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Abstract 

The West African westerly jet (WAWJ) is a key rainfall producing system over West Africa. 

While past studies have examined the dynamics of the WAWJ and its influences on Sahelian 

rainfall, there is no information on how well the jet is simulated by contemporary climate 

models. This thesis examines the capability of the Coupled Model Intercomparison Project 

version 6 models (CMIP6) and the Atmospheric component of Model Prediction Across Scale 

(MPAS) in simulating the WAWJ, its moisture transport over West Africa, and its influence 

on Sahelian precipitation. Three types of climate dataset (observation, reanalysis, and 

simulations) were analysed in the thesis. The observation dataset (from the Climate Research 

Unit or ‘CRU’) and the reanalysis dataset (from the European Centre for Medium-Range 

Weather Forecast Atmospheric Reanalysis, or ‘ERA5’) were used to evaluate 26 CMIP6 

models (for 35 years: 1980–2014) and MPAS (for 30 years: 1985–2014). To investigate the 

sensitivity of the simulated WAWJ to model resolution, two additional simulations were 

performed with MPAS, focusing on WAWJ strong years (1989, 1994, and 1999) and weak 

years (1986, 1990, and 2000). This thesis defined the WAWJ as a low-level westerly jet (with 

average maximum speed of 5 m s-1) at 925 hPa over the eastern Atlantic Ocean and over the 

West African coast and used standard statistical metrics to quantify the capability of the models 

in simulating the characteristics and influences of the WAWJ. 

The majority of the CMIP6 models capture the temporal and spatial structures of the WAWJ 

and agree with ERA5 that the jet attains its maximum speed in August. However, most 

simulated jets form earlier and are stronger than the observed jet. While most of the CMIP6 

models capture the link between the jet and temperature distribution over West Africa, they 

struggle to reproduce the relationship between the jet and precipitation distribution over the 

sub-continent, especially over the Sahel. Most models failed to replicate the increase in the 

moisture transport (i.e., the eastward and north-eastward transports) associated with a stronger 

WAWJ, as in ERA5. Some models capture the increased moisture transport but do not translate 

it to increased precipitation over the Sahel.  

MPAS performs well in simulating various features in temperature, precipitation, and wind 

fields over West Africa, but with wet and warm biases over the region. It also simulates the 

WAWJ but the simulated jet forms too early and is too strong. In addition, the position and 
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dynamics of the simulated jet differ from the observed jet because the model fails to capture 

the local pressure gradient force that induces the WAWJ over the Atlantic Ocean. The model 

underestimates the relationship between the WAWJ and Sahelian precipitation because it limits 

WAWJ moisture transports to the southern part of Sahel, in contrast to the observation. The 

sensitivity simulations show that increasing the horizontal resolution of the model does not 

improve the MPAS simulation of the WAWJ or the WAWJ moisture transport to the Sahel. 

The results of the study have application in improving the climate models for seasonal 

predictions and future projections over West Africa, especially over the Sahel. 
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Chapter 1: INTRODUCTION 

1.1 Background 

West Africa (4oN:15oE, 28oN:17oW), a sub-region north of the equator in the western part of 

Africa, consists of seventeen countries (Figure 1.1) including Benin, Burkina Faso, Cabo 

Verde, Gambia, Ghana, Guinea, Guinea-Bissau, Cote d’Ivoire, Liberia, Mali, Mauritania, 

Niger, Nigeria, Senegal, Sierra Leone, Togo and Saint Helena (Beauchemin, 2011; Egbebiyi, 

2016; Niang et al., 2017; USAID, 2018). The subregion, which is approximately 6 million km2 

in area, covers about one-fifth of the landmass on the entire continent (Egbebiyi, 2016; Shvili, 

2021). There is a great diversity of landscapes in West Africa, ranging from the alluvial valleys 

in Senegal and Ghana to the sandplains and low plateaus of the Sahel, and the hills of Togo to 

mountains reaching over 1,500 metres in Guinea and 1,800 metres in Niger (Physical 

Geography, n.d.). Some important topographical features in the region include the Adamawa 

Highlands (2,042m), Fouta Djallon (1,537m), the Guinea Highlands (1,656 m), Jos Plateau 

(1,690m), the Mandara Mountains (1,142m), the Nimba Mountains (1,752m), the Plateau of 

Djado (1,120m) in northern Niger, and the Sierra Leone Mountains (1,948m) (Ferguson, 1985). 

West Africa, which is the most populous region in Africa with an estimated population of 412 

million people (as of 2021), is projected to have a population of 796 million people by 2050 

(United Nations, 2019). 

The economy of West Africa is largely based on farming, with about 80% of the population 

depending on the rain-fed agriculture that accounts for about 96% of the overall crop 

production in the region for their livelihood (Antwi-Agyei et al., 2021; Egbebiyi et al., 2019; 

Omotosho & Abiodun, 2007). The agricultural sector provides employment for roughly 60% 

of the population and contributes around 35% of the GDP of West African nations (Antwi-

Agyei et al., 2021; Osabohien et al., 2021). Furthermore, West Africa produces approximately 

30% of the entire continent’s total food requirement.  

Nevertheless, the agriculture, food security, and many socio-economic activities in West Africa 

are under the threat of devastating impacts of extreme weather and climate events (particularly 

extreme rainfall, drought, and heatwaves), which are fuelled by climate variability (Abatan, 

2011; Adaawen, 2021; Antwi-Agyei et al., 2021; Egbebiyi et al., 2019; Taylor et al., 2017). 

https://paperpile.com/c/m5cb83/IOOT+doso+5IO7+tRmb
https://paperpile.com/c/m5cb83/IOOT+doso+5IO7+tRmb
https://paperpile.com/c/m5cb83/doso+cCt8
https://paperpile.com/c/m5cb83/doso+cCt8
https://paperpile.com/c/m5cb83/VCkK
https://paperpile.com/c/m5cb83/VCkK
https://paperpile.com/c/m5cb83/VCkK
https://paperpile.com/c/m5cb83/VCkK
https://paperpile.com/c/m5cb83/FvRb
https://paperpile.com/c/m5cb83/CFZm
https://paperpile.com/c/m5cb83/f6eT+PM2Z+BlWR
https://paperpile.com/c/m5cb83/f6eT+PM2Z+BlWR
https://paperpile.com/c/m5cb83/BlWR+qeRs
https://paperpile.com/c/m5cb83/BlWR+qeRs
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These impacts are usually most severe in the Sahel, where food shortages are recurrent. For 

instance, in 2010 and 2012, more than 15% of the population of the Sahel region faced food 

insecurity due to drought (in addition to environmental degradation, population displacement, 

and wars) (FAO 2012; Boyd et al., 2013; Masih et al., 2014; Diouf et al., 2015; Mbow et al., 

2021). Notwithstanding extreme climate events, serious concerns also exist regarding the 

scarcity of pastoral resources (grazing and water) in the region, and the increasingly negative 

impacts of climate change. The occurrence of droughts and other weather extremes simply 

make it even harder for farmers to produce the crops and livestock needed to sustain the 

growing population (Graves et al., 2019). Hence, any reliable plan pertaining to socio-

economic development in West Africa requires a better knowledge of climate variability and 

change over the subcontinent.  

 

 

 

Figure 1.1: West Africa and the seventeen countries that make up the subregion (modified after 

https://mapchart.net/world.html). 

https://paperpile.com/c/m5cb83/6VN4+irhR+5faI+RrfR+msXg
https://paperpile.com/c/m5cb83/6VN4+irhR+5faI+RrfR+msXg
https://paperpile.com/c/m5cb83/MuGY
https://mapchart.net/world.html
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1.2 The Climate of West Africa 

The climate of West Africa is characterised by wet and dry seasons that vary from arid desert 

conditions in the north to humid tropical monsoon conditions along the coastal regions in the 

south (Figure 1.2). The region’s climate is marked with uniformly high sunshine and high 

temperatures in the lowlands with a mean annual temperature above 18oC and about 26oC in 

the areas within 10o around the equator. While the temperature can be as high as 58oC during 

the day, it can be as low as 4oC at night in places such as the northern part of Mali and Niger 

(Ferguson, 1985; USGS EROS, 2016). In the Sahel, a transitional zone between the arid Sahara 

(desert) to the north and the belt of humid savannas to the south, monthly mean temperatures 

vary from a maximum of 33–36oC to a minimum of 18–21oC, with a projection that the 

temperature will have risen by approximately 3oC by 2050 (Graves et al., 2019). 

Generally, West Africa’s rainfall decreases latitudinally from the equator to higher latitudes 

and varies from year to year, as well as on decadal time-scales, with varying length of wet 

seasons (Gbobaniyi et al., 2014; Maranan et al., 2018). For instance, it rains abundantly 

throughout the year in the Gulf of Guinea, with no defined dry season (Afiesimama et al., 2006; 

Bichet & Diedhiou, 2018; Joly & Voldoire, 2010; Muhammed, 2013), whereas in places like 

Mali and Niger (to mention only two), precipitation is limited only to a wet season. As one 

progresses to the northern edge of the Sahel, precipitation decreases in both quantity and 

duration (Lebel & Ali, 2009). The Sahel gets approximately 200–600mm of rainfall a year, 

most of which falls between May and September (Jnr, 2014; Lebel & Ali, 2009; Le Houerou, 

1980; Panthou et al., 2014; Visser & Sterk, 2007). West Africa’s rainfall patterns are influenced 

by many factors, including ocean currents and topography (Quenum et al., 2020). For instance, 

places with higher mountains – like the Jos Plateau in Nigeria and the Fouta Djalon Highlands 

in Guinea – receive more precipitation than lowlands on the same latitude. In addition, sea 

surface temperature (SST) variability and anomalies affect the Sahelian rainfall on interannual 

and decadal time scales (Buontempo et al., 2012). 
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. 

Figure 1.2: Spatial distribution of annual mean (a) temperature and (b) rainfall over West Africa 

(modified after the following sources: (1) Ojo et al., 2021; (2) Atlas at 

https://eros.usgs.gov/westafrica/node/157. Last accessed 17 January 2022). 

 

1.3 Impacts of West African rainfall variability 

The high variability in West African rainfall is a bottleneck to socio-economic developments 

in the region. It fuels extreme weather and climatic events (e.g., droughts, dry spells, extreme 

rainfall, and heatwaves) that often degrade the environment, damage water resources, destroy 

agricultural products (e.g., crops and pasture), threaten food security, encourage disease 

epidemics (such as malaria and meningitis), disrupt hydro-electric power generation, and 

destroy human lives – especially in the Sahel, as illustrated in Figure 1.3 (Abiodun et al., 2012; 

Akpoti et al., 2016; Atiah, Mengistu Tsidu, et al., 2020; Ballo et al., 2021; Campion & Venzke, 

2013; Diasso & Abiodun, 2017; Druyan, 2011; Gautam, 2006; Geist & Lambin, 2004; Graef 

https://paperpile.com/c/m5cb83/svsg
https://eros.usgs.gov/westafrica/node/157
https://paperpile.com/c/m5cb83/ypH4+Uxb9+xQHN+CkEF+JCK2+gmDV+FPdy+TTJ9+PWEp+xEpb+bel5+KJVM+RXTR+8KtA+tZfk+Nu7B+hkra+4yI5+zZMc
https://paperpile.com/c/m5cb83/ypH4+Uxb9+xQHN+CkEF+JCK2+gmDV+FPdy+TTJ9+PWEp+xEpb+bel5+KJVM+RXTR+8KtA+tZfk+Nu7B+hkra+4yI5+zZMc
https://paperpile.com/c/m5cb83/ypH4+Uxb9+xQHN+CkEF+JCK2+gmDV+FPdy+TTJ9+PWEp+xEpb+bel5+KJVM+RXTR+8KtA+tZfk+Nu7B+hkra+4yI5+zZMc
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& Haigis, 2001; Janicot, 1992; Kumi & Abiodun, 2018; Lebel et al., 2000; Nicholson, 2000, 

2013a; Oguntunde et al., 2018; Sylla et al., 2010; Tarhule, 2005; Tschakert et al., 2010). For 

instance, the Sahelian drought of 2007, which was described as the worst natural disaster to 

strike the region for decades, caused approximately 325,000 deaths (Ahmadalipour & 

Moradkhani, 2018). Between 1988–2010, the Savannah zone (particularly Ghana) recorded 15 

flood events resulting in about 244 casualties and the displacement of around 692,700 people. 

In the more recent flooding that took place in 2015 in Accra, Ghana, an estimated 152 people 

were killed and over 8,000 were displaced (Asumadu-Sarkodie et al., 2015; Karley, 2009; 

Kayaga et al., 2021). In Nigeria in 2012, 33 of the 36 states in the country were flooded, 

claiming about 363 lives and negatively impacting approximately 7 million people, not to 

mention causing roughly $500,000 of economic loss to damages (Komolafe et al., 2015). Six 

years later, severe floods affected about 210,000 people, destroying 82,000 homes and 

devastating crops and livestock (Ajibade et al., 2013; Guha-Sapir et al., 2013; Koike, 2019; 

Komolafe et al., 2015; Okoloye et alf., 2013). In a more recent example, the flooding of Lake 

Chad and its tributaries in October 2019 caused the displacement of thousands of people along 

the Chad and Cameroon border (McOmber, 2020). In the same year, flooding of the Niger 

River killed 57 and negatively impacted roughly 211,366 people, also damaging approximately 

16,000 houses (Elagib et al., 2021). 

In addition to fuelling extreme events, the high rainfall variability devastates planning and 

management across a range of socio-economic sectors (including, but not limited to agriculture, 

water resources, health services, and sporting activities). Agriculture, which forms the 

economic backbone of West African countries, is predominantly rain-fed and highly prone to 

suffering the effects of rainfall variability (Abiodun et al., 2012; Nicholson, 2013a; Rosegrant 

et al., 2002; Shiferaw et al., 2014). Furthermore, any variability in annual rainfall (e.g., the 

amount, onset, cessation, and duration of the rainy season) usually impacts agricultural 

practices by influencing things such as seed sowing, germination, and overall crop production. 

For instance, in 2005, a rainfall deficit (in addition to insect invasion) destroyed the harvest in 

Niger (Devereux, 2009, 2019). Similarly, in 2010, the Sahelian droughts deteriorated soil 

quality and destroyed vegetation (Jnr, 2014), putting approximately 10 million people at risk 

of acute hunger and resulting in more than 25% of refugee children in Chad becoming 

malnourished (Vogel, 2010). Again, in 2012 and 2013, rainfall variability in the region led to 

serious famine, exposing about 18 million people to the risk of hunger and subjecting 1.4 

million children to severe malnutrition (Essoungou, 2013b).  

https://paperpile.com/c/m5cb83/ypH4+Uxb9+xQHN+CkEF+JCK2+gmDV+FPdy+TTJ9+PWEp+xEpb+bel5+KJVM+RXTR+8KtA+tZfk+Nu7B+hkra+4yI5+zZMc
https://paperpile.com/c/m5cb83/ypH4+Uxb9+xQHN+CkEF+JCK2+gmDV+FPdy+TTJ9+PWEp+xEpb+bel5+KJVM+RXTR+8KtA+tZfk+Nu7B+hkra+4yI5+zZMc
https://paperpile.com/c/m5cb83/Lke2
https://paperpile.com/c/m5cb83/Lke2
https://paperpile.com/c/m5cb83/5S7E+PXM6+fR8P
https://paperpile.com/c/m5cb83/5S7E+PXM6+fR8P
https://paperpile.com/c/m5cb83/adyB+3cGT+1cfB+d3LK+jJtR
https://paperpile.com/c/m5cb83/adyB+3cGT+1cfB+d3LK+jJtR
https://paperpile.com/c/m5cb83/adyB+3cGT+1cfB+d3LK+jJtR
https://paperpile.com/c/m5cb83/DufL
https://paperpile.com/c/m5cb83/0EDN
https://paperpile.com/c/m5cb83/DgSK+BHNJ+bel5+KJVM
https://paperpile.com/c/m5cb83/DgSK+BHNJ+bel5+KJVM
https://paperpile.com/c/m5cb83/Ct7j+0EXF
https://paperpile.com/c/m5cb83/KP1T
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Moreover, studies have shown that the frequency and severity of extreme events associated 

with rainfall variability are increasing and becoming more widespread (Dietz et al., 2006; 

Elagib et al., 2021; Essoungou, 2013a; Quenum et al., 2019). These studies also indicate that 

the trend may persist into the future as climate change and variability continue to fuel extreme 

weather and climatic events. Therefore, a greater understanding of the causes of rainfall 

variability in the region will provide a more informed assessment of the range of future rainfall 

variability that West African societies will have to mitigate against (by reducing exposure and 

vulnerability and enhancing resilience). This thesis is a modest attempt to move in that 

direction. 

