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ABSTRACT

Rainfall is a major ingredient for economic development for most West African
countries. It has serious implications on the socio-economic activities because more than
95% of its agricultural activities are rainfed and rain-fed agriculture serves as the main
source of income for most of the economies. Therefore, rainfall variability in terms of
amount and time can lead to good or poor agricultural production as either too much
rainfall causes floods and water logging or very little rainfall results in inappropriate
agricultural planning and activities. This study used ERA-Interim reanalysis and
observational GPCP v2.2 to investigate the seasonal rainfall variability and relationship
with the tropospheric jets. This work focuses on the Influence of the Quasi-biennial
Oscillation on Rainfall Producing Systems over West Africa. This study analyses the
relationship of the sub-tropical westerly jet (STJ) with the West African monsoon and its
associated tropospheric jets. The association and relative influence of the low-level West
African Westerly Jet (WAWJ), the AEJ and TEJ during wet and dry situation were also
examined. Results showed that the sudden appearance of the TEJ in June and the
intensification of the AEJ are linked to the weakening and disappearance of the
stratospheric easterly flow (QBO) and the fast poleward retreat of the STJ. A close
association between the northward movements of the AEJ core and rainfall belt was
found. However, no clear relationship was seen between the northward advance of the
rainfall distribution and the TEJ slow movement, as this jet core always lags the rainfall
maximum. By considering rainfall variability causes, results also showed that the Sub-
tropical jet (STJ) retreated poleward faster while the TEJ, WAWJ and ascending motion

were all stronger, resulting in higher rainfall during wet years than dry. Furthermore, it
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was found that the so-called monsoon jump and the reversal of the shape of the monsoon
layer both occur in May/June and that this may be linked to the weakening of the QBO
and the sudden poleward retreat of the sub-tropical jet in the same months.

The influence of stratospheric quasi-biennial oscillation (QBO) on the African
Easterly Jet, Tropical Easterly Jet and West African precipitation was
investigated through simulations using the Global Climate Model (GCM) using the
Coupled Models Intercomparison Project Phase 5 (CMIP5). The performance of the
CMIP5 models in reproducing the quasi-biennial oscillation was evaluated while the
influence of the QBO on West African rainfall precipitation was studied using wavelet
analysis over each zone of region (Sahel, Savannah, Guinea). Also, the composite of the
effect during QBO and non-QBO years as well as of the QBO phases on rainfall
variability were studied. The results show that all the models capture the general
structure of the QBO but with some biases while HddGEM2-CC produced results closer
to observation (ERAINT). It was also found that there is good coupling between QBO
and precipitation over all zones of West Africa. The wavelet coherence analysis gives
confirmation of the results. From this study it is concluded that the quasi-biennial
oscillation has an important influence on West Africa precipitation that could lead to

improved rainfall prediction over West Africa.
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CHAPTER ONE: INTRODUCTION

1.0 Background to the Study

Rainfall is a major ingredient for economic development for most West African
countries. It has serious implications on the socio-economic activities because more than
95% of its agricultural activities are rainfed and rain-fed agriculture serves as the main
source of income for most economies. The variability in rainfall leads to either too much
rainfall which causes floods and water logging or very little rainfall resulting in poor
agricultural production. West Africa in recent decades has been affected by decreases in
rainfall and its extended effect on variability of surface and sub-surface water. The
combined effect of rainfall variability and low adaptive capacity could cause these
changes to have significant impacts on people and the sectors that depend on the
availability of adequate water in West Africa. However, over West Africa rainfall varies
seasonally and spatially from the coastal to the Sahel zones in the north (Cooper et al.,
2008), so that the two types of variability, namely decadal and inter-annual (Nicholson,
1981), interact and interrelate. Over the region, the climate is dominated by a large-scale
circulation known as the West African Monsoon (WAM), accounting for most of the
total precipitation. The regional rainfall fluctuation responds to the strong seasonal
influence of the West African Monsoon and associated deep convections processes. This
is in agreement with Omotosho (1990) and Mathon and Laurent (2001). This response is
related to the thermal gradient between the ocean and continental zone (Eltahir and
Gong, 1996). WAM is associated with low level south-westerly winds and high rainfall
(Hall and Peyrille, 2006) as well as the northward migration of the Intertropical
Convergence Zone (ITCZ) (Hastenrath, 1991; Hourdin et al., 2010).

In general, rainfall in the region especially over the land is mostly influenced by the

migration of the Inter-Tropical Discontinuity (ITD). The ITD oscillates south to north



and back and so modulates the pressure system of the West African Monsoon (Mounier
et al., 2008; Nicholson and Grist, 2001; Sylla et al., 2011; Amekudzi et al., 2015).
Southwesterly winds dominate the region south of the ITD. This carries moisture from
the Atlantic Ocean into the region. In contrast, a North-East trade wind which is dry and
hot dominates the region north of the ITD. WAM variability is characterized by complex
interactions at different spatiotemporal scales during boreal summer, ranging from
decadal (Lu and Delworth, 2005; Mohino et al., 2011) to intra-seasonal timescale
(Nicholson and Grist, 2003; Redelsperger et al., 2006). Nevertheless, the spatial-
temporal distributions of West Africa rainfall is highly variable and difficult to predict
because of the complex interactions between West African monsoon systems [African
easterly jet (AEJ), Tropical Easterly Jet (TEJ) and the equatorial (6°S-6°N) Quasi-
biennial Oscillation (QBO)] and various atmospheric teleconnections (like EI Nino
Southern Oscillation (ENSO), Quasi-biennial Oscillation (QBO), Indian Ocean Dipole
(IOD), etc.) that influence the climate of the region. Numerous studies have tried to
explain the monsoon rainfall variability over West Africa. Most of them have associated
to various factor which include Sea Surface Temperature (SST) variations over the
Pacific Ocean (e.g. ElI Nino Southern Oscillation, ENSO; (Janicot et al., 1998; Okonkwo
et al., 2014), land-atmospheric feedbacks such as soil moisture, vegetation and albedo
(Douville, 2002; Grodsky and Carton, 2001; Douville, 2002), large-scale circulation
features (Jenkins et al., 2005; Mounier et al., 2008; Lavender and Matthews, 2009).
Figurel shows that the major components of this climatological system (WAM) are
associated with atmospheric circulation features consisting essentially of the near-
surface monsoon flow, the northeast trades, the intertropical discontinuity (ITD), the
low-level westerly jet (LLW), the mid-tropospheric African Easterly jet (AEJ) and the

upper-level Tropical Easterly Jet (TEJ). In addition, the unusual fluctuations in West



African rainfall can be attributed to various global systems which trigger this variation.

Prominent among these triggering phenomena is the quasi-biennial oscillation.

The Quasi-biennial oscillation (QBO) first reported in the 1960s, is a major oscillation in
the equatorial stratospheric zonal wind (Lindzen and Holton, 1968). It is a periodic
oscillation in atmospheric waves on an average of 26 months. The alternating easterly
and westerly wind regimes make up the QBO, which change from being strong at 10mb
to relatively weak at 100mb. The quasi-biennial oscillation has been speculated to have
some effect on West African precipitation (Gray et al., 1992). Hence, there may be some
interaction between the QBO and TEJ which is at 150-200hPa. The QBO affects the
circulation at the Earth’s surface and is an important consideration in extended-range
weather forecasts (e.g., Baldwin et al., 2001). Recently, Yoo and Son, (2016) indicate
the QBO exerts greater influence on the Madden—Julian Oscillation than does the El
Nifio—Southern Oscillation. It modulates the Indian summer monsoon rainfall through its
influence on ENSO (Mukherjee et al., 1985; Chattopadhyay and Bhatla, 2002). For
example, Chattopadhyay and Bhatla (2002) associated the easterly phase of QBO with
drought in India and the westerly phase with normal or strong monsoon rainfall. Indeje
and Semazzi (2000); Hashim et al. (2010) found good relationship between QBO and
seasonal rainfall anomalies in East Africa and showed that the relationship is strongest
in boreal summer (June-August) and weakest in the winter (December-
February). However, there is no such comparative study over West Africa although
Folland (1986), Giannini (2003) reported that QBO could affect the Atlantic jet stream
(one of the rainfall producing system in the Sahel region). But no study has investigated

this further or linked the relationship with West African rainfall.
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1.1 Statement of Problems

Understanding rainfall variability and its prediction has been a major challenge for
agricultural production, transportation, hydro-electricity generation and water resource
management. There has been a hash economic and social condition faced in many West
African countries due to consistent rainfall variability (Manzanas et al., 2014). Previous
studies have focused on investigating WAM dynamics and its circulation features. Most
of these studies are interested in reproducing the processes and mechanisms responsible
for precipitation regimes in the region (Sylla et al., 2010; Diallo et al., 2013) while
others study the nature of the relationship between WAM circulation features ( Zaroug
et al., 2014; Diallo et al., 2014; Sylla et al., 2015). However, not much work has been
done on the TEJ, AEJ and atmospheric teleconnections QBO (Sharon E Nicholson,
2013).

Although some previous studies improved our understanding of the influence of TEJ on
seasonal rainfall variability over West Africa (Lemaitre, 2014), the literature is scarse on
the dynamics of TEJ, the effect of climate variability and change on it, as well as its
interaction with other West Africa weather systems, especially the African Easterly Jet
(AEJ) and Quasi-biennial Oscillation (QBO). Although some important results have
been obtained on the West African Monsoon features and their relationship with
convection and precipitation over West Africa, other factors such as the TEJ, a very
important feature of the WAM, its relationship and interaction with the QBO and their
overall influence on precipitation need to be properly investigated. Also, a clearer

relationship and interaction between AEJ and TEJ is required.



1.2 Aim and Objectives

1.2.1 Aim
The aim of the study is investigate the impacts of the interactions between the Jets (AEJ,

TEJ) and the Quasi-biennial oscillations on West African rainfall.

1.2.2. Specific objectives

The specific objectives of the research are to:

1. Provide a clear climatology of the characteristics (north/south extent, core speed,
height variability and associated convergence/divergence and vertical velocity fields)
of the Tropical Easterly Jet and African Easterly Jet over West Africa;

2. assess the impact of climate variability and change on TEJ and AEJ characteristics;

3. Determine the impact of the interactions of the QBO, TEJ, and AEJ on rainfall over
West Africa and their potential for its prediction;

4. Simulating the Influence of QBO on West African rainfall;

1.4. Justification and Research Questions

Tropical easterly jet is an important meteorological system that which is also a
controlling factor on the rainfall over West Africa. In this region the rain-producing
systems play significant roles on socio-economic lives of the population as their
economy rely mainly on rain-fed agriculture. Consequently, in West Africa, any intra-
seasonal rainfall variability impacts severely on the agricultural and water resource
sectors, with equally severe consequences on health. This is especially true for the
population living in the semi-arid Sahel region. This region experiences the full impact
of the TEJ, AEJ and African Easterly Waves (AEW) systems but is ill-equipped to
mitigate the effects of their spatial and temporal variation as well as the intensity of

rainfall that these systems bring (Kebe, 2015).



Presently, there is only little work in the literature on the Tropical Easterly Jet (TEJ),
which has been the focus of studies in the Asian and East African regions. According to
Nicholson and Webster (2007), the Africa Easterly jet (AEJ) at a more northerly latitude
and Tropical Easterly Jet (TEJ) to the south are both important in determining the
behaviour of the summer rainy season in the Sahel region. The AEJ and TEJ are linked
to the inter-annual rainfall variability such that the wetter conditions in the Sahel are
associated with weaker AEJ and stronger TEJ while drier situations are associated with
stronger AEJ and weaker TEJ (Nicholson, 2008). The TEJ is also linked to the mean
climate of West Africa (Cuesta et al., 2010). Therefore, it is important to investigate the

exact role of Tropical Easterly Jet on convective systems, over West Africa.

However, the mode and direction of the interaction between AEJ and TEJ (e.g. the
convergence /divergence vorticity and vertical motion) and, consequently the effect of
these interactions on West African convective systems is not known. Also, as mentioned
previously, the possible interaction of TEJ with the QBO as well as QBO and AEJ and
their consequent influence convective precipitation have never been investigated. With
all these, there is therefore the need to obtain a clearer understanding of the interactions
and the influence of TEJ, AEJ and QBO together on West Africa rainfall, with special
focus on the climatology, mechanisms and structure using both analysis and numerical
modelling. In particular, the study will address the following questions:

I Is there any interactions between QBO and TEJ, QBO and AEJ and if so, do

these have any effect on West Africa rainfall?

ii. Is the Global Climate Model (GCM) able to simulate the evolution and
circulations (convergence, divergence, vorticity and vertical motion fields)

associated with the TEJ and its interactions with the AEJ and QBO?



