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ABSTRACT

This study aims to investigate the influence of anticyclones adjacent to Africa on seasonal rainfall
extremes over East Africa, focusing on the March to May (MAM) and October to December
(OND) rainy seasons. Specific objectives for the study include identifying years with extreme
rainfall, determining spatial distribution of rainfall for the identified years with rainfall extremes,
comparing the pressure characteristics of the anticyclones during the extreme rainfall years with
climatological patterns, and analysing moisture transport and circulation patterns during extreme
rainfall years. Precipitation data and reanalysis datasets of mean sea level pressure (MSLP), zonal

and meridional wind and specific humidity from 1981 to 2020 were used for analysis.

Four years of extremely high and extremely low rainfall were identified for each season using the
tercile approach. Spatial distribution of rainfall anomalies depicted areas of concentration of
‘wetness’ and ‘dryness’ due to rainfall extremes. The pressure patterns and subsequently the
moisture and circulation patterns were crucial in showing the impact of anticyclones on moisture
flux during extreme rainfall years. During the MAM season, equatorward displacement of the
Azores high and St. Helena high contributed to extremely high rainfall, while for dry years, the
poleward displacement of these anticyclones resulted in less effective moisture influx.

In the OND season, the Mascarene and Siberian highs' eastward displacement with reference to
the climatological evidence caused an influx of moist easterlies, contributing to wet years.
Conversely, wet years experienced westward (compared to the climatology) displacement of these
anticyclones, leading to converging easterlies and westerlies in the Indian Ocean, leaving East

Africa devoid of moisture for rain formation.

The study highlights the significant role of subtropical anticyclones in influencing moisture
patterns and controlling seasonal rainfall extremes in East Africa. The findings highlight the need
for improved forecasting techniques, especially for extreme events like flooding and droughts.
Furthermore, the study underscores the importance of developing and enhancing general
circulation models for Africa to advance weather forecasting and analyse weather drivers and

teleconnections effectively.
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CHAPTER ONE

INTRODUCTION

1.1 Background Information

East Africa is characterised by bimodal distribution of rainfall, the March to May (MAM) season
known as the long rainy season and the October to December (OND) season known as the short
rainy season (James et al.,2018). These rainfall seasons are controlled by various mechanisms
including topography, influence of water bodies and the seasonal dynamics of tropical circulations
(Nicholson, 2017). Therefore, a study on the characterisation of weather and climate systems is
important to improve the skill of the predictions of weather (Mutemi et al., 2006); during MAM
and OND rainfall. Since the East Africa region is vulnerable to the effects of interannual
fluctuations of rainfall (Nicholson, 2016), studying seasonal rainfall is important in ruling out
uncertainties in the relationships between rainfall and the mechanisms associated with rainfall that
have resulted from the use of other timescales (i.e. daily and monthly) apart from seasonal
(Camberlin and Philippon, 2002).

Rainfall is the most important and active variable associated with atmospheric circulation (Sun et
al., 2018), and it is the most fundamental climatic element for East Africa (Ongoma et al., 2015).
For that reason, studies on the behaviour of rainfall in space and time and its variability in East
Africa are essential. Since there are deficiencies in data from station gauges, other products like
satellite estimates and models supplement gauge data for a more spatially homogeneous and

temporally complete characterisation of weather and climate systems.

Escalation of drought occurrences in East Africa due to extremely low rainfall (Nicholson, 2016);
and increased instances of flooding due to extremely high and more intense rainfall cause severe
societal impacts (Kilavi et al., 2018). The characterisation of weather and climate systems is
important for the extremes in seasonal rainfall in order to safeguard life and property through

effective planning and implementation of protective action.

Seasonal rainfall and its extremes are linked to the properties of the subtropical anticyclones

adjacent to the African continent: the Mascarene high in the south Indian Ocean, the St. Helena



high also known as the South Atlantic Subtropical high (SASH) (Sun et al., 2017) in the south
Atlantic Ocean, the Azores high in the north Atlantic Ocean and the Siberian high in Eurasia
(Mutemi, 2003; Ongoma et al., 2015). Some foundational studies on the role played by these
subtropical anticyclones on the weather in East Africa were documented by Johnson and Morth
(1960). These systems play an important role in short to extended range forecasting (Sun et al.,
1999). Moreover, the influence of anticyclones on seasonal rainfall in East Africa has not been

studied exhaustively (Ongoma et al., 2015).

1.2 Statement of the Problem

The features and systems that control weather and climate extremes have not been intensively
investigated due to limited access of observational data. An example is the strong land-atmosphere
interactions and influence from the Indian and Atlantic Oceans that increases the challenge of
understanding the weather over East Africa and the factors that increase its complexity, posing a
challenge to modelling of these teleconnection mechanisms especially on long timescales (James
et al., 2018). There also has been an apparent conflict between climate projections of increased
rainfall and the observed rainfall decline within a season, referred to as the ‘Eastern Africa Climate
Paradox’ (Wainwright et al., 2019a).

It is important to extensively study the drivers of seasonal rainfall, physical processes (James et
al., 2018); and the fluctuations observed when seasonal rainfall extremes occur. Results from
studying the drivers of seasonal rainfall may offer significant input towards the development of
general circulation models (GCMs) for Africa (James et al., 2018) especially with the use of
reanalysis for higher resolution output (Sun et al., 2018) to supplement the scarce and irregularly
distributed station weather data (Nicholson and Klotter, 2021). Consequently, the output will be
essential in strategically planning and implementing structures for protective action and mitigation
given projections of more frequent events of seasonal rainfall extremes in the region and Africa
(Dunning et al., 2018), including the improvement of early warnings of extremely high rainfall
that lead to flooding currently provided with short lead times (MacLeod et al., 2021). Ergo, a study
on the anticyclones that influence the weather over East Africa whilst influencing other synoptic
controls of weather is a valid starting point. Hence, more reliable GCMs for Africa will be

produced to improve forecasting and research. In addition, more reliable forecasts and warnings



provided to policy makers and the population will be important in preparing for and mitigating the

effects of seasonal rainfall extremes.

1.3 Research Questions

The research questions this study sought to answer:

1. What are the specific years in the study period that exhibit extreme rainfall patterns
during the MAM and OND seasons?
2. How does the spatial distribution of rainfall differ in the years with seasonal extremes

compared to the climatological distribution during the MAM and OND seasons?

3. How do the location and orientation of anticyclones differ during the years of seasonal
rainfall extremes compared to the climatological patterns?

4. What are the dominant patterns of moisture transport and circulation during the years

of seasonal rainfall extremes?

1.4 Objectives
The overall objective of this study was to determine how the anticyclones adjacent to Africa

influence seasonal rainfall extremes over East Africa.
To achieve the overall objective, the following specific objectives were undertaken:

1. To identify the years with seasonal rainfall extremes for the MAM and OND seasons.

2. To determine the spatial distribution of rainfall for the identified years with seasonal
extremes versus the climatological distribution.

3. To compare the location, orientation and intensity of the anticyclones during the years of
seasonal rainfall extremes with climatological patterns.

4. To investigate patterns and/or attributes of moisture transport and circulation for years of

seasonal rainfall extremes.

1.5 Justification of the Study

With East Africa being prone to seasonal rainfall extremes, the population is exposed and
vulnerable (Kilavi et al., 2018). Extremely high rainfall causes flooding that sweeps away people’s
livelihoods. Agricultural products are destroyed and swept away by floodwaters. Road networks
may be demolished and power lines destroyed. Drainage systems, both in urban settings and river

channels burst and threaten humanity. Floods can lead to water-borne diseases including Cholera.

3



On the other hand, extremely low rainfall may cause droughts and famines leading to crop failure
and starvation of humans and animals, as well as reduction of generation of hydroelectric power
(Finney et al., 2020).

Disasters due to rainfall extremes lead to huge losses at individual, social and economic fronts and
consequently, these parties suffer hefty costs to rebuild and recover from the losses. Yet, with
climate change, future projections suggest that seasonal rainfall extremes could become more
frequent (Wainwright et al., 2021). Understanding seasonal rainfall extremes and the controls
therein would be fundamental in generation of early warning information for safeguarding lives
and property of the population. This would also allow for more effective planning in different
sectors including agriculture, hydrology and water resources, energy and health. This will in turn

aid in safeguarding life and property.

1.6 Significance of the Study

Rainfall extremes contribute to food insecurity and malnutrition among the African people, with
the Eastern part of the continent having the highest population of undernourished people of more
than 120 million. This reflects poorly on the efforts towards Zero Hunger pillar of the Sustainable
Development Goals (SDGs) (FAO, 2021) given that the population of the countries in East Africa
greatly depends on rain fed agriculture, despite frequent occurrence of droughts and floods
(Nicholson, 2017) due to seasonal rainfall extremes. Nonetheless, it is an opportunity to put
forward strategic management planning framework to safeguard the lives of the East African

population from hunger and starvation.

East Africa is a hub for renewable energy resources to contribute to the livelihoods of the
population. In addition, East African cities are becoming more cosmopolitan, playing host to
people and businesses of all races and nationalities. With this, there is need to connect the science
to humanity, safeguarding them and their property.

The information from more accurate and reliable seasonal forecasting can be very valuable in
cushioning the people and the economy of East Africa. Spreading this knowledge throughout the
African continent may be fundamental in helping subsistence, small-scale and large-scale
economies navigate through rainfall variability. This sharing of knowledge can lead to
collaborations and new inventions in urban planning, agriculture, technology and energy, as
promoted by the African Union (2015).



1.7 Domain of Study

The region of study is East Africa, comprising of three countries: Kenya, Uganda and Tanzania
(Hirons and Turner, 2018; Nicholson, 2017) as shown in Figure 1. The region of bimodal
distribution of rainfall lies between longitudes 30°E and 43°E and latitudes 12°S and 5°N.
However, the southern part of Tanzania from 10°S exhibits a unimodal rainfall regime from
December to February (DJFM) (Ogallo, 1988) due to the southern migration of the ITCZ across
the western Indian Ocean into Southern Tanzania (Ongoma et al., 2015). Although it has two
rainfall seasons, East Africa is drier than other equatorial tropical regions (Hirons and Turner,
2018).
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Figure 1: Map of East African countries showing varied elevation (source: Yengoh and Ardo,
2020)

MAM rainfall season is known as the long rainy season since it is heavier and lasts longer
(Nicholson, 1996; Camberlin and Philippon, 2002) with the peak rainfall in April (Yang et al.,



2015). It is more difficult to predict the long rainy season. This is because the spatial structures of
rainfall in MAM is more complex than at any other time of the year and is not well documented.
Consequently, there is little knowledge on atmospheric and oceanic forcing for this rainfall season
(Camberlin and Philippon, 2002). MAM season is weakly correlated with most large-scale drivers
of rainfall like ENSO and 10D (Kilavi et al., 2018).

The OND rainfall season is known as the short rainy season as it is brief and less intense compared
to MAM (Nicholson, 2014) with peak rainfall in October (Yang et al., 2015). The season exhibits
strong associations with mechanisms of global circulation like ENSO and surface westerlies over

equatorial western Indian Ocean (Nicholson, 2014), improving predictability of the season.

Rainfall in East Africa is highly variable in space due to topography and other physical features
(Ongoma et al., 2015) as depicted in Figure 1. East Africa has a complex topography with
mountains such as Kilimanjaro (5898 m), Kenya (5919 m), Ruwenzori (5109 m) in close proximity
to the equator yet they have snow caps. Other mountains include Mt Elgon (4321 m), Mt Meru
(4556 m), Mt Longonot (2776 m), Menengai (2278 m), Ol Doinyo Lengai (2962 m). The Great
Rift Valley and consequently the East African highlands have an almost north-south orientation,
running through the region. The coastal plains are at the eastern part of the region (Yang et al.,
2015). These topographical features are important in low-level atmospheric circulations and
moisture fluxes (Kinuthia and Asnani, 1982). There are inland lakes in East Africa including Lake
Victoria which produces its own circulation and rainfall regime as it is a semi-permanent low-
pressure region (Nicholson, 2014b) as well as lakes Turkana, Nakuru, Naivasha, Elementaita,
Kivu, Albert, Edward. The Indian Ocean is an important source of moisture, circulation and other

mechanisms modulate rainfall amounts over the region (Hastenrath et al., 1993).

171 Controls of Seasonal Rainfall in East Africa
The controls of rainfall in East Africa are connected with fluxes of energy, momentum and matter.
The subtropical highs strongly influence transport of moisture from the subtropical oceans
(Cherchi et al., 2018). The interaction of the subtropical highs and other drivers are fundamental
in moisture transport into and regional precipitation of East Africa. These drivers are briefly

discussed below.
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Figure 2: Map of Africa and the four anticyclones that influence East Africa weather depicted by
sea level pressure in March 2018. East African region is enclosed in the dashed box.

The Intertropical convergence zone (ITCZ), a region of low pressure that encourages maximum
convergence of surface northeasterly and southeasterly trade winds leading to formation of
convective cells, cloudiness, high rainfall frequency and/or warmer sea surface temperatures
(Souza and Cavalcanti, 2009). It is a major control of tropical rainfall on both land and ocean
(Nicholson, 2018) as it crosses the region in its south-north then north-south migration between
the months of March and May and October and December respectively, coinciding with the rainfall

seasons in East Africa (Camberlin and Philippon, 2002).