 

 

Figure 1.3: Impact of extreme weather and climate events (droughts, dry spells, extreme rainfall, and 

disease epidemics) in the Sahel (modified after the following sources: (1) https://cpb-eu-

w2.wpmucdn.com/edublog.mgfl.net/dist/a/14/files/2015/05/Rural-Land-Degradation.compressed-

1k178t6.pdf; (2) https://ourworld.unu.edu/en/desertification-crisis-affecting-168-countries-worldwide-

study-shows; (3) https://reliefweb.int/report/niger/coping-floods-niger; (4) 

https://www.theguardian.com/global-development/2021/apr/28/almost-30-million-will-need-aid-in-

sahel-this-year-as-crisis-worsens-un-warns; (5) https://www.thepledge.ng/hunger-in-africa-continues-

to-rise-fao/. Last accessed 17 January 2022). 

https://paperpile.com/c/m5cb83/95BP+8pqJ+HMRu+0EDN
https://paperpile.com/c/m5cb83/95BP+8pqJ+HMRu+0EDN
https://cpb-eu-w2.wpmucdn.com/edublog.mgfl.net/dist/a/14/files/2015/05/Rural-Land-Degradation.compressed-1k178t6.pdf
https://cpb-eu-w2.wpmucdn.com/edublog.mgfl.net/dist/a/14/files/2015/05/Rural-Land-Degradation.compressed-1k178t6.pdf
https://cpb-eu-w2.wpmucdn.com/edublog.mgfl.net/dist/a/14/files/2015/05/Rural-Land-Degradation.compressed-1k178t6.pdf
https://ourworld.unu.edu/en/desertification-crisis-affecting-168-countries-worldwide-study-shows
https://ourworld.unu.edu/en/desertification-crisis-affecting-168-countries-worldwide-study-shows
https://reliefweb.int/report/niger/coping-floods-niger
https://www.theguardian.com/global-development/2021/apr/28/almost-30-million-will-need-aid-in-sahel-this-year-as-crisis-worsens-un-warns
https://www.theguardian.com/global-development/2021/apr/28/almost-30-million-will-need-aid-in-sahel-this-year-as-crisis-worsens-un-warns
https://www.thepledge.ng/hunger-in-africa-continues-to-rise-fao/
https://www.thepledge.ng/hunger-in-africa-continues-to-rise-fao/
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1.4 Atmospheric systems influencing West African rainfall 

Several atmospheric systems interact in complex ways and at various spatial and temporal 

scales to induce or modulate rainfall over West Africa (Figure 1.4). While some of these 

systems are mesoscale or synoptic scale features that reside within the West African region, 

some are global circulation features, and others are regional-scale features located outside the 

West African region. Examples of global circulation features that influence West African 

rainfall are the Hadley Cell (Fontaine et al., 1995; Freitas et al., 2017 ; de Oliveira et al. 2018; 

Jackson et al. 2020) and the Ferrel Cell, a residual mass transport created by the breaking of 

transient eddies from the mid-latitude systems.  The eddies usually manifest as ‘dry intrusion’ 

events in the mid-troposphere over the Sahel and impact Sahel convection (Roca et al. 2005; 

Lafore et al. 2011). The regional-scale circulation features that remotely modulate West 

African rainfall through atmospheric teleconnection include El Niño-Southern Oscillation 

(ENSO) (Joly & Voldoire, 2009; Okonkwo et al., 2015; Preethi et al., 2015) and North Atlantic 

Oscillation (NAO) (Diatta et al., 2020; Lüdecke et al., 2021), as well as others. However, the 

focus of the present discussion will be on the atmospheric systems that reside within the West 

African region. 

1.4.1 West African monsoon 

The West African monsoon (WAM) is an important system influencing West African rainfall 

(Figure 1.2). The WAM, a regional-scale atmospheric system, involves a seasonal shift in 

surface and lower-level wind direction over West Africa. It is associated with the replacement 

of the cool dry north-easterly wind by the moist warm south-westerly wind in summer. While 

the north-easterly wind brings dust and harmattan in the wintertime over the region, the south-

westerly (or summer monsoon) brings moisture from the eastern Atlantic onto the continent 

and contributes to the annual precipitation. The two trade winds converge in a band called the 

Intertropical Convergence Zone (ITCZ) over the ocean, or intertropical discontinuity (ITD) 

over the continent. The ITCZ is characterised by the formation of deep convection and an 

associated rain belt over West Africa. The WAM system, which is driven by the meridional 

gradient of horizontal temperature between the Atlantic Ocean and the continent, varies from 

year to year and the variation affects rainfall all over West Africa (Afiesimama et al., 2006; 

Son & Seo, 2020). At the intraseasonal scale, the onset of the WAM is characterised by an 

abrupt shift in the latitudinal position of the ITCZ (from a quasi-stationary position at about 

5oN to 10oN)  (Hastenrath 1995; Sultan et al., 2003). Precipitation and convection are also 

https://paperpile.com/c/m5cb83/cODS+Fj4K
https://paperpile.com/c/m5cb83/cODS+Fj4K
https://paperpile.com/c/BO4Jnw/hg8t+cEbP
https://paperpile.com/c/BO4Jnw/hg8t+cEbP
https://paperpile.com/c/m5cb83/12Dk+OrIZ+i80v
https://paperpile.com/c/m5cb83/y7op+iOZT
https://paperpile.com/c/m5cb83/Wvh0+TVAk
https://paperpile.com/c/m5cb83/Wvh0+TVAk
https://paperpile.com/c/m5cb83/Z5pn+OoSy8
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significantly affected (Redelsperger et al., 2002). As the northern boundary of the ITCZ extends 

northward, the monsoon flow becomes stronger and convection within the ITCZ is enhanced 

(Sultan et al., 2003). Hence, the monsoon system (WAM) transports abundant moisture (by the 

warm and moist south-westerlies from the Atlantic Ocean) onto West Africa. As a result, the 

WAM provides most of the rainfall that serves as a major source of potable water for people 

and livestock and a supply for rain-fed agricultural activity in West Africa (Sultan et al., 2005; 

Monerie et al., 2016). Generally speaking, the West African rainfall is controlled by the 

interaction and latitudinal movement of the WAM and the ITCZ (Fig 1.4). 

 

 

 

Figure 1.4: West African monsoon wind and rainfall patterns in (a) June–September and (b) January–

March (adapted from Encyclopaedia Britannica at https://www.britannica.com/science/West-African-

monsoon#/media/1/640047/126422. Last accessed 17 January 2022). 

 

 

 

https://paperpile.com/c/m5cb83/SZqC
https://paperpile.com/c/m5cb83/6y0Z+qBtJ
https://paperpile.com/c/m5cb83/6y0Z+qBtJ
https://www.britannica.com/science/West-African-monsoon#/media/1/640047/126422
https://www.britannica.com/science/West-African-monsoon#/media/1/640047/126422
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1.4.2 African easterly jet 

The African easterly jet (AEJ) is another important climatic feature over West Africa (Figure 

1.5). Along with the WAM and the ITCZ, this maximum easterly wind between 600–700 hPa, 

with a mean wind speed usually in the order of 10–12m s-1, modulates rainfall in the Sahel and 

over the entire West Africa at large (Cook, 1999; Omotosho and Abiodun 2007; Cornforth et 

al., 2009; Dezfuli & Nicholson, 2011; Hosten, 2018). The jet forms over northern Africa (to 

the north of the monsoon trough) as a result of the meridional surface moisture and the positive 

meridional temperature gradient between the Gulf of Guinea  and the Sahara Desert (Cook, 

1999; Tompkins et al., 2005; Cornforth et al., 2009; Dezfuli & Nicholson, 2011; Sylla et al., 

2011; Kebe et al., 2020). From March to October, the jet has a mean intensity of 15m s-1 (with 

the highest intensity occurring in August), and its meridional position varies from 10o to 20oN 

between June and August (Burpee, 1972; Thorncroft & Blackburn, 1999; Tompkins et al., 

2005; Hosten, 2018). On average, the jet has maximum zonal wind speeds located mainly to 

the west (Hosten, 2018). Analysis of the jet in August at 600 hPa shows a distinctive zonally 

oriented double-core (western; 20°W-5°E and eastern core; 5°E and 30°E) structure in some 

years (Nicholson & Webster, 2007; Dezfuli & Nicholson, 2011; Hosten, 2018). While the 

western core is relatively stationary in those years, the eastern core (at the mean position of 

20oE) experiences large latitudinal shifts (both northward and southward) relative to the 

western core (Dezfuli & Nicholson, 2011). In August, the AEJ is pushed north-westward and 

its horizontal and vertical wind shear are enhanced (Grodsky, 2003; Pu and Cook, 2010; 

Dezfuli and Nicholson, 2010). The horizontal instability of the AEJ leads to the generation of 

African easterly waves (AEWs). The low-level convergence associated with AEWs usually 

lifts up the warm moist south-westerly monsoon air to initiate deep convections (e.g., 

thunderstorms and mesoscale convective systems, ‘MCS’), which are known for heavy 

precipitation in West Africa - especially over the Sahel. Hence, any variation in the position 

and strength of the AEJ causes variabilities in precipitation at interseasonal and interannual 

time scales in various regions, especially in the Sahel (Jenkins et al., 2005; Sylla et al., 2011).  

It also causes interseasonal fluctuations in the position of the monsoon rain belt over West 

Africa (Cook, 1999; Nicholson and Webster, 2007; Sylla et al., 2009, 2011).  

1.4.3 West African westerly jet  

The West African westerly jet (WAWJ) also modulates precipitation over the Sahel and West 

Africa at large (Figure 1.5). The WAWJ is a low-level westerly jet that forms over the eastern 

https://paperpile.com/c/m5cb83/qmAu+Vy1Z+ax6A
https://paperpile.com/c/m5cb83/qmAu+Vy1Z+ax6A
https://paperpile.com/c/m5cb83/qmAu+Vy1Z+ax6A
https://paperpile.com/c/m5cb83/ax6A+qmAu+Vy1Z+JbgN+PBKg+7hd5
https://paperpile.com/c/m5cb83/ax6A+qmAu+Vy1Z+JbgN+PBKg+7hd5
https://paperpile.com/c/m5cb83/ax6A+qmAu+Vy1Z+JbgN+PBKg+7hd5
https://paperpile.com/c/m5cb83/E0eR+IIwz+PBKg+eOtL
https://paperpile.com/c/m5cb83/E0eR+IIwz+PBKg+eOtL
https://paperpile.com/c/m5cb83/eOtL
https://paperpile.com/c/m5cb83/3m6U+Vy1Z+eOtL
https://paperpile.com/c/m5cb83/Vy1Z
https://paperpile.com/c/m5cb83/JbgN+438c
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Atlantic and the West African coast. The jet is said to form when the westward extension of 

the continental thermal low (the West African heat low, or ‘WAHL’) overlays the Atlantic 

marine ITCZ (Pu and Cook, 2010). The WAWJ transports moisture from the eastern Atlantic 

onto the subcontinent (especially at 8–11°N), as well as enhances moisture transport by the 

WAM and pushed it further north of the ITCZ, reaching about 20oN over the western Sahel 

(Fontaine, 2003; Omotosho and Abiodun, 2007; Nicholson, 2013; Lélé et al., 2015; Lélé and 

Leslie, 2016). As a result, variation in the strength of the WAWJ influences precipitation over 

West Africa, especially over the Sahel region (Kidson & Newell, 1977; Cadet & Nnoli, 1987; 

Grodsky et al., 2003; Nicholson and Grist, 2003; Fontaine 2003; Fontaine, 2003; Gu & Adler, 

2004; Omotosho and Abiodun 2007; Pu & Cook, 2012; Lélé et al., 2015; Liu et al., 2019). 

However, as West African rainfall is a product of these atmospheric systems and their complex 

interactions, for any atmospheric model to capture the West African rainfall spatial pattern and 

temporal variability, it needs to correctly simulate those atmospheric systems and their 

interactions. This thesis explicitly aims to improve knowledge in that area. 

 

 

https://paperpile.com/c/m5cb83/60q7E+RJgBs+zfKAb+HNsAz+GcwXs+RzDrn
https://paperpile.com/c/m5cb83/60q7E+RJgBs+zfKAb+HNsAz+GcwXs+RzDrn
https://docs.google.com/document/d/1PFzzO3frpizkdrjngQzOS6tzHjV2TuALl4uUSNQhX10/edit#D2L_cite_%0A@article%7BWeiran_Liu_et_al_2019,%0A%09author%09%09=%20%7BWeiran%20Liu%20and%0A%09%09%09%20%20%20Kerry%20H.%20Cook%20and%0A%09%09%09%20%20%20Edward%20K.%20Vizy%7D,%0A%09title%09%09=%20%7BRole%20of%20the%20West%20African%20westerly%20jet%20in%20the%20seasonal%20and%20diurnal%20cycles%20of%20precipitation%20over%20West%20Africa%7D,%0A%09journaltitle%09=%20%7BClimate%20Dynamics%7D,%0A%09year%09%09=%20%7B2019%7D,%0A%09month%09%09=%20%7B11%7D,%0A%09date%09%09=%20%7B6%7D,%0A%09publisher%09=%20%7BSpringer%20Science%20and%20Business%20Media%20LLC%7D,%0A%09volume%09%09=%20%7B54%7D,%0A%09number%09%09=%20%7B1-2%7D,%0A%09doi%09%09=%20%7B10.1007/s00382-019-05035-1%7D,%0A%09url%09%09=%20%7Bhttp://dx.doi.org/10.1007/s00382-019-05035-1%7D,%0A%09pages%09%09=%20%7B843-861%7D,%0A%09issn%09%09=%20%7B0930-7575%7D,%0A%7D
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Figure 1.5: (a) Schematic and (b) vertical profile of major rainfall-producing systems over West 

Africa (modified after Sylla et al., 2013). 
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1.5 Atmospheric models 

Atmospheric models are the most viable tools for simulating and studying atmospheric 

systems, features, and processes-including their complex interactions (Figure 1.6) and 

influence on variables (Zhang & Moore, 2015). There are three major types of atmospheric 

model, namely: global climate models (also known as global circulation models, general 

circulation models, or ‘GCMs’); regional climate models (also known as limited area models 

or ‘RCMs’); and variable resolution GCMs (also known as stretched-grid GCMs or ‘VGCMs’). 

 

 

Figure 1.6: Schematic representation of the physical processes, their complex interactions, and 

cartesian grid structure used in finite-difference GCMs (modified after the following sources: (1) 

Edwards (2011); (2) https://www.britannica.com/science/global-warming/Theoretical-climate-

models#/media/1/235402/109625. Last accessed 17 January 2022). 

https://paperpile.com/c/m5cb83/YhT0
https://www.britannica.com/science/global-warming/Theoretical-climate-models#/media/1/235402/109625
https://www.britannica.com/science/global-warming/Theoretical-climate-models#/media/1/235402/109625
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1.5.1 Global climate models 

The GCM is a mathematical model that solves equations representing the physical processes 

of the atmosphere and ocean to understand atmospheric and ocean dynamics and their 

feedback. Due to the nonlinearity of these equations, GCMs employ numerical methods to 

obtain an approximate solution and then divide the atmosphere and/or ocean into discrete 3-

dimensional grid cells which represent computation units. These grid cells are usually in the 

range of 100–300km in size. Therefore, GCMs use parameterisation and assumptions for 

processes that occur on a scale too small for the grid cells or which cannot be resolved directly.  

GCMs can be subdivided into three groups, namely: atmospheric global climate models 

(AGCMs), which simulate the atmosphere and land surfaces using imposed SST; oceanic 

global climate models (OGCMs), which simulate the ocean and sea-ice using imposed fluxes 

from the atmosphere; and atmosphere-ocean coupled global climate models (AOGCMs), which 

combine the two submodels and eliminate the need for imposed fluxes and SST.  

GCMs can be used to study the impacts of global circulations or teleconnections on 

precipitation over a region like West Africa (Zhao et al., 2021), as well as studying the trends 

in climate variables such as precipitation and temperature (Druyan, 2011; Sylla et al., 2016; 

Hassan et al., 2020; Macadam et al., 2020; Shiru et al., 2020). However, because of their coarse 

horizontal resolution (100–300km), GCMs cannot explicitly capture fine-scale features 

induced by local temperature-gradient, vegetation, orography, and coastlines (Abiodun et al., 

2011; Raj et al., 2018; Iles et al., 2019). This usually compromises the accuracy of simulated 

regional precipitation patterns. 

