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ABSTRACT

This research evaluates the Model for Prediction Across Scale (MPAS) to simulate the
West African monsoon. The research aims to investigate how well the MPAS model
simulates the characteristics of the West African monsoon. The specific objectives are to
examine the performance of the MPAS model in reproducing observed spatial pattern
and seasonality of the West African Monsoon (WAM) rainfall, examine the capability of
MPAS to reproduce the rainfall producing system of the West African Monsoon and to
investigate the capability of MPAS to simulate temperature and precipitation based ex-
treme events over West Africa.The West African monsoon (WAM) plays a crucial role
in the West African climate system. It is the primary process for transporting moisture
from the Atlantic Ocean to land masses during the boreal summer. The ability of the
Model for Prediction Across Scales-Atmosphere (MPAS-A) with a mesh with a quasi-
uniform resolution of 60 km to reproduce the WAM rainfall-producing system was eval-
uated. The model is run from 1981 to 2010 using the "mesoscale reference"” physics par-
ametrization. The model results are compared with satellite-derived datasets (Climate
Hazards Group InfraRed Precipitation with Stations, CHIRPS), gridded observation da-
tasets (Climate Research Unit, CRU), and reanalysis datasets (Climate Forecast System
Reanalysis, CFSR; the National Oceanic and Atmospheric Administration, NOAA,; and
the European Centre for Medium-Range Weather Forecasts version 5, ERAS). MPAS
reproduces the rainfall pattern over West Africa and the different phases of the monsoon
dynamics, including the position of the Inter-tropical Discontinuity (ITD). However,
MPAS shows weaknesses in reproducing the orographic rainfall, maximum over the
Guinea Coast, Jos Plateau, and Mount Cameroon; likewise, the magnitudes of the vertical



velocity and zonal wind are underestimated. In addition, MPAS shows a cold bias in the
temperature gradient. Also, a large ensemble of 51 simulations with the MPAS has been
applied to assess its ability to reproduce extreme temperatures and heat waves in the area
of West Africa and the Eastern Sahel. With its global approach, the model avoids transi-
tion errors influencing the performance of limited area climate models. The MPAS sim-
ulations were driven with SST and sea ice extent as the only boundary condition. The
results reveal moderate cold biases in the range from -0.6° to -0.9° C for the daily mean
temperature and -1.4°to -2.0° C for the area mean of the daily maximum temperature.
The bias in the number of tropical nights ranges from +3 to -10 days. An underestimation
by up to 50% is also present regarding the number of summer days. The heat wave dura-
tion index is underestimated regionally by 10% to 60%. Compared to the reanalyzes, the
biases revealed by the MPAS simulations are generally smaller than with measured ob-
servational reference. The results from long-term runs and from short-term runs with se-
lected SST years are similar. The shortcomings in the reproduction of the temperatures
and precipitation found in the present investigation with the MPAS approach are similar

to that of regional climate models.
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CHAPTER ONE

1.0 INTRODUCTION

1.1 Background of the study

The West African monsoon (WAM) plays a crucial role in the climate of West Africa
(WA). It modulates the wind system over WA and controls the spatial distribution of
temperature and precipitation over the region. Two seasonal winds characterize the
WAM (Figure 1.1): the northeasterly wind, which blows dry cold air to the region in
winter; and the southwesterly wind, which brings moist warm air over the region in sum-
mer (Krishnamurthy et al., 2010). The southwesterly flow transports moisture from the
Atlantic Ocean to WA and causes seasonal rainfall over the subcontinent. Seasonal rain-
fall 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 economies of
most West African countries, variations in WAM rainfall often devastate socio-economic

activities and food security in WA (Omotosho & Abiodun, 2007).

The WAM system includes a multitude of atmospheric features (Figure 1.2) that in-
teract in a complex way to generate rainfall over WA. These atmospheric features include
the heat low, African easterly jet (AEJ), African easterly waves (AEWSs), and mesoscale
convective systems (MCSs). For example, during summer, the heat low induces maxi-
mum heating over the continent, resulting in a temperature gradient between the West
African subcontinent and the Atlantic Ocean. The temperature gradient drives the south-

west monsoon flow from the ocean to the continent (Caniaux et al., 2011; Sultan et al.,
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2003) and produces the AEJ due to the thermal wind effect, and when the AEJ becomes
unstable, it generates AEWSs (Grist & Nicholson, 2001). The low-level convergence as-
sociated with AEWs lift the warm moist southwest monsoon flow to the level of free
convection, thereby initiating thunderstorms and mesoscale convective systems that pro-
duce heavy rainfall and account for more than 75% of the rainfall over WA (Hagos &
Cook, 2007). Therefore, for a model to correctly simulate rainfall characteristics over

WA, it must reproduce all these atmospheric systems and their complex interactions.

West African rainfall depends on the northward displacement of the rain belt, which
is associated with the Inter-Tropical Discontinuity (ITD) position. This displacement of
the rain belt over West Africa monitors the rainfall over the different climatic zones
(Guinea Coast, Savannah, and Sahel) to high interannual and interdecadal variability.
Over the past decennaries, the variability has produced a negative trend in the rainfall
amount experienced during the wet season (Biasutti & Giannini, 2006; Dai et al., 2004;
L’Héte et al., 2002; Nicholson et al., 2000), thereby causing droughts, which may lead
to famine in the Sahel. To grasp the cause of this variability, several factors have been
studied by previous works. Among the elements, the Sea Surface Temperature (SST)
anomalies are highlighted (Eltahir & Gong, 1995; Fontaine et al., 1998; Giannini et al.,
2003; Hagos & Cook, 2008; Hoerling et al., 2006; Nicholson & Webster, 2007), inland
surface conditions (Charney et al., 1977; Semazzi & Sun, 1997; Wang & Eltahir, 2000),
atmospheric composition (Jenkins et al., 2005; Nicholson & Grist, 2001; Nicholson,
2008), and potential impact of global climate change (Held & Soden, 2006; Paeth &

Hense, 2004). Moreover, studies also found that the monsoon wind system, such as the



low-level monsoon flow, the mid-tropospheric AEJ, and the upper-level TEJ, have ad-
justing effect on the precipitation and variability between seasons and between years (Ni-

cholson et al., 2000).

West Africa (WA) and the Eastern Sahel are characterized by high temperatures
and large variability in rainfall and have been historically affected by extreme weather
anomalies (Nicholson & Webster, 2007; Sultan et al., 2013; Poan et al., 2016). A long-
standing example are the droughts of 1974-1975 over the Sahel. They caused severe
increase in mortality in the population and livestock, and despite the recent occurrence
of a regreening, the Sahel region is still suffering from these droughts (Janicot et al.,

1996; Cook, 2008).

Numerous modeling studies on WAM have been conducted. However, there are still
fundamental gaps in the knowledge on how atmospheric climate models capture its fea-
tures and the cause of the errors in the outputs. This has pushed atmospheric climate
models to become a valuable tool for studying and understanding the WAM and associ-
ated features. The Global Circulation Models (GCMs) are tool used to study the dynam-
ics of WAM, however, these models are inadequate in simulating main features of the
WAM climate and its spatio-temporal rainfall distribution (Hourdin et al., 2010; Sylla et
al., 2010; Vizy & Cook, 2002; Xue et al., 2010). This is due to several reasons such as,
their coarse horizontal resolution (Druyan et al., 2009; IPCC, 2007), model type, and the
initialization of their land surface/soil moisture (Xue et al., 2010; Yamada et al., 2012).
These issues may cause the GCMs to fail to reproduce the local, regional topographical

forcing and the mesoscale system.



An option to resolve issues on coarse resolution of GCMs is the use of Regional Climate
Models (RCMs). The RCMs can be used at higher resolution, which allows them to sim-
ulate regional and mesoscale features. The RCMs are also efficient for dynamical
downscaling of the GCMs simulation or reanalysis, and they allow skillful performance
of climate and weather simulation at higher horizontal grid resolution (Giorgi & Mearns,
1999; Klein et al., 2015). However, the RCMs have limitation to correctly simulate rain-
fall over WA due to boundary conditions, which leads to underestimate or overestimate
rainfall over the region (Fox-Rabinovitz et al., 2006; Fox-Rabinovitz et al., 2008; Harris

et al., 2016; Abiodun et al., 2011).

So far, the Model for Prediction Across Scales (MPAS) is a potential toll for simulating
atmospheric processes over the subregion. A limited number of studies have utilized
MPAS throughout Africa. MPAS-atmosphere is a global, fully compressible non-hydro-
static model (Klemp, 2011, Skamarock et al., 2012). The model also has different physics
options similar to the WRF model. For example, the mesoscale-reference suite is the
recommended physics suit for any MPAS applications where the mesoscale resolution is
higher than 10 km. MPAS also uses VVoronoi tessellations to create irregular multigonal
around grid points and a global irregular grid (Skamarock et al., 2002). The irregular grid
structure permits a simple transition from coarse to fine resolution, in contrast to the
nesting techniques of classical regional models (Kramer et al., 2018). Also, MPAS does
not require the standard grid transformation in the polar regions, which depend on good
computational performance for a global simulation compared to classical methods (Ska-

marock et al., 2012).



Furthermore, MPAS has shown to be skillful on supercomputers. As supercomputers
are potential tools to use likely more cores per node in the upcoming years, this technical
aspect will probably increase (Heinzeller et al., 2016). The skill of supercomputers
makes MPAS a feasible option for operational use on a high-performance computing
cluster. MPAS is also known for its quasi-equity distance between grids, the problem of
the limited timestep to respond to the computational fluid dynamic’s state for small grids
in the polar regions (Kramer et al. 2020). In addition, MPAS offers a suitable environ-
ment for weather modeling. Due to this good technical aspect, MPAS is rising attention
in the field of atmospheric modeling. For instance, the MPAS model has been mostly
improved and primarily tested for tropical cyclones (Davis et al., 2016; Lui et al., 2021;
Michaelis et al., 2019; Donkin and Abiodun. 2022). MPAS is also used to simulate at-
mospheric processes such as the Intertropical Convergence Zones, the Madden-Julian
Oscillation, and the West African Monsoon dynamics (Landu et al., 2014; Heinzeller et
al., 2016; Pilon et al., 2016); these studies conclude that MPAS was able to simulate
those atmospheric features accurately. However, MPAS has never been tested to simu-
late the characteristics of the West African Monsoon. Possible causes of the biases in

the MPAS simulation will also be investigated.

1.2 Statement of problem

Climate and weather models are crucial for studying and understanding regional at-
mospheric features. However, these models still give a significant error. These errors
could be fatal to the precision of the model results, and this will constitute a barrier to
using the findings to implement necessary socio-economic plans and policies. So far,

most studies link the error in the models to the parameterization of physical atmospheric



processes within the model. Sometimes, the sources of errors are implicit in the input
data used for the initialization, reproduction of the land use land cover of the model do-
main, and somehow touch the computational resources. All those factors mentioned
above restrict the precision of reproducing the atmospheric preprocesses of interest and,
thus, obstruct the generation of reliable climate information fundamental for the achieve-
ment of the sustainable development goals in different contributors of the economy, such
as agriculture, water resource management, energy, etc. Moreover, several studies have
provided important information and attempted to evaluate the performance of models in
simulating the WAM, its related features, and climate extremes during summer by cli-
mate models.
1.3 Aim and objectives
131 Aim
The study aims to investigate how well MPAS simulates the West African monsoon-
related atmospheric features and temperature indices.
1.3.2  Objectives
The specific objectives of the research are to:

(i) examine the performance of MPAS in reproducing observed spatial pattern and sea-

sonality of the West African Monsoon rainfall,

(i) examine the capability of MPAS to reproduce the rainfall producing system of the

West African Monsoon and,

(i) investigate the capability of MPAS to simulate temperature and precipitations-

based extremes over West Africa.



1.4 Justification of the study
The main idea behind this research is to evaluate the MPAS model to see the possibility
of using the model by the different National Meteorological Agencies over WA, because
the meteorological services provide useful climate information that will guide policy prep-
aration and decision-making in sectors of the economy related to climate at the national
and regional level. Model assessment, application, and improvement are the essential
fields that have been investigated in the last decade and nowadays research, especially in
Africa where there is a low density of observed data. It is thus essential to continuously
look at the performance of new models undergoing modification and periodic updates.
Even though much literature exists on the performance of climate model to simulate the
WAM, more research is needed because of the importance monsoon has on the life of
millions of people living in WA (Janicot et al., 2008; Mounier et al., 2008; Redelsperger
et al., 2006). Another barrier to understanding the large-scale monsoon system and its
associated rainfall-producing systems is the lack of an essential observational data net-
work over the continent. However, previous studies have given solid background on mod-
eling the WAM, such as model development and the sensitivity of WAM to Physics and
configuration.