1.5 Contribution to the Knowledge
At the end of this study, it is expected that:
a) The essential climatology of TEJ over West Africa would be produced.

b) A clear picture of the interactions of TEJ with AEJ and QBO will also be

produced.

¢) The relationships between the QBO phases in the stratospheric zonal wind and the

West Africa monsoon will be produced,

d) Also, the prediction potential of the rainy season using information from the

phases of the QBO will be determined.

e) The results of the study will lead to more skillful forecasts of the West African
monsoon rainfall. Such long-range information should assist agricultural practices
and water resources management

1.6 Thesis Structure

This thesis is structured as follows:
1) Chapter two presents the literature review

2) The third Chapter is on research methodology
3) The results and discussion are presented in Chapter four

4) Chapter five summarizes the main Conclusions and Recommendation.



CHAPTER TWO: LITERATURE REVIEW

Before assessing the influence of the Quasi-biennial oscillation on African Easterly Jet,
Tropical Easterly Jet and rainfall over West Africa, it is important to understand the
various features of West African climate system. The major characteristic of West
African climate is the strong variability of its rainfall (Doherty et al., 2001; Giannini et
al., 2003). West Africa has a very complex climate driven by local processes, such as
tropical convection and alternation of monsoon and also by remote processes (e.g., El
Nino-Southern Oscillation, Indian Ocean Dipole (IOD), Quasi-biennial Oscillation
(QBO), etc.). Each of these processes highly influences the inter-seasonal, inter-annual
and decadal variability of rainfall pattern in the region. Therefore, understanding the
interactions between these processes is crucial to mitigating the negative effects of
climate variability and change in West Africa. This chapter reviews the studies that have

been carried out to date in this respect.

2.1. West African monsoon features

The West African Monsoon (WAM) is the key feature in the climatology of West Africa
and the major factor of rainfall distribution. It is characterized by a large scale
circulation modulated by two air mass systems in the lower atmosphere: the southwest
monsoon blowing from the ocean to the continent and the northeast continental trades
blowing toward the ocean, which are characterized by summer rainfall and winter
dryness. Within these large-scale circulations are the African Easterly Jet (AEJ), the
Tropical Easterly Jet (TEJ) (Grist and Nicholson, 2001; Nicholson and Grist, 2001), the
African Easterly waves (AEWSs) (Diedhiou et al., 2001; Grist, 2002; Wu et al., 2013)
and the West African monsoon (Janicot et al., 2011; Mohino et al., 2011; Lu and
Delworth, 2005). It is also well established that inter-annual variability of West African

rainfall is associated with the changes in higher level circulation features (Wang and
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Gillies, 2011). Two other low-level westerly jets are involved in the processes, the
African Westerly Jet (AWJ) over the continent and West African Westerly Jet (WAWJ)

over the Atlantic (Nicholson, 2013).

2.1.1. Monsoon and Harmattan flows

The basic driving forces of West African monsoon circulation are provided by the
contrast in the thermal properties of land and sea surfaces (Martin et al., 2016).
Monsoon flow is a south-westerly moist convective flow blowing from the Atlantic
Ocean throughout the continent which brings moisture into land (Hourdin et al., 2010;
Brandt et al., 2010; Janicot et al., 2010). This flow is established due to the meridional
thermal gradients existing between the Atlantic Ocean and the continent in spring. This
thermal gradient strongly contribute in strengthening the southerly trade wind which can
cross the equator and deviated eastward by Coriolis force. West African climate can be
generalized as having two main seasons, the dry season and wet (rainy) seasons (also
known as the monsoon season (Figure 2.1), resulting from the interaction of two
migrating air masses: tropical maritime and tropical continental air masses (Figure 2.2).
The dry season is mainly influenced by the north-east trade’s winds known as Harmattan
(Prospero and Carlson, 1981). The dry season, which runs approximately from
November and March/April, is characterized by the hot and dry tropical continental air
mass from the northern hemispheric high pressure system. This wind blows over the
Sahara to most countries in West Africa (Amekudzi et al., 2015). The prevailing
northeasterly winds bring dry and dusty conditions across the region. The maximum
southern extension of this air mass occurs in January between 5° and 7°N (Figure 2.2).
The wet season on the other hand is mainly influenced by the southwesterly wind which
dominates the continent from March to October (Lamb, 1978; Leroux, 2001; Janicot et
al., 2008). The maximum northern penetration of this wet air mass is in August,

averagely between 19° and 22°N (Figure 2.2). The confluence over land between these
10



two trade winds creates near the surface low pressure zone at a point known as the Inter-
Tropical Discontinuity (ITD) over land and the Inter-tropical Convergence Zone (ITCZ)
when it occurs over the ocean (Abiodun et al., 2008; Amekudzi et al., 2015)(Abiodun et
al., 2008; Aryee, 2015). The north and south migration of ITD (or ITCZ), which follows
the apparent movement of the sun, influences the climate of the region (Figure 2.2;

Nicholson and Grist, 2003; Redelsperger et al., 2006; Omotosho and Abiodun, 2007)
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2.1.2.1TDand ITCZ

The ITCZ (or ITD over land), is the most prominent meteorological phenomenon of the
tropics and it marks the ascending branch of atmospheric Hadley cell where Harmattan
and southwesterly trade wind converge producing intense convection and rainfall (Wang
and Gillies, 2011). It plays an important role on the atmospheric energy balance. The
ITD migrates northward in spring and southward in autumn with the apparent motion of
the Sun, because it is located over areas of warmest surface temperatures. When the ITD
moves northward, the monsoon flow penetrates deeply into the continent, bringing more
moisture for the deep mesoscale convective systems which produce rainfall in the
summer months. The ITD is most northerly in August at about 23°N and most southerly

in January to February between latitudes 5° and 7°N over Guinea zone.
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Figure 2.2: Wind and rainfall patterns of the West African monsoon during the boreal
summer (left panel) and the boreal winter (right panel). Source:
https://www.britannica.com/science/West-African-monsoon
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The north-south displacement of the ITD brings two rainy seasons to Guinea region of
West Africa, while the Sahelian area experiences only one pronounced dry and wet
season (Williams and Kniveton, 2011). Dry years are generally associated with a delay
of the ITD and southwestern monsoon moving northward. It should be noted that the
position and the intensity of the ITD does not always imply the position of the rainbelt
(East-West band of intense localized rainfall), as observed by Nicholson (2009). During
the rainy season in West African Sahel, the ITD is associated with a large convective
available potential energy (CAPE) and also horizontal moisture flux through the
available abundant water vapor. These conditions with inherent conditional instability
generate deep convection which constitutes the major rain-producing systems in that

region (Omotosho, 1985).

By contrast, the ITCZ is a planetary-scale band of heavy precipitation close to the
equator (Byrne et al., 2018). It accounts for 32% of global precipitation (Kang et al.,
2018) and shapes climate and society in the tropics; any response of the ITCZ to climate
change will have implications for tropical regions (Pierrehumbert et al., 1995; Byrne et
al., 2018). It is located around 10°N where most of the convective rainfall occurs, with a
mean upward motion that reaches 200 hPa where the tropical easterly jet is found.
However, the ITD mainly plays a crucial role in regions as the Sahel in which rainfall is
of critical importance and explains more than 80% of Sahelian rainfall (Omotosho,

1985).
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2.1.3 West African Monsoon Jump

The WAM jumps quickly northward from about 5° N in May-June to 10°N in July-
August according to Sultan and Janicot (2000) and this determines the wet and dry
seasons in West Africa following the northward movement of the Inter-tropical
Convergence Zone (ITCZ). The monsoon jump can be described as the onset of intense
convection and rainfall along latitude 10° N accompanied by a sudden termination along
the Guinean Coast. Again, it is told that the continuous seasonal migration of the ITCZ
gives rise to two rainy seasons along the Guinean Coast but results in a single rainy
season over the Sahel (Hagos and Cook, 2007). The shift between the maximum at 5°
North in the coastal phase and 10°N in the continental phase is very abrupt (Sultan et. al
2000), bringing about the term “monsoon jump”. Various explanations have been
proposed to account for the abrupt shift. Sultan and Janicot (2000) suggest it is triggered
by westward propagating disturbances. Sijikumar et al. (2006) and Ramel et al. (2006)
implicate the Saharan heat low, which intensifies and shifts northward at the time of the
“jump” whilst Gu and Adler (2004) pointed out that the shift is associated with a
northward shift of the African Easterly Jet and associated horizontal and vertical shear
zones, as well as the development of westward-propagating waves. Again, it is
suggested that the shift is related to the interaction of the Atlantic equatorial cold tongue
and the African monsoon (Okumura and Xie 2004) whiles Sultan et al. (2003) suggests
the complex interactions among convection, AEJ dynamics and local topography,
especially the Ahaggar Plateau and Tibesti highland are also responsible for the jump.
Their work also pointed out that when the heat low is sufficiently intense, it leads to a
reversal in the potential vorticity gradient and, consequently, there is a generation of
AEWSs and convection. The shift begins with a release of potential instability leading to
the inertial instability shifting the rain band to 10° N (Hagos and Cook 2007). The

underlining of all these mechanisms is the northward shift and intensification of the
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latitudinal temperature and pressure gradients over West Africa. Changes in the heat low
and the instability mechanisms are probably direct consequences of the increased
gradients. The northward shift of the AEJ, shear zones, wave’s disturbances, and

convection can be viewed as results of the aforementioned factors.

2.1.4. African Easterly Jet

AEJ is a thermally-driven wind system located above strong low-level meridional
potential temperature and geopotential height gradients between the Sahara and the Gulf
of Guinea (Hsieh and Cook, 2005). The Sahara Desert to the north creates a dry and
dusty Saharan air layer, an elevated warm anomaly that is north of cooler air near the
equator (Figure 2.4). Strong easterly geostrophic flow develops in response to the
significant surface temperature and moisture gradient from the Gulf of Guinea to the
Sahara. Low-level flow associated with the African monsoon is paramount to the
development of AEJ. The AEJ exhibits large vertical and horizontal wind shears with a
position of between 10° to 16°N. The vertical wind shear associated with the AEJ is
crucial to the organization of moist convection and the generation of squall lines.
According to Omotosho (1990) the vertical wind shear associated with the AEJ
promotes the organization of mesoscale convective systems (MCSs) which produce 95%
of the rainfall in the Sahel. It is very strong from April through August, when it vertical
shears of roughly the same magnitude as the horizontal shear. The horizontal shear is
particularly strong in August and September. Both the vertical and horizontal wind

shears are important for the growth of AEWSs (Nicholson and Grist, 2003).

The generation, maintenance and the factors that govern AEJ position and variability
over West Africa have been investigated in many studies. Most of them have associated
the AEJ with an ageostrophic circulation that enhances upward motion and deep
convection south of the jet core and downward motion along and north of the jet. It is

maintained by two separate diabatically forced meridional circulations (Tompkins et al.,
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2005). Cook, (1999) showed that the AEJ is related to the negative meridional soil
moisture gradient. The meridional circulation caused by the ITCZ convection also play
significant role in AEJ maintenance (Schubert et al., 1991). Many studies have shown a
consistent link between AEJ and West Africa rainfall variability. Sylla et al. (2010a)
showed that AEJ location in higher latitude would lead in general to more precipitation
over West Africa while a lower latitude position of jet mostly favors less precipitation.
Mohr and Thorncroft (2006) also found that the intense convective systems follow the
seasonal migration of the AEJ northwards. Hagos (2014) show that much change in
precipitation is related to changes in circulation, particularly to the response of the
intensity and latitudinal position of the AEJ, which varies with the changes in meridional
surface temperature gradients. AEJ plays vital role regarding the large-scale interactions
in the West African monsoon system because it is often subject to barotropic and
baroclinic instabilities. The instabilities are sources of perturbations at synoptic scale

such as African Easterly Waves (Kiladis et al., 2006)
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Figure 2. 3: Major large-scale features of the West African Monsoon and tropical
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Meridian highlighting the heat low-AEJ-ITCZ system, Saharan Air Layer (SAL), and
meridional variation the atmospheric boundary layer.
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2.1.5. Tropical Easterly Jet

The Tropical Easterly Jet (TEJ) is a dominant feature of the northern hemispheric
summer over southern Asia and northern Africa. It affects the summer rainfall over West
Africa. The TEJ is located between 5° and 10°N with wind speeds 20-30m/s. This strong
flow is due to the existence of strong meridional temperature gradient between the
Himalaya plateau and the Indian Ocean (Krishnamurti and Bhalme, 1976). Variability in
the structure, intensity, and location of the TEJ can influence the development of deep,
moist convection over West Africa. The right entrance region of TEJ happens to
correspond to upward branch of the Walker circulation that extends from Southeast Asia
eastward across the Pacific Ocean and is associated with deep convection (Figure 2.3,
Besson and Lemaitre, 2014). The TEJ is associated with the African monsoon and it is
weak when the monsoon is weak but strong when the monsoon is strong, suggesting that
variability in the monsoon also modulates variability in the strength of the TEJ (cook,
1998; Nicholson et al., 2001; Grist and Nicholson, 2001; Nicholson, 2013). It is an
important feature of the tropics, which occurs only during northern hemisphere summer.
Deep, moist convection forms preferentially in the right entrance and left exit regions of
the jet, located over central to western Africa. The association between the TEJ and
rainfall appears to be primarily upper-level divergence associated with the jet core. The
divergence results from strong meridional components of the TEJ over Africa
(Nicholson and Grist, 2003). This pattern is particularly pronounced in wet years in the
Sahel and appears to play a role in its impact on rainfall (Nicholson, 2009). TEJ is linked
not only to more rainfall in the Sahel, but also a more intense rainbelt. Other studies
(Nicholson et al., 2003; Thorncroft et al., 2011) have shown that a weak AEJ with a
strong TEJ correlates well with Sahel rainfall. Lemburg et al., (2017) found a substantial
correlations between Sahel rainfall and TEJ strength on decadal time scales, but on

shorter time scales, the correlations become weaker and the relationship between the
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TEJ and Sahel rainfall is less clear. Lemburg et al. (2019) also showed that initiation,
intensity and size of Mesoscale convective systems, major rainfall producing systems
over West Africa, are not associated with TEJ-related upper level divergence or its

anomalies.

