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ABSTRACT

A lot of research has been done to understand and improve the relationship between
land use and land cover modification vis-a-vis their interaction with the West African
climate variability and climate change. However, the urbanization influence on the West
African climate is not yet an elaborately researched subject of studies. In this context,
this thesis examines the impact of coastal urbanization on the West African summer
climate, by using the Regional Climate Model version 4 (RegCM4) coupled with the
Community Land Surface Model version 4.5 (CLM4.5). A series of experiments were
performed, in the present-day climate (1984-2005) and the RCPS8.5 far future (2079-
2100), at 25 Km of horizontal resolution over the West African domain. Two types of
simulations were performed with and without modification of the natural vegetation
land cover with the urban parameterization (CLMU). Results from the model evaluation
show the good performance of RegCM4 to simulate the main climatic variables and
atmospheric circulation over West Africa during the June-September (JJAS) summer
months. Arguably, RegCM4 reproduces well the spatio-temporal pattern of rainfall and
temperature over West Africa in comparison with observations datasets. Again, the
model’s capability to reproduce the West African atmospheric circulation drives and
atmospheric variables compared to reanalyses was examined. RegCM4 gives a good

representation of atmospheric circulation from the lower to the upper troposphere.

The projected changes in West African climate under RCP8.5 and both RCP8.5 and
urbanization were evaluated. For all the simulations, a significant warming is expected
over the whole West Africa and will be more pronounced in the Sahel-Sahara at the end
of the 21% century. A significant increase in temperature is also expected along the West

African coastal region which corresponded to the ‘perturbed’ region. In the precipitation
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simulations, all the different simulations projected drier conditions in visually the entire
West African region. However, the expected change is less significant in the combined
urban expansion and RCPS8.5 simulations. Evaluation of contribution due to
urbanization alone shows that the change in the land cover gave a response of an average
increase in temperature of approximately 3°C over the urbanized region. The results
imply that urban effects can reach the same magnitude as global warming. This warming
could be a result of the urban heat island processes. Precipitation in the urbanized region
and their sub-urban regions shows an increase of at least ~10%. This means that
urbanization has both local and regional effects on the precipitation in West Africa.
Furthermore, the results show that the characteristics of some atmospheric circulation
such as AEJ and AEWs would change in the future climate. For example, a southward
displacement of the AEJ position was observed which can explain the projected drier
conditions in the region, especially in the Sahel part. Moreover, it should be noted that
urbanization influences the atmospheric circulation drivers through the AEJ and AEWs.
More convective activities are found under urban conditions and the sensitivity of the

AWE:s to the land surface conditions is noticed.
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RESUME

De nombreuses recherches ont été menées pour comprendre et améliorer la relation
entre la modification de l'utilisation et 1’occupation des terres et la variabilité et le
changement climatique en Afrique de 1'Ouest. Toutefois, 1I’influence de 1’urbanisation
sur le climat Ouest Africain n’est pas encore étudiée de maniére approfondie. C’est dans
ce contexte que cette thése examine I’impact de l'urbanisation cotiére sur le climat de
I'Afrique de 1'Ouest, en utilisant le modéle régional de climat RegCM4 couplé avec le
modele de surface CLM4.5. Une série d'expériences a été réalisée, pour le climat actuel
(1984-2005) et pour le futur lointain (2079-2100) sous le scénario d’émission RCP8.5,
avec une résolution horizontale de 25 km couvrant le domaine Ouest Africain. RegCM4
a été forcé a ses fronticres latérales and initiales par le modele global de circulation MPI-
ESM-MR. Deux types de simulations ont été réalisées : avec et sans modification de la

couverture végétale naturelle et avec la paramétrisation urbaine (CLMU).

Dans un premier temps, la capacit¢ du RegCM4 & reproduire le climat actuel (1986-
2005) pendant la saison des pluies (Juin-Septembre) a été évaluée et inter-comparée en
les confrontant avec différent types d’observations (CRU, CPC, UDEL) and réanalyses
(NCEP et ERAS). Les résultats montrent une bonne performance de RegCM4 a simuler
les principales variables climatiques et la circulation atmosphérique en Afrique de
1'Ouest pendant la saison des pluies. En effet, RegCM4 reproduit bien la configuration
spatio-temporelle des précipitations et de la température en Afrique de 1'Ouest par
rapport aux ensembles de données d'observations. Une fois encore, la capacité du
modele a reproduire la circulation atmosphérique et les variables atmosphériques par
rapport aux réanalyses a ét¢ examinée. RegCM4 donne une bonne représentation de la

circulation atmosphérique de la surface a la haute troposphere.
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Dans un deuxiéme temps, nous avons estimé un possible impact de la modification de
la couverture végétale naturelle au niveau de la bande cotiere sur la moyenne and la
variabilité du climat au niveau de la région. Pour cela, nous avons calculé le futur
changement relatif au climat présent sous le scénario RCP8.5 seul et sous le scenario
RCPS8.5 plus urbanisation combinés. Les résultats montrent que, a la fin du 21éme siecle,
un réchauffement significatif est attendu sur I’ensemble du domaine de 1’ Afrique de
I’Ouest et ce réchauffement sera plus prononcé sur la bande Sahélo-Saharienne. Une
augmentation significative de la température est également prévue le long de la région
cotiere ouest africaine qui correspond a la région « perturbée ». Pour les précipitations,
toutes les différentes simulations prévoient une importante réduction pratiquement sur
toute la région. Cependant, cette sécheresse est moins importante dans les simulations
combinées RCP8.5 and expansion urbaine comparé a la simulation RCPS8.5 seule.
L’évaluation de la contribution due a I'urbanisation a elle seule montre que 1’évolution
de la couverture terrestre a provoqué une augmentation moyenne de la température de
3°C environ dans la région « urbanisée ». Les résultats suggérent aussi que les effets
urbains peuvent atteindre la méme ampleur que le réchauffement climatique. Ce
réchauffement pourrait étre dii aux processus d'ilots de chaleur urbaine. Pour les
précipitations, on note une augmentation d'au moins 10% environ dans la région
« urbanisée » et leurs régions suburbaines. Cela signifie que I'urbanisation influence les
précipitations a I’échelle locale et régionale.

Enfin, la derni¢re partie de cette thése a consisté a étudier I’impact de 1’urbanisation sur
la dynamique de la mousson Ouest Africaine. Les résultats montrent que les
caractéristiques de certaines circulations atmosphériques telles que le JEA et les OEA
changeraient dans le climat futur. Par exemple, une migration vers le sud du JEA a été

observé, qui peut expliquer la sécheresse prévue dans la région, en particulier sur la
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partie sahélienne. En outre, il convient de noter que l'urbanisation influence le JEA et
les OEA. Une activité convective plus importante est trouvée sous les conditions

urbaines et la sensibilité des OEA aux conditions de la surface du sol a été notée.
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CHAPTER ONE

INTRODUCTION

1.1 Background to the study

Currently, a picture of the World’s population shows that more than 55% of the
population lives in urban areas and this is expected to increase up to 68% by 2050 (UN
Department of Economic and Social Affairs, 2018). African, especially West African,
cities are no exception, with as much as more of half the population expected to live in
urban areas by 2050 (World Bank, 2016; UN Department of Economic and Social
Affairs, 2018). Urbanization is a result of population migration from rural areas in
addition to natural urban demographic growth. Urbanization, which exponentially
increases with industrialization, is usually induced by humans and affects the social and
environmental landscape, produces an important quantity of greenhouse gases and
particles in the atmosphere, which directly influences the climate.

The increases in population in urban areas is associated with change and modification
of the natural environment (Dorning et al., 2015) while the impact on the atmospheric
environment is considered as the most far-reaching (Seto and Reenberg, 2014). For
instance, the higher demand of housing in urban areas brings changes in land use where
vegetation areas are transformed to high rise buildings and roads, which alters the
energy balance (Seto et al., 2011; Bai et al., 2014).

Moreover, Sensible heat flux, which refers to the amount of energy transferred to the
environment by the modified urban surface and the incoming solar radiation, can alter
the energy balance and, eventually, the temperature of cities. This can produce an urban

heat island (UHI) effect in cities. All of these phenomena are causing noticeable changes



in meteorological conditions, and climates of cities and nearby areas thereby creating a
new local climate called the urban climate (Landsberg, 1981; Oke, 1981).

Urban climates are distinguished from those of less built-up areas by differences of air
temperature, humidity, wind speed and direction, and amount of precipitation. These
differences are attributable in large part to the altering of the natural terrain through the
construction of artificial structures and surfaces. For example, tall buildings, paved
streets, and parking lots affect wind flow, precipitation runoff, and the energy balance

of a locale.

The elevation in temperatures is most generally explained in terms of the basic surface
energy balance processes of shortwave and longwave radiation exchange, latent,
sensible, and conductive heat flows (Oke, 1987). The regional albedo of cities is
significantly lower than natural surfaces due to the preponderance of dark asphalt

roadways, rooftops, and urban canyon light trapping.

It is mostly of note that attention has been, recently, paid to urbanization questions
relative to climate by the scientific community.

However, to better understand the urban-atmosphere interactions and the contributions
of urbanization of the climate change, a range of approaches and techniques, such as the
geographic information system (GIS), Remote Sensing (Liaqut et al., 2019), satellites
(Sun et al., 2019; Paranunzio et al., 2019) and numerous modeling studies (Jackson et
al., 2010; Martilli et al., 2002; McCarthy et al., 2010; Oleson et al., 2010 ; 2015; Daniel
et al., 2019), have been used. Due to the complexity of the urban-climate interactions,
the use of regional climate models (RCMs) coupled with land surface models (LSMs)
remains one of the best tools to assess the impacts of urbanization on climate at local

and regional scales (Oleson et al., 2015; Daniel et al., 2019; Huszar et al., 2019). Also,
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modeling studies have the advantage of allowing interactions between complex systems
of urban-atmosphere-climate. Recently too, urban canopy models have been developed
using more explicit representations of the urban morphology and parametrizations of
the associated processes (Oleson et al., 2010; Shepherd et al., 2010). Several numerical
studies have demonstrated the strong correlation between rapid growth and changing
climate. For example, studies such as Lamptey et al. (2005); Miao et al. (2015), Wang
et al. (2013) and Yang et al. (2014) have shown that urbanization impacts on climate
are complex and vary between regions at different scales throughout the world.

Firstly, urbanization influences temperature significantly. Since Oke (1981) found that
urbanization leads to increase in the near-surface temperature at the local scale. One of
the most urban climate features called “Urban Heat Island” (UHI) effect in the literature
is defined by the temperature difference between urban and its surrounding rural areas
and can amplify the local and regional temperature patterns (Martilli et al., 2002;
Shepherd et al., 2010; Jackson et al., 2010; McCarthy et al., 2010; Oleson et al., 2011).
More recently, findings have demonstrated that urbanization is a considerable
contributor to the urban warming through UHI both in the present (Cao et al., 2016;
Laux et al., 2017) and the future (Hamdi et al., 2014; Argiieso et al., 2014; 2015). It has
also been shown that more than 40% of global warming was induced by rapid
urbanization development since the late 1970s (Yang et al., 2011).

Secondly, precipitation response to urban modification has also been assessed. Unlike
the UHI effect, the effects of urbanization on precipitation remain complex and unclear
since results varied from different modeling studies. For instance, Zhang et al. (2009);
Feng et al. (2015), using the Weather Research and Forecasting (WRF) model with an
urban canopy model (UCM), found that urban conditions lead to precipitations decrease

in urban areas in Beijing during the summer period. At the same time, Shao et al. (2013),
3



using the Regional Climate Model version 3 (RegCM3) over East Asia, found that
change of land use due to urbanization, contributes to the East Asian monsoon
weakening during the last decade. However, Mote et al. (2007), Zhang et al. (2009), Li
et al. (2011), Wang et al. (2013) and Yang et al. (2014) using the WRF coupled with
UCM, have found that urbanization may lead to precipitation increasing over and
downwind of cities due to atmospheric convective activities favored by urban land use.
Yet, the links between urbanization and increased incidence of extreme climate events
have also been an attractive topic among the scientific community during the recent
decades. Studies have revealed that urbanization is known to be associated with the
more frequent and intense occurrence of extreme climate events (Fischer et al., 2012).
More severe droughts (Liang et al., 2019), floods (Zope et al., 2016; Devi et al., 2019),
heat waves (Grimmond, 2007; Zhang et al., 2009), heat stress (Fischer and Schér, 2010;
Fischer et al., 2012) will place increasing pressure on the livability of cities as well. For
instance, Miao et al. (2011); Chen et al. (2015); Li et al. (2019) have found that urban
areas play an important role in the increase of extreme rainfall. These authors found a
strong correlation between extreme heavy rainfall, heat waves, and heat stress in urban
areas during the urbanization period.

Besides their impacts on local climate and climate change, urbanization is another
important factor affecting the greenhouse gases, particles, and other pollutant emissions.
So far, cities are responsible for the majority of greenhouse gases emissions (>70% of
global greenhouses gases emissions) (Kumar et al., 2017; Gulia et al., 2018) due to
industrialization, transportation, energy consumption leading to bad air quality and
health problems (Balogun et al., 2010; Revi et al. 2014; Knippertz et al., 2015). Several
experimental studies have shown that the most polluted regions, especially in terms of

high concentration of particulate matter (PM) and carbon monoxide are located in urban
4



conglomerations (Revi ef al., 2014). It is known that these emissions can have impact
on the climate by the way they affect radiation and clouds (Giorgi and Meleux, 2007;
Martin et al., 2017). This could modify the regional climate response to local and
regional climate change (Boucher et al., 2013; Bony et al., 2015).

All of the studies have demonstrated that during this 21% century, besides the climate
change causes and impacts, the impact of urbanization on climate have been one of the
biggest issues for the scientific community. For example, it appears challenging to
understand, quantify and qualify the climate response to anthropogenic LULC changes
and/or climate change scenarios especially in West Africa, which is one the most
vulnerable regions to climate change impacts and its consequences (Niang et al., 2014;
Diallo et al., 2016). Over this region, the climate is dominated by a climatic system
known as West African Monsoon (WAM). Interactions LULC changes and WAM have
been investigated by several studies such as Charney (1975); Zheng and Eltahir (1997),
Abiodun et al. (2008), (2012), Paeth et al. (2009), Taylor et al. (2011), Sylla et al.
(2016a), Bamba et al. (2018). Most of them showed the strong sensitivity of the WAM
to land surface changes at a range of time and space scales. Charney (1975), in a
pioneering work, demonstrated positive feedback between rainfall and albedo via local
vegetation modification and land surface processes to explain the drought that occurred
in the Sahel. Also, Abiodun et al. (2008), using RegCM3, linked the droughts conditions
observed during these last decades in the Sahel region to the desertification and
deforestation over this region. Again, Fontaine ef al. (1999), Taylor et al. (2011), Boone
etal. (2016), Wang et al. (2016), and Sylla et al. (2016a) using regional climate models,
have showed that changes in LULC affect the atmospheric circulation features leading
to a strong inter-annual and inter-decadal variability causing a shift in precipitation

pattern. According to these studies, it is obvious that the land surface changes play an
5



important role in the climate variability over this region. Despite, the efforts to link land
cover changes and climate variability and/or climate change in this region, there are still
a lot of open questions such as what is the contribution of urbanization in climate
variability? What is the contribution of urbanization to climate change, especially with
the current rapid West Africa’s urbanization rate? How can the West African climate
and its uncertain climate projections be characterized in the context of its urbanization?
Many of the studies focusing on the impact of LULC changes on the West African
climate have not yet treated the question of urbanization.

In order to elucidate the question of rapid urbanization, especially the consequence
urban expansion consequences on the West African climate, the purpose of this thesis
is to qualify and quantify the effects on urbanization on regional climate.

1.2 Statement of the research problem

The WAM is a primordial climate component in West Africa which defines the
hydrological cycle, run-off, agriculture, and the socio-economic sector. During the past
two decades, the WAM has been known to have a strong variability which affects the
lives of the people. For example, the drought in the 1970s and 1980s has several
consequences like famine and water scarcity. Several studies were carried out to
understand this strong variability (Fontaine and Janicot, 1998; Nicholson, 2001;
Nicholson and Grist, 2001; Lebel and Ali, 2009) and to predict the future climate in
West Africa (Diallo et al., 2012; Sylla et al., 2013; Wang et al., 2016; Raj et al., 2019).
Most of them linked this variability to the changes in the land surface conditions and /or
the climate change phenomenon. For example, previous studies (Charney, 1975;
Abiodun et al., 2008; Paeth et al., 2009; Sylla et al., 2016a) linked the West African

climate variability and change observed during the last years to the LULC changes.



