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Abstract

In Equatorial Africa, millions of people rely on rain-fed agriculture as their only source of livelihood and
are vulnerable to varying precipitation patterns, especially extreme precipitation. This thesis investigates, us-
ing observations, reanalysis, a state-of-the-art Africa-wide convection permitting climate model (CP4A) and
its corresponding global simulation (G25), the precipitation relationship between Western Equatorial Africa
(WEA) and Eastern Equatorial Africa (EEA) and the associated physical processes. CP4A and G25 are evalu-

ated against observations and ERA-Interim, with a focus on precipitation and Kelvin wave activity.

Lead/lag correlation and spatio-temporal correlation patterns over various sub-regions reveal a synoptic-
scale relationship in precipitation between WEA and EEA in which precipitation over EEA lags precipitation
over WEA by 1-2 days. Composites on anomalous precipitation events and an equatorial wave dataset show
an apparent connection between eastward/northeastward propagating anomalous precipitation and Kelvin wave

low-level convergence, suggesting an influence of Convectively Coupled Kelvin Waves (CCKWs).

Observations/reanalysis and simulations show that the two important processes through which CCKWs
modulate the eastward propagation of convection and precipitation across Equatorial Africa are: 1) low-level
westerly anomalies that lead to increased low-level convergence, and 2) westerly moisture flux anomalies that
amplify the lower-to-mid-tropospheric specific humidity. CP4A and G25 generally simulate the key horizontal
structure of CCKWs, with anomalous low-level westerlies in phase with positive precipitation anomalies. On
days with an observed high-amplitude Kelvin wave, an extreme precipitation episode is up to twice as likely
to occur compared to climatology, and precipitation intensity increases by up to 4 mm day!, although extreme

precipitation patterns associated with intense Kelvin waves vary somewhat from case study to case study.

These results reveal the important processes that need to be satisfactorily represented in models, and they
suggest that monitoring the propagation characteristics of CCKWs may be important in synoptic-timescale

forecasting over Equatorial Africa.
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Chapter 1. Introduction

Chapter 1

Introduction

1.1 Motivation and Background

Rainfall plays a vital role in the global water cycle and is important in sustaining key sectors such as
agriculture. Over Equatorial Africa (15°S - 15°N, O - 51°E), irrigation is relatively underdeveloped, and nearly
95% of agricultural land depends on precipitation (Wani et al., 2009).The communities in this region are part
of the 600 million people in Sub-Saharan Africa that not only survive on rain-fed agriculture but are also vul-
nerable to impacts of extreme precipitation events such as landslides, floods and droughts (e.g., (Graham et al.,
2015; [Salerno et al., 2019). The agricultural sector in several Equatorial African countries contributes between
20%-60% of the Gross Domestic Product (OECD/FAO.[2016)) and is the dominant source of employment (e.g.,
Tomsik et al., [2015). Therefore, precipitation is an important meteorological variable because livelihoods of
millions of smallholder farmers and livestock keepers are threatened when floods associated with extreme pre-

cipitation events destroy crops. (e.g., Liul [2020).

Since the agricultural system over Equatorial Africa is rainfall dependent, it thrives on weather and climate
information on a combination of timescales, including including sub-daily, daily, synoptic (2-10 days), seasonal
and intra-seasonal, annual and interannual, and finally decadal and beyond (Tall et al., [2013)). For example,
occurrence of an unexpected dry spell after the farming community has already planted is associated with
devastating socio-economic impacts and food insecurity due to crop loss and reduced productivity (Parker and
Diop-Kane, 2017). However, reliably forecasting the spatial and temporal distribution of precipitation over this
region remains one of the most challenging endeavours facing today’s operational meteorology. This is because
the processes that control precipitation variability occur on a wide range of spatial and temporal scales, many

of which are not well understood (e.g., Corfidi, 2017).

In recent decades, the seasonal timescale has been given greater attention both in terms of research and

forecasting. For example, before the start of a rainy season, climate scientists, researchers and users of climate




information convene in the Regional Climate Outlook Forums (RCOFs), such as the Greater Horn of Africa
Climate Outlook Forum (GHACOF) (e.g., see |Graham et al.l |2015), to discuss the seasonal forecast. Despite
their high socio-economic importance, far less work has been published on Equatorial Africa’s convective
activity and precipitation variability on synoptic timescales. For example, knowledge on the drivers of synoptic-
timescale precipitation variability over Equatorial Africa and how well these drivers are represented in climate
models would be valuable. This thesis aims at contributing to the knowledge on synoptic-timescale convective

activity and precipitation variability over this region.
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Figure 1.1: Schematic of topography in Equatorial Africa (study domain), with the black dashed line at about 29°E as
the longitude separating Western Equatorial Africa (WEA) from Eastern Equatorial Africa (EEA).

Equatorial Africa (defined in this thesis as the region between 15°S - 15°N, 0 - 51°E, with the dotted line
at 29°E dividing Western Equatorial Africa (WEA) to the west and Eastern Equatorial Africa (EEA) to the
east as shown in Figure [T.T)) is a large area that constitutes nearly half of the equatorial landmass and spans
different seasons and precipitation patterns (e.g., Nicholson and Dezfuli, 2013a; [Nicholson, [2017). Previous
publications such as|Hills|(1979; their Figure 1) and Sandjon et al.| (2014)) used a similar definition of Equatorial
Africa as used in this thesis. The 29°E meridian was chosen to divide Equatorial Africa into WEA and EEA
for consistency with previous publications (e.g., see [Sandjon et al.| (2014} their Figure 1), and an operational
weather forecasting model over Lake Victoria in EEA (e.g., see Woodhams et al.| (2018j their Figure 1). The
general precipitation climatology of this region varies remarkably within short distances (Nicholson| 2017).
This is due to a complicated interplay of several factors like large-scale tropical disturbances such as equatorial
waves and physical features such as the rugged orography (e.g., Figure [I.T), land-cover properties and inland
water bodies (e.g., [Beltrandol |1990). But overall, much of Equatorial Africa experiences two rainfall seasons
(boreal spring and boreal autumn) with the seasonal cycle attributed to the migration of the tropical rain-belt
(e.g., Hills, [1979). The boreal spring rains occur in March-May with a peak in April while the boreal autumn