2.1.6. African Easterly Waves

African easterly waves (AEWSs) are synoptic-scale perturbation on the African easterly
jet (AEJ) over northern Africa during the boreal summer season between June and
October, propagating westward across the Atlantic (Burpee, 1972; Kiladis et al., 2006,
DeLonge et al., 2006). It results from the increase instabilities associated with the AEJ.
They have wavelengths of approximately 3000 km, a period of 3-5 days and propagate
westward at about 5-8m/s. They are particularly important for rainfall over the Sahel
(Diedhiou, 1999; Wu et al., 2013). However, Pytharoulis and Thorncroft (1999)
suggested that some AEWSs may exhibit periods of 6-9 days. Their largest amplitude is
obtained near the west coast of Africa and decays after emerging over the eastern
Atlantic Ocean 6-8 days after their formation. The biggest amplitude is obtained at
around 650 hPa and exhibit a vertical tilt against the shear vector such that AEWs tilt
eastward with increasing height (Cornforth et al., 2009). The AEWSs are important for
organizing precipitation patterns, influenced by the effect of Sahara Desert which causes
a reversal of meridional surface temperature gradient in the mid-troposphere during the
boreal summer (Diedhiou et al., 1999). This meridional temperature gradient reversal is
responsible for the African Easterly Jet generation. The studies of Burpee (1972) and
Reed et al. (1977) showed that this jet satisfied the necessary conditions for barotropic
and baroclinic instability. This instability generates perturbation and therefore assists in
the development of AEWSs. Many studies have shown AEWSs as seed disturbances for
Atlantic tropical cyclones (Thorncroft and Hodges, 2001), and the interannual variability

of AEWs may modulate Atlantic tropical cyclones on similar timescales. Gaye et al.
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(2005) and Mekonnen et al. (2006) show that AEWs modulate summer rainfall through
the initiation and organization of mesoscale convective systems (MCSs) and squall lines
during the monsoon season. Other studies suggest that the variation of convection is the
more important factor controlling periods of active and inactive AEWSs than the state of
the AEJ. For instance, Hsieh and Cook (2005) demonstrated that AEWSs without the AEJ
develop more readily in their simulation with strong ITCZ than the opposite. Leroux et
al. (2010) proved that the increase in AEWSs is associated with an increase of moist
convection in East Africa. Kiladis et al. (2006) assert that convection with AEWS is
initiated by dynamical forcing associated with the wave, which forces vertical motion at
low levels and couples the wave to deeper convection as it matures. Leroux and Hall
(2009), highlight that AEWs develop most readily when the AEJ has a strong Potential
Vorticity (PV) gradient over a large region. Overall, the AEWs play a crucial role in
establishing the most favorable synoptic conditions for the development of intense

rainfall event over West Africa (Diedhiou et al., 1999; Cretat et al., 2015).

2.1.7. Mesoscale Convective Systems (MCS) and Squall Line (SLs)

2.1.7.1. Mesoscales Convective Systems (MCS)

Mesoscale Convective Systems (MCS) can be defined as complexes of thunderstorms
which become organized on a scale larger than the individual thunderstorms and
normally persist for several hours or more. The overall cloud and precipitation pattern of
an MCS may be round or linear in shape and includes weather systems such as tropical
cyclones, squall lines, lake-effect snow events, polar lows and Mesoscale Convective
Complexes (MCCs). MCS is often used to describe a cluster of thunderstorms that does
not satisfy the size, shape, or duration criteria of a Mesoscale Convective Complex
(NWS, 2012). The MCS are essential for the earth equilibrium as they modify the

environment on a scale many times larger than the visible cloud (Moncrieff, 1995). They
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regulate the transport of energy, heat, moisture and momentum in the atmosphere
(Schroder et al. 2009) and play an important role in the input of energy to the climate
system through the radiative effect of the upper-tropospheric cloud and water vapor and
enhanced surface fluxes (Moncrieff, 1995). It is well known that MCSs often produce
severe weather and over half of the annual warm season precipitation is associated with
MCSs. MCSs are often prolific producers of cloud-to-ground lightning. Over West
Africa, many studies prove that large MCSs play a crucial role in rainfall variability
(Mathon et al., 2002; Fink et al, 2006; Laing et al. 2008). Heavy rainfall over sub-
Saharan northern Africa is usually related to the generation of MCSs. Mathon et al.
(2002) and Mohr (2004) showed that MCSs contribute up to 95% of the boreal summer
rainfall over this region and that the diurnal cycle of rainfall is related with MCS
activity. Over West Africa Sahel, it is estimated that between 50 and 95% of the total
rainfall occurred during the peak of the rainy season which can be explained by about
12% of the total number of MCS (Lebel et al., 2003; Mohr, 2004). However, the
contribution of MCSs to annual rainfall ranges from 16% to 32% along the shore of the
Gulf of Guinea (Acheampong, 1992; Omotosho, 1985), about 50% in the Sudanian zone
(Eldridge, 1957; Omotosho, 1985) but more than 80% in the Sahelian region (Mohr et
al., 1999). This rainfall has been shown to be strongly modulated by the organization
and intensity of deep convection within these MCSs (Fink and Reiner, 2003, Cretat et
al., 2013). As mention in the last section favorable large-scale dynamical forcing for the
generation of rainfall through the organization of MCSs may be provided by AEWS.
Over West Africa, MCSs are usually integrated in AEW, but they propagate faster than
most AEWSs, suggesting that an individual AEW can embed several MCSs (Gaye et al.,
2005; Mohr and Thorncroft, 2006). However, the MCSs are also linked with AEJ since
it transport them westward over West African region. According to Grist and Nicholson

(2001), the intraseasonal oscillations of the AEJ have an impact on the latitudinal
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oscillation of the MCSs. A more northern (southern) location of the AEJ lead to shift of
the MCs tracks northward (southward) (Nieto-Ferreira et al., 2009). Mohr and
Thorncroft (2006) found also that in September during the MCSs event the most intense
convective system occurred south of the AEJ. By contrast, fewer studies have focused
on the role of the TEJ (Lavaysse et al., 2006; Nicholson, 2009). According to Besson
and Lemaitre (2014), this is not surprising since the TEJ maximum is usually along the
Guinea Coast, while most MCSs are much farther north and closer to the AEJ
maximum. When the monsoon is well developed, the TEJ is over West Africa and is
correlated with the monsoon peak, with MCs activity linked to the TEJ (Diongue et al.,

2002; Redelsperger et al., 2002).

2.1.7.2. Squall Lines (SLs)

Squall line is a form of MCSs and defined as a narrow band of active thunderstorms
(Newton, 1950). It is shown to be associated with about 75% of the tropical North
Africa rainfall (Omotosho, 1985, 1990). Squall lines can extend to hundreds of miles in
length, simultaneously affecting several states at a time. They also can travel fast at
speeds up to 60 mph. Squall lines typically form in unstable atmospheric environment in
which low-level air rise unaided after being initially lifted (e.g. by a high ground) to the
point where condensation of water vapor occurs. Heat is released during condensation,
resulting in the rising air becoming lighter than nearby air at the same height. This leads
to an increase in the speed of the rising air which sometimes reaches speeds above 30
mph (WW2010, 2019). However, many squall line are observed in association with
MCCs in West Africa (Leroux, 2001), although short periods of very heavy rain,
sometimes associated with squall lines, need not to be from cumulonimbus embedded in
mesoscale cloud systems (Fink and Reiner, 2003). The contribution of squall lines to
Sahel rainfall is not uniform everywhere in West Africa. Mathon et al. (2002a) indicated

that the westward-propagating squall lines contribution to the total rainfall varies
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significantly with respect to latitude, accounting for a much as 80% - 90% of the annual
rainfall in the Sahelian climate zone. In the wetter climate zones to the south, squall
lines account for about half of the rainfall in the Sudanian climate zone (Eldridge, 1957,
Omotosho, 1985) and as little as 16% - 32% along the Guinea coast (Acheampong 1982;
Omotosho, 1985). Prominent squall lines genesis maximum over highland of the central
Nigeria (e.g. Jos Plateau) has been shown by Omotosho (1984), while the Dahomey
Plains in Benin Republic is found to be for less-favorable zone for the squall lines
genesis (Aspliden et al., 1976; Vollmert et al., 2003). However, Fink et al. (2006)
hypothesized that the strong organizations of organized convective systems over Nigeria
may be related to local factors (e.g., terrain, height, moist static stability, and upper level
outflow) that help developing squall lines attain the necessary strength of the self-

sustaining mesoscale circulation.

2.2. Rainfall variability in West Africa

West Africa rainfall variability has serious implication on socio-economic activities.
This is because more than 95% of its agriculture activities are rainfed and many other
management decisions such as agricultural practices, hydro-electric power generation,
and water resource management in the region are also rainfall dependent. Rain-fed
agriculture serves as the main source of income for most economies in the region. For
instance, Jalloh et al. (2011), Suhas et al. (2009), World Bank (2017) reported that more
than 60% of the population in most West African countries make a living from rainfed
agriculture, which account more than 35% of the Gross Domestic Product (GDP) and
about 40% of the exports of the region. The variability in rainfall will therefore have
serious consequences on agricultural practice, water resource management and

hydroelectric power generation. Consequently, any rainfall variability that results in
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droughts or floods usually reduces agricultural productivity, thereby threatening food

security, water management at both household and national levels.

West Africa region is divided in to climatic zones which includes the arid, semi-arid, sub
humid and humid zones. The arid zones include Mali, Burkina Faso, Senegal and Niger
which forms the Sahel and Saharan regions in West Africa. The rainfall begins in
Savanna zone from May/June and it receives higher annual rainfall of up to 2000mm.
Over the Sahel, the annual rainfall is less than 750 mm in most area and becomes even
less than 200 mm, with an extended dry season that lasts for about 10 months (Kessler
and Breman, 1991; Casenave and Valentin, 1992). The semi-arid zone of West Africa is
grassland and is located at the northern parts of Mali, Senegal, Niger, Burkina Faso,
Nigeria and Cameroun. This zone also receives annual rainfall that range from 250 to
500 mm (Casenave and Valentin, 1992). The Semi-humid zone includes the Sudan
Savannah which is shrub and grassland with mean rainfall values ranging from 500 to
900 mm. The semi-humid zones include southern parts of Mali, Burkina Faso, Niger,
Senegal, and the north of Nigeria, Togo, Cameroon and Benin. The humid zone consists
of two sub zones such as Guinea savannah zone and the Forest zone (Boffa, 1999;
Valentin et al., 2004; Jalloh et al., 2011). The Savannah sub zone which has an annual
rainfall of between 1500 mm and 2000 mm divided into two alternating dry and wet
seasons. This sub zone includes southeast Guinea, middle of Nigeria and Ghana, parts of
Cote d’Ivoire, and parts of Cameroon. The Forest zone has rainfall of about 1500 mm to
more than 2000 mm with a bimodal pattern. This forest zone includes Ghana, Togo,
Benin, Cameroon, Congo, the southern zone of Cote d’Ivoire, east of Sierra Leone,

Eastern Nigeria and Gabon (Jalloh et al., 2011).
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The climate of West Africa is made of two main seasons such wet and dry seasons. The
maximum of its rainfall is observed during the period June-August which occurs in the
peak of the WAM. Numerous studies has focused on West Africa rainfall variability
especially the Sahel region, which has been the most vulnerable due to severe droughts
and famine in the last century (e.g., in the 1970s and 1980s, Janicot, 1992; Nicholson et
al., 2000; Vizy and Cook, 2001; Hulme, 2001; Camberlin and Diop, 2003; Giannini et
al., 2003; Rowell, 2003). Most of them have associated this variability to the global
climate teleconnections and regional climate systems, which include the ITD, monsoons,
the tropical Atlantic Sea Surface Temperature (SST) anomalies, subtropical
anticyclones, atmospheric winds, the jet streams etc. The global teleconnections include
those associated with EI Nino Southern Oscillation (ENSO) and the North Atlantic
Oscillation (NAO). The rainfall patterns of many parts of Africa respond significantly to

different phases of the ENSO cycle forcing.