According to the fifth report of the International Panel on Climate Change (ARS IPCC,
2014), after the greenhouse gases effects, urbanization which is an extreme form of
LULC change, is the most recognized man-made factor that influences the changing
and/or variability of climate locally and regionally (Revi et al., 2014; Hassan et al.,
2016). For instance, several investigations (Miao et al., 2011; Zope et al., 2016; Li et
al., 2019) especially based on the Asian and Chinese region, have been carried out,
focusing on the sensitivity of the regional climate to the rapid urban land cover changes.
Results from these studies show that urbanization is an important aspect that can explain
the climate variability observed during the last 30 years (Kaufmann et al., 2007; Zhang
et al., 2009, Cao et al, 2016). In addition, increasing megacities in West Africa
especially along the coast is unprecedented and these cities through their emissions are
major contributors to climate change (Field, 2014). For example, the last IPCC (2014)
report revealed that 70% of greenhouse-gas emissions come from cities, and their
location along the coastal region remains one of the greatest challenges due to the
vulnerability to sea level rising and high flooding risk (Seto et al., 2011). However, till
date, the influence of urbanization or the expansion of built-up areas on West Africa

climate using a regional climate model (RCM) has not yet been investigated.

Furthermore, most models have not yet included gridded urbanization, and for those that
have, treatment of land use was inconsistent and incomplete. There were also particular
difficulties stemming from the need to reconcile the interface of past land-use
reconstructions and future projections (McCarthy et al., 2010; Revi et al., 2014;

Abiodun et al., 2017).

In response to all of these, this study investigates the effects of urbanization on the West

African climate during the monsoon months using a regional climate model.



1.3  Research Justification

In the most recent years, urbanization has posed great challenges all over West Africa.
This is because it is one of the world's fastest growing regions with the urban rate
jumping from 8.3 % in 1950 to almost 50% in 2015 (African Development Bank,
OECD, and United Nations Development Programme, 2016) and with the greatest
percentage of the population concentrating in the coastal areas (Seto et al., 2011;
Dobigny et al., 2018). As a consequence, the natural land cover has been modified. This
is believed to be affecting directly and/or indirectly the regional climate. Over West
Africa, it is arguable that the sensitivity of the climate to the land surface conditions
changes. For instance, Charney (1975) demonstrated that the droughts conditions
between 1960 and 1970 are due to the deforestation and desertification observed in the
region, especially, in the Sahel region. Also, Abiodun et al. (2008) and Sylla et al.
(2016a) revealed that the changes in vegetation can cause substantial reductions in

rainfall over West Africa.

However, the question bordering on the impact of urbanization on the West African
climate sensitivity has not fully been investigated. This study, therefore, investigates the
potential impact of urbanization on the West African climate. Understanding the effect
on rapid urban expansion on the West African climate presupposes an urgent need for a
better knowledge of the WAM sensitivity and variability, and a better projection of

future climate patterns in the region.



1.4  Aim and Objectives
This thesis aims to assess the impact of coastal urbanization on the West African
summer climate, using the Regional Climate Model version 4 (RegCM4).
The specific objectives of this work are to :
(i) assess the capability of RegCM4 to capture the main characteristics of the West
African summer climate;
(i1) evaluate the impacts of coastal urbanization on the mean and variability of the
West African summer climate; and
(iii) evaluate the physical process by which urbanization influences the main West

African climate features i.e. the dynamics of the West African summer climate.

1.5  Thesis Structure

This PhD thesis is organized as follows: Chapter One contains the introduction. This is
succeeded by Chapter Two which presents a review of related literature on the West
African summer climate and the associated urban influence on climate. In Chapter
Three, the model used, the experiment design and the model setup, as well as the
processes used to implement an urban expansion in RegCM4 and the different
experimental designs are described. Results from the previous chapter are used to
establish the effect of urbanization on the West African summer climate in Chapter
Four. Chapter Five summarizes and discusses the results of the work. It also gives

suggestions and recommendations for future studies.



CHAPTER TWO

LITERATURE REVIEW

Across West Africa, it has been proven well that climate is impacted by interaction
between land and atmosphere (Charney, 1975; Wang and Eltahir, 2000; Koster et al.,
2004; Xue et al., 2016, Wang et al., 2016). Thus, changes in the LULC have a great
impact on the regional climate (Taylor et al, 2002; Sultan et al., 2005; Sylla et al.,
2016a). However, the way LULC change index; such as urbanization and its associated
processes, affects as forcing on West Africa’s climate is currently being poorly
investigated and understood. This chapter presents a review of available literature on
the knowledge about West African climate system and the various forcing, mechanisms
involved. It also considers a focus on LULC change interactions with regional climate.
To establish the theoretical basis for this research, this chapter presents a review of
studies on the West African Summer Monsoon Climate (WASMC), as well as the
urbanization influence on climate. Thus, it contains two major parts: the first section
gives an overview of the WASMC, which determines the climate of the region and its
sensitivity on LULC modification, the second part provides the reason for the nature of
urbanization at global scale and the consequences of urbanization on climate at local

and regional scales.

2.1 West African Climate

2.1.1 West African Monsoon dynamics

West Africa’s climate is dominated by a system called the West African Monsoon
(WAM) also known as the West African Summer Monsoon Climate (WASMC), a large

scale circulation associated with seasonal reversing wind due to land-sea temperature
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contrast between the Gulf of Guinea in the tropical Atlantic and the Western part of
African continent, covering from the Sahara desert to the Gulf of Guinea coast (Eltahir
and Gong, 1996; Afiesimama et al., 2006; Sylla et al., 2013) during the summer
monsoon season. The WAM is principally characterized by the migration of zonally
banded rainfall from the Guinea coast to the Sahel. It follows the movement of the
Intertropical Convergence Zone (ITCZ) which in turn is driven by two continental trade
winds from the (1) Atlantic Ocean and (2) Sahara desert. It provides most of the rainfall
for West African countries especially over Sahel (Omotosho, 1985; Sultan et al., 2005)

during the boreal summer period from June to September.

So far, the WAM is a coupled and complexed system which interacts with some
components of the Earth’s system (Sultan and Janicot, 2003; Hall and Peyrillé, 2006;
Lafore et al., 2010). It is the resultant effect of several forcings such as atmosphere
(Jenkins et al., 2005), ocean (Fontaine et al., 2010; Rodriguez-Fonseca et al., 2011), and
land surfaces feedbacks (Abiodun et al., 2008; Paeth et al., 2009; Sylla et al., 2016a; Yu
et al., 2016). It is also influenced by natural climate processes (teleconnections) that
occur over a range of temporal and spatial scales also called the multi-decadal variability
(Sultan and Janicot, 2003; Hall and Peyrillé, 2006) such as El Nifio/ENSO, the Quasi
Binary Oscillation (QBO), the North Atlantic Oscillation (NAQO), Atlantic Multi-
decadal Oscillation (AMO) and Madden-Julian Oscillation (MJO). These often help to
explain the climate variations in West Africa (Maynard et al., 2002). Previous studies
have demonstrated that many atmospheric processes also modulate the WAM variability
and sensitivity like squall lines (Fink, 2003; Gaye et al., 2005), African Easterly Jet
(AEJ), Tropical Easterly Jet (TEJ), African Easterly Waves (AEWSs) (Cook, 1999;

Diedhiou et al., 1999), Sahara Heat Low (SHL) (Lavaysse et al., 2009). These represent
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the WAM features (see Figure 2.1 and Figure 2.2). The WAM quality, i.e. rainfall
amount and variability, is determined by intensity and the position of its features
(Afiesimama et al., 2006; Redelsperger et al., 2006; Raj et al., 2019).

2.1.2  West African Monsoon Features

2.1.2.1 Sahara Heat Low

The Sahara Heat Low (SHL) is defined as a thermal depression generally below 600
hPa (Figure 2.1 and Figure 2.2) observed over West Africa (Thorncroft and Blackburn,
1999). 1t is an intensely dry, very hot layer often overlying the cooler, more humid
surface air. As it arrives from continental areas out of the ocean, it is lifted above the
denser marine air causing the trade inversion layer where temperature increases with
height. SHL is due to strong heating of the Sahara surface creating a low pressure system
which leads to the development of a thermal low pressure near the surface during the
boreal summer period (Lavaysse et al., 2009). Thorncroft and Blackburn (1999)
suggested that this heating, reaching 700 mb where in the AEJ region, is particularly
important for AEJ maintenance and is associated with meridional gradients in potential
vorticity. Moreover, Lavaysse et al. (2009) revealed that a northward shift of the SHL
is associated with a northward movement of solar radiation maximum at the surface.
They also suggested that the SHL onset (northward migration) occurs 5 days before the
monsoon onset in the Sahel as previously defined by Sultan and Janicot (2003). Similar
results were found by Hagos and Cook (2007) and Thorncroft et al. (2011) who
emphasized that the WAM onset over the Sahel is determined by the SHL which plays

a significant role in the monsoon jump process, an abrupt shift of the rain belt.

12



ITCZ

Tropical Easterly Jet

InterTropical Discontinuity

Deep moist convection
Dry convection

Boundary layer clouds

monsoon flow
Convection

ainssald

Figure 2.1: Summer mean meridional circulation and associated mean winds (ms™') over

West Africa [adapted from Hourdin et al. (2010)].
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Figure 2.2: Large-scale features of the West African Monsoon and the Tropical Atlantic

[adapted from Parker et al. (2005)].
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Usually, strong SHL phases, defined by an increase of low-level atmospheric thickness,
are associated with positive temperature anomalies in the low layers, a monsoon flow
strengthening, the divergence flux negative anomalies, moisture advection enhancement
over the central Sahel, AEJ intensification and upward vertical motions located south of
ITD enhancement. These conditions appear to be favorable for the occurrence of
convection over the central Sahel, since strongest and most widespread convective
activity over the central and eastern Sahel occurs when the SHL intensity is the strongest

(Lavaysse et al., 2009).

2.1.2.2 African Easterly Jet (AEJ)

The African Easterly Jet (AEJ) is one of the key features of the WAM system. It is
defined as a strong zonal wind located between 600 and 700 hPa (Figure 2.1) (Cook,
1999; Thorncroft and Blackburn, 1999; Cornforth et al., 2009) with a speed of about
12-15 m.s™! (Grist et al., 2002). It occurs in the Guinea Coast (10°N) and moves to the
north part ~15°N (Burpee, 1972; Sultan and Janicot, 2003). Burpee (1972) suggested
that the AEJ is formed as the response to the existence of barotropic and baroclinic
instabilities, leading to the development of the African Easterly Waves (AEWSs) growing
at the expense of the AEJ. This implies that the observed AEJ is a result of the
combination of the diabetically forced meridional circulation maintaining it and the
AEWSs weakening it. Studies such as Thorncroft and Blackburn (1999), Cook (1999),
and Cornforth et al. (2009) demonstrated the presence of the AEJ by the strong
meridional soil moisture gradients between the Atlantic Ocean and the Sahara desert.
Nicholson (2013) also revealed that the AEJ is maintained by the juxtaposition of moist
convection from the south and dry convection from the north. Moreover, Thorncroft and

Blackburn (1999) suggested that the AEJ is maintained by two diabetically forcing
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meridional circulations patterns: the first is associated with dry convection in Sahara

regions, and the second is linked to the deep moist convection in the ITCZ.

Several studies have shown the link between the AEJ and the WAM especially the
rainfall anomalies (Cook, 1999; Nicholson, 2008; Cornforth et al., 2009). The latitudinal
position of AEJ core can vary considerably and its characteristic is very important in
rainfall variability over the northern Sahel (Nicholson, 2008). It has been demonstrated
that in wet (dry) years, the AEJ tends to be weaker (stronger) and have a northward
(southward or equatorward) shift (Nicholson and Grist, 2003; Jenkins et al., 2005;
Nicholson, 2008; Sylla et al., 2010). In addition, studies have explained the mechanisms
by which the AEJ affects the rainfall. For instance, Cook (1999) showed that AEJ creates
a divergence of moisture below the level of condensation leading to a reduction of the
rainfall amount. Moreover, vertical wind shear associated with the AEJ strongly
influences the formation and organization of Mesoscale Convective Systems (MCSs)
responsible for about 95% of rain in Sahelian zone (Laurent et al., 1998) and 50 % in

Sudanian zone (Omotosho, 1985).

The AEJ, as well as the WAM, are sensitive to the meridional surface gradients of mass
and energy and these gradients are in turn very sensitive to the land surfaces conditions
(albedo, vegetation, deforestation, soil moisture). Fontaine et al. (1999), Sultan and
Janicot (2003), Sylla et al. (2016a) and Bamba et al. (2018) demonstrated that small
perturbations on land surface conditions can affect the AEJ structure and consequently

the WASM processes.
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2.1.2.3 Tropical Easterly Jet (TEJ)

The TEJ is also an important feature of the northern hemispheric summer (Cook, 1999;
Cornforth et al., 2009). It is an upper easterly jet located around 100-200 hPa during the
African monsoon period south of the ITD and north of the Equator. It corresponds to
the upper branch of the Walker circulation, initialed by the Asian monsoon circulation,
which is very intense due to the strong thermal contrast between the upper atmosphere

above the Indian Ocean and the Tibetan plateau as well as the steep orography.

Previous studies have revealed that TEJ modulates the WAM. TEJ structure and
intensity variability influence the development of deep convection, moisture convection
and interannual variability of the monsoon over West Africa. Weak (strong) TEJ is often
associated with weak (strong) monsoon flow (Nicholson and Grist, 2003; Nicholson,
2008). Nicholson (2008) revealed that a strong TEJ is linked to cool conditions in
tropical upper atmosphere, a latitudinal temperature gradient associated with an intense
monsoon rainfall and an increase rain belt. However, till now the physical mechanisms

about TEJ role are still not fully elucidated.

2.1.24 African Easterly Waves (AEWs)

The AEWs are westward-traveling waves forming near the AEJ zonal circulation pattern
over tropical North Africa during the summer rainy season (Burpee, 1972; Kiladis et al.,
2006). The AEWSs grow at the expense of the AEJ via combined baroclinic-barotropic
energy conversion process. Early studies from Burpee (1972) and Reed et al. (1977)
have demonstrated that the AEWs were formed by the barotropic-baroclinic instability
(Charney and Stern, 1962). This instability requires a sign change of the meridional
gradient of potential vorticity gradient or negative potential vorticity (PV) gradient

coupled with a surface maximum gradient of potential temperature (Burpee, 1972;
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Thorncroft and Blackburn, 1999; Diedhiou et al., 1999). The sign reversal of PV at the
AEJ level is consistent with the presence of a strip of high PV on the southern flank of
the AEJ, which is in turn augmented by deep convection during the active monsoon.
This is illustrated by the JJAS mean of potential vorticity on the 315K potential

temperature surface which generally goes through the AEJ core.

Previous studies have linked the AEWs to precipitation through the MCSs, which
produce most of the rainfall during the summer monsoon in West Africa. Fortune
(1980), Landsea and Gray (1992); Gaye et al. (2005), Reed et al. (1977), Fink and
Reiner (2003), and Schlueter ef al. (2019) demonstrated that these AEWs modulate the
precipitation throughout the MCSs. The AEWs bring the most significant weather,
where they may form MCSs, often including squall lines. These are associated with
local circulations bringing convective rainfall to the African Sahel. Diedhiou et al
(1999) and Gaye et al. (2005) found that positive rainfall anomalies in and ahead of
AEWs troughs. Also, others studies found that some convection occurred east of the
trough, in the southerly flow. AEWs over the northern part of Sahel (17.5°N) are more
likely to have moist mesoscale convection east of troughs, while AEWs at more
southerly latitudes (7.5°N) seem to be rainy more often at and west of troughs. Fink and
Reiner (2003) suggested that more than 60% of organized squall lines during summer

are associated with AEWs.