Nevertheless, most of the results contain critical uncertainties leading to implicit sys-
tematic biases. Hence, there is a need to conduct more modeling studies on the dynamic
meteorology of West Africa. For example, to study the capability of MPAS to reproduce
the WAM system. The study of MPAS model performance in simulating the WAM and

related features, temperature, and precipitation indices are crucial to deciding if the model



can be proposed as a tool for hindcasting in WA. Hence, understanding how contempo-
rary climate models link West African precipitation with these atmospheric features is
essential for improving the seasonal prediction over the sub-continent. The research will
also consolidate previous works by contributing to the state-of-the-art of model’s perfor-
mance in simulating the WAM.
1.5 Contribution of the research to knowledge

The outcome of this thesis will benefit the model improvement community in identi-
fying the part of the model structure that needs to be modified for better model results. It
will deepen the understanding on how atmospheric models capture the WAM features
and rainfall. In addition, if the performance of MPAS is good enough in simulating ex-
treme temperature and heat waves, the model can be used as hindcasting tool by meteor-
ological services over West Africa to inform, population, farmers, and other end-users.

Besides, the study will open ways to new research areas for future studies.
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CHAPTER TWO

2.0 LITERATURE REVIEW

2.1 The West African Monsoon

Monsoon represents a seasonal reversal of the low-level wind direction with variation
in precipitation. The West African summer monsoon is an atmospheric feature that con-
trols the rainfall from May to September, carrying the necessary quantity of rainfall to the
region (Hagos & Cook, 2007; Janicot et al., 2008; Sylla et al., 2013). Monsoon rainfall is
mainly formed due to the advective warm-moist airmass from the Gulf of Guinea in the
low atmosphere (Sultan & Janicot, 2000). Some studies have discussed the factors that
control monsoon variability. Most of these studies linked the variability to the ocean sea
surface temperature (Fontaine et al., 1998; Giannini et al., 2003; Tamoffo et al., 2022),
land surface conditions over the continent (Charney et al., 1977; Wang & Eltahir, 2000)
and atmospheric circulation (Jenkins et al., 2005; Nicholson & Grist, 2001; Nicholson &

Grist, 2002).

In the field of dynamic meteorology, the WAM is a global circulation system accom-
modating different rainfall-producing systems such as the Inter-Tropical Convergence
Zone (ITCZ), Inter-Tropical Discontinuity (ITD), African Easterly Jet (AEJ), Tropical
Easterly Jet (TEJ), Warm Saharan Air (above the Saharan heat low (SHL)), and Dry Air
(Figure 2.1). Previous studies have demonstrated that the interannual variability of the
WAM rainfall, generally in the Sahel, is related to the atypical latitudinal movement of
the ITCZ (Bryson, 1973; Kraus, 1977; Lele et al., 2010), although others defended that

the relation between ITCZ location and the Sahel rainfall was feeble (Miles & Follard,
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1974; Nicholson, 1981). Nevertheless, the link between the ITCZ determined by the rain-
fall magnitude is clear. After these misunderstandings on the ITCZ relationship, Nichol-
son (2013) showed that the interannual variability is linked to the fluctuation in the upper-
level circulation features. Furthermore, two additional low-level westerly jets are in-
cluded in the rainfall-producing system, the African Westerly Jet (AWJ) over the conti-
nent and the West African Westerly Jet (WAWJ). These features also contribute to the

interannual variability of the WAM system climatology.
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Figure 2.1: Conceptual design of the West African monsoon showing the inter connec
tion between different rainfall producing features.

NOTE: FIT represents ITD, “Air Chaud Saharien” represents “Warm Saharian Air”, JEA repre
sent AEJ, JET represents TEJ and “Air sec” represents “Dry Air” (Source: Lafore et al., 2010).

13



2.1.1 African Easterly Jet

The African Easterly Jet (AEJ) is one of the essential features with strong zonal com-
ponents of wind characterized by a core up to 10ms, generally found between 600—700
hPa, moving from East to Western Africa (Lafore et al., 2010; Sylla et al., 2013; Cook,
1999). The jet extends between 30° W et 30° E during the summer period (Figure 2.2)
and is recognized to have two central cores such as the western and eastern cores, which
periodically fuse (Hall et al., 2006). Nicholson & Grist (2003) reported that the mean
feature of the AEJ is more pronounced between May to June, whereas the mean core
speed of the western (10° W to 10° E) and eastern (10° E to 30° E) part is in the range of
12ms?t and 10ms-1, respectively. They also argued that the core of this jet could reach
16ms™ and may lessen during the monsoon period in the Sahel. The western part is more
important and relatively stable, with a latitudinal location around 6° N. At the same time,
for the eastern core, the jet responses on average around 13° E during the boreal summer

but could fluctuate between 20° N to 10° N during some wet and dry years, respectively.

The AEJ is mainly considered a result of thermal wind from the lower tropospheric
meridional temperature gradient (baroclinicity; Cook, 1999). Strongly linked to the ther-
mal wind balance, the baroclinicity decreases to zero between the surface and the level
of the AEJ. Thorncroft and Blackburn (1999) indicated that the decrease in baroclinicity
with height is harmonious with the meridional variations in convection, with most con-
vection prevalent equatorward of the AEJ and dry convection prevalent poleward of the
AEJ. Itis also important to note that the convection activities are linked to the meridional

gradient of temperature, which is strongly controlled by the gradients of surface proper-
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ties, for instance, soil humidity gradient (Cook, 1999); albedo, vegetation, and evapo-
transpiration (Wu et al., 2009). Therefore, the AEJ is mainly maintained by deep and
shallow meridional features connected with the monsoon. These conditions are driven
by local Hadley circulations and the Saharan Heat Low (SHL), respectively (Cook,

1999; Thorncroft &Blackburn, 1999).

2.1.2 African Easterly Waves

The African Easterly Waves (AEWSs) grow and expand on the AEJ over tropical
North West Africa during summer in the northern hemisphere. The AEWSs are the main
driver of convection and rainfall (Diedhiou et al., 1998; Nicholson & Grist, 2003) over
West Africa. Their presence was discovered during the first half of the twentieth century
from African observational data, which indicated different cycles up to 3-day intervals
(Piersig, 1944). In the field of forecasting, it was noted that the same perturbation that
conveyed this cyclicity was displacing westward into the Atlantic Ocean, growing into
a tropical cyclone (Simpson et al., 1968). Besides, studies have discovered that AEWSs
are the predominant synoptic scale atmospheric feature incorporated in the WAM sys-
tem and tropical Atlantic during the northern hemisphere summer (Burpee, 1974; Kar-

yampudi & Carlson, 1988).

The AEWSs are generally detected at the level of the AEJ around 650hPa. Carlson
(1969) carried on synoptic analyses of different AEWSs during the summer of 1967 and
found a wave-like disturbance to the wind field around 700hPa, together with two cy-
clonic vortices around 925hPa. Most AEWSs are generated between 15°E and 30°E over

eastern Africa and spread westward alongside the WAM and in the tropical Atlantic,
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where they are a general pioneer of cyclones in the tropics (e.g., Avila and Pasch, 1992;
Mekonnen et al., 2006). In some examples, AEWs have been detected to expand con-
sistently in the west, reaching the eastern Pacific Ocean (e.g., Avila and Pasch, 1992).
Furthermore, several studies attempted to give more information on the characteristics
of the AEWs; for instance, Carlson (1969) mentioned that the AEWSs have wavelengths
ranging between 2000 to 4000 km with a speed of propagation up to 8 ms™ and a period
in the range of 3 to 5 days. Burpee (1972) compared the AEWSs to a tilt from the pertur-
bation in the south between the surface and the level of AEJ and in the west at the upper
side. Reed et al. (1977) established the first typical structure (“composite") of the eastern
waves. Diedhiou et al. (1999) have generalized this analysis to many years (put a figure,
Rodrigue), distinguishing the lower waves with a period in the range of 6 to 9 days
(Cadet & Houston, 1984; Viltard et al., 1997). Therefore, a model needs to reproduce

this low-level feature over WA in order to perform well.

2.1.3 Tropical Easterly Jet

The Tropical Easterly Jet (TEJ) is a zonal jet at the upper troposphere, generally lo-
cated between 5°N et 10°N around 200hPa (Figure 2.2) and grows due to a strong north-
south temperature gradient between the Himalayan plateau and the Indian Ocean. It ex-
tends from the South China Sea to the west coast of Africa and reaches a speed of up to
25 ms™ over West Africa (Krishnamurti, 1971). The jet is conserved by both the zonal
symmetrical part of the thermal meridional gradient between the Tibetan Plateau and
the upper troposphere over the Indian Ocean (Flohn, 1964; Murakami et al., 1970) and
by the zonal thermal asymmetry due to the land-sea contrast (Kanamitsi et al., 1970).

Therefore, the TEJ originates from divergent tropical circulation associated with the
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north-south Hadley and the east-west Walker circulation. The jet develops over Africa
due to the divergent and anticyclonic circulation generated in altitude by the deep con-

vection.
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The strength of the TEJ is associated with the soil conditions (wetness, dryness) over
Sahel, Ethiopia, and India (Grist & Nicholson, 2001; Hulme & Tosdevin, 1989; Nichol-
son, 2008; Pattanaik & Satyan, 2000) as well as reduce (increase) in cyclone events in
the Bay of Bengal (Rao et al., 2004). Its function on rainfall in equatorial Africa is cru-
cial in both northern latitude’s spring and autumn, which responds by impacting the
mean climate of West Africa (Besler, 1984; Flohn, 1964; Webster & Fasullo, 2003).
The jet was found over the east-west expanse of Africa with a mean speed of about
30ms™ during August of some wet years over the Sahel (Nicholson, 2013). A decrease
in the speed and extent of the TEJ led to dryer conditions in the Sahel between the 1950s
and 1990s (Nicholson & Grist, 2001; Rao et al., 2004). In addition, TEJ is found to be
associated with the cooler upper-troposphere tropical temperature gradients (Nicholson,
2008). Furthermore, Nicholson & Grist (2003) have shown clearly the relationship be-
tween the TEJ and rainfall closer to the upper-level divergence linked with the origin of
the jet. This divergence derives from the essential meridional branches linked to the TEJ

over Africa.

2.1.4 African Westerly Jet

Grist & Nicholson (2001) argued that the African Westerly Jet (AWJ) only appears
through some years. It develops from month to month during the wet years in the Sahel.
When this jet appears during the boreal summer (July to September), its mean speed is
about 10ms™* and can expand smoothly into the mid-troposphere. However, this jet dis-
appears during dry years in the monthly mean, and the wind moves easterly beyond the
850 hPa level (Nicholson & Grist, 2003). Moreover, the AWJ westerly speeds range

between 2 to 4ms™, and its maximum activity is found at the low-level monsoon flow,
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about 925 hPa. Nicholson & Grist (2003) demonstrated that the AWJ differs from the
result of the southwest monsoon flow; they argued that its core is located above the
monsoon layer. During the peak of the rainy season over the Sahel, the core of the AWJ
correlates well with the surface pressure gradient in the area located between the lati-
tude of 20° S and 20° N (Nicholson & Grist, 2003). Nevertheless, the jet does provide
geostrophic feedback to this gradient over this location, and the region is tight to the
equator for a geostrophic balance. The jet develops in a narrow belt where the cross-
equatorial pressure gradient is lowest. Its source is associated with the inertial instabil-
ity that increases in response to this pressure gradient, which increases both the jet and

the rainfall (Nicholson & Webster, 2007; Tomas & Webster, 1997).

2.1.5 West African Westerly Jet

The West African Westerly Jet (WAW)) is a low-level westerly jet over the Atlantic
Ocean. It is described to appear as a near-surface wind maximum over the equatorial
Atlantic and is identified from May to September (Grodsky et al., 2003). This jet is
necessary around 10°N and confined in the region where the trade winds converge. The
jet differs from the AWJ because it appears at the surface in response to the mid-tropo-
sphere westerly wind maximum with speed ranging between 10-15ms™ (Grist & Ni-
cholson, 2002). The WAWJ plays a crucial role in transporting moisture from the At-
lantic to the continent in the area located between 8°N to 11°N. Though this jet does not
exist over this location, it has been demonstrated that a strong correlation exists between
the speed of the WAWJ and the western Sahel moisture transportation (Tomas & Web-
ster, 1997). This moisture transport has much more significant decadal-scale variability

in the rainfall than that associated with the southwest monsoon. Therefore, it may carry
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much moisture in years when the monsoon weakens (Flaouna et al., 2012). The WAWJ
is also crucial to stabilize the regional vorticity balance by introducing strong relative

vorticity gradients (Nicholson, 2013).