1.5.2 Regional climate models 

RCMs are a numerical atmospheric model like GCMs that are used for regional applications, 

as the name implies. However, RCMs only simulate a portion of the globe (a region) and are  

therefore forced by specified lateral and oceanic conditions derived from a GCM that simulates 

atmospheric, oceanic, and land surface processes or observation and/or reanalysis datasets 

(Leung et al., 2003; Rummukainen, 2010). In other words, RCMs downscale global 

information provided by a GCM or coarse-scale observations to local- or fine-scale, limited to 

an area or a region. Hence, RCMs can typically be run at a higher resolution (i.e., smaller grid 

cell size, usually in the order of 12.5km) and at a faster rate than GCMs (Akinsanola et al., 

2015; Giorgi et al., 2021). In this way, RCMs address the need to understand and simulate 
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climatic processes and phenomena that are not accounted for by global models (Gutowski et 

al., 2020; Stefanidis et al., 2020).  

RCMs have been used for providing regional climate information for climate predictability 

studies, seasonal climate prediction, and studying the impact of land-cover changes (Wang et 

al., 2004; Giorgi, 2006; Abiodun et al., 2012; Lawal et al., 2015; Egbebiyi, 2016; Naik & 

Abiodun, 2016). However, RCMs suffer from uncertainties associated with their internal 

mechanisms, as well as inherited from the driving GCMs. In addition, RCMs currently lack a 

feedback mechanism because the nesting of the RCMs within GCMs occurs only in one 

direction – from the GCM to the RCM (Noguer et al., 1998; Sylla et al., 2009; Akinsanola et 

al., 2015). 

1.5.3 Variable resolution global climate models 

VGCMs offer an alternative approach to nested LAM (limited area model) in order to perform 

high-resolution simulation at a reduced computational cost compared to increasing the GCM’s 

resolution (Kramer et al., 2020). Unlike GCMs, VGCMs allows for unified model hierarchy 

(Zarzycki et al., 2014) and high spatial resolutions in areas of interest, such as tropical areas of 

West Africa where vegetation variations, complex topography, coastlines, and MCS are the 

dominant features forcing precipitation (Mathon and Laurent, 2001). VGCMs employ grid-

stretching methods ranging from non-uniform grid mapping (e.g., CAM-EULAG) to 

unstructured centroidal Voronoi meshes (e.g., MPAS) as the basis for the horizontal 

discretisation in the fluid-flow solver. As a result, the variable resolution grid structure allows 

high-resolution areas to easily blend into low-resolution areas without the usual boundary 

constraints that plague conventional regional climate models (Ringler et al., 2008).  

Virtually all VGCMs conserve quantities such as mass, since their numerical schemes are 

uniform at the global scale, regardless of grid spacing (Zarzycki et al., 2014). In addition, 

VGCMs, through their variable resolution capability and single unified framework (rather than 

two separate models), ameliorate issues like one-way interaction and the potential 

inconsistency associated with the traditional nesting of an RCM into a GCM (Huang et al., 

2016).  

Over the past few decades, VGCMs have performed better than uniform resolution models. For 

instance, CAM-EULAG does a better job of simulating the monsoon season, capturing the rain 

belt associated with the ITCZ, and reproducing the observed global rainfall pattern over West 
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Africa than traditional GCMs with the same grid (Abatan, 2011; Abiodun et al., 2011). 

Furthermore, the recently developed Model for prediction across scale (MPAS) has the 

capability of simulating the spatial and temporal CO2 variation at a global scale, as well as 

representing the observed atmospheric CO2 spatial structures related to the midlatitude synoptic 

weather system (Zheng et al., 2021). In addition, MPAS performs well in reproducing the 

dynamics of the WAM and its associated precipitation over West Africa (Heinzeller et al., 

2016). However, there is little or no information on the capability of MPAS in simulating the 

WAWJ and its moisture transport.  

1.6 Aim and objectives 

1.6.1 Aim 

The aim of this thesis is to examine the capability of contemporary GCMs and the new VGCM 

in simulating the WAWJ and the associated moisture transports over West Africa, and to 

investigate the sensitivity of the simulated WAWJ to increase in horizontal grid resolution. 

1.6.2 Objectives 

The objectives of the thesis are as follows: 

● To examine the performance of contemporary GCMs in simulating the characteristics 

of the WAWJ and its moisture transport over West Africa. 

● To investigate how well the GCMs capture the relationship between the WAWJ and 

precipitation over West Africa. 

● To study the capability of the new VGCM (i.e., MPAS) in simulating WAWJ dynamics. 

● To examine the sensitivity of the simulated WAWJ to an increase in horizontal 

resolution in MPAS. 

1.7 Structure of dissertation 

The remaining part of this dissertation is structured as follows: Chapter Two reviews past 

studies on the dynamics and the influence of the WAWJ on Sahel precipitation; the 

performance of coupled model intercomparison project, phase 6 (CMIP6); and the capability 

of the stretch-grid model for prediction across scales (MPAS). Chapter Three describes the data 
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and methods used for the study. Chapters Four and Five present the results and discussion of 

the study. Specifically, Chapter Four discusses how well the CMIP6 simulations represent the 

characteristics of the WAWJ and its influence on Sahel precipitation, as well as the moisture 

transport by the jet, while Chapter Five discusses the capability of MPAS in simulating the 

characteristics of the WAWJ and of the sensitivity of the simulation to increase in horizontal 

resolution. Finally, Chapter Six provides the conclusion of the thesis and recommendations for 

future studies. 
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Chapter 2: Literature Review 

This chapter provides a comprehensive review of the literature that was relevant to the writing 

of this thesis. This includes an overview of the progress and challenges in simulating West 

African climate, the characteristics and influence of low-level jets (LLJs) around the world, 

and the capability of climate models to simulate atmospheric features over West Africa. It also 

considers the results of past studies conducted into the sensitivity of simulated African climatic 

features to variations in the horizontal resolution of climate models. 

2.1 Progress and challenges of simulating West African climate 

Modelling the West African climate has historically depended on coarse-grid GCMs, which 

cannot fully account for all the characteristics of the atmospheric systems and processes at the 

regional-to-national scale (Lebel et al., 2000; Gallée, 2004; Paeth et al., 2008, 2011; Roehrig 

et al., 2013; Vellinga et al., 2016). The West African climate involves complex multi-scale 

interactions among various atmospheric features and processes that range from mesoscale to 

planetary-scale (Cook & Vizy, 2006; Biasutti, 2013; Roehrig et al., 2013). As a result, the 

simulation of climate systems in West Africa is sensitive to a horizontal resolution of 

atmospheric models. All in all, this makes it challenging for GCMs with a coarse resolution to 

adequately simulate the West African climate system (Abiodun et al., 2011; Raj et al., 2019).  

Despite the advancement in resolution and complexity of GCMs (from 300km grid spacing 

since the first Intergovernmental Panel on Climate Change, IPCC, assessment report [AR1] in 

1990 to 100km grid spacing, as at IPCC AR6), GCM still struggles to reproduce regional-scale 

features that involve interactions between the large-scale circulation and regional or mesoscale 

features induced by local temperature-gradient, vegetation, orography, and coastlines (Abiodun 

et al., 2011; Raj et al., 2019; Iles et al., 2020; TRS Briefing1, 2021). For instance, several 

studies have discussed the biases of CMIP6 ensembles in simulating the characteristics of 

precipitation over West Africa (e.g., Almazroui et al. 2020; Monerie et al. 2020). Iyakaremye 

et al. (2021) have shown that while the majority of the CMIP6 models reasonably simulate 

observed temperature over West Africa in general, only 20% of these models have a very strong 

spatial correlation with observed monthly mean temperatures over the Sahel region. The model 

bias in temperature, which is up to 3oC over the Sahel region, was attributed to the inability of 
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the models to adequately represent the complex topography of Africa and their inability to 

represent the variable surface fluxes of latent and sensible heat over West Africa (Iyakaremye 

et al., 2021; Li et al. 2021). Monerie et al. (2020) showed that CMIP6 models do not simulate 

the monsoon system to propagate northward enough over West Africa, which has been offered 

as a possible explanation for why the models underestimate precipitation over the Sahel. This 

bias was also identified in CMIP5 models and was attributed to a warm bias over the Atlantic 

cold tongue and a cold bias in the Sahara (Foltz et al., 2019). Klutse et al. (2021) showed that, 

although the majority of the CMIP6 models perform well in simulating the mean maximum 

dry spell length and wet days over West Africa, more than 95% of them overestimate the mean 

maximum wet spell length over the Sahel and Sahara. It was noted that some of the models 

overestimate the mean maximum dry spell length too. Furthermore, Cook & Vizy (2006) 

evaluated how 18 coupled GCM simulations, at the process level, represent the climatology 

and the interannual variability of the WAM in the second half of the 20th-century. The authors 

found that while the models accurately captured the summer precipitation climatology over 

North America and Europe, they struggled to capture the WAM over Africa and failed to place 

precipitation maximum over the African land surface. 

Simulations at resolutions sufficiently fine to capture these high-impact phenomena are 

computationally expensive and may find it difficult to gain sufficient enough advances to reach 

a uniform, cloud-resolving global resolution. However, the novel approach to high-resolution 

climate modelling represented by VGCM has been discussed in the literature and is being 

evaluated over West Africa. Several studies (Abiodun et al., 2011; Lim et al., 2014; Vellinga 

et al., 2016; Druyan & Fulakeza, 2018; Raj et al., 2019) have documented how VGCM, which 

offers the capability to increase resolution over an area of interest, improves the simulation of 

some of the regional-scale features. Such features include AEJ, MCS, AEW, the ITCZ, and the 

WAWJ, among others. For example, Abiodun et al. (2011) showed that increasing the 

resolution of a VGCM (called CAM-EULAG) locally over West Africa improves the quality 

of the simulated AEJ and monsoon system from the model. Specifically, the increase in 

resolution makes the simulated monsoon circulation penetrate further inland and produce better 

summer precipitation patterns. Through a process-based evaluation, Raj et al. (2019) also found 

that a high-resolution atmospheric general circulation model (HiRAM, with 25km resolution) 

performs better than the parent model (ESM2M, with 2.5o x ~2o resolution) in representing the 

spatial distribution and intensity of the WAM rainfall. The position of the AEJ and WAM rain 

belt, as well as the two-cell structure of the convection over West Africa, are better simulated 
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in HiRAM than ESM2M. However, there is a dearth of information on the capability of VGCM 

to simulate the WAWJ and its moisture transport. 

2.2 Characteristics of low-level jets 

In the lower troposphere, low-level jets are important features and play a significant role in 

moisture transport. It is useful to examine their characteristics to gain more insight into WAWJ 

and its role in moisture transport. Previous studies have identified and discussed the 

characteristics of various LLJs over different parts of the world (Parish et al., 1988; Weaver & 

Nigam, 2011; Ranjha et al., 2013; Oliveira et al., 2018; Borvarán et al., 2021; Gadde & Stevens, 

2021). All these studies agree that LLJs, which are narrow streams of maximum wind speed 

within the lower troposphere, are mesoscale-flow phenomena. LLJs are characterised by sharp 

maxima in the vertical profile of wind speed, evident in the lowest few kilometres of the 

atmosphere (Rife et al., 2010; Ranjha et al., 2013; Oliveira et al., 2018). Most LLJs are 

supergeostrophic and strong vertical wind shear is associated with their presence, which affects 

turbulent exchange between the atmosphere and the surface (Baas, 2009; Baas et al., 2009; 

Borvarán et al., 2021; Gadde & Stevens, 2021).  

Two types of LLJ are documented in the literature. The first type is the nocturnal low-level jet 

(NLLJ). The NLLJ is a warm-season atmospheric boundary layer phenomenon that forms at 

night under the condition of clear-skies when there is strong radiative cooling and synoptic 

winds are weak (Ruchith & Ernest Raj, 2015; Shapiro et al., 2016). Examples of NLLJs are the 

Great Plains low-level jet (GPLLJ), the South American low-level jet (SALLJ), and the 

Turkana low-level jet (TLLJ). 

The second type of LLJ is the coastal low-level jet (CLJ). The CLJ, unlike the NLLJ, is a LLJ 

confined to the marine atmospheric boundary layer with a horizontal width exceeding hundreds 

of kilometres off the coast, while the vertical extent is relatively small and has a mid-afternoon 

wind speed maximum (Ranjha et al., 2015). CLJs, which form due to thermal gradients between 

the land and the ocean, as well as geostrophic balances of Coriolis deflection, are influenced 

by many local factors, including land-sea temperature contrasts, upwelling, coastal terrain, and 

large-scale atmospheric dynamics (Parish, 2000; Ranjha et al., 2013). Studies (Ardanuy, 1979; 

Marengo et al., 2004; Parish et al., 1988; Ranjha et al., 2013) have shown that, except in 

Antarctica, CLJs are common features along the mid-latitude west coasts of every continent 
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and along the east coasts of some regions. Examples of CLJs are the Caribbean low-level jet 

(CLLJ), the Indian monsoon low-level jet (MLLJ), and the WAWJ. 

 

 

Figure 2.1: Locations of the selected nocturnal low-level jets and coastal low-level jets reviewed in 

the thesis. The low-level jets (i.e., The Great Plains low-level jet, GPLLJ; South American low-level 

jet, SALLJ; and the Turkana low-level jet, TLLJ) are indicated with red boxes while the coastal low-

level jets (The Caribbean low-level jet, CLLJ; Monsoon low-level jet, MLLJ; and the West African 

Westerly Jet, WAWJ) are indicated with blue boxes. The location of the jets is derived from Pu & 

Cook (2010) and Torres-Alavez et al. (2021). 

 

2.2.1 Great Plains low-level jet (GPLLJ) 

The GPLLJ, a low-level southerly flow from the Gulf of Mexico into the Great Plains, is a 

prominent feature of the summer climatology over the central United States (Song et al., 2005; 

Cook et al., 2008; Berg et al., 2015; Smith et al., 2018, 2019). Song et al. (2005) find that the 

GPLLJ, which generally forms during the night and early morning (Mitchell et al., 1995; Cook 

et al., 2008), occurs on about 60% of the warm-season nights. According to Berg et al. (2015) 

and Cook et al. (2008), the GPLLJ plays an important role in the summer precipitation 

distributions and regional-scale moisture transport over the central United States. It is 
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responsible for about 70–80% of the moisture transport from the Gulf of Mexico over the Great 

Plains and 50% of the total moisture transport near the Great Lakes and the northeast United 

States (Algarra et al., 2019; Smith et al., 2018). Weaver & Nigam (2011) argue that any 

variability in the strength, location, and timing of the GPLLJ has a significant influence on the 

regional hydroclimate of the central United States (Burrows et al., 2019). 

While examining the corridors of warm-season precipitation in the central United States, Tuttle 

& Davis (2006) discovered that the exit region of the GPLLJ strongly correlates with the 

corridors. In addition, they found that the jet enhances convergence and lifting, as well as 

frontogenesis and showed that the strength of the GPLLJ is strongly positively correlated with 

rainfall intensity in the region. Furthermore, Torres-Alavez et al. (2021) have indicated that the 

jet, which contributes to the occurrence of thunderstorms and severe weather over the Great 

Plains of the United States, has become more intense and frequent over recent years. 

2.2.2 South American low-level jet (SALLJ) 

The SALLJ, a northerly low-level jet with wind maximum between 10o–20oS, is located 

immediately to the east of the Andes mountains and is a key feature of the South American 

climate. This jet has a strong diurnal oscillation and is frequent in the spring and summer, 

transporting considerable amounts of moisture from the Amazon to the La Plata basins of 

south-eastern South America (Saulo et al., 2000; Marengo, 2002; Nicolini et al., 2002). 

Campetella & Vera (2002) have shown that due to the proximity of the Andes mountains, the 

SALLJ exhibits a northwest - southeast orientation during winter, and the seasonal changes in 

cyclone activity have a significant impact on the location of maximum SALLJ. Several studies 

(Marengo, 2002; Falvey & Garreaud, 2005; Salio et al., 2007; Torres-Alavez et al., 2021) have 

documented the characteristics and the importance of the jet to the regional weather and 

hydrology of the subtropical region, particularly the agriculturally productive regions of 

southern Brazil and northern Argentina. For instance, Salio et al. (2007) reported that the 

SALLJ contributes to convection initiation and enhances the mesoscale convective system over 

the central South American region. In addition, the authors argued that through a feedback 

system involving latent heat release and convergence at the exit region of the jet, the SALLJ 

sustains organised convective systems for a longer lifetime.  