The Congo air boundary (CAB) which is referred to as the region where low level westerlies
(LLW) that originate from recurved southeasterlies in the Atlantic Ocean, and are moist and close
to saturation due to transport over the Congo basin meet the dry easterly trade winds from the
Indian Ocean at the surface, is associated with rainfall variability (Howard and Washington, 2019).
The presence of CAB over parts of the East African region leads to enhanced rainfall conditions
(Nyakwada et al., 2009).

The Madden-Julian Oscillation (MJO) is an eastward propagating atmospheric wave that enhances
or suppresses tropical convection (Finney et al., 2020) with a typical oscillation period of between
30 and 90 days (Zhang, 2005). The MJO has been reported to enhance rainfall during certain



phases. For example, the second phase of the MJO favours the formation of tropical cyclones in
the Indian Ocean. The fifth and sixth stages of the MJO are associated with drier conditions over
the region (Omeny et al., 2008). It has also been reported that different phases of the MJO can
cause enhanced precipitation in some areas while suppressing it in other areas. For example, the
third and fourth phases of the MJO resulted in high rainfall in the highlands while reduced rainfall
was observed at the coast and the vice versa was true for the sixth and seventh phases of the MJO
(Hogan et al., 2015).

Tropical cyclones (TCs) developing in the Indian Ocean may indirectly affect parts of East Africa.
However, the role of TCs in their influence of rainfall over East Africa is complex. For example,
TCs Dumazile and Eliakim were associated with heavy rainfall. In contrast, cyclone Idai in March
2019 coincided with the late onset of MAM causing lower rainfall to be experienced in parts of
East Africa especially in Kenya. During OND 2019, there were four TCs in the Indian Ocean that

exacerbated the heavy rainfall experienced (Wainwright et al., 2019b).

The Indian Ocean dipole (IOD) is a zonal anomaly in sea surface temperature (SST) (Webster et
al., 1999) that influences the East African rainfall majorly during OND season (Owiti et al., 2008).
The positive phase of the 10D causes higher than average SSTs which are associated with above
average rainfall and floods while the negative phase of the IOD encourages cooling, leading to

below normal rainfall and droughts (Ongoma et al., 2015).

The EI Nifio Southern Oscillation (ENSO) and its evolutionary phases have been linked to rainfall
in East Africa. During El Nifio years, there is enhanced rainfall leading to flooding events in some
areas. La Nifia years on the other hand are characterised by extremely low rainfall leading to
droughts (Mutemi, 2003). It has generally been believed that the OND rainfall increases during
the warm phases and decreases during the cold phases of ENSO (Behera et al., 2005). The
Southern Oscillation (SO) contributes to anomalies in the OND season. During positive SO phase,
pressure increases in the western Indian ocean and reduces in the eastern Indian Ocean, leading to
lower rainfall. During the negative SO phase, pressure reduces in the western Indian Ocean and
increases in the eastern Indian Ocean leading to enhanced rainfall over East Africa (Hastenrath et
al., 1993).



These large-scale controls of rainfall over East Africa described are complex and interact with
each other. As a result, rainfall over the region is heterogeneous. Although there is strong
coherence in patterns of interannual variability, the amount of and seasonality of rainfall may vary
immensely over relatively short distances (Nicholson, 2017). This study aims to investigate one of
the large-scale drivers of seasonal rainfall in order to quantify the large-scale dynamics and general

circulation especially for cases of extreme weather.



CHAPTER TWO

LITERATURE REVIEW

2.1 Introduction
This chapter presents some of the previous research studies related to years with seasonal rainfall
extremes for both MAM and OND seasons and how pressure and circulation patterns due to the

anticyclones in the neighbourhood of Africa are linked to the seasonal rainfall extremes.

2.2 Recent Studies on Seasonal Rainfall Extreme Cases and their Drivers

Wainwright et al. (2021) noted that OND 2019 was one of the extremely high rainfall seasons in
recent decades with severe flooding that led to destruction and loss of property. The research
focussed on a strongly positive 10D event in the Indian Ocean and anomalously warm SSTs in the
Indian Ocean in the neighbourhood of the East African coast. It was also noted that during OND,
there is westerly transport of moisture from the East African coast into the central equatorial Indian
Ocean. But for the case of strongly positive 10D events, the westerly flow is weakened by low
level easterly wind anomalies present in the north Indian Ocean hence wetter conditions over East
Africa.

Ngoma et al. (2021) did a study on Uganda and reported that 2001,2011, 2015 and 2019 OND
seasons were wet while 1993, 2005, 2009 and 2018 were anomalously dry. The results of this
study revealed that extremely high rainfall years for the OND season are linked to an ascending
arm of the Walker circulation over the western Indian Ocean adjacent to the East African coast
while dry years are linked to the descending arm of the Walker circulation over the western Indian
Ocean. It was also noted that the weakening of the Mascarene high and strengthening of the high
over north Africa encourages flow of westerlies from the Congo basin. The said westerlies
converge with low level easterlies over from the Indian Ocean leading to enhanced rainfall over

Uganda.

Uhe et al. (2018) attributed the extremely low rainfall of OND 2016 that led to droughts in parts
of Kenya to La Nifia, which is the negative phase of ENSO. Other recorded dry years of the OND
due to La Nifia included 2005 and 1998.
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Kilavi et al. (2018) described the serious impacts of MAM 2018 rainfall as near 200 flood related
deaths, approximately 300,000 people displaced due to flooding. The study linked the extremely

high rainfall to MJO, tropical cyclones and anomalous westerlies.

Chang’a et al. (2020) noted that the most recent years of MAM seasonal rainfall extremes include:
2017, 2018,2019 and 2020. It was observed that the trend of rainfall between 2017 and 2020, which
were characterised by extreme rainfall, is not homogenous across the region. However, station data
revealed increasing rainfall trend. The results of the study found that MAM rainfall for the years
between 2017 and 2020 exhibited spatial and temporal variability due to complex topography and
multiple forcings associated with the rainfall regimes of the region. this study however focussed
on the 10D, ENSO and the Walker circulation as the drivers of the extremely high rainfall.
Nevertheless, the circulation patterns due to the Walker circulation can be linked to other studies

like Ngoma et al. (2021) to understand how the anticyclones play a part.

Omondi and Lin (2023) noted that studies on spatial and temporal variability of extreme rainfall
are few as most of the studies focus on the drivers of extreme events. In particular, this study
highlighted the sparce network of station data as a limitation to adequately describe the spatial
patterns of droughts. Gebremeskel et al. (2020) noted that the East African countries exhibited
differences in drought trends, thus a challenge to describe the spatial distribution of extremely low

rainfall for different years.

2.3 Anticyclones Influencing East African Rainfall

Manatsa et al. (2014) recognised that the position of the eastern ridge of the Mascarene high,
defined by 1018 mb isobar, is important in rainfall variability during the OND season. It was noted
that droughts are associated with westward displacement of the eastern ridge of the Mascarene
high while enhanced rainfall was associated with eastward displacement of the eastern ridge of the
Mascarene high. Studies by Ongoma et al. (2015) and Nkurunziza et al. (2019) corroborated this
result. Ongoma et al. (2015) described that a less intense, zonal Mascarene high withdraws to have
an eastward centre, which is associated with enhanced rainfall while a more intense, southeast-
northwest oriented Mascarene high with a westward centre is associated with droughts. Yet, these
studies did not focus on the behaviour of the Mascarene high during MAM season. Further, most

studies on the Mascarene high, including Xulu et al. (2020) and Hermes and Reason (2009) have
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made greater focus on the summer and winter months of both hemispheres, which do not reflect

as the seasonal rainfall months for East Africa.

Nicholson (2014) recognised that the Azores high is a source of dry northwesterly winds.
Convergence of the dry northwesterlies with maritime northeasterlies provide positive influence
for convergence in the meridional arm of the ITCZ which enhances rainfall over the East African
region. Studies on the North Atlantic Oscillation (NAO) which is due to the Azores high have
been conducted by Shilenje et al. (2015) and McHugh and Rodgers (2001). However, the NAO
correlation with rainfall over East Africa was found to be insignificant, except for the Lake Victoria
basin for the OND season. This finding on the NAO presenting correlation with rainfall over the
Lake Victoria basin is important in corroborating Nicholson (2014) findings that the Azores high

is a precursor to the short rains.

Nicholson (2015) stipulated that the Arabian ridge, which is an extension of the Siberian high
contributes to MAM rainfall especially in March when the low-level flow is easterly. However, in
April, the anticyclonic flow weakens and becomes more contracted. The location of the Arabian
ridge is important in determining dry and wet spells over East Africa as was advocated by
Nyakwada (2009). When this ridge has a maritime component, it favours rainfall in East Africa
whereas a continental component in the Arabian Peninsula results in diffluent flow, contributing

to dry conditions in East Africa.

Nicholson (2017) noted that the St. Helena high is a driver of westerly wind anomalies from the
Atlantic into the East African highlands, contributing to advection of moisture from the Congo
basin for rain formation over the said highlands. This study also noted that one of the contributors
to the late onset of MAM rainfall is the negative sea level pressure over South Atlantic Ocean.
This is caused by a weakened St. Helena high and that the observation of these negative sea level
pressure can be evident as early as January.

Thus, although not explicitly linked to the subtropical anticyclones, Johnson and Morth (1960)
made the following remarks concerning easterly flow into the region leading to bimodal rainfall
in East Africa: One, that winds for both rainfall seasons are predominantly easterly with
northeasterlies being more productive of rainfall especially in November while southeasterlies
(more than northeasterlies) are more often associated with rainfall during MAM. Enhanced rainfall

would occur during MAM if westerlies occur within the region. More recent study by Finney et

12



al. (2020) expressed that convergence of low-level westerlies from the Congo basin and low-level

easterlies from the Indian Ocean are paramount for rainfall in the East African region.

2.4 Teleconnections between the Anticyclones and Other Controls of East African Rainfall

Understanding that ENSO is an important factor to OND rainfall in East Africa and also provides
spatial coherence rainfall, studies on the teleconnection between ENSO and the subtropical
anticyclones have proven to be fundamental. Sun et al. (2017) found that St. Helena tends to be
equatorward during EI- Nino events and poleward during La Nifa. Colberg et al. (2004)

recognised that during EI Nifio, St. Helena was less intense and was more intense during La Nifia.

Ongoma et al. (2015) found that the strength of the Mascarene high influences the ITCZ. Results
showed that during OND, a weaker, zonally oriented Mascarene high with its centre to the East
encourages wet conditions. In such cases, there was convergence in the lower troposphere causing
moist air to rise, leading to extremely high rainfall leading to flooding events. On the other hand,
a stronger Mascarene high which was oriented from South east to Northwest and even stretching
inland inhibited moisture influx into the region. There was divergence in the lower troposphere
signalling sinking motion and lower rainfall was received leading to drought conditions. These
results were similar to previous findings by Sun et al. (1999) where weakening of the Mascarene
high leads to an eastward shift of the meridional arm of the ITCZ resulting in moisture influx into

East Africa leading to enhanced rainfall.

Howard and Washington (2019) recognised that low-level westerlies recurved from Atlantic
Ocean trade winds contribute to convergence and rainfall over East Africa. These low-level
westerlies had been previously researched by Sun et.al, (1999) noting that St. Helena plays an
important role in rainfall over East Africa as it interacts with other drivers, that is ITCZ and CAB.
When the St. Helena high intensifies and the Mascarene high weakens, strong westerlies flow into
the East African region, strengthening the meridional arm of the ITCZ. This encourages moisture
influx into the Congo Basin and influencing the position of CAB resulting in rainfall over Uganda
and the western parts of Kenya and Tanzania. Howard and Washington (2019) also recognised
that CAB disintegrates during the short rainy season, evident in October and November. Howard
and Washington (2019) also recognised that CAB disintegrates during the short rainy season,

evident in October and November.
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Finney et al. (2020) described that direction of moisture flux across the East African region affects
the intensity of rainfall at different times of the year. In addition, this study noted that westerlies
from the CAB that may lead to enhanced rainfall are a consequence of lower pressure in
Madagascar, which may be due to a weakened Mascarene high and/or occurrence of more frequent
or intense tropical cyclones. This finding validated that the drivers of westerlies over East Africa

can be on a large scale.

Nicholson (2014) noted that changes in the Azores high is an important precursor to ENSO and
suggested that the correlation between the Azores high and ENSO could be used in improving the
degree of predictability of OND rainfall. In addition, Fu et al. (2022) noted that the supressed
Siberian high is a precursor to an El Nifio event while an enhanced Siberian high in the previous
boreal winter may contribute to a La Nifia event. However, this may not reflect on the pressure

patterns and subsequent circulation during an ENSO active year during the OND season.

Ongoma et al. (2015) studied the influence of the Mascarene high and 10D on the OND season
over East Africa. Although it was realised that eastward (westward) shift of the centre of
Mascarene high correlated with wet (dry) extremes of OND rainfall, it was not strongly correlated
with positive (negative) 10D events. However, it was concluded that low-level convergence over
western Indian Ocean and upper-level divergence resulted in wetter conditions whereas low-level

divergence over western Indian Ocean and upper-level convergence resulted in drier OND season.