2.1.6 Mesoscale Convective system

Convection is essential for forming rainfall over the tropics because it contributes to
forming essential clouds, such as cumulonimbus clouds, which deliver the majority of
seasonal rainfall over West Africa. Although the MCSs are favored by local, near-surface
conditions of necessarily sensible heat flux, high humidity, and dry lapse rate, the instal-
lation of this local system is favored by mesoscale rising (Couvreux et al., 2012; Nichol-
son, 2012). These systems generate convective rainfall generally during the afternoon,
with most convective activities lasting 3 hours or less over land (Ricciardulli & Sar-

deshmukh, 2002; Nicholson, 2012).

The main problem with convection in Sahelian West Africa is its generation and rela-
tionship with AEWs (Nicholson, 2012). Convective events tend to rise in the lee of ele-
vated terrain, compatible with thermal forcing from upper-level heat sources (Laing et al.,
2008). The spread of the MSCs is mainly linked with moderate low to mid-tropospheric
shear, which fluctuates with a change in the latitude of the AEJ displacement and with the
phase of the WAM (Nicholson, 2012). MCSs are most of the cases associated with AEWSs.
Nevertheless, the position within the wave relies on factors such as the longitude, latitude,
and period of the wave. This aspect was evaluated by (Mohr & Thorncroft, 2006). They
independently considered feeble and convective solid systems over the Sahel as the lowest

and highest scores in the intensity distribution. The highest position of the robust systems
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moved during the rainy season, following the seasonal displacement of the AEJ, and the
weak systems are placed around 10°N. In addition, other factors that boost the increase of
the MCSs include intense potential temperature strong wind shear near the AEJ (Nichol-

son, 2012).

2.2 Modeling of the West African Monsoon

Numerical models are valuable tools for understanding the complex interaction be-
tween multiscale processes (Sylla et al., 2013). Therefore, these models can be used for
a better understanding of the West African monsoon. However, even though simulations
have been performed using Global Climate Models (GCMs), the model’s horizontal res-
olution is still challenging due to the coarse resolution (100km) and, therefore, causes
uncertainties in the measurement that limits the precision of capturing the characteristics
of the WAM (Hourdin et al., 2010; Sylla et al., 2010; Xue et al., 2010). This limitation
in GCMs pushes people to use Regional Climate Models (RCMs). The high resolution
of RCMs has improved the representation of the fine-scale forcing and land surface pro-
prieties, including topography, vegetation change, and land surface heterogeneity which
represent the physical feedback to general and regional climate signals (Rummukainen,
2010; Sylla et al., 2013; Tomaffo., 2022). However, studies reported that the RCMs
have issues to correctly simulate the WAM rainfall due to boundary conditions (Pal et
al., 2007; Klutse and Sylla., 2012; Odoulami et al., 2019). Therefore, new models must
be tested over the region to see their ability to capture the WAM rainfall systems. For
that, the stretched grid models are being used in atmospheric science. These models do

not need boundary conditions and can be used at high resolution (e.g., Fox-Rabinovitz
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et al., 2006; Fox-Rabinovitz et al., 2008; Harris et al., 2016; Abiodun et al., 2011; Mar-

tini et al., 2015; Smith et al., 2013).

2.2.1 Modeling the WAM using Global and Regional Climate Models

Several studies have discussed the strengths and weaknesses of global climate models
(GCMs) when it comes to simulating atmospheric systems and rainfall over WA
(Ajibola et al., 2020; Akinsanola et al., 2018; Chagnaud et al., 2020; Cook and Vizy,
2006; Hourdin et al., 2010; Matte et al., 2017; Sylla et al., 2012, 2013; Xue et al., 2010).
For instance, by applying the 5th generation European Centre Hamburg General Circu-
lation Model (ECHAMS) 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 (Chagnaud
et al., 2020; Hourdin et al., 2010; Sylla et al., 2010, 2013; Vizy & Cook, 2006; Xue et
al., 2010). For example, Cook and Vizy (2006), after evaluating several GCMs, found
that most models fail to properly represent the precipitation over WA. Xue et al. (2010)
evaluated how well several GCMs simulate the characteristics of the WAM and found
that most models struggle to reproduce 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

evaluated RCMs over WA (Abiodun et al., 2010; Afiesimama et al., 2006; Diallo et al.,
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2012; Klutse et al., 2016; Odoulami et al., 2019; Pal et al., 2007; Sylla et al., 2010, 2012;
Tamoffo et al., 2022). Sylla et al. (2010) found that RegCM3 realistically simulates the
precipitation over the region, but other studies noted some uncertainties in the simulation
(Browne & Sylla., 2012; Odoulami et al., 2019; Pal et al., 2007). 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 & 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., Abiodun et al., 2011; Fox-Rabinovitz et al.,

2006, 2008; Harris et al., 2016; Martini et al., 2015; Smith et al., 2013).

2.2.2 Modeling using Stretched Grid Models

The idea of SG-GCMs was initially proposed by Schmidt (1977) for spectral models
and Staniforth and Mitchell (1978) for grid-point models. Fox-Rabinovitz et al. (2008)
showed that SGMIP-2 (Stretched-Grid Model Intercomparison Project, phase 2) models
provide a good simulation of the monsoon core in the United States. Smith et al. (2013)
applied the Conformal Cubic Atmospheric Model (CCAM) over the New Guinea region
and showed that the pattern of the simulated precipitation variance replicates the ob-
served pattern. Harris et al. (2016) found that the Geophysical Fluid Dynamics Labora-
tory (GFDL) with a stretched grid improves the representation of the finer-scale simu-
lation, and Fox-Rabinovitz et al. (2006) argued that the SG-GCMs simulate atmospheric

features well with a high resolution. Abiodun et al. (2011) demonstrated how the Non-
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Hydrostatic Atmospheric Climate Model with Grid Stretching (CAM-EULAG) im-
proves the simulation of WAM features and rainfall over West Africa. Several studies
have demonstrated the reliability of MPAS in the simulation of atmospheric features
(Heinzeller et al., 2016; Kramer et al., 2020; Maoyi & Abiodun, 2021; Martini et al.,
2015; Park et al., 2014; Zhao et al., 2019). Lui et al. (2021) found that MPAS performs
better than Weather Research and Forecasting (WRF) model in reproducing the western
North Pacific tropical cyclone. Heinzeller et al. (2016) found that MPAS performs well
in reproducing the rainfall pattern over WA. However, only Abiodun et al. (2011) and
Heinzeller et al. (2016) have used the SG-GCM approach over WA. Both studies had a
limited simulation period. These studies did not investigate the sources of the model
biases. Thus, despite the potential of MPAS for hindcasting over WA, there is no infor-
mation on how well the model captures the characteristics of the WAM system. There-
fore, before using MPAS with a stretched grid (variable resolution), it is essential to

look at how the model performs when it is used with a regular grid (uniform resolution).

2.3 Selected SST effect in simulating the WAM

It has been demonstrated by several studies how SST affects Sub-Saharan summer
rainfall. For instance, the recognized dipole between Sahelian and Gulf of Guinea (GG)
precipitation (Janicot, 1992; Rowell et al., 1995; Ward, 1998) has been related to Trop-
ical Atlantic variability. Several studies (Janicot et al., 1998: Vizy and Cook, 2002;
Paeth & Friederichs, 2004) have shown how normal SST in the GG is linked to positive
precipitation anomalies in the coastal area and negative precipitation anomalies over
the Sahel. Some of these findings found the southward shift of the tropical rain belt as

the cause of the dipolar response of the precipitation (Janicot et al., 1998), while others
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(Shinoda & Kawamura, 1994; Vizy & Cook, 2002) argued that other aspects related to
the dynamic, which is crucial to this precipitation response. Furthermore, Vizy and
Cook (2002) have simulated the dipolar response to SST anomalies in the Tropical
Atlantic Ocean using a Mesoscale Climate Model (MCM). Nevertheless, some simu-
lations performed with Atmospheric General Circulation Models (AGCM) fail to pro-
duce the same feedback (Vizy & Cook, 2001; Giannini et al., 2005). (Nicholson, 2009;
Nicholson & Webster, 2007) shown that the dipole precipitation anomalous depends
on the conditions of conditional inertial instability criteria West Africa. These condi-
tions are filled in years where Monsoon is vigorous; this particularity of the Monsoon
coincides with wet Sahelian years, which are also characterized by a firm surface west-
erly jet that increases the horizontal and vertical wind shear, conducting to a northward
shift of the AEJ. The progression of the westerly jet is directly related to the cross-
equatorial pressure gradient and, thus, indirectly to the SST pattern (Nicholson and
Webster, 2007, Losada et al., 20010). Janicot et al. (2001) argued that the relation be-
tween the Sub-Saharan summer rainfall and SST includes different oceanic basins at
different periods thus, the first issue discovered in the above-referenced studies is the
utilization of observations involving the dry and wet Sahelian episodes in the same

analysis and so different oceanic impacts synchronous with the Equatorial mode.

2.4 Temperature extreme and heatwaves simulation over West Africa

Several studies have provided evidence for considerable warming in West Africa and
the Sahel in the recent past. New et al. (2006) showed that most stations in West Africa
reveal positive trends in the minimum and maximum temperature over the period 1961

2000. That study also found increases in both the number of hot days and of cold days.
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Evaluating reanalyses and CORDEX models, Adeniyi and Oyekola (2017) found that the
magnitude of the frequencies of heat waves in West Africa has increased. Oueslati et al.
(2017) found that heat waves are spatially increasing with high intensity. Similar findings
are reported concerning increases in temperatures and the frequencies of heat waves, par-
ticularly in the Sahel (Ringard et al., 2016; Russo et al., 2016; Dosio, 2017). Further in-
creases are projected for the future. From results based on CMIP5 model simulations,
Ringard et al. (2016) reported significant increases in heat waves for the Sahel in all ap-

plied scenarios.

An increase in the severity and frequency of droughts and heat wave events can lead
to the loss of human lives and the destruction of crops which negatively impact the agri-
culture yields then leading to famine. Extreme temperatures and heat waves strongly affect
the socio-economic conditions in various sectors, such as agriculture, infrastructure, and
energy (Lobell et al., 2011; Coumou & Rahmstorf, 2012; Perkins et al., 2015). A weak
economy, inefficient policy, and a limited resilience increase the vulnerability. Drought,
excessive rains, or heatwaves during the growing season can potentially diminish crop
yield, especially in the Sahel, where water is a particularly determining element for the
growth of the crops (Ahmed et al., 2015). Hence, modeling tools capable of simulating
extreme present and expected future climate conditions have gained increasing im-

portance for the support of policymakers.

2.5 Research needs

West Africa is one of the regions where people are challenged with the multiform

level of risk related to climate change and variability. Therefore, investing in quality
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scientific research through how the contemporary climate model simulates the West Af-
rican Monsoon is crucial for the region. This will allow us to understand and discover
the weaknesses of the climate model in simulating the WAM, the most critical rainfall-
producing system for Sub-Saharan countries. Long-term Observations and measure-
ments of weather parameters during the WAM period (such as temperature, rainfall,
relative humidity, wind speed, and direction) can be used to look at any change in the
monsoon system. However, the networks of the observed data in West Africa could be
better, and the deficiency of data makes it very complicated to understand the region's

climate.

A classical use of global and regional models has been for elementary research on
atmospheric processes (Tomkins, 2011). The model can accomplish a historical or fu-
ture evaluation of atmospheric processes. However, the current climate models are im-
perfect due to broad uncertainties initiated through initial data, parametrization of sub-
grid scale processes, model domain, spin-up, and model dynamics. These uncertainties
may not be ended definitively but can be weakened to make the model's results closer
to reality (Gbode et al., 2015). Thus, perpetual model development is needed as new
procedures and technology arise. So, the uncertainties in the climate model are a signif-
icant threat within atmospheric science as researchers have tried to resolve the issues.
Research is still in progress to reduce model biases which limit the consideration of the

model's information in supporting the policymakers' decision.