2.2 Land Use and Land Cover (LULC) Changes in West Africa and their impacts

One of the main characteristics of the West African region is a strong variation at spatio-
temporal scale in climate, especially the rainfall distribution, which is one of the most
determinant parameters of its regional climate. The climate in West Africa has

experienced significant variability on several varying from scales from intra-seasonal to
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decadal along the 20™ century. This variation of rainfall patterns leads to important
impacts on livelihood conditions, agriculture, water availability, economic growth, and
stability on the region. Little changes in rainfall patterns, when experienced over a long
period of years, have a great effect on the vegetation and thus affect the populations. For
example, since 1960s, most parts of West Africa, particularly the Sahel region,
experienced repeated series of occurrences of disastrous events such as drought, flood,
water stress, and heat waves. These disastrous events may even increase with global
climate change as suggested by Diallo et al. (2012) and Sylla et al. (2016b). They, using
a regional climate model (RegCM) under climate changes scenarios, found an increased
risk of heavy precipitation, floods hazards, temperature and an expected regional
decrease of rainfall over West Africa, in particular in the Sahel region, by the end of the
21% century. Furthermore, during the past two decades, the WAM has been the focus of
considerable projects such as AMMA (Redelsperger et al., 2006) which the purpose is
to understand the West African climate and their variability. Several others numerous
studies such as Afiesimama et al. (2006), Sylla ef al. (2013) have attempted to provide
a better understanding of the causes of variability and sensitivity of the WAM leading
to better policies and strategies promoting sustainable food production and adequate

water resources in the region.

These studies pointed out that the West African climate variability can be classified as
internal and external. The internal climate variability refers to the changes of climate by
itself, This means that the changes are due to natural variations of atmospheric or
oceanic phenomenon such as ENSO, NAO, etc. In turn, the external climate variability
means that the changes are from the anthropogenic external forcing such as the

greenhouses gas concentration which is the most visible and the most important for the
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region (Sylla et al., 2016b; Taylor et al., 2017). While the climate change has been
shown to have a major impact of rainfall variability, numerous studies have also
demonstrated the important role of land surface conditions changes and processes on
the West African climate variability and sensitivity (Charney, 1975; Zheng and Eltahir,
1997; Abiodun et al., 2012; Sylla et al., 2016a). For instance, studies have demonstrated
that the changes LULC are believed to be the major anthropogenic cause of climate
perturbations in West Africa, especially the Sahel region. The land surface conditions
impact the West African regional climate through biogeophysical and biogeochemical
processes by modifying surface albedo, carbon cycle, water cycle, and momentum
exchange (Kueppers et al., 2007; Hagos et al., 2014; Boone et al., 2016). Since Charney
(1975) suggested that the drought conditions in the Sahel can be explained by the
reduction of vegetation, which leads to an increase of albedo and decrease of
precipitation; this study serves as the foundation for the commonly cited positive
vegetation albedo feedback mechanism for the Sahel. Recent modeling studies,
regarding land surface forcing, have also demonstrated the sensitivity of the West
African climate to the land surfaces conditions (Xue, 1997; Wang and Eltahir, 2000;
Abiodun et al.,, 2008; Yu et al., 2016; Boone et al., 2016; Wang et al., 2016; Xue et al.,
2016; Diba et al., 2018). For instance, Xue et al. (2004) showed that the vegetation
degradation has a role in the drought events in the Sahel, through the increase in albedo
and the reduction of evaporation, leading to reduced net radiation and inhibited
convection, respectively, which in turn weaken the monsoon circulation. Abiodun et al.
(2008) concluded that both deforestation and desertification are likely to weaken the
monsoon flow over Sahel region. Quesada et al. (2017), using a regional climate model,
found that future LULC changes significantly reduce monsoon rainfall. Bamba et al.

(2018) simulated the effect of vegetation on WASMC by adding vegetation in two
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different positions (forest or evergreen broadleaf) in RegCM4. He found a reduction of
temperature and increase (or decrease) of rainfall (depending on the position and
location of the greenbelt). Also, in response to reforestation scenarios, Diasso and
Abiodun (2017) found a decrease in the warming pattern over Savanna and an increase
of the rainfall. Sylla ez al. (2016a) showed that conversion of forests into croplands tend
to induce warmer condition in West Africa because of the potential reduction in

evapotranspiration.

Despite the aforementioned studies, many challenges remain for modeling the land
surface influence on the atmosphere in West Africa. Surface processes are often poorly
represented or ignored like the case of urbanization. It should be emphasized that none
of the experiments incorporate urbanization forcings. This is particularly important to
assess urbanization influence on regional climate, especially in West Africa, which is
the second-largest region on Earth and the fastest growing urban region in terms of
population. To date, the relationship between urbanization changes and the WASMC
using a regional climate model has not been fully investigated. Based on our knowledge,
this study is the first over West African region to try to study the potential effect of
urbanization on regional climate using a regional climate model. This work tries to fill

this gap.

Furthermore, it is important that we understand the feedback processes associated with
urban expansion changes and its influence on regional climate in order to assess the

potential impact of future changes and to develop adaptation and mitigation strategies.
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2.3  Regional climate modeling over West Africa

Due to the strong variability of the West African climate observed during these past
years, there have been increasing numerical studies investigating the global climate,
both to aid our understanding and to improve regional future projections in the context
of climate change. A large volume of modeling simulations has been performed using
Global Climate Models (GCMs). Results have highlighted that GCMs are valuable and
sophisticated tools for better understanding the West African climate. They are also used
to make projections of anticipated climate change associated with anthropogenic effects
such as emissions of greenhouses gases, aerosols or LULC (Hourdin et al., 2010).
However, due to their coarse horizontal resolutions, GCMs cannot adequately represent
some main WAM characteristics and features of the fine scale structures that
significantly determined the climate over the region (Hourdin ef al., 2010; Sylla et al.,
2010). This means that the use of GCMs for regional climate understanding and
projection is significantly limited (Sylla ez al., 2010). Therefore, different dynamical,
statistical and combined approaches can be used to downscale coarse-grid data sets from
GCMs to the regional and local scale in order to account for the effects of fine scale
forcings, complex topography or land surface distribution (Giorgi and Mearns, 1991;
Giorgi, 2006). This technique consists of using a limited area climate model, i.e. the
Regional Climate Models (RCMs), over a given region of interest (more description of

RCMs is available in Chapter Three).

Over the past three decades, much effort has been devoted to the use, evaluation, and
application of RCMs over West Africa (Afiesimama et al., 2006; Nikulin et al., 2012;
Sylla et al., 2013). Due to the higher resolution and a more complete representation of

physical processes in RCMs, this considerably has been provided as solution to the
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GCM’s problem and has been demonstrated to be able to improve the WAM
climatology as well as the variability (Diallo et al., 2012; Sylla et al., 2013; Gbobaniyi
et al, 2014; Akinsanola et al., 2015). It has also aided the understanding of the
interactions between the dynamical features affecting precipitation (Browne and Sylla,
2012) and the contribution of LULC changes on monsoon circulation dynamics (Paeth

et al., 2009; Abiodun et al., 2012).

Despite some errors or biases of RCMs outputs, it remains the best tool to study the
West African climate (Diallo et al., 2012; Nikulin et al., 2012; Gbobaniyi et al., 2014).
An ensemble of high-resolution regional climate model was used to assess the West
African climate and to predict the future climate pattern such as WRF (Alaka and
Maloney, 2017), RegCM (Browne and Sylla, 2012; Diallo ef al., 2012), or from an
inter-comparison projects such as Coordinated Regional Climate Downscaling
Experiment (CORDEX; Nikulin et al., 2012; Gbobaniyi et al., 2014). A range of studies
has demonstrated the capability of these RCMs to properly simulate the West African
climate. For example, Afiesimama et al. (2006), Sylla et al. (2010), Browne and Sylla
(2012) and Sylla ef al. (2013) have demonstrated that RegCM gives good results in
simulating the WAM climatology as well as the variability and the future projection

compared to other RCMs.

2.4  Context: an urbanized world

Currently, around 55% of the world’s population lives in urban areas and future
projections indicate that this number will have swollen to 70% by 2050 (UNDESA,
2018). The degree of urbanization, by contrast, varies considerably from continent to
continent. For instance, in South America, it is generally above 50%, the proportion in

Venezuela is above 90% and in Africa, it is about 30% (World Bank, 2016). However,
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Africa and Asia are the fastest growing urbanizing regions in the world (Yuen and
Kumssa, 2011). The urbanization process is mainly linked to economic growth,
commercialization, industrialization, as well as rural-urban migration and globalization
(Seto et al., 2011; Burdett, 2018). Owing to the fact that most employment opportunities
are within urban areas, cities attract a large part of a country’s job seeking population.
This is especially true in developing countries, where an increasing share of economic
activities take place in the cities, and the differential between urban and rural wages is
growing. The processes of urbanization have been associated with social, economic,
environmental, and health transformations or issues (Grimmond et al., 2011; Seto et al.,
2012). Additionally, urbanization is a global phenomenon that is paramount is the
modification of the natural land cover. It can directly or indirectly influence the climate
at the local and regional scales (Oke, 1987; Shepherd et al., 2010; Revi, et al., 2014).
For instance, recent analyses of disaster impacts show that a high proportion of the
world’s population, most affected by extreme weather events is concentrated in urban
areas (IFRC, 2010; Seto et al., 2012; Revi et al., 2014). However, the climate change
adaptation in cities is among the biggest challenges because these areas face two major
issues: the large-scale consequences of climate change induced by emissions of long-
lived greenhouse gases, and the local and regional climate change resulting from land
use change, and other environmental impacts, associated with urbanization (LULC
changes, McCarthy et al., 2010; Seto and Reenberg, 2014; Revi et al., 2014).

2.5  Urbanization in West Africa

Currently, 50 % of West Africa’s population lives in urban areas, being one of the
world’s fastest region in terms of urban population (UNDESA, 2018) and by 2050, it is
projected that 80 % of them will be living in urban areas. West Africa has been

experiencing intensive urbanization over the past 60 years and cities have fundamentally
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transformed the social, economic and political geography of the region (Yuen and
Kumssa, 2011). According to World Bank (2016), more than half of West Africa’s
population lives within 100 km of the coast, river systems, or major bodies of water and
a significant percent of this growth is positioned in low-elevation coastal zones (Figure
2.3) (Alcala and Russ, 2006; Seto et al, 2011; Dobigny et al., 2018). This can be
explained by historical and economic reasons. Coastal urbanization is also linked

with colonization where newly developed centers are made to control and administer
the colonized population and to exploit and export natural resources (Beauchemin and
Bocquier, 2004; ADB, OECD, and UNDP, 2016). This partially explains why urban
growth remains high in coastal cities such as Lagos (Nigeria), Ibadan (Nigeria), Abidjan
(Cote d’Ivoire), Accra (Ghana), Dakar (Senegal) (Dobigny et al., 2018) with large scale
differences in the distributions of urban areas (see Figure 2.3).

The cities’ locations make them important economic centers and are prone to
experiencing warming and variation in weather. Their locations also make them
vulnerable to sea-level rise, drought, flooding, stronger storms, erosion, salination,
climate change impacts (Douglas et al., 2008; Kithiia, 2011). Studies revealed that
urbanization is one of the principal consequences of land use and land cover changes
(Grimmond et al., 2011; Seto et al., 2012), leading to significant climate change and
environmental issues. In summary, West Africa is a model of rapid transition from
forest/agriculture land-use to urbanization and it therefore provides a leading and an
ideal case where the influence of urbanization influence on climate at a regional level

could be investigated.

25



,l_.“ Y ~‘ \f‘i-“!‘,\ P

Population density
(people per km?)

D <10
() 10-49
@ so-9
@ 00-4c0
@ so0-o0
@ ;oo

Q Inland water

Figure 2.3: Population densities by administrative units in West Africa in 2015.
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2.6  Urbanization impacts on climate

Climate change and/or climate variability are caused by many factors which include
oceanic processes, variation in solar radiation, the modification of land use and land
cover composition and human-made activities. Moreover, over the last centuries, the
earth’s terrestrial surface has witnessed profound changes which, due to the human land
use activities, have had great impact on the climate system. Moreover, LULC changes
influence the climate through changes in surface albedo; land roughness, hydrological
and thermal features. However, urbanization, which is a very extreme case of LULC
changes, is the commonest cause of changing environmental change on earth in the 21%

century.

According to the IPCC report (Revi et al., 2014), after the important and rapid emission
of greenhouse gases, land-use changes, particular urbanization, is the most important
anthropogenic change that influences climate. Hence, these urban areas experience
many problems such as economic, social, environmental, health, etc. (Kaufmann et al.,
2007; Seto et al., 2011). For example, natural and agricultural land are transformed to
residential, commercial, and industrial land cover which alters the land surface
properties. Replacing the natural land cover with these new land cover will lead to
significant changes in land surface properties. As a result, a new climate is created at
local or regional scales called urban climate (Landsberg, 1981; Oke, 1987). An urban
climate is a form of man-made climate which is not as conducive as the natural, and
undisturbed climate (Pielke et al, 2002). Urbanization modifies the physical and
thermodynamic characteristics of the underlying surface and makes the land cover in
urban areas very different from that of the surrounding areas. These differences create

a horizontal gradient of energy budget and moisture in the surrounding environment,
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impacting the boundary layer characteristics as well as the heat and water exchange (
Miao et al., 2009; Cao et al., 2016) between the land surfaces and the atmosphere which,
thereby, influence rainfall (Cao et al., 2016; Laux et al., 2017), temperature (Sun et al.,

2018), carbon emissions and pollutants (Liao et al., 2015).

2.6.1 Urban Heat Island (UHI)

Studies highlight the urban characteristics that result in urban climate modification,
most often expressed as urban heat island (UHI) (Figure 2.4). UHI is defined by the
difference of temperature pattern, particularly at night, between urban and rural areas
(Jackson et al., 2010; Oleson et al., 2011). It is first documented by Landsberg (1981)
and Oke (1981) and it is an example of an extreme case of how land use can modify the
climate at the local and regional scale. It is mainly caused due to the heat stored and re-
radiated by massive and complex urban built structures (Oke, 1987; Grimmond, 2007,
Oleson et al., 2008; Fischer ef al., 2012). During urban expansions, the vegetation land
covers are reduced and replaced by impervious construction materials and built-up area,
which are of higher conductivity and capacities, and shed water more rapidly; at the
same time, the city buildings have more vertical surfaces and form what is known as
“urban canopy layer” (Grimmond, 2007; Miao et al., 2009). As the material used in
cities have higher capacity and lower albedo; they absorb a huge amount of heat during
the day through solar radiations which later emit into urban canopy at nights (Rizwan et
al., 2008; Miao et al., 2009; Lemonsu et al., 2015; Sun et al., 2018). As a result, the
boundary layer’s temperature goes higher than nearby rural areas. Also, due to the
almost non-existence of vegetation, and a hyper-arid environmental matrix, a higher

sensible heat flux is observed, which leads to the reduction of evaporation
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Figure 2.4: The schematic representation of the temperature profile of the urban heat
island and its variation with the type of the elements in the urban area.
This figure is adapted from http://www.jandjasphalt.com/concrete-companies-affect-

temperature-of-city.
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(Grimmond, 2007; Mahmood et al., 2014). Other anthropogenic heat source released
from vehicles, air conditioners and other heat sources also contributed to the UHI.

The UHI can have many adverse effects on people and the environment (Kalnay and
Cai, 2003; Hamdi et al,, 2014), air quality suffers, as sunlight and radiated heat quickly
cook car exhaust into smog. Cities are usually experience increased daytime
temperatures, reduced nighttime cooling, and higher air pollution levels associated with
urban heat islands which can affect human health by contributing to general discomfort,
respiratory difficulties, heat cramps and exhaustion, non-fatal heat stroke, and heat-
related mortality (Grimmond ef al., 2011; Lemonsu et al., 2015; Yang et al., 2017; Cao
et al., 2018). It is also known that UHI contributes locally and globally to a higher
temperature (Jackson et al., 2010; McCarthy et al., 2010; Oleson et al., 2011; Seto et
al., 2012;). For instance, the IPCC report (Stocker et al., 2013) estimates that the
contribution of UHI to the global warming trend is less than 10% but notes that there
could be regional variations. Paranunzio et al. (2019) found that the increase of
temperature trends observed in Africa and Asia is strongly correlated with the UHI; i.e.,
the UHI can explain the observed warming in these regions.

Heat islands can also exacerbate the impact of heat waves (Argiieso et al., 2015; Doan
etal.,2016; Zhang et al., 2019) which are a prolonged period of abnormally hot weather.
Moreover, the occurrence of heat waves has been growing for the past few decades as
stated in Chapter 8 of the Contribution of Working Group 2 to the Fifth Assessment
Report of the IPCC (Revi et al., 2014).