Morioka et al. (2015) found that variations of Mascarene high in southern hemisphere summer
influence the SSTs of the Southern Indian Ocean which then influences anomalies of wind. It was
found that stronger poleward meridional SST gradients offer favourable conditions for the
strengthening of the Mascarene high. However, these results focused on the Southern African

rainfall during austral summer.

Barimalala et al. (2020) noted that a trough in the Mozambique Channel is a feature due to the
migration of the Mascarene High and is present between December and beginning of May. It
depends on moisture from easterlies from MH and the North East monsoon. In the study, it was
recognised that when this trough is strong, there is significant decrease of rainfall over LVB and
Northern Tanzania which may be linked to weak North East monsoon penetrating the continent
due to anomalous transport of moisture from mainland, leading to moisture deficit in Kenya and

Tanzania. from the as well as cooling of SSTs along the eastern African coast hence unfavourable
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for rain formation inland. This is evidence that a strong trough can contribute to extremely low

rainfall over East Africa.

It has widely been expressed by researches such as Chang’a et al. (2020) and James et al., (2018)
that it is important to investigate the evolution, dynamics and predictability of occurrences of
extreme rainfall over the East African region especially because of projections of more frequent
extreme rainfall events (Dunning et al., 2018). Given that the anticyclones are centres of action on
tropical circulation leading to equatorward advection of moisture (Sun et al.,2017), it is important
to undertake further research on the influence of the four anticyclones and their teleconnection

with other drivers that control seasonal rainfall extremes.
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CHAPTER THREE

DATA AND METHODOLOGY

3.1 Introduction
This chapter describes the datasets used and the methods applied to realise the specific objectives

of this study.

3.2 Datasets
Although surface weather data is important in forecasting and analysis of rainfall and other weather

and climatic parameters, weather stations are sparsely distributed. The relatively few and
irregularly distributed weather stations contribute to coarse resolution of data available for
analysis, which is a challenge to data gridding. This is especially true for Africa where assessment
of rainfall trends across the continent may prove difficult (Wainwright et al., 2019a). Moreover,
accurate and reliable records are essential in the study of climatic trends and variability as well as
management of resources for socio-economic growth (Sun et al., 2018). Reanalysis is important
in reducing deficiencies due to sparsely distributed stations and incomplete areal coverage as it
involves merging the said irregular observations and satellite estimates with models that
encompass physical and dynamic processes. Yet, the satellite estimates may contain biases due to
the indirect nature of the relationship between observations and precipitation (Sun et al., 2018);
missed detection of precipitation events and/or ‘mismatch’ in magnitude of correctly detected
precipitation events (Serrat-Capdevila et al., 2016). Nevertheless, the result of reanalysis is the

generation of a synthesised estimate across a uniform grid (Sun et al., 2018).

Reanalysed mean sea level pressure (MSLP) as well as zonal (u) and meridional (v) wind
components at the 1000 mb level and specific humidity (q) at the 1000 mb level were obtained
from NCEP/NCAR reanalysis datasets which are globally gridded monthly datasets with spatial
resolution of 2.5° longitude by 2.5° latitude on the global grids (Kalnay et al.,1996) for a 40-year
period spanning from 1981 to 2020. The 1000 mb level was chosen as it is important in observing
convergence since convergence very near the surface prevails (Yang et al., 2015) in addition to
the fact that flows between the 1000 mb and the 850 mb are quite similar (Nicholson, 2014).
However, NCEP/NCAR reanalysis datasets tend to overestimate the precipitation data over Africa

(Manatsa et al., 2014). For this reason, for precipitation, CAMS_OPI which is combined gauge
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and satellite dataset for monthly precipitation estimates with spatial resolution of 2.5° x 2.5° on
the global grids (Janowiak and Xie, 1999) and GPCP that uses merged gauge and satellite data
with spatial resolution of 2.5°x 2.5° on the global grids with monthly temporal scale (Adler et al.,
2018) were used. In order to ascertain the validity of these datasets for the East African region, six
representative stations in Kenya were chosen depicting different topographical and climatic
conditions. These include Kisumu and Mombasa for stations near water bodies, Garissa and

Marsabit which are arid, Dagoretti and Narok which are highland stations.

Table 1: Summary of Datasets Used in the Study

Parameter Dataset/Product | Resolution Coverage
Spatial Temporal

Rainfall CAMS_OPI 2.5° Monthly Global
GPCP 2.5° Monthly Global
Six Monthly Kenya
representative
stations

MSLP NCEP/NCAR 2.5° Monthly Global

Wind (u and v | reanalysis

components)

Specific

humidity

3.3 Methods

In order to achieve the objectives of the study, scripts were written using the scripting language
and user-defined functions in order to perform multiple and complex computations on the datasets
as well as visualising the meteorological parameters. The global merged rainfall datasets were
scaled down to the East African domain so as to delineate rainfall coverage over the region.
Similarly, NCEP/NCAR datasets were scaled down to longitudes 60°W to 120°E and latitudes

60°N to 60°S to delineate pressure distribution and moisture flow into East Africa.
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3.3.1 Identification of Years with Seasonal Rainfall Extremes

For all datasets used, a 30-year baseline period from 1981 to 2010 defined the climatology. The
monthly climatology was derived from monthly averages for the said baseline period as in
Equation (1). The MAM and OND seasonal climatology were defined as the mean of the three,
monthly climatology for each season as shown in Equation (2).

_ XXq;

n

(D)

3

Xa+Xp+Xc

. Q)

Where X, X, and X, are the climatology for the months denoted as a, b and ¢, x,, is the data value

of month a for year i, n is the number of years (i.e 30 years). X represents the seasonal climatology.
If the variable is precipitation, the seasonal value is the sum of the values for the individual 3-
months, and for variables like pressure and wind, the season value is the average of the three

months (i.e. equation 2).

Seasonal composites for each season of each year were obtained by taking the mean for the months
of each season. The various precipitation datasets were standardized using Equation (3):

7 = Yizu . (3)

g

In Equation (3), Z is the standardised precipitation, Y is the precipitation value for a year i, p and
o are the climatology and the standard deviation of the data from 1981 to 2010. Standardised data
were organised in terciles. The four highest values from the first tercile were chosen as the years
of extremely high rainfall (wet years) and the four lowest values from the third tercile were chosen
as the years of extremely low rainfall (dry years). Time series were plotted for the MAM and OND
seasons to graphically exhibit the years with seasonal rainfall extremes, as well as validate the
tercile approach.

3.3.2 Determination of the Spatial Distribution of Extreme Rainfall in East Africa
The MAM and OND precipitation climatology were plotted. Seasonal precipitation was defined
as the accumulated/ sum total of monthly rainfall averaged between 1981 to 2010. For the

identified years with seasonal extremes, rainfall anomalies were calculated using Equation (4)

AY, =Y, — ... (4)
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In Equation (4), AXi is the precipitation anomaly for year i, Y; is the precipitation for year i, and p
is the climatology. The rainfall anomalies were then plotted to observe the extent and regions of

concentration of wetness or dryness for the extreme years.

3.3.3 ldentification of Properties of the Anticyclones for Years of Seasonal Rainfall
Extremes from the Climatology

The monthly climatological distribution of pressure was plotted using monthly MSLP data.

Climatological pattern of pressure systems was plotted, having taken the average of MSLP of each

month of each season. The same process was applied for the individual years with seasonal rainfall

extremes for both the MAM and OND seasons.

3.3.4 Determination of Attributes of Circulation and Moisture for Years with Seasonal
Rainfall Extremes

Generation of wind equatorward of the anticyclones was considered important in moisture

transport and facilitating seasonal rainfall for the region. The moisture transport was determined

by multiplying specific humidity, q with wind.
Q= qVy .. (5)
From Equation (5) above, Q is the overall moisture transport and 17h is the horizontal wind vector.

The Helmholtz theory was then applied in the decomposition of the wind field into divergent and
rotational (non-divergent) components, on the global domain (Li et al., 2006, Hammond and
Lewis, 2021).

V=V, +7, .(6)

From Equation (6) 17,1 is the divergent wind component and 171,, is the rotational wind component.
Equation (7) and Equation (8) apply for moisture transport based on decomposed wind defined in
Equation (6).

G, =qVy .. (7)
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In Equations (7) and (8), @ represents divergent moisture flux and @!, represents rotational

moisture flux.

These moisture flux components were superimposed on MSLP plots in order to adequately
determine moisture flows into the region. Further, divergent moisture flux given in Equation (7)
was relied on in this study as it deals with low-level circulation from cooling to heating regions
which explains divergent circulation and differential heating (Pokam et al., 2014) given that the
physics of subtropical high pressure systems is related to atmospheric heating (Sun et al., 2017).
This is important because of meridional pressure gradient due to the subtropical high pressure
systems is equatorward and results to easterly flow (Hastenrath, 1991), influencing moisture flux

and rain formation in the East African region.
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1 Introduction
This chapter presents results from the various methods employed to achieve the objectives of the

study. The behaviour of the anticyclones for the extremely high rainfall years (wet cases) and the
extremely low rainfall years (dry cases) and the consequential moisture attributes and/patterns are
discussed.

4.2 ldentification of Years of Seasonal Rainfall Extremes
Time series graphically represented the results of the terciles of standardised precipitation data
used to identify four extremely high and four extremely low seasonal rainfall for both the MAM

and the OND rainfall seasons in Sections 4.2.1 and 4.2.2 respectively.

421 Years with Rainfall Extremes for MAM Season
Figure 3 displays a time series of MAM precipitation obtained from merged datasets (CAMS_OPI
and GPCP) and the 6-selected representative stations. From Figure 3, CAMS_OPI which was the
main dataset identified 2020 as the wettest year for the MAM season followed by 2018, 1981 then
1986 while the driest year was 2000 followed by 2004, 1998 and finally 2009. The merged datasets
were quite similar for the wet cases, except that GPCP recorded the highest precipitation in 2018.
For the dry cases, the merged datasets recorded similar values in 2000 and 2004 while they varied
for 1998 and 2009. The consistency observed on the merged datasets can be attributed to averaging
of the datasets across East Africa. Nevertheless, for the selected stations, the time series in Figure

3 showed a lot of spatial incoherence as was described by Camberlin and Philippon (2002).

KMD (2021), TMA (2021) and Gacheru et al. (2020) recognised that the long rainy season of 2020
was exceptionally wet, with several meteorological stations in Kenya recording 75% more than
their long-term means (LTMs) while some stations in Tanzania recorded 175% excess of the
LTMs. Kilavi et al. (2018) pointed out that MAM 2018 was one of the wettest on record with
exceptionally high rainfall in the months of March and April.
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Time Series of MAM Rainfall from CAMS_OPI, GPCP and
Selected Stations

Standardised Precipitation

1981 1984 1987 1990 1993 1996 1999 2002 2005 2008 2011 2014 2017 2020
Years

—— CAMS_OPI GPCP KISUMU DAGORETTI
——GARISSA°  ——NAROK —— MARSABIT —— MOMBASA

Figure 3:Time series of standardised MAM precipitation obtained from CAMS_OPI, GPCP and
6-selected stations in Kenya from 1981 to 2020

Nicholson (2016) acknowledged that 1998, 2000 and 2009 were characterised by well below
average rainfall in East Africa and beyond. Nicholson (2017) listed 2004 as a year of extremely
low rainfall during MAM season. Lyon and DeWitt (2012) indicated an abrupt decline of MAM
rainfall after 1999, with rainfall for period 1999-2009 being 15% less than that of the previous
decade. The results obtained affirm these results since 2000, 2004 and 2009 are listed as years of

extremely low rainfall,

4.2.2 Years with Rainfall Extremes for OND Season
Figure 4 indicates a time series of OND precipitation obtained from merged datasets and the 6-
selected representative stations. From Figure 4, the highest peak of rainfall was observed in the
year 1997, followed by 2019, then 2006 and finally 1982. The lowest precipitation amounts
observed were in the years 2005, 1998, 1993 and finally 2016. Similar to MAM cases, the merged

datasets presented similar results for both wet and dry years.
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Time Series of OND Rainfall from CAMS_OPI, GPCP and Selected
Stations

Standardised Precipitation

1981 1984 1987 1990 1993 1996 1999 2002 2005 2008 2011 2014 2017 2020
Years

—— CAMS_OPI GPCP KISUMU DAGORETTI
GARISSA NAROK ——MARSABIT —— MOMBASA

Figure 4:Time series of standardised OND precipitation obtained from CAMS_OPI, GPCP and
6-selected stations in Kenya from 1981 to 2020

Based on the six representative stations, OND rainfall as in the time series in Figure 4 showed
more spatial coherence as compared to MAM rainfall in the time series shown in Figure 3,
validating findings by Camberlin and Philippon (2002) that OND rainfall in East Africa exhibits
more spatial coherence as compared to MAM.