Campetella & Vera (2002) have shown that the southward flow associated with the SALLJ 

from the tropical latitudes enhances precipitation, as well as strengthening and intensifying 
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low-level cyclones through diabatic heat release and enhanced penetration of warm air 

advection east of the cyclone centre over south-eastern South America. Furthermore, Guedes 

do Nascimento et al. (2016) and Montini et al. (2019) have shown that the moisture transported 

over the La Plata Basin by the jet, is paramount to socio-economic activity in the region, which 

is based primarily on agriculture and hydropower generation. This fact is critical because the 

basin, which covers five countries (including Argentina, Bolivia, Brazil, Paraguay, and 

Uruguay), produces approximately 70% of the combined GDP of the countries located there. 

2.2.3 Turkana low-level jet (TLLJ) 

The TLLJ is a south-easterly low-level jet with an average speed of about 30m s−1 in the 

Turkana channel, Northern Kenya (Kinuthia & Asnani, 1982; Nicholson, 2016). The jet is a 

semi-permanent feature of the semi-arid climate that occurs on an average of 79% of the days 

between May–October and becomes strongest between the June–September dry season 

(Nicholson, 2016). Indeje et al. (2001) has explained that orographic forcing is a primary factor 

in the development of the TLLJ. However, its formation is also helped by the large-scale 

monsoon flow. Thermal and frictional forcing are responsible for the maintenance of the jet—

while the channel’s depth determines the jet’s vertical structure and the location of the jet core 

(Hartman, 2018).  

A number of studies have examined the relationship between the TLLJ and rainfall variability 

in the region. For instance, while investigating the dynamics of the jet, Indeje et al. (2001)  

discovered that the downward vertical velocity associated with the middle of the jet, which 

decreases moisture flux convergence and increases temperature flux divergence, inhibits the 

formation of mesoscale circulation. As a result, the TLLJ causes dry conditions over the Lake 

Turkana Basin (Indeje et al., 2000). In the exit region of the jet, while the jet is at its peak in 

the early hours of the day, Vizy & Cook (2019) observed an enhanced low-level convergence 

and a transient shift of the zonal moisture gradient to the west. Consequently, rainfall peaks 

over eastern South Sudan in the morning but peaks in the late afternoon to evening over western 

South Sudan. In a recent study, King et al. (2021) found that over the last 30–40 years, the 

TLLJ strength has weakened, which may have significant implications for rainfall in the region, 

especially in northwest Kenya, if such trends continue. 
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2.2.4 Caribbean coastal low-level jet (CLLJ) 

The CLLJ is one of the atmospheric features that influences the climate of the Central America 

region. The CLLJ, a region of strong easterly winds at 925 hPa, spans about 500km in width 

from the western Caribbean to the Lesser Antilles (Muñoz et al., 2008; Hidalgo et al., 2015). It 

is a summer and winter feature over the basin and has a semi-diurnal cycle with a minimum at 

0200 UCT and a maximum at 1400 UCT. The strength varies semi-annually, with peaks in 

February and July (Muñoz et al., 2008; Amador, 2008; Cook & Vizy, 2010; Hidalgo et al., 

2015).  

Muñoz et al. (2008) highlight that the formation of the jet is influenced by the high mountains 

to the south of the Caribbean Sea that affect the meridional gradient of temperature and favour 

a strong easterly wind. Additionally, they report that the jet strength is enhanced by the 

subsidence over the subtropical North Atlantic, which occurs as a result of the shift of the ITCZ 

that is associated with the Central American monsoon. Several studies (Wang, 2007; Mestas-

Nuñez et al., 2007; Cook & Vizy, 2010; Muñoz & Enfield, 2011; Hidalgo et al., 2015) have 

associated the CLLJ with precipitation in the region. For instance, Mestas-Nuñez et al. (2007) 

found that in the summer, the CLLJ effectively transports moisture into the central United 

States. The greatest amount of moisture is transported between May–September into the Gulf 

of Mexico, as well as into the Caribbean basin (Muñoz et al., 2008; Cook & Vizy, 2010). In 

addition, Mestas-Nuñez et al. (2007) establish a link between the jet’s interannual variability 

and the interannual variability of precipitation in the central United States. Additionally, during 

the strong CLLJ, Cook & Vizy (2010) have found anomalous moisture transport northward 

across the Gulf of Mexico into the central United States, which enhances rainfall over 

Louisiana and Texas. However, when the jet is weak, the anomalous flow crosses the southern 

Caribbean in a westward direction, resulting in a significant decrease in rainfall over the south-

central United States (Mestas-Nuñez et al., 2007; Martin & Schumacher, 2011). Meanwhile, 

Vichot-Llano et al. (2021) have projected an intensification in the strength and width of the 

jet—they predict that the jet will strengthen and expand both eastward and northward in the 

near and more distant future. 

2.2.5 Indian Monsoon low-level jet (MLLJ) 

The MLLJ is one of the atmospheric features and an important moisture component of the 

monsoon circulation over India (Joseph & Sijikumar, 2004; Aneesh & Sijikumar, 2016; Xavier 
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et al., 2018; Viswanadhapalli et al., 2020). The MLLJ, which is sometimes referred to as the 

‘Somali jet’, ‘Findlater jet’, or ‘cross-equatorial low-level jet’, is a region of strong south-

westerly cross-equatorial wind (with an average core speed of 30m-1 at 850 hPa) that develops 

over the Arabian Sea during the Indian summer monsoon (Swathi et al., 2020; Viswanadhapalli 

et al., 2020). Joseph & Sijikumar (2004) and Xavier et al. (2018) have highlighted that 

orography, friction, and variation in pressure are important factors in the jet’s formation and 

development (Joseph & Sijikumar, 2004). Significantly, Viswanadhapalli et al. (2020) have 

also shown that the jet is crucial for the transport of moisture from the ocean onto the 

subcontinent. Therefore, as is the case for all of the regions mentioned above, the MLLJ is 

important for the livelihood of an enormous number of people, as well as for the economy of 

densely populated India, the second-largest agricultural producer in the world.  

Sathiyamoorthy & Mahesh (2013) discovered that moisture converges with decreasing wind 

speed at the exit region of the jet and produces low clouds that are predominant at the jet’s exit 

region. As a result, the jet produces and modulates rainfall and is crucial for the large-scale 

distribution of precipitation over the region (Xavier et al., 2018; Swathi et al., 2020; 

Viswanadhapalli et al., 2020). It has, therefore, been reported by Xavier et al. (2018), that any 

changes in the strength and character of the MLLJ can cause episodes of heavy rainfall over 

the south-western coast of India, and variability in precipitation over the Indian subcontinent 

as a whole. Furthermore, Viswanadhapalli et al. (2020) have argued that the jet is crucial to the 

formation and the maintenance of monsoon inversion layers over the Arabian Sea (Wu et al., 

2017; Dwivedi et al., 2021). In addition, Dwivedi et al. (2021) have shown that the jet enhances 

upwelling over the Arabian Sea by exerting a drag on the surface water. This, in turn, creates 

a large temperature gradient between the sea and the land - and the feedback strengthens the 

jet (Swathi et al., 2020). The upwelling makes the Arabian Sea one of the most productive 

oceanic regions in the tropics (Joseph & Sijikumar, 2004; Swathi et al., 2020).  

2.2.6 West African Westerly Jet 

The characteristics and dynamics of the WAWJ have also been documented (Grodsky, 2003; 

Pu & Cook, 2010, 2012; Issa Lélé et al., 2015; Lélé & Leslie, 2016; Liu et al., 2020). These 

studies agree that the jet is a summer atmospheric feature and a major source of rainfall over 

the Sahel zone during the boreal summer. Pu & Cook (2010) defined the jet as a low-level jet 

located off the coast of West Africa at 925 hPa and found that the jet develops at the beginning 

of June, reaches a maximum speed of 6m s-1 in August, and dissipates in mid-October. 
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Additionally, they found the jet has a weak semidiurnal cycle with minima speed at 0600 UTC 

and 1800 UTC and maxima speed at 1200 UTC and 0000 UTC. While studying the dynamics 

of the WAWJ, Pu & Cook (2010, 2012) clearly distinguished the WAWJ from the monsoon 

flow and found a strong link between the jet and the diurnal (Liu et al., 2020), decadal, and 

interannual rainfall variability in the Sahel. They also argued that the WAWJ plays a crucial 

role in the atmosphere-ocean-land surface interactions in West Africa. Using moisture budget 

analysis, Liu et al. (2020) quantified the moisture transport associated with the WAWJ and 

found that the jet, which transports moisture from the eastern Atlantic onto the subcontinent 

(especially at 8–11oN), has a strong relationship with West African precipitation on seasonal 

and diurnal timescales.  

While analysing the intensity, location, and structure of the tropical rain belt as a factor in 

interannual rainfall variability over West Africa, Nicholson (2008) found that the wet and dry 

years in the Sahel are associated with the weakening and contraction of the tropical rain belt. 

In other studies, Nicholson (2008, 2009) linked the intensification (weakening) of the rain belt, 

which is associated with wet (dry) years in the Sahel, with the northward (southward) 

displacement of the AEJ and anomalously strong (weak) tropical easterly jet (TEJ). Meanwhile, 

several studies (Grist & Nicholson, 2001; Nicholson & Grist, 2001; Dezfuli and Nicholson 

2010; Kebe et al., 2020) have argued that during the WAWJ strong (wet) periods, the WAWJ 

displaces the AEJ (and its associated disturbances) northward and modulates the interannual 

variability of the AEJ. Thus, it is claimed that the WAWJ enhances both the horizontal and 

vertical wind shear over the Sahel. However, while all these studies have shown that the WAWJ 

plays a pivotal role in rainfall variability over the Sahel, none of them have investigated how 

well the jet is represented in contemporary climate models. The present study aims to address 

this gap by examining how well CMIP6 models and MPAS represent the WAWJ.  

2.3 Applications of the model for prediction across scales (MPAS) 

Some studies (e.g., Hagos et al., 2013; Heinzeller et al., 2016; Kramer et al. 2018; Maoyi and 

Abiodun, 2021) have demonstrated the capability of MPAS to simulate different atmospheric 

features. For instance, Michaelis et al. (2019) showed that MPAS (at high variable resolution 

of 15 km to 60 km over northern and southern hemisphere, respectively) reasonably reproduces 

large-scale atmospheric features in the Northern Hemisphere, such as the upper-tropospheric 

jets, maritime sea-level pressure pattern, and annual precipitation patterns across the tropics. 

While examining the capability of MPAS in simulating the characteristics of the Botswana 
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High, Maoyi & Abiodun (2021; 2022) showed that MPAS (with relatively high variable 

resolution of 48-km over Southern African and 240-km grid spacing over the rest of the globe) 

is capable of replicating the major features of climatology over southern Africa, such as 

temperature, rainfall, geopotential height at 500 hPa, and vertical motion. The model has also 

been shown to capture the temporal and spatial variation of the Botswana High, and its impact 

on droughts and deep convections over the region. Furthermore, Landu et al. (2014) showed 

that MPAS, at high resolution of 30 km, is capable of simulating West African systems by 

examining the structure of the ITCZ in the model’s dynamical core. The authors’ results 

showed that MPAS simulates maximum precipitation over the tropical region forming an 

ITCZ-like structure. Other researchers, such as Weber and Mass (2019), have shown that 

MPAS (at the convection-permitting scale of 3 km horizontal resolution) demonstrates an 

improvement in forecast precipitation statistics as well as enhanced multiweek predictive skill 

in tropical areas and to some extent in extratropical regions. In addition, the MPAS reproduced 

the Madden-Julian oscillation (MJO) better at the 3-km scale than at the 15-km grid scale. 

Furthermore, the authors claimed that the model accurately represents terrain features and 

orographic precipitation at the convection-permitting scale, as well as provides more realistic 

propagation of extratropical mesoscale convective systems, and improved representation of 

gravity wave drag effects produced by terrain (Davis et al. 2003; Smith et al. 2006). However, 

there is little or no information about the capability of MPAS to simulate the WAWJ and its 

moisture transport over West Africa. 
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Chapter 3: Data and Methodology 

This chapter describes the methodology of the thesis. It consists of three sections. The first 

section presents the study domain, and the second section describes which datasets were 

analysed. The final section describes the methods, experiments, and analytical procedures used 

to analyse the datasets. 

3.1 Study area 

The study domain for this thesis is the West African domain (4oN - 20oN and 40oW - 20oE), as 

defined in the thesis (Figure 3.1). This domain is wider than the usual West African domain 

(4oN - 20oN and 20oW - 20oE) used in some previous studies (Omotosho & Abiodun, 2007; 

Abiodun et al., 2012; Egbebiyi, 2016) because it extends westward to include the WAWJ area. 

Hence, the study domain consists of the West African subcontinent, the WAWJ area (as defined 

by Pu & Cook, 2010, and Liu et al., 2020), and part of the North Atlantic Ocean. Following 

previous studies (Omotosho & Abiodun, 2007; Abiodun et al., 2012; Egbebiyi, 2016), West 

Africa is divided into three distinct climate zones: the Sahel (12–20°N), Savannah (8–12°N), 

and the Guinea Coast (4–8°N). 

 

https://paperpile.com/c/m5cb83/f6eT+bel5+doso
https://paperpile.com/c/m5cb83/f6eT+bel5+doso
https://paperpile.com/c/m5cb83/wd8I+jlNv
https://paperpile.com/c/m5cb83/f6eT+bel5+doso


Page | 28  

 

 

Figure 3.1: Study domain: (a) West African climate classes (modified after Onojeghuo et al. 2017); 

(b) West Africa topography (in metres) showing West Africa the climatic zones (Sahel, Savannah, 

and Guinea), and the WAWJ area as used in the study (modified after Diasso and Abiodun 2017) 
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3.2 Data 

This thesis analysed three types of datasets: observation, reanalysis, and model simulation. 

3.2.1 Observation dataset 

The observation dataset is the Climatic Research Unit gridded Time Series, version 4 (CRU 

TS v4; hereafter CRU, https://crudata.uea.ac.uk/cru/data/hrg/). The CRU dataset is a widely 

used climate dataset with a grid resolution of 0.5° x 0.5° and covers all land domains of the 

world except Antarctica. CRU provides monthly gridded datasets as far back as 1901 for 10 

observed and derived variables using a normalised series from a network of about 10,000 

ground stations (Trenberth et al., 2013; Harris et al., 2020). The latest version of the dataset 

(version 4) uses a more streamlined process with an improved angular-distance weighting 

(ADW) interpolation technique that boosts the interpolation efficiency and accuracy. In 

addition, this version employs a fully customised process to facilitate nuanced interpretation of 

the gridded values and full traceability that improves quality control of the dataset. The CRU 

dataset has been applied in many studies over West Africa. The rainfall products detect and 

measure rainfall patterns better, especially in the Savannah zone (Atiah, et al., 2020a; Atiah, et 

al., 2020b). In this thesis, CRU monthly rainfall and near-surface (2-metre) temperature 

products for the period of 1980–2014 were used to evaluate the reanalysis and the model 

simulation dataset over West Africa. 

3.2.2 Reanalysis dataset 

The role of reanalysis in climate research and monitoring applications is now widely recognised 

and has been routinely used, together with other datasets (Bojinski et al., 2014; Hersbach et al., 

2020). Reanalysis is a combination of observations and past short-range weather forecasts 

(through data assimilation) to provide the most complete picture of the past weather and 

climate. They are globally complete and consistent in time  (Hersbach et al. 2019). The 

reanalysis dataset used in the present study is the 5th generation European Center for Medium-

Range Weather Forecast reanalysis (hereafter, ERA5) obtained from the Copernicus Climate 

dataset website (https://cds.climate.copernicus.eu). ERA5, which is a replacement of the ERA-

Interim reanalysis, embodies a detailed record of the atmosphere, land surface, and ocean 

waves globally from 1950 up to the present date. The new reanalysis, which combines vast 

amounts of historical observations into global estimates using advanced modelling and data 

assimilation systems, has a significantly enhanced high spatial resolution of 30km grid across 
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the globe on 137 levels from the surface up to the height of 80km with an hourly output 

(Hersbach et al., 2020; Jiao et al., 2021). ERA5 has been shown to be amongst the best 

performing reanalysis products by many studies (Albergel et al., 2018; Wang et al., 2018, 2019; 

Tarek et al., 2020; Hersbach et al., 2020; Jiao et al., 2021) because it provides quality 

precipitation data over space and time against radar and precipitation gauge observations (Beck 

et al., 2018).  