2.3. West African Rainfall and Sea Surface Temperature (SST)

2.3.1. Role of Sea Surface Temperature (SST)

Sea surface temperature (SST) is defined as a basic measure of ocean surface conditions.
It usually refers to water temperature measured within the upper 10 meters of the ocean.
In these waters, after variation due to seasonal changes, the oceanographic process
called upwelling is a major cause of sea surface temperature variation. Over West Africa
many studies have demonstrated that the variability of the SSTs influences the
variability of West African rainfall (Rowell et al., 1992; Paeth and Hense, 2004; Lu and
Delworth, 2005; Fink et al., 2006; Biasutti et al., 2008). These showed that the change
in latent heat release over the West African monsoon region have great impact on the
large scale tropical circulation. There have also been many studies that examined the

impact of teleconnection between the SST anomalies in the Pacific, Indian and Atlantic
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Oceans on Sahelian rainfall (Giannini et al., 2003; Lu and Delworth, 2005; Caminade
and Terray, 2010). While it has been concluded that SST patterns play a crucial role in
West African rainfall variability (Biasutti et al., 2008; Giannini et al., 2008), there is still
a debate regarding the major drivers (e.g., NAO, AMO, QBO, 10D etc.). Several results
found that an increase of the Sahel rainfall coincides with an oceanic pattern that
resembles a configuration of Pacific Nifia, Atlantic Nifio and western Indian Ocean
cooling (Losada et al., 2010). They further found that this mode accounts for 54% of the
squared covariance between West African rainfall and tropical SST anomalies.
According to Zheng et al. (1998), in 1994 the abundant rainfall observed in West Africa
was linked with the warm SST anomaly. Hoerling et al. (2006) also showed that
regional weather patterns forced by the SST of the North Atlantic have more influence
than hydrological impact of land use on the local climate in the Sahel region. An
understanding of observed variability in precipitation therefore requires both SST and
land-atmosphere interaction (Wang et al., 2004). Camberlin et al. (2002) found that
ENSO (El Nifio southern oscillation (ENSO) and Atlantic SST (predominantly south

Atlantic) contribute to different parts of the rainfall variance in West African Sahel.

2.3.2. The El Nifio Southern Oscillation (ENSO)

ENSO is a naturally occurring phenomenon with significant impact on the worldwide
climate (Ropelewski and Halpert, 1987, 1996). It has positive and negative effects on
society and environment; but to a greater extent, disadvantageous impacts (Guzman et
al., 2009). ENSO refers to EI-Nifio and La Nifia. EI-Nifio refers to a warming pool over
the Pacific Ocean that occurs usually every three to seven years, lasts 12-18 months and
dynamically associated to the Southern Oscillation. During El Nifio conditions, the
usually present east to west winds weaken and anomalous west to east flow develops.
The west to east flow transport warm equatorial waters from the western Pacific towards

the eastern Pacific and northern South America (see Figure 2.5; IRI, 2019). On the other
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hand, La Nifia represents a colder than normal SST over the Pacific, is characterized by
an unusually high pressure in the Western Pacific and low pressure over the Eastern
Pacific. Over West Africa several works pointed out the role of ENSO and Pacific
Ocean in modulating Sahel precipitation (e.g., Rowell, 2001; Janicot and Sultan, 2001).
The limiting role of ENSO on rainfall variability only on eastern Sahel has also been
suggested (Bader and Latif, 2003). One of their findings is that the interannual to
decadal variability in precipitation over West Africa is controlled by competing physical
mechanisms (also, Druyan, 2011). Many studies also associated its role in drought
occurrence in Southern Africa (Philippon et al., 2012) and Eastern African (Ropelewski
and Halpert, 1987). However, over Western Africa, its impacts are still under debates.
Among some studies on the matter, no agreement was found on the effects of ENSO on
Sahel drought. For example, while Janicot et al. (2001) and Okonkwo et al. (2014)
suggested that ENSO have a relationship with Sahel rainfall and this impact has
strengthened after the 1970s, Bader and Latif (2003) suggested its effects are localized
to the Eastern Sahel. However other studies by Okonkwo and Demoz (2014); Hansen et
al. (2016) have also associated ENSO and others climatic indices Such as the Atlantic
Multi-decadal oscillation (AMO), Quasi-biennial oscillation (QBO) etc. as sources of

rainfall variability over West Africa.
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FOUATCMIAL THERAMCLE

Figure 2.4: Illustration of normal vs. El Nino condition with the migration of the warm
pool eastward and attendant precipitation patterns (TAO_Project_Office 2016)
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2.4. The theory of the quasi-biennial oscillation

The quasi-biennial oscillation (QBO) was first reported in the 1960s. It is a major
oscillation in the equatorial stratospheric zonal wind (Lindzen and Holton, 1968). It
consists of an alternating pattern of easterlies and westerlies that slowly descend from
the stratopause to the tropopause (Baldwin et al., 2001). The QBO is mainly driven by
vertically propagating waves with easterly and westerly phase speed that dissipate in the
corresponding shear zones, leading to easterly acceleration in easterly shear zones
(where easterlies increases with height) and westerly acceleration in westerly shear
zones (Holton and Lindzen, 1972). These tropically-trapped waves are of various
horizontal scales, ranging from planetary scales to a few kilometers or less (Baldwin et
al., 2001; Kim and Chun, 2015). The oscillation has a cycle (average period) of about 26
months and maximum amplitude of about 20 m/s with a periodic change in its zonally
symmetric wind regimes, i.e., the easterlies and westerlies. The downward propagation
with speed of around 1 km/month through lower stratosphere is a key feature of this
oscillation (Holton, 1968; Quiroz, 1981). The maximum amplitudes are observed in the
middle and lower tropical stratosphere, with the easterly phase having larger amplitudes
compared to the westerly phase. The region of QBO winds is confined to the latitude
band between about 15°S and 15°N and is observed mainly at stratospheric altitudes
between about 18 and 40 km. In the upper stratosphere and large parts of the mesosphere
the situation is different. In this altitude region the zonal mean zonal wind is dominated
by a semi-annual oscillation (SAO). The wind changes between strong easterlies and
strong westerlies with a dominant period of 6 months. In the upper mesosphere the zonal
mean zonal wind is again dominant by the QBO (Baldwin et al., 2001). In the past few
decades, a number of theories have been developed to explain the QBO. It has been
shown by Lindzen and Holton (1968) and Holton and Lindzen (1972) that the QBO is a

wave driven oscillation. Waves of both global scale (equatorial wave’s mode like Kelvin
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waves, equatorial Rossby waves, or Rossby-gravity waves) as well as mesoscale gravity
waves contribute to the observed reversals. According to Dunkerton (1997), the total
wave fluxes should be about 2-4 times as high as the flux of the global scale wave
modes alone. This means that the impact of mesoscale gravity waves in the forcing of
the QBO should be about 50-75% of the total wave forcing. There has been some debate
as to the type of waves that are involved, i.e., large scale Rossby-gravity waves or
Kelvin waves and/or mesoscale internal gravity waves. The gravity waves fluxes have
been recognized to be a generator of a large vertical momentum flux for driving QBO.
The QBO is forced by the interaction of long-period vertically propagating tropical
atmospheric waves, including Kelvin, Rossby-gravity, gravity, and inertia-gravity waves
that are tied to tropical convection (Holton and Lindzen, 1968). These waves deposit
their momentum in the stratosphere to force the QBO cycle (Baldwin et al., 2001). The
QBO is driven by equatorial waves interacting with the stratospheric mean flow (Holton

and Lindzen, 1972).

2.5. Equatorial Wave Theory

Equatorial waves is an important class of tropical atmospheric disturbance (Fathullah et
al., 2017). It has been recognized that the tropical thermocline (the sharp boundary
between warm and deeper cold waters) provides a wave guide many types of large-scale
ocean waves. The existence of this waves guide is due to two key factors. The mean
ocean vertical stratification in the tropics which facilitates waves propagation. Secondly,
the Coriolis parameter vanished exactly at 0° of latitude, the equator works as a natural
boundary, suggesting an analogy between coastally trapped and equatorial waves
(Fedorov and Brown, 2009). The equatorial waves are atmospheric phenomena that
propagate parallel to the equator; it is mainly generated by tropical convection and is

trapped within an equatorial waveguide produced by the change in Coriolis parameter
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with latitude (Garcia and Salby, 1987; Hayashi and Golder, 1997). In some
circumstances they may also propagate energy and momentum vertically. Equatorial
waves are solutions to the “shallow water” equations, characterized by meridional mode
number, frequency, planetary zonal wavenumber, and “equivalent depth” h of the
shallow layer of fluid (Wheeler and Kiladis, 1999). The equivalent depth ¢ = \/ﬂ links
the shallow water equations and vertical structure equation through a separation constant
(Wheeler and Kiladis, 1999). The relationship between phase speed and equivalent
depth implies that deeper waves have faster speeds. According to Matsuno, (1966), the
latitudinal extent of the waves is characterized by(c/B)1/2, where ¢ is the phase speed
and g is the variation of the Coriolis force in the meridional direction suggesting that
faster equatorial waves have greater latitudinal extent. The most well-known examples
of equatorial waves are eastward propagating Kelvin waves and westward propagating
Rossby waves. The Kelvin waves and Rossby waves are important due to their
associated large-scale flow and low-frequency characteristics, as well as the ability to
transmit information from the Indo-pacific warm pool to the West African monsoon
region. Equatorial waves are divided into two regimes by Wheeler and Kiladis (1999):
symmetric and asymmetric. Mixed Rossby-gravity waves are antisymmetric about the
equator, while equatorial Rossby waves and Kelvin waves are symmetric about the

equator. Inertia-gravity waves fall into both regimes.

2.5.1. Equatorial Rossby Waves (ER)

Rossby-gravity waves (first reported by Yanai and Maruyama, 1996) propagate
westward and transport easterly momentum upward. Rossby waves in the mid-latitudes
arise out of the meridional variability in the potential vorticity field. Over the tropics
they can be generated by the meridional variability of the Coriolis parameter (Gruber,
1974; Zangvil, 1975). Equatorial Rossby waves are associated with twin vortices on

either side of the equator; such vortices occur most often in the western Pacific Ocean
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and Indian Ocean. The direct effects of equatorial Rossby waves are strongest over the
Asian monsoon and West Pacific warm pool. Rossby waves have a period of about 4 to
5 days, and propagate westward with a vertical wavelength of about 4 — 8 km. It plays
pivotal role in controlling disturbance in the equatorial stratospheric (e.g., QBO) and

tropospheric circulation and precipitation (Setiawan, 2010; Lubis and Jacobi, 2015).