2.6.2 The impacts of urbanization on the precipitation

Many studies have attempted to assess a possible relationship between rainfall (patterns
and characteristics) and urbanization. Results showed a sensitivity of precipitation to

urban expansion conditions. However, urbanization’s effects on precipitation remain
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considerably uncertain with respect to what degree and how urbanization impacts the
precipitation behavior. This is because rainfall changes are dynamic and depend on a
number of other factors (multi-decanal natural variability, topography, etc.) (Pielke et
al., 2011). Urbanization impacts precipitation by changing the atmosphere’s thermal
and dynamic conditions in the urban atmosphere environment, which can be attributed
to UHI interactions, urban roughness effects, underlying surfaces changes, and aerosols
emissions. Thus, positive and negative rainfall response to urban modification has been
found. For example, Landsberg (1981); Shepherd et al. (2002) and Mote et al. (2007),
using observations datasets, found that there is an enhancement of precipitation amount
over and downwind of cities. Furthermore, these findings have also been confirmed by
modeling studies such (Lamptey et al., 2005; Zhang et al., 2009; Niyogi et al., 2017)
which have demonstrated that urban effects lead to increased precipitation that was 5-
25% higher than background values within cities and in the area 50 to 75 km downwind
from cities during the summer period. Feng ef al. (2015), using the WRF coupled with
UCM, found that the summer monsoon is slightly strengthened by large-scale
urbanization. Similar results were found by Chen and Zhang (2013), who used the global
climate model Community Atmosphere version 4.0 (CAM4.0).

Meanwhile, other studies have demonstrated that urbanization can have a negative
influence of rainfall patterns and distribution thereby bringing about reduction in
precipitation. For instance, Kaufmann et al. (2007), using stations datasets, found a
rainfall reduction during the dry season in the urbanized Peral River Delta (PRD) of
southern China over the period 1988-1996. Also, Zhang et al. (2009), using WRF, found
that urban expansion led to a decrease in annual precipitation in the Beijing area during
the summer season (by more than 40 mm). Also, Shao ef al. (2013), using RegCM3 with

an urban parameterization added to the land surface scheme, found a weak East Asian
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monsoon under urban conditions. This was further established by Ma et al. (2016) who
used the Community Atmosphere version 5.0 (CAMS5.0). They suggested that the
reduction of rainfall can be explained by thermal heat effect due to urbanization.
Arguably, urbanization leads to the UHI which naturally causes the warming of the land
surface leading to the intensifying of the land-sea contrast. These changes can have
significant impact on the local circulation and meteorological parameters and their
association with precipitation. The reduction of monsoon precipitation amount under
urban modification can also be explained by the reduction of surface latent heat flux
which leads to a decrease in moisture availability and cloud cover and as consequence
the decrease of total rainfall especially in the urbanized region (Feng et al., 2015). In
sum, the influence of urbanization on precipitation may depend on the climate regime
and geographical locations of cities.

2.6.3 The impacts of urbanization on emissions and air pollution

The way urbanization impacts the air quality through pollution has gained a wide
scholarly attention (Rosenzweig et al., 2011; Stone et al., 2012; Revi et al., 2014). Areas
with high population are characteristically associated with serious pollution issues
(Kumar et al., 2017; Gulia et al., 2018). Consequently, the magnitude of air pollution in
urban areas is quite alarming and can have impacts on weather systems, crops, water
quality and public health (Balogun et al., 2010; Revi et al., 2014). Again, scholars have
examined the relationship between aerosols or pollutants and urban climate. The results
revealed that many factors are responsible for the increase in emission and air pollution
in urban areas. These include: urban power demand, transportation, industrialization,
domestic fuel (Seto et al., 2012; Stone et al., 2012; Rodriguez et al., 2016; Gulia et al.,

2018).
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Undoubtedly, UHI raises demand for electrical energy particularly in summer.
Companies that supply electricity typically rely on fossil fuel power plants to meet much
of this demand, which in turn leads to an increase in air pollutant and greenhouse gases
emissions. These pollutants are harmful to human health and also contribute to complex
air quality problems such as the formation of ground-level ozone, fine particulate matter,
and acid rain. Increased use of fossil fuel powered plants also increases emissions of
greenhouse gases such as carb dioxide, which contribute to global climate change.
Studies showed that urbanization is a major cause of CO, emission due to the presence
of cars, public transport, and industrialization, which in turn leads to a more intense
climate change at regional and global scales (Boucher et al., 2013; Bony et al., 2015).
For instance, Doumbia et al. (2012) ; Knippertz et al. (2015) have demonstrated that
cities with higher concentration of pollutants in West Africa correspond to urban areas
precisely the coastal cities (Lagos, Dakar, Abidjan). Rodriguez et al. (2016) found that
cities with larger artificial areas and densely populated cities may experience pollutants
higher concentration, particularly, NO2, PM1o, and SO concentrations. Naturally, larger
populations are associated with increased vehicle usage and longer vehicular movement

thus leading to more tailpipes emissions (McCarty and Kaza, 2015; Martin et al., 2017).

It has been proven that air pollution affects the regional climate and water carbon cycles
(Giorgi and Meleux, 2007). Anthropogenic atmospheric pollutants can alter the
radiative balance between the atmosphere and earth surface by enhancing the scattering
and absorption of solar radiation, which leads to a reduction in solar irradiance and a
corresponding drop in temperature near the land surface (Pielke et al., 2002; IPCC,

2008). Also, aerosols act as cloud condensation nuclei and ice nuclei in atmospheric
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dynamics and thus affect cloud properties as well as precipitation processes (Chen et

al., 2011; Mahmood et al., 2014; Knippertz et al., 2015).

2.6.4 Other consequences of urbanization

Urbanization can also have impact on wind speed. Wind is an important indicator of the
atmospheric circulation. Changes in wind speed are an indication of the circulation
change arising from natural anthropogenic activities. Due to the reduction in wind speed
observed during the past decades, a lot of studies have tried to probe the rationale for
this change. The studies showed that wind speed reduction can be attributed to
urbanization. For instance, wind speed in cities can be 20-30% lower than in adjacent
areas (Rosenzweig ef al., 2011; Wang et al., 2013). Urban terrains are typically rougher
than rural landscapes, and built-up urban canopies strongly increase frictional drag,
inducing often remarkable modifications of wind speed at the microscale within the

urban canopy layer.

Rural and urban wind flows also differ as a result of vertical thermal gradients and
convection. Those phenomena (caused by the UHI, discussed above) induce a
convergence of low-level winds over cities, so that air flows into them from all

directions.
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CHAPTER THREE

METHODOLOGY

As already noted in Chapter Two, studying urbanization interaction with climate is a
complex exercise. The review of previous studies showed that numerical modeling is an
important tool needed to understand the influence of urbanization on climate change at
local and regional levels. It was also observed that a little of these studies did not
incorporate an urban scheme in climate models. This doctoral thesis aims to investigate
the impact of urban land cover changes on climate in West Africa by using RCM. This
chapter covers the modeling tools, the data and the methods required to achieve the
specific objectives established in Chapter Two.

3.1 Study Area

The study area covers the West African domain (Figure 3.1). The West African domain
exhibits complex terrains especially in the southern and eastern regions. Some localized
highlands are also present in West Africa; around Cameroun (Cameroun Mountain),
Central Nigeria (Jos Plateau) and Guinea (Guinea Highlands) (Figure 3.1).

The vegetation of West Africa under the uniformly high temperatures in the tropics is
determined to a large extent by rainfall. Consequently, vegetation zones run parallel to
each other from southwest to northeast and are related to rainfall quantity. It could be:
(1) tropical rain forest; (ii) tropical deciduous forest, and (iii) tropical xerophytic

woodland.
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Figure 3.1: Model domain and topography (in meters).
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3.2  Data analyses

In this study, many sources of datasets (observations and reanalysis) were used to
evaluate the performance of the RegCM4 including the Climatic Research Unit version
4.02 (referred to as CRU TS4. 02) at the University of East Anglia, the University of
Delaware (UDEL), the Climate Prediction Center (CPC) of National Oceanic and
Atmospheric Administration (NOAA); and reanalysis from ECMWF Reanalysis
(ERAS) and the National Centers for Environmental Prediction (NCEP). Multiple
observed databases are used to test the model because substantial discrepancies exist
among the different observational datasets (Sylla et al., 2013b). It therefore became
imperative to use different products to quantify the uncertainties.

3.2.1 Climatic Research Unit (CRU) Dataset

This study utilized monthly datasets, including precipitation and mean temperature from
the Climate Research Unit version 4.02 (CRU_TS4.02; just CRU hereafter) to validate
RegCM4. CRU dataset produces a global gridded weather dataset that provides monthly
estimates on a 0.5 x 0.5 degree latitude/longitude (Harris and Jones, 2017) and is based
on the analysis of several homogenized observed parameters from over 4000 weather
stations. The 4.02 release of the CRU TS dataset covers the period 1901-2017.

3.2.2  University of Delaware (UDEL) Dataset

We also utilized monthly precipitation and temperature from the University of Delaware

dataset version 4.01 (UDEL v04; just UDEL hereafter). UDEL assimilates historical

precipitation observations into 0.5° X 0.5° (Legates and Willmott, 1990). It covers the

period 1900-2010.
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3.2.3 Climate Prediction Center (CPC) Unified Global Data

The daily global precipitation and temperature of Climate Prediction Center (CPC)
dataset was used with a resolution of 0.5° by 0.5° to assess the model performance. CPC
products are derived from gauge and gauge-satellite merged analyses of daily
precipitation and temperature over both global and regional domains. The data set is
derived from a set of quality controlled input gauge and satellite using a robust objective
analysis technique (Chen et al., 2008).

3.2.4 National Center for Environmental Prediction (NCEP) reanalysis

The National Center for Environmental Prediction/National Center for Atmospheric
Research (NCEP/NCAR) global reanalysis dataset (Kalnay et al., 1996) is an
assimilated dataset using a state-of-the-art analysis/forecast system and past data since
1948. The data are provided four times daily at a 6h interval, daily, and monthly values
of over 80 climatic variables are available on a 2.5° x 2.5° grid resolution. It has 17
pressures and 28 sigma levels. The NCEP was used to validate the model for the
circulation systems.

325 ERAS

ERAS is the latest and fifth generation of the global atmospheric reanalysis (Hersbach
and Dee, 2016) produced by the European Centre for Medium-Range Weather Forecasts
(ECMWEF) and it contains a key element of the EU-funded Copernicus Climate Change
Service (C3S). ERAS5 was carried out to replace the previous atmospheric reanalysis
ERA-Interim and covers the period from 1979 onwards. It has important changes
relative to the former ERA-Interim including higher spatial and temporal resolutions:
from 80 km in the horizontal dimension and 60 levels in the vertical in ERA-Interim to

31 km and 137 levels in ERAS, and from 6-hourly in ERA-Interim to hourly in ERAS
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(Hersbach and Dee, 2016; Albergel et al., 2018). ERAS has the advantage to of being
able to use one of the most recent versions of the earth system model and data
assimilation methods applied at ECMWF, which make it adaptable to modern

parametrizations of earth processes compared to older versions used in ERA-Interim.

3.3  Description of the climate model

3.3.1 Brief introduction to RCM

Urbanization processes affect the climate at local and regional scales. The GCMs
resolutions are still too coarse to simulate urban climate. Therefore, high-resolution
models are required to assess the impact of this sub-grid process on climate. One
technique used to overcome the coarse spatial resolution of coupled GCMs is that of
nested modelling. This involves the linking of models of different scales within a global
model to provide increasingly detailed analysis of local conditions while using the
general analysis of the global output as a driving force for the higher resolution model.
RCM operates at much higher resolution (as fine as 50 or 25km) and often, with more
detailed topography, land use, local impacts, and physical parameterizations (Giorgi,
2006). The representation is shown in Figure 3.2. It is important to note that the qualities
of simulations and predictions of a RCM to reproduce climate depends on the quality of
the GCM that drives it (Giorgi, 2006). In addition, the balance between the lateral
boundary forcing and internal model dynamics freedom is needed (Giorgi ef al., 1993).
The development of RCMs helps to obtain more differentiated information about

regional climate change and in particular urban climate.
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Figure 3.2: Illustration of a nesting approach for RCM that depicts coarse and finer
resolutions of GCM and RCM respectively. Source: World Meteorological
Organization (WMO:https://www.wmo.int/pages/themes/climate/climate_models.php)
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33.2 Overview

In this PhD work, the Regional Climate Model version 4 (RegCM4) is used and the
specific version used is the recent and upgraded version RegCM4.7.0 (hereafter, referred
to as RegCM4). RegCM is originally developed at the National Center for Atmospheric
Research (NCAR) (Dickinson et al., 1989; Giorgi and Bates, 1989). It is maintained and
distributed by the Earth System Physics (ESP) section of the Abdul Salam International
Centre for Theoretical Physics (ICTP). It is the first limited area model developed for
long term regional simulation and can be implemented over any region of interest for
present and future simulations (Giorgi and Mearns, 1999; Giorgi et al., 2006). It has
already been successfully tested over some inter-comparison projects such as CORDEX
(Giorgi, 2014).

The RegCM4 model is an improvement on the first version (RegCM1) to the third
version (RegCM3) (Pal ef al.,, 2007). The first generation RegCM1 was based on the
dynamical component of the Mesoscale Model version 4 (MM4; Anthes et al., 1987)
and the radiative transfer Community Climate Model version 1 (CCM1; Kiehl et al.,
1987). It is a compressible, finite difference model with hydrostatic balance and vertical
o-sigma coordinates (Dickinson et al., 1989; Giorgi and Bates, 1989). In 1989, series of
upgrade was done to the RegCM1 to make the model able to perform long term regional
simulations. This led to the development of the second generation (RegCM2; Giorgi et
al., 1993), which includes major modifications and addiction of some physical packages
such as the Mesoscale Model version 5 (MMS5; Grell et al., 1994), the radiation transfer
scheme, known as the Community Climate Model version 2 (CCM2; Briegleb, 1992),
the surface scheme with the upgraded Biosphere-Atmosphere Transfer Scheme 1
(BATSI1) (Dickinson et al, 1993), the non-local planetary boundary layer (PBL)

parametrization of Holtslag et al. (1990), and a second convective scheme (Grell, 1993).
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Next major revisions and modifications led to RegCM3 which reflects major
improvement of the physics schemes, surface physics, atmospheric chemistry and
aerosols, model input fields and user interface (Pal et al., 2007). In 2012, the fourth
generation of the ICTP’s regional climate model (RegCM4; Giorgi et al., 2012) was
introduced. Many aspects of the model formulation and implementation are identical to
the RegCM3, although there are several important changes that have been incorporated
into the physical and dynamical packages. This new version: (i) incorporates several
recent scientific advances in the understanding and representation of land surface
processes, (ii) introduces new convective schemes, and (iii) improves physics schemes.
3.3.3 Description of RegCM4

Like every climate model, RegCM4 model uses physical laws described in terms of
mathematical equations to represent the climate as well as the components of the climate
system (representing model dynamics). However, some physical processes cannot be
resolved by the coarse grid box of the model and must be approximated by what is called
parametrizations (representing the model physics).