The ERA5 data used in this study include the monthly precipitation and near-surface 

temperature. The zonal and meridional component of the wind, vertical velocity, and 

geopotential height were also utilised from the ERA5 dataset. The ERA5 reanalysis data were 

used to evaluate how well the models simulate the climatological structure and the interannual 

variability of the WAWJ, as well as its influence on rainfall variability in the Sahel and West 

Africa. 

3.2.3 Climate simulation datasets 

Two types of climate simulation dataset were used for the study. The first simulation dataset is 

from CMIP6. The CMIP6 dataset consists of an ensemble of standard global climate 

simulations that allow results from each simulation to be directly compared across different 

models to see where they agree or disagree (Touzé-Peiffer et al., 2020). A number of CMIP 

standards, model experiment protocols, formats, and distribution mechanisms were developed 

to ensure the outputs of climate models were accessible to a wide research community (Covey 

et al., 2003; Eyring et al., 2016; Zhongming et al., 2019; Touzé-Peiffer et al., 2020).  

For this study, monthly data from twenty-six coupled atmosphere-ocean global climate 

simulations (Table 3.1) were downloaded from the Earth System Grid Federation (ESGF) 

website of CMIP6 (https://esgf-node.llnl.gov/search/cmip6/). These GCM simulations were 

chosen based on model resolutions and the availability of the atmospheric variables needed in 

the thesis. Only two GCM simulations have a 250km resolution; the rest have a resolution of 

100km. The variables used in the analysis were temperature, precipitation, wind (zonal and 

meridional components), vertical velocity, geopotential height, and specific humidity. For the 

evaluation, all datasets were regridded to 0.5o x 0.5o horizontal resolution and analysed for a 

35-year period (1980–2014). The second climate simulation dataset was obtained with 

atmospheric component of MPAS (or MPAS-A; hereafter MPAS). A detailed description of 

MPAS and the model experimental setup for obtaining the dataset is given in the next section. 
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3.3 MPAS model description 

The MPAS version 7.0, a newly developed variable resolution global climate model, is a fully 

compressible non-hydrostatic model that scales on massively parallel systems. Through the use 

of a single scalar density function, MPAS employs the sphere discretisation method using the 

unstructured spherical centroidal Voronoi tessellation (SCVT) algorithms to generate variable-

resolution, as well as global quasi-uniform resolution meshes (Du et al., 1999; Zhao et al., 

2016, 2019). As a result, the variable resolution grid structure allows high-resolution areas to 

easily blend into low-resolution areas without the usual boundary constraints that plague 

conventional regional climate models, and without exhibiting the obvious problems in the 

mesh-transition zones (Ringler et al., 2008; Skamarock et al., 2012). Hence, MPAS eliminates 

the problems associated with traditional rectilinear grids and deploys a subset of the 

atmospheric physics employed in the Weather Research and Forecasting (WRF) (Du et al., 

1999; Ringler et al., 2008; Sinkovits & Duda, 2016; Maoyi & Abiodun, 2021). Furthermore, 

the use of the Voronoi meshes – as with the icosahedral meshes – eliminates the polar filtering 

that is required with latitude-longitude meshes that converge grid lines at the pole, and allows 

parallelisation and good scaling performance on massively parallel architectures, such as on 

high-performance computing systems (Skamarock et al., 2012). 

MPAS solver uses height-based terrain-following vertical coordinates and a split-explicit time 

integration scheme that employs the 3rd Order Runge-Kutta method and a forward-backward 

method with a smaller time step for acoustic modes (Wicker & Skamarock, 2002; Klemp et al., 

2007; Skamarock & Klemp, 2008). The non-hydrostatic fluid-flow solver spatially discretises 

the continuous equations on an unstructured C-grid centroidal Voronoi mesh (illustrated in Fig 

3.2). As a result, quasi-uniform meshes, as well as variable-resolution meshes, can be 

constructed for the sphere, for regional domains on the sphere, and for cartesian planes (Ringler 

et al., 2008; Skamarock et al., 2012). This technique guarantees its accuracy in applications on 

the sphere, in non-hydrostatic cases on cartesian domains, and distinguishes MPAS from other 

models.  

Skamarock et al. (2012) tested the MPAS solver for non-hydrostatic flows on cartesian planes 

and for large-scale flows and found that the solver is as accurate as existing non-hydrostatic 

solvers for non-hydrostatic-scale flows and has accuracy comparable to existing global models 

using icosahedral (hexagonal) meshes for large-scale flows. Ringler et al. (2010, 2011) evaluate 

MPAS atmospheric dynamical core using the standard shallow-water test case suite for both 
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quasi-uniform and variable resolution meshes, respectively. They report that the performance 

of the MPAS dynamical core for the full suite of meshes (from quasi-uniform resolution to 

highly variable resolution meshes) is notable with conservation of mass and quantities, like the 

potential vorticity to within machine precision and total available energy to within a time-

truncation error. 

 

Table 3.1: Simulations (Alias), model names, and key references of CMIP6 models used in this thesis. 

All simulations have a quasi-horizontal resolution of 100 km except two simulations (GISSE and 

UKESM) with a quasi-horizontal resolution of 250 km. 

Simulation Model Name Variant Reference 

AWICM AWI-CM-1-1-MR r1i1p1f1 Semmler et al. (2018) 

BCCCS BCC-CSM2-MR r1i1p1f4 Wu et al. (2018) 

CAMSC CAMS-CSM1-0 r1i1p1f6 Rong (2019) 

CASES CAS-ESM2-0 r1i1p1f8 Chai (2020) 

CES-A CESM2 r1i1p1f10 Danabasoglu (2019) 

CES-B CESM2-WACCM r1i1p1f11 Danabasoglu (2019) 

CES-C CESM2-WACCM-FV2 r1i1p1f12 Danabasoglu (2019) 

CIESM CIESM r1i1p1f3 Huang (2019) 

CMCCC CMCC-CM2-SR5 r1i1p1f4 Lovato and Peano (2020) 

E3S-A E3SM-1-0 r1i1p1f6 Bader et al. (2019) 

E3S-B E3SM-1-1 r1i1p1f7 Bader et al. (2019) 

E3S-C E3SM-1-1-ECA r1i1p1f8 Bader et al. (2020) 

ECE-A EC-Earth3 r1i1p1f2 EC-Earth (2019) 

ECE-B EC-Earth3-Veg r1i1p1f3 EC-Earth-Veg (2019) 

FGOAL FGOALS-f3-L r1i1p1f5 Yu (2019) 

FIOES FIO-ESM-2-0 r1i1p1f7 Song et al. (2019) 

GFDLC GFDL-CM4 r1i1p1f9 Guo et al. (2018) 
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GISSE GISS-E2-1-G r1i1p5f1 NASA-GISS (2018) 

HADGE HadGEM3-GC31-LL r1i1p1f3 Ridley et al. (2019) 

INM-A INM-CM4-8 r1i1p1f1 Volodin et al. (2019) 

INM-B INM-CM5-0 r1i1p1f2 Volodin et al. (2019) 

MPIES MPI-ESM1-2-HR r1i1p1f5 Jungclaus et al. (2019) 

MRIES MRI-ESM2-0 r1i1p1f9 Yukimoto et al. (2019) 

SAMUN SAM0-UNICON r1i1p1f10 Park and Shin (2019) 

TAIES TaiESM1 r1i1p1f11 Lee and Liang (2020) 

UKESM UKESM1-0-LL r9i1p1f2 Tang et al. (2019) 

 

 

 

 

 

Figure 3.2: Illustration of the horizontal C-grid staggered Voronoi mesh (adapted from Skamarock et 

al., 2012). 
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MPAS utilises the atmospheric physics from the Advanced Research WRF model, which has 

benefitted from the work of hundreds of scientists. The physics schemes are largely based on 

the configurations used for the ARW Nested Regional Climate Model (WRF-NRCM) and 

tropical cyclone predictions. In newer versions of MPAS, these parameterisation schemes for 

various processes have been grouped into suites of schemes that have been tested together. The 

default physics suite is called the ‘mesoscale reference’ suite. It contains the schemes listed in 

Table 3.2. This suite has been tested to be appropriate for mesoscale resolutions (> 10km cell 

spacing). 

 

Table 3.2: The set of parameterisation schemes used by the ‘mesoscale reference’ physics suite. 

Parameterisation Scheme References 

Convection New Tiedtke Kong et al. (2022); Zhang & Wang 

(2017) 

Microphysics WSM6 Hong & Lim (2006); Kim et al. (2021) 

Land Surface Noah Campbell et al. (2020); Ek et al. (2003) 

Boundary Layer YSU Burgering et al. (2013); Gilliam & Pleim 

(2010) 

Surface Layer Monin-Obukhov Monin (1954); Zheng et al. (2014) 

Radiation, LW RRTMG Cai & Yu (2012); Kong et al. (2022) 

Radiation, SW RRTMG Cai & Yu (2012; Kong et al. (2022) 

Cloud fraction for radiation Xu-Randall Ridout (2013); Ridout et al. (2021) 

Gravity wave drag by 

orography 

YSU Burgering et al. (2013); Gilliam & Pleim 

(2010) 

 

https://paperpile.com/c/m5cb83/cd1I+kLWg
https://paperpile.com/c/m5cb83/cd1I+kLWg
https://paperpile.com/c/m5cb83/Sfuc+lSZ2
https://paperpile.com/c/m5cb83/F42K+QE1w
https://paperpile.com/c/m5cb83/M2kE+ng7m
https://paperpile.com/c/m5cb83/M2kE+ng7m
https://paperpile.com/c/m5cb83/tmMw+C8Xj
https://paperpile.com/c/m5cb83/mtjF+kLWg
https://paperpile.com/c/m5cb83/mtjF+kLWg
https://paperpile.com/c/m5cb83/VlEB+UfVX
https://paperpile.com/c/m5cb83/M2kE+ng7m
https://paperpile.com/c/m5cb83/M2kE+ng7m
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3.4 MPAS model experimental set-up 

In this thesis, MPAS was applied to perform three simulation experiments (Table 3.3). The first 

experiment was to assess the capability of MPAS in simulating the West African climate and 

the climatology of the WAWJ. For this experiment (designated as MPAS experiment), MPAS 

simulation used quasi-uniform grid-mesh with 60km quasi-uniform resolution over the globe 

(containing 163,842 horizontal grid cells; Figure 3.3a) and covered a 30-year period (December 

1984–31 December 2014; December 1984 simulation was discarded a model spin-up). The 

second and third experiments (hereafter, MPAS60 and MPAS15) were to test the sensitivity of 

the MPAS simulation of the WAWJ to changes in model horizontal resolution. While the 

MPAS60 experiment used a quasi-uniform resolution grid (as in the MPAS experiment), the 

MPAS15 experiment used a variable-resolution grid-mesh with 15km resolution over West 

Africa and 60km over the rest of the globe (containing 535,554 horizontal grid cells; Figure 

3.3b), with the refinement region centred at 0o longitude, 0o latitude (Figure 3.3c). The 

simulation of the sensitivity experiments (MPAS60 and MPAS15) focused on the three years 

of strong WAWJ (1989, 1994, and 1999) and three years of weak WAWJ (1986, 1990, and 

2000) as indicated by ERA5 results and, in each year, the simulation covered a period of two 

months (July and August; July simulation was discarded as a model spin-up). The August 

simulation was used because the WAWJ reaches its maximum intensity in August (Pu & Cook, 

2010, 2012).  

 

Table 3.3: The three simulation experiments, their period, and the meshes used in the study. 

Experimental simulation Analysis period Grid mesh 

MPAS 30 years (1985–2014) Quasi-uniform resolution 

MPAS60 1 month (August; 1986, 

1989, 1990, 1994, 1999, 

2000) 

Quasi-uniform resolution 

MPAS15 1 month (August; 1986, 

1989, 1990, 1994, 1999, 

2000) 

Variable-resolution 

 

https://paperpile.com/c/m5cb83/wd8I+RVjf
https://paperpile.com/c/m5cb83/wd8I+RVjf
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All the experiments (MPAS, MPAS60, and MPAS15) used the MPAS default physics options 

(i.e., the mesoscale reference suite; Table 3.2), which are the recommended parameterisation 

schemes for simulations with horizontal grid size greater than 10km. The simulation was 

initialised with the climate forecast system reanalysis (CFSR) surface and pressure level dataset 

and forced with 6 hourly CFSR SST and sea-ice data. The simulation used 41 vertical pressure 

levels and output the results at a 3-hour interval.  

 

 

Figure 3.3: The MPAS mesh grid used in the thesis. Panel (a) and (b) show the grid structure for the 

quasi-uniform and variable resolution grid-mesh. Panel (c) shows the refinement region (which is 

centred at 0o longitude, 0o latitude) and the smooth transition of the horizontal resolution from 15km to 

60km; for clarity, the contours vary from 20km (at the centre) to 60km at 10km interval. 
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3.5 Method 

3.5.1 Identification and characterisation of the WAWJ 

Following previous studies (Liu et al., 2020; Pu & Cook, 2010, 2012), this thesis defines the 

WAWJ as a low-level westerly jet (i.e., at 925 hPa) over the eastern Atlantic and the West 

African coast. Using this definition, the thesis identified and compared the characteristics of 

the WAWJ in ERA5 reanalysis and CMIP6 simulation datasets over the period of 35 years 

(1980–2014). The analysis focused on the climatological structure and interannual variability 

of the jet, as well as the relationship of the jet with other climate variables over West Africa. 

The core area (averaging region) of the jet is defined as a 7o x 2o (longitude x latitude) area 

over the WAWJ region. This box area encompasses the core of the jet without extending 

outside the jet region. While the size of the area is the same for all the datasets, the location 

differs among the datasets. 

For the climatological structure, the study considered the vertical, horizontal, and annual 

structure of the jet. In the vertical structure analysis, the vertical profile was examined, as well 

as the longitude-vertical and latitude-vertical distributions of the jet, using the jet core area as 

the averaging region. In the horizontal analysis, the zonal wind greater than or equal to 2m s-1 

was extracted and the wind values over the continent were masked out. The capability of the 

CMIP6 simulations to reproduce the spatial pattern in the reanalysis was quantified with 

correlation, and percentage bias was calculated. For ERA5 and the majority of CMIP6 

simulations, the jet core is at 925 hPa and its maximum strength is in August. So, for most of 

the analyses reported in this paper, the 925 hPa was used as the default level, August as the 

default month, and the average zonal wind over the core area as the WAWJ strength. 

3.5.2 Interannual variability of the WAWJ and its influence on precipitation 

In the annual variation analysis, the study calculated the maximum zonal wind over the core 

area of the jet in August for all the years for each dataset as the WAWJ strength and compared 

it with that of Sahel precipitation. The interannual variability of the WAWJ was represented 

by the anomalies of the WAWJ strength (at 925 hPa in August), while the interannual 

variability of Sahel precipitation was designated by the standardised precipitation over the 

Sahel (averaged over 18oW–30oE, 10oN–20oN in August). The characteristics of the WAWJ 

time-series (the WAWJ strength) were quantified with the trend and standard deviation, while 

the relationship between the WAWJ and precipitation time-series was quantified with the 

https://paperpile.com/c/m5cb83/wd8I+RJgBs+jlNv
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correlation coefficient. The capability of the models’ (i.e., CMIP6 and MPAS) simulations to 

reproduce the WAWJ interannual variability, as well as the influence of the variability on the 

Sahel precipitation were examined. 

To examine the relationship between the WAWJ and the spatial distribution of climate 

variables (i.e., temperature and precipitation) over West Africa, a correlation between the jet 

strength and the climate variables at each grid point over West Africa was performed in August 

at 925hPa (CMIP6:1980–2014, MPAS:1985–2014). The spatial distribution of the correlation 

coefficient calculated for each simulation dataset was compared with the one obtained for the 

ERA5 dataset. The comparison was quantified with statistical metrics, including correlation (r) 

and root-mean-square-error (RMSE). To explain the relationship between the jet and climate 

variables, the spatial distribution of the difference between the composites of climate variables 

(precipitation, temperature, and moisture flux) during the WAWJ positive and negative modes 

(i.e., positive modes minus negative modes) were calculated. For each dataset, the WAWJ 

positive modes are the three years with the highest WAWJ strength anomalies, while the 

negative modes are the three years with the lowest WAWJ strength anomalies. 