rainfall occurs in September-November (SON) with a peak in October (Dunning et al.,[2016). March-May rains
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are known as “long rains” in much of EEA (e.g.,|Nieuwolt, 1978)), “Belg” in Ethiopia (e.g.,|Gissila et al., 2004),
“Gu” in Somalia and “Masika” in Tanzania (e.g.,|Nicholson, 2017) and the boreal autumn rains are also known
as the “short rains” in much of EEA (e.g., Nieuwolt, [1978)), “Der” is Somalia and “vuli” in Tanzania (e.g.,
Nicholson| |2017), and the boreal summer (June-September) rains are locally known as “Kiremt” in Ethiopia
(e.g.,|Gissila et al., |2004). While much of Equatorial Africa receives two rainy seasons per year, some areas in
WEA that are within approximately 4-5° about the equator exhibit a unimodal seasonal cycle (e.g., [Dunning
et al., 2016). In the Congo Basin (part of WEA), about 60% of the annual rainfall occurs in the two rainy
seasons. Studies have shown that Ethiopia experiences three rainy seasons per year: the boreal spring rains
in February/March-May, the boreal summer rains in June/July-September and boreal autumn rains in October-
November (e.g., (Gissila et al., 2004). Boreal summer is the main rainfall season (e.g., Belay et al., 2021) and
it contributes between 50%—80% of annual rainfall over the country (e.g., Philip et al.l 2018). Within each
season, precipitation over Equatorial Africa varies considerably in space and time (e.g., Nicholson, 2017) in
association with various drivers. This complexity makes forecasting on various timescales a challenge facing

the scientific community.

Seasonal precipitation variability over Equatorial Africa is controlled by large-scale features such as the
El Nifio Southern Oscillation (ENSO) (e.g., [Ropelewski and Halpert, |1987} Black, 2005; |[Moore et al., 2017,
the Indian Ocean Dipole (IOD) (e.g., Black, 2005; Wenhaji Ndomeni et al., |2018)) and north-south migration
of the Intertropical Convergence Zone (ITCZ), the tropical belt that separates trade winds from the southeast
and northeast (e.g., |Glover et al.| [1954; [Nicholson, [2018)). El Nifio-related precipitation over some areas in
Equatorial Africa tends to be enhanced but these rains are unevenly distributed across space and time (e.g.,
Ropelewski and Halpert, [1987). Looking at Equatorial Africa as a whole, there are sub-regional differences
in response of precipitation to the ENSO and IOD signal. These large-scale drivers are further discussed
below. On the other hand, the ITCZ influences seasonal precipitation by providing favourable conditions for
a number of processes, including: i) the development of both localised and deep convection (e.g., |[Dias and
Pauluis, [2011)); ii) Mesoscale Convective Systems (MCSs, e.g., Jackson et al.,[2009); and iii) coupling between
large-scale convection-organising disturbances such as Kelvin waves and the convection (e.g.,|Dias and Pauluis,
2011). The localised thunderstorms were once thought to be the primary drivers of precipitation over Equatorial

Africa (see |Nicholson, [2018).

On shorter timescales, recent studies have demonstrated that convection and precipitation in Equatorial
Africa is influenced by organised systems such as MCSs (e.g., Jackson et al.,[2009) and other major convection
organising phenomena such as the Madden-Julian Oscillation (MJO; Madden and Julian, (1971} [1972) and
Convectively Coupled Kelvin Waves (CCKWs) (Pohl and Camberlin, 2006a,b; [Sinclaire et al., 2015 Mekonnen
and Thorncroft, 2016). These results have changed the narrative from one that advanced the idea that Equatorial
Africa’s precipitation is purely governed by localised convective features to one in which large-scale tropical
disturbances play a key role in organising convection and precipitation (Nicholson, 2018). Synoptic scale

tropical disturbances include but are not limited to the MJO (e.g., Madden and Julian, 1971} (1972), Kelvin

Chapter 1. Introduction




waves (Gill, [1980), Equatorial Rossby waves (Wheeler and Kiladis} [1999), African Easterly Waves (AEWs)
(Reed et al.,|1977), Eastward and Westward Inertio-Gravity waves (EIG and WIG), and Eastward and Westward
moving Mixed Rossby-gravity waves (EMRG and WMRG) (Wheeler and Kiladis|, [1999; |Yang et al., 2003).
AEWs are westward propagating waves and are present in tropical north Africa during boreal summer. In the

next chapter, these tropical disturbances are further discussed.

An inspection of available literature (e.g.,[Nicholson, 2018} their Figure 8) and results in Figure[2.T|suggest
that WEA is wetter in comparison to EEA, and WEA and EEA have been generally treated as two climatolog-
ically different regions (e.g., [Dezfuli et al., 2015). WEA mainly consists of the Congo Basin, a region that is
covered by the second largest tropical rainforest on earth (Tchatchou et al.,|2015). [Eltahir| (1996) discusses the
Walker-like large-scale circulation with an ascending branch over the Congo Basin’s rainforest (see illustration
in their Figure 14). The high precipitation amounts over much of WEA are associated with a large-scale cir-
culation that transports moisture from the Atlantic Ocean into the interior of the continent (e.g., Eltahir, [1996).
Pokam et al.| (2014) confirmed the Walker-like cell discussed in [Eltahir| (1996). On the other hand, the drier
EEA might be explained by several factors including: the negative vertically integrated moisture flux conver-
gence throughout the year that only becomes weakly positive during boreal spring and boreal autumn (e.g.,
Yang et al., [2015), the Turkana low-level jet that transport moisture away from the region (e.g., [Nicholson,
2016) and large-scale subsidence during early boreal spring (e.g., Vellinga and Milton, [2018)). As such, WEA
and EEA have several meteorological similarities and differences. One main similarity, as noted above, is that
precipitation in both seasons is generally controlled by the ITCZ. Table gives a brief summary of some of
the physical differences between WEA and EEA.