2.5.2. Equatorial Kelvin Waves (EK)

The Kelvin waves (first reported by Wallace and Kousky, 1968a) propagate eastward
and transport westerly momentum upward. Among the two equatorial wave models, the
existence of Kelvin waves has been documented fairly well compared with Rossby-
gravity, because the kelvin wave mode has much longer horizontal and vertical scales
than the Rossby-gravity wave mode. Kelvin waves are large-scale waves that propagate
along a physical boundary such as a mountain range or coastline. Kelvin propagate
eastward with a vertical wavelength of about 6 — 10 km, with periods ranging from 10 to
20 days and 6 to 10 days which are classified as slow and fast waves, respectively.
These eastward propagating planetary scale waves carry eastward momentum upwards
but are damped by various processes like radiative cooling, small scale disturbance and
critical level interactions. After the waves are damped, they lose momentum and
accelerate the westerly mean flow of the QBO (Das and Pan, 2013). In the tropics, the
southern and northern hemispheres act as a trapping barrier, such that equatorial Kelvin
waves are considered to be “equatorially-trapped” waves. The Kelvin waves are thought
to be important to the El Nifio Southern Oscillation (ENSO) and the QBO. Several
studies demonstrated that the lower stratospheric Kelvin wave activity is observed
mostly during the transition from the easterly to the westerly phase of the QBO,
suggesting that the role of Kelvin wave is by far the dominant global scale equatorial
wave mode during QBO easterly phase and is responsible for the largest part of the wind

reversals from QBO easterlies to westerlies (Wallace and Kousky, 1968b; Maruyama,
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1979, 1991; Miller et al., 1976; Ern and Preusse, 2009). Kelvin wave are also known to
affect the dynamics, cloud physics and transport around tropical tropopause layer
(Fueglistaler et al., 2009). Their effects on deep, moist convection over Africa, South
America, and the western Indian Ocean exhibit strong seasonal variability. Kelvin wave
have a horizontal length scale of about 2000 km and as such have a direct impact on

deep, moist convection within approximately 10° latitude of the equator.
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CHAPTER THREE: RESEARCH METHODOLOGY

3.1STUDY AREA

The study area of this research is West Africa which is located below 20°N. Following
Omotosho and Abiodun, (2007), Abiodun et al. (2012) and for the purpose of weather
and climate application, three climate sub-regions, Guinea Coast (4°N-8°N, 18°W-18°E),
Savannah (8°N-12°N, 18°W-18°E) and Sahel region (12°N-16°N, 18°W-18°E) (Figure
3.1) were selected for more detail analysis. The region is however among the wettest on
the continent with mean annual rainfall values ranging from 200 to 4500 mm (Jalloh et
al., 2011). This Guinea zone has sub-humid climate with an average annual rainfall is
between 1250mm and 3000mm. The numbers of days of growing period (DGP) varies
between 180-270 days. The Savannah zone is a semi-arid zone (Sahelio-Sudan) with an
average annual rainfall between 750 mm and 1250 mm in a season. The Sahel or
Sahelian zone is an arid zone and has up to 750 mm of rain in a single but short rainy
season from June-September with a mean GDP of 90 days. The choice of dividing the
zone is based on the local population’s high dependency on rain-fed agriculture for their
economy and the need to understand and bring a clear picture on the influence of QBO
on the West African rainfall variability, since the QBO is an essentially equatorial

climate system.
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Figure 3.1: West African domain showing the topography and regions designated as
Guinea, Savannah and Sahel zones.
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3.2 DATA

In this study different types of dataset are used for different purposes. The model
CMIP5, reanalysis and observed datasets were used to simulate West African monsoon
systems and its relationship with the QBO. The observational and reanalysis data were

used to evaluate the capability of the model to reproduce climate variability.

3.1.1 ERA-Interim Reanalysis

The European Center for Medium-Range Weather Forecasts (ECMWEF), ERA-Interim is
the primary dataset utilized in this study. It is a reanalysis of the global atmosphere
beginning in 1989 and continuing in real time (P. Berrisford et al., 2011; Dee et al.,
2011). It corresponds to new version of ECMWF model with the objective to fill the gap
between the old and new generation reanalysis. ERA-Interim is a coupled wind-wave
reanalysis produced at ECMWF covering the period 1979 onwards. It is also from the
Integrated Forecast System (IFS), which is operational since 2006. The model has 79 km
of horizontal resolution and 60 vertical levels. The available data have a temporal
resolution of 00h, 03h, 06h, 12h, and 18h, with 0.75° in longitude and latitude also with
37 pressure levels from 1000 hPa to 0.1 hPa (Berrisford et al., 2009). The purpose is to
overcome the problems of data assimilation and provide meteorological variables
needed for a better understanding of West African rainfall variability. It also improve the
quality of the reanalysis products relating to quality control, bias correction, and
performance monitoring to be consistent with observations given the estimated

uncertainties (Dee et al., 2011).

3.1.2 Observation Data
In this work the Global Precipitation Project (GPCP) version 2.2 was utilized due to lack
of quality observation datasets and accessing the existing one is still a challenge in the

region. It is needed to support a variety of studies, including global change, surface
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hydrology, and numerical weather and climate model initialization and validation. GPCP
is maintained by the National Aeronautics and Space Administration (NASA) and
provides daily rainfall. The GPCP Monthly product provides a consistent analysis of
global precipitation from an integration of various satellite data sets over land and ocean
and a gauge analysis over land, and was initially described by (Huffman et al., 1997).
GPCP incorporates a blend of the six best quasi-global datasets (Huffman et al., 2001).
In particular, these datasets are: 1) Special Sensor Microwave/lmager (SSM/I; fractional
occurrence of precipitation), 2) GPCP Version 2.1 Satellite-Gauge (monthly
accumulation of precipitation), 3) geosynchronous orbit IR brightness temperature
histograms, 4) low-orbit IR GOES Precipitation Index (GP1), 5) Television and Infrared
Operation Satellite (TIROS) Operational Vertical Sounder (TOVS), and 6) Atmospheric
Infrared Sounder (AIRS). The GPCP v2.2 consists of monthly precipitation estimation
data at 2.5° x 2.5° horizontal grid resolution. The use of high resolution precipitation
data over West Africa is important to account for topographical variances and the sharp
moisture gradient between the Gulf of Guinea and the Sahara. Additionally, GPCP
provides an alternative to ERA-Interim precipitation and provides a precipitation dataset
to supplement the measure of convection provided by CLAUS, which improves the

robustness of the study.

3.1.3 Global Circulation Models outputs

Also utilized was the numerical simulation carried out in the framework of the
Atmospheric Model Intercomparison Project (AMIP) and historical experiments as part
of the Coupled Models Intercomparison Project Phase 5 (CMIP5) simulations (Taylor et
al., 2012, CMIP5 recommended data, 2013). CMIP5 is the most current and the most
extensive of the CMIPs. It is defined by experiment suites divided into three categories:
1) Decadal Hindcasts and Predictions simulations; 2) “long-term” simulations; and 3)

“atmosphere-only” (prescribed SST) simulations for especially computationally-
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demanding models (NCAR/UCAR, 2019). The CMIP5 includes 24 distinct models, data
from which are available through the program for climate Model Diagnosis and Inter-

comparison (PCMDI) Earth Grid (https://esdf-node.lInl.gov/search/cmip5/). The purpose

of the use of AMIP and CMIP5 in this study is to undertake the systematic
Intercomparison and validation of the performance of atmospheric Global Climate
Models (GCMs) on seasonal and interannual time scales. The GCMs are among the
most advanced tools, which simulate climatic conditions on earth hundreds of years into
the future (Anandhi et al., 2008).The GCMs may be useful tools to explore
stratosphere/troposphere coupling mechanisms (e.g. Yoden et al., 2017). However,
many GCMs fail to generate the QBO due to coarse stratospheric vertical resolution
(e.g. Charlton-perez et al., 2013). There were few models generating QBO in the
CMIP5. An overview of the models with the ensemble members, horizontal resolutions

and further details are listed on Table 3.2.

40


https://esdf-node.llnl.gov/search/cmip5/

Table 3.1: Summary of reanalysis and observed datasets used in the present study

Dataset Variables Temporal coverage Spatial coverage

ERA-Interim P, q, w, ua, va, 1979-2012, Global, ~0.75° x 0.75°
monthly mean

GPCP v2.2 P 1979-2012, Global, ~2.5° x 2.5°
monthly mean

Note: Variables are precipitation (P), specific humidity (q), vertical velocity (w), zonal wind (ua), meridional wind (va)

Table 3.2: Summary of model datasets used in the study

Model Reference Resolution Institute

CMCC-CMS Manzini et al. (2006) T63L95 Centro Euro-Mediterraneo per | Cambiamenti Climatic
Giorgetta et al. (2006)

HadGEM2-CC Osprey et al. (2013) 1.25° x 1.875° L60 Met Office Hadley Centre
Hardiman et al. (2006)

HadGEM3-A Vautard et al. (2018) N216 L85 (~60 km) Hadley Centre near-real time attribution system
Christidis et al. (2012)

MPI-ESM-MR Schmidt et al. (2013) T63L95 Max Planck Institute for Meteorology (MP1-M)
Krismer and Giorgetta (2014)

MIROC-ESM-MR | Watanabe et al. (2011) 256 x 128 Model for Interdisciplinary Research on Climate

Watanabe and Kawatani (2012)
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3.2 METHODOLOGY

The methodology of this work consists of characterizing both the monthly and seasonal
climatology of rainfall using observational data set and the zonal wind using reanalysis
dataset. The positions of TEJ and AEJ during each month of the year were identified. To
examine the monthly averaged structure of the African and Tropical Easterly Jets,
monthly zonal winds at 600 hPa and 200 hPa where the jet is maximized were utilized.
These fields were analyzed for all the months. This study also applied the wavelet
transform to estimate the power spectrum or power spectral relationship between QBO,
AEJ, TEJ and West African precipitation. Specifically, wavelet power spectrum, and
bivariate and conditional wavelet transform using the Morlet wavelet analysis were
employed. The wavelet power spectrum (WPS) provides time-frequency information
about the cyclical characteristics of individual variable while wavelet coherence
provides quantitative time-frequency information about the coupling between different
variables, helping to identify strong periodicity between different variable (e.g. rainfall
over West African zones, AEJ, TEJ and QBO at different stages). Also used was the
composite method to describe evolution of QBO (e.g. west and east phase, QBO and

Non-QBO year).
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3.2.1 Wavelet Analysis Techniques for Rainfall variability

3.2.1.1 Wavelet Analysis

Wavelet analysis is a mathematical technique based on dilating and translating an
analyzing function, called wavelet, at different scales and positions, in order to
decompose non-stationary signals (e.g. time or space-series) into their frequency
components, allowing the identification and analysis of dominant localized variations of
power, i.e., where the variance of the time series is largest for a given frequency
(Daubechies, 1992; Torrence & Compo, 1998; Grinsted et al., 2004; Keener et al.,
2010). By wavelet analysis, one is able to determine both the dominant modes of
variability of a time series and how they vary in time (Torrence and Compo, 1998). In
natural phenomena, signals frequency present intermittent or transit features forming
non-stationary data series to which classical Fourier analysis cannot be applied,
requiring instead time-resolved methods (Furon et al., 2008). The advantage of wavelet
analysis is that the window size is not fixed, varying as a function of frequency (i.e. time
resolution is intrinsically adjusted to the scales). It allows analyzing different scales of
temporal variability and it does not need a stationary series. In this context, a main
purpose of using the wavelet analysis technique is to quantify and visualize statistically
significant changes in the QBO and rainfall over a mutli-decadal time scale. Since its
theoretical development in 1984 by Grossmann and Morlet (1984), wavelet analysis
have been applied in several fields such as in meteorology and climate as well as
oceanography (Furon et al.,, 2008; Labat, 2010). Meteorological forecasts with
reasonable skill offer useful information of rainfall estimation with antecedence ranging
from some days to one year. Therefore, this study can be considered an important tool
for time series analysis, especially when used in rainfall forecasts, which can helps the
studies concerning the coupling between rainfall, jet stream and quasi-biennial

oscillation.
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3.2.1.2. Application of Wavelet analysis in Rainfall variability studies

Wavelet analysis has been used by several studies for studying rainfall variability over
the world in general and particularly over West Africa (e.g. Santos et al., 2001; Santos
and Freire, 2012; Okonkwo et al., 2014; Li et al., 2016; Chang et al., 2018). In the
studies by Chang et al. (2018) wavelet analysis was applied to characterize the effects of
monsoons and climate teleconnections on precipitation over China. It found that on the
intra-annual, inter-annual and decadal timescales, the Indian Summer Monsoon (ISM)
many affects precipitation in the Northeastern and Central China. Santos et al. (2001)
used wavelet analysis on monthly rainfall in order to analyze rainfall variability. It’s
founding reveal that using global wavelet spectrum (GWS) that the monthly rainfall of
Matsuyama city is composed mainly by an annual frequency. In the same founding the
wavelet power spectrum showed a big power concentration between 8-16- month bands,
revealing an annual periodicity. Santos et al. (2013) recommended that the global
wavelet power spectrum should be used to describe rainfall variability in non-stationary
hyetographs. For the regions that do not display long-term changes in hyetograph
structures, global wavelet spectra are useful for summarizing a region’s temporal
variability and comparing it with rainfall in other regions. Over Nigeria, rainfall
variability has also been studied using wavelet analysis. However, in this case both
monthly and annual total rainfall were used describe the time frequency of rainfall. High
variance were found at both monthly and annual variation of rainfall and the most
outstanding frequencies of variation of monthly and annual rainfall were 8 -16 month
band, showing that the these time series have strong annual signals(Adepitan and Falayi,

2019).

