS, we evaluate

the spatial pattern, the annual cycle and the
simulation bias by using quantitative measures
such as the mean bias (MB), root mean square
error (RMSE), and spatial correlation coefBcient
(r) with respect to the Climate Hazards Group
InfraRed Precipitation with Stations (CHIRPS)
rainfall. These quantitative measures allow to
measure model systematic errors and performance
as they provide information at both regional and
grid point levels (Browne and Sylla 2012). The
capability of MPAS in simulating the WAM fea-
tures will be investigated through the monsoon
Cow, AEJ, TEJ, and upward motion. We also
investigate how MPAS performs in simulating the
origin of the jets, which include the zonal wind,
temperature gradient, and thermal wind with
respect to the European Centre for Medium-
Range Weather Forecasts version 5 (ERA5).
MPAS does not provide output for thermal winds.
Therefore, the following formulas have been used
to determine the thermal winds between the sur-
face 925 and 700 hPa.
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Ut ¼ � R=fð Þ oTm=oyð Þ ln P925=P700ð Þ ð1Þ

Vt ¼ R=fð Þ oTm=oxð Þ ln P925=P700ð Þ ð2Þ

where f is the Coriolis force parameter (7.29 9 10�5

s�1); q is the air density (1.2 kg m�3), g is the
gravity (9.8 m s�1), R is the gas constant
(8.3144598 J mol�1 K�1), P925 and P700 are
respectively pressure at 925 and 700 hPa, the term
(qTm/qy) is the mean temperature (Tm) gradient
in y direction.

2.2 Study area

The study was conducted in WA (Bgure 1). Due to
climatic differences, the region is subdivided into
three zones: the Guinea Coast zone (4–8�N), the
Savanna zone (8–11�N), and the Sahel zone
(11–16�N). Previous studies have considered these
areas (Sylla et al. 2010; Abiodun et al. 2011; Gbode
et al. 2019; Ajibola et al. 2020). The Guinea Coast
zone is humid, with annual rainfall ranging from
1575 to 2533 mm (Oguntunde et al. 2011; Gbode
et al. 2019), and the Savanna zone is a semi-arid
area, with average annual rainfall in the range of
about 897–1535 mm (Nicholson 2009). The north-
ward displacement of the rainfall belt thus initiates
the recognized ‘little dry season’ and ‘peak of rainy
season’ between July and August along the Guinea
Coast and Savanna, respectively (Gbode et al.
2019). The Sahel zone is characterized by a single
peak season from July to September, with a max-
imum in August that coincides with the

northernmost location of the Intertropical Discon-
tinuity (ITD) from 21–22�N (e.g., Nicholson 2013).
This area is arid compared to the two zones men-
tioned above, and the Sahel zone has an average
annual rainfall between 434 and 969 mm (Ogun-
tunde et al. 2011; Gbode et al. 2019). We focus on
the June–July–August (JJA) season because it
provides the most significant precipitation
amounts over WA, especially over the Sahel zone
(Nicholson 2013).

2.3 Applied data

For this study, we evaluate MPAS performance
using different observations and reanalyses data-
sets. The observed data are either gauge-based or
satellite-derived (table 1), and they include the
Climate Hazards Group InfraRed Precipitation
with Station (CHIRPS) and the Climate Research
Units (CRU) data. Variables such as zonal and
meridional wind components (u, v), the vertical
wind velocity, and the geopotential height (z) were
obtained from reanalyses (table 1), including the
European Centre for Medium-Range Weather
Forecasts (ECMWF) reanalysis v5 (ERA5) and
the CFSR. To put MPAS in the context of GCMs,
four AMIP (Atmospheric Model Intercomparison
Project, table 2) models are also used for compar-
ison (Niang et al. 2017). All the datasets were
interpolated to a resolution of 0.5� 9 0.5� using the
Brst-order conservative remapping method (Jones
1999).

Figure 1. The quasi-uniform mesh with a resolution of 60 km used for the MPAS simulation (left) and the topography of the
investigated area for three sub-regions: the Sahel, Savanna, and Guinea Coast zones (right). Red boxes are showing the Guinea
Highland (GH), Jos Plateau (JP), and Cameroon Mountains (CM).
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3. Results

3.1 Rainfall patterns

In this section, we discuss the ability of MPAS to
simulate the seasonal rainfall and spatial pattern of
the WAM over WA. We apply two observational
datasets (CHIRPS and CRU) to evaluate MPAS. In
addition, two reanalyses (ERA5andCFSR)are used
as the intermediate data between the observed data
and model output. CHIRPS is used as a reference
because of its high horizontal grid resolution (0.25�).
The resolution of CHIRPS reduces error during
interpolation (TamoAo et al. 2022).