All the years of extremely high rainfall of the OND season had positive Oceanic Nifio Index (ONI)
(https://origin.cpc.ncep.noaa.gov/products/analysis monitoring/ensostuff/ONI v5.php). ONI is a

primary indicator by NOAA obtained by tracking three-month average SSTs in tropical Pacific
Ocean between 120° and170°W, used for tracking the ocean part of ENSO (Lindsey, 2009). The
year 1997, which had the highest rainfall for the OND season was associated with a strong EIl Nifio
event (Black, 2005). The same is true for 1982 which had a strong El Nifio (Nicholson, 1996).
Nevertheless, although there was no significant EI Nifio event in 2019, Kenya alone recorded
above 125% of OND long term averages (Wainwright et al., 2021). Some of these years of
extremely high rainfall were characterized by floods, for example, 1982, 1997 and 2006
(Nicholson, 2014). In contrast, the year 1998 had a strong La Nifia and was characterised by
drought while 2005 and 2016 were weak La Nifia years (Uhe et al., 2018).
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Therefore, based on the time series in Figures 3 and 4, the years with extreme rainfall were

summarized in Table 2 below.

Table 2: Identified Years of Seasonal Rainfall Extremes for Both MAM and OND Seasons

Extremely low rainfall years Extremely high rainfall years
MAM 2000, 2004, 1998, 2009 2020, 2018, 1981, 1986
OND 2005, 1998, 1993, 2016 1997, 2019, 2006, 1982

4.3 Spatial Distribution of Rainfall
The monthly and seasonal distribution of rainfall is described below. The climatology of both
MAM and OND rainfall are discussed in Sections 4.3.1 and 4.3.2 respectively. Thereafter, the
spatial distribution for the years of extreme rainfall is discussed in Section 4.3.3. For Section 4.3.3,
rainfall anomalies are utilised to depict the extreme amounts of rainfall observed for the years
listed in Table 2. Although regions of rainfall concentration were noted, they are not discussed
extensively as they may reflect mesoscale and small-scale factors, which is beyond the scope of

synoptic control of anticyclones.

4.3.1 Rainfall Climatology of MAM Season
Figure 5 shows the spatial distribution of rainfall for March, April and May and the seasonal
cumulative rainfall using both merged datasets. In Figure 5 CAMS_OPI and GPCP datasets
revealed similar spatial distribution of precipitation for the MAM season. However, GPCP

depicted higher rainfall as compared to CAMS_OPI.

In Figure 5, rainfall was confined in the South, particularly in Tanzania in March. It moved
northward in April, where the rainfall band was within the equatorial region. In May, rainfall was
much less than in March or April and was more northward as compared to April. This is consistent
with the findings of Asnani (1993) where the rainfall band moves from the southern hemisphere
to the northern hemisphere during MAM season. It is evident that peak rainfall is experienced in
April (Camberlin and Philippon, 2002) which marks the highest rainfall for the entire year (Yang
et al. 2015).
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Figure 5:The spatial distribution of rainfall (mm/day) for MAM season using the merged datasets.
a) to d) were from CAMS_OPI dataset where a) is March climatology, b) is April climatology, c)
is May climatology and d) is cumulative rainfall from March to May. e) to h) were obtained from
GPCP dataset where e) is March climatology, f) is April climatology, g) is May climatology and
h) is cumulative rainfall from March to May.

4.3.2 Rainfall Climatology of OND Season
Figure 6 shows the spatial distribution of rainfall for October to December and the seasonal
cumulative rainfall using both merged datasets. In Figure 6, CAMS_OPI and GPCP datasets
revealed similar distribution of precipitation for the OND season. However, the precipitation
amounts differed in that CAMS_OPI recorded higher precipitation for the East African region.
Nevertheless, in October, rainfall was mostly confined in the northern hemisphere and partly the
equatorial region. In November, rainfall was confined to the equatorial region. In December,
rainfall was concentrated in the southern hemisphere, over the southern part of the region and more
southward. This is consistent with the findings of Gudoshava et al. (2022) and Asnani (1993) that
the rainfall band migrates from the northern hemisphere to the southern hemisphere between

October and December.
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The short rainy (OND) season showed a similar pattern of precipitation to the long rainy season
(MAM). However, based on Figures 5 and 6, the short rainy season recorded lesser rainfall as

compared to MAM, corroborating the evidence by Yang et al. (2015).

msEIDE 30E 40E S0E 6OE 2i:'SEOE J0E 40E S0E 6O ms20E 30E 40E S0E 6OE

—— T T I I
2 4 6 8 10 12 14 16 18 20

Figure 6:The spatial distribution of rainfall (mm/day) for OND season using the merged datasets.
a) to d) were from CAMS_OPI dataset where a) is October climatology, b) is November
climatology, c) is December climatology and d) is cumulative rainfall from October to December.
e) to h) were obtained from GPCP dataset where e) is October climatology, f) is November
climatology, g) is December climatology and h) is cumulative rainfall from October to December.

Based on Figures 5 and 6, CAMS_OPI and GPCP datasets depicted similar results, proving that
CAMS_ORPI is valid for monitoring of rainfall in East Africa. This is concurrent with Janowiak
and Xie (1999) findings that CAMS_OPI lent itself well to the task of real-time monitoring of
global precipitation and was suggested as a better option as compared to GPCP for real-time

monitoring of precipitation on climatic spatial scales.

4.3.3 Spatial Distribution of Rainfall during Years of Extreme Rainfall
Rainfall anomalies were utilised in observing the spatial distribution of rainfall for the years of
extreme rainfall for both the MAM and OND seasons as discussed in Sections 4.3.3.1 and 4.3.3.2.
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4.3.3.1  Spatial Distribution for Years of Extreme Rainfall During MAM Season
Figure 7 shows the comparison of 2020 which was the wettest observed MAM season using
CAMS_OPI dataset and 2000 which was the driest on the CAMS_OPI dataset for MAM rainfall.
In March 2020, positive precipitation anomalies were observed particularly in Uganda and
Tanzania and the western parts of Kenya as in Figure 7a). In April, high positive precipitation
anomalies were observed particularly in coastal Tanzania as in Figure 7b). In May, positive rainfall

anomalies were observed in some parts of Tanzania.
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Figure 7: The MAM rainfall anomalies for select wet and dry years using CAMS_OPI dataset.
Top is 2020 (extremely high rainfall) where a) is March, b) is April, c) is May and d) is the sum
total of precipitation anomalies observed in a), b) and c). Bottom row is 2000 (extremely low
rainfall) where e) is March, f) is April, g) is May and h) is the sum total of precipitation anomalies
observed in e), f) and g).

From the MAM totals in Figure 7d), it was evident that the region experienced very high rainfall.
Narok and Kisumu stations from the time series in Figure 3 confirm the observation on Figure 7d)
as they are located in the western part of Kenya, which experienced very high positive rainfall

anomalies.
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The case of 2000 revealed a contrasting case with below average rainfall. In March 2000 as in
Figure 7e), most of the region was dry, except the western part of Tanzania, which can be broadly
attributed to a spill-over from the wetter Zambia and Democratic Republic of Congo (DRC). In
April, very dry conditions were observed particularly in Northern Kenya and the western part of
the Lake Victoria Basin (LVB) in Figure 7f). In May, most parts of the region remained dry as in
Figure 7g). As from the MAM totals of 2000 in Figure 7h), it was evident that most parts of the
region (Kenya, Uganda and Northern Tanzania) were extremely dry. This is evident from the time
series in Figure 3, where all stations recorded very low rainfall.
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Figure 8: MAM rainfall anomalies for 2018 which was a wet case and 2004 which was a dry case
using CAMS_OPI dataset. Top row is 2018 where a) is March, b) is April, ¢) is May and d) is the
sum total of precipitation observed in a), b) and c). Bottom row is 2004 where e) is March, f) is
April, g) is May and h) is the sum total of precipitation observed in €), f) and g).

Figure 8 depicts the extremely high rainfall of MAM 2018 and extremely low rainfall of MAM
2000. In March 2018 shown in Figure 8a), positive precipitation anomalies were observed
particularly in Northern Uganda and some parts of Northern Tanzania and most parts of Kenya,
especially the south eastern part of Kenya, close to the Tanzanian border. In April, high positive

precipitation anomalies were observed in most parts of the region as in Figure 8b). In May, positive
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rainfall anomalies were observed in some parts of Kenya and Tanzania, with the highest anomalies
off the Kenyan coast. In general, most parts of the region were extremely wet during MAM season
of 2018 as evidenced in Figure 8d). On the other hand, the year 2004 was dry, with the lowest
rainfall anomalies experienced in coastal Kenya in May, as in Figure 8g). Figure 8h) shows that
most parts of East Africa were dry, which is evident in the time series in Figure 3 which indicated
Mombasa, on the Kenyan coast was exceptionally dry as well as Garissa and Kisumu, all within
the very negative rainfall anomalies indicated by dark red in Figure 8h).
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Figure 9: MAM rainfall anomalies for 1981 which was a wet case and 2009 which was a dry case
using CAMS_OPI dataset. Top row is 1981 where a) is March, b) is April, ¢) is May and d) is the
sum total of precipitation observed in a), b) and c). Bottom row is 2009 where e) is March, f) is
April, g) is May and h) is the sum total of precipitation observed in ¢), f) and g).

Figure 9 displays rainfall anomalies for MAM 1981 which had extremely high rainfall and MAM
2009 with extremely low rainfall. In March 1981 displayed in Figure 9a), the highest rainfall
anomalies were experienced over LVB and most parts of Kenya. Highest anomalies were also
observed in Kenya in April as in Figure 9b) which decreased in May 1981 as in Figure 9c).
Generally, for MAM 1981, rainfall concentration was highest in Kenya, extending into the LVB
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in Uganda and in Northern Tanzania. This evidence is validated by the six selected stations in

Figure 3.

In contrast, 2009 was dry. In March 2009, negative rainfall anomalies were greatest in Northern
Tanzania. However, some parts of southwestern Uganda had higher than average rainfall as in
Figure 9e). In April 2009 as in Figure 9f), negative rainfall anomalies were observed over most
parts of Kenya and Tanzania. In May, negative rainfall anomalies were greatest in the coastal
region, particularly the Kenyan coast. The 2009 MAM totals indicate that very dry conditions were
observed particularly in the eastern portion of the East African region, especially around the
Kenyan coast. This observation is validated in Figure 3 where the lowest rainfall for the six
selected stations were observed in Mombasa on the Kenyan coast, followed by Marsabit and

Garissa, in the eastern parts of Kenya.

Figure 10 displayed shows the 1986 MAM rainfall and 1998 MAM rainfall. In March 1986,
positive rainfall anomalies were observed in some parts of coastal and Southern Tanzania. Yet,
negative rainfall anomalies were observed over the LVB as in Figure 10a). In April 1986 displayed
in Figure 10b), the positive rainfall anomalies were observed over LVB and some parts of Northern
Tanzania, southern Uganda and Kenya. May 1986 was indicated in Figure 10c) where the highest
positive rainfall anomalies were observed on the coast of Kenya. From the 1986 MAM totals
indicated in Figure 10d), highest rainfall anomalies were observed at the coast and into the Indian
Ocean. This is confirmed in Figure 3 where the time series indicated Mombasa station observing

the highest rainfall in comparison to the other stations.

From Figure 10e), it is observed that March 1998 had negative rainfall anomalies in most parts of
the region, the greatest in Uganda, LVB and Tanzania. In April 1998, negative rainfall anomalies
were concentrated over Uganda as in Figure 10f), nevertheless coastal Kenya recorded positive
rainfall anomalies. In May, although there were positive rainfall anomalies over some parts of

western Kenya, the coastal Kenya into the Indian Ocean was particularly dry as in Figure 10g).

The 1998 MAM rainfall totals in Figure 10h), more negative rainfall anomalies were observed in
most parts of Uganda and Tanzania while positive rainfall anomalies were observed in some parts
of southern Kenya as observed in Dagoretti station in Figure 3, yet Kisumu station recorded low

rainfall.
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Figure 10: MAM rainfall anomalies for 1986 which was a wet case and 1998 which was a dry
case using CAMS_OPI dataset. Top row is 1986 where a) is March, b) is April, ¢) is May and d)
is the sum total of precipitation observed in a), b) and c). Bottom row is 1998 where €) is March,
f) is April, g) is May and h) is the sum total of precipitation observed in e), f) and g).

4.3.3.2  Spatial Distribution for Years of Extreme Rainfall During OND Season
Figure 11 displays the OND rainfall anomalies for 1997 which had the highest rainfall recorded
for the 40-year period and 2005 which had the lowest rainfall recorded. In October 1997, depicted
in Figure 11a), the highest positive rainfall anomalies were recorded in most parts of Kenya.
Similarly, highest rainfall anomalies were recorded in most of Kenya, as well as in parts of coastal
Tanzania in November as seen in Figure 11b). In December, highest rainfall band was recorded
southward, over central Tanzania. Positive rainfall anomalies were observed in most parts of
Kenya as in Figure 11c). The OND totals for 1997 as seen in Figure 11d) show that most parts of
the region received very high rainfall, which can be validated in Figure 4 which shows the six

stations received very high rainfall, the highest being in Mombasa station.
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Figure 11: OND rainfall anomalies for highest rainfall of OND season (1997) and the lowest
rainfall of the season (2005) using the CAMS_OPI dataset. Top row is 1997 where a) is October,
b) is November, c) is December and d) is the sum total of precipitation observed in a), b) and c).
Bottom row is 2005 where e) is October, f) is November, g) is December and h) is the sum total of
precipitation observed in e), f) and g).