Over the Sahel wavelet transform and coherency analysis have been used by Okonkwo
(2014) to determine the inter-annual and decadal to multi-decadal rainfall variability. Its

founding revealed that, Sahel rainfall is associated to ENSO, Atlantic Multi-decadal
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Oscillation (AMO) and Indian Ocean Dipole (IOD) at different time scales. An
antiphase relationship existed between ENSO and the rainfall of Sahel at the 3-4 year
band during 1982-1983 EI Nifio episodes indicating a cause effect relationship between
the 1983 drought and the 1982-1983 EI Nifio. The wavelet coherence analysis also
revealed a relatively anti-phase relationship between AMO and Sahel rainfall. However
the control of the IOD on Sahel rainfall variability was limited to the east (Okonkwo,
2014). In addition, according to Xu et al. (2005) wavelet analysis can be used as an
alternate approach to multi-time scale analysis of climate and short term climate

variation forecast.

3.2.2 Wavelet Transform

Wavelet transform is a new instrument for signal analysis. It is considered as oscillation
that decays fast with zero mean localized frequency and time. The concept was
introduced in 1982 by Jean Morlet (Torrence and Compo, 1998). In this study an R
package “WaveletComp” (Rosch and Schmidbauer, 2018), was used for the spectral
analysis, wherein the Morlet wavelet transform of a time series is defined as the

convolution of the series with a set of “wavelet daughters” as follows:

Wave(t,s) = Z xt%lp* (t ; T) 3.1
t

Where x, denotes the data point at time t of the time series to be decomposed and ¥*
denotes the complex conjugate, the scaling parameter s determines the daughter
wavelet’s coverage of the series in the frequency domain, and the localizing time
parameter Tt determines the daughter wavelet’s location in the time domain. ¥ is the
Morlet “mother” wavelet defined as:

Y(t) = - V4eiwte=t?/2 3.2
where the dimensionless frequency o is set as 6 to ensure that the Morlet function has

zero mean and is localized in both time and frequency space (Farge, 1992).
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3.2.3 Wavelet power spectrum

The wavelet power spectrum describes the evolution of the variance of a time-series at
different frequencies. Concerning the fact that the WPS gives more information in one
picture, it is often practical to show the information as the averaged value of the result in

the range of scale or time. The wavelet power spectrum can be defined as:

1
Power(t,s) = S |Wave(z, s)|? 3.3

3.2.4 Global wavelet power spectrum (GWS)

Torrence and Compo (1998) showed the average variations of the whole time series on
every scale, called the global wavelet spectrum (GWS) (time-averaged wavelet
spectrum). Eqg. (3), can be used to calculate a time-averaged wavelet power at a given
scale parameter s, by measuring the relative contribution of the variation at a given
frequency to the total variation. The higher the time-averaged wavelet power, the more
significant the frequency is in the entire spectrum window. The global wavelet spectrum

is defined as:

N

i72 1 2

W2(s) =3 ) W, () 3.4
n=0

The scales are a series of fractional power of 2 and are defined as:

sj =502k =0,1,......,] 35
Were s, is the least resolvable scale and J determines the highest scale (Torrence and
Compo, 1998). However, the scale &; = 0.25 is used, which will do 4 sub octaves per
octave. But the smaller values of §; give a finer resolution (Torrence and Compo, 1998).
A §; of 0.5 is the largest value required to provide adequate sampling in scale for the

Morlet wavelet.
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3.2.5 Cone of influence (COI)

Error occurs at both the beginning and the end of wave power spectrum when
considering a time series of finite length (Torrence and Compo, 1998). The time series is
therefore padded with sufficient zero before applying the wavelet transform in order to
limit the edge effects and seed up the Fourier Transform. The padding reduced the
amplitude at the edges, as more zeros were involved in the analysis. The region of the
wavelet spectrum in which the edges effects become important is referred to as the cone
of influence (COI). And it is defined as the e-folding time for the autocorrelation of
wavelet power at each scale (Torrence and Compo, 1998). The e-folding time is chosen
such that the wavelet power at the edge drops by a factor e~2 to ensure a negligible edge

effect.

3.2.6 Wavelet Coherence

The wavelet coherence describes the degree of coherence of wavelet transform in time-
frequency space. Following Torrence and Webster (1999), the wavelet coherence
coefficient can be defined as follows (Grinsted et al., 2004; Hao et al., 2016):

|sWave. xy|?
Coherence = 3.6
sPower.x * sPower.y

Where s is a smoothing operator, which is given as:

S = Secate (Stime(Wave(t, s))) 3.7
where Ssae and Siime represent smoothing along the wavelet scale axis and in time,
respectively.
The statistical significant level of wavelet coherence was estimated through Monte Carlo
method. The Monte Carlo estimation of the significance level requires more than 1000
surrogate dataset pairs with the same first order autoregressive coefficients as the input

datasets. The significance level for each scale was estimated using only the values
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outside the Cone of Influence, which is the region of the wavelet spectrum in which
edge effects become important (Torrence and Compo, 1998). The number of scales per
octave should be significantly high to capture the rectangle shape of the scale smoothing
operator while minimizing computing time. An empirically satisfactory parameter, i.e.,
12 scales per octave, was used with reference to Torrence and Compo (1998). In
addition, in this study the coherence for which the confidence level was greater than

95% were analysed.
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CHAPTER FOUR: RESULTS AND DISCUSSIONS

4.1 Influence of Tropical and African easterly jets on West African precipitation

This section discusses the results of the first and second objectives of the thesis. This
study provides more comprehensive climatology of the AEJ and TEJ and investigates
their dynamics and interactions leading to the observed rainfall variability of the region.
It also establishes the climatology of two major wind structures over the study area
during all the months from January to December and also during the wet and dry years.
The characteristics were defined by the north/south movements and extent as well as
their core wind speed at the assigned pressure level. The locations of the wind cores in
terms of longitude, latitude, and pressure also were noted. These monthly averages cover

the duration of the study period from 1979 to 2012.

4.1.1 Climatology of the jets and precipitation

We will first discuss the relationship of sub-tropical westerly jet with the West African
monsoon structure and its associated tropospheric jets. The association and relative
influence of the AEJ, TEJ and the West African Westerly Jet (WAWJ) on the regions

rainfall (wet and dry) conditions are also examined.

4.1.1.1 The West African Monsoon Structure

The month-by-month vertical structure of the West African monsoon is given in Figure
4.1. The figure shows the monthly ITD position and the associated monsoon depth and
strength. Of crucial importance are the deepening monsoon layers, the intensifying
WAWJ and the AEJ, as well as the rapidly weakening but poleward retreating STJ. It
can be seen that, as the AEJ advances northwards from about 700hPa around the equator
in January, it also strengthens reaching maximum speed of greater than 12m/s and

reaching the 580hPa level in August. The AEJ being present all year round is an annual
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and not a summer system only. It also changes its height, as found by (Afiesimama,
2006). In this month and also in July, the WAWJ has attained a speed of greater than
5m/s with the monsoon now at almost 700 hPa, thus pushing the AEJ to higher pressure
level. The STJ remained very strong and reaches down to 800 hPa until May when it
suddenly retreats both poleward and in height to below 400 hPa. This leads to the
intensification of the AEJ and the sudden appearance of the TEJ in June. It is interesting
to note that the so-called “monsoon jump” which marks the onset of rainfall in the Sahel
(Sultan and Janicot, 2003) also occurs in May. This is a strong coincidence. The reverse
takes place in October. TEJ is therefore a June to September phenomenon only (Sylla et
al., 2010; Nicholson, 2013; Besson and Lemaitre, 2014). This sudden TEJ appearance
(disappearance) may be linked to the equally sudden weakening (strengthening) and
disappearance (appearance) of the stratospheric Quasi-biennial Oscillation (QBO). The
QBO begins its appearance in October, strengthens and attains maximum easterly speed
of greater than 8m/s and extends to about 13N in April. It then weakens quickly
thereafter giving way to TEJ appearance in June. Hagos and Cook (2007) explained the
monsoon jump in May/June using a regional climate model by considering moisture,
momentum and energy budget analyses. Their results showed an agreement with those
in Sultan and Janicot (2003) that the monsoon jump involves the release of potential
instability due to moisture supply by southerly surface winds and also that surface
heating drives the pre-onset southerly wind. A new question from the results of the
present study may be raised: is there any link between the QBO disappearance, the
sudden STJ withdrawal and the monsoon jump? This requires future study. The possible
QBO influence on West African precipitation is the focus of the last objective of this

study.

Another interesting aspect of the monsoon structure is under section 4.2 the shape of the

monsoon depth between January and June compared with its shape from July to
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October. While WAWJ is not far from the ITD and is north of the AEJ core in the
former months, it shifts to the south of the jet core between July and October. The

reason for this is however beyond the scope of the present study.
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Figure 4.1: Cross section of mean monthly monsoon structure averaged between 10W
and 10E showing the position of the ITD, the West African Westerly Jet (WAWJ),

African easterly jet (AEJ), Tropical easterly jet (TEJ), the monsoon layer and Quasi-
biennial Oscillation (QBO).
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4.1.1.2 The Relative influence of the Tropospheric Jets (AE] & TE]) on West
African Rainfall

Figure 4.2 shows the monthly mean wind distribution at the AEJ level. The precipitation
pattern over West Africa is given in colour. It can be seen that the AEJ advances
northward from the equator from January, its core arriving over West Africa by
March/April. The jet core reaches about 15°N in July/August, retreating rather fast
southward between September and October. In a similar manner, the rainfall pattern also
follows behind and parallel to the AEJ core in every month, with the about 5mm/day
isoline always coinciding with the jet core from March to September. Maximum rainfall
is observed in July and September, especially over southern Nigeria, Sierra Leone,
Liberia and Guinea region. The northward movements of the AEJ core and rainfall

distribution indicate a close link between them. This will be further shown shortly.
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Figure 4.2: Monthly 600 hPa mean wind (isotachs) and precipitation (colour). The jet
core is denoted by thick dashed lines.
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The pattern of the upper tropospheric jet (TEJ) in relation to that of rainfall is given in
Figure4.3. Starting from south of the equator, a slow northward advance can be seen, the
jet reaching a maximum position of about 7-9°N in August. It is noteworthy that the TEJ
core does not arrive over West Africa until June, coinciding with a rapid poleward
retreat (the zero isotach) of the sub-tropical westerly jet (STJ) between May and June.
This was linked to the weakening of the stratospheric quasi-biennial oscillation (QBO)
in section 4.1.1.1. The equatorward retreat is similarly rapid between August and
September. However, it is clearly seen that the northward advance of the rainfall
distribution shows no relationship with the TEJ movement as was found with the AEJ.
TEJ core always lags the rainfall maximum. The TEJ therefore has little influence on

rainfall development over West Africa, as will be further shown next.
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Figure 4.3: Monthly 200 hPa mean wind (isotachs) and precipitation (colour). The jet
core is denoted by thick dashed lines.
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The above results are investigated in another way. A latitude-time (monthly) cross-
section of the jets with the rainfall pattern is obtained. These are depicted in Figures 4.4a
and b, for the AEJ and TEJ, respectively. In order to investigate the influence of each jet
on the east-west rainfall variability across West Africa, five longitudinal cross-sections
were considered: 10W, 5W, 0, 5E and 10E. The cores of the jets are again indicated.
First, while one long rainy season is observed at 10W with a high July/August peak and
an almost similar pattern at 10E with a September/October peak, there are two rainy
seasons between longitudes 5W and 5E, with less rainfall maxima. The pattern of
rainfall is as found by previous authors (Sultan and Janicot, 2003), with rainfall
generally starting in late February/March and advancing to reach about latitude 16-17N
in August before retreating southward. The monsoon jump is seen only between about
5E to 5W, occurring late May/June. Of particular interest here is the orientation of the
core of the two jets. While the TEJ core is oriented north-south at all longitudes (Figure
4.4a), showing no particular relationship with the rainfall pattern, it is clearly seen that
the AEJ core is always leading the rainfall maximum. As observed previously, the AEJ
core is almost aligning with the 5-6 mm/day isoline. This is essentially so even for the
second (secondary) rainy season (September-November). However, it is noted that
increased (maximum) rainfall occurs after the TEJ has attained maximum strength. This
suggests there may some interaction between the AEJ and TEJ resulting in increased

rainfall.
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Figure 4.4a: Time-latitude cross section of zonal wind at 600hPa (contours) and rainfall
pattern (color). Jet core indicated by thick dash red line.
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4.1.1.3 Effects of WAWJ, AEJ and TEJ on Rainfall Variability
Several methods have been employed to study the variability of precipitation over West
Africa. A common method is the characterization of rainfall over the region into wet and
dry periods (Nicholson and Grist, 2001; Omotosho, 2007; Omotosho and Abiodun,
2007). The method is adapted in this study.
Figure 4.5 gives the standardized rainfall index. It shows the well-known drought years
of 1982-1987 and the so-called recovery period of 1994-2000 (Sanogo et al., 2015). The
wet and dry years were as defined in Omotosho (2008) and are given in Table 4.1