3.3.3.1 Model dynamics

The model dynamics are the processes that can be characterized by the grid-scale mean
quantities. In RegCM4, the dynamical component originated from that of the MMS5
(Grell et al., 1994) which is a hydrostatic, compressible, sigma-p vertical coordinate.
The model equations are solved on a staggered Arakawa B-grid meaning that the
velocity components (u, v) are calculated at the grid center and the masses are evaluated
at the grid corners. The model solves a set of equations for mass, momentum and scalar

quantities, described as follows:
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Horizontal Momentum Equation
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where u and v are the eastward and northward components of velocity, 7 is virtual

temperature, ¢ is the geopotential height, f is the Coriolis parameter, R is the gas

constant for dry air, m is the map scale factor for either the Polar Stereographic, Lambert
Conformal, or Mercator map projections, ¢ = Z—: and Fy and Fy represent the effects of

horizontal and vertical diffusion and p* = p; — p00Ip

Continuity and Sigmadot (6) Equations
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Jt 0x dy do

The vertical integral of Equation 3.3 is used to compute the temporal variation model,

p* zjl op* u/m dp* v/m
__ 4
5% m . ox + 3y do (3.4)

: dp* . -
After calculating the surface-pressure tendency d—pt , the vertical velocity is computed at

each level of the model from the vertical integral of Equation 3.3.
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Where 6 is a dummy variable of integration and 6(o = 0) = 0.
Thermodynamic (or Omega) Equation

The thermodynamic equation is represented by:

op*T , (Op'uT/m Odp'vT/m\ Op'Tc RT,w p*Q
ac " * B

= + +
ox dy do Cpm (0 + Pt/Past) Com

+ FyT+F,T (3.6)

Where C,, represents the specific heat for moist air at constant pressure, Q is the
diabatic heating, FyT represents the effect of horizontal diffusion, F, T is the effect of

vertical mixing and dry convective adjustment, and ® is

=p*o + ar’ 3.7)
w=po o (3.

dp* op* ap* ap*
Where i=i+m(ui+v p)
dt at x

The expression for C,,, = C,(1 + 0.8q,), where C, is the specific heat at constant
pressure for dry air and g, is the mixing ratio of water vapor.

Hydrostatic Equation

The hydrostatic equation is used to compute the geopotential heights from the virtual

temperature Tv.

d¢
dln(oc+p:/p*)o

(3.8)

+
I [Hqc qr]

1+gq,

Where T, = T(1 + 0.608q,,), g, q. and g, represent vapor, cloud water and ice, rain

water or snow as well as mixing ratios.
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3.3.3.2 Model physics

After the dynamics are completed, the model goes to the model physics which represents
phenomena that cannot be properly resolved with physical parameterizations routines.
In RegCM4, the model physics correspond to the cloud processes, the absorption and
radiating properties of the atmosphere and clouds, and atmospheric interactions with
vegetation and other surface features. A brief description of certain schemes that are
important in RegCM4 is given below:

3.3.3.3 Radiation transfer scheme

In the RegCM4, the radiation transfer scheme is from the NCAR Community Climate
Model 3 (CCC3), which is well described by (Kiehl et al., 1996). This includes
calculations for the short-wave and infrared parts of the spectrum, including both
atmospheric gases and aerosols. It is parameterized with a &-Eddington approximation
to calculate the solar absorption (Briegleb, 1992) and includes contributions from all
main greenhouses gases e.g. H>O, CO», O3, CHa4, N>O, and CFCs (Giorgi et al., 2012).
Optical properties of clouds determining scattering and absorption of radiation are
expressed in terms of cloud water content and an effective droplet radius. When cumulus
clouds are formed, the gridpoint fractional cloud cover is such that the total cover for
the column extending from the model-computed cloud-base level to the cloud-top level
(calculated assuming random overlap) is a function of horizontal gridpoint spacing. The
thickness of the cloud layer is assumed to be equal to that of the model layer, and
different cloud water content is specified for middle and low clouds.

3.3.3.4 Cumulus Convective Schemes (CCS)

It is perceived that convection is very difficult to model accurately due to its large-scale
processes and moist-convective processes (specified grid scale), necessitating the need

for parameterization of convection in climate models. The Cumulus Convective
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Schemes (CCS) are intended to represent vertical fluxes due to unresolved updrafts and
downdrafts and compensating motion outside the clouds. There are several CCS
available in RegCM4, which are (i) Grell scheme (Grell et al., 1994), (ii) the
Massachusetts Institute of Technology (MIT) Emanuel scheme (Emanuel, 1991;
Emanuel and Rothman, 1999), (iii) Tiedtke scheme (Tiedtke, 1989), (iv) Kain and
Fritsch scheme (Kain and Fritsch, 1993) and the (v) Modified Kuo scheme (Anthes,
1977). One of the major improvement in the RegCM4 compared to previous versions of
RegCM is the possibility to combine the different CCS over land and ocean, a
configuration which is referred as to “mixed convection” (Giorgi et al., 2012) instead
of using the same CCS over the whole domain.

The Kian-Fritsch scheme is developed based on the assumptions of Fritsch-Chappell
scheme (Kain and Fritsch, 1990). It is a mass flux convective scheme model which
incorporates the effects of entrainment and detrainment as well as downdrafts associated
with evaporation of rain on the convection and large-scale environment. It has both deep
and shallow convections and uses a convective available potential energy (CAPE) which
reduces the timescale closure. It uses the Lagrangian parcel method, including vertical
momentum dynamics, to estimate whether instability exists, or whether any instability
will become available for cloud growth and what the properties of any convection

encountered by the cloud might be.

The MIT-Emanuel scheme is another convective adjustment scheme proposed by
Emanuel (1991), in which the convection is calculated when the level of the neutral
buoyancy is greater than the cloud base level. Between these two levels, the air is lifted
and the condensed moisture is apportioned between cloud and precipitation. Cloud

mixing is considered to be episodic and inhomogeneous, and convective fluxes are
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based on a model of sub-cloud-scale updrafts and downdrafts. Precipitation is based on
the auto-conversion of cloud water into rain water and accounts for simplified ice
processes. Another CCS option is the Grell scheme (Grell, 1993), which assumes that
the convective cloud stabilizes the environment. It is based on the Arakawa-Schubert
parametrization (AS74, Arakawa and Schubert, 1974) using a mass flux cloud model
that considers the cloud as a two steady state circulation having an updraft and
downdraft. The mixing between clouds and the adjacent air (entrainment and
detrainment) only occurs at the top and bottom of the cloud. The heating and moistening
profiles are derived from the latent heat released or absorbed. This is further linked with
the updraft-downdraft fluxes and compensating motion. This scheme is triggered when
a parcel lifted in the updraft eventually reaches the moist convection level. Two different
closures can be adopted: an Arakawa-Schubert type closure in which all buoyant energy
is immediately released at the same time and a Fritsch-Chappell type closure in which

the available buoyant energy is released with a time scale typically within 30 minutes.

The Modified Kuo scheme is relatively simple and is based on the approach proposed
by Kuo (1974), in which convective activity is determined by the convective instability
and moisture convergence in the vertical column. Part of this moisture convergence
precipitates and the rest is used to moisten the atmosphere. In the vertical, a parabolic
profile is used to distribute the latent heat of condensation, so that the maximum heating
is located in the upper half of the cloud (Anthes, 1977).

Another improvement in the RegCM4 is the introduction of Tiedtke CCS, which is a
mass flux convection scheme using a 1-D bulk model with entrainment and detrainment

and the moisture convergence closure (Tiedtke, 1989).
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In order to find the “best” convection scheme for this version of RegCM4 for the West
African region, a series of preliminary experiments have been conducted using different
convection schemes. Results show that the mixed convection configuration (Emanuel
over land and Kain-Fritsch over ocean) is the “best” in terms of reproducing the main
climatic parameters (rainfall and temperature) in West Africa for this version of

RegCM4.

3.3.3.5 Large scale precipitation scheme

In the RegCM4, the resolved-scale cloud microphysics is treated by the Subgrid Explicit
Moisture Scheme (SUBEX; Pal et al., 2000), which calculates fractional cloud cover as
a function of grid point average relative humidity and includes only one prognostic
equation for cloud water. Rain is calculated diagnostically and it forms when the in-
cloud liquid water exceeds a temperature-dependent threshold (auto conversion). Rain
is assumed to fall instantaneously within the model’s time step and it grows by accretion
of cloud droplets.

3.3.3.6 Land surface parameterization

The Land Surface Models (LSMs) are used to describe the complex interactions
(including biophysical, hydrological, and biogeochemical interactions) between land
surface and atmosphere at micro- and mesoscales. In addition, it provides relevant
information on the land surface and climate data. Numerical parameterization of land
surface provides a simple and realistic method of showing the transfer of mass, energy,
and momentum between the land surface and atmosphere. Two LSMs are available in
RegCM4: the Biosphere-Atmosphere Transfer (BATS; Dickinson ef al., 1993) and the

Community Land Surface Model version 4.5 (CLM4.5; Oleson et al., 2013).
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3.3.3.7 Structure of the Biosphere Atmosphere Transfer Scheme (BATS)

The BATS has been used for many years as a default LSM in early versions of RegCM
(versions 1, 2 and 3). This scheme is a surface package designed to describe the role of
vegetation and interactive soil moisture in calculating the exchanges of momentum,
energy and water vapor associated with surface-atmosphere interactions (Dickinson et
al.,1993). It includes a vegetation layer, a snow layer, three soil layers, a simple surface
runoff parametrization, and 20 vegetation types with 12 soil color and soil texture types.
For each vegetation type, there are 27 derived parameters which represent the
morphological, physical and physiological properties of vegetation and soil.

The prognostic equations are solved for the soil layer temperatures using a
generalization of the force restore method (Dickinson ef al., 1993). The temperature of
the canopy and canopy foliage is calculated diagnostically via an energy balance
formulation including sensible, radiative and latent heat fluxes. The soil hydrology
calculations include predictive equations for the water content of the soil layers. The
soil water movement formulation is obtained from a high-resolution soil model Dic
(1984) and the surface runoff rates are expressed as functions of the precipitation rates

and the degree of soil water saturation.

In the much upgraded RegCM4, two new land use types were added to BATS to
represent urban and suburban environments. Urban development not only modifies the
surface albedo and alters the surface energy balance, but also creates impervious

surfaces with large effects on runoff and evapotranspiration.
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3.3.3.8 Structure of the Community Land Model version 4.5 (CLM4.5)

The major improvement with respect to the representation the land surface
characteristics in RegCM4 is the inclusion of the Community Land Model (CLM). For
this study, we have used the version 4.5 of CLM referred to as CLM4.5 (Oleson et al.,
2013). The CLM4.5 is a LSM which was developed by the National Center of
Atmospheric Research (NCAR) as part of the Community Climate System Model
(CCSM). The CLM4.5 gives a more detailed description of land surface processes
compared to BATS. It includes different aspects of the land surfaces bio-geophysics,
hydrology, biogeochemistry, and ecological dynamics (Figure 3.3). It contains one
vegetation layer with a canopy photosynthesis conductance model, 10 unevenly space
soil layers, 5 snow layers with an additional representation of trace snow and 22
vegetation types. Table 3.1 summarized vegetation classes and land cover considered in

the CLM4.5 scheme.
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Figure 3.3: Land biogeophysical, biogeochemical, and landscape processes simulated

by CLM4.5 [adapted from Oleson et al. (2013)].
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Table 3.1: Vegetation classes and land cover in CLM4.5

Code

O 0 3 N U A W~

—_ =
—_ O

[\ I NS T NS I e e
N — O O 00 3 N DN B~ W N

Vegetation classes and land cover

Crop/mixed farming
Short grass

Evergreen needle leaf tree
Deciduous needle leaf tree
Deciduous broad leaf tree
Evergreen broad leaf tree
Tall grass

Desert

Tundra

Irrigated Crop

Semi desert

Ice cap/glacier

Bog or marsh

Inland water

Ocean

Evergreen shrub
Deciduous shrub

Mixed Woodland
Forest/Field mosaic
Water Land mixture
Urban

Sub Urban
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The CLM4.5 model, as shown in Figure 3.4, presents the land surface characteristics as
a nested subgrid hierarchy in which the grid cells are composed of multiple landunits,
snow/soil columns, and Plants Functionals Types (PFTs) (Oleson et al., 2010c). Each
grid cell can have a different number of landunits, each landunit can have a number of
columns, and each column can have multiple PFTs. At the first subgrid level: wetlands,
glaciers, vegetation, water and urban, and columns, and at the second subgrid level
especially for urban areas: roof, sunlit and shaded walls, pervious and impervious
canyon floor. For example, an urban parameterization (CLMU) that is to represent the
difference between urban and rural areas has been incorporated into the model since the
introduction of CLM4.0 (Oleson et al, 2010). A third subgrid level includes the
representation of up to 24 PFTs. A more detailed history and description of the model

is provided by Oleson et al. (2013).

In this study, the CLM4.5 has been selected because previous studies have shown that
CLM4.5 as LSM not only gives a good representation of the West African climate but
it also includes an urban canyon model needed to contrast rural and urban energy
balance and climate. This is known as the Community Land Model Urban (CLMU. This
model has been teste and it has demonstrated its ability to help quantify the urban

climate interactions (Oleson et al., 2008a; 2008b; Jackson et al., 2010).
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Figure 3.4: Configuration of the CLM4.5 subrid hierarchy [adapted from Oleson et al.
(2013)]. The urban component is broken into five facets to calculate the exchange of
energy between the surfaces and the urban canyon. Note that the Crop land unit is only
used when the model is run with the crop model active. Abbreviations: TBD=Tall
Building District; HD=High Density; MD=Medium Density, G =Glacier, L=Lake,
U=Urban, C=Crop, V=Vegetated, PFT=Plant Functional Type, I= Irrigated,

U=Unirrigated.
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Description of the Community Land Model Urban

An urban area is probably one of the most complex existing surfaces. A complete
reproduction of all the heterogeneity of a “real” city would be too complex and hardly
realizable in most cases due to the lack of detailed data. A simplification of the city is
therefore needed. During the last few years, several efforts have been made to improve
the representation of urban surface characteristics in mesoscales models (Martilli ez al.,
2002; Grimmond, 2007; Oleson et al., 2008a)

In the CLM4.5, the urban areas are represented by an urban canopy scheme called the
Community Land Model Urban (CLMU; Oleson et al., 2008a). The CLMU is
represented by up to three urban landunits per gridcell according to density class (Oleson
et al.,2013). The CLMU is based on the urban canopy approach of Oke (1987) in which
the canyon geometry is described by street width (W) bordered by two facing buildings
height (H) as shown in Figure 3.5. The canyon system consists of roofs, walls, and canyon
floor. Walls are further divided into shaded and sunlit components. The canyon floor is
divided into pervious which includes residential lawns and parks and impervious which
includes roads, parking lots and sidewalks fractions. Vegetation is not explicitly modelled
for the pervious fraction. Instead evaporation is parameterized by a simplified bulk
scheme.

Each of the five urban surfaces is treated as a column within the landunit. Radiation
parameterizations account for trapping of solar and longwave radiation inside the canyon.
Momentum fluxes are determined for the urban landunit using a roughness length and
displacement height appropriate for the urban canyon and stability formulations from
CLM (Oleson et al., 2013 for more description). The urban model produces turbulent,

momentum and radiative fluxes which are areas averaged with fluxes from non-urban
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Figure 3.5: Schematic representation of urban and atmospheric model coupling. [adapted
from Oleson et al. (2013)]. The urban model is forced by the atmospheric model wind
(Uatm), temperature (Tam), specific humidity (qam), precipitation (Pam), solar (Sam¥) and
long-wave (LamW) radiation at reference height Zum. Fluxes from the urban landunit to

the atmosphere: turbulent sensible (H), latent heat (AE), momentum (7), albedo (I1),

emitted longwave (LAN), absorbed shortwave (§ ), adiation. Air temperature (Tac),
specific humidity (qac) and wind speed (uc), within the urban canopy layer are diagnosed

by the urban model. H is the average building height.
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surfaces (e.g. vegetation and lakes) to supply grid cells averaged fluxes to the

atmospheric model.

Urban areas are prescribed from a dataset of present day global urban extent and urban
properties. Jackson et al. (2010) identified 132 regional categories. The globe is divided
into 33 regions with similarities in urban characteristics, and each category is subdivided
into 4 subcategories representing the different urban classes [tall building district (TBD),
and high, medium, and low density (HD, MD, LD)]. This dataset was derived from
LandScan 2004, a population density dataset derived from census data, nighttime lights
satellite observations, road proximity, and slope (Dobson et al, 2000). The urban
morphology includes average building heights (H), urban canyon height-to-width ratios
(H:W), and fraction of pervious surface (e.g. vegetation), roof area, and impervious
surfaces (e.g. roads and sidewalks). Urban morphology also includes fraction of
pervious (e.g. vegetation), roof area, and impervious area (e.g. roads and sidewalks).
Imagery from Google Earth for each regional category’s validation cities provided the
primary tool for estimating these fractions. In essence, the spatial extent dataset was
used to identify a cluster of pixels within a validation city for the desired urban category
(i.e. TBD, HD, MD, LD). For the current implementation, the LD class is not used
because it is highly rural and better modelled as a vegetated/soil surface. Although the
TBD, HD, and MD classes are represented as individual urban land units, urban model
history output is currently a weighted average of the output for individual classes. For
each category, (TBD, HD, MD, LD), average building heights (H), urban canyon height
to width ratios (H:W), and fractions of pervious surface (e.g., vegetation), roof area and
impervious surfaces (e.g., roads and sidewalks), are defined, among other parameters.