The role of research on climate models is to evaluate the model on how it reproduces

atmospheric processes and recommend ways for their development. Several Climate
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models have been identified, and their outputs have been used to guide policy formula-
tion and decision-making in climate-related sectors of the economy. Therefore, research
on climate model development, evaluation, and application is crucial for human life in
the contemporary world. Also, the availability of computational resources is increasing
exponentially the number of models used in the scientific community. Nonetheless,
these aspects of research are yet to be fully mature, especially in a data-sparse region
like Africa. Therefore, it is crucial to continuously evaluate the available model to see
their degree of performance in simulating atmospheric processes and propose ways to
model development. Also, there is still a gap in fulfilling the increasing demand for
accurate simulation of the monsoon system because of its impact on the ecosystem
which in turn influences the life of the nation over the World and West Africa in partic-
ular (Janicot et al., 2008; Mounier et al., 2008; Redelsperger et al., 2006). This concern
is strengthened by the scarcity of observational data networks, which limits our under-
standing of the most critical atmospheric circulation, denoted monsoon system, which

provides most of the rainfall.

Nevertheless, previous studies were merely descriptive about simulating the WAM.
Thus, the added value of this study is to test the contemporary model (MPAS) and pro-
pose a way to improve the simulation of critical atmospheric processes. Also, none stud-
ies investigate the model ability reproduces the monsoon rainfall-producing system and
temperature and precipitation based extreme events. Hence, there is a need to consoli-
date previous works by testing new modeling tools in simulating extreme, present, and

future climate conditions, which significantly support policymakers.
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CHAPTER THREE

3.0 METHODOLOGY

3.1. Description of the study areas

The study is conducted in WA (Figure 3.1). Due to climatic differences, the region is
sub-divided into three zones: the Guinea Coast zone (4-8°N), the Savanna zone (8-
11°N), and the Sahel zone (11-16°N). These areas have been considered in previous
studies (Abiodun et a., 2011; Ajibola et al., 2020; Gbode et al., 2019; Sylla et al., 2010).
The Guinea Coast zone is humid, with an annual rainfall ranging from 1575 to 2533 mm
(Gbode et al., 2019; Oguntunde et al., 2011), and the Savanna zone is a semi-arid area,
with an average annual rainfall in the range of about 897-1535 mm. The decrease in
rainfall over the Savanna zone is due to the monsoon jump, which is the observed abrupt
latitudinal displacement of maximum precipitation from the Guinea Coast to the Sahel
zone around June (Hagos & Cook, 2007b; Le Barbé et al., 2002; Lebel et al., 2003;
Sultan & Janicot, 2000). The northward displacement of the rainfall belt thus initiates
the recognized "little dry season™ between July and August along the Guinea Coast
(Gbode et al., 2019). The Sahel zone is characterized by a single peak season from July
to September, with a maximum in August that coincides with the northernmost location
of the Intertropical Discontinuity (ITD) from 21-22° N (e.g., Nicholson, 2013). This
area is arid compared to the two zones mentioned above, and the Sahel zone has an
average annual rainfall between 434 and 969 mm (Gbode et al., 2019; Oguntunde et al.,
2011). The focus on the June-July-August (JJA) season is because it provides the most
significant precipitation amounts over WA, especially over the Sahel zone (Nicholson,

2013).
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Nevertheless, the results of the performed simulations are analyzed in two areas in the
Sahel region, SAH_W and SAH_E, and one area at the coast of Guinea, GUI_C, as well
as for the entire region (Figure 3.2). There are no standard evaluation areas available so
far for West Africa and the Sahel. However, the areas SAH_W and SAH_E have been
used by several studies and thus allow putting the results in the context of previous in-
vestigations (Dosio et al., 2021a, 2021b; Smiatek & Kunstmann, 2023). The model
meshes used in the simulation are shown in Figure 3.3. The Quasi-uniform meshes of

60-km mesh have 163842 horizontal cells.
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Figure 3.1: Map of West Africa showing the topography of the investigated area nar-
rowed in three sub-regions: Sahel, Savana, and Guinea Coast (Adapted from Omo-

tosho and Abioudun, 2010)
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Figure 3.3: The quasi-uniform mesh at 60 km resolution used for
MPAS simulation.
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3.2 Data
3.2.1 Observations, Reanalysis, and modeled data
Different observations, reanalyses, and model simulation datasets are analyzed for this
study. The observed datasets provide only precipitation and temperature data. They are either
gauge-based, satellite-derived, or rain-gauge (Table 3.1), including the Climate Hazards
Group InfraRed Precipitation with Stations (CHIRPS), the Climate Hazards Group InfraRed
Temperature with Stations (CHIRTS), the Climate Research Units (CRU), and the Climate
Prediction Center (CPC). Variables such as zonal and meridional winds component (u, v),
vertical wind velocity, pressure, and geopotential height (z) were obtained from reanalyses
(Table 3.1). These reanalyzes include the European Center for Medium-Range Weather Fore-
casts (ECMWE) reanalysis v5 (ERAS), Japanese 55-year Reanalysis (JRA-55), Climate Fore-
cast System Reanalysis (CFSR), the Modern-Era Retrospective Analysis for Research and
Application, version 2 (MERRA-2), and National Centers for Environmental Prediction v2
(NCEP-2). To put MPAS model in the context of GCMs, four Coupled Model Intercompari-
son Project Phase 6 (CMIP6, Table 3.2) are also compared. These data are archived on the
Earth System Grid Federation (ESGF) website under CMIP6 HighResMIP (https://esgf-
node.lInl.gov/search/cmip6/) (Ajibola et al., 2020). All the datasets were interpolated at 0.5 °

x 0.5 ° resolution using the first-order conservative remapping method (Jones, 1999).
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Table 3.1. Observed and Reanalysis data applied in the present study (period used are
1981-2010 and 1990-2019)

"Dataset Name Horizontal References
resolution

CHIRPS Climate Hazards 0.05° Funk et al. (2015)
Infrared Precipi-
tation with Sta-
tions

CHIRTS Climate Hazard 0.05° Funk et al. (2019)
Group Infrared
Temperature
with Station Data

CPC Climate Predic- 0.5° Xie et al. (2007)
tion Center

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

GPCC Global Precipita- 0.5° Schneider et al. (2022)
tion Climatology
Center

ERA5 European  Center 0.25° Hersbach et al.
for Medium-Range (2020)
Weather Forecast
(ECMWF)

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

JRA-55 Japanese 55-year 0.5625° Kobayashi and
Reanalysis Iwasaki (2016)

MERRA-2 Modern-Era Retro- 0.5x0.625° Gelaro et al.
spective Analysis for (2017)
Research and Applica-
tion, version 2

NCEP-2 National Centers for 1.875° Kanamitsu et al.

Environmental Predic-
tion v2

(2002)




Table 3.2. Details of CMPI6 data used in this study (period is from 1981-2010)

Acronyms Institution Horizontal Country
resolution

CNRM- Centre National de 0.5° France
CM6-1 Recherches  Mé-

téorologiques
MOHC- Met Office Hadley 0.35°%0.2° United
HadGEM3- Centre Kingdom
GC31-HM
MPI-M- Max Planck 0.935° Germany
MIP- Institute  for
ESMI.2-XR Meteorology
EC- European 0.35° United
EARTH- EC-Earth Kingdom
Consortium consortium
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3.3 Model setup for the long-term runs simulation

3.3.1 MPAS model configuration

The applied meteorological model is the Model for Prediction Across Scales
(MPAS), which is based on unstructured Voronoi meshes and C-grid discretization
(Thuburn et al., 2009; Ringler et al., 2010). MPAS-atmosphere (Skamarock et al., 2012),
used in the present study, is a global, fully compressible non-hydrostatic model (Klemp,
2011). The model is run at an approximately 60-km resolution mesh with a total of
163,842 cells, applying the mesoscale reference physics suite, 55 vertical levels up to a
height of 30 km, and 4 soil levels. The land—surface physics component is the Commu-

nity Noah Land Surface Model (Noah-LSM) (Chen et al., 1996).

The first run is a continuous simulation, initialized with the NCEP CFSR data avail-
able from https://rda.ucar.edu/datasets/ds093.1/. MPAS was set to periodically update
with 6 hours of CFSR sea surface temperature (SST) and sea-ice data. The model sim-
ulation started from 1st December 1980 to 1st January 2011. Therefore, the months of
December 1980 and January 2011 are considered spin-up; only data from January 1981

to December 2010 was used for the study.

3.3.2 Model physics

Table 3.3 shows the associated parameterization schemes of the standard model con-
figuration. For instance, the new Tiedtke (n'TDK; Tiedtke, 1989; Zhang et al., 2011) is
a mass flux scheme with updrafts and downdrafts. The WDMBG is a six-class scheme

that allows the investigation of the aerosol effects on cloud properties and precipitation
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processes with the prognostic variables of cloud condensation nuclei (CCN), cloud wa-
ter, and rain number concentration (Hong et al., 2010). The WRF/Noah LSM Coupled
system consists of an actual number of comprehensive terrestrial data sets, their pro-
cessing onto the WRF grid through WRF/SI and Real routines, and the Unified Noah
LSM as part of the WRF physics package. YSU Planetary Boundary Layer is a non-
local closure scheme with a parameter that permits the augmentation of vertical mixing
and removal of air from the bottom of the PBL, this is applicable in an impartial bound-
ary layer where the vertical gradient of potential temperature is null (Hong et al., 2006).
The Monin—Obukhov combines near-surface observations such as turbulent kinetic en-
ergy production, surface roughness, and surface fluxes (Monin & Obukhov, 1954). The
Radiation (long-wave, short-wave) scheme uses a constant value for carbon dioxide,
representing the year's situation around 2004. The static input data are from the MODIS
20-class land cover, which depends on the global land cover climatology collected in
2001-2010 at 500 m resolution (Broxton et al., 2014) and Global Multi-Resolution
Terrain Elevation Data) GMTED2010) (Danielson & Gesch, 2011) topography. The
albedo and vegetation indices are updated with the monthly climatology of MODIS

satellite images.
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Table 3.3. Parametrization schemes used

Scheme
Parametrization
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
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3.3.3 Model evaluation methods

Several statistical methods can be used to evaluate model performance. Nevertheless,
more than one method is required to resolve all needs in model evaluation. For that, it is
crucial to consider various performance statistics and grasp the information they might
give. In this study, some statistics on the model results to investigate the degree of corre-
lation on systematic error, and accuracy of the model compared to observations are used,
as detailed below.

Among the statistics used, one of the most prominent methods is the spatial correlation
coefficient (r), which assesses the strength of the relationship between the model and

observations.

1 n _M;—-M (0;-0
r= (n—l)zi=1( oM (?) 31

Where O represents Observation or Reanalysis, M model output, ¢ standard deviation,

and n number of data points in the series.

Another statistic is the Mean Bias which determines the mean error between model
and observation regardless of whether it is over or underestimation. It also conserves the

units of the variables being quantified.
n
1
MB = EZ(Mi —-0) 3.2
i=1

The last statistic used is the Root Mean Square Error (RMSE) which measures the

error magnitude but gives greater weight to the larger error.
1
RMSE = " ?=1 Xi —Yi 3.3
Where x; indicates the estimated value of rainfall at point i while yi is the observed

value at the same point, and N represents the total number of points.
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The performance of MPAS to simulate the seasonal rainfall will therefore be investigated
through the WAM features; for instance, the monsoon flow, the AEJ, the TEJ, and the
upward motion at the pressure level at the jets that are supposed to be formed. The cause
the of biases in MPAS are diagnosed (temperature gradient, thermal wind, geostrophic
wind) in comparison with ERA5. To diagnose the thermal activities during summer, the
temperature gradient, the thermal wind and the geostrophic wind are calculated using re-

spectively the following formulars:

Temperature gradient.
VT = (0Tm/0X) + (0Tm/0Y) 34
Where Tm is the mean temperature in Kelvin (K)
Thermal wind, zonal and meridional, respectively
Ut = — (R/f) (6Tm/dy) (In Pezs/P700) 3.5
Vi = (R/f) (6Tm/0x) (In Pg2s/P700) 3.6
Geostrophic wind, zonal and meridional, respectively
Ug = — (1/ph) (3p/dy) 3.7
Vg = (1/pf) (8p/ox) 3.8
Where f is the Coriolis force parameter, f = 7.29x10-5 s%; p is the air density, p 1.2kgm-3
g is the gravity, g = 9.8ms-!