3.1.1 Annual cycle of rainfall and zonal winds

All the observational datasets (Bgure 2) show
that WA rainfall exhibits three main phases (the

onset, the peak, and the retreat), consistent with
previous studies (Sylla et al. 2009; Abiodun et al.
2011). MPAS realistically reproduces three pha-
ses (Bgure 2i). For instance, as in the observed
datasets, the simulated onset is from March to
June in MPAS, and it is characterized by the
northward extension of the rain belt from the
coast (6�N). The simulated peak is characterized
by a northward (10�N to 14�N) jump of the rain
belt and the end of the rainfall between the
equator and 6�N, which is underestimated and
does not completely disappear in comparison with
observed data. The peak in MPAS occurs
between June and September, which is consistent
with the observations. In addition, MPAS shows
good performance in simulating the bimodality of
rainfall over Guinea (Bgure 2j) and the uni-
modality of rainfall over the Savanna (Bgure 2k)
and Sahel zones (Bgure 2l), as depicted in the
observations. However, a stronger dip is noted in
the MPAS simulated annual cycle over the Gui-
nea Coast (Bgure 2j) and Savanna (Bgure 2k),
but it never reaches zero. The biases range from
–1 to –5 mm/day, exceeding the observed data
differences of –1 mm/day. MPAS performs better
than most AMIP models in simulating the annual
cycle of monsoon rainfall (MPAS: r = 0.88,
RMSE = 1.71 mm/day; BCC-CSM1-1-M: r =
0.87, RMSE = 1.95 mm/day; IPSL-CM5A: r =
0.85, RMSE = 2 mm/day; NorESM1-M: r =
0.87, RMSE = 1.97 mm/day, relative to
CHIRPS). The dry bias of the monsoon rainfall is

Table 3. Parametrization schemes used by the simulations.

Parametrization Scheme

Convection New Tiedtke

Microphysics WSM6

Land surface Noah-LSM

Boundary layer YSU

Surface layer Monin–Obukhov

Radiation, LW RRTMG

Radiation, SW RRTMG

Cloud fraction for radiation Xu–Randall

Gravity wave drag by orography YSU

Table 1. Observed and reanalysis data applied in the present study (from 1981 to 2010).

Dataset Name

Horizontal

resolution Reference

CHIRPS Climate Hazards Infrared

Precipitation with Stations

0.25� Funk et al. (2015)

CRU Climate Research Unit 0.5� Harris et al. (2020)

ERA5 European Centre for Medium-Range

Weather Forecast (ECMWF)

0.25� Hersbach et al. (2020)

CFSR Climate Forecast System Reanalysis 0.5� Saha et al. (2014)

Table 2. AMIP data used in this study (from 1979 to 2008).

Models Institutes Lat. 9 Lon.

BBC-CSM1-1-M Beijing Climate Center,

China Meteorological Administration

1.1� 9 1.25�

HadGEM2-A Met ODce Hadley Centre 1.25� 9 1.875�
IPSL-CM5A-LR Institut Pierre Simon Laplace 1.875� 9 3.75�
NorESM1-M Norwegian Climate Centre 1.9� 9 2.5�
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a common problem found in many GCMs and
RCMs (Abiodun et al. 2010; Sylla et al. 2010;
Abatan 2011; Ajibola et al. 2020). For instance,
Sylla et al. (2010) found that RegCM3 underes-
timates the rain rate during the onset period.
Abiodun et al. (2010) found that Bnite volume
dynamics (CFV) GCMs fail to capture the max-
imum monsoon peak. Ajibola et al. (2020) found
that most CMIP6 models underestimate the
rainfall over WA. The dry biases in GCMs have

been attributed to the coarse grid spacing and
boundary layer of the models (Diallo et al. 2012;
Sylla et al. 2013).
The zonal winds are usually strong between 600

and 700 hPa (Cook 1999) and have been analysed
in the work of Raj et al. (2019). MPAS (Bgure 3g)
reasonably simulates the pattern of the annual
cycle of zonal wind, which characterize the mon-
soon Cow at 700 hPa. For instance, the peak in
August and the southward retreat are reasonably