WEA (15°S-15°N, 0-29°E) | EEA (15°S-15°N, 29-51°E)
Mean topography Lower than 700m Higher than 1500m
Major vegetation cover | Tropical rainforest Semiarid/arid and small forests
Mean annual rainfall Greater than 1600mm Generally less than 700mm
Borders Rift Valley-Atlantic Ocean | Indian Ocean (east)-Rift Valley (west)

Adapted and modified from|Sandjon et al.| (2012).

Table 1.1: A comparison between WEA and EEA

By studying the two regions concurrently, this study explores the connection between the two regions with
an aim of improving the understanding of some of the major aspects of Equatorial Africa’s meteorology that
are important in operational forecasting and numerical weather and climate prediction. While precipitation
connections between regions have been explored in previous studies (e.g., Behrend, [1987), very few publica-
tions have attempted to investigate the convective activity and precipitation linkage between WEA and EEA.
Yet it was found that convection in WEA influences the meteorology of the neighbouring regions (e.g., Matari,
2002). In one example, [Mekonnen and Thorncroft| (2016) examined Cloud Brightness Temperature (CBT) for
boreal summer (July-September) and found a synoptic scale convective activity connection between the Congo

Basin and East Africa. They showed a coherent eastward propagating signal in CBT that had a periodicity of
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about 4 days. It remains unclear as to whether the convective activity relationship between the Congo Basin
and East Africa is present in observed and simulated precipitation, and also whether this relationship is present

in seasons other than boreal summer.

As described above, precipitation over Equatorial Africa sustains several sectors of economies of countries
in this region; this implies that the ability to accurately forecast precipitation occurrences on short-to-medium
range would yield tremendous benefits to the region. Short-to-medium range forecasts are particularly impor-
tant in rainy seasons in which forecast models have little or no skill. Over EEA, the predictability of the boreal
spring (MAM) rains remains generally a challenge because of its weak connection with the large scale features
such as variability in the sea surface temperatures (SSTs) (Vellinga and Milton, 2018)). However, the boreal au-
tumn rains have been found to be strongly linked to large-scale drivers such as SSTs (Ogallo, 1988 |[Nicholson,
2002; Black et al., [2003 'Wenhaji Ndomeni et al.,2018) making it relatively predictable. For March-April rains,
Vellinga and Milton|(2018) attributed 30-60% of the variance in annual precipitation variability over East Africa
to a combined effect of the warm SSTs in western Indian Ocean, strong MJO activity in February and March
and an easterly phase of the Quasi-Biennial Oscillation (QBO) during the preceding autumn, with each of these
associated with increased precipitation. [Black et al.|(2003) found that extreme precipitation over East Africa in
September-November is associated with large-scale positive SST anomalies in the western Indian Ocean. [Black
et al.| (2003)) suggested that the positive phase of the IOD (also known as Indian Ocean Zonal Mode (I0ZM))
enhances precipitation over East Africa through sustaining anomalous easterly winds over the northern-central
Indian Ocean and suppressing moisture transport away from East Africa. Consistent with Black et al.| (2003)),
‘Wenhaji Ndomeni et al.| (2018)) reported that the positive phase of the IOD is associated with enhanced rainfall
over East Africa. They suggested that the main mechanism of influence is via increased moisture convergence

over East Africa caused by anomalous low-level easterly flow over warm Indian Ocean SSTs.

Over WEA, there are several factors that govern the evolution of seasonal precipitation (e.g.,|Nicholson and
Grist, 20035 [Balas et al., 2007). For example, warmer tropical Atlantic SSTs indirectly enhances precipitation
over WEA through location of the ITCZ that in turn favours development of MCSs and other precipitation
organising disturbances (Balas et al., 2007). Precipitation across timescales over WEA remains unpredictable
because the influence of large-scale drivers such as SSTs over the Pacific, Indian and Atlantic Oceans varies
from season to season and from sub-region to sub-region (Balas et al., 2007; |[Farnsworth et al.l 2011). For
instance, |Balas et al.| (2007) reported that the impact of SSTs on seasonal precipitation over WEA depends on
the ocean basin and the season because the same SST anomalies in a particular ocean may cause enhanced
precipitation over WEA in one season but suppress it in another season.

On intraseasonal timescales, the MJO (e,g.,Madden and Julian, 1971, 1972) is a major tropical disturbance
confined in the tropical belt and modulates intraseasonal precipitation variability over Equatorial Africa (e.g.,
Mutai and Ward, [2000; Sandjon et al., | 2012} Berhane et al.,|2015;/Hogan et al.,|2015]) and other tropical regions.

Observations have shown that the MJO generally originates over the Indian Ocean and its envelope of organised

Chapter 1. Introduction




Figure 1.2: An approximate location of the centres of enhanced convection (phases) of the MJO. Phase 1 involves the
signals for both the initiation of an MJO event in the western Indian Ocean basin and its decay in the central Pacific Ocean.
The speed of propagation varies but between phases 2 and 8, it takes 4-10 days per phase. Figure taken from|Donald et al.

convection propagates eastward at a speed of approximately 5 m s”! on a spatial scale of about 10000 km (e.g.,

Weickmann et al., [1985). The MJO occasionally circumnavigates the global tropics and organises convection

on regional scales with the strongest influence on convection and precipitation observed during boreal spring

and boreal winter (Madden and Julian, |1994). As the MJO propagates eastward, it causes variations in several

atmospheric fields such as lower and upper level wind speed and direction, cloudiness, and convective rainfall

(e.g.,[Sandjon et al.l 2012). The MJO has been described as alternating centres of enhanced and suppressed

convection with the two centres linked by an overturning zonal circulation (e.g., [Madden and Julian, [1972).