3.4 Model setup for short term runs with selected SST
3.4.1 MPAS model configuration

An MPAS simulation with SST and sea ice extent as the only boundary condition
does not reproduce the weather of a specific year, but it creates weather patterns that fit

these conditions. Thus, in order to reproduce the observed climatology, multiple runs
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with different initialization dates are required. Here, 51 MPAS simulations are used.
They form three experiments, denoted by MPAS_A, MPAS_B and MPAS. Experiment
MPAS_A applies the initialization data, SST and sea ice extent from the ERA-Interim
reanalysis (Dee et al., 2011) and follows the procedure applied by Smiatek and Kun-
stmann (2023). Six years have been selected according to the SST anomaly in the Gulf
of Guinea during the summer season (Figure 3.4). The Gulf of Guinea has a central
influence on the precipitation in West Africa (Son & Seo, 2020). The considered period
covers 30 years around 2004, from 1990 to 2019. Specific years are 1992 and 1997,
revealing a positive anomaly, 1998 and 2010 with a negative anomaly, and 2003 and
2016 are neutral. These anomalies basically correspond to positive and negative ENSO
states. Within each SST—year, five simulations initialized from May 15 through May 19

and run until September 1 have been performed.

Experiment MPAS_B is a continuous MPAS simulation initialized in December 1980,
from which the results for the period 1990-2010 are applied in the present investigation.
For the initialization, the SST and sea ice extent data from the Climate Forecast System
Reanalysis (CFSR) (Saha et al., 2014) are used. CFSR data is available until 2010. The

chosen period covers the largest SST anomalies in the Gulf of Guinea (Figure 3.2).

MPAS experiment consists of MPAS_A and MPAS_B simulations lumped into a sin-
gle ensemble. The investigated period is the summer season (JJA). Potential heat waves
and extreme temperatures in this season can devastate the region's socioeconomic activ-
ities and food security (Omotosho & Abiodun, 2007). Moreover, during this period, the
Sahel region receives most of its rainfall, leading to a concentration of agricultural activ-

ities (Sivakumar et al., 2014).
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3.4.2 Investigated indices

The investigated temperature related indices were selected from the perspective of the so-
cio-economic activities in the investigated region and comprise indices used by similar
investigations (Engdaw et al., 2022), mostly defined by the Expert Team on Climate
Change Detection, Monitoring and Indices (ETCCDI) (Karl et al., 1999) with adjusted
thresholds. They are the daily mean (TG), minimum (TN) and maximum (TX) temperature,
the number of tropical nights (TR) with TN > 24°, the percentage of warm nights (TN90p)
with TN > 90th percentile, the number of summer days (SU) with TX > 35°, the percentage
of warm days (TX90p) with TX > the 90th percentile, and the heat wave duration index
(HWDI) with TX > TXnorm +3°over at least three days. TXnorm is calculated as the mean
of the maximum temperatures of a five-day window over all simulations and with the ref-

erence data from the entire investigated period.

The indices related to precipitation are the daily mean precipitation (RR), the number of
wet days (RR1), and the maximal daily rainfall (RX1day). These indices allow a compari-
son with the investigation of the observed and simulated precipitation characteristics pro-
vided by Dosio et al. (2021a) and Dosio et al. (2021b). Table 3.3 shows the indices, their
definitions, and their units. All indices are calculated for land points only and were derived

from instantaneous 3-hourly MPAS output.

45



Table 3.4. List of indices analyzed in this study. The indices are calculated
on seasonal (JJA) base

Index Definition Unit
TG Daily mean temperature °C
TN Seasonal mean of daily minimum temperature °C
TX Seasonal mean of daily maximum temperature °C
TXX Seasonal maximum of TX °C
TR Tropical nights with TN > 24° d
TN90p Percentage of days when TN > 90th percentile %
SuU Number of summer days with TX > 35 d
TX90p Percentage of days when TX > 90th percentile %
HWDI Heat wave duration index. TX > TXnorm d
+3°0ver at least 3 days
RR Daily mean precipitation mm/d
RR1 Number of wet days when RR >=1 mm d
RX1day Maximal daily RR mm/d
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Table 3.5. CPU demand for MPAS 7.0

1 day 4 Months [Repetitions Repetitions |CPU
Resolution Repetitions Processors |[hours} [hours] [hours| [days] [hours}
60 -10 10 768 0.73 90.20 902.00 37.58] 692736.0
60 - 3 km 10 3072 0.77 94.30 943.00 39.29| 2896896.0
362899.2

4.00 .

3.50 History 2.8Gb/6h

3.00 3991891.2
5250 : : Mill. CPU
3 2.00 Diagnostic 138Mb/6h e
;J.’_ 150 hours 4.0

1.00

0.50 Restarts 5.8Gb/24h

0.00

192 384 768
Professors
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CHAPTER FOUR

5.0 Results and discussion

4.1 Simulating the characteristics of the WAM with MPAS

In this section, the ability of MPAS to simulate the seasonal rainfall and spatial pat-
tern of the WAM over WA is discussed. Two observational datasets (CHIRPS and CRU)
to evaluate MPAS are used. In addition, two reanalyses (ERA5 and CFSR) 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 spacing (0.25°). The resolution of

CHIPRS reduces errors during interpolation (Tamoffo et al., 2022).

4.1.1 Seasonal cycle of West African Monsoon

All the observational datasets show that WA rainfall exhibits three main phases (the
onset, the peak, and the retreat), consistent with previous studies (Abiodun et al., 2011;
Sylla et al., 2009). MPAS realistically reproduces the three phases (Figure 4.1). 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 south of 6°N; this peak occurs from June to Septem-
ber in MPAS, as in the observations. In addition, MPAS shows good performance in
simulating the bimodality of rainfall over Guinea (Figure 4.1j) and the unimodality of
rainfall over the Savanna (Figure 4.1k) and Sahel zones (Figure 4.11), as depicted in the
observations. However, there are substantial dry biases in the MPAS simulation of the

monsoon peak over the Guinea Coast and Savanna zone. The error confirms these bi-
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ases, for instance, it ranges from -1 to -5 mm/day which is out of the range of the differ-
ences between the observed data (-1 mm/day). MPAS performs better than CNRM
(Centre National de Recherches Météorologiques) models (MPAS: r = 0.88, RMSE =
1.71 mm/day; CNRM: r = 0.85; RMSE = 1.79 mm/day, relative to CHIRPS). Neverthe-
less, most CMIP6 models are better than MPAS at simulating the WAM seasonal cycle.
This can be linked to the finer resolution of CMIP6 models. The dry bias of the monsoon
rainfall is a common problem found in many GCMs and RCMs (Abatan, 2011; Abiodun
et al., 2010; Ajibola et al., 2020; Sylla et al., 2010). For instance, Sylla et al. (2010)
found that RegCM3 underestimates the rain rate during the onset period. Abiodun et al.
(2010) found that finite volume dynamics (CFV) GCMs fails to capture the maximum
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 spac-

ing and boundary layer of the models (Diallo et al., 2012; Sylla et al., 2013).

MPAS captures the annual cycle of zonal wind at 700 hPa well (Figure 4.2). For
instance, the pattern of the monsoon flow, the peak in August, and the southward retreat
are simulated well in all the investigation areas. However, MPAS reproduces north-
easterly winds from January to March and from October to December over the Sahel
zone with higher magnitudes; the bias (Figure 4.2g, contours) is up to 5 m/s relative to
ERAS. MPAS also fails to simulate the strength of the monsoon flow (-8 m/s) during
the peak period of August over the Sahel and Savanna zones compared to ERA5 (-12
m/s). Additionally, MPAS weakly simulates the annual cycle of the zonal wind magni-
tude compared to all the CMIP6 models according to ERA5. The underestimation of the

monsoon flow and the overestimation of the north-easterly wind may contribute to
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MPAS's shortcomings in representing the peak of the monsoon rainfall over WA. Over-
all, monsoon dynamics have been the subject of several modelling studies in WA (Grist
& Nicholson, 2001; Nicholson & Grist, 2003; Tamoffo et al., 2022). For instance, Grist
and Nicholson (2001) argued that the low-level monsoon flow contributes enormously
to the rainfall activities over the Sahel zone. Tamoffo et al. (2022) found that the dry
biases over the Gulf of Guinea are strongly related to the underestimation of the mid-

level tropospheric flux.
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hPa, averaged over 10°W-10°E for the period 1981 to 2010.
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4.1.2 Spatial distribution of WAM rainfall

Figure 4.3-6 shows the JJA precipitation climatology from CHIRPS, CRU, ERADS,
CSFR, the CMIP6 models, and MPAS from 1981-2010. MPAS provides a realistic rep-
resentation of the WAM rainfall pattern, which follows the displacement of the ITCZ. The
zonal gradients of the rainfall on both sides of the ITCZ are captured well, and areas with
little or no precipitation are correctly located. Most notably, MPAS reasonably places the
ITZC position between 6 and 14°N and shows that the rainfall decreases northward up to
18°N (see the vectors), which is in good agreement with ERA5. MPAS reproduces the
rainfall amounts around 12-16°N, 9-20°E that are given by the observed data. Further-
more, MPAS performs better than all the CMIP6 datasets during DJF and MAM seasons,
as depicted respectively in Figure 4.5 and Figure 4.6. However, MPAS struggles to cap-
ture the maxima (5 mm/day) of the orographic rainfall (Guinea Highlands, Mount Came-
roon, Jos Plateau) compared to the observed (9 mm/day) data and the reanalysis (8
mm/day). For instance, the bias in MPAS is in the range from -1 to -3 mm/day, which is
out of the range of the uncertainties between the observed data. The monsoon rain belt is
more sharply defined in the CMIP6 models than in MPAS (r = 0.8 relative to CHIRPS),
which performs worse when it comes to simulating the spatial pattern of the seasonal
rainfall than the CMIP6 models (r is in the range from 0.9-0.94 for CMIPG6, relative to
CHIRPS). MPAS also shows a larger bias than the CMIP6 models (RMSE = 2.81 for
MPAS, and RMSE = 1.66-2.80 for CMIP6). The better performance of the CMIP6 mod-
els may be related to their higher resolution. The issue with simulating the spatial varia-
bility of the WAM rainfall is a common problem within GCMs, which struggle to repro-

duce mesoscale and local processes due to their coarse grid resolutions. Our results align
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with those of previous studies (Klutse et al., 2021; Sylla et al., 2013; Vizy & Cook, 2002).
For instance, Sylla et al. (2021) found that CMIP models miss the maxima over Mount
Cameroon due to their low spatial resolution, and Klutse et al. (2021) found that GCMs

have difficulty simulating mountainous rainfall over West Africa.
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Figure 4.5: Averaged DJF precipitation (mm/day) for the period 1981-2010.
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4.1.3 The West African Monsoon Wind system

In this subsection, it is evaluated how well MPAS captures the climatology of the wind
system over WA. It is investigated why MPAS has shortcomings when it comes to repro-
ducing rainfall climatology over the study zones. Therefore, the dynamics of upper and
mid-tropospheric easterly jets (TEJ, AEJ) and the low levels of the monsoon flow
(Akinsanola et al., 2017; Cook, 1999; Nicholson & Grist, 2003) are analysed using ERA5

as a reference.

The AEJ is a mid-tropospheric circulation which appears over WA during the boreal
summer; it is caused by the strong meridional surface moisture and the temperature gra-
dient at the surface (Cook, 1999). The core of the AEJ is located at around 15°N and 600
hPa in the reanalysis and all the CMIP6 models. The absence of MPAS output at the 600
hPa pressure level weakens the analysis of the AEJ in the model. Another circulation fea-
ture of the summer monsoon is the TEJ, which is connected to the upper-level outflow
from the Asian monsoon. MPAS (Figure 4.7(j)) simulates quite well the strength of the
TEJ (200 hPa) according to ERA5. However, MPAS overestimates (2 m/s) the low-level
monsoon flow at around 12°N and fails to locate the TEJ found in ERAS5 (4 to 11°N).
These jets play a crucial role in the climate of WA, and simulating their strengths and
locations is important for reproducing the climate conditions in this region (Sylla et al.,
2009). The reason for this is that precipitation over WA is associated mainly with MCSs,
which depend on the activities of the AEJ (Gaye et al., 2005). Furthermore, in WA, the
MCSs are favored by a weaker TEJ during the summer. The MCSs (squall lines,

mesoscale convective complexes) cross the region (Janicot, 1997) during summer and
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overestimating of the MCSs and misrepresenting of the TEJ location in MPAS may con-
tribute to the dry bias in the rainfall (Figure 4.1(j)—(l); Figure 4.1(n)) during the peak pe-

riod over the Savanna and Sahel regions.
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The vertical cross-section of the vertical velocity (Pas™) as a function of latitude is
shown in Figure 4.8 (a)—(c), (g)—(j) for August for the period from 1981-2010. Three
regions of ascent are depicted in all the figures. MPAS shows the first ascent representing
convection in the northern West Africa between 900 and 700 hPa as in ERADS, this corre-
sponds to the ITCZ, defining dry convection during the Saharan heat low (Abiodun et al.,
2011; Sylla et al., 2010). Next, MPAS locates the second column of air ascending from
the surface to the mid-troposphere at around below 800 hPa around 18°N is in agreement
with ERADB. Finally, the third ascent which is more pronounced than the others two ascent,
MPAS places it between 950 hPa and 300 hPa as in ERADS; it is the result of deep convec-
tion over the Sahel zone (12°N). However, MPAS underestimates (by up to 2 Pas™) the
vertical velocities of all three shallower zones compared to ERA5.AIl the CMIP6 models
overestimate the vertical motion (see the contours). Hence, the convection activities are
less substantial in MPAS compared to ERAS. Overall, the dry biases in MPAS may be

related to the weak simulation of the convective activities over the investigated areas.
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4.2 Diagnostics of the WAM thermal activities during summer

In this subsection, it is looked at how MPAS simulates the thermal activities in
summer to determine if the issues (rainfall biases, absence of jets, strong winds) detected
in the previous analysis occur because MPAS struggles to represent some of the pro-
cesses that contribute to the dynamics of the WAM. For instance, how MPAS simulates

the zonal wind over WA is looked, the temperature gradient, and the thermal wind.