The urban land unit within the CLM4.5 is represented as a fraction in percentages of
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three. A global database of tallest buildings by cities was used for TBDs within each
region (Emporis Corporation 2007). Where available, the 25 tallest buildings were
averaged for five cities within a region, then the average building heights of these cities
were calculated to determine an average regional tall building value. This average was
then decreased proportionately to account for the remaining buildings in the TBD
resulting in an average TBD building height representative of each regional category.
In regions with no TBD (e.g. Greenland), or those with few cities with a TBD (e.g. West
Africa), the maximum number of buildings in the buildings database was used in the
calculation. For the HD category, Emporis Corporation (2007) data were used where
available and were supplemented by imagery of verification cities. By studying imagery
of city skylines, building heights could be estimated by comparing TBD heights to HD
buildings. To further aid the estimation process, the number of stories of HD buildings
was counted in order to approximate heights. For the remaining categories of MD and
LD, building heights were determined based primarily on dominant housing types. For
instance, a typical two-story frame home in the U.S. is approximately eight meters tall.
The intra-urban categories (TBD, HD, MD, and LD) must be adaptable to any location.
For example, LD encompasses suburbs in the United States and urban-agriculture in

East Africa, and similar differences exist for the other urban classes.

For each of the 33 distinct regions across the globe, thermal (e.g., heat capacity and
thermal conductivity), radiative (e.g. albedo and emissivity) and morphological (e.g.
height to width ratio, roof fraction, average building height, and previous fraction of the
canyon floor) properties are provided for each of the density classes. Building interior
minimum and maximum temperatures are prescribed based on climate and

socioeconomic considerations.
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The urban extent data for TBD, HD, and MD classes are aggregated from the original 1
km resolution. The 1 km resolution dataset is in geographical grid format. For use in the
CCSM, data are also aggregated to a half degree grid (i.e. the 0.05 degree resolution
data is summed by class to 0.5 degree aggregates), and, based on historical population,
estimates and histories of urbanization by region, we have extrapolated urban extent

back to 1750.

The CLMU is, thus, designed to be able to predict the degree and characteristic of each
city’s urban metabolism as well as their cities and own unique heat islands, thermal
canopy layers, and climates. CLMU can accommodate only one urban class, and only
one set of representative thermal and radiative properties within the TBD, HD, and MD
categories can be used. The class selected is based on which is most abundant in a GCM
grid cell, and the values are comprised of weighted averages of the three typical wall
and roof types within that class. Studies (Oleson et al., 2010b; Fischer et al., 2012)
indicated that the CLM4 with CLMU included provides a useful tool for the studying of
climate effects of urbanization. Note that the CLM4.5 can be run with or without an

active CLMU.

3.4  Description of the Initial Conditions and Boundary Conditions (ICBC)

In this study, all simulations have been forced with a GCM called the Max-Planck
Institute Earth System Model for medium Resolution version (MPI-ESM-MR;
Giorgetta et al., 2013). The MPI-ESM-MR, with horizontal resolution ~1.9° x 1.9°, is
the latest version of the coupled model of the Max Planck Institute for Meteorology,
specifically developed for the CMIP5 exercise which provided the basis for the IPCC

ARS. Tt is a fully coupled atmospheric (Stevens et al., 2013) and ocean (Jungclaus et
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al.,2013) components and also includes a subsystem models for land, vegetation (Reick

et al., 2013; Schneck et al., 2013) and marine biogeochemistry (Ilyina et al., 2013).

The atmospheric component; that is the sixth generation of the atmospheric general
circulation model of the European Centre Hamburg Model (ECHAMO) is a hydrostatic
and dynamical core which describes the relevant atmospheric processes and variables.
The ECHMAG6’s dynamical part is formulated in spherical harmonics. Thus,
atmospheric circulation (vorticity and divergence) temperature, pressure and humidity
are solved in a spectral grid. Radiation, clouds, convection and precipitation are solved

in a regular Gaussian grid.

This dataset were chosen because previous studies have shown that it is one of the best
of the Coupled Model Intercomparison Project Phase 5 (CMIP5) GCMs in terms of
giving a good representation of the African (Elguindi ez al., 2014) and in particular West
African (Gbobaniyi et al., 2014; Sylla et al., 2015) climates with some biases at the

regional scale (any bias corrections have not been applied).

3.5  Numerical experiments

The RegCM4 is used to carry out a set of experiments to achieve the aim of this study.
In this section, the different experiments design and the change in land surface state are
described.

3.5.1 RegCM4 configuration and simulations experiments description

All simulations performed within this study were run on 198x326 gridpoints at a
horizontal resolution of 25 km and 23 vertical sigma levels. The model domain covers

the West African region (Figure 3.1). A large domain was chosen, on the one hand, to
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cover the entire West Africa region, and on the other hand, to capture the main processes
that govern the WAM system and also to avoid boundary issues.

All the simulations are forced by the outputs from MPI-ESM-MR (Giorgetta et al.,
2013). The RegCM4 configuration and the physics schemes used in this work are

provided in Table 3.2.
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Table 3.2: RegCM4 configuration and simulation setup.

Contents

Model dynamic
Horizontal grid
Vertical levels
Number of points
Map projection

Cumulus scheme

Radiative scheme
Resolved-scale precipitation
Ocean flux

Land surface model

Urban surface model

ICBC

Description

Hydrostatic, compressible, G-p vertical coordinates

25 km

23 sigma levels
198x326
Mercator

Emanuel over land
Kain-Fritsch over ocean
NCAR/CCM3

SUBEX

Zeng et al. (1998)
CLM4.5

CLMU

MPI-ESM-MR
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3.5.2 Implementation of “idealized” urban land scenarios in the RegCM4-CLM4.5

Conducting researches on urbanization studies will deepen understanding of the
physical processes by which urban land cover change affects the regional climate
especially in West African climate. In order to clarify the potential effect of urbanization
on WASMC, a parametrization for urban surfaces has been incorporated into CLM4.5.
In this thesis, we propose two “idealized” urban expansion scenarios to quantify model
sensitivity to land cover change and its impacts on West African climate. As mentioned
in Chapter Two, most of the megacities in West Africa are located along the coastal
band. Hence, these projected “idealized” urban expansion over the coastal region is
based on the urban projection from Jackson et al. (2010), Seto et al. (2012), and the
urban class available in CLM4.5. In this work, it is assumed that all the coastal

Megacities have the same degree of urbanization.

The urban land surface is parameterized inside the CLM4.5 as follows:

e the first scenario is based on the probabilities of 100% of HD;

e the second one is fixed at 70% for HD, 20% for MD and 10% for TBD.

The first scenario, mostly common in current West African coastal megacities, which
are characterized by an important rate of urbanization and the presence of high-rise
buildings.

This second scenario (future cities), quite typical of future developed West African,
where megacities are projected to have a majority of storey buildings, some smaller,
some higher and few very tall ones. Here, vegetated land cover categories is

proportionally replaced by urban area along the West African coastal zone (Figure 3.6b).

63



Some of these cities are Lagos (Nigeria), Abidjan (Cote d’Ivoire), Accra (Ghana) and

Dakar (Senegal).

Only grid cells in coastal band are modified for future urbanization, while other grid

cells were kept the same current as land cover conditions (Figure 3.6a).

3.5.3 Details of experiments

In West Africa, most urban areas are concentrated along the coastal band. Urban areas
have a central role to play in the changing climate. It is, therefore, important to assess
the consequences of rapid urbanization on West African climate at the local and regional
scales. The objective of this study is to evaluate the potential influence of urbanization
on the West African climate. To fulfill this objective, four simulations with the
RegCM4-CLM4.5 are performed, in two categories; without urban expansion.

The first experiment represents the present-day climate while the remaining three
represent the future climate experiments which differed only in the vegetation cover
composition along the West African coastal band.

The first experiment, referred to as is present control simulation (hereafter referred to as
CTRL_PRS), corresponds to the present-day climate, and covers the period 1984-2005.
In the CTRL_PRS experiment, the default land cover available in CLM 4.5 was used as
shown in Figure 3.6a.

The second experiment also called future control simulation (hereafter referred to as
CTRL _FTR), is also made without any change in land cover (Figure. 3.6a) under the far
future climate, covering the period 2079-2100. It represents the effect of climate change
alone with current land cover conditions. This means that in this simulation, the effect
of greenhouse gas concentration only as contained in the Representative Concentration

Pathway 8.5 (RCP8.5; Moss et al., 2010) scenario was taken into account. In the
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Figure 3.1: Vegetation cover in CLM4.5: a) default vegetation cover, b) modified
vegetation land cover: an urban expansion, represented in red color, was added along
the coastal band from Dakar (Senegal) to Douala (Cameroon). The meaning of each

code is defined in Table 3.1.
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CTRL_PRS and CTRL _FTR simulations, the urban fractions of the entire model grid
were held to zero during the entire simulation period.

The two remaining experiments represent the sensitivity simulations. The urban
conditions (change mentioned above) taken into account in the experiments. They are
represented an idealized urbanization experiment in which different states of
urbanization in the future climate conditions were added along the coastal band from
Dakar (Senegal) to Douala (Cameroon) (Figure. 3.6.b). The first sensitivity experiment;
URBANI, represents the future effect of climate change (under the RCP8.5) plus the
“idealized” urban expansion change. It covers the same period like the CTRL FTR
simulation. In this experiment, the first scenario is considered (i.e. 100% of HD).

The second sensitivity experiment, denoted as URBAN2, and represented by 70% of
HD, 20% of MD and 10% of TBD, is incorporated into CLM4.5. Both of these
sensitivity experiments are performed in order to compare the urban effect under
different urban intensification conditions. The summary of the simulations performed is

provided in Table 3.3.

Note that all simulations are exposed the same physical conditions and are kept at the
same initial conditions and boundary conditions (ICBC) for future simulations. Also,
the increase in aerosol concentration due to urban air pollution and its effects on cloud
and WAM are not treated. So, potential variables’ changes are caused by the combined
effect of urban warming and the modification on the land surface properties. The first
two years of all simulations are discarded as model spin-up time to establish equilibrium
with the initial climate. This means that the remaining 20 years (1986-2005) for present

climate and (2081-2100) for future climate are used for the analyses.
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Table 3.3: Details of different simulations

Experiment name  Brief description Urban scheme Simulation Period
(RCPs)
CTRL_PRS Historical climate simulation default 1984-2005
(Historical)
CTRL FTR Future climate simulation default 2079-2100
(RCP8.5)
A similar experiment as CTRL_FTR with
URBANI activation of the urban scheme along the 100% of HD 2079-2100
coastal band (RCP8.5)
A similar experiment as URBANI with 70 % of HD
URBAN2 different urban categories 20% of MD 2079-2100

10% of TBD  (RCPS8.5)
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3.6  Analyses methodology
Some mathematical tools are used in this study such as the Empirical Orthogonal

Functions (EOFs) and the Principal Components (PC).

In atmospheric science, a mathematical method, known as the Empirical Orthogonal
Functions (EOF) analysis and the Principal Components (PC) are often used to study
possible spatial patterns of climate variability and how they change with time. EOFs
refers to the independent spatial patterns (modes) of variability and are associated with
the corresponding principal components (PC) that describe their time varying
amplitudes. EOFs can represent mutually orthogonal space patterns where the data
variance is concentrated, with the first pattern being responsible for the largest part of

the variance, and the second for the largest part of the remaining variance, and so on.

In this work, the EOFs analysis is applied to the whole West African domain averaging
JJAS monthly temperature anomalies to extract the coherent spatial and temporal

patterns.
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CHAPTER FOUR

RESULTS AND DISCUSSION

This chapter presents and discusses all the results from this study. It provides an
improvement on the previously known effects of urbanization effects on West African
climate. It starts by evaluating model performance. Thus, the effects arising from the
coastal urban expansion on the mean and variability of climate are delivered. Finally,
we will evaluate the urbanization influence of monsoon features. All the results
presented here are based on model and observation results for JJAS and they correspond
the monsoon months.

4.1  Assessment of the model performance of the CTRL_PRS experiment

The focus of this section is to evaluate RegCM4 performance. For that, the output results
from the CTRL_PRS are compared with observations and reanalyses to evaluate the
model performance representing the WASMC.

4.1.1 Mean summer monsoon climatology of temperature and precipitation

A comparison of the temperature and precipitation by observations (CPC, CRU, UDEL)

and RegCM4 runs from 1986 to 2005 was carried out.

Figure 4.1 presents the JJAS mean temperature climatology from CPC, CRU, UDEL,
and RegCM4 outputs, respectively. From the figure, it is obvious that all different
datasets show a zonal pattern of temperature with long-term mean lower temperatures
(between 24°C and 26 °C) observed in the Guinea Coast, and a higher 38°C temperature
in the Sahara region. Lower temperatures are also found in the orographic regions such

as Cameroun Mountains, Jos Plateau, and Guinean Highlands. Almost all the observed
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temperature has similar pattern and RegCM4 simulation agrees well with the observed.
However, RegCM4 overestimates temperature in the central part of the Sahara which
corresponds to the SHL region, some parts of Liberia and Sierra Leone, and around the
Cameroun region, and it underestimates temperature in the central part of Nigeria. These
observable temperature biases were noted in several RCMs simulations as demonstrated
by Giorgi et al. (2012) and Sylla et al. (2012; 2013b). They revealed that these biases
can originate from a number of factors such as cloudiness, surface albedo, temperature
advection, surface water, and energy fluxes. Generally, RegCM4 reproduces the

seasonal surface temperature patterns quite well.
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Figure 4.1: Seasonal JJAS mean temperature (°C) during1986-2005 from: (a) CPC, (b)

CRU, (c) UDEL, (d) RegCMA4.
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The spatial distribution of mean JJAS precipitation climatology (1986-2005) from CPC,
CRU, UDEL, and RegCM4 outputs, respectively, are shown in Figure 4.2a-d. It is
observed that rainfall mostly occurred in the latitudinal belt between 5°N and 18°N
during the summer monsoon with the Guinea Coast having the highest rainfall. In
addition, precipitation maxima are also located in mountainous regions of Cameroun
Mountains, Jos Plateau, and Guinean Highlands, which also experience the coldest
temperatures indicating large evaporating cooling over these areas (Sylla et al., 2013a).
It is observed that the rainfall monsoon decreases northward and southward of the zonal
ITD band. However, a number of differences can be observed both between
observational datasets on the one hand and observational datasets and RegCM4 results
on the other hand. For instance, both CRU and UDEL show intense rainfall amounts in
orographic regions which are not well presented in CPC dataset. Some differences have
also been noted between CRU and UDEL. The issue of discrepancies across different
observed climatologies has been discussed by Sylla et al. (2012; 2013b). They
concluded that these uncertainties are due to limitations in density and quality of
available stations, extraction algorithms, interpolation techniques, and techniques for
data blending. This analysis is a confirmation of the fact that significant uncertainties
are present in observed precipitation climatologies and RegCM4 precipitation output is
within the range of these uncertainties.

Even though RegCM4 is close to UDEL, but it underestimates the rainfall amount in
orography regions. In addition, the simulated rainfall peaks agree with CRU and UDEL
with an underestimation in the Sahel region. Despite the differences, it should be noted
that RegCM4 resolves, quite well, the orographic rainfall maxima compared to CRU
and UDEL, but it underestimates the amount. Similar underestimations in rainfall

monsoon amount have been found in regional model simulations over West Africa
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(Diallo et al., 2012; Sylla et al., 2012). The underestimations of rainfall may be related
to the choice of convection used (Afiesimama et al., 2006) or the model’s failure to
resolve topography accurately (Akinsanola and Ogunjobi, 2017).

Overall, RegCM4 captures well the spatial distribution of rainfall, particularly the ITD

position, and precipitation maxima over orographic regions.
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Figure 4.2: Seasonal JJAS mean precipitation (mm/day) during 1986-2005 from: (a)

CPC, (b) CRU, (c) UDEL, (d) RegCMA4.
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The temporal mean variability of temperature and precipitation is also analyzed. It is
expressed by the time-latitude cross sections averaged between 15°W and 15°E for the
period 1986-2005. Figure 4.3 shows the latitude-time cross-section of the mean surface
temperature from CPC, CRU, UDEL, and RegCM4 runs, respectively. The West
African climate is characterized by latitudinal variation in mean annual temperature,
which increases from the Guinea Coast to the Saharan region (Figure 4.3). As a result,
a large temperature gradient exists that favours the SHL, which appears as the area with
very low pressure and higher temperature. Lower temperatures in highland regions (Jos
Plateau, Fouta Djallon, and Cameroon Mountains) and higher temperature over the
northern Sahel and central Sahara are observable.