The lower branch of the overturning circulation is constituted by anomalous westerly flow to the west of the

centre of enhanced convection and anomalous easterly winds to its east while at upper levels, these winds

reverse direction of flow (e.g.,[Madden and Julian, 1972} their Figure 16). The interaction between the large-

scale circulation associated with the MJO and the centre of enhanced convection forms a coupled structure
that propagates eastward (e.g., 2005). The influence of the MJO on Equatorial Africa’s precipitation is

normally discussed in reference to its eight phases (centre of enhanced tropical convection; Figure as was

determined using an index described in Wheeler and Hendon| (2004).

The MJO is of interest to this thesis because of its relationship with synoptic timescale disturbances such
as Kelvin waves, its direct impact on precipitation on timescales of one day to weeks thus overlapping with
synoptic timescales (Pohl and Camberlin, 2006b; Barlow et al., 2005) and its association with widespread
convection over Equatorial Africa (e.g.,[Laing et al.l 2011). Furthermore, Sobel and Kim|(2012) suggested that

the MJO tends to transition into an eastward propagating dry Kelvin wave after decoupling with convection

and [Haertel et al.| (2015) suggested that as the MJO matures, a Kelvin waves emerges from its eastern edge,

transitions into a dry Kelvin wave and propagates eastward. The influence of the MJO on precipitation over
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Equatorial Africa will be further discussed in Chapter

One of the most important tropical disturbances that modulates synoptic-timescale convection and precip-
itation variability over Equatorial Africa is the CCKW (Schlueter, [2020). Atmospheric Kelvin waves (Kelvin
waves hereafter) are large-scale tropical disturbances that propagate eastward along a physical boundary such
as the equator. In the tropical belt, the change in the polarity of the Coriolis parameter at the equator renders
Kelvin waves to be equatorially trapped. Kelvin waves that interact with and are linked to deep, moist convec-
tion are commonly known as CCKWs. The interaction of the CCKWs with convection at local and regional
scales over Equatorial Africa is an issue whose solution could lead to an improved understanding of Kelvin
waves and an improvement in synoptic temporal forecasts over this region. Previous studies such as|Mounier
et al.| (2007) and |[Laing et al.|(2011) showed that the passage of a CCKW over Equatorial Africa is associated
with increased size and duration of MCSs. In essence, Kelvin waves play an important role in modulating
synoptic-scale precipitation variability (e.g., Nguyen and Duvel, 2008; Laing et al., 2011} Jackson et al., 2019).
This suggests that CCKWs might influence extreme precipitation over Equatorial Africa, however, this aspect

has not been adequately investigated. This thesis contributes knowledge on this aspect.

The impact of Kelvin waves on deep, moist convection is confined within a latitudinal belt of ~ £10°
about the equator (Kiladis et al., 2009). Over Equatorial Africa, Kelvin waves are characterised by periodicity
of 2-6 days and wave length of 2000-3000 km (e.g., Mekonnen et al., 2008). The influence of Kelvin waves on
convection varies in both time and space (e.g.,[Roundy and Frank|[2004). These waves can be tracked for several
days and thus might constitute an important source of short-to-medium range predictability of convection and
precipitation over Equatorial Africa (e.g., Wheeler and Weickmann, 2001). Information on synoptic-timescale
precipitation variability helps communities to take advantage of both wet and dry spells to manage agricul-
tural productivity, particularly over Equatorial Africa (e.g.,|Sinclaire et al., [2015). However, global Numerical
Weather Prediction (NWP) models over this region have low skill even for short lead time of a few days to a
week (e.g.,|Vogel et al., 2020). Furthermore, Vogel et al.| (2020) reported that these models are not skillful in
capturing extreme precipitation episodes. One reason for the low skill might be the poor understanding and

representation of the processes that control synoptic-timescale precipitation variability.

Sinclaire et al.| (2015) and Mekonnen et al.| (2008) suggested that CCKWs play a role in the eastward
propagation of convective activity, thereby modulating localised precipitation episodes along their path across
tropical Africa. For example, an intense Kelvin wave that propagated through tropical Africa during the period
6-12 August 1987 was associated with an increase in precipitation (e.g.,[Mekonnen et al., 2008)). Similar case
studies, but over Equatorial Africa during boreal spring and autumn rains, have not been explored in the exist-
ing literature. In addition, the processes through which CCKWs modulate eastward propagation of convective
activity and precipitation across Equatorial Africa remain unclear. An inquiry into whether the eastward prop-
agation of convective activity is present in observed precipitation as well as the associated processes will add

knowledge on the meteorology of Equatorial Africa. Also, an investigation in relation to how well CCKWs
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modulate the eastward propagation of convection and precipitation would likely be useful in improving NWP

and climate models.

Most operational weather forecasting at National Meteorological Centres (NMCs) in Equatorial African
countries depend on global model guidance. However, global models tend to produce too light and too frequent
precipitation (e.g., Stephens et al.l [2010), implying that these models are not skillful in capturing extreme
precipitation episodes (e.g., [Vogel et al., [2020). Due to coarse grid spacing, global models must implement
a convection scheme to represent sub-grid scale processes. This, coupled with other limitations linked to
parameterisations of other sub-grid scale processes may cause them to struggle to realistically simulate tropical
modes such as MJO (e.g., Lin et al., [2006) and CCKWs (e.g., |Yang et al., 2009). Due to problems in global
models, the scientific community is looking in the direction of Convection Permitting Models (CPMs) to reduce
the gap in knowledge about the climate. Unlike models that parameterise convection, CPMs are configured
with fine grid spacing (~1-5 km) so that they are able to physically represent individual clouds and mesoscale
convective circulations without using convective parameterisations. CPMs have a realistic representation of
clouds and precipitation compared to their counterpart models with the same grid spacing but with a convection
parametrisation scheme switched on (Stein et al., [2015). While CPMs are currently being used for numerical
weather prediction (e.g., Woodhams et al., 2018) and climate studies (e.g., Kendon et al., [2019)), the important
processes that control precipitation variability across Equatorial Africa need rigorous evaluation so that findings
inform model development (James et al., 2018)). This thesis evaluates both a convection permitting simulation

and a coarse global simulation with respect to the eastward propagation of convection and precipitation.