4.2.1 Zonal wind spatial patterns

Figure 4.9 shows the zonal wind at 700 hPa for August (1981-2010) from (a) ERA5
and (b) MPAS. MPAS performs well (r = 0.98) in simulating the spatial pattern of the
zonal wind over WA (it is in agreement with ERAS), but MPAS fails to reproduce the
core of the jet (AEJ) located at around 15°N in ERA5. MPAS also places the boundary
separating the westward and eastward flows of zonal wind farther north (between 20°E
to 30°E) than ERAS does. In addition, MPAS did not place the jets in the north at around
26°N (Egyptian desert) as ERAS did. This issue in capturing the jet in northern WA may
lead to a weaker AEJ in MPAS. A weaker jet might transport less moisture, resulting in
less rainfall in the model (Tamoffo et al., 2022), which might cause dry biases in MPAS
over the Sahel zone. Tamoffo et al. (2022) mentioned that dry biases over the Sahel zone
are affected 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 sea-

son (Nicholson & Webster, 2007; Tamoffo et al., 2022). Our results are consistent with
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the results of Tamoffo et al. (2022), who found that the dry bias in RCMs is associated

with weaker AEJ activities in the models.
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Figure 4.9: Zonal wind field (m/s) at 700 hPa in August from ERAS5 and MPAS.
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4.2.2 Temperature gradient during summer

Figure 4.10 depicts the mean temperature gradient at 850 hPa, averaged from 10°W to
10°E. MPAS performs well (r = 0.83) when it comes to simulating the temperature gradi-
ent's annual cycle, in agreement with ERA5. MPAS shows the minimum (2 K/[1000 km])
temperature gradient in January and December, as in ERA5, but MPAS seems colder than
ERADB; for instance, it underestimates the maximum temperature gradient (8 K/[1000 km])
in June compared to ERA5 (10 K/[1000 km]). This result is in line with the work of Ni-
cholson and Grist (2003), who found the same result in their analysis of the temperature
gradient in the NCEP-NCAR reanalysis. The temperature gradient during the summer
months is also explored; Figure 4.11 shows the temperature gradient from June to August
at 850 hPa. MPAS performs well in simulating the spatial pattern of the monthly tempera-
ture gradient, but MPAS fails to locate the temperature gradient farther north that is shown
by ERAS. In contrast to ERA5, MPAS simulates the temperature gradient at almost the
same location in the north for all months. The misplacement of the temperature gradient in
MPAS can influence the atmospheric circulation in the Sahelian zone because this gradient
is responsible for the formation of the jet (Nicholson & Grist, 2003) and is among the
factors that contribute to triggering the moisture advection from the Atlantic Ocean to the
continent (Nicholson, 2009). Thorncroft and Blackburn (1999) argue that the origin of the
AEJ in the Northern Hemisphere is essentially the temperature gradient caused by the dif-
ference between the Sahara and the humid Guinea Coast to the south. Thus, a weaker tem-
perature gradient may lead to a weaker jet, which may transport less moisture and contrib-

ute to the dry biases in MPAS.
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Figure 4.10: Time latitude of temperature gradient K [1000 km]™* at 850 hPa averaged
between 10W-10E from ERA5 and MPAS.
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Figure 4.11: Month to month (June, July, August) spatial distribution of temperature
gradient K [1000km] %, first raw is ERA5 and the second raw is MPAS.
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4.2.3 Thermal wind during summer

Figure 12 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 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 be-
tween 700 and 925 hPa is the opposite of the thermal wind between 500 and 925 hPa;
simulating a small area of the thermal wind between these levels may influence the for-
mation of the wind shear and hence the easterly jets, and it may 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 climate model would be actively compatible

with the temperature variability.
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MPAS at 500 hPa and 700 hPa in July.
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Summarizing, in this section, firstly, the model performance to simulate the seasonal cycle
of the WAM is evaluated. It is found that MPAS performs well in representing the seasonality
of WAM compared to observed datasets. However, MPAS shows shortcomings in reproduc-
ing the WAM peak. For example, it underestimates the peak of the WAM rainfall over Sa-
vanna and Guinea Coast, and the MPAS underestimates the zonal wind during August in
most of the investigated areas. MPAS also performs well in simulating the spatial pattern of
the WAM rainfall but struggles to capture the orographic rainfall over the Guinea Highland,
Cameroon Mountains, and Jos Plateau. After looking at how MPAS represents the dynamics
of the WAM, it is found that the model simulates the TEJ as ERA5 but is not as well located
as in ERA5 and most of the CMIP6. The absence of the 600 hPa level limited us from ana-
lyzing the AEJ compared to other datasets. The study of the vertical velocity has allowed to
analyze the convective activities over the investigated areas. It revealed that MPA performs
well in reproducing the different MSCs but with a slight difference in the localization of
those systems compared to the ERA5 and most of the CMIP6 models. Finally, the thermal
activities within MPAS are diagnosed, and found difference in the representation of the ther-
mal wind regarding ERAS. It can be concluded that biases in MPAS might be strongly linked
to the shortcomings in simulating the wind system, the thermal wind, the convective system,
and the resolution used, which plays a crucial role for the WAM in bringing rainfall over

West Africa.
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4.3 Simulating the temperature extreme, heat waves, and precipitation indices

4.3.1 Temperature extreme and heat waves

Figure 4.13 shows the distributions of the area mean summer (JJA) mean temperature TG
in the investigated areas SAH_W, SAH_E, and GUI_C for both the reference data and the
MPAS simulations. It reveals that the results obtained from MPAS are well within the range,
and there are only small differences between the different simulation approaches of

MPAS_A and MPAS_B.
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4.3.1.2 Area mean values of temperature indices

Concerning the ranges and the area mean value, there are substantial differences in the
reference data (Table 4.1). In the SAH_W area, the mean value TG in the reanalyzes ex-
tends from 28.4°C to 29.4°C, the range in the data based on observations is from 29.5°C
t0 29.9°C. MPAS shows, with 28.7°C, a cold bias of —0.6°C in relation to the mean of the
entirety of the reference data, of —0.4°C in relation to the mean value of the reanalysis
products, and —1.1°C to the observational reference. The corresponding biases in the

SAH_W area are —0.6°, —0.3°, —1.2°C, and in the GUI_C area, —0.9°, —0.5° and —1.6°C.

These results are comparable to the findings from previous simulation experiments. For
instance, Hernandez-D"1az et al. (2013) found, over West Africa, biases in the simulations
with the Canadian Regional Climate Model (CRCMS5) in the range from —2°C to 2°C.
Gbobaniyi et al. (2014) found, with the WRF model, biases of 0.8°C over West Africa, of
0.8°C over Guinea, and 1.6°C over the Sahel during the JAS (July, August, September)
period. With the RCA4 model, Nikiema et al. (2017) reported biases of 1.2°C over WA,
1° C over Guinea and 1.2°C over the Sahel. Kim et al. (2014) concluded from the
CORDEX-Africa experiment with 10 regional climate models, seasonal (JJAS) biases
ranging from —0.5°C to 0.8°C over West Africa. Dosio et al. (2015) found in simulations
with the COSMO-CLM model cold biases up to 3°C in the Guinea region and the southern
Sahel. Careto et al. (2018) reported in CORDEX-Africa experiments cold biases in most
of Africa for all RCMs, with the largest biases over the Sahel. With the MPAS model,
Maoyi and Abiodun (2021) found a cold bias up to 2°C over the Indian Ocean and cold
biases up to 1.2°C within the southern African countries. They attributed the error primar-

ily to the coarser resolution of 240 km applied in the simulations.
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Figures 4.14 to 4.15 depict boxplots of the mean daily maximum temperatures TX and
TXXx, for the reference data and the MPAS simulations. The corresponding area mean
values are shown in Table 4.1. Compared to the mean values, the cold biases are larger.
In the SAH_W area, a cold bias of —1.4°C compared to the mean of all the reference data
is present for TX. It is —2.2°C for TXXx. The cold biases related to the reanalyzes are
smaller. However, it has be considered that NCEP-2 has a much lower resolution. Related
to the observations, the MPAS cold biases are larger, at —2.1°C and —2.5°C, respectively.
The results obtained for the SAH_E and GUI_C areas are similar. However, the biases are

larger when only the observational reference is considered.

The estimated number of tropical nights is, in SAH_W and SAH_E, within the range of
the reference data (Figure 4.14) and only in the GUI_C area is TR, with 10 days larger,
underestimated. When compared to observations only, biases ranging from —12 to —20
days are present. This is about 10% to 80%. The same findings apply to the number of
summer days SU (Figure 4.15), where this number is slightly underestimated, by five days
(14%) in the area SAH_W and by fifteen days (33%) in SAH_E. The number of summer

days in the GUI_C area is very small and therefore not considered here.

Biases in the percentiles TN90p and TX90 reach values of -33% and -53% in SAH_W,
-19% and -7% in SAH_E and +7% and -46% in GUI_C when compared to the mean val-
ues of the reference data. The biases are larger in SAH_E and GUI_C and smaller in
SAH_W when the reference are observations only. Finally, the largest biases, reaching -
66% in 66% SAH_W and -86% in GUI_C, are found for the heat wave duration index

HWDI. In SAH_E, this bias is, at 10%, rather small.
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Table 4.1. Mean values of temperature indices over the investigation areas for the JJA season, both observed and simu-
lated.

Area TG TX TXx TR suU TN9Op  TX90p  HWDI
¢ (¢  (C)  (Pay  (Days) (%) (%) (Days)
)
SAH_W  ERAS 295 343 403 516 41.1 14.2 20.1 10.7
JRA-55 293 332 405 525 311 29.8 34.2 40.8
NCEP-2 286 324 405 502 29.8 5.2 57.4 34.4
MERRA-2 296 347 413 490 41.9 15.0 20.2 18.4
CPC 300 345 412 587 40.7 155 15.6 18.6
CRU 295 350 - - - 15.4 - -
CHIRTS 304 350 411 681 435 153 12.8 6.6

SAH_E  ERAG 205 349 404 464 490 21.0 273 14.3
JRA-55 286 329 394 394 348 46.0 54.1 40.6
NCEP-2 284 327 407 413 339 17.2 76.4 55.1
MERRA-2 301 360 416 482 547 26.7 32.4 23.5
CcPC 209 353 420 528 477 26.9 20.7 24.9
CRU 209 364 . . . . .
CHIRTS 3.7 371 426 785 619 19.4 19.2 9.5
MPAS.A 288 332 387 497 336 253 221 18.1

I
MPAS B 287 327 380 557 288 192 Pkl 153
MPAS 287 330 384 527 312 223 216 167
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Figure 4.14: Boxplots of mean daily maximum temperature TX for the reference data
and MPAS simulation in the investigation areas SAH_W, SAH_E and GUI_C and the

summer season (JJA).
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Figure 4.16: Boxplots of TR for the reference data and MPAS simulation in the
investigation areas SAH_W, SAH_E and GUI_C and the summer season (JJA).
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In summary, it can be concluded that there is moderate to partly large biases in the
summer area mean values of the investigated indices. These are in general cold biases
and underestimations of the reference data. The biases are larger when only observa-
tional reference is considered. On the other hand, the ranges in the MPAS simulations
and in the observations are similar. Lower biases are found in comparison to the reanal-
yses, which on the other hand reveal much higher ranges. MPAS reaches, when biases
in percent of the reference are considered, the lowest biases in the SAH_W area in five
of the investigated indices. Limiting this comparison to the reference from observations
yields the lowest biases in four indices SAH_E and four in SAH_W. In the complex
coastal area GUI_C, MPAS simulations reveal the highest biases. As in the CORDEX
experiments (Kim et al., 2014), the biases simulated for West Africa are generally
smaller than for the eastern part of the Sahel. This might however be related to the lower
density of monitoring stations in this region (Masunaga et al., 2019). Dosio (2017)
found, regarding the summer mean temperature (TG), large discrepancies between the
individual simulations, with the model spread ranging from 3.5° C over the coast of

Guinea, to 7° C, over SAH_E.