Figure 2. Hovmoller diagrams of daily precipitation (mm/day) averaged from 10�W–10�E for (a) CHIRPS, (b) CRU, (c) ERA5,
(d) CFSR, (e) BCC-CSM-1-M, (f) HadGEM2-A, (g) IPSL-CM5A-LR, (h) NorESM1-M, and (i) MPAS. The bias between the
datasets and CHIRPS is represented using contours. The values in brackets represent the spatial correlation coefBcient (r) and
the root mean square error (RMSE) relative to CHIRPS. The monthly mean variation of area-averaged rainfall (mm/day) is
represented at the bottom: (j) Guinea Coast, (k) Savanna zone, and (l) Sahel zone. The period 1981–2010 is used for the
reanalyses, the observations, and MPAS, and the period 1978–2008 is used for AMIP.
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simulated. However, MPAS reproduces north-
easterly winds from January to March and from
October to December over the Sahel zone with
lower magnitudes; the bias (Bgure 3g, contours) is
up to 2 m/s relative to ERA5. MPAS also under-
estimates the strength of the monsoon Cow (–8
m/s) during the peak period of August over the
Sahel and Savanna zones compared to ERA5
(–12 m/s).
Additionally, MPAS and most AMIP models

overestimate the magnitude of the zonal wind over
the Guinea Coast (around 5�N) and in one part of
Savanna (around 11�N) with regards to ERA5,
underestimation of the north-easterly wind (be-
tween 24� and 18�N) is also noted in AMIP models.

The underestimation of the monsoon Cow and the
north-easterly wind may contribute to MPAS’s
shortcomings in representing the peak of the
monsoon rainfall over WA. These results are in
agreement with previous studies (Raj et al. 2019;
TamoAo et al. 2022). For instance, Raj et al. (2019)
found that the Earth System Model (ESM2M)
shows a northward shift of the zonal wind during
the peak intensity over WA.

3.1.2 Seasonal pattern of WAM rainfall

Figure 4(a)–(i) shows the JJA precipitation cli-
matology from CHIRPS, CRU, ERA5, CSFR, the
AMIP models, and MPAS. MPAS reasonably

Figure 3. Time-latitude diagrams of monthly mean zonal wind (m/s; shaded) at 700 hPa, averaged from 10�W–10�E for
(a) ERA5, (b) CFSR, (c) BCC-CSM1-1-M, (d) HadGEM2-A, (e) ISPL-CM5A-LR, (f) NorESM1-M, and (g) MPAS. The
contours indicate the bias between ERA5 and the other models. The period 1981–2010 is used for the reanalyses, the
observations, and the MPAS, and the period 1978–2008 is used for AMIP.
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simulates the regional migration of rainfall mod-
ulated by the rainband movement (see vectors of
meridional and zonal components of winds at 850
hPa). The position of the rainband is also rea-
sonably simulated during the other seasons (not
shown). In addition, MPAS reproduces the rain-
fall amounts around 12–16�N and 9–20�E that are
given by the observed data. However, MPAS
underestimates the peak height (5 mm/day) of
the orographic rainfall (Guinea Highlands, Mount
Cameroon, Jos Plateau) compared to the observed
(11 mm/day) data and the reanalysis (10
mm/day). This underestimation of rainfall over
the mountains is a common issue with global
models, especially if they are used with coarser
resolution (case of MPAS). The bias in MPAS
ranges from –1 to –3 mm/day, which is out of the
range of the uncertainties between the observed

data. When it comes to simulating the spatial
pattern of the seasonal rainfall, MPAS and AMPI
models show almost the same pattern (MPAS:
r = 0.80, RMSE = 2.81 mm/day; BCC-CSM1-1-
M: r = 0.90, RMSE = 2.19 mm/day; IPSL-
CM5A: r = 0.80, RMSE = 2.44 mm/day; Nor-
ESM1-M: r = 0.80, RMSE = 2.40 mm/day, rel-
ative to CHIRPS). The issue with simulating the
spatial variability of the WAM rainfall is a com-
mon problem within GCMs, which struggle to
reproduce mesoscale and local processes due to
their coarse grid resolutions, in the case of MPAS
resolution used in this study. Our results align
with those of previous studies (Vizy and Cook
2002; Sylla et al. 2013; Klutse et al. 2021). For
instance, Sylla et al. (2010) found that CMIP
models miss the maxima over Mount Cameroon
due to their low spatial resolution. Klutse et al.