The OND season in 2005 was exceptionally dry especially in November and December as in
Figures 11f) and 11g) respectively. Most of the region recorded highly negative rainfall anomalies
as in Figure 11h) which is validated by the negative rainfall values recorded in the six selected

rainfall stations in Figure 4.

Figure 12 shows the OND rainfall anomalies for 2019 and 1998. In October 2019, most parts of
the region had higher than average rainfall as shown in Figure 12a). High rainfall anomalies were
concentrated in the western part of the region in November 2019 as shown in Figure 12b),
especially in western Uganda and LVB as well as central Tanzania. In December, positive rainfall
anomalies were observed over most parts of the region as shown in Figure 12c). Generally, OND
season of 2019 exhibited enhanced rainfall as in Figure 12d), confirming results in Figure 4 that
showed Kisumu station recording the highest rainfall of the six selected stations, followed by

Dagoretti, Narok and Mombasa.
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Figure 12: Rainfall anomalies for OND 2019 which was a wet case and OND 1998 which was a
dry case using the CAMS_OPI dataset. Top row is 2019 where a) is October, b) is November, c)
is December and d) is the sum total of precipitation observed in a), b) and c). Bottom row is 1998
where €) is October, f) is November, g) is December and h) is the sum total of precipitation
observed in e), f) and g).

In October 1998, negative rainfall anomalies were concentrated in North-eastern Kenya and
Western Uganda as in Figure 12e). In Figure 12f), November 1998 exhibited negative rainfall
anomalies especially in Uganda and Tanzania. In December 1998, the negative rainfall anomalies
were observed in most parts of the region with the greatest concentration over most parts of
Tanzania. The OND season of 1998 was characterised by drier than average conditions as in Figure

12h), affirmed by very low rainfall values observed in the six selected stations in Figure 4.

Figure 13 shows the comparison of the wet OND season in 2006 and the dry OND season in 1993.
2006 recorded positive rainfall anomalies over most parts of East Africa especially in November
and December as depicted in Figures 13b) and 13c) respectively. Most parts of the region recorded
enhanced rainfall during the short rains of 2006 as observed in Figure 13d) and time series in
Figure 4.
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Figure 13: OND rainfall anomalies for 2006, a wet case and 1993, a dry case, using the
CAMS_OPI dataset. Top row is 2006 where a) is October, b) is November, c) is December and d)
is the sum total of precipitation observed in a), b) and c). Bottom row is 1993 where €) is October,
f) is November, g) is December and h) is the sum total of precipitation observed in e), f) and g).

In contrast, October 1993 was characterised by negative rainfall anomalies particularly in Uganda
and some parts of Kenya and Uganda as seen in Figure 13e). In Figure 13f), it is noted that
November 1993 recorded negative rainfall anomalies in northern Kenya, most parts of Uganda,
the LVB and western Tanzania. In December 1993, negative rainfall anomalies were concentrated
in Tanzania. As seen in Figure 13h), most parts of the region were dry. In Kenya, the driest areas
were in the western parts and north eastern, confirmed in Figure 4 where Kisumu had the lowest

rainfall compared to the other stations, followed by Marsabit station.

Figure 14 represents the rainfall anomalies observed in OND 1982 and OND 2016. In October
1982, high rainfall anomalies were observed in the eastern parts of the region, particularly in Kenya
and the coastal parts of East Africa as depicted in Figure 14a). In November, high rainfall
anomalies were observed especially in Tanzania as in Figure 14b). Similarly, more positive

anomalies were recorded in Tanzania in December 1982, as in Figure 14c). From Figure 14d), the
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OND season of 1982 was characterised by enhanced rainfall throughout the region, which can be

affirmed by the 6 selected stations in Figure 3.
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Figure 14: OND rainfall anomalies for 1982, a wet case, and 2016, a dry case, using the
CAMS_OPI dataset. Top row is 1982 where a) is October, b) is November, c) is December and d)
is the sum total of precipitation observed in a), b) and c). Bottom row is 2016 where €) is October,
f) is November, g) is December and h) is the sum total of precipitation observed in ¢), f) and g).

Unlike 1982, October to December 2016 experienced depressed rainfall as depicted in Figures
14e) to 14q). Figure 14h) shows that the entire region exhibited drier conditions, noted by the six
selected stations in Figure 4.

The distribution of rainfall anomalies during the MAM season differed for both the extremely high
and extremely low rainfall cases. This may be due to the spatial incoherence of rainfall as was
discussed by Camberlin and Philippon (2002). For the OND season, the rainfall anomalies,
particularly the positive anomalies appeared to extend from the Indian Ocean. This may be
attributed to the findings documented by Wainwright et al. (2021) that found that enhanced rainfall
is consequential of moisture brought by low-level easterlies from the North Central Indian Ocean.
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4.4 Location, Intensity and Orientation of the Anticyclones
The location of the anticyclones based on the position of the centre of the cells and their extent.
The intensity involves the highest pressure at the centre of the cell and the orientation deals with

the axis of the anticyclones, whether zonal or meridional.

441 Comparing the Years of Extreme Rainfall with Climatology of MAM Season
Comparison between individual years and the climatology exhibited observable changes in the
anticyclones that occurred alluded to the extremely high rainfall (wet) or extremely low rainfall

(dry) observed in the region during the MAM season.

4411  Comparing the Wet Years with Climatology for the MAM Season

| |
998 1002 1006 1010 1014 1018 1022 1026

Figure 15: MSLP (in mb) of MAM 2020 (top) compared with climatology (bottom). a) represents
March 2020, b) represents April 2020, c¢) represents May 2020 and d) represents the seasonal
composite obtained by averaging pressure between March and May 2020. €) represents March
climatology, f) represents April climatology, g) represents May climatology and h) represents
seasonal composite obtained by averaging climatological pressure between March and May.

Figure 15 shows a comparison of MSLP for MAM 2020 which had extremely high rainfall with
the climatological MSLP pattern. In March, the Azores high was more intense and poleward as in
Figure 15a) as compared to the climatology in Figure 15e). The more intense Azores high pressure
system contributed to a more equatorward 1012 mb isobar. The St. Helena high pressure cell
exhibited similar intensity as the climatology although the centre was smaller. The Mascarene high

was more intense and eastward as compared to the climatology. The 1012 mb isobar was quite
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similar to the climatology, the trough in the Mozambique Channel was smaller. The Siberian high
exhibited similar intensity as the climatology and it was more westward as compared to the
climatology. It is observed that the 1012 mb isobar was more equatorward as compared to the
climatology.

In April 2020, the Azores high displayed a similar position and orientation to the climatology,
although its centre was smaller. Further, the 1012 mb contour was connected to that of the more
equatorward St. Helena high which maintained a similar orientation to the climatology. The
Mascarene high was more intense and westward as compared to the climatology and had a
continental component. The Siberian high was eastward and more intense as compared to the

climatology.

In May 2020 as in Figure 15c), the Azores high although with similar intensity to the climatology
in Figure 15g) had a smaller centre. It was more equatorward as compared to the climatology. The

St Helena high was more intense, meridional and equatorward.

The seasonal average in Figure 15d) when compared to the climatological average for the season
in Figure 15h) revealed that the Azores high and the St. Helena high were equatorward and the
1012 mb contours of these highs were connected. The Mascarene high was more intense with a
continental component and was westward. Although the Siberian high had similar orientation, it

was more intense and eastward.

Figure 16 gives a comparison between the MSLP of the very wet MAM 2018 season and the
climatological evidence. Comparing Figures 16a) and 16e) reveals that although the Azores high
exhibited a similar intensity in March 2018, it was smaller. This can be attributed to the low
pressure cells north of the Azores high, explaining why the 1012 mb isobar extended equatorward
of the high. The St. Helena high was less intense, westward and equatorward with the 1012 mb
isobar connecting with that of the Azores high. The Mascarene high was more intense and eastward

whereas the Siberian high was less intense and eastward.

In April 2018, the Azores high was more intense and equatorward. The St. Helena high was less
intense, zonal and westward. The 1012 mb contours of these two highs connected. The Mascarene
high exhibited similar position and intensity as the climatology. The Siberian high was westward

as compared to the climatology in Figure 16f).
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Figure 16: MSLP (in mb) of MAM 2018 (top) compared with climatology (bottom). a) represents
March 2018, b) represents April 2018, c) represents May 2018 and d) represents the seasonal
composite obtained by averaging pressure between March and May 2018. €) represents March
climatology, f) represents April climatology, g) represents May climatology and h) represents
seasonal composite obtained by averaging climatological pressure between March and May.

In May, the Azores high was more intense and equatorward. The St Helena high was equatorward
as compared to the climatology and was westward. Although the St. Helena high exhibited similar
intensity and zonal orientation, its centre was larger in 2018, and had continental component,
unlike the climatological evidence in Figure 16g). The Mascarene high appeared similar to the

climatology and the Siberian high was nearly dissipated.

Comparison of the seasonal composite in Figures 16d) and 16h) showed that the Azores high was
more intense and equatorward. Its 1012 mb contour connected with that of the zonal, less intense,
equatorward and westward St. Helena high. The Siberian high was less intense while the

Mascarene high was quite similar to the climatology.

Figure 17 shows the MSLP of MAM 1981 compared to the climatological MSLP pattern. In
March, the Azores high in Figure 17a) was less intense as compared to the climatology in Figure
17e), as influenced by the low pressure cell north of the high. Unlike in Figures 15a) and 16a), the
1012 mb contour maintained a similar position. The St. Helena high was equatorward and although
it had similar intensity, it had a larger centre and its 1012 mb contour was equatorward. The

Mascarene high was more intense and eastward. Notably, there was a smaller trough in the
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Mozambique Channel as compared to the climatology. Finally, the Siberian high which had similar

intensity to the climatology in Figure 17e) was eastward.
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Figure 17: MSLP (in mb) of MAM 1981 (top) compared with climatology (bottom). a) represents
March 1981, b) represents April 1981, c¢) represents May 1981 and d) represents the seasonal
composite obtained by averaging pressure between March and May 1981. e) represents March
climatology, f) represents April climatology, g) represents May climatology and h) represents
seasonal composite obtained by averaging climatological pressure between March and May.

In April, the Azores high was more intense, eastward and meridional. The St. Helena was
equatorward and zonal, with an equatorward 1012 mb isobar. The Mascarene high was less intense
in Figure 17b) as compared to its climatology in Figure 17f). Although the Siberian high had

similar intensity, it was smaller.

Comparing May 1981 in Figure 17¢) with the climatology in Figure 17g), the Azores high was
more intense but bore similar position, including that of the 1012 mb isobar. The St. Helena high
was equatorward and further westward with the 1012 mb isobar further north of the equator. The
Mascarene high was more intense and westward and its continental component extended further

north. The Siberian high was very weak and almost dissipated.

Drawing comparison from the seasonal composites in Figures 17d) and 17h) revealed that the
Azores high was quite similar to the climatology, the St. Helena high was more equatorward with

an equatorward 1012 mb contour. The Mascarene and the Siberian highs were eastward.
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Figure 18 exhibits the MSLP pattern in MAM 1986 compared with the MAM climatology. In
March 1986, the Azores high was more intense and equatorward with an equatorward 1012 mb
isobar. The St. Helena high in Figure 18a) was quite similar to the climatology in Figure 18e) but
was more zonal. The Mascarene high was westward and more intense and there was no trough in
the Mozambique Channel. The Siberian high was larger, more intense and was displaced

westward.

In April, the Azores high was more intense as compared to climatology in Figure 18f). The St.

Helena was less intense and westward. The Mascarene high was more intense. The Siberian high

in Figure 18b) was more intense and westward compared to its climatology.

| |
990 994 998 1002 1006 1010 1014 1018 1022 1026

Figure 18: MSLP (in mb) of MAM 1986 (top) compared with climatology (bottom). a) represents
March 1986, b) represents April 1986, c) represents May 1986 and d) represents the seasonal
composite obtained by averaging pressure between March and May 1986. €) represents March
climatology, f) represents April climatology, g) represents May climatology and h) represents
seasonal composite obtained by averaging climatological pressure between March and May.

In May as in Figure 18c), the Azores high was meridional as compared to its climatology in Figure
18g) and was eastward. The St. Helena high was less intense and westward. The Mascarene high

was more intense and the Siberian high dissipated.

Comparing the seasonal composites in Figures 18d) and 18h) revealed that on average, the Azores

high was more intense than its climatology. The St. Helena in comparison to the climatology was
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zonal, westward and had an equatorward 1012 mb isobar. The Mascarene high was slightly more

intense. The Siberian high was more intense and westward compared to its climatology.

4.4.1.2  Comparing the Dry Years with Climatology for the MAM Season
Figure 19 shows the MSLP during MAM 2000 as compared to climatological MSLP for the MAM
season. In March 2000, the Azores high was more intense, poleward and eastward, north of Africa.
The St. Helena was more intense, poleward and although meridional, its orientation was Northeast
to Southwest. The Mascarene high was more intense and westward. There was a deeper trough in

the Mozambique Channel as evidenced by the 1012 mb isobar. The Siberian high maintained

similarity with the climatology in Figure 19e).
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Figure 19: MSLP (in mb) of MAM 2000 (top) compared with climatology (bottom). a) represents
March 2000, b) represents April 2000, c¢) represents May 2000 and d) represents the seasonal
composite obtained by averaging pressure between March and May 2000. €) represents March
climatology, f) represents April climatology, g) represents May climatology and h) represents
seasonal composite obtained by averaging climatological pressure between March and May.