Despite the deficiencies, the general applicability of MPAS to climate simulations can
be concluded here. Also, results obtained from the two procedures employed for initial-
izing the model, MPAS_A and MPAS_B are very similar (Table4) and demonstrate the

equivalence of these approaches to initialization.

4.3.1.3 Regional patterns and differences in temperature indices

Large biases are found at regional scales. Figure 4.18 shows the maps of the MPAS

simulated mean maximum temperature (TX) and differences (Figure 4.19) between
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MPAS, the mean values of the MPAS_A and MPAS_B experiments, and the mean of
the applied reference data. All the datasets show a similar pattern for the spatial distrac-
tion of TX. This pattern shows an increase in TX from south to north. The north Sahel
(Sahara) experiences high temperatures. MPAS reveals a notable cold bias throughout
the considered region. Only in the Volta region and Western Sahara there are small pos-
itive biases. In comparison with the reanalyses, the biases are generally lower, reveal
however similar values with MERRA-2 and CHIRTS. The results with JRA-55 and
NCEP-2 differ and show also positive biases. The smallest differences occur with the
ERAGS reference. Considering the biases in the observations resulting from the rather low
station density in some areas and coarser resolution of the other reanalysis data, it can be
concluded that MPAS performs reasonablye. The shortcomings in simulating TX in
MPAS may also be related to the resolution (60 km) compared with the other datasets

which have low resolution.
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Figure 4.18: Spatial distribution of TX for Simulated MPAS and reference data.
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Figure 4.19: Simulated MPAS TX differences between the MPAS and reference data.
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Figure 4.20 and Figure 4.21 show, respectively, the regional patterns and differences
between MPAS of occurrence of warm days TX90p (warm days) during JAS season. The
regional pattern of the extreme temperature threshold (90th percentile of daily maximum
temperature: TX90p) with the reanalyzes is different. ERA5 and MERRA-2 show the
lowest extreme, while JRA-55 and NCEP-2 show the highest extreme. All the reanalyzes
show the highest TX90p over the Sahel and the lowest over the Gulf of Guinea. The
spatial pattern with the observed data and MPAS is quite similar and shows the smallest
TX90p, in comparison with the reanalyses. In comparison with the observations data,
MPAS underestimates the occurrence of warm days throughout the region. MPAS shows
the most significant negative bias in comparison with JRA-55 and NCEP2. This may be
related to the higher resolution of those datasets. MPAS reveals smallest biases in the
central Sahel in comparison with ERA5 and reveals negative biases in the South-East of
the region in comparison with MERRA2. Compared with the observations, MPAS re-

veals more negligible bias; only positive bias is simulated in the northern Sahara.
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Figure 4.20: Spatial distribution of 90 percentiles of TX (TX90p) for Simulated MPAS and
reference data.
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Figure 4.21: Simulated TX90p differences between the MPAS and reference data.
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Figure 4.22 and Figure 4.23 show, respectively, the regional and seasonal patterns
and differences between MPAS of occurrence of warm nights TN90p (warm nights).
The regional pattern of the extreme temperature threshold (90th percentile of daily min-
imum temperature: TN90p) with the reanalyzes is similar except for JRA-55, which
shows higher TN90p over Central Sahel. The spatial pattern with the observed data and
MPAS is quite similar and shows the smallest TN90p in comparison with CPC which
shows higher warm nights in the south of Sahel East. However, MPAS reveals large
biases throughout the considered region. In comparison with the reanalyses, MPAS
shows a negative bias over the region. MPAS reveals the smallest biases in the Sahelian
zone in comparison with ERA5 and MERRA2. However, MPAS shows larger biases in
the Sahelian and the Saharan zones in comparison with JRA-55. In comparison with the
observed data, MPAS reveals smaller biases over the Sahelian zone and larger negative

biases in the Guinea in comparison with both CHIRTS and CPC.
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Figure 4.22: Spatial distribution of 90 percentiles of TN (TN90p) for Simulated MPAS and
reference data .
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Figure 4.23: Simulated TN90p differences between the MPAS and reference data.
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Figure 4.24 and Figure 4.25 show, respectively the regional seasonal patterns and differ-
ences between MPAS and different datasets of the number of summer days (SU) with daily
maximum temperature when TX > 35° C. Concerning the regional pattern, all datasets show
that the number of summer days increases from south to north as temperature increase also
from south to north. Patterns of the differences in SU are similar in the Sahel, showing large
underestimations, especially in the eastern part. Positive biases are found in the hot northern
part of the Sahel and Saharan zones, while in WA the biases are rather small. Dosio (2016)
argued from the results of the CORDEX-Europe experiment that the underestimation of the
number of summer days SU is the consequence of the underestimation of the daily maximum
temperature TX. The biases in the southern parts of the investigated area are smaller. However,
the number of observed SU days is small there. The underestimation of the number of summer
days in MPAS is because of the cold biases in simulating the maximum temperature (Table

4.1).
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Figure 4.24: Spatial distribution of SU for Simulated MPAS and reference data.
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Figure 4.25: Simulated MPAS SU differences between the MPAS and reference data.
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Figure 4.26 and Figure 4.27 show respectively the regional seasonal patterns and differ-
ences between MPAS and different datasets of the number of simulated heat wave duration
index (HWDI). All the datasets show an increase in the HWDI from south to north, which
does not contradict the increase in the temperature into the same direction. Only NCEP-2
shows smaller HWDI among the reanalysis. In comparison with CPC MPAS shows smaller
HWDI, while a positive bias dominates in comparison with the CHIRTS. Differences be-
tween JRA-55 and NCEP-2 are mostly negative. With ERA5 and MERRA-2, positive biases
dominate the northern part. In the southern part, the biases are rather negative and larger
with the JRA-55 reanalysis. The largest discrepancies seem to occur around the latitude of
15°N. Compared to the reanalyzes, the underestimation of the HWDI in MPAS is strongly

related to the cold biases in the simulation of the TX of MPAS.
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Figure 4.26: Spatial distribution of HWDI for Simulated MPAS and reference data.
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Figure 4.27: Simulated HWDI differences between the MPAS and reference data.
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Figure 4.28 and Figure 4.29 depicts respectively the regional seasonal patterns and
differences between MPAS and the different datasets of the number of Tropical nights
(TR) with daily minimum temperature TN > 24° C. The regional pattern in comparison to
all datasets show that the number of numbers of tropical nights increases from south to
north as the evolution of temperature which also increases in the same direction. All the
reanalysis shows larger TR in the eastern and northern parts of Sahel except NCEP-2
which shows a few days of TR. The TR is higher in CHIRTS than in CPC for the observed
dataset. MPAS simulates the spatial pattern closer to the reanalyses. However, differences
between MPAS and all datasets are similar in the Sahel, showing large underestimations,
especially in the western and southern parts. Positive biases are found in the hot northern
part of the Sahel and Sahara zones, while the biases are relatively small in WA. Dosio
(2016) argued from the results of the CORDEX-Europe experiment that the underestima-
tion of the number of tropical nights TR is the consequence of the underestimation of daily
minimum temperature TN. The biases in the northern parts of the investigated area are

smaller. However, the number of observed TR days is small there.
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Figure 4.28: Spatial distribution of TR for Simulated MPAS and reference data.
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Figure 4.29: Simulated TR differences between the MPAS and reference data.

101



Summarizing the regional findings, it can be concluded that a cold bias in the TX is
evident. It dominates the results obtained for the related temperature indices. Due to large

differences between the single reference data, those results are less clear

The cold biases in MPAS may contribute to dry biases in the simulated rainfall, as the tem-
perature gradient is the origin of jets, which in turn transport moisture, and the development
of rainfall over the Sahel (Grist & Nicholson, 2001). In addition, the deficiencies in precipi-
tation may also be related to the fact that the MPAS underestimates the number of summer
days. SU can affect the convection and regional precipitation recycling (Arnault et al., 2016)
over WA and the Sahel. Nicholson and Webster (2007) argued that the reduction in the num-
ber of mesoscale convective systems negatively influences the formation of rainfall over the

Sahel.
4.3.2 Precipitations indices

Figure 4.30 shows the distributions of the area mean summer (JJA) daily rainfall RR in
the investigated area SAH_W, SAH_E, and GUI_C for both reference data and the per-
formed MPAS simulations. It reveals that the results obtained with MPAS are well in range
in the SAH_E, with only slight differences between the different simulation approaches of
MPAS_A and MPAS_B. However, in the SAH_W and GUI_C, MPAS underestimates the

distributed rainfall.
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Figure 4.30: Distribution of the area mean summer (JJA) daily rainfall RR in the investigated
area SAH_W, SAH_E and GUI_C.




4.3.2.1 Area mean values of precipitation indices

Table 4.2 shows the results for the investigated precipitation indices in the investiga-
tion areas SAH_W and SAH_E in comparison with observational reference from satellite,
gauge and reanalysis products as presented by Dosio et al. (2021Db). It reveals an underes-
timation of the observed amount of daily precipitation RR in the SAH_W area by 1.6
mm/d or 38%, and is outside the range of the observational datasets. In SAH_E MPAS
slightly overestimates the observations, by 4%, and is well within the range of the refer-
ence data. Only small biases are present in the number of rainy wet days (RR1) with pre-
cipitation of at least 1 mm in the area SAH_W. The shortcoming here is the low precipi-
tation intensity on wet days. Also, an underestimation on the order of 40% is present for
the area mean maximum daily rain Rx1day. In SAH_E, RR1 is overestimated by 37% and
the maximum daily rain is underestimated by 31%. The investigations of Dosio et al.
(2021a) based on CMIP5, CIMIP6 global models and CORDEX experiments found a
large spread between the models. The MPAS results are within the range of those findings.

However, it has to be concluded that it has a significant dry bias for West Africa.
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Figures 4.31 to 4.32 depict boxplots of a number of wet days RR1 and maximal daily
rainfall (Rx1day). For the reference data and the MPAS simulations. Corresponding area
mean values are shown in Table 4.2. In the SAH_W area, MPAS simulates positive bias
for RR1 up to 3.7 days compared to the mean of all the reference data. Results are similar
in the SAH_W. The bias is smaller (2.9 days) in the reanalysis than in the observed
dataset (5 days). For Rx1day, MPAS shows negative bias up to -14.5 mm/day compared
to the mean of all the reference data and does not show any difference when compared
to both the reanalysis and observed dataset. Results obtained over SAH_E give a larger
positive bias than in SAH_W for RR1 in comparison with all the datasets, 11.5 days,
8.5 days, and 16.2 days respectively. The negative bias is smaller in SAH_W. However,
over the GUI_C, MPAS gives the largest negative bias than in SAH_E and SAH_W for

both RR1 and Rx1day.
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Table 4.2. Mean values of precipitation indices over the investigation areas for
the JJA season, both observed and simulated.