Figure 4. Averaged JJA precipitation (mm/day) for (a) CHIRPS, (b) CRU, (c) ERA5, (d) CFSR, (e) BCC-CSM1-1-M,
(f) HadGEM2-A, (g) IPSL-CM5A-LR, (h) NorESM1-M, and (i) MPAS. The bias between the datasets and CHIRPS is
represented by contours. The vectors showing the monsoon Cow represent the U (u-winds) and V (v-winds) components of wind
in August at 850 hPa. Wind data from ERA5 overlay the CHIRPS and CRU rainfall. The values in the boxes represent the
spatial correlation coefBcient (r) and the root mean square error (RMSE) relative to CHIRPS. The period 1981–2010 is used for
the reanalyses, observations, and MPAS, and the period 1978–2008 is used for AMIP.
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(2021) found that GCMs have difBculty simulat-
ing mountainous rainfall over West Africa.

3.2 West African Monsoon features

In this subsection, we evaluate how well MPAS
captures the climatology of the wind system over
WA. We investigate why MPAS has shortcomings
when it comes to reproducing rainfall climatology
over the study zones. Therefore, we address the
dynamics of upper and mid-tropospheric easterly
jets (TEJ, AEJ) and the low levels of the monsoon
Cow (Cook 1999; Nicholson and Grist 2003;
Akinsanola et al. 2017), using ERA5 as a
reference.
The core of the AEJ ([10 m/s) is located at

around 15�N and 600 hPa in the reanalyses and
some AMIP models (IPSL-CM5A-LR, NorESM1-
M) (Bgure 5). The AEJ is of crucial importance
because the model’s wetness and dryness over the
Sahel seems to be driven in most of the case by
poleward and equatorward displacement of AEJ
and the jet magnitude (Abiodun et al. 2010;

TamoAo et al. 2022). The lack of MPAS output at
600 hPa pressure level weakens the analysis of the
AEJ in the model. MPAS (Bgure 5(j)) shows the
location of the TEJ at the same altitude (*200
hPa) as that of ERA5 but underestimates the speed
(–2 m/s), while the AMIP models show southward
shifting of the TEJ core and overestimate the speed
(1–4 m/s). Underestimating the strength and mis-
locating the location of TEJ in the models com-
pared to reanalyses could contribute to the rainfall
biases as this jet is of great importance in the West
African rainfall-producing system (Nicholson 2009;
Sylla et al. 2009). MPAS and the AMIP models
(BCC-CSM1-1-M, HadGEM2-A) overestimate
(2–5 m/s) the low-level (850 hPa) monsoon Cow at
around 4� to 12�N, located between 4 and 11�N in
ERA5. The MCSs are favoured by a weaker TEJ
during the summer. The MCSs (squall lines,
mesoscale convective complexes) cross the region
(Janicot 1997) during summer; therefore, under-
estimating them and misrepresenting the TEJ
location in MPAS may contribute to the
shortcomings in simulating the rainfall

Figure 5. Latitude-height cross-section of the zonal wind (m/s, shaded) in August averaged from 10�W–10�E. The datasets are
from (a) ERA5, (b) CFSR, (c) BCC-CSM1-1-M, (g) HadGEM2-A, (h) ISPL-CM5A-LR, (i) NorESM1-M, and
(j) MPAS, Bgures (d), (e), (f), (k), (l), (m) and (n) represent the seasonal (JJA) precipitation (mm/day) respectively. The
contours represent the bias between ERA5 and each dataset, and the pressure is given in hPa. The period 1981–2010 is used for
the reanalyses, observation, and MPAS, and the period 1978–2008 is used for AMIP.
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(Bgures 2(j)–(l) and 5(n)) during the peak period
over the Savanna and Sahel regions.
Figure 6 shows the vertical cross-section of vertical

velocity (Pa/s) as a function of latitude for August.
Generally, all the datasets capture two ascent
regions, as shown inERA5.Theascent corresponds to
the response of convection to local atmospheric cir-
culation (TamoAo et al. 2022). MPAS (Bgure 6j)
shows the Brst ascent, which is south of 24�N (be-
tween 900 and 700 hPa), as in ERA5 (Bgure 6a), and
corresponds to the Intertropical Discontinuity (ITD)
caused by dry convection in the Saharan heat low
(Sylla et al. 2010; Abiodun et al. 2011). Next, MPAS
locates the secondascent between the surface and300
hPaas inERA5andothermodels; it results fromdeep
convection over the Sahel zone (12�N). However,
MPAS underestimates (by up to 2 Pa/s) the vertical
velocities of the two ascent zones compared to ERA5.
The underestimation of the upward motion might be
linked to the coarser resolutionofMPAScompared to
25 km ERA5. All the AMIP models fail to locate the
ascent zones as depicted in ERA5; these issues might

likely come from the coarser resolution of these
atmosphericmodels.Overall, the dry biases inMPAS
may be related to the weak simulation of the con-
vective activities due to the coarser resolution. Our
results are in line with the Bndings of TamoAo et al.
(2022), who showed the issues of some RCMs to
simulate the vertical motion over West Africa.