Mekonnen and Thorncroft| (2016) pointed out that forecasters in EEA and the African Centre for Meteo-
rological Applications and Development (ACMAD) pay attention to the convective activity in the Congo Basin
(part of WEA) in their forecasting discussions. This interest might be based on early studies such as Hills
(1979) that suggested that the low-level westerly flow (the Congo airmass) is one of the sources of moisture
and convective instability that accounts for precipitation over Sudan, Ethiopia, Uganda and western Kenya.
Van der Ent et al.[(2010) reported that EEA is a source of moisture for convective instability over WEA. The
results in Hills|(1979) and |Van der Ent et al.[|(2010) suggest an intra-equatorial Africa interaction that warrants
attention. To date, studies focusing on the west-east propagation convection and precipitation across Equatorial
Africa are scarce. It would be expected that an improved understanding of the propagation of convection and
precipitation from west to east across Equatorial Africa might provide a source of synoptic-timescale precipita-
tion predictability downstream. As discussed above, recent work in Mekonnen and Thorncroft (2016)) showed
a synoptic-timescale convective activity linkage between the Congo Basin and East Africa in boreal summer’s
CBT (e.g., see §2.1.3). Considering the importance of the west-east propagation of convection and precipita-
tion to forecasters in EEA and ACMAD, the study by Mekonnen and Thorncroft| (2016 merits an extension by
examining: (i) actual observed daily precipitation instead of CBT; (ii) repeating (i) for a number of different
datasets; (iii) undertaking this for the whole year (rather than boreal summer only); (iv) using a higher spatial

resolution; (v) and using both observations and state-of-the-art regional climate model to explore the physical
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mechanisms that are responsible for the eastward propagation of convection and precipitation.

Against the above background, this thesis investigates, using observations, reanalysis, an Africa-wide
state-of-the-art high resolution climate simulation from a convection permitting model, and a coarse global
simulation, the precipitation relationship between EEA and WEA and the associated physical processes. Fur-
ther, the linkage between high-amplitude Kelvin waves and precipitation over Equatorial Africa is investigated.
The high resolution climate simulation examined in this thesis was run as part of the Future Climate for Africa
(FCFA) Improving Model Processes for African Climate IMPALA) project. FCFA aims at revitalising climate
science over Africa and ensuring that the new climate science causes an impact in the development of the con-
tinent. The IMPALA project seeks to understand the impact of high resolution and explicit representation of
convection on the present and future climate of Africa (Senior et al., [2020). The results in this thesis high-
light the deficiencies in the models in terms of representation of the coupling between Kelvin waves and the
precipitation. It is therefore expected that the results in this thesis will have both direct and indirect societal

benefits.

1.2 Thesis outline

This section provides a broad structure of the thesis; Section [2.7]reveals the details of each chapter.

Chapter [2)is an expansion of the current introduction and provides a general overview of the past research

work concerning precipitation variability over Equatorial Africa.

In Chapter E], the datasets and the methods used in this thesis are described. For instance, the method
used to identify Kelvin wave activity (equatorial wave data in both reanalysis and simulations is illustrated in

Section

In Chapter ] focus is placed on the observed synoptic-scale precipitation connection between WEA and
EEA. Work in this chapter has been published in the International Journal of Climatology (Ayesiga et al.,2021).

The material on methods for this chapter can be seen in Chapter 3]

Chapter [5] investigates the presence of the eastward propagating of precipitation signal in a multi-year
state-of-the-art Africa-wide convection permitting simulation (CP4A) (§3.2.4.2) alongside its global driving
model (G25) (§3.2.4.1). This chapter goes further to explore the processes through which CCKWs modulate
the eastward propagation of precipitation across Equatorial Africa by examining both simulations, observed
precipitation estimates and reanalysis. Also, both simulations are evaluated against observations and reanalysis.
Work in this chapter has been published in the Journal of Atmospheric Sciences (Ayesiga et al., 2022, ©
American Meteorological Society. Used with permission). The material on methods for this chapter is

provided in Chapter

Chapter [6] explores the role of high-amplitude Kelvin waves in modulating extreme precipitation over

Equatorial Africa. The case studies of eastward propagating extreme precipitation are presented and discussed.
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This chapter is currently being written up into a paper and is expected to be submitted soon.

Finally, in Chapter|[7} the key findings have been summarised, and the scientific advances are highlighted.
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Chapter 2

Scientific Background

In this chapter, a general introduction on precipitation over Equatorial Africa is provided in Section[2.1] An
overview of precipitation variability in WEA is given in Section [2.1.T]and Section [2.1.2]looks at precipitation
variability over EEA. Since part of this thesis focuses on the precipitation and convection relationship between
WEA and EEA, Section [2.1.3] presents a more detailed examination of published work that is relevant to this
subject. In Section [2.2] a general overview of the atmospheric circulation. In Section [2.3] an overview of
equatorial waves over Equatorial Africa is presented. Then, Section [2.4] provides a brief review of the eastward
propagation of the convective signal across Equatorial Africa. A separate examination of literature on Kelvin
wave activity and its association with precipitation over Equatorial Africa is given in Section [2.5] Section[2.6]
presents a brief overview of CCKWs and extreme precipitation. Finally, Section[2.7) presents the objectives of

this thesis and demonstrates how the objectives are achieved.

2.1 Introduction

Rainfall variability at various timescales has a direct influence on rain-fed agricultural productivity be-
cause it determines the amount of available soil moisture (e.g., Black et al., [2016) as well as the frequency
of replenishing surface and underground water for production (Taylor et al., 2019). Unexpected changes in
the frequency, spatial distribution and intensity of rainfall threatens millions of lives in Equatorial Africa that
depend on it for not only a decent livelihood but also their very survival (e.g., Ray et al.|[2015};[FAO,[2016)). For
example, the occurrence of prolonged dry spells can lead to crop failure (e.g.,|Usman and Reason, 2004} while
excessive rains are likely to cause destructive flooding and landslides; therefore, to minimize loss of life and

livelihoods, it is important to develop robust forecasting systems for various timescales (Ongoma et al., 2018)).