3.5.3 Analysis of WAWJ dynamics 

To investigate the dynamics and formation of the WAWJ, the thesis calculates the different 

terms in the horizontal momentum balance equation: 

𝑑𝑢

𝑑𝑡
 =  −

𝜕𝛷

𝜕𝑥
 +  𝑓𝑣 + 𝑅𝑥        (1) 

and  

𝑑𝑣

𝑑𝑡
 =  −

𝜕𝛷

𝜕𝑦
 −  𝑓𝑢 + 𝑅𝑦       (2) 

where the first term on the right-hand side of equations (1) and (2) is the horizontal geopotential 

height gradient term and the 𝛷 is geopotential height. The second term is the Coriolis term, 

where 𝑓 ≡  2𝛺𝑠𝑖𝑛ø is the Coriolis parameter, 𝛺 ≡  7.292 ×  10−5 𝑟𝑎𝑑𝑠−1 is the angular 

speed at which the earth rotates, and ø is the latitude. Lastly, the third represents horizontal 

friction. 

Furthermore, the geostrophic wind is obtained as:  
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𝑢𝑔  =  −
𝑔

𝑓

𝜕𝛷

𝜕𝑦
   and    𝑣𝑔  =  

𝑔

𝑓

𝜕𝛷

𝜕𝑥
      (3) 

and the ageostrophic wind is defined as 

𝑢𝑎  =  𝑢 −  𝑢𝑔   and   𝑣𝑎  =  𝑣 −  𝑣𝑔     (4) 

where u and v are the zonal and meridional wind components, 𝑔 ≡  10 𝑚𝑠−1 is the 

acceleration due to gravity. 
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Chapter 4: Representation of West African Westerly Jet and its 

influence on Sahel Precipitation in CMIP6 

This chapter presents and discusses the results of our analysis on evaluating the capability of 

twenty-six GCMs in the coupled model intercomparison project-version six (CMIP6) to 

simulate WAWJ and its influence on precipitation over West Africa, particularly the Sahel. In 

this chapter, the discrepancies between the observed data are discussed. The spatial, vertical, 

and temporal structure of the jet is analyzed along with the interannual variation of the jet and 

Sahel precipitation. The influence of WAWJ on the spatial distribution of climate variables 

over West Africa is investigated. 

4.1 Temporal structure of the WAWJ 

The ERA5 reanalysis reproduces the annual cycle of the WAWJ (Figure 4.1), including the 

five-stage evolution of the jet as reported in Pu and Cook (2010). The jet has a core speed of 

about 2.5 m s-1 in Stage 1 (June), intensifies steeply as its core speed increases from 2.5 m s-1 

to 4.3 m s-1 in Stage 2 (June–July), attains its peak strength of about 5 m s-1 in Stage 3 (August), 

and weakens as its core speed reduces to about 2.7 m s-1 in Stage 4 (September). Despite the 

differences in the temporal resolution of the data used in Pu and Cook (2010) (i.e., daily) and 

the present study (i.e., monthly), the strength of the jet obtained here agrees with that reported 

in Pu and Cook (2010) at each stage. This implies that the characteristics of the jet can be 

described with monthly datasets. 

The majority of the CMIP6 simulations depict the five-stage evolution and the peak of the jet 

(Figure 4.1). However, there are notable biases in the results. Firstly, the jet develops too fast 

in the models. For example, the jet already attains Stage 3 (speed ≥ 4.0) in February in 6 models 

(23%); in March in 7 models (27%); in April in 8 models (31%); and in May in 2 models (8%). 

Only 3 models (ECE-A&B and CIESM) simulate Stage 3 in August as depicted in ERA5 

results. Second, the jet is too strong in most models. The peak strength of the jet is more than 

5 m s-1 in 15 models (58%) and even more than 8 m s-1 in 8 models (31%). Third, the weakening 

of the jet (Stage 4; speed < 4.0 m s-1) is prolonged in most models. Only 5 models (19%) 

simulate Stage 4 of the jet in September; 12 models (46%) simulate it in October; and 2 (8%) 
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feature it in November. Four models (CASE, HADGE, INM-A&B, and MRIES) fail to 

simulate the temporal structure of the jet as in ERA5. For instance, in MRIES, the jet first 

features in March (instead of June), intensifies steeply and reaches maximum speed in April 

(instead of August), and disappears in August (instead of September). 

4.2 Spatial structure of the WAWJ 

The ERA5 reanalysis also captures all the spatial structures of the WAWJ in August (Figure 

4.2) as in Pu and Cook (2010). In ERA5, the WAWJ extends from 6o–12oN and from 5o–35oW, 

but the jet core is located around 8oN and 20oW. The jet is associated with an offshore extension 

of the thermal low, as indicated by the trough (i.e., 780-gpm contour) extending from over the 

continent to around 30oW over the ocean. Most CMIP6 models produce a westerly jet off the 

coast of West Africa but the capability of the models to replicate the spatial structure varies, as 

depicted by the spatial correlation (r) of the simulated structure with the reanalysis and by 

associated simulation bias (i.e., percentage bias or ‘PBIAS’), indicated in the bottom left panels 

of Figure 4.2. While 9 models (35%) feature a strong to very strong positive correlation (r ≥ 

0.7) with the ERA5 reanalysis, 8 models (31%) have a weak positive correlation (0.4 ≤ r ≤ 0.6), 

and 9 models (35%) show poor correlation (-0.3 ≤ r ≤ 0.3). Most models overestimate area 

coverage and the core strength of the jet. Their PBIAS range from 1% (in ECE-A) to 57% in 

(CES-C). For example, in CES-C (which shows the highest PBIAS), the jet stretches from 5o–

14oN and 15o–40oW with a core strength of more than 8 m s-1. Only 4 models (GISSE, INM-A 

& B, and MRIES) feature negative PBIAS (-27% to -8%). In MRIES (which has the largest 

negative bias) the jet only stretches from 7o–11oN and 15o–23oW with a core strength of less 

than 4 m s-1. 

4.3 Vertical structure of the WAWJ 

The latitude-height cross-section of the zonal wind along the jet’s longitudes in August further 

confirms the agreement between the ERA5 and Pu and Cook (2010) results (Figure 4.3). In 

both, the jet extends from the surface to about 750 hPa but the core of the jet (about 4 m s-1) is 

at 925 hPa (Figure 4.3). The African easterly jet (AEJ) core is located above (600 hPa) and 

north (centred on 16oN) of the WAWJ. This agrees with the finding of Grist and Nicholson 

(2001) that equatorial westerlies (including the WAWJ) displace the AEJ (and its associated 

disturbances) northward and modulate the interannual variability of the AEJ. The study also 

found that the northward displacement of the AEJ coincides with wet years in the Sahel because 



Page | 42  

 

it enhances both the horizontal and vertical wind shear over the Sahel. The majority of the 

models capture the vertical structure of the jet as in the ERA5 reanalysis and the seasonal 

northward shift of the AEJ. However, the models show different capabilities in simulating the 

vertical extent of the WAWJ and the associated northward shift of the AEJ. The jet extends to 

750 hPa (or above) in only 13 models (50%) and to 800 hPa in 6 models (23.1%). However, 

one model (MRIES, which simulates the weakest WAWJ) features the jet below 900 hPa and 

puts the jet core at 1000 hPa.  

The longitude-height cross-section of the zonal wind speed along the jet’s latitudes in August 

shows the jet core (4 m s-1) between 25o–15oW in the ERA5 (Figure 4.4), which is 2 m s-1 

weaker and extends more westward than in Pu and Cook (2010). This small discrepancy could 

be because this study used averaged values over 8o–10oN, whereas Pu and Cook (2010) used 

values along a single latitude (9.5oN). However, as in Pu and Cook (2010), the ERA5 result 

distinguishes the WAWJ from the WAM westerly component maxima over land. While the 

WAWJ core is located between 15o–25oW, the WAM core is located between 9o–15oE. Some 

of the models capture the vertical structure of the jet in the longitudinal cross-section. However, 

the majority of the models fail to clearly distinguish the WAWJ from the WAM. For instance, 

the CES-C model features the westerly flow maximum from about 28oW–12oE overland 

without any distinction. The INM-A model failed to capture the WAWJ at all and only features 

a westerly flow maximum at 10oE. 

4.4 Inter-annual variability of the WAWJ 

The capability of CMIP6 simulations to reproduce the interannual variability of the WAWJ as 

in ERA5 differs (Figure 4.5). ERA5 shows a strong positive trend (tr = 0.04 m s-1 yr-1) in the 

interannual variability of the jet. This positive trend is related to the partial recovery of 

precipitation in the Sahel that began in the 1990s (Hagos & Cook, 2008; Pu & Cook, 2010 and 

2012). The majority of the models capture the positive trend of the jet ranging from 0.01 m s-1 

yr-1 (in INM-A) to 0.05 m s-1 yr-1 (in ECE-A and CES-B). However, 3 models (CAMSC, E3S-

A, E3S-C) show a negative trend (tr ≤ -0.017 m s-1 yr-1) of the jet. The jet in these models also 

shows a weak positive correlation with precipitation over West Africa, particularly over the 

Sahel. The standard deviation of the simulated WAWJ variability varies from 0.42 (in INM-A) 

to 1.5 (CES-C, E3S-C), with 16 models (61.5%) underestimating the variability. In ERA5, the 

interannual variability of the WAWJ is strongly correlated with that of the Sahelian rainfall (r 

= 0.76). While some 15 models (57.7%) agree with ERA5 on the correlation (i.e., r > 0.5), 11 
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models (42.3%) show weak to very weak correlations. Hence, the correlation of the WAWJ 

and Sahelian rainfall ranges from 0.1 (in INM-A, which features the lowest interannual 

variability of the WAWJ) to 0.83 (in CIESM).  

4.5 WAWJ and the spatial distribution of climate variables over West Africa 

Observation (ERA5 with CRU) shows that there is a strong relationship between the WAWJ 

strength and spatial distribution of climate variables (i.e., precipitation and temperature) in 

West Africa (Figs. 4.6 and 4.7). The jet features a strong correlation (r > 0.6) with precipitation 

over the Savanna and Sahel zones (10o–30oN and 20oW–25oE; Figure 4.6). However, the peak 

correlation (r ≈ 0.8) obtained in this study is higher than that which is reported in Pu & Cook, 

2012 (r ≈ 0.6). The jet also has a strong dipole correlation with the surface temperature (Figure 

4.7), featuring a positive correlation (r ≈ 0.6) north of 20oN but a negative correlation (r ≈ -0.7) 

between 8o–20oN. While the positive correlation can be attributed to the role of the Saharan 

heat-low in the formation of the WAWJ (as discussed by Pu & Cook (2012) and reviewed in 

our introduction), the negative correlation (between 8o–20oN) is due to the influence of the jet 

on the temperature field through precipitation. Hence, the ERA5 (with CRU) results suggest 

that the stronger the intensity of the Saharan heat-low (i.e., the higher the temperature north of 

20oN), the stronger the WAWJ (due to associated stronger pressure gradient force between the 

continent and the Atlantic Ocean).  

The stronger WAWJ transports more moisture eastward into the continent within the 5o–10oN 

band (Figure 4.8). Figure 4.8 shows more transport of moisture from this band (5o–10oN) in 

the northeast direction in the Sahel (north of 10o–20oN). This suggests that the increase in the 

eastward transport of moisture by the WAWJ provides more moisture for the north-eastward 

transport of moisture by the monsoon flow. The increase in moisture transport into the sub-

continent increases precipitation and soil moisture, which results in lower temperatures within 

the 8o–20oN band (Figure 4.7). These results agree with previous studies (i.e., Pu & Cook, 

2012) that linked the yearly variation in the WAWJ strength to interannual variability of 

precipitation in the Sahel. 

It is worth noting that not all the CMIP6 models capture the relationship between the jet and 

spatial distribution of the climate variables as depicted in ERA5 (Figure 4.6 and Figure 4.7). 

While most models reproduce the observed strong correlation between the jet and climate 

variables, the pattern and magnitude of the correlation differ from ERA5. For instance, on the 
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relationship between the jet and precipitation (Figure 4.6), only 7 models (26.9%) feature a 

comparable pattern (r ≥ 5; shown at the bottom left corner of Figure 4.6) with the correlation 

map of ERA5, namely: ECE-A (r = 0.5), ECE-B (r = 0.5), GFDLC (r = 0.5), CES-B (r = 0.5), 

CIESM (r = 0.6), MPIES (r = 0.5), and TAIES (r = 0.5). All these models (except TAIES) 

agree with ERA5 that the positive phase of the WAWJ produces a stronger eastward transport 

of moisture within the 8o–20oN band (from the west coast up to 25oE), a more north-eastward 

transport of moisture (from the band to north of 20oN), and higher precipitation over the sub-

continent (north of 8oN). However, the north-eastward transport of moisture is weaker in these 

models than in ERA5, suggesting that their coupling of the WAWJ eastward transport of 

moisture and monsoon north-east transport of moisture may be weak in the models (Aadhar & 

Mishra, 2020; Hourdin et al., 2015; Li et al., 2021; Stouffer et al., 2017). That may explain why 

the increase in precipitation during the stronger WAWJ is limited to south of 15oN in these 

models (Figure 4.8). The remaining models (73.1%) have a weak agreement with ERA5 on the 

relationship between the WAWJ and spatial distribution of precipitation; their correlation with 

ERA5 ranges from 0.1 (E3S-A and E3S-B) to 0.4 (FIOES). While some of these models (e.g., 

AWICM, CASES, and MPIES) capture the two distinct increases in moisture transports (i.e., 

the eastward and north-eastward transports) during the stronger WAWJ, the moisture increase 

does not translate to a commensurable increase in precipitation north of 10oN, as in ERA5. 

Other models fail to simulate the two distinct increases in moisture transports altogether. For 

instance, with the increase in the WAWJ, some models (e.g., CES-C and UKESM) simply 

produce an increase in the eastward transport of moisture, while others (e.g., BCCCS, INM-A, 

and CMCC) simulate the increase in the north-eastward transport over the whole of West 

Africa. Three models (E3S-A, E3S-B, and E3S-C) do not produce any coherent pattern in 

moisture transport over the domain at all (see Figure 4.8). It is important to note that the 

latitudinal location of the jet and its core does not have any influence on the performance of 

these models. 

The CMIP6 simulations perform better at linking the jet with the spatial distribution of 

temperature than with the spatial distribution of precipitation (Figure 4.7). Only 6 models 

(23.1%) show a weak agreement (r < 0.5) with ERA5 results, namely: FIOES (r = -0.1), INM-

A (r = 0.1), CAMSC (r = 0.2), CES-C (r = 0.2), HADGE (r = 0.2), and E3S-C (r = 0.4). While 

HADGE and INM-A show a positive correlation between the jet and the spatial distribution of 

temperature over most parts of the domain, E3S-C shows a negative correlation. CAMSC 

features a dipole correlation, but it features some negative correlations north of 20oN in contrast 
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to the ERA5 result. Not all the models that have good agreement with ERA5 (i.e., 0.5 ≤ r ≤ 0.7) 

reproduce the dipole correlation pattern as in ERA5. For instance, 6 models (AWICM, 

FGOAL, GISSE, E3S-A, E3S-C, SAMUN, and TAIES) show very weak positive correlations 

(r < 0.3) between the jet and temperature north of 25oN. This suggests that these models may 

underestimate the link between the WAWJ and the SHL. However, ECE-A and ECE-B show 

the best agreement with ERA5 on the relationship between the WAWJ and spatial distribution 

of climate variables over the sub-continent. 

 

 

 

 
Figure 4.1: The magnitude and annual cycle of WAWJ core climatology from 1980–2014 at 925 hPa. 
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Figure 4.2: The spatial distribution of WAWJ (shading) climatology (1980–2014) and the associated 

ITCZ (Red), geopotential heights (contour), and wind patterns (vector) in August at 925 hPa. 
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Figure 4.3: Cross-sections of zonal wind speed (m s-1; contours; westerlies shaded) with vectors of 

meridional and vertical winds (multiplied by 102). The averaging regions used are shown (the white 

box) in Figure 4.2. 
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Figure 4.4: Cross-sections of zonal wind speed (m s-1; contour; westerlies shaded) with vectors of zonal 

and vertical winds (multiplied by 102). The averaging regions used are shown in Figure 4.2. 
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Figure 4.5: The temporal variation of WAWJ (anomaly, m s-1) and Sahelian (domain; 10o-20oN, 18oW–

30oE) precipitation (standardised anomaly) in August as depicted by ERA5 (with CRU) and CMIP6 

models. 
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Figure 4.6: The spatial distribution of correlation between the WAWJ and precipitation (mm/month) 

over West Africa in August (1980–2014), as observed by ERA5 (and CRU) and simulated by the 

CMIP6 models. The similarity between the simulated and observed patterns is quantified and indicated 

with a correlation value in each panel. 
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Figure 4.7: The spatial distribution of correlation between the WAWJ and temperature (oC) over West 

Africa in August (1980–2014), as observed by ERA5 (and CRU) and simulated by the CMIP6 models. 