3.3 Thermal activities during summer

In this subsection, we look at how MPAS simulates
the thermal activities in summer to determine if
the issues (rainfall biases, weak jets, strong low-
level wind) detected in the previous analysis occur
because MPAS struggles to represent some of the
processes that contribute to the dynamics of the
WAM. For instance, we look at how MPAS simu-
lates the zonal wind over WA, the temperature
gradient, and the thermal wind.
Figure 7 shows the zonal wind at 700 hPa for

August (1981–2010) from (a) ERA5 and
(b) MPAS. MPAS reasonably (r = 0.98) simulates

Figure 6. The latitude height of vertical velocity (w in Pa/s, shaded) in August averaged from 10�W–10�E. The datasets are
from (a) ERA5, (b) CFSR, (c) BCC-CSM1-1-M, (g) HadGEM2-A, (h) ISPL-CM5A-LR, (i) NorESM1-M, and (j) MPAS,
Bgures (d), (e), (f), (k), (l), (m) and (n) represent the seasonal (JJA) precipitation (mm/day) respectively. The contours
represent the bias between ERA5 and the other models. As the units are Pa/s, negative values of omega represent upward
motion. The period 1981–2010 is used for the reanalyses, observations, and MPAS, and the period 1978–2008 is used for AMIP.
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the spatial pattern of the zonal wind over WA,
which is in agreement with ERA5. The core of the
jet is located at around 15�N in ERA5. It is very
difBcult to discuss the core of AEJ in MPAS due to
the inexistence of 600 hPa level in the model.
MPAS places the boundary separating the westerly
and easterly Cows of zonal wind farther north
(between 20�E and 30�E) than ERA5. In addition,
MPAS did not place the jets in the north at around
26�N (Egyptian desert) as ERA5 did. A weaker jet
might transport less moisture, resulting in less
rainfall in the model (TamoAo et al. 2022), which
might cause dry biases in MPAS over the Sahel
zone. TamoAo et al. (2022) mentioned that dry
biases over the Sahel zone are aAected by the
poleward or equatorward movement of the AEJ
and the jet strength. Overall, the underestimation
of the jet strength in MPAS may impact the
number of mesoscale convective systems (MCSs)
and then reduce the amount of rainfall over the
Sahel zone, where the MCSs contribute enormously
to the development of the rainy season (Nicholson
and Webster 2007; TamoAo et al. 2022). The
results are consistent with those of TamoAo et al.
(2022), who found that the dry bias in RCMs is
associated with weaker AEJ activities in the
models.
Figure 8 depicts the meridional temperature

gradient at 850 hPa, averaged from 10�W to 10�E.
MPAS reasonably simulate (r = 0.83) the spatial
pattern of the meridional temperature gradient in
agreement with ERA5. MPAS shows the minimum
(2 K/[1000 km]) gradient in January and Decem-
ber, as in ERA5, but MPAS seems colder than
ERA5; for instance, it underestimates the

maximum gradient (8 K/[1000 km]) in June com-
pared to ERA5 (10 K/[1000 km]). This result is in
line with the work of Nicholson and Grist (2003),
who found the same result in their analysis of the
meridional temperature gradient in the NCEP–
NCAR reanalysis. We also explore the meridional
temperature gradient during the summer months.
Figure 9 shows the meridional gradient of tem-
perature from June to August at 850 hPa. MPAS
reasonably simulates the spatial pattern of the
monthly temperature gradient, but it loses the
location of the gradient farther north, which is
shown by ERA5.
In contrast to ERA5, MPAS simulates the tem-