Area RR RR1 RX1day
(mm/day) (days) (mm/day)
SAH_W
ERAS 3.4 38.1 35.0
JRA-55 4.5 48.5 27.5
NCEP-2 3.8 28.4 46.1
CPC 3.8 33.0 42.5
CRU 4.6 - -
GPCC 4.3 - -
CHIRPS 4.4 39.4 313
S 3.7-4.6-7.0 32.8-39.3-47.6 22.0-41.3-
68.1
G 3.9-4.3-4.6 33.8-40.3-49.6 29.1-39.3-
46.2
R 2.8-4.1-5.2 23.8-47.2-63.6 25.7-33.5-43.1
MPAS_A 2.6 41.4 21.6
MPAS_B 2.7 42.7 22.4
MPAS 2.7 41.2 22.0
SAH_E
ERAS 2.3 33.1 20.0
JRA-55 3.9 48.0 20.0
NCEP-2 3.4 25.5 42.7
CPC 2.1 24.2 29.6
CRU 2.8 - -
GPCC 2.7 - -
CHIRPS 2.7 315 21.7
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S 2.1-2.9-4.7 22.1-29.5-37.5 18.2-29.8—
51.5
G 2.5-2.8-3.1 25.9-31.2-38.8 23.3-31.0—
405
R 2.4-3.1-3.7 259-41.5-49.1  16.7-28.1-44.1
MPAS_A 29 406 216
MPAS_B 3.0 474 21.0
MPAS 3.0 44.0 213
GUI C
ERA5 7.6 76.4 54.0
JRA-55 7.4 72.0 327
NCEP-2 10.8 63.7 88.3
CPC 5.1 40.0 52.4
CRU 73 - -
GPCC 7.1 - -
CHIRPS 75 44.1 54.7
MPAS_A 28 50.6 10.0
MPAS_B 29 40.0 135
MPAS 29 453 11.8

Nb: S, G and R denote minimum, mean and maximum values of observational
datasets for satellite (S), gauge (G) and reanalysis (R) products as presented by
Dosio, Pinto, et al. (2021).
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Figure 4.31: Boxplots of number of wet days RR1 when RR >=1 mm for the reference
data and MPAS simulation in the investigation areas SAH_W, SAH_E and GUI_C and the
summer season (JJA).
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Figure 4.32: Boxplots of maximal daily RR (R1xday) for the reference data and MPAS
simulation in the investigation areas SAH_W, SAH_E and GUI_C and the summer sea-

son (JJA).
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4.3.2.2 Regional differences in precipitation indices

Figure 4.33 and Figure 4.34 depicts respectively the regional seasonal patterns and
differences between MPAS as the mean value of the MPAS_A and MPAS_B experi-
ments and the applied reference data during JJA season of the number of wet days (RR1)
when RR > 1mm. The regional pattern of all datasets shows that the number of wet days
decreases from south to north as the evolution of rainfall also decreases in this direction.
The RR1 is larger over the Gulf of Guinea in the reanalyzes than in observed data. How-
ever, MPAS shows the RR1 in the Eastern Sahel closer to CHIRPS. MPAS underesti-
mates RR1 over the Sahelian zone in comparison with ERA5 and NCEP2 while overes-
timating in the coastal area. Only results with JRA-55 overestimate the RR1 over the
Sahelian zone. Smaller biases are shown over the northern part in comparison to all the
datasets. The biases in the observed data might be impacted by the low station density in
some zones and the low resolution of the reanalysis data therefore, MPAS performs re-

alistically well.

110



(a) ERA5 (b) JRA-55 (c) NCEP2

21°N |
14°N n

7°N | 5

21°N |
14°N [ Yo |

NE X

Figure 4.33: Spatial distribution of RR1 for Simulated MPAS and reference data.
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Figure 4.36 shows the maps of the MPAS simulated spatial distribution of maximum
rainfall days (RX1day) and differences (Figure 4.37) between MPAS as the mean value
of the MPAS_A and MPAS_B experiments and the mean of the applied reference data.
All the datasets show that the RX1day decreases from south to north. in agreement with
what has been shown in the area mean values (Table 4.2). Larger biases are found at
regional scales. In comparison with the reanalysis, MPAS reveals a notable dry bias
throughout the region. Only NCEP-2 shows the highest RX1day over the Gulf of Guinea.
Only in the eastern and central Sahel, there are small wet biases, but results show strong
dry bias in comparison with NCEP2. In comparison with the observed, dry biases are
generally present, revealing similar patterns. Only CPC shows higher RX1day than
CHIRPS, while MPAS shows underestimation over the Gulf of Guinea Generally, results

reveal a slight wet bias in the eastern Sahel.
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Figure 4.35: Spatial distribution of RX1day for Simulated MPAS and reference data.
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Figure 4.36: Simulated RX1day differences between the MPAS and reference data.

115



Various reasons have been discussed explaining the obvious deficiencies of the cli-
mate models in reproducing observed temperature and precipitation characteristics in
WA and the Sahel. They are related to a misplacement of the center of the monsoon and
the underestimation of its intensity and to the northern shift of the West African Heat
Low (Panitz et al., 2014), errors in the simulation of the lateral terrestrial water flow and
its contribution to land surface evaporation (Arnault et al., 2021), as well as underesti-
mation of the surface short-wave radiation and latent heat flux, cloudiness, surface water
and the surface albedo (Sylla et al., 2009; Diallo et al., 2017; Dieng et al., 2017). In
applications of the WRF model together with the Noah-LSM, Glotfelty et al. (2021)
identified the satellite derived albedo climatology as a source of additional errors. Careto
et al. (2018) linked higher temperatures to evaporative stress and strong soil moisture
temperature coupling in some areas. For the Sahel, however, they stated that precipita-
tion regimes are more important. Finally, as pointed out by Heinzeller et al. (2018), the
choice of physical parametrizations can greatly influence the model’s capabilities, espe-

cially the accuracy of the surface temperature and precipitation.

In summary, it can be stated that the MPAS global static 60-km mesh approach does
not provide higher fidelity than the regional climate models. However, the ability of
MPAS to apply variable meshes in a regional refinement and to run in convection per-

mitting mode opens possibilities for improvements, as shown by Heinzeller et al. (2016).
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CHPAPTER FIVE

5.0 CONCLUSION AND RECOMMENDATION

5.1 Conclusion

5.1.1 WAM rainfall pattern
MPAS gives a realistic representation of the WAM rainfall pattern, which follows the
displacement of the ITCZ. Most notably, MPAS correctly places the ITZC as in ERA5
and shows that the rainfall decreases northward in good agreement with the observed data.
Furthermore, MPAS performs better than all the CMIP6 datasets during DFF and MAM
seasons. However, MPAS struggles to capture the maxima of orographic rainfall (Guinea
Highlands, Cameroun Mountains, Jos Plateau) compared to observed data and the reanal-

ysis.

5.1.2 Seasonal cycle of WAM

MPAS reproduces the main phases of the WAM as in the observed datasets. The sim-
ulated onset is from March to June in MPAS, characterized by the northward extension of
the rain belt from the coast. The simulated peak is characterized by a northward (10° N -
14° N) jump of the rain-belt and the end of the rainfall south of 6°N, occurring from June
to September in MPAS as in the observations. In addition, MPAS simulates the bimodality
of rainfall over the Guinea and the unimodality over the Savana and Sahel as in the obser-
vations. There are substantial dry biases in the MPAS simulations of the monsoon peak.
The error, which ranges between -1 to -5 mm/day, is out of range of the uncertainty in the
observed data (-1mm/day). Compared to CMIP6 models, MPAS shows larger biases in the

simulation of the WAM rainfall.

117



MPAS performs well in simulating the annual cycle of zonal wind at 700 hPa. The
monsoon flow is well captured around Guinea, and the model shows the different phases
of the flow, for instance, the ascendence from March to June, the peak in August, and the

southward retreat from September to October.

However, over Sahel, MPAS captures southeast winds from January to March and Oc-
tober to December with high intensity. MPAS also fails to capture the strength of monsoon
during the peak period of August over Sahel and Savana compared to ERAS. In addition,
MPAS weakly simulates the annual cycle of the zonal wind more than all the CMIP6 mod-
els when referring to ERAS. The underestimation of the monsoon flow and the overesti-
mation of harmattan may explain MPAS's struggles to capture the peak of monsoon rainfall

over West Africa.

5.1.3 WAM rainfall producing system

MPAS captures well the low-level monsoon flow as in ERAS5. The northward extension
is well represented in agreement with ERAS5. The core of the AEJ is around 15°N and 600
hPa in the reanalysis and all the CMIP6 models. The absence of MPAS output at 600 hPa
pressure level weakens the analysis of the AEJ in the model. MPAS simulates the strength
of the TEJ (200hPa) quite well as in ERA5. However, MPAS overestimates the low-level

monsoon flow and fails to locate the TEJ as in ERAS.

MPAS underestimates the vertical velocity of all the shallower zones compared to
ERAGS. All the CMIP6 models show an overestimation of the vertical motion. Hence, the

convection activities are more substantial in MPAS compared to ERA5. Overall, the dry
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biases in MPAS may be linked to the weak representation of the convective activities over

the Sahel, Savana, and Guinea Coast.

5.1.4 Simulation of thermal activities during summer

MPAS fails to locate the temperature gradient farther north than ERA5 does. In contrast
with ERA5, MPAS simulates the temperature gradient at almost the exact location in the
north through all the months. The misplacement of the gradient in MPAS can influence the
atmospheric circulation in the Sahelian zone, as the temperature gradient is responsible for

the formation of the jet.

MPAS simulates the magnitude of the thermal wind as in ERA5 but less extended east-
ward and northward as ERA5 does. However, for the thermal wind between 700 and 925
hPa, MPAS shows the opposite of the thermal wind between 500 and 925 hPa, where
MPAS simulates a smaller area of the thermal activities; this may influence the formation
of the wind shear, hence the easterly jets, and may cause MPAS to simulate a weaker AEJ

that may contribute to the dryness in MPAS over the investigated area.

Summarizing, several reasons can be linked to the model error leading to the dry bias in
the model outputs. These reasons include the resolution used, the weak representation of
the jets during summer, the cold bias and the temperature gradient over the continent, and
the smaller representation of the thermal activities. Further study is needed to improve the
simulation; for instance, using variable resolution or sensitivity to SST can be a solution

to improve MPAS results obtained from the regular grid.
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5.1.5 Simulation of temperature extreme, heat waves, and precipitation indices

The results reveal moderate cold biases in the range from -0.6°to -0.9° C for the
daily mean temperature and increase to -1.4°—2.0° C for the area mean of the daily
maximum temperature TX and to -2.2°—2.7° C for TXx as the maximum of TX. The
bias in the number of tropical nights TN ranges from +3 to -10 days. An underestimation
by up to 50% is also present in the number of summer days SU with TX > 35°C. The
percentage of days when TN > the 90th percentile TN90p as well as the percentage of days
when TX > the 90th percentile TX90p reveal underestimations by up to 50%, and the heat
wave duration index HWDI is underestimated by 10%—60%. Compared to the reanalyses,
the biases revealed by the MPAS simulations are generally smaller than with the measured
observational reference. Because of the present and reported deficiencies in the observed
data for the Sahel, the shortcomings in the MPAS simulations are in reality most likely

smaller.

Regional biases are to a large extent negative. Regarding temperatures, the smallest
biases occur in West Africa. The smallest biases in precipitation occur in the eastern part.
However, the underestimation in the first case and the overestimation in the second reveal
that improvements of the model regarding its physics, land—surface scheme, and land sur-

face input data are required for an adequate simulation of the WA and Sahelian climate.

The results obtained from the two model initialization procedures used are very similar
and demonstrate the equivalence of the two approaches. Compared to long term runs,
selections of the initialization years in relation to the spread of mean SST temperatures
in the Gulf of Guinea extremely reduce the demand on the CPU, especially when only

short terms, such as months or specific seasons, are considered.
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Shortcomings in the reproduction of temperatures and precipitation found in the pre-
sent investigation indicate that the global approach does not provide higher fidelity than
regional climate models. Kim et al. (2014) showed that in CORDEX- Africa, multi model
ensembles generally outperformed the single ensembles. In such ensemble approaches,

MPAS simulations can be applied as an adequate member.

5.2 RECOMMENDATIONS

One of the significant challenges in conducting research in West Africa is the scarcity
of a dense observational network. This research needs a dense observation network to
perform a more solid evaluation of the MPAS model output. However, this evaluation
was limited as the observed data were verified against satellite and reanalysis products.
Hence, there is a need to spread the current observations networks to perform a trustier
model validation at a larger temporal and spatial scale, particularly for extreme climate

variables like rainfall.

Mainly, the error in the model’s output originates from the model components, such as
the dynamics, physics, and other less-considered model elements, as well as modification
in the model program of initialization datasets. Therefore, it is recommended that the
MPAS model development community work on the MPAS model physics for better at-

mospheric feature (WAM) representation and reduction of the biases in the model results.

Adding more pressure levels in the diagnostics files is recommended to facilitate the
comparison to the reanalysis datasets. This addition of variables includes the zonal wind,

meridional wind, vertical velocity, and temperature at different pressure levels.
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It is also recommended to evaluate MPAS using variable resolution (stretch grid) in
simulating temperature and precipitation indices during the boreal summer monsoon at

higher resolution.

It is essential also to continue assessing the model over Africa in general and over West
Africa particularly, because it is a promising tool with multi purposes (variable resolution,

uniform resolution) that can revolute the climate modeling science in next coming years.
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