Dry years - RR <RRm —25%

Wet years - RR >RRm + 25%
where RRy, is the rainfall average over West Africa between 10°W-10°E, these are
indicated by dash lines on Figure 4.5. In order to allow the relationship of the monsoon
component and the associated vertical motion field with the rainfall to be properly
examined, the stratospheric flow (QBO) has been removed in Figures 4.6-4.8. The
rainfall is shown in the bottom panel. It is must be stated that all features noted in Figure
4.1 in section 4.1.1.1 are also clearly evident here.
First, it can be seen that there is little or no difference in the latitudinal positions of the
Inter-tropical discontinuity (ITD) during both wet and dry years, as previously noted by
Nicholson and Grist (2001), Rufus et al. (2013), Almazroui et al. (2017). Secondly, the
shape of the monsoon depth at the beginning of the rainy season, with the deepest layer
closer to the ITD and associated rainfall peak far southward over zone of shallow
moisture depth changed in the later part of the raining season. It reversed position of
deepest moist layer and associated rainfall now to south of the AEJ core but still over
region of shallow monsoon depth this very interesting situation was noted in the
previous section. Here again, it may be asked: is the shape change related to the

monsoon jump in May/June?
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Zipser (1969), Robert (1977), Tompkins et al. (2005), and Dione et al. (2019) have
shown that a very moist boundary layer overlain by a relatively dry mid-layer (800-600
hPa) is an important condition for intense convective systems which deliver most of
West African rainfall. The speed of the monsoon flow, here termed West African
Westerly jet (WAWJ), reaches a maximum of about 6m/s in August during the wet years
but is weaker during dry years from May to September. On the other hand, the African
easterly jet is slightly stronger during dry period but remains almost at same height in
wet years between June and August. During dry years, the core of AEJ is always a little
further south than in the wet cases. The opposite is the case for the TEJ, which remains
consistently much stronger during wet than dry periods from its appearance in June till
September. The jets both remain at same level in both wet and dry years.

The present results show two other findings. One is that while the STJ reaches to higher
pressure levels (870 — 850hPa) in April and May than in dry years, its withdrawal is also
faster than in the dry case, although the retreat is still sudden in both situations.
Secondly, it can be clearly seen in Figure 4.6 that, from its appearance in June till
September, the distance between the two jet cores gets wider. It is noted that while the
AEJ advances northward, the TEJ has negligible corresponding shift. The effect of this
on precipitation is at present unclear.

The associated vertical motion shows stronger ascent during wet years through all
months. The upward motion occurs both north and south of the AEJ core but strongest to
the south, while it is always north of the TEJ core in both cases. It has been well noted
that a weaker AEJ with a stronger TEJ enhances Sahelian rainfall (Nicholson, 2013;
Steinig et al., 2018; Pante and Knippertz, 2019). While the present study applies to
entire West Africa, the results of this work are still consistent with those findings.
However, from the results of this study it can be stressed that mesoscale convective

systems (squall lines and thunderstorms) which are responsible for at least 80 percent of
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West African rainfall, are not dependent on the TEJ for their development and
maintenance. This can be seen from the results in section 4.1.1.1, particularly 4.1.1.2
and bottom panel Figure 4.6, all showing that significant rainfall is observed in April
and May and also March and October months (see Appendix 1) when the TEJ is
completely absent over the region. Lemburg et al. (2017) found substantial correlations
between Sahelian rainfall and TEJ strength on decadal time scales but weaker and less
correlations on shorter time scales. They also showed that the initiation, intensity and
size of West African mesoscale convective systems are not associated with TEJ-related
upper level divergence or its anomalies. From all the results presented in this section, it
may be concluded that the AEJ is far more important for West African rainfall, even
though increased rainfall is observed during TEJ presence in June to September. It is
also seen that precipitation is higher in all months during wet than dry years with
maximum rainfall in the zone of strongest upward motion and again to the north of

deepest moist layer, as previous noted.
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Figure 4.5: Extraction of wet and dry years of rainfall average at longitude 10W-10E
and latitude 4N-16N

Table 4.1: Dry and wet years of rainfall

Wet Years 1979,1980,1988,1989,1991,1995,1996,1997,2000,2004,2006,2007,
2008,2010,2012
Dry Years 1981,1982,1983,1984,1986,1987,1990,1992,1993,2000,2001,2002,

2004,2005,2009,2011
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4.2 Investigation of the influence of Quasi-biennial Oscillation on West African

Rainfall

This section examines the third and fourth objectives of the thesis. The purpose of this
section is firstly to investigate the influence of the stratospheric QBO (zonal component)
on precipitation over West Africa and also on the African easterly jet and Tropical
easterly jet. Secondly, to evaluate the skills of Model CMIP5 in reproducing the
equatorial mean zonal wind time-height, the influence of QBO, TEJ, and AEJ on rainfall
over West Africa and their potential for its prediction. Then the composite of model
during the west (east) phase and QBO (Non-QBO vyear) is addressed and compared to
observation. The analysis focused on the HadGEM2-CC from the CMIP5 model for the

period of 1979-2005.

4.2.1 Wavelet analysis

Figure 4.9, exhibits a higher power of global wavelet spectrum over the West African
zones. For each zone, the global wavelet spectrum (GWS) shows peaks in 1-year band.
However less than 1-year band also show some significant variability, but since these
periods represent seasonal variability, they will not receive further attention in this
study. For the Sahel (Figure 4.9a) the GWS shows peaks in 1-year band, but the wavelet
power spectrum (WPS) indicates that this band has a high intermittent power in 1979-
2005. However, in 2-4 year band and 4-8 year band the WPS shows significant power
(Figure 4.9a), but the GWS indicates that this band has no peaks in that period of year.
For example, the 2-4 year band shows significant power in 1986-1994 and 2000-2005.
According to Torrence and Webster (1999), the climate variability in 2-4 year band is
usually attributed to QBO, consistent with the result of this study (see Figure 4.14
showing West African rainfall with significant coherence to QBO). The 4-8 year band
also shows significant power in 1984-2005. Climate variability in 8-year band is usually

attributed to ENSO event (Santoso et al., 2017; Abdul Malik et al., 2019). The GWS and
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WPS of Savannah (Figure 4.9b) show rather similar structures to that of the Sahel, but
with notable difference, especially in the 2-4 year and 4-8 year period. The Savannah
WPS 4-8 year band show significant power for shorter periods while the GWS over
Guinea is the same for the Sahel and Savannah, the WPS differ from those of Sahel and
Savannah, especially in the 2-4 year period. However, the results of the wavelet analysis
confirm that rainfall variability over West Africa have different temporal characteristics.
It is therefore necessary to understand the dynamics and teleconnection that control

rainfall over the region.
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Figure 4.9: The wavelet power spectrum (left panels) and the corresponding global
wavelet spectrum (right panels) of rainfall over West Africa zone a Sahel, b Savannah
and ¢ Guinea. The wavelet power has been scaled by the global wavelet spectrum. Black
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Figure 4.10, shows several energy bands from the annual to interannual periods. For
instance in Figure 4.10a, the GWS features a peak of 1-year band and lower variance at
6 and 16 year band, but the WPS shows three periods of significant variance. The first is
the 1-year period with intermittent power; the second is the 2-4 years with significant
power in 1992-2000 and the 6-16 year period with high power from 1988-2005. The
GWS and WPS of TEJ (Figure 4.10b) differ from those of AEJ. The most pronounced
variability within the WPS for the TEJ was observed during the periodicity band of 2-3

years and 4-8 years, with an oscillation from 1979-2005.

The wavelet analysis of QBO (Figure 4.11) shows several energy bands from the
annual (2-3 years) and interannual scales (4-6 years). In both 30 and 50 hPa a
frequency of 2 years is more identified. These 2 years is characterized by the
continuities of significant power during 1979-2005 (Figure 4.11a, b). However,
the discontinuities are also observed at 4-6 year band during 1981-1988 and
1996-2005 (Figure 4.11a). In figure 4b, this discontinuity is observed only in
1996-2005. Consistent with the observed period (Baldwin et al., 2001; Palus and

Novotn4, 2006)
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Figure 4.10: The wavelet power spectrum (left panels) and the corresponding global
wavelet spectrum (right panels) of (a) AEJ and (b) TEJ. The wavelet power has been

scaled by the global wavelet spectrum. Black contour is the 10% significant level using

the global wavelet as the background spectrum.

71



a QBO 30 hPa

Global.Wav elet

Wavelet Power Spectrum (nommalized by global

32

Period (Year)

0.5
1979 1984 1988 1992 1996 2000 2005 2 6 10 12

b QBO 50 hPa

32

Period (Year)

-1979 1984 1988 1992 1996 2000 2005 2 6 10
Time (Year) Variance

00 032 059 0386 1202 121 .61 5.88
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Figure 4.12: Extraction of east and west phase of QBO at 30 hPa using Era-Interim and
model HadGEM2-CC
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Figure 4.13: Extraction of east and west phase of QBO at 50 hPa using ERAI and

model HadGem2-cc
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Table 4.2a: Phases of QBO at 30 hPa in ERAINT

West Phase 1980, 1985, 1990, 1993, 1995, 1997, 1999, 2002, 2004

East Phase 1979, 1984, 1989, 1994, 1996, 1998, 2001, 2003, 2005

Non-QBO 1981, 1982, 1983, 1986, 1987, 1988, 1991, 1992, 2000

QBO-Year 1979, 1980, 1984, 1985, 1989, 1990, 1993, 1994, 1995, 1996, 1997,
1998, 1999, 2001, 2002, 2003, 2004, 2005

Table 4.2b: Phases of QBO at 50 hPa in ERAINT

West 1981, 1983, 1985, 1986, 1988, 1991, 1993, 1995, 1999, 2000, 2002
Phase

East Phase 1982, 1984, 1987, 1992, 1994, 1996, 1998, 2001

Non-QBO 1979, 1980, 1989, 1990, 1991, 1997, 2003, 2004, 2005

QBO-Year 1981, 1982, 1983, 1984, 1985, 1986, 1987, 1988, 1992, 1993, 1994,
1995, 1996, 1998, 1999, 2000, 2001, 2002

Table 4.2c: Phases of QBO at 30 hPa in HadGEM2-CC

West 1980, 1983, 1985, 1987, 1992, 1994, 1996, 1998, 2000
Phase

East Phase 1979, 1984, 1986, 1988, 1991, 1993, 1995, 1997, 1999, 2001

Non-QBO 1981, 1982, 1989, 1990, 2002, 2003, 2004, 2005

QBO-Year 1979, 1980, 1983, 1984, 1985, 1986, 1987, 1988, 1991, 1992, 1993,
1994, 1995, 1996, 1997, 1998, 1999, 2000, 2001

Table 4.2d: Phases of QBO at 50 hPa in HadGEM2-CC

West 1981, 1983, 1985, 1988, 1990, 1992, 1996, 1998, 2001, 2003, 2005
Phase

East Phase 1982, 1984, 1986, 1989, 1991, 1995, 1997, 2002, 2004
Non-QBO 1979, 1980, 1987, 1993, 1994, 1999, 2000

QBO-Year 1981, 1982, 1983, 1984, 1985, 1986, 1988, 1989, 1990, 1991, 1992,
1995, 1996, 1997, 1998, 2001, 2002, 2003, 2004, 2005
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4.2.2 Capability of GCM models to reproduce QBO

The models reproduce the general structure of the QBO, but with some biases (Figure
4.14). The biases, however, vary widely among the models. Of all the models
HadGEM2-CC has the least but negative bias (Table 4.2), indicating that the HadGEM2-
CC is more representative than CMCC-CMS, MPI-ESM-MR, MIROC-ESM-MR and
HadGEMS3-A. The behaviour of the QBO in HadGEM2-CC, HadGEM3-A and MPI-
ESM-MR simulations have very good agreement with the reanalysis over the period of
1979-2005, showing the quasi-regular oscillation of easterly and westerly phase, with
mean period of 22 months, which is consistent with the observed. The average period is
28 months, which varies between 22-34 months for individual cycles (Baldwind et al.,
2001). The HadGEM2-CC reproduced QBO easterly and westerly phase show best
agreement with the reanalyses and has the least bias. According to Schmidt et al. (2013)
this is likely due to a better representation of the stratospheric physics and dynamics in

the model.
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Figure 4.15 show that three of the models generally overestimate the observed
annual precipitation over the region (biases ranging from 0.08 to 0.39) but others
underestimate the observed precipitation. However, among the five models,
HadGEM2-CC and MPI-ESM-MR simulated precipitation close to the observed
precipitation over most parts of West Africa. Therefore, because of its ability of
to reproduce the annual climatology (wind and precipitation) over West Africa,