April 2000 in Figure 19b) when compared to the climatology in Figure 19f) revealed that the
Azores high was more intense. The St. Helena was more intense, poleward and eastward. The
Mascarene high was more intense, westward and had a continental component. Just like in March,
the Siberian high was similar to its climatology.
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In May, the Azores high was more intense. The St. Helena was eastward, meridional and was
connected with the more intense (than the climatological evidence) Mascarene high. The Siberian

high was almost dissipated in Figure 19c).

The seasonal composite in Figure 19d) when compared to the climatology in Figure 19h) showed
that the Azores high was similar to the climatology, the St. Helena high was poleward and
eastward. The Mascarene high was more intense and connected to the St. Helena high pressure

system. The Siberian high was shrunken in comparison to the climatology.

Figure 20 displays a comparison between the MSLP during MAM 2004 and MAM climatology.
Figure 20a) shows a more intense Azores high as compared to the climatology in Figure 20e) that
was poleward and connected to the westward Siberian high which had a similar intensity to the

climatology. The Mascarene high was more intense and had a significantly deep trough in the

Mozambique Channel evidenced by the 1012 mb isobar.
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Figure 20: MSLP (in mb) of MAM 2004 (top) compared with climatology (bottom). a) represents
March 2004, b) represents April 2004, c) represents May 2004 and d) represents the seasonal
composite obtained by averaging pressure between March and May 2004. e) represents March
climatology, f) represents April climatology, g) represents May climatology and h) represents
seasonal composite obtained by averaging climatological pressure between March and May.

April 2004 in Figure 20b) as compared to climatology in Figure 20f) showed a more intense and

poleward Azores high. The St. Helena high was zonal and although had similar intensity to the
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climatology, it had a larger centre. The Mascarene high was westward, more intense and had a

continental component. The Siberian high had dissipated.

In May, although the Azores high in Figure 20c) had a similar intensity to the climatology in Figure
20g), it was poleward. The St. Helena high was more intense, meridional and eastward. Further,
the St. Helena high was connected to the Mascarene high which was westward, more intense and

had an extensive and northward continental component.

Drawing comparison between the seasonal composite of MAM 2004 in Figure 20d) and that of
the MAM climatology in Figure 20h) revealed that the Azores high was more intense and eastward.
The St. Helena high was eastward. The Mascarene high had a continental component and the

Siberian high appeared similar to the climatology.
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Figure 21: MSLP (in mb) of MAM 2009 (top) compared with climatology (bottom). a) represents
March 2009, b) represents April 2009, c¢) represents May 2009 and d) represents the seasonal
composite obtained by averaging pressure between March and May 2009. e) represents March
climatology, f) represents April climatology, g) represents May climatology and h) represents
seasonal composite obtained by averaging climatological pressure between March and May.

Figure 21 displays comparison between the MSLP during MAM 2009 and climatology of MAM.
From Figure 21a) compared with Figure 21e), it is noted that in March 2009, the Azores high was
poleward and more intense. Similarly, the St. Helena high was poleward. Therefore, the 1012 mb

isobars were further from the equator. The Mascarene high was more intense and eastward and
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there was a broad trough in the Mozambique Channel exhibited by the 1012 mb isobar. The

Siberian high was eastward.

In April, the Azores high was more intense and equatorward with an equatorward 1012 mb isobar.
The St. Helena high was eastward and poleward. The Mascarene high was more intense, eastward
and had a continental component. The Siberian high was less intense and extended westward.

In May, the Azores high was more intense, poleward and had an eastward component as observed
in Figure 21c) as compared to Figure 21g). The St. Helena was less intense and the 1012 mb isobar
doesn’t extend towards the equator. The Mascarene high had a similar intensity and the Siberian

high had dissipated.

Comparison of the seasonal composite in Figures 21d) and 21h) showed that the Azores high was
more intense and poleward. The St. Helena high was less intense and meridional. The Mascarene
high was more intense and eastward. The Siberian high was shrunken as compared to the

climatology.
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Figure 22: MSLP (in mb) of MAM 1998 (top) compared with climatology (bottom). a) represents
March 1998, b) represents April 1998, c) represents May 1998 and d) represents the seasonal
composite obtained by averaging pressure between March and May 1998. e) represents March
climatology, f) represents April climatology, g) represents May climatology and h) represents
seasonal composite obtained by averaging climatological pressure between March and May.
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Figure 22 exhibits comparison of the MSLP for MAM 1998 with the MAM climatology. From
Figure 22a) compared with Figure 22e), the Azores high was poleward and eastward. The St.
Helena high was poleward. The Mascarene high was more intense. The Siberian high, although
with similar intensity as the climatology, it had a larger centre and was westward.

In April 1998, the Azores high was poleward as compared to the climatology in Figure 22f). The
St. Helena high was less intense. The Mascarene high was more intense, westward with a

continental component. The Siberian high was shrunken.

In May, the Azores high was more intense, poleward and meridional. The St. Helena high was
equatorward. The Mascarene high was more intense and meridional. The Siberian high was similar

to the climatology.

The comparison of seasonal composites in Figures 22d) and 22h) revealed that the Azores high
was more intense, poleward and eastward. The St. Helena was less intense. The Mascarene high

was more intense and westward. The Siberian high was quite similar to the climatological average.

Given the results obtained and discussed in Section 4.3.1, some similarities were observed for the

years with extremely high rainfall and for those with extremely low rainfall. They include:

The equatorward displacement of the Azores and St. Helena highs were associated with years with
extremely high rainfall. This influenced equatorward 1012 mb isobars, and in some cases, the 1012
mb isobars were connected. The result would be effective pressure gradient force (PGF) from the
Atlantic Ocean into the African continent. In the case of March 2020 in Figure 15a) where the
Azores high was poleward, the 1012 mb isobar was still equatorward causing the extremely high
rainfall observed. On the other hand, the poleward and eastward Azores high as well as the
poleward St. Helena high were associated with the dry years. As such, the extent of the 1012 mb
isobars were further from the equator. The PGF towards the African continent was not as effective
as was in the years with extremely high MAM rainfall.

During March of the dry years, there was a trough in the Mozambique Channel, evident by the
1012 mb isobar due to the Mascarene high. According to Barimalala et al. (2020), this trough
causes high negative precipitation anomalies over LVB and northern Tanzania, which was evident
in Figures 7e), 8e),9e) and 10e). However, during the wet years, there was no trough in the

Mozambique Channel, except for the 2020 case. Barimalala et al. (2020) noted that this trough
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occurs when the Mascarene high is further eastwards in the Indian Ocean. However, from the
observation of the dry years, two cases had an eastward Mascarene high and two cases had a
westward Mascarene high. Nevertheless, the presence or absence of a trough in the Mozambique
channel may offer good contribution to the outlook of rainfall for the other months of the MAM
season.

In April of the wet years, St. Helena high was more zonal while in dry years, it maintained its
orientation as the climatology or was meridional. For the dry years, the Mascarene high had
significant continental component in April. This was contributed to by its higher intensity and
westward migration observed in all dry years except 2009 when the Mascarene high was eastward,
yet with a significant continental component.

For the MAM season, Siberian high is significant in March when it was intense and its 1012 mb
isobar stretched equatorward. During the other months, the Siberian high shrunk and in some cases

dissipated.

4.4.2 Comparing the Years of Extreme Rainfall with Climatology of OND Season
Comparing individual years with extreme rainfall during the short rainy season and the OND
climatology allowed the observation of changes from the mean patterns of the anticyclones,

alluding to the extreme conditions that occurred.

4421  Comparing the Wet Years with Climatology for the OND Season
Figure 23 shows the comparison between the OND climatological pressure pattern and the MSLP
of OND 1997. In October 1997, The Azores high in Figure 23a) was very weak as compared to
the climatology in Figure 23e). The St. Helena high, although with similar intensity had a shrunken
centre. The Mascarene high was more intense with its centre further east. The Siberian high had

similar intensity but was smaller than the climatology and further to the east.

In November 1997 in Figure 23b) compared to the November climatology in Figure 23f) revealed
that although The Azores high had similar position and intensity, it had a smaller centre. The St.
Helena high was less intense and equatorward and its 1012 mb isobar reached the equator. The
Mascarene high had the same intensity but had retracted further east. Although The Siberian high

had similar intensity, it was still eastward as compared to the climatology.
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Figure 23: MSLP (in mb) of OND 1997 (top) compared with climatology (bottom). a) represents
October 1997, b) represents November 1997, c) represents December 1997 and d) represents the
seasonal composite obtained by averaging pressure between October and December 1997. e)
represents October climatology, f) represents November climatology, g) represents December
climatology and h) represents seasonal composite obtained by averaging climatological pressure
for OND season.

The seasonal composite in Figure 23d) upon comparison with the climatological average in Figure
23h) showed that The Azores high was less intense. The St. Helena high was less intense and had
similar position to the climatology yet its 1012 mb isobar extended north of the equator. The
Mascarene and the Siberian highs were eastward.

Figure 24 displays the comparison of the MSLP for OND 2019 with that of OND climatology. In
October 2019 in Figure 24a) in comparison to the October climatology in Figure 24e) revealed
that the Azores high was less intense. The St. Helena high was less intense. The Mascarene high

had the same intensity but was eastward. The Siberian high was eastward.

November 2019 in Figure 24b) when compared to the climatology in Figure 24f) showed that the
Azores high was more intense. The St. Helena high was less intense. The Mascarene high was

more intense and further east. The Siberian high was the same intensity but larger.
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Figure 24: MSLP (in mb) of OND 2019 (top) compared with climatology (bottom). a) represents
October 2019, b) represents November 2019, c) represents December 2019 and d) represents the
seasonal composite obtained by averaging pressure between October and December 2019. e)
represents October climatology, f) represents November climatology, g) represents December
climatology and h) represents seasonal composite obtained by averaging climatological pressure
for OND season.

In December 2019, the Azores high was more intense and poleward. The St. Helena high was more
zonal. However, the connection of the 1012 mb isobar could be attributed to the intense Azores

high. The Mascarene and the Siberian highs were eastward.

Given the above, the seasonal composite comparison from Figures 24d) and 24h) showed that on
average, the Azores high had similar intensity but with a larger centre. The St. Helena high was
less intense. The Mascarene high and the Siberian high were eastward.

Figure 25 shows the comparison between the OND climatological distribution of pressure and the
MSLP during OND 2006.Comparing October 2006 in Figure 25a) to the climatology in Figure
25e) displays that the Azores high was less intense and westward, yet it was equatorward with its
1012 mb isobar extending towards the equator. The St. Helena high was more intense than the
climatology and its 1012 mb isobar reached the equator. The Mascarene high was more intense as
compared to the climatology with a similar position. The Siberian high was less intense and

eastward.
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Figure 25: MSLP (in mb) of OND 2006 (top) compared with climatology (bottom). a) represents
October 2006, b) represents November 2006, c) represents December 2006 and d) represents the
seasonal composite obtained by averaging pressure between October and December 2006. €)
represents October climatology, f) represents November climatology, g) represents December
climatology and h) represents seasonal composite obtained by averaging climatological pressure
for OND season.

In November 2006, the Azores high was more intense, poleward and westward. The St. Helena
was quite similar to the climatology, with a larger centre, yet its 1012 mb isobar did not extend as
further north as the climatology. The Mascarene high was similar in intensity to the climatology
but eastward. The Siberian high was similar in intensity to the climatology with an eastward centre,
yet it still connected to the Azores high.

In December, just like in November, the Azores high which was more intense connected to the
equally intense Siberian high. The St. Helena high maintained a similar intensity and position as
the climatology but its 1012 mb isobar was connected with that of the Azores high due to the very

intense Azores high. The Mascarene high was more intense and eastward.

Comparison of the seasonal composite revealed that the Azores high was westward though and
connected to the Siberian high. The St. Helena high was quite similar to the climatology. The

Mascarene high was more intense than the climatology.
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Figure 26: MSLP (in mb) of OND 1982 (top) compared with climatology (bottom). a) represents
October 1982, b) represents November 1982, c) represents December 1982 and d) represents the
seasonal composite obtained by averaging pressure between October and December 1982. e)
represents October climatology, f) represents November climatology, g) represents December
climatology and h) represents seasonal composite obtained by averaging climatological pressure
for OND season.

Figure 26 draws comparison between the MSLP observed in OND 1982 and the OND
climatological evidence. In October, the Azores high was westward and with a smaller centre. The
St. Helena high was more meridional. The Mascarene high was quite similar to the climatology in

Figure 26e) but with a slimmer centre. The Siberian high was less intense than the climatology.

In November, the Azores high became more intense and maintained a westward position in
comparison to the climatology. The St. Helena high was less intense. The Mascarene high was

eastward. The Siberian high with similar intensity was larger and connected to the Azores high.

In December, the Azores high was very intense. The St. Helena was equatorward. The Mascarene

high was very weak and the Siberian high was similar to its climatology.