In Equatorial Africa, however, the reliability of short-term forecasts depends on experts’ ability to extrap-

olate the prevailing conditions, as well as interpretation of forecast maps from global forecast centres (Graham
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et al., 2015). While forecast model guidance from convection permitting models has become an additional tool
to support forecasting over EEA (e.g.,[Woodhams et al., |2018)), a similar tool for WEA is less common. Even
with the evolution of convection permitting models, the challenge of unrealistic representation of the spatial

and temporal interaction of key drivers of convection and precipitation variability remains.

One broad question that remains open concerns the drivers of precipitation variability over Equatorial
Africa. Satisfactorily addressing this issue is important because a thorough understanding of these variations
and their drivers across spatial and temporal scales is a positive step toward improving the precipitation fore-
casts. Some studies have investigated the potential drivers of precipitation variability over this region. For
example, it has been reported that synoptic-scale precipitation variability over Equatorial Africa is largely
modulated by large-scale features such as equatorial waves (e.g., [Schlueter, 2020). This precipitation variabil-
ity manifests as episodes of enhanced or suppressed daily rainfall. This suggests that representation of large-
scale features and their interaction with convection and precipitation in climate models and weather forecasting

models is important for forecasting systems.

One major step in improving short-to-medium-range forecasting is enhancing knowledge on the role of
synoptic scale disturbances such as equatorial waves in modulating convection and precipitation over Equa-
torial Africa. These disturbances influence convection and precipitation by significantly perturbing the basic
state of atmospheric fields such as pressure, temperature and wind. The resulting latent heat released by the
deep convection associated with the perturbed fields can cause the generation of new equatorial waves (e.g.,
Lindzen, [2003)). As a wave propagates, it interacts with convection through, for example, enhancing low-level
moisture flux (e.g., Mekonnen et al., 2008} [Sinclaire et al.,[2015]) and influencing convection and precipitation

downstream, and this may cause a reduction in its speed of propagation.

The major wave-like tropical disturbances that influence precipitation variability over Equatorial Africa
include the MJO (e.g., [Pohl and Camberlin, 2006b; Hogan et al., 2015), Kelvin waves (e.g., Wheeler and
Kiladis| [1999), Equatorial Rossby Waves and mixed Rossby-gravity waves (e.g., Roundy and Frankl 2004)).
These are further briefly discussed in Sections[2.2]and[2.5] These tropical disturbances occur on different spatial
scales and frequency. However, multiscale interactions between, for example, Kelvin waves and the MJO have
been found to be major sources of synoptic-timescale convection and precipitation variability over Equatorial
Africa (e.g., Laing et alJ, 2011). Incidentally, there are few publications that have studied synoptic-timescale
convection and precipitation over Equatorial Africa as a whole (e.g.,[Kamsu-Tamo et al.,2014; Mekonnen and
Thorncroft, |2016). There might be several reasons for this but one such reason is the lack of long-term high
resolution observations over most of Equatorial Africa (e.g.,|Washington et al.,|2013)). The availability of recent
high-resolution and long-term simulations over large domains provides an opportunity to study the meteorology

of Equatorial Africa in detail and in a physically consistent manner.

This work focuses on all of Equatorial Africa, rather than focusing exclusively on WEA or EEA. To

provide context to this work, below a brief review of precipitation variability in both regions is presented.
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Figure 2.1: Monthly mean precipitation (mm day™') based on 16 years (1998 - 2013) of TRMM daily estimates.

2.1.1 Precipitation variability in WEA

Across Equatorial Africa, WEA is the least studied region (Washington et al., 2013}, [Alsdorf et al., 2016)

yet convection in this region influences convective activity and precipitation in neighbouring regions (Mataril
2002). Since large-scale convection in WEA is important for the entire global tropics, comprehensive under-
standing of convective activity in this region is likely to provide information on convection and precipitation

variability of other regions like EEA.
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The precipitation regime in much of WEA is generally a bimodal annual rainfall cycle with the maxima in
April and October as shown in Figure 2.1|based on TRMM. However, in the regions within approximately £5°
about the equator a unimodal rainfall cycle prevails (Dunning et al., 2016). WEA is one of the most convective
regions in the global tropics (e.g., Hartman, 2021}, and so precipitation in this region is dominated by MCSs
(Nicholson and Grist, 2003). In Jackson et al.|(2009), TRMM satellite estimates were used to investigate MCS
activity over western equatorial Africa. They found three sub-regions of maximum MCS activity, two over
elevated orography and the other over Lake Victoria. These authors concluded that the interaction between
large-scale circulation and upslope winds favours development of intense convection and precipitation over the
region. The maximum MCS activity found in [Jackson et al.| (2009) may be associated with the peak rainfall
over Lake Victoria in Figure The results in Jackson et al.| (2009)) are in agreement with those in [Nguyen
and Duvel (2008)) who also found initiation of MCSs over the East African highlands on the western branch of
the East African rift valley. What this suggests is that any disturbance that modifies MCSs over WEA indirectly

impacts the precipitation variability over this part of the continent.

Over WEA, most studies have focused on precipitation climatology, interannual variability (Nicholson
and Grist, 2003; [Todd and Washington, 2004} Balas et al., |2007) and MCSs (Zipser et al., 2006; Jackson
et al., 2009) and only a few have looked at drivers of synoptic-timescale variability (Nguyen and Duvel, [2008;
Laing et al., [2011]). For example, Nicholson and Grist|(2003) analysed precipitation records from 1400-stations
and National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR)
reanalysis to explore the annual cycle in precipitation and the associated general circulation features over West
Africa and Central Africa. They found that in the Northern Hemisphere east of 10°E, upper level divergence
associated with the Tropical Easterly Jet (TEJ) influences the development of the seasonal rains by providing a
favourable environment for convective activity and in turn, the precipitation indirectly influences the jet through

modulation of the surface temperature gradient.