The similarity between the simulated and observed patterns is quantified and indicated with correlation 

in each panel. 
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Figure 4.8: Difference of the composite of precipitation (mm/month; shade), temperature (oC; contour), 

and moisture flux (arrow) anomalies during positive and negative modes of the WAWJ (1980–2014). 
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Chapter 5: Simulation of West African Westerly Jet 

This chapter discusses the results of the simulation and analysis of WAWJ in MPAS. In this 

chapter, the capability of the MPAS model in reproducing WAWJ and its influence on West 

African precipitation is investigated. First, the ability of MPAS to simulate West African 

climate is discussed, as well as the model biases. The characteristic of WAWJ, including the 

spatial and temporal structure and the interannual variation of the jet is studied. Second, the 

relationship between the jet and climate variables over West African is investigated. Finally, 

the sensitivity of the simulated WAWJ to MPAS horizontal resolution is discussed. 

5.1 West African Climate 

In reference to CRU and ERA5, MPAS gives a credible simulation of the West African climate 

in August. It reproduces all the essential features in precipitation (r ≃ 0.8), temperature (r ≃ 

0.9), 925 hPa geopotential height (r ≃ 0.8), and 925 hPa wind fields (Figure 5.1). For instance, 

in the precipitation field (Figure 5.1a & 5.1b), MPAS simulates the general meridional gradient 

in the rainfall pattern over West Africa and adequately captures the position of the ITCZ, 

depicted by the peak rain band at about 10oN. This is consistent with previous studies that show 

that ITCZ reaches its northernmost quasi-stationary position of 10oN in August (Sultan et al., 

2003; S. E. Nicholson, 2019). Furthermore, in the temperature field (Figure 5.1c & 5.1d), 

MPAS captures the location (at about 15o–30oN) and the magnitude of the Saharan heat low 

(SHL) including the temperature gradient associated with the SHL as in the observation. In 

addition, it reproduces the monsoon circulation system, characterized by the warm moist 

south–westerly and the cool dry north–easterly.  

Nevertheless, there are notable biases in the model results. For instance, the model simulates a 

SHL that spreads across the zonal length of the domain (15oW–35oE). This warm bias may be 

attributed to the failure of the model to capture the southward intrusion of the cold mid-latitude 

system into West Africa. A strong southward flow is evident around 20o to 30oN and 15o to 

30oE in ERA5 but not in MPAS (Figure 5.1e & 5.1f). The mid-latitude system is associated 

with the upper-level mid-latitude Rossby wave propagating westward over the Mediterranean 

(Flaounas et al., 2012; Lavaysse et al., 2010). Previous studies have shown that the mid-latitude 

https://paperpile.com/c/m5cb83/OoSy8+ARKdq
https://paperpile.com/c/m5cb83/OoSy8+ARKdq
https://paperpile.com/c/m5cb83/GkiBy
https://paperpile.com/c/m5cb83/rlA2x
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Rossby wave usually induces a warm ridge to the west and a cold trough to the east, causing a 

southward surge of cold air from Libya into the Sahara, thereby favoring the collapse of the 

SHL east of the Sahara (Vizy & Cook, 2009; Chauvin et al., 2010; Alamirew, 2018). This 

process seems to be absent in the MPAS simulation. In addition, the monsoon flow has a less 

meridional component in MPAS than in ERA5. For instance, while the monsoon flow is south-

westerly in ERA5, it is almost westerly in MPAS (Figure 5.1e & 5.1f). This may be attributed 

to the stronger zonal geopotential gradient in MPAS than in ERA5. However, the MPAS 

monsoon would transport less moisture from the Gulf of Guinea into West Africa, feature less 

convergence with the north-easterly flow over the Sahel, and produce less precipitation over 

the continent in MPAS than in ERA5. Furthermore, the model overestimates temperature 

minima over the Guinea highlands, Jos plateau, and the Cameroon mountains, and grossly 

underestimates the rainfall maxima over these mountains. This result is consistent with the 

previous findings that the MPAS struggles to resolve the complex topography of West Africa 

(Heinzeller et al. 2015, Maoyi and Abiodun 2021). Most importantly, MPAS fails to reproduce 

the high-temperature gradient in the 10o – 15oN zone as depicted in ERA5 (Figure 5.1c & 5.1d). 

The presence of the high-temperature band in ERA5 may be attributed to two factors. First, it 

may be attributed to westward transports of warm air from the SHL (over the continent) into 

the Atlantic Ocean beyond 35oW (Figure 5.1c & 5.1e); MPAS limits the transport of this heat 

to 20oW (Figure 5.1d & 5.1f). Secondly, it may be due to warming of the atmospheric boundary 

layer by the ocean, because this region falls at the north-half of the high-SST band over the 

ocean (i.e., 5o – 15oN) in ERA5. In MPAS, the warming of the atmospheric boundary layer by 

the ocean is limited to the west of 25oW (Figure 5.1g & 5.1h). However, in ERA5, the heavy 

precipitation from ITCZ produces a strong cooling of the atmospheric boundary air in the zone 

5o – 10oN, leading to a strong temperature gradient between this zone and the zone of the high-

temperature band. This strong temperature gradient is also absent in MPAS. As will be 

discussed later, this strong local meridional temperature gradient may play a crucial role in the 

formation of WAWJ. 

5.2 The West African Westerly Jet 

Figure 5.2 shows that MPAS simulates WAWJ that is comparable to that of ERA5. 

Nevertheless, the characteristics of the jet differ in MPAS and ERA5 results. For instance, in 

the annual cycle (Figure 5.2a), the jet develops faster in the MPAS than in ERA5. While the 

jet already attains the mature stage (i.e., speed ≥ 4.0 m s-1) by May in MPAS, it does not attain 

https://paperpile.com/c/m5cb83/h5w4O+M0I5F+AxgjQ
https://docs.google.com/document/d/1oLmLdFNZc7eVKBS6OlZQiZaV6FCVaOiHg-79sQ_VWyw/edit?skip_itp2_check=true#D2L_cite_%0A@article%7BMolulaqhooa_L._Maoyi_Babatunde_J._Abiodun2021,%0A%09author%09%09=%20%7BMolulaqhooa%20L.%20Maoyi%20and%0A%09%09%09%20%20%20Babatunde%20J.%20Abiodun%7D,%0A%09title%09%09=%20%7BHow%20well%20does%20MPAS-atmosphere%20simulate%20the%20characteristics%20of%20the%20Botswana%20High?%7D,%0A%09journaltitle%09=%20%7BClimate%20Dynamics%7D,%0A%09year%09%09=%20%7B2021%7D,%0A%09month%09%09=%20%7B5%7D,%0A%09date%09%09=%20%7B31%7D,%0A%09publisher%09=%20%7BSpringer%20Science%20and%20Business%20Media%20LLC%7D,%0A%09volume%09%09=%20%7B57%7D,%0A%09number%09%09=%20%7B7-8%7D,%0A%09doi%09%09=%20%7B10.1007/s00382-021-05797-7%7D,%0A%09url%09%09=%20%7Bhttp://dx.doi.org/10.1007/s00382-021-05797-7%7D,%0A%09pages%09%09=%20%7B2109-2128%7D,%0A%09issn%09%09=%20%7B0930-7575%7D,%0A%7D
https://docs.google.com/document/d/1oLmLdFNZc7eVKBS6OlZQiZaV6FCVaOiHg-79sQ_VWyw/edit?skip_itp2_check=true#D2L_cite_%0A@article%7BMolulaqhooa_L._Maoyi_Babatunde_J._Abiodun2021,%0A%09author%09%09=%20%7BMolulaqhooa%20L.%20Maoyi%20and%0A%09%09%09%20%20%20Babatunde%20J.%20Abiodun%7D,%0A%09title%09%09=%20%7BHow%20well%20does%20MPAS-atmosphere%20simulate%20the%20characteristics%20of%20the%20Botswana%20High?%7D,%0A%09journaltitle%09=%20%7BClimate%20Dynamics%7D,%0A%09year%09%09=%20%7B2021%7D,%0A%09month%09%09=%20%7B5%7D,%0A%09date%09%09=%20%7B31%7D,%0A%09publisher%09=%20%7BSpringer%20Science%20and%20Business%20Media%20LLC%7D,%0A%09volume%09%09=%20%7B57%7D,%0A%09number%09%09=%20%7B7-8%7D,%0A%09doi%09%09=%20%7B10.1007/s00382-021-05797-7%7D,%0A%09url%09%09=%20%7Bhttp://dx.doi.org/10.1007/s00382-021-05797-7%7D,%0A%09pages%09%09=%20%7B2109-2128%7D,%0A%09issn%09%09=%20%7B0930-7575%7D,%0A%7D
https://docs.google.com/document/d/1oLmLdFNZc7eVKBS6OlZQiZaV6FCVaOiHg-79sQ_VWyw/edit?skip_itp2_check=true#D2L_cite_%0A@article%7BMolulaqhooa_L._Maoyi_Babatunde_J._Abiodun2021,%0A%09author%09%09=%20%7BMolulaqhooa%20L.%20Maoyi%20and%0A%09%09%09%20%20%20Babatunde%20J.%20Abiodun%7D,%0A%09title%09%09=%20%7BHow%20well%20does%20MPAS-atmosphere%20simulate%20the%20characteristics%20of%20the%20Botswana%20High?%7D,%0A%09journaltitle%09=%20%7BClimate%20Dynamics%7D,%0A%09year%09%09=%20%7B2021%7D,%0A%09month%09%09=%20%7B5%7D,%0A%09date%09%09=%20%7B31%7D,%0A%09publisher%09=%20%7BSpringer%20Science%20and%20Business%20Media%20LLC%7D,%0A%09volume%09%09=%20%7B57%7D,%0A%09number%09%09=%20%7B7-8%7D,%0A%09doi%09%09=%20%7B10.1007/s00382-021-05797-7%7D,%0A%09url%09%09=%20%7Bhttp://dx.doi.org/10.1007/s00382-021-05797-7%7D,%0A%09pages%09%09=%20%7B2109-2128%7D,%0A%09issn%09%09=%20%7B0930-7575%7D,%0A%7D
https://docs.google.com/document/d/1oLmLdFNZc7eVKBS6OlZQiZaV6FCVaOiHg-79sQ_VWyw/edit?skip_itp2_check=true#D2L_cite_%0A@article%7BD._Heinzeller_et_al_2015,%0A%09author%09%09=%20%7BD.%20Heinzeller%20and%0A%09%09%09%20%20%20M.%20G.%20Duda%20and%0A%09%09%09%20%20%20H.%20Kunstmann%7D,%0A%09title%09%09=%20%7BTowards%20convection-resolving,%20global%20atmospheric%20simulations%20with%20the%20Model%20for%20Prediction%20Across%20Scales%20%7B(MPAS):%7D%20an%20extreme%20scaling%20experiment%7D,%0A%09year%09%09=%20%7B2015%7D,%0A%09month%09%09=%20%7B8%7D,%0A%09date%09%09=%20%7B26%7D,%0A%09publisher%09=%20%7BCopernicus%20GmbH%7D,%0A%09doi%09%09=%20%7B10.5194/gmdd-8-6987-2015%7D,%0A%09url%09%09=%20%7Bhttp://dx.doi.org/10.5194/gmdd-8-6987-2015%7D,%0A%7D
https://docs.google.com/document/d/1oLmLdFNZc7eVKBS6OlZQiZaV6FCVaOiHg-79sQ_VWyw/edit?skip_itp2_check=true#D2L_cite_%0A@article%7BMolulaqhooa_L._Maoyi_Babatunde_J._Abiodun2021,%0A%09author%09%09=%20%7BMolulaqhooa%20L.%20Maoyi%20and%0A%09%09%09%20%20%20Babatunde%20J.%20Abiodun%7D,%0A%09title%09%09=%20%7BHow%20well%20does%20MPAS-atmosphere%20simulate%20the%20characteristics%20of%20the%20Botswana%20High?%7D,%0A%09journaltitle%09=%20%7BClimate%20Dynamics%7D,%0A%09year%09%09=%20%7B2021%7D,%0A%09month%09%09=%20%7B5%7D,%0A%09date%09%09=%20%7B31%7D,%0A%09publisher%09=%20%7BSpringer%20Science%20and%20Business%20Media%20LLC%7D,%0A%09volume%09%09=%20%7B57%7D,%0A%09number%09%09=%20%7B7-8%7D,%0A%09doi%09%09=%20%7B10.1007/s00382-021-05797-7%7D,%0A%09url%09%09=%20%7Bhttp://dx.doi.org/10.1007/s00382-021-05797-7%7D,%0A%09pages%09%09=%20%7B2109-2128%7D,%0A%09issn%09%09=%20%7B0930-7575%7D,%0A%7D
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this stage until July in ERA5. Although the jet attains its peak strength in August in both 

datasets, it is stronger in MPAS (> 7.5 m s-1) than in ERA5 (< 5.0 m s-1). In the spatial 

distribution of the jet, the correlation between MPAS and ERA5 is poor (r = 0.1), because 

MPAS locates the core of the jet north of its position in ERA5 and underestimates the area 

coverage of the jet. Furthermore, in MPAS, the jet core is attached to the continent, whereas in 

ERA5, the jet core is a localized maximum wind off the coast. Therefore, it is obvious that the 

dynamics of WAWJ differ in the MPAS and ERA5. 

To investigate the dynamics, Figure 5.3 presents the spatial distribution of the pressure gradient 

force (PGF) term in equation (1). The figure reveals that the WAWJ is forced by different 

pressure gradient force (PGF) patterns in MPAS and ERA5 (Figure 5.3). Although the PGF 

patterns of the two datasets are similar in June (r ≥ 0.7), they are less strongly related in in July 

to September (r ≤ 0.6) and their highest discrepancy occurs in August (r = 0.5). In July (Figure 

5.3a & 5.3b), both datasets feature a tongue of low PGF (2 m s-2) that stretches from the low 

latitudes (4oN) to the higher latitudes (up to 10oN) over the North Atlantic Ocean, except that 

the tongue is narrower and has south-east to north-west orientation in MPAS. ERA5 shows that 

the PGF max has broken into cells with the biggest and strongest cell at 6oN in July.  This cell 

intensifies (14 x 10-5 m s-2) and shifts northward (to 9oN) in August, then weakens in 

September. The PGF maximum, which can be attributed to the strong meridional temperature 

discussed in the previous section, is responsible for the formation of WAWJ in ERA5. 

However, MPAS does not feature this intensifying PGF maximum, instead, it consistently 

features the tongue of low PGF (2 x 10-5 m s-2) from June to September. Hence, the formation 

of WAWJ in MPAS can be attributed to the pressure gradient induced by the westward 

extension of the continental trough over the coast. This suggests that, in the MPAS simulation, 

the dynamics of WAWJ are similar to that of the monsoon. Meanwhile, the ERA5 results and 

previous studies (i.e., Pu & Cook, 2010; W. Liu et al., 2020) indicate that the dynamics of 

WAWJ differ from that of the monsoon flow. 

Nevertheless, both datasets (ERA5 and MPAS) agree on the direction of forces over their 

WAWJ areas (Figure 5.4). For instance, over the ERA5 WAWJ area (21.5oW–14.5oW, 8.5oN–

10.5oN), the PGF is mainly northward (magnitude: 14 x 10-5 m s-2; Figure 5.3e) and the Coriolis 

force is south-eastward (magnitude: 12 x 10-5 m s-2; Figure 5.4a). This implies that the WAWJ 

is a sub-geostrophic wind, with the associated geostrophic wind directed eastward (magnitude: 

6 m s-1; Figure 5.4c) and the ageostrophic wind (induced by acceleration and friction forces) 

https://paperpile.com/c/m5cb83/wd8I+jlNv
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directed north-westward (magnitude: 3 m s-1; Figure 5.4e). Over the MPAS WAWJ area 

(23oW–16oW, 10.5oN–12.5oN), the PGF points northward and north-east directions 

(magnitude: 20 x 10-5 m s-2; Figure 5.3f), and the Coriolis force is south-eastward (20 x 10-5 m 

s-2; Figure 5.4b). In MPAS, the WAWJ is also sub-geostrophic with the associated geostrophic 

wind directed south-eastward (magnitude: 7 m s-1; Figure 5.4d) and the ageostrophic wind part 

directed mainly northward (3 m s-1; Figure 5.4e). The directions of the PG and Coriolis forces 

associated with WAWJ found in this thesis agree with those reported in Pu & Cook (2010), 

except that Pu & Cook (2010) found that the WAWJ is super-geostrophic instead of sub-

geostrophic found here. The discrepancy may be attributed to the difference in the time step of 

the reanalysis datasets analyzed in both studies. While Pu & Cook (2010) analyzed the daily 

dataset, the present study analyzed the monthly dataset, which is an average of daily data. The 

averaging would smoothen the peak values observed in the daily data sets. 