In general, the time-latitude cross-section of temperature is used for tracking the position
and shift of the SHL, which is demonstrated as an important feature of the WASMC
(Lavaysse et al., 2009).

It was observed that RegCM4 (in Figure 4.3d) reproduces the temporal evolution of the
mean temperature quite well. For instance, the model is capable of reproducing the
north-south temperature gradient, the intensification and northward migration of the
SHL from the northern Sahel (April-May) to the Sahara (July—August). Gbobaniyi et
al. (2014); Sylla et al. (2013a) associated this migration with a progressive increase in
the lower-level temperature gradient between the Gulf of Guinea and the Sahara,
strengthening and shifting northwards the features triggering and maintaining the WAM
which ultimately favour intense convection over the Sahel. However, compared to
observations, we find that RegCM4 overestimates the intensity of the SHL and enhances

a more northeastward extension of the SHL position.
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Figure 4.3: Latitude-time cross section of temperature (°C) during1986-2005 from: (a)

CPC, (b) CRU, (c) UDEL, (d) RegCM4.
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Figure 4.4 shows the latitude-time cross-section diagram for precipitation. Compared to
the annual evolution of temperature, the temporal evolution of precipitation is more
complex. Three distinct phases of rainfall maxima associated with the south-north-south
displacement of the ITD can be identified. The first phase corresponds to the onset phase
and represents the northward movement of the rainbelt from the coast to about 7°N
between March and June. This onset phase is characterized by rain band intensification
along the Guinea Coast. The second phase represents the monsoon jump which is
characterized by a sudden northward shift in the rainbelt into the Sahel region within
the months of June to August. It is consistent with the northernmost position of the ITCZ
(Sultan and Janicot, 2003). The rainbelt at this period is located between 8°-13°N in
observational datasets but in RegCM4, it is located between 9°-11°N. This is the period
of high rainfall amounts over the Sahel and the sudden termination of heavy
precipitation along the Guinea Coast. The last phase of the WAM season corresponds
to the retreat (cessation) of rain belt towards the equator from the month of September.
During this period, rainfall amount decreases and gradually retreats southwards to its
southernmost position at the coast, and it is consistent with the southernmost position of

the ITD.

In all, RegCM4 clearly identifies the main characteristics of WAM (onset phase,
monsoon jump, monsoon peak and retreat of monsoon). However, some differences can
be found among observed datasets and model with regard to the magnitude and spatial
extent of these features. For instance, RegCM4 underestimates the intensity of pre- and
post-monsoon rainfall compared to CRU or UDEL and the monsoon jump is advanced.
The noticeable advance of the monsoon jump can be linked to the northeastward

position of the core of maximum temperature found there.
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Figure 4.4: Latitude-time cross section of precipitation rate (mm/day) during1986-2005

from: (a) CPC, (b) CRU, (c) UDEL, (d) RegCM4.
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4.1.2 Mean summer monsoon climatology of atmospheric circulation

This section presents the performance of RegCM4 in simulating the atmospheric
circulation.

The vertical cross section of zonal wind averaged between 15°W and 15°E is displayed
in Figure 4.5a-c both for reanalysis (ERAS and NCEP) dataset and model runs during
the JJAS summer months. The key monsoon features present in both the reanalysis are
reasonably reproduced in the model namely: (1) The low-level monsoonal flow between
approximately 2°N and 20°N (Figure 4.5a-c). (2) A low-level easterly flow (harmattan)
confined between 20°N and 30°N. (3) The AEJ, about 600-700 mb, is also well captured
by the model with the core located around 12°N-15°N in ERAS, 10°N -14°N in NCEP,
10-15°N in RegCM4. The regional model captures the AEJ location but its strength is
weaker by about 4m/s with respect to ERAS and NCEP. (4) An upper-level easterly
flow (TEJ) located between 200-150 hPa and centered around 9°N-10°N in reanalysis,
is also well represented by the model. However, ERAS agrees very closely to RegCM4
concerning the TEJ location and intensity. In addition, a remarkable difference in the
TEJ core between ERAS and NCEP is observable. The low NCEP resolution could be
the possible cause for this difference.

Due to the importance of the AEJ, which is one of the most complex and intriguing
dynamical features in tropical meteorology (Nicholson, 2013), a research has been done
at 700 hPa for a further description of the AEJ structure. It is displayed in Figure 4.5d-
f.

RegCM4 is able to reproduce the location as well as the intensity of the AEJ although
with few discrepancies (Figure 4.5d-f). For instance, it underestimates the jet speed
more than 4 ms™!. The model reproduces the northward shift of the core of the AEJ in

both ERA5 and NCEP reasonably. However, RegCM4 has the closest to the ERAS,
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which is more recent and has a higher resolution compared to NCEP. We also found an
equatorward position of the jet position in RegCM4, which can cause the
underestimation of rainfall in the Sahel region as demonstrated by Jenkins et al. (2005)

and Raj et al. (2019).
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Figure 4.5: Latitude-pressure of zonal wind and seasonal AEJ position and strength in
the period 1986-2005. The top panel (a-c) represents the latitude-pressure of zonal wind
from: (a) ERAS, (b) NCEP, (c) RegCM4, while the bottom (d-f) represents the AEJ

position from: (d) ERAS, (e) NCEP, (f) RegCM4.
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Other key elements that can influence the WASM through the AEJ are the surface
meridional temperature gradient (see Figure 4.6a-c) and the potential temperature
(Figure 4.6d-f). These factors are used to determine the structure of the atmospheric
boundary layer.

The meridional temperature gradient is a key factor in the latitudinal position of the
AEJ, with positive gradients corresponding to the AEJ (Hall and Peyrill¢, 2006; Raj et
al., 2019). It is obserable that a positive temperature gradient band with the core
centered 15°N develops near the surface and extends up to 700 hPa, and at that altitude,
a reversal in the sign occurs, implying westerly shear with height, or weakening
easterlies, as shown in Figure 4.6a-c. The AEJ, thus, develops at this transition point
along with the monsoon flow in summer at about 12-15°N (Hall and Peyrill¢, 2006).
RegCM4 (Figure 4.6¢) captures the structure of the temperature gradient and the pattern,
especially the positive gradient band which corresponds to AEJ. The core of the maxima
is located in 15°N in ERAS, 13°N in NCEP, and 14°N in RegCM4. Similar pattern is
observable between observations but a reversal in the sign is strong in NCEP, which
confirms the possibility of a stronger AEJ in NCEP. However, few differences must be

noted. For instance, a more extended reversal of temperature gradient exists in RegCM4.

Another factor that can influence the strength of the meridional circulation is the
potential temperature whose the profile is displayed in Figure 4.6(d, e, f). It is observed
that the potential temperature increases with height and a maximum near the surface at
20-25°N (Sylla et al., 2011). Note that the level of the AEJ (700-650 hPa) occurs in

correspondence with the isentrope 315 K. The isentropes exhibit a large deflection

towards the ground from 10°N, suggesting that baroclinicity increases north of that
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latitude. This is consistent with the findings of Sylla et al. (2011). The model gives a

good representation of the potential temperature profile.
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Figure 4.6: Seasonal JJAS of meridional temperature and potential temperature in the

period 1986-2005. The top panel (a-c) represents meridional temperature from: (a)

ERAS, (b) NCEP, (c) RegCM4, and the bottom (d-f) represents the potential

temperature from: (d) ERAS, (e) NCEP, (f) RegCM4.
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4.2  Influence of urbanization on the mean and variability of climatic variables

One focus of this study is to assess the potential influence of urbanization on the mean
and variability of West African climate, especially temperature and precipitation.

4.2.1 Influence of urbanization on mean and variability temperature changes

In this section, we investigate the plausibility of the modelled effect of urban expansion
on the mean temperature and precipitation, which are the major determinant parameters
for West African climates. As mentioned in Chapter Two, urbanization can affect
regional temperature through the mean temperature (Grimmond and Oke, 1999;
McCarthy et al., 2010; Argilieso et al., 2014). Also, it is well known that temperature is
one of the climatic variables that define West African climate.

In Figure 4.7(a-c), the projected changes of mean temperature for the period 2081-2100
relative to 1986-2005 are presented. The possible change in the future for the 21%
century is computed by subtracting the present-day climate from the future’s.

With respect to temperature, the projected changes show a gradient in warming,
extending from south to north. By the end of the 21 century, all the model simulations
(Figure 4.7a-c) project significant warming in the entire West African domain with the
greatest temperatures located between 10°N and 25°N corresponding to the Sahel band,
the Sahara desert especially the north-east Sahara. Higher temperature will also be
experienced along the coastal band, which corresponds to the “perturbed” region (Figure
4.7 b, c). In particular, the climate signal is up to more than 5°C in Sahara region and
some parts of Sahel band, and up to 2 and 3°C in the Guinean Coast. The highest warming
in Sahara leads to a strong temperature gradient. These results are consistent with the
ranges of changes projected by Niang et al. (2014); Sylla et al. (2016a); Diallo et al.
(2012); Dosio and Panitz (2016) and the IPCC report. These studies demonstrated that

strong warming is expected by the end of this century in many parts of West Africa. In
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addition, higher temperatures are also found in the “perturbed” region, which marks the
impact of the urbanized area (Figure 4.7 b, c). These changes from both urbanized
simulations are almost identical and the magnitude of the changes could be up to 7°C.
These results are consistent with findings from Grimmond et al. (2011), McCarthy et al.
(2010), Oleson et al. (2012), and Paranunzio et al. (2019). These researchers revealed
that urbanization accelerates warming at regional scale through the UHI.

To evaluate the contribution of urban expansion, we calculated the difference between
the urban simulations (URBAN1 and URBAN?2), which included both climate change
and urban expansion, and the future control simulation (CTRL_FTR), which described
the climate change alone. The differences between URBANI (URBAN2) and
CTRL_FUT reflect the sum effects arising from urbanization alone on the one hand and
the coupling of climate change and urban development on the other hand. The
differences in mean temperature between future simulations are presented in Figure 4.7d-
f. As expected, a significant difference between the control future experiment
(CTRL_FTR) and the urbanizations experiments (URBANI and URBAN?2) is noticed.
The impact of the extension of the cities is clearly identifiable: warming of more than
3°C is observed and it is essentially located in the “urbanized” region indicating an
impact at the local scale. The changes in urban mean temperature can be explained by
changes in surface thermal properties such as heat capacity and thermal conductivity.
Obviously, transforming the natural land surface to urbanized area results in more energy
being stored as ground heat flux during the daytime whereas the appearance of more
positive ground heat flux appears during the night indicates more energy being released
(warming the atmosphere) and leads to warmer air temperatures (Oke, 1987; Lemonsu
et al., 2015; Yang et al., 2016). This simulated response of temperature to urban

expansion aligns well with the studies of Argiieso et al. (2014; 2015) and Georgescu et
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al. (2014). Georgescu et al. (2014), for example, using WRF coupled with an urban
canopy model, estimated contribution to future mean warming from urban structures to
be within the range of 1-2°C by the end of the century. Chen and Frauenfeld (2016) also
assessed the impacts of future urban expansion for China as a whole, via utility of a high-
probability urban growth scenario derived from global projections of urban expansion
with WRF (under RCP 4.5) and found warming up to 3°C on the regional scale. Also,
Cao et al. (2018), using WRF under future urban expansion scenarios, found near-
surface warming up to 2°C, 3°C, and 5°C for 100%, high-, and low-probability urban
growth scenarios.

It is observed that the difference between URBAN1 and URBAN?2 shows a maximum
value of 0.6°C for the URBAN?2 simulation. The presence of tall buildings in URBAN2
could be responsible for this difference. It shows a sensitivity of the UHI results to the
urban land cover class. This result establishes a relationship between the size of an urban
area and the intensity of the UHI. For instance, Atkinson (2003) performed a series of
simulations in which the horizontal dimension of the city was increased from 6 km to
10 km, in steps of 2 km. The study indicated that the maximum UHI intensity for the
largest urban area was only 0.2 K greater than that of the smallest urban area.

In a nutshell, urban structures affect local temperatures (perturbed region only). The
changes in land cover that are observable in urban experiments confirm the sensitivity
of local temperatures to the land surface changes (Zheng and Eltahir, 1997; Abiodun et

al., 2008; Paeth et al., 2009; Sylla et al., 2016a).
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Figure 4.7: Projected changes of JJAS temperature between the future (2081-2100) and
the reference period (1986-2005) and future simulations differences. The top panel (a-

c) represents the projected changes and bottom panel (d-f) represents the future

simulations differences.
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In the previous sub-section, the study focused on the analyses of the influence of
urbanization on the temperature mean. Here, we investigate the influence of
urbanization on the temperature variability. In Figure 4.8 and Figure 4.9, the variability
in temperature is displayed. This variability is evaluated through the EOFs and PC
analyses.

The first five leading EOFs of temperature from the CTRL PRS explain about 90 % of
the total variance, i.e. most of the spatial variability in JJAS surface temperature can be
explained by the first three modes of variability. The first mode EOF1 of CTRL PRS
(Figure 4.8a) explains 64.7% of the total interannual variability of the region. It shows
positive values covering almost the whole West Africa with the strongest weights over
the Sahel region. It may be placed in the broader context of the regionally observed
warming trend over these last decades in the West Africa, especially in the Sahel region.

It corresponds to the Sahelian mode.

The second pattern EOF2 (Figure 4.8b) explains 16.0% of the total variance. In this
mode, we observe a bimodal distribution with positive and weak anomalies in the central
West Africa region and negative values in the parts of Sahara. It corresponds to the
Guinean and Saharan modes, respectively. The third mode which explains 5.3%, shows
that positive values occur over the Western Sahara and some parts of the Sahel band and
negative anomalies exist along the coast of the Gulf of the Guinea and the eastern
Sahara. The other patterns, which represent the fourth and fifth modes respectively,
explain respectively 3% and 1.9% of the total variance of seasonal JJAS temperature,
with varying spatial patterns indicating that these patterns have become less independent

of physical mechanisms.
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The PCs associated with the different modes are displayed in Figure 4.9 (top row). The
Sahelian regime (PC1) of the control present simulation is characterized by a low
interannual variability. This suggests the persistence of the warming over the Sahel
region during the last decades. Conversely, the other PCs show a strong interannual
variability especially for the Guinean Coast and the Saharan modes (PC2, PC3, in Figure

4.9).

For all the future simulations (second, third, and fourth rows), it is noticed the same
pattern with the CTRL PRS experiment but with opposite signs and increasing
percentage variance. This is most noticeable especially with the first EOFs. Hence, the
changing of temperature variability under global warming. This correlates with the
projected warming in West Africa at the end of this century. Lower values are found
along the Sahel region which confirms the results that high warming is expected in this
area. In the Guinean Coast mode (PC2, second row), we find a low interannual
variability and this result is in line with the above findings of the expected warming over
Guinea Coast which is not much compared to the Sahel or Sahara regions. For the
Saharan mode, a strong interannual variability with positive values is observed in the
CTRL _FTR experiment. This confirms the result that high temperatures are expected in

Sahara region at the end of the 21 century.

Considering the changes in vegetation land cover along the coastal region (third and
fourth rows), it is observed an inconsequential change from the first EOF pattern and
the PC (PC1 of URBANI1 and URBAN?2). However, a change is observed in the second
PC2 corresponding to the Guinea Coast mode confirming the sensitivity of temperature

variability to the land surface conditions. This is in line with Charney (1975) and Zheng
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and Eltahir (1997) who demonstrated the change of variability under change of land

surface conditions.