Balas et al.| (2007)) examined monthly precipitation rain gauge data and SSTs obtained from the Compre-
hensive Ocean Atmospheric Dataset (COADS) to investigate the relationship between SSTs in various Ocean
basins (tropical Atlantic, Pacific and Indian) and interannual precipitation variability over western equatorial
Africa (defined in their study as 5°S-10°N,7°E-30°E). They found that interannual precipitation variability is
associated with several drivers such as a general warming or cooling over the ocean basins, particularly the
Atlantic, the Pacific Ocean El Nifio and the SST contrast between the Atlantic and Indian Oceans. They noted
that the Atlantic Ocean, for example, influences seasonal precipitation through modulation of the location of
the ITCZ. As noted earlier, the ITCZ provides a favourable environment for the development of deep convective
systems. They also suggested that the SST contrast between the Indian and Atlantic Oceans leads to an east-
west shift of convective activity. [Todd and Washington|(2004) investigated the connection between interannual
precipitation variability over Central Equatorial Africa (12°S-7°N,15°E-32°E) and large-scale circulation over
North Atlantic Ocean during boreal spring and boreal winter. They found that anomalous precipitation over

Central Equatorial Africa is associated with anomalous westerly mid-tropospheric zonal winds over the Atlantic
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Ocean.

The key sources of moisture for precipitation in WEA are the Indian Ocean (e.g.,[ McCollum et al., 2000),
moisture recycling from Congo Basin (e.g., [Pokam et al., 2014), and moisture transported from the Atlantic
Ocean (e.g., Pokam et al., 2012). Dyer et al.|(2017) investigated these moisture sources and found that in both
boreal spring and autumn, the southwestern Indian Ocean accounts for about 21% and 25%, respectively, for
the recycling ratio for moisture over the region. It is possible that the Turkana Low-Level Jet (TLLJ) (e.g.,
helps in the eastward transport of moisture. While the Indian Ocean has been identified as a source of
moisture for the Congo Basin, it has also been suggested that near the surface (1000-825hPa), the East African
highlands tend to block moisture from the Indian Ocean from penetrating deep into the interior of Equatorial

Africa (McCollum et al., 2000).

2.1.2 Precipitation variability in EEA

The weather and climate patterns over EEA are highly variable and are associated with several physical
mechanisms. As discussed in Chapter |1, EEA is climatologically drier than WEA. For instance, the mean
seasonal rainfall for March through to June is less than 200 mm over much of EEA (e.g., Berhane et al., 2015j
their Figure 1). Why is EEA generally drier than other equatorial regions remains an open question. Recently,
Yang et al.| (2015) examined the monthly precipitation amounts from Global Precipitation Climatology Centre
(GPCC), Global Precipitation Climatology Project (GPCP), SSTs from the National Oceanic and Atmospheric
Administration (NOAA) National Climate Data Center (NCDC) and ERA-Interim Atmospheric fields from
the European Centre for Medium-Range Weather Forecasts (ECMWF) over East Africa (10°S-12°N, 30-52°E,
note that their definition is similar to EEA used in this thesis). They found weak positive vertically integrated
moisture flux convergence during the rainy seasons and negative during most of the year. They concluded that
the low climatological precipitation over EEA is explained by the low moist static energy air that originates
from the Indian Ocean. |Vellinga and Milton! (2018) found that precipitation in early boreal spring is suppressed
by large-scale subsidence of dry air, a result that might explain why East Africa is generally drier than other

equatorial regions.

Several other publications that studied precipitation variability over EEA focused on seasonal timescales
(Ogallo, (1988} Mutai et al., [1998; |Philippon et al., 2002; |Camberlin and Philippon, 2002 |Gitau et al., [2015)
and interannual variability (e.g., Beltrando and Cadet, [1990; Gong et al.,|2016)). Results from studies conducted
on a seasonal timescale show agreement in that seasonal precipitation over EEA has a high potential for pre-
dictability especially for the boreal autumn (e.g., |Ogallol [1988; [Mutai et al.l [1998}; [Washington et al., [2013;
Gitau et al.,2015; |Wenhaji Ndomeni et al., [2018). Like in WEA, synoptic-timescale variability remains largely

insufficiently researched over EEA.

Intraseasonal timescale precipitation variability over EEA has also been looked at by some studies (e.g.,

Mutai and Ward, [2000; Sandjon et al., 20143Pohl and Camberlin, 2006b; (Chan et al., 2008} [Hogan et al.,
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2015). For example, Hogan et al.| (2015) analysed TRMM, ERA-I and a global model simulation from the UK
Met Office and demonstrated that when the MJO is in phases 2-4, precipitation over East Africa’s highlands
is enhanced while that over the coast is suppressed. Results in [Hogan et al.| (2015) lend support to results in
Pohl and Camberlin| (2006b). The role of the MJO in impacting precipitation over Equatorial Africa is further

discussed in Section 2.4]

Both large-scale and local forcing have been found to drive precipitation variability over EEA. For in-
stance, (Ogwang et al.| (2014) used the International Centre for Theoretical Physics (ICTP) Regional Climate
Model (RCM) and demonstrated that local variations in precipitation over EEA during September-December
are partly accounted for by EEA’s complex topography. An earlier study by [Slingo et al.| (2005) assessed the
sensitivity of EEA’s precipitation to topography using a global model. In agreement with Ogwang et al.[(2014),
they found that the retention of East Africa’s topographic effects in the model lead to enhancement of precipi-
tation over East Africa. In addition, Nicholson| (2017) reported that the East African highlands on the western
branch of the rift valley tend to cut off moisture transport associated with the low-level westerly flow and this
causes suppressed precipitation over EEA. Findings in{Jackson et al.| (2009)),[Nguyen and Duvel| (2008)), Slingo
et al.| (2005) and (Ogwang et al.| (2014) are suggestive of an important role of topography across Equatorial
Africa. In terms of sources of convective instability over EEA, the key sources of moisture for precipitation
over EEA is the Congo airmass (e.g.,|Basalirwa, [1995; Finney et al.,|2020) and the Indian Ocean (e.g., Black,
2005; Wenhaji Ndomeni et al.,[2018)). In general, precipitation over EEA is accounted for by coupling between
convection and anomalous zonal wind, more especially the low-level anomalous westerly flow (e.g.,/Nicholson,

2017; Finney et al., 2020).