Drawing comparison of the seasonal composite of OND 1982 in Figure 26d) with the climatology
in Figure 26h) revealed that the Azores high was more intense and eastward. The St. Helena high
was less intense. The Mascarene high was less intense and eastward. The Siberian high was similar

to its climatology.
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4.4.22  Comparing the Dry Years with Climatology for the OND Season
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Figure 27: MSLP (in mb) of OND 2005 (top) compared with climatology (bottom). a) represents
October 2005, b) represents November 2005, c) represents December 2005 and d) represents the
seasonal composite obtained by averaging pressure between October and December 2005. e)
represents October climatology, f) represents November climatology, g) represents December
climatology and h) represents seasonal composite obtained by averaging climatological pressure
for OND season.

Figure 27 shows comparison between the climatology and 2005 which was the driest year for the
OND season. From Figure 27a) compared to Figure 27e), the Azores high in October was
westward. The St. Helena high was similar to the climatology. The Mascarene high was similar to

the climatology. The Siberian high was westward.

In November, the Azores high was more intense and poleward. The St. Helena high had similar
intensity but had a larger centre. The Mascarene high was more intense and westward. The Siberian

high was westward and connected with the Azores high.

In December as in Figure 27c) compared with Figure 27g), the Azores high was more intense,
poleward and eastward. The St. Helena high which had similar intensity was poleward. The
Mascarene high although with similar intensity was shrunken. The Siberian high was as intense as

the climatology.
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From the comparison of seasonal composites in Figures 27d) and 27h), the Azores high was less

intense, the St. Helena high was similar intensity but was tending poleward. The Mascarene high

was westward. The Siberian high westward.
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Figure 28: MSLP (in mb) of OND 1998 (top) compared with climatology (bottom). a) represents
October 1998, b) represents November 1998, c) represents December 1998 and d) represents the
seasonal composite obtained by averaging pressure between October and December 1998. e)
represents October climatology, f) represents November climatology, g) represents December
climatology and h) represents seasonal composite obtained by averaging climatological pressure
for OND season.

Figure 28 draws comparison between OND 1998 which was a La Nifia season and the OND
climatology. Figure 28a) compared to Figure 28e) showed that in October, the Azores high was
more intense, eastward and poleward. The St. Helena high was more intense, tending poleward.

The Mascarene high was more intense and westward. The Siberian high was shrunken.

In November, the Azores high was more intense, poleward and eastward, connecting with the
intense and westward Siberian high. The St. Helena high was more intense and poleward. The

Mascarene high was more intense and westward.

The comparison of December 1998 in Figure 28c) with the climatology in Figure 28g) exhibited
the Azores high as more intense and connected to the equally intense Siberian high. The St. Helena

high was more intense and poleward. The Mascarene high was more intense and eastward.
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The seasonal composite comparison revealed that the Azores high was more intense, poleward and

eastward and was connected to the Siberian high. The St. Helena high was more intense and

poleward. The Mascarene high was more intense and westward.
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Figure 29: MSLP (in mb) of OND 1993 (top) compared with climatology (bottom). a) represents
October 1993, b) represents November 1993, c) represents December 1993 and d) represents the
seasonal composite obtained by averaging pressure between October and December 1993. e)
represents October climatology, f) represents November climatology, g) represents December
climatology and h) represents seasonal composite obtained by averaging climatological pressure
for OND season.

Figure 29 displays MSLP for individual months and seasonal average of OND 1993 and the
climatology which was utilized for comparison to determine changes in the anticyclones in 1993
that led to extremely low rainfall. In October as in Figure 29a) compared to Figure 29¢), the Azores
high was westward, equatorward and less intense. The St. Helena high was zonal with a smaller
centre. The Mascarene high was more intense and westward. The Siberian high was similarly

intense (to the climatology) and westward.

In November, the Azores high was more intense and westward. The St. Helena high was less

intense and zonal. The Mascarene and the Siberian highs were westward as in Figure 29Db).

In December, the Azores high and the St. Helena high were more intense as compared to their
climatology in Figure 29g). The Mascarene high was more intense and westward. The Siberian

high was as intense as its climatology and was connected to the Azores high.
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Comparison of the seasonal composites in Figures 29d) and 29h) showed that the Azores high was

more intense. The St. Helena high was similar to the climatology. The Mascarene high was more

intense and westward. The Siberian high was westward.
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Figure 30: MSLP (in mb) of OND 2016 (top) compared with climatology (bottom). a) represents
October 2016, b) represents November 2016, c) represents December 2016 and d) represents the
seasonal composite obtained by averaging pressure between October and December 2016. e)
represents October climatology, f) represents November climatology, g) represents December
climatology and h) represents seasonal composite obtained by averaging climatological pressure
for OND season.

Figure 30 displays the comparison between the OND climatological pressure pattern and the
MSLP for OND 2016. In October, the Azores high was less intense as compared to the climatology
in Figure 30e) and was meridional compared to the zonal orientation in the climatology. The St.
Helena high was less intense. The Mascarene high was more intense and eastward. The Siberian

high was larger and westward.

In November, the Azores high was more intense, poleward and meridional. The St. Helena high
was poleward and more intense. The Mascarene high was more intense. The Siberian high was

westward.

In December, the Azores high was more intense, eastward and poleward, connected to the Siberian
high. The St. Helena high was less intense and zonal. The Mascarene high was quite similar to the

climatology as in Figures 30c) and 30g).
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Comparing the seasonal composites in Figures 30d) and 30h) displayed that the Azores high was
poleward and connected to the westward Siberian high. The St. Helena high was less intense and

poleward. The centre of the Mascarene high was westward.

Comparing the results of the extreme OND rainfall years with the climatology in Section 4.3.2
yielded some similarities for the extremely high rainfall years and for the extremely low rainfall

years. These include:

The Mascarene high was eastward during the wet years, consistent with findings by Ongoma et al.
(2015) and was westward during the dry years. The Siberian high was eastward during the wet
years and westward during the dry years. The Azores high was poleward during the dry years. This
would lessen its influence on PGF effective into the Africa continent and the East Africa region.
The St Helena was less intense during the wet years and more intense during the dry years. Colberg
et al. (2004) noted that during El Nifio years (which are most of the wet years), the St. Helena high
was weaker and more intense during La Nifia years, represented by most of the dry years discussed.
The St. Helena high was equatorward during the wet years, consistent with findings by Sun et al.
(2017) that stipulated an equatorward St. Helena high was observed during EI Nifio.

A notable observation was that during the dry years in Figures 27 to 30, the Angola low was
established in October and was vast in November. The Angola low as stated by Xulu et al. (2020)
which is a dominant feature during the dry years is usually weaker during El Nifio, explaining why

it was not observable during most of the wet years.

4.5 Moisture Characteristics of the Wet and Dry Cases
The moisture characteristics in this section were determined by assessing the divergent moisture
transport.

45.1 MAM Season
Figure 31 shows the divergent moisture transport vectors superposed on MSLP for wet case of
MAM 2020 and dry case of MAM 2000. From Figure 31a) there was effective entry of
northeasterlies especially at the Kenyan coast, from the north Indian Ocean, emanating from the

ridging of the 1012mb contour. Similarly, southeasterlies entered the region.
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Figure 31: Divergent moisture flux superposed on MSLP (in mb) for 2020 (top) with extremely
high rainfall and 2000 (bottom) which had the lowest rainfall during the MAM season, where a)
is March 2020, b) is April 2020 and c) is May 2020. d), e) and f) represent March 2000, April
2000 and May 2000 respectively.

In Figure 31a), there was convergence between westerlies and easterlies in the western part of the
region, especially in Uganda and the LVB, explaining the observed positive anomalies in March
2020 as shown in Figure 7a). The westerlies were a consequence of recurving of southerlies due
to the St. Helena high. In Figure 31d) representing March 2000, although northeasterlies
effectively reached the region, there was no influx of moist southeasterlies into the region. This
can be attributed to the trough observed in the Mozambigque Channel. The easterlies (both from
the north and the south) veered further east in the Indian Ocean depriving the region of moisture.
Divergence was observed in most parts of the region, an attribution to concentrated negative

anomalies in Tanzania in Figure 7e). However, some convergence was observed over the LVB.

In April as in Figures 31b) and 31e), there was southeasterly flow of moisture into the region due
to the Mascarene high, which converged with westerlies for the 2020 case. In April 2000, although
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there was entry of some southeasterlies, there was no convergence with the westerlies. In fact,
divergence was observed in parts of the region. The fewer westerlies reaching the region may be

attributed to the recurving of westerlies into northerlies, west of the East African region.

In May when rainfall should be ceasing, the moisture fluxes were faster owing to the increased
intensity of the southern hemisphere high pressure cells. However, there was observed divergence
in Figure 31f) leading to dry conditions in May 2000.

_ D
990 994 998 1002 1006 1010 1014 1018 1022 1026

Figure 32: Divergent moisture flux superposed on MSLP (in mb) for 2018 (top) with extremely
high rainfall and 2004 (bottom) which had extremely low rainfall during the MAM season, where
a) is March 2018, b) is April 2018 and c) is May 2018. d), e) and f) represent March 2004, April
2004 and May 2004 respectively.

Figure 32 depicts divergent moisture transport vectors superposed on MSLP for cases 2018 (wet)
and 2004 (dry). From Figures 32a) and 32d) it was observed that March 2018 was extremely wet
as in Figure 8a) due to convergence of northeasterlies from the 1012 mb isobar of the Siberian
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high and southeasterlies due to the Mascarene high at the coastal regions, as well as convergence
of these easterlies and westerlies. On the other hand, there was divergence between the
northeasterlies and southeasterlies at the coast in March 2004, which can be attributed to the
veering of easterlies further east of the equatorial Indian Ocean. Although easterlies entered the
region, there was divergence. However, there was convergence over the LVB with the positive

anomalies observed over the LVB in Figure 8e) in an otherwise dry month.

In April 2018 as in Figure 32b), there was convergence of southeasterlies and westerlies. Notably,
some southeasterlies curved over central parts of Kenya, which may have caused rain formation
as shown by the positive anomalies observed over the same region in Figure 8b). Figure 32e)

showed divergence within the region causing dry conditions as in Figure 8f).

In May 2018 and 2004 as observed in Figures 32c) and 32f) show that in 2018, the positive
anomalies in Figure 8c) was due to moist southeasterly flow parallel to the Kenyan coast as well
as convergence between northwesterlies from Central Africa and DRC due to both the St. Helena
high and the Azores high and northeasterlies (due to the curving of southeasterlies). In 2004, there
was divergence of southeasterlies at the coast, confirming the observation in Figure 8g). In the
north-western part of the region, northerlies were observed that contributed to the dry conditions

observed in Figure 8g).

Figure 33 displays the divergent moisture flux superposed on MSLP for extreme MAM cases 1981
(wet) and 2009 (dry). In Figure 33a), it is evident that easterlies due to the Mascarene high and the
Siberian high entered the region through the coast. Hence the positive anomalies observed at the
Kenyan coast in Figure 9a). There was convergence between the said easterlies and westerlies
from the Congo basin due to action of the St. Helena high. The dry conditions in March 2009 were
attributed to the divergence of moisture vectors at the East African coast as seen in Figure 33d).
The westerlies recurved southwards especially west of Tanzania resulting in minimal convergence

with easterlies leading to the dry conditions observed in Figure 9e).

In April 1981 as in Figure 33b), there was convergence between the southeasterlies and the
westerlies. Further, the southeasterlies appeared to be curving in central Kenya. In Figure 33e)

there was no convergence between easterlies and westerlies.
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In May 1981, owing to the westward Mascarene high with an intense continental component as in
Figure 33c), the southeasterlies became southerlies which converged with westerlies in the
northern part of the region. There was convergence with westerlies in the LVB leading to rainfall
confirmed by the positive anomalies observed in Figure 9c). From Figure 33f), westerlies curved
southwards ridding East Africa of moisture. There was divergence in the eastern part of the region,

which was subject to the influence of southerlies and southeasterlies due to the Mascarene high.

Figure 33: Divergent moisture flux superposed on MSLP (in mb) for 1981 (top) with extremely
high rainfall and 2009 (bottom) which had extremely low rainfall during the MAM season, where
a) is March 1981, b) is April 1981 and c) is May 1981. d), €) and f) represent March 2009, April
2009 and May 2009 respectively.

Figure 34 represents the divergent moisture flux superposed on MSLP for MAM 1986 which had
extremely high rainfall and MAM 1998 which had extremely low rainfall. In March 1986 as in
Figure 34a) had some effective westerlies entering the region and converging with easterlies in
Kenya and Tanzania. Because of no convergence over Uganda, the said country and the LVB
recorded negative rainfall anomalies as in Figure 10a). In March 1998, there was divergence of
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southeasterlies from the Mascarene high at the coastal region with fewer northeasterlies reaching
the region, making the region devoid of moist easterlies. Similarly, there were fewer westerlies
entering the region due to the curving into northwesterlies and heading into south eastern countries
like Zambia.
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Figure 34: Divergent moisture flux superposed on MSLP (in mb) for 1986 (top) with extremely
high rainfall and 1998 (bottom) which had extremely low rainfall during the MAM season, where
a) is March 1986, b) is April 1986 and c) is May 1986. d), €) and f) represent March 1998, April
1998 and May 1998 respectively.