5.3 The relationship between WAWJ and climate variables over West Africa 

ERA5 and MPAS agree on a strong relationship between the interannual variation of WAWJ 

and Sahel precipitation in August (Figure 5.5). However, the relationship is stronger (r > 0.75) 

in ERA5 than in MPAS (r = 0.65). The spatial distribution of the correlation between WAWJ 

and precipitation over West Africa (Figure 5.6) shows that WAWJ has a strong positive 

correlation (r > 0.5) with precipitation north of 10oN (i.e., Savanna and the Sahel) in both ERA5 

and MPAS, except that the peak of the correlation (r > 0.70) spreads over the Savanna and 

Sahel in ERA5 but concentrates over the southern part of Sahel (i.e., 12oN–14oN) in MPAS. 

Both datasets indicate a negative correlation between WAWJ and precipitation over the Guinea 

zone, but while the negative correlation is spotty in ERA5 (r ≈ -0.4), it covers the entire Guinea 

zone in MPAS (r ≈ -0.8). There is a clear disagreement between MPAS and ERA5 regarding 

the relationship between WAWJ and temperature over the region. In ERA5, WAWJ features a 

positive correlation with temperature in the zone 10oN–25oN (i.e., the same area where it has a 

positive correlation with precipitation) but a negative correlation north and south of this area. 

Contrarily, in MPAS, WAWJ has a negative correlation with temperature south of 20oN but a 

positive correlation north of this latitude. These further stresses that the WAWJ in MPAS 

behaves like the monsoon flow, which is driven by the meridional temperature gradient 

between the Gulf of Guinea and the sub-continent. The composite analysis of WAWJ shows 

that, in both ERA5 and MPAS, a stronger WAWJ induces a stronger transport of moisture 

westward from the Northeast Atlantic into the West African continent in the zone 8oN–16oN. 

https://paperpile.com/c/m5cb83/wd8I
https://paperpile.com/c/m5cb83/wd8I
https://paperpile.com/c/m5cb83/wd8I
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However, over the continent, the moisture is further transported northward into the northern 

part of Sahel in ERA5, but not in MPAS. This may explain why the correlation between WAWJ 

and Sahelian rainfall is weaker in MPAS than in ERA5. 

5.4 Sensitivity of the simulated WAWJ to MPAS horizontal resolution 

MPAS fails to simulate the WAWJ as in ERA5 because it does not capture the local PGF that 

induces WAWJ over the Atlantic Ocean. Hence, it is of interest to investigate if increasing the 

model resolution over the study domain would assist the model in capturing the WAWJ as in 

ERA5. 

The increase in horizontal resolution does not improve the MPAS simulation of WAWJ (Figure 

5.7 - 5.9). Despite the increase, MPAS15 still fails to capture the spatial distribution of the jet 

(Figure 5.7) (r ≃ 0.1) because it does not simulate the localized PGF that induces WAWJ 

(Figure 5.8). It still attributes its WAWJ to the westward extension of the continental trough, 

thereby positioning the jet north of the observed position. Furthermore, the MPAS15 is not 

sensitive to the differences in the characteristics of WAWJ during the jet’s strong and weak 

years as in ERA5. ERA5 indicates that localized PGF that induces WAWJ is higher in strong 

years (> 12 m s-2) than in weak years (< 10 m s-2), which explains why the jet is more established 

(i.e., covering a wider area with a stronger core) in the former than in the latter. However, it is 

difficult to link the changes in the localized PGF in the weak and strong years to the difference 

in SST patterns (or 2m temperature patterns) in these years because the differences in the 

patterns are not substantial. This may be because the calculation of the composites has 

weakened the temperature gradient. It could also be that there are other factors responsible for 

the inter-annual variability of the jet. However, while MPAS simulations capture the 2m 

temperature for both the strong and weak years as in ERA5, the simulations do not reproduce 

the associated localized PGF.  
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Figure 5.1: Spatial distribution of precipitation (mm month-1; shade), 2–meter temperature (oC; shade), 

geopotential height (gpm; shade) at 925 hPa, and sea surface temperature (oC; shade) over West Africa 

in August (1985–2014) as depicted by ERA5 and MPAS. In panels (a) and (c), the contours show the 

corresponding CRU results; in panels (b) and (d), the contours are the difference between MPAS and 

ERA5 and, in panels (g) and (h), the contours are the difference between the 2–meter temperature and 

SST (i.e., temperature minus SST). 
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Figure 5.2: The climatology of WAWJ (1985–2014) as depicted by ERA5 and MPAS: (a) the annual 

cycle of WAWJ and (b) the spatial distribution of WAWJ in August (shaded). In panel (a), the dashed 

line indicates the threshold for defining the jet mature stage. In panels (b) and (c), the white rectangle 

shows the location of the jet core, the blue contours show the 925 hPa geopotential height while the 

arrows show the corresponding winds, and the red line shows the ITCZ. 
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Figure 5.3: The spatial distribution of the pressure gradient term in equation (1) over the WAWJ domain 

from June to September (1985–2014) as depicted by ERA5 and MPAS. The arrows show the direction 

while the shading indicates the magnitude (multiplied by 105). 
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Figure 5.4: The spatial distribution of Coriolis term in equation (1 and 2), geostrophic wind and 

ageostrophic wind over the WAWJ domain in June to September (1985–2014) as depicted by ERA5 

and MPAS. The arrows show the direction of the variables while the shading indicates the magnitude. 
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Figure 5.5: The interannual variation of WAWJ anomalies and Sahel precipitation in August. The jet 

anomalies are average values over the jet core area (i.e., white rectangle in Figure 5.2) while the Sahel 

precipitation (standardised anomaly) are average values over the Sahel region (as defined in Figure 3.1) 
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Figure 5.6: The spatial distribution of relationship between the interannual variabilities of the WAWJ 

and climate variables (i.e., precipitation and temperature) over West Africa (August 1985–2014) as 

observed by ERA5 and CRU (upper panels) and simulated by the MPAS (lower panels). In panels (a) 

and (b), the contours show the corresponding CRU results and in panels (d) and (e), the correlations (r) 

between simulated and observed patterns are indicated. The left panels show the correlation between 

WAWJ and precipitation; the middle panels show a correlation between the WAWJ and temperature; 

the right panels show the composites of moisture transport (arrows), precipitation (shaded), and 

temperature (contour) difference between the WAWJ strong years (1989, 1994, and 1999) and weak 

years (1986, 1990, and 2000) (strong years composite minus weak years composite). 
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Figure 5.7: The composite of the spatial distribution of the WAWJ (shade), ITCZ (Red contour), 

geopotential height (gpm; blue contour), and winds (vectors) over West Africa during the WAWJ strong 

years (top panels) and weak years (bottom panels) as shown by ERA5 and simulated by MPAS60 and 

MPAS15. In reference to ERA5, the performance of MPAS60 and MPAS15 is quantified by correlation 

(r) and root-mean-square error (RMSE). 
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Figure 5.8: The composite of the spatial distribution of geopotential height gradient term direction 

(vector) and magnitude (shading; multiplied by 105) in the equation (1 and 2) over the WAWJ domain 

during the WAWJ strong years (top panels; 1989, 1994, and 1999) and weak years (bottom panels; 

1986, 1990, and 2000) as shown by ERA5 and simulated by MPAS60 and MPAS15. In reference to 

ERA5, the performance of MPAS60 and MPAS15 is quantified by correlation (r) and root-mean-square 

error (RMSE). 
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Figure 5.9: The composite of the spatial distribution of SST (contour, oC) and 2–m temperature (shaded) 

over the WAWJ domain during the WAWJ strong years (top panels; 1989, 1994, and 1999) and weak 

years (bottom panels; 1986, 1990, and 2000) as shown by ERA5 and simulated by MPAS60 and 

MPAS15. In reference to ERA5, the performance of MPAS60 and MPAS15 is quantified by correlation 

(r) and root-mean-square error (RMSE). 
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Chapter 6: Conclusion 

6.1 Summary 

As part of efforts to improve the performance of MPAS in simulating West African climate 

systems and to enhance the projection of precipitation in the Sahel, the study has evaluated the 

capability of CMIP6 simulations and the MPAS model in simulating the WAWJ and the 

associated moisture transports over West Africa. The study analyzed the CRU, ERA5, and 26 

CMIP6 datasets for a period of 35 years. This thesis has also conducted a climatological 

simulation and two sensitivity simulations with MPAS. The study, which defined WAWJ (one 

of the atmospheric features that modulate precipitation over the Sahel) as a low-level westerly 

jet over the eastern Atlantic and the West African coast, compared the characteristics of WAWJ 

in observational (CRU), reanalysis (ERA5), and simulation data. The study used standard 

statistical metrics to quantify the evaluation. It also quantifies the relationship between the jet 

and climate variables in the datasets with correlation analysis and uses composite analysis of 

the climate variables during the positive and negative modes of WAWJ to investigate the 

relationship. 

The results of the study can be summarized below: 

● ERA5 shows that the WAWJ has its core at 925 hPa and attains its maximum speed in 

August. Most CMIP6 simulations capture the temporal vertical and temporal structure 

of the jet but produce jets that develop too fast and are too strong with reference to 

ERA5 results. 

● While most CMIP6 models agree with ERA5 on the spatial structure of WAWJ 

(covering 6oN–12oN, 15oW–35oW with the core around 8oN and 20oW), more than 38% 

disagree with ERA5 on the spatial structure. 

● The majority of the models reproduce a positive trend in the interannual variability of 

WAWJ as in ERA5 results, but some models show a negative trend in the interannual 

variability. 



Page | 68  

 

● In ERA5, the WAWJ has a strong positive correlation with precipitation over West 

Africa (especially over the Sahel) and a dipole correlation pattern with temperature over 

the sub-continent. Most CMIP6 simulations capture the correlation between the jet and 

temperature, but only a few of them capture the correlation between the jet and 

precipitation. 

● Not all the CMIP6 simulations feature the two distinct increases in the moisture 

transports (i.e., the eastward and north-eastward transports) during the years of stronger 

WAWJ as in ERA5 results. Some of those that capture it do not translate the increase 

in moisture transport to a commensurable increase in precipitation north of 10oN. 

● MPAS gives credible simulations of the major features in temperature, precipitation, 

and wind fields over West Africa, except that it features wet and warm biases over the 

sub-continent and simulates a monsoon flow that is more zonal than observed. 

● The model simulates the WAWJ, but the characteristics of the jet differ from the 

observed. The simulated WAWJ develops too early in the year. Its core is too strong, 

its area coverage is too small, and its location is too far north and too close to the coast. 

● Both ERA5 and MPAS agree that the WAWJ is a sub-geostrophic flow because the 

PGF around the jet is higher than the Coriolis force, but while ERA5 attributes the 

formation of the jet to a localized PGF over the Atlantic Ocean, MPAS attributes the 

formation to the PGF from an extension of a continental trough to the coast. 

● In agreement with ERA5, MPAS features a strong correlation between WAWJ and 

Sahelian precipitation, but the magnitude of the correlation is weaker than indicated in 

ERA5 because, although the jet transports moisture eastward into the sub-continent in 

both ERA5 and MPAS, the moisture flux is limited to the southern part of the Sahel in 

MPAS but is further transported to the northern part of the Sahel in ERA5. 

● Increasing the horizontal resolution does not help MPAS in reproducing the localized 

PGF or in capturing the dynamics of WAWJ as in ERA5 results. It does not also help 

the model in distinguishing between strong and weak WAWJ years as indicated by 

ERA5. 
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These above results complement findings of previous studies on the dynamics and the roles of 

West African Westerly jet in rainfall variability over West Africa, especially over the Sahel, as 

well as the capability of GCMs in simulating atmospheric systems over West Africa. Nicholson 

(2013b) and Lélé et al. (2015) reported that the WAWJ enhances the westerly transport of 

moisture (from the eastern Atlantic) into the West African continent and northward reaching 

about 20oN over the western Sahel. Furthermore, Pu & Cook (2012) and Lélé, (2014) have 

linked the repeated droughts over the Sahel to the negative anomalous moisture transport 

during the weaker WAWJ. Results of our study have shown that the WAWJ has a strong 

positive correlation with precipitation over West Africa (especially over the Sahel) and a dipole 

correlation pattern with temperature over the sub-continent due to the role of the Saharan heat-

low in the formation of WAWJ and the influence of the jet on the temperature field through 

precipitation. In addition, the northeastward transport of moisture by WAWJ provides more 

moisture for the northeastward transport of moisture by the monsoon flow. The increase in 

moisture transport into the sub-continent increases precipitation and soil moisture, which 

results in lower temperatures within the 8oN–20oN band. The result of this thesis also shows 

that global climate models, like the CMIP6 and MPAS, struggle to simulate the characteristics 

and dynamics of WAWJ, as well as the influence of the jet on precipitation distribution over 

West Africa. The relative performance of the CMIP6 models may be influenced by different 

sources of uncertainty. One such uncertainty is the statistical or sampling uncertainty which 

could result in variances in different samples from the same model (Smith et al. 2009; NASEM 

et al. 2016; Paciorek et al. 2018; Abalos et al. 2021). Such uncertainty arises from limited 

sampling of the variability of a system, which can span a range of time scales from a few days 

to centuries, though it decreases with increasing sample size (Paciorek et al. 2018; Wehner et 

al. 2020). However, due to the computational constrains, the thesis evaluated only one 35-year 

record from each CMIP6 simulation. Technically, evaluating multiple 35-year record from 

each CMIP6 simulation could enhance the model performance because it would help delineate 

model biases (due model inadequacy) from the sampling uncertainty. In addition, the failure of 

MPAS to simulate WAWJ as observed could be attributed to the inability of the model to 

simulate the local PGF over the Atlantic Ocean, though the reason for the inability is still not 

clear. 

The results of the thesis have several applications. The identified strengths and shortcomings 

of the climate models in simulating the characteristics of WAWJ and moisture transport over 

West Africa could guide the developer of these models on how to improve quality of seasonal 

https://paperpile.com/c/m5cb83/zfKAb+RzDrn+f6eT+jrxjW
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forecasting and climate projection over the region. For example, the inability of MPAS to 

capture the observed WAWJ despite the increase in resolution is an indication that more effort 

is needed on other areas of model development. The establishment of the strong relationship 

between WAWJ and Sahel rainfall in both observation and model simulations indicates the 

robustness of the relationship. Incorporating this relationship into existing empirical or 

statistical models for predicting the rainfall onset date, cessation dates and rainfall amount 

could improve the performance of the models. Furthermore, the thesis identified WAWJ as one 

of the most important but least understood rainfall-producing systems over West Africa. This 

motivates more studies on WAWJ. Better understanding of the jet would foster better seasonal 

rainfall prediction, which would help society, policymakers, and humanitarian agencies to 

make effective emergency response plans towards mitigating the devastating impacts of 

extreme events associated with rainfall variability in the region. 

6.2 Suggestions for further research 

Future studies can investigate how the results of the CMIP6 simulations are sensitive to model 

resolution. In addition, the biases identified in some of the CMIP6 models could be related to 

physics parameterization. For example, the inability of some of the models to translate the 

moisture transport by the jet to commensurable precipitation suggests that the convective 

parameterization schemes in the models might be too weak in translating the excess moisture 

into precipitation. Therefore, future studies could evaluate different physics parameterization 

schemes in those models. Furthermore, more studies and model developments are still needed 

to investigate why MPAS fails to capture the WAWJ dynamics. In addition, the biases 

identified in the temperature field, for example, the inability of MPAS to adequately capture 

the high-temperature band off the coast of Africa over the Atlantic Ocean could be due to 

inadequate mixing in the heat flux scheme of the model. Therefore, future studies could 

evaluate different heat flux parameterization schemes in the model. Also, future studies could 

investigate why the MPAS monsoon flow is more zonal than observed. This could shed more 

light on why precipitation along the ITCZ is too low. Nevertheless, the present study has shown 

that the MPAS model does not adequately capture the WAWJ, its interannual variability, and 

its north-eastward transport of moisture. 
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