perature gradient at almost the same location in
the north for all months. The misplacement of the
meridional temperature gradient in MPAS can
inCuence the atmospheric circulation in the Sahe-
lian zone because this gradient is responsible for
the formation of the jet (Nicholson and Grist 2003)
and is among the factors that contribute to trig-
gering the moisture advection from the Atlantic
Ocean to the continent (Nicholson 2009). The ori-
gin of the AEJ in the Northern Hemisphere is
essentially the temperature gradient caused by the
difference between the Sahara and the humid
Guinea Coast to the south (Thorncroft and
Blackburn 1999). Thus, a weaker temperature
gradient may lead to a weaker jet, which may
transport less moisture and contribute to the dry
biases in MPAS.
Figure 10 shows the thermal wind between two

pressure levels, 500 and 925 hPa, and 700 and 925
hPa. For the thermal wind between 500 and 925
hPa, MPAS simulates the magnitude given by

Figure 7. Zonal wind Beld (m/s) at 700 hPa in August for (a) ERA5 and (b) MPAS.
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ERA5 ([25 m/s), but the thermal wind does not
extend as far eastward and northward as it does in
ERA5. However, the thermal wind simulated by
MPAS between 700 and 925 hPa is the opposite of

the thermal wind between 500 and 925 hPa; sim-
ulating a small area of the thermal wind between
these levels may inCuence the formation of the
wind shear and hence the easterly jets, and it may

Figure 8. The time latitude of the meridional temperature gradient (K/[1000 km]) at 850 hPa, averaged from 10�W–10�E, for
(a) ERA5 and (b) MPAS.

Figure 9. Month-to-month (June, July, August) spatial distribution of the temperature gradient (K/[1000 km]) for ERA5 (Brst
row) and MPAS (second row).
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cause MPAS to simulate a weaker AEJ that may
contribute to the dryness in MPAS over the
investigated area. This is highlighted in previous
studies. For instance, Zhang et al. (2021) found
that the WAM results from the thermal conditions
over the African continent and the neighbouring
ocean; therefore, the rainfall variability in a cli-
mate model would be actively compatible with the
temperature variability.

4. Conclusions

In this study, we investigated the ability of the
Model for Prediction Across Scales (MPAS) to
simulate the West African Monsoon rainfall and
associated atmospheric conditions. The model is
initialized using the CSFR reanalysis. Then, we
run the model simulation for 30 years, from 1981 to
2010, using a regular grid (uniform resolution of

60 km). The model results are compared with
satellite-derived datasets (CHIRPS), gridded
observation datasets (CRU), and reanalysed data-
sets (CSFR, ERA5).
MPAS was able to reproduce the pattern of the

annual cycle of the WAM rainfall and the dynamic
over West Africa with smaller intensities com-
pared to observed datasets. It also performs better
in simulating this cycle than most of the AMIP
models used in this study compared to observation
data. Additionally, it shows a Bne scale of rainfall
around the Jos Plateau, in agreement with
CHIRPS. MPAS reproduces the seasonal vari-
ability of rainfall (in agreement with the observed
data), which is characterized by three distinct
phases: the monsoon onset and installation phase,
the high rain period, and the retreat over the
investigated areas. However, MPAS underesti-
mates the rainfall during the peak period over the
investigated zones and the orographic zones;

Figure 10. Thermal wind magnitude (contours) and vectors (arrow) for (a) ERA5 and (b) MPAS at 500 and 700 hPa in July.
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likewise, the magnitude of the vertical velocity and
zonal wind are underestimated.
MPAS loses the location of the meridional tem-

perature gradient farther north, as shown by
ERA5. In contrast to ERA5, MPAS simulates the
temperature gradient at almost the same location
in the north for all three summer months (June,
July, and August). The misplacement of the gra-
dient in MPAS can inCuence the atmospheric cir-
culation in the Sahelian zone, as the temperature
gradient is responsible for the formation of the jet.
Additionally, MPAS simulates smaller areas of
thermal wind. This might inCuence the formation
of the wind shear and, hence, the easterly jets; this
might cause MPAS to simulate a weaker AEJ,
which may contribute to the dryness in MPAS over
the investigated area.
In summary, several factors can be linked to the

model error leading to the dry bias in the MPAS
outputs. These factors include the weak represen-
tation of the jets during summer, the weak repro-
duction of the meridional temperature gradient,
and the smaller representation of the thermal
activities over the region. All these shortcomings
might be inCuenced by the coarser resolution used
in this study. Further study is needed to improve
the simulation; for instance, using a variable reso-
lution at Bner resolution or SST anomalies may
improve the MPAS results obtained from the reg-
ular grid.
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