In April 1986 as in Figure 34b), the convergence between the easterlies and westerlies led to the
observed positive anomalies over Kenya-Tanzania border and northern Tanzania in Figure 10b).
In contrast, the dry conditions observed in April 1998 as in Figure 34e) was due to divergence of
easterlies over Kenya and Tanzania as well as few westerlies reaching the region. Hence, as in

Figure 10f) recorded very dry conditions especially in Kenya and some parts of Tanzania.
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Based on the results observed and discussed in Figures 31 to 34, the following similarities for the

wet years and for the dry years were noted as follows:

In March, the characteristics of the wet years included convergence of the northeasterlies due to
the 1012 mb isobar of the Siberian high and southeasterlies driven by the Mascarene high,
especially at the coast. Further, there was effective convergence with the westerlies as described
by Johnson and Morth (1960) as good contributors to enhanced rainfall, flowing due to effective
PGF caused by the equatorward Azores high and St. Helena high. The dry years were characterized
by divergence of the easterlies, either due to the presence of the Mozambique Channel brought
about by the Mascarene high, and/or veering of the easterlies further into the Indian Ocean.
In April where moist northeasterlies are fewer due to the shrinking of the Siberian high, there was
effective influx of southeasterlies into the region which converged with westerlies due to effective
PGF from the Atlantic Ocean into the Congo basin and the East African region due to the
equatorward Azores high as well as the equatorward and zonal St. Helena high. On the other hand,
the dry years were characterized by less convergence of moist southeasterlies and westerlies and/or
divergence of moisture vectors in the region, mainly due to the intense continental component of
the Mascarene high as well as the poleward St. Helena high.
In May the month where rainfall ceases, moist southeasterlies were a primary source of moisture
for rain formation as well as convergence between the southeasterlies and westerlies. On the other
hand, the dry years were characterized by divergence in the region.

45.2 OND Season
Figure 35 shows divergent moisture flux superposed on MSLP for the most extreme cases
observed for the OND season. From Figure 35a) it is evident that convergence of southeasterlies
and northeasterlies began in the Indian Ocean, which then may have been pushed into East Africa
leading to the high positive anomalies observed in October 1997 in the eastern part of the region
as shown in Figure 11a). In the western sector of the East African region experienced convergence
between easterlies and westerlies. In contrast, October 2005 was dry owing to both southeasterlies
and northeasterlies veering eastward into the Indian Ocean as in Figure 35d). There was divergence

of southeasterlies at the East African coast.

In November 1997 as in Figure 35b), there was convergence of easterlies from the north and south

in equatorial Indian Ocean and the East African coast. Further, the westerlies effective in reaching
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East Africa converged with easterlies, leading to the very highly positive anomalies observed in
Figure 11b).

| I
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Figure 35: Divergent moisture flux superposed on MSLP (in mb) for 1997 (top) with extremely
high rainfall and 2005 (bottom) which had the lowest rainfall during the OND season, where a) is
October 1997, b) is November 1997 and c) is December 1997. d), e) and f) represent October
2005, November 2005 and December 2005 respectively.

In December 1997 as in Figure 35c), there was convergence of the easterlies in Indian Ocean, close
to East Africa. There was convergence of easterlies and westerlies especially in Tanzania, an
implication to the highly positive rainfall anomalies in Figure 11f). December 2005 was
exceptionally dry due to divergence of northeasterlies at the East African coast and inland East
Africa.

Figure 36 depicts divergent moisture flux superposed on MSLP for cases OND 2019 which had
extremely high rainfall and OND 1998 which had extremely low rainfall. In Figure 36a), there

were slow southeasterlies entering the region from the coast as well as convergence of easterlies
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and westerlies in the western sector of the region, causing the high rainfall as observed in Figure
12a). On the other hand, the dry conditions in October 1998 may be alluded to divergence of

southeasterlies at the coast as they veered off eastward, further from the region.
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Figure 36: Divergent moisture flux superposed on MSLP (in mb) for 2019 (top) with extremely
high rainfall and 1998 (bottom) which had extremely low rainfall during the OND season, where
a) is October 2019, b) is November 2019 and c) is December 2019. d), e) and f) represent October
1998, November 1998 and December 1998 respectively.

In November 2019, there was convergence of northeasterlies and southeasterlies off the East
African coast and entry of these easterlies into the region. The westerlies were effective in reaching
the region as in Figure 36b). on the contrary, November 1998 in Figure 36e) was dry due to
divergence of the southeasterlies at the East African coast as they veered further east in the Indian

Ocean. There were fewer westerlies converging with easterlies inland of East Africa.

In December 2019 as in Figure 36c¢), there was convergence of the southeasterlies and

northeasterlies at the East African coast and the Indian Ocean near the East African coast. The
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westerlies pushed further inland of East Africa converging with the easterlies leading to the
observation in Figure 12c). In December 1998 as in Figure 36f), East Africa was devoid of

moisture from the Indian Ocean due to southeasterlies and northeasterlies veering eastward.
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Figure 37: Divergent moisture flux superposed on MSLP (in mb) for 2006 (top) with extremely
high rainfall and 1993 (bottom) which had extremely low rainfall during the OND season, where
a) is October 2006, b) is November 2006 and c) is December 2006. d), e) and f) represent October
1993, November 1993 and December 1993 respectively.

Figure 37 displays divergent moisture flux superposed on MSLP for the OND extreme cases of
2006 and 1993. In October 2006 as in Figure 37a), there was divergence of southeasterlies at the
coast due to high pressure at the coast. Nevertheless, there was effective easterlies in northern part
of Kenya that contributed to the rainfall observed in Figure 13a). In October 1993 as in Figure
37e), there was greater divergence of southeasterlies at the East African coast and inland due to
higher pressure of the westward Mascarene high. There was convergence of some of the easterlies
with dry northwesterlies leading to minimal rainfall and dry conditions as observed in Figure 13e).
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In November 2006, there was convergence of the easterlies at the equator near the coast, which
would have contributed to rainfall observed in Figure 13b). There was convergence of easterlies
with the westerlies. In 1993 as in Figure 37e), there was divergence of southeasterlies in the Indian
Ocean near the East African coast as the moisture vectors curved eastwards.

In December 2006, there were faster westerlies entering East Africa and they converged with
southeasterlies in southern Tanzania and with northeasterlies at the equator. Further, the easterlies
converged in the Indian Ocean near the East African coast. In contrast, December 1993 was dry
due to great divergence of the easterlies inland and off the coast as these easterlies veered eastward,

far from the region.
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Figure 38: Divergent moisture flux superposed on MSLP (in mb) for 1982 (top) with extremely
high rainfall and 2016 (bottom) which had extremely low rainfall during the OND season, where
a) is October 1982, b) is November 1982 and c) is December 1982. d), e) and f) represent October
2016, November 2016 and December 2016 respectively.

Figure 38 exhibits the divergent moisture flux superposed on MSLP for the OND extreme cases
of 1982 and 2016. In October 1982 as in Figure 38a), slow southeasterlies entered the Kenyan
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coast into the north eastern parts of Kenya leading to rainfall observed in Figure 14a). October
2016 in Figure 38d) had divergence of fast southeasterlies near the East African coast, leading to

dry conditions as observed in Figure 14e).

In November 1982 in Figure 38b), there was convergence of easterlies near the East African coast.
Further, slow southeasterlies entered the region leading to rain formation. Some southeasterlies
converged with the westerlies contributing to rainfall observed in Figure 14b). In contrast,
November 2016 in Figure 38e) was dry due to divergence of the southeasterlies near the coast of

East Africa as they veered eastward.

In December, moist northeasterlies effectively reached East Africa and converged with westerlies
leading to rain formation. On the other hand, dry conditions in December 2016 were due to a lot
of divergence at and near the East African coast as well as fewer westerlies entering the region

leading to minimal convergence with easterlies inland.

Based on results obtained and discussed as the moisture characteristics during the extreme years

of the OND season in Figures 35 to 38, the following similarities were drawn out:

In October of the wet years, there was convergence of northeasterlies and southeasterlies at the
East African coast and in the Indian Ocean near the coast due to the eastward Siberian and
Mascarene highs. In October of the dry years, there was divergence of easterlies as they veered
further east into the equatorial Indian Ocean, as had been described by Hastenrath et al. (2006)
and Johnson and Morth (1960). This was due to the westward Mascarene high, consistent with
observations by Manatsa et al. (2014) and Ongoma et al. (2015) and the westward Siberian high.
During the dry years with the Angola low present, the recurved southeasterlies flowed southward
leading to weaker westerly flow, similar to stipulation by Xulu et al. (2020).

In November, there was convergence of northeasterlies and southeasterlies off the coast of East
Africa as well as convergence of easterlies and some westerlies inland for the wet years due to the
eastward Mascarene high and Siberian high and the less intense St. Helena high (Colberg et al.,
2004). Nevertheless, during the dry years, there was divergence of easterlies off the coast of the
region as they veered eastward in the Indian Ocean. This could be attributed to the westward
Mascarene and Siberian highs that would encourage westerly flow, away from EA, as described
by Wainwright et al. (2021). Of importance, the Angola low was vast during the dry years so the
flows from the Atlantic Ocean curved southward (Xulu et al., 2020).
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In December, the wet years were characterized by convergence of northeasterlies and
southeasterlies at the coastal areas as well as convergence of easterlies and some westerlies inland
EA. In contrast, there was divergence of easterlies at the East African coast as they veered further
east in the Indian Ocean ridding the region of moisture.

Although westerlies are weaker during OND as described by Xulu et al. (2020), they were more
effective in reaching East Africa during the wet years as compared to the dry years. This
observation of weaker westerlies during OND validates the stipulation by Howard and Washington

(2019) that the CAB disintegrates during OND season.
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

5.1 CONCLUSIONS
This study aimed to investigate how anticyclones adjacent to Africa influence seasonal rainfall
extremes over East Africa, during the March to May (MAM) and October to December (OND)
rainy seasons. The research achieved its specific objectives by identifying years with extreme
seasonal rainfall, determining spatial rainfall distribution, comparing the pressure characteristics
of extreme years from that of the climatology, and investigating moisture transport and circulation

patterns in the years with seasonal rainfall extremes.

The findings reveal that the migration of subtropical anticyclones significantly influences the
distribution of moisture into East Africa, consequently controlling seasonal rainfall extremes in
the region. During the wet years for the long rainy season (MAM), equatorward displacement from
the mean of the Azores high and St. Helena high led to enhanced rainfall, with westerlies
effectively entering the region and contributing to intense rainfall. Conversely, during dry years,
the poleward displacement of these anticyclones from their mean relaxed the pressure gradient into
East Africa, leading to limited moisture influx and reduced rainfall.

For the short rainy season (OND), wet years were associated with eastward-located Mascarene
and Siberian highs when compared to the climatology, leading to an influx of moist easterlies from
the Indian Ocean and increased convergence with westerlies. On the other hand, dry years
experienced westward displacement from the mean of these anticyclones, leading to easterlies

veering into the Indian Ocean, leaving East Africa devoid of moisture for rain formation.

The study highlighted the importance of the position and intensity of anticyclones in influencing
rainfall extremes, with the location of the 1012 mb isobars in the Atlantic Ocean and North Indian
Ocean being. Moreover, the presence of the trough in the Mozambique Channel significantly
impacted the flow of westerlies and divergence of easterlies during dry MAM years. Similarly,
during the OND season, the positions of the Azores high, Mascarene high, Siberian high, and the

presence of the Angola low in October proved vital in determining rainfall extremes.
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It has been established that changes in the mean pattern, location, intensity and orientation of the
Subtropical anticyclones adjacent to the continent of Africa, particularly the Azores high, St.
Helena high, Mascarene high and Siberian high, drive the wind flow over the region which
determines the transport of moisture into the region. Modification of the influx of moisture into
the region arising from changes in the characteristics of the subtropical anticyclones play an
important role in the distribution of the observed rainfall over the region and act as synoptic
controls of extremely high and extremely low rainfall on seasonal timescales in East Africa,
alongside other large-scale systems and local forcing.

5.2 RECOMMENDATIONS
The results presented in this study demonstrate the significance of the anticyclones as synoptic
controls of seasonal rainfall extremes in East Africa. Therefore, the following recommendations

are suggested:

521 Recommendation to Scientists
Further research on the behaviour of anticyclones is recommended for shorter time scales like daily
and sub-seasonal to seasonal (S2S) in order to understand the contribution of the 1012 mb isobar
on the influx of moist northeasterlies as well as the characteristics of the Mascarene high that
encourage the development and sustenance of the trough in the Mozambique Channel that

influences rainfall over East Africa.

For meteorologists and researchers, this study is important in developing and improving the GCMs
for the region in order to produce more accurate and comprehensive forecasts and to expand the

scope of understanding of controls of rainfall and their teleconnections.

522 Recommendation to Policy Makers
For policy makes, more comprehensive forecasts would be fundamental in planning and allocating
funds important for planning and mitigating the effects of drought and floods that are consequential
to extremely high and extremely low rainfall respectively. Policy makers can also encourage multi-
disciplinary co-production amongst institutions in order to meet the needs as well as safeguard

lives and livelihoods of the users and general population.
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523 Recommendation to Users
With improved forecast output that determines whether seasonal rainfall will be normal, extremely
high or extremely low, users will be able to make decisions in their various socioeconomic sectors

including agriculture, tourism, energy production, especially hydroelectric power, among others.
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