HadGEM2-CC simulation is used for further analyses.
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Table 4.3: Model Bias

Model Year Mean Bias
Zonal wind (m/s) Precipitation (mm/day)
CMCC-CMS 4.524 0.39
HadGEM2-CC -0.7934 0.08
HadGEM3-A 1.281 -0.17
MIROC-ESM 1.642 0.16
MPI-ESM-MR 2.743 -0.06
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Figure 4.15: Spatial distribution of annual rainfall
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4.2.3 Wavelet Coherence Analysis

The coupling between the stratospheric zonal winds and rainfall over West Africa as
given by the models are shown in Figure 4.16. The coupling varies with period. In
general, all model show there is coherence at annual time scale, indicating the
significant effect of QBO on precipitation across all the zones. However, the HadGEM2-
CC simulation (Figure 4.16(g,h,i)) are closer to the observed compared to other models.
At both 30 and 50 hPa levels, a high coherence (0.6-0.8) is observed in both ERA-
Interim and HadGEM2-CC for the intra-annual (i.e., 0.7-1.0 year) time-scale during the
entire 27 year. This is particularly so during the 1992-2005 period. However, while
HadGEM2-CC shows strong coherence in the 2.0-4.0 year band across all zones and at
both 30 and 50hPa levels (also in other models), such are very weak in the ERA-Interim.
That QBO has significant influence on West African rainfall, at both levels and across
almost all models, is a very important result. The coherence for the 2.0-4.0 year band is
also produced by all models at both 30 hPa and 50hPa, but is not continuous as for the

intra-annual time scale and is also weakly so in the ERA-Interim.

In summary, the results from wavelet coherence analysis have shown that QBO has
significant and persistent influence on Sahel, Savanna and Guinea rainfall in both model
simulation and observed. Indeje and Semazzi (2000) noted that though the coherence
between QBO and rainfall during East African long-rains is significantly high; there are
some wet/dry years for which the relationship between the long rains and lower
equatorial zonal wind are not significant. This has also been observed in the present

study.
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The coupling between the stratospheric zonal wind and tropospheric jet (AEJ and TEJ)
over West Africa as given by the models are shown in Figure 4.18. In general, all model
shows there is coherence at annual time scale, indicating the significant effect of QBO
on AEJ and TEJ over the region. However, the HadGEM2-cc simulation at 50 hPa is
closer to the observed ERAINT. Nevertheless, the model fails simulate the coherence at
50 hPa for both AEJ and TEJ. At 30hPa a high coherence (0.6 — 0.8) is observed in both
ERAINT and HadGEM2-CC for the interannual (i.e., 0.7-1.0 year) time scale during the
entire 27 years period. This is particularly so during the 1992-2005 period, consistent
with the rainfall pattern (see Figure 4.16 and 4.17). However, while the ERAINT shows
higher coherence in the 2 years and 4-8 years period at both 30 and 50 hPa also in other

models, such are very weak in HadGEM2-CC model.
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4.2.4 Composite

Further in this study, we split the region into 0-15°E and 0-15°W to better investigate the
influence of QBO. Having shown that HadGEM2-CC has produced simulations that are
similar to observation (ERAINT), the focus is now on comparison of its result with the
ERA-Int. Here two simulations are considered: rainfall composites during QBO and
non-QBO years (see Table 4.2) and the two phases (west and East) of QBO (also Table

4.2).

4.2.4.1 QBO and non-QBO years

In Figure 4.19-4.22, the composite at 50hPa (4.19 and 4.20) for longitude band 0-15°
and 0-15°W respectively are shown while those at 30 hPa are in Figures 4.21 and 4.22. It
can be seen from Figure 4.19 and 4.20 that there is generally more precipitation during
QBO than in non-QBO vyears, although these are of order less than 1mm/day. This
general situation is also observed at 30 hPa. However, while ERAINT shows greater
rainfall during QBO years over all three zones and across whole West Africa, the model
does not really produce these. From the observed (ERAINT), the influence of QBO is

better felt over the eastern half of West Africa.
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4.2.4.2 Composites for East and West Phases of QBO

The east and west phases of the QBO at 50hPa are given in Figures 4.23 and 4.24 while
at 30 hPa they are shown in Figures 4.25 and 4.26. At the 50hPa level, both model
(HadGEM2-cc) and ERAINT show increased precipitation across the three zones entire
West Africa (Figure 4.23). The excess precipitation is again greater over the Guinea
zone, but more so in ERAINT than in HadGEM2-cc. The highest magnitude is about
0.8mm/day, representing 7-10 percent increase across the zone. The influence decreases
rapidly towards the Sahel everywhere. The composite pattern is similar at the 30hPa,
again with decreasing QBO influence towards the Sahel over the eastern half of West
Africa. From both model and the observed (ERAINT, Figure 4.26), it can be seen that
there is virtually no QBO effect west of the 0° long at this higher level. The results of
this present study is consistent with those of Chattopadhyay and Bhatla (2002) who
associated the easterly phase of QBO with drought in India and normal to strong

monsoon rainfall with the westerly phase.
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Figure 4.25: Composite evolution of rainfall at 30 hPa for 0-15E
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Figure 4.26: Composite evolution of rainfall at 30 hPa for 0-15W




4.2.5 Composite evolution of the specific humidity

4.2.5.1 QBO and non-QBO

In Figure 4.27-4.30, the composite at 50hPa (4.27 and 4.28) for longitude band 0-15E
and 0-15W respectively are shown while those 30hPa are in Figure 4.29 and 4.30. It can
be seen from Figure 4.27 and 4.28 that there is generally more humidity during the QBO
than in non-QBO years, which is consistent to the founding in section 4.2.4.1. This
general situation is also observed at 30hPa. However, while the observed (ERAINT)
shows greater humidity during QBO years over all zone (Figure 4.27 — 4.28 and 4.30),
the model overestimate these. Nevertheless, in Figure 4.28 while the ERAINT show
greater moisture across whole West Africa, the model does not really produce these.
From the observed (ERAINT) the influence of QBO is better observed over the Eastern

half of West Africa, which is associated with high rainfall over the regions.
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4.2.5.2 Composite for East and West Phases of QBO

The East and West phase of the QBO at 50hPa are given in Figures 4.31 and 4.32 while
at 30hPa they are shown in Figure 4.33 and 4.34. At both the 50hPa level both model
(HadGEM2-cc) and ERAINT show increased humidity across the three zones of entire
West Africa except for the model at 0-15W. The excess of humidity is also greater over
the Guinea and Savannah zone, but more so in HadGEM2-cc than in ERAINT. The
observed ERAINT, Figure 4.34, it can be seen that there is little QBO effect west of 0°

long consistent with the rainfall in section 4.2.4.2.
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CHAPTER FIVE
CONCLUSION AND RECOMMENDATIONS

5.1 CONCLUSION

Firstly, in this study, we have analysed and examined the West African monsoon
structure and its associated tropospheric jets together with the influencing sub-tropical
westerly jet have been investigated. The association and relative influence of the jets
(AEJ, TEJ and the West African Westerly Jet (WAWJ)) on the regions rainfall,
including wet and dry periods are also investigated. The major findings can be
summarized as follows:

+ A crucial importance of West African monsoon structure is the deepening
monsoon layer, the intensifying WAWJ and the AEJ, as well as the rapidly
weakening but poleward retreating STJ, leading to the intensification of the AEJ
and the sudden appearance of the TEJ in June.

+ This sudden TEJ appearance (disappearance) is suggested to be linked to the
equally sudden weakening (strengthening) and disappearance (appearance) of the
stratospheric Quasi-biennial Oscillation (QBO), which begins to appear from
October and weakens quickly thereafter to give way to TEJ appearance in June.

+ The TEJ core does not arrive over West Africa until June/July, coinciding with a
rapid poleward retreat of the sub-tropical westerly jet (STJ) between May and
June. This was linked to the weakening of the stratospheric quasi-biennial
oscillation (QBO).

+ The relative influence of AEJ on rainfall is observed over West Africa through
all months. The rainfall pattern follows behind and parallel to the AEJ core every
month, suggesting a close relationship between the AEJ and rainfall distribution

over West Africa.
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+ However, in contrast to the previous studies that suggest a strong link between
TEJ and West African rainfall particularly in the Sahel, the present study shows
clearly that the northward advance of the rainfall distribution shows little or no
relationship with the TEJ movement as was the case with the AEJ. TEJ core
always lags behind the rainfall maximum.

+ The associated vertical motion shows stronger ascent during with higher rainfall
amounts during wet than dry years through all months. The upward motion
occurs both north and south of the AEJ core but strongest to the south, while it is
always north of the TEJ core in both wet and dry cases.

+ The poleward and height withdrawal of the STJ is found to be faster during

wet years.

Secondly, the study therefore investigates the teleconnection between the stratospheric
zonal wind and West African precipitation. Four historical experiments (CMCC-CMS,
HadGEM2-CC, HadGEM3-A, MPI-ESM-MR and MIROC-ESM-MR) from Coupled
Models Intercomparison Project Phase 5 (CMIP5) simulations were used for the study.
The capability of the models to reproduce the QBO and the coherence between it and
rainfall over the three zones (Sahel, Savannah and Guinea) of West Africa was also
examined using wavelet analysis. Also, we applied the composite of the QBO to obtain
the dominant impacts of its phases (west and east) over the region. The major findings
can be summarised as follows:

i All four models considered produced realistic simulation of the general

structure of the QBO and also capture all the essential features in the observed field.

However, some of the model underestimate or overestimate the west and east phase

compared to the ERAIN, that is, with some biases.
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i Of all the models HadGEM2-CC has the least bias. HadGEM2-cc gives better
representation of coherence over the three climatic zones (Sahel, Savannah and
Guinea). It also produced more realistic spatial distribution of annual rainfall.

i The model reproduces the coupling between the stratospheric zonal winds
and rainfall over West African, but the coupling varies with period as in ERAINT
too. There is high coherence on timescales of between 0.7 and 1.0 year during 1991-
2005 in ERA-Interim. In HadGEM2-CC this effect is strong between same period
but for the years 1979-2002. This high coherence (0.6-0.8) is observed in both ERA-
Interim and HadGEM2-CC for the intra-annual (i.e., 0.5-1.0 year) and inter-annual
scales (2.0-4.0 years) in all climate zones at the two levels (30 and 50hPa) studied.

i These results all show that QBO has important influence on West African
rainfall in both the model and the observed. An increase in precipitation is observed
during the presence of QBO over the Guinea zone, but particularly over the eastern
sector. The increase over Savannah and Sahel is minimal.

i During the West phase of a QBO year, rainfall rates were higher everywhere
but more so over Savannah and Guinea region than during the east phase. The Sahel

region is less influenced by the presence and phase of the QBO.

The results of this study also show that some GCM could be selected for further studies
on the prediction of the influence of QBO on annual rainfall over West Africa. However,
being the first study of QBO influence on West Africa precipitation, further
investigations are needed to improve the ability of CMIP5 models to reliably capture the
patterns of coherence; especially the use of the QBO year and its phases to improve the

reliability of rainfall prediction over West Africa.
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5.2 RECOMMENDATIONS

It is recommended that further work in the future can focus on the investigations of
possible link between QBO disappearance, the STJ withdrawal and the monsoon jump
to improve the mechanisms driving rainfall variability over West Africa. However,
being the first study of QBO influence on West Africa precipitation, further
investigations are also needed to improve the ability of CMIP5 models to reliably
capture the patterns of coherence; especially the use of the QBO year and its phases to
improve the reliability of rainfall prediction over West Africa. This will help
climatologists to further understand the dynamics of rainfall and the winds vis-a-vis low

and high yield.
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APPENDICES

Appendix 1
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Figure 4.35: Cross section of composite evolution of wet and dry years cross section

averaged at longitude 10W-10E. Wind speeds are in isotach. Latitudinal and vertical

positions of jet cores in tick dash lines.
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Figure 4.36: same as Figure 4.35 but for March and October
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Figure 4.37: same as Figure 4.35 but for November and December
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