2.1.3 Convection and Precipitation relationship between WEA and EEA

Convection and precipitation relationships between different regions are valuable in that they can provide
useful information for improving statistical and dynamical weather and climate models. The precipitation
and convective activity connection between WEA and EEA has been alluded to in previous publications. For
example, moisture advection from WEA contributes to convective activity variability over EEA (e.g., Basalirwa,
1995; [Levin et al., 2009} [Williams and Funk, [2011)) and in return, EEA is also known for being a source of
moisture for the MCSs in WEA (e.g., Dezfuli, |2017; |Van der Ent et al., 2010). Understanding the synoptic-
timescale precipitation relationship between WEA and EEA may be a source of precipitation predictability for
precipitation downstream. However, not much literature is available in terms of the interaction between WEA
and EEA. As noted above, this could be due to the scarcity of high spatial and temporal resolution observations

over much of Equatorial Africa (Nicholson and Dezfuli, [2013]).

Nonetheless, recent studies such as [Mekonnen and Thorncroft| (2016)) found a synoptic-scale convective
activity relationship between Congo Basin and East Africa. These authors analysed 22-years of Kelvin wave

filtered and unfiltered cloud brightness temperature and reanalysis (ERA-Interim) to explore the convective ac-
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tivity connection between Congo Basin and East Africa during boreal summer. To retain the synoptic timescale
(2-10 days) variability in cloud brightness temperature and wind field, these researchers applied a band-pass fil-
ter as described in/Duchon|(1979), and the Kelvin wave signal was isolated using zonal wavenumber-frequency
filtering based on [Wheeler and Kiladis| (1999). Using regression composite analysis, [Mekonnen and Thorn-
croft| (2016) found a dipole pattern of synoptic-scale convective activity between the Congo Basin and Eastern
Africa. They suggested that CCKWs modulate a coherent eastward/northeastward propagating convective sig-
nal that oscillates between enhanced and suppressed phases with a periodicity of 3—4 days. They also found
that low-level westerly and southwesterly anomalous winds are linked to enhanced convection over East Africa,
while northeasterly wind anomalies are linked to suppressed convection. In relation to drivers of the convective
activity connection between Congo Basin and East Africa, [Mekonnen and Thorncroft (2016) concluded that

Kelvin waves play a significant role in the eastward propagation of convective activity.

Note that results in Mekonnen and Thorncroft (2016) are based on cloud brightness temperature during
boreal summer. This suggests that there should also be a relationship between WEA and EEA based on observed
precipitation for boreal spring and autumn. However, the intra-equatorial Africa precipitation relationship has
not been comprehensively explored. In addition, the physical processes through which CCKWs modulate the
eastward propagation of convection and precipitation across Equatorial Africa have not been studied in detail.
Furthermore, the literature on the representation of both aspects in climate model output is still scarce. This
study aims at advancing knowledge on these aspects. The findings from this study will benefit the wider
forecasting community because, as mentioned above, the interactions between WEA and EEA are considered

important in synoptic weather discussions over Equatorial Africa (Mekonnen and Thorncroft, 2016).

Consistent with Mekonnen and Thorncroft (2016)), the variations in precipitation amounts on a synop-
tic timescale over tropical Africa is predominantly influenced by CCKWs (e.g., Kamsu-Tamo et al. [2014;
Schlueter, [2020). Although [Kamsu-Tamo et al.| (2014) did not focus on the relationship between WEA and
EEA, they investigated synoptic timescale and intraseasonal convection and precipitation variability across
Equatorial Africa. They analysed the boreal spring TRMM satellite estimates, GPCP, Outgoing Longwave Ra-
diation (OLR) from NOAA and daily ERA-Interim reanalysis atmospheric fields using regression and space-
time spectral analysis of OLR. They found an eastward propagating signal in atmospheric fields consistent
with CCKWs dynamics. They concluded that CCKWs and the MJO are the dominant modes of synoptic scale

precipitation variability, particularly over the Guinean coast.

CCKW activity over Equatorial Africa has been detected in both observations (e.g., Nguyen and Duvel,
2008; [Laing et al.l [2011; (Wheeler and Nguyen, 2015; Mekonnen and Thorncroft, [2016) and regional climate
model simulations (e.g., Tulich et al.,2011; Jackson et al., 2019). These convection-organizing waves are most
active during MAM (Roundy and Frank| 2004)). They originate from various regions in the tropics such as the
eastern Pacific (e.g.,[Mekonnen et al., [2008; [Liebmann et al., 2009), and their speed of propagation depends on

the extent to which they are coupled to convection (Mounier et al., 2007; [Laing et al., [2011]). Section@below
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gives further discussion on CCKWs.

Pohl and Camberlin| (2006b) used composite analysis on daily rain-gauge records over the period 1971-
1995, GPCP rainfall data, daily OLR obtained from NOAA as a proxy for deep convection and various atmo-
spheric fields from NCEP reanalysis and detected a Kelvin wave signal that causes upper tropospheric cooling
during boreal spring, thereby enhancing the convective potential over EEA. [Nguyen and Duvel (2008)) per-
formed a spectral analysis of daily OLR time series and examined daily precipitation dataset from the Climate
Prediction Center (CPC) Merged Analysis of Precipitation (CMAP), ECMWF’s ERA-40 reanalysis and satellite
infrared brightness temperature from