In summary, urbanization leads to a change of the annual variability of temperature in

the area where the changes are made.
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Figure 4.8: The first five EOFs of the monthly mean temperature for CTRL_PRS (first

row), CTRL_FTR (second row), URBANI(third row) and URBAN?2 (fourth row).
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4.2.2 Influence of urbanization on mean precipitation changes

The projected mean precipitation changes for the period 2081-2100 relative to 1986-
2005 are presented in Figure 4.10(a-c). For all the different simulations, a reduction of
rainfall, exceeding 30%, is projected at the end of the 21 century in almost the entire
West African domain (Figure 4.10a-c) expect some parts of the eastern Sahel which
appear to be wet, most especially in the sensitivity simulations. This decrease in
precipitation during the JJAS season is mostly associated with the large warming found
there, probably as a result of lower evaporative cooling and cloudiness (Diallo et al.,
2016; Sylla et al., 2016b). A great decrease in precipitation (~50%) can be seen in
Nigeria and some parts of Mali. Also, the projected drier conditions were more
pronounced in the CTRL_FTR simulation compared to the urban simulations. However,
there are opposing views in the literature regarding the projected changes in
precipitation.

In general, it should be noted that many of the GCMs or RCMs disagree with the future
precipitation change patterns in West Africa. Some studies are projected an increase in
precipitation in Guinean Coast and eastern Sahel during the JJAS monsoon season and
a reduction in precipitation in the western Sahel ( Niang et al., 2014; Sylla et al., 2015,
2016c¢; Dosio and Panitz, 2016; Diallo ef al., 2016) while others would experience a
decrease of precipitation in the entire West Africa at the end of the 215 century (Elguindi
et al., 2014). The lack of agreement on the sign of changes in precipitation is discussed
in previous works such as Giorgi (2014); Niang et al. (2014); Sylla et al. (2015). They
concluded that the projected regional rainfall changes are more uncertain than regional
temperature changes due to the complexity of the climate models adopted to resolve

convective scales.
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When considering the contribution of urbanization alone (the climate change signal has
been removed) (Figure 4.10d, e), it is noted that urbanization has a positive effect on the
mean precipitation. An increase in rainfall, (more of 15%), in both urban simulations is
observed especially in the “perturbed” region (Figure 4.9d, e). This result agrees with
findings of Lamptey et al. (2005), Zhang et al. (2009). Chen and Zhang (2013) and
Niyogi et al. (2017), who demonstrated that urbanization leads to increase in
precipitation. According to them, urbanization includes enhanced convergence,
boundary layer destabilization, increased aerosols, or alterations of existing storms
(Lamptey et al., 2005). Another important finding is that the effects are not only locally
felt but an increase in precipitation is also observable in the non-urban areas such as
Mali, and Niger. This result is in line with Lamptey et al. (2005) who demonstrated that
urban expansion leads to an enhancement of precipitation within cities and in the area
50 to 75 km downwind from cities during the summer period. Both local and regional
processes drive this pattern of precipitation and it is called remote effects. Numerous
studies have suggested that remote biophysical effects of LULCC could affect regional
precipitation through a shift in major features of the climate system that modulates
rainfall amount (Zheng and Eltahir, 1997; Quesada et al., 2017). In summary,

urbanization leads to an enhancement of rainfall at the local and regional scales.
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Figure 4.10: Projected changes of JJAS rainfall (in %) between the future (2081-2100)
and the reference period (1986-2005) and future simulations differences. The top panel

(a-c) represents the projected changes and the bottom panel (d-f) represents the future

simulations differences.
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Like the temperature, the EOFs and PC of precipitation variability under these different
experiments is examined and it is displayed in Figure 4.11 and Figure 4.12. The spatial
dominant patterns of precipitation during the summer months (first EOF) for the control
present simulation (CTRL PRS) explains 35.1% of the total variance with negative or
weak values over the whole West Africa region. It is characterized by a uniform pattern
through all the regions. The second EOF associated with 10.9% of the total variance
shows a tripole-like pattern of loadings with negative values in Guinea Coast and Sahara
and positive values over the Sahel (which corresponds to the Sahelian mode). In
contrast, the third EOF (Figure 4.11c¢) associated with 3.8% of the total variance, shows
opposite patterns between West Africa and the Sahara regions.

The corresponding PC (Figure 4.12) show a strong interannual precipitation variability
in all modes especially for the PC2 and PC3 (first row) and corresponds to the decrease
in mean precipitation.

Under climate change (Figure 4.11, second row) and both climate change and urban
expansion (Figure 4.11, third and fourth row) scenarios, it is noted a change in the
pattern of variability for all the first EOFs. The observed variability in the end of the
21% century appears to be consistent with global warming forcing. These basic processes
are likely responsible for the greenhouse gases (greenhouse gases plus urban expansion)
induced climate change case, thus contributing to the similar change patterns. The
results suggest long-term greenhouse gases forcing, and that any additional processes
from land cover change would play a dominant role in precipitation variability by the
end of the 21% century.

The results from the corresponding PCs from the future simulations (CTRL FTR,
URBANI and URBAN?2) show a strong inter-annual variability of the precipitation

confirming the difficulties involved in assessing the rainfall pattern in West Africa.
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Figure 4.11: The first five EOFs of the monthly mean precipitation for CTRL PRS (first

row), CTRL_FTR (second row), URBANI1 (third row), and URBAN2 (fourth row).
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4.3  Impact on the atmospheric circulation

Scholars have proven that in West Africa, the monsoon system plays a key role in
increasing/decreasing the seasonal precipitation. The monsoon circulation system is
mainly determined by various components such as the wind, the temperature gradient,
the potential temperature, the vertical velocity, etc.

In this section, we will discuss the changes in various components of summer monsoon
systems, and also the potential urbanization impacts on the atmospheric circulation.
43.1 Changes in African Easterly Jet

The projected mean changes and future simulations differences in AEJ position and
strength are displayed in Figures 4.13. All the experiments (Figure 4.13a-c) show a
southward displacement of the AEJ core, in response to enhanced radiative forcing in
the RCP8.5 pathway (Figure 4.13 a) and both RCP8.5 pathway and urban expansion
(Figure 4.13 b, c). It is, thus, clear that all the different experiments produce a lower
AEJ during the late 21% century across West Africa, particularly over the Guinea Coast.
However, the latitudinal change in maximum jet remains relatively stationary. This
south displacement of the AEJ can explain the projected low precipitation in JJAS over
West Africa, particularly, in the Sahel region by the end of the 21% century. Parallel
work has supported this result. For example, Nicholson and Grist (2003) and Jenkins et
al. (2005) have demonstrated that a southward position in the latitude of the AEJ

corresponds to a decrease in rainfall in West Africa, especially in the Sahel region.

When considering only the contribution of urbanization to the AEJ, we find a southward
displacement and positive value, suggesting a stronger AEJ. This strong value of the
AEJ leads to low humidity, causing a divergence which impacts the convection, thereby

creating drying conditions in West Africa. These results contradict with the findings of
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Jenkins et al. (2005) and Nicholson (2008), who revelated that a strong and southward

displacement of the AEJ cause drier conditions over the region.

In conclusion, urbanization leads to a stronger AEJ but does not affects the position of
the jet. However, compared to the rainfall pattern shown above, it is noticed that AEJ is

not the only feature controlling the WAM rainfall during the summer months.
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Figure 4.13: Projected changes of JJAS zonal wind (m/s) at 700 hPa between the future
(2081-2100) and the reference period (1986-2005) and future simulations differences.
The top panel (a-c) represents the projected changes and the bottom panel (d-f)

represents the future simulations differences.
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43.2 Change in meridional temperature

To further reveal the physical mechanism which accounts for the response of
atmospheric circulation to urban land use in the West African coast, the meridional
temperature gradient change is examined. The strength of the AEJ depends strongly on
the position and the intensity of meridional surface temperature gradient.

Under the RCP8.5 pathway (Figure 4.14 a) and both RCP8.5 pathway and urbanization
effects (Figure 4.14 b, c), it is observed that all the simulations projected a positive
meridional temperature gradient from the lower level (surface) to 650 hPa with the
maximum located around 10°N and a negative gradient over the Sahara extending from
the surface to the upper tropospheric level. Changes in the meridional temperature
gradients in the upper troposphere will alter the structure of zonal wind through the
thermal wind relationship and modify the propagation of planetary waves (Cook, 1999;
Thorncroft and Blackburn, 1999).

The meridional temperature gradient anomalies diagnosed in response to future
urbanization change along the West African coastal region are very small (Figure 4.14
d, e, f). This means that urbanization has not so great influence on the meridional

temperature gradient.
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future simulations differences.
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4.3.3 Changes in potential temperature

In Figure 4.15(a, b, c), the summer potential temperature gradient change averaged
betweenl0°E and 20°W is displayed. The surface temperature gradient plays a
significant role in the lower and middle troposphere in generating the intensity of the
AEJ at 650 mb. All the simulations project a similar increase of potential temperature
with height. The mean potential temperature increases by 7K/km to 13K/km in the
mi-levels of the troposphere (~500-100hPa). Such shift in meridional temperature
gradient is likely going to affect the zonal atmospheric circulation pattern through the
thermal wind relationship (Cook, 1999; Cornforth et al., 2009). It could also have
substantial impact on the position and the strength of AEJ.

When assessing urbanization contribution alone, a minor impact of changes in potential

temperature is observed.
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4.3.4 Changes in African Easterly Waves

The next phase is to estimate the projected change in the AEWs. To calculate the AEWSs,
we used the meridional component of the wind at 700 mb (Diedhiou et a/ 1999). To
isolate variations in flow associated with the passing of AEWs, we filter the daily time
series of meridional wind during JJAS a 3- to 5- (2- to 10-) day band pass filter. We then
calculate the variance of the filtered time series at each grid point for each season to
attain a proxy of mean seasonal AEWs activity. This approach is advantageous for
detecting AEWs within long-term climate time series because it is computationally
efficient, and yields a clear, coherent spatial pattern of mean AEW activity over Africa.
All simulations agree that AEWs activities (3-5 filtered day) are projected to decrease
when the maximum change is located between 15 and 25°N i.e. along the Sahel-Sahara
border and the Nigeria part (Figure 4.16a, b, ¢) at the end of the 21 century. This region
with decreased AEWs activities is located north of the projected future location of the
AEJ core (Figure 4.16a, b, ¢).

Similar pattern is also found for the JJAS mean variance of the 2-10 day filtered
meridional wind at 700 mb (Figure 4.17a, b, c).

However, when assessing the urbanization contribution, an increase of AEWs activity
is noted in both cases. Strong AEWs activity may weaken the jet temporally through
barotropic conversions, as noted by the simple modeling results. Also, as long as the
strong surface temperature gradient exists, the jet will restore its strength through a
thermally direct ageostrophic meridional circulation.

In consistence with the studies of Skinner and Diffenbaugh (2013), these results imply
that most of the precipitation over West Africa is generated by the AEWs (Omotosho,

1985).
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Figure 4.16: JJAS average difference between the futures(2081-2100) and the reference

period (1986-2005) of the 3- to 5-d filtered meridional wind at 700 mb.
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Figure 4.17: JJAS average difference between the future (2081-2100) and the reference

period (1986-2005) of the 2- to 10-d filtered meridional wind at 700 mb.
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CHAPTER FIVE

CONCLUSION AND RECOMMENDATIONS

5.1 Conclusion

This thesis examined the effects of coastal urbanization on the West African summer
climate using the Regional Climate Model Version 4 (RegCM4) coupled with the
Community Land Surface Model version 4.5 (CLM4.5). This study has provided one of
the first descriptive influence of land use changes from urbanization in the West Africa
region. A series of experiments were done, on the modern-day climate (1984-2005) and
the far future climate (2079-2100) under RCP8.5, with and without activating an urban
expansion scheme. The sensitivities simulations account for the potential urban
expansion influence on the West African climate by adding different states of
“idealized” future urbanization scenarios along the coastal band from Dakar (Senegal)
to Douala (Cameroon). These “idealized” scenarios were constructed based on the
assumptions of the future expansion from Jackson et al. (2010), Seto et al. (2012), and
also to the urban classes present in CLM4.5.

First, we have demonstrated the capability of RegCM4 simulations to reproduce the
main characteristics of West African climate during the JJAS summer months. A
comparison of the RegCM4 temperature and rainfall with different observations datasets
such as CPC, CRU, UDEL was also done. The atmospheric circulations are evaluated
using reanalyses from ERAS and NCEP.

Results establish the ability of RegCM4 to simulate the long-term spatial distribution of
the temperature and precipitation over West Africa as well as the temporal evolution.
For example, the model gives realistic patterns regarding the zonal temperature over

West Africa with cool temperature in the Gulf of Guinea and high temperatures in the
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Sahel and the Sahara regions. Concerning precipitation, the model captures well the
southward-northward rainfall distribution over West Africa and the maximum rainfall
amount over highland regions (Guinean Highlands, Jos Plateau, and Cameroun
Mountains), and the essential phases (onset, monsoon jump, retreat). However, some
biases were noted. For instance, RegCM4 underestimates maxima rainfall over the
highland regions compared to observation datasets. Also, this study confirms the
difference within observation datasets itself.

The model ability to simulate atmospheric circulation was also assessed. The vertical
structure of the zonal wind from the control present experiment aligned with ERAS and
NCEP. RegCM4 was able to simulate the essential features over West Africa (monsoon
flux, harmattan, AEJ, TEJ). Other atmospheric processes such as the potential
temperature and meridional temperature was also analyzed. RegCM4 was capable to

simulate all the processes.

Furthermore, the influence of climate change and land cover change (from urbanization)
on the mean and variability temperature and precipitation were analyzed. Results
revealed that all the different simulations project significant warming in temperature
over the entire West Africa at the end of the 21% century. Higher temperature was
experienced in the Sahel-Sahara region and along the West African coastal region over
the “perturbed” region in the sensitivity simulations. When removing the climate change
signal, we found that urbanization has a strong influence on temperature at the local
scale. This warming from urbanization called the ‘Urban Heat Island’ can reach 3°C.
The results of this study imply that urban effects can reach the same magnitude as global

warming effects.
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Another important finding of this study is that the sensitivity of temperature to urban

areas depends on the form of the urbanization.

With respect to precipitation, all the different simulations projected precipitation
decrease at the end of the 21 century over the whole West African domain except for
part of the Sahel which was projected to be wet. However, the expected drier conditions
in the 21% century are more pronounced in CTRL FTR experiment, which represents
the effects of climate change alone, compared to sensitivity simulations, which represent

both climate change and urbanization.

When calculating the urbanization contribution alone, it is noted that variation in urban
land use in the West African coastal region could impact precipitation positively. Such
impact is not limited to coastal regions with changing urban land use; the impact can
reach the central and northern part of Nigeria, Mali, western part of Togo and Benin.
Contrary to temperatures, both regional and local processes (remote effects) control the

rainfall over the West African region.

Moreover, the variability of temperature and precipitation under these different
conditions was also examined. Results showed the changes in natural vegetation land
cover can perturb the variability of the temperature and rainfall pattern. Under climate
change conditions alone, a strong inter-annual variability especially for precipitation
over the whole West African region is observed. This confirmed the local and regional
influence of urbanization on precipitation. As for the temperature, we noticed a change

of variability especially along the urbanized areas.

This work also examined the response of the atmospheric circulation drivers to the urban

land-use change. The results revealed that the changes in natural vegetation land cover
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influence the dynamic circulation of variables like AEJ and AEWs or other atmospheric
variables. Under urban conditions, we observed a strong and southward position of the
AEJ which can cause less precipitation in the region while more convective activities
(AEWs) are detected along the same direction. This means that urbanization leads more

convection over the urbanized area and its surrounding areas.

5.2 Recommendations
Although some limitations exist in our simulation, the present results for the extensive
coastal urban agglomerations still have the important value and will provide some basic

findings, which may serve as a reference for future studies using relevant methods.

For better understanding of the effects of the urbanization on the West African climate,
the variation in land cover should be extended to other regions such as the Sahel and/or
the Guinea Coast. This is because previous studies which have demonstrated the
response of West African climate to land surfaces change merely depended on the

location and position where the changes were made.

This study used a single climate model driven by a single global climate model. For
future studies, the utilization of more RCMs, forced with different GCMs and under
different RCPs or an ensemble simulation encompassing several regional climate
models could help to reduce uncertainties and make the results more robust.

Future studies could also include the incorporation of more precise historical land
cover data within the model. Whilst this allows an interesting comparison between
different forms of urbanization, these results could be better related to historic

conditions with better land cover information.
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Finally, future studies could take into account the impact of both urban land-use change
and anthropogenic aerosols. Perhaps, the activation of aerosols schemes could permit a

clear investigation into the effects of the urban area on regional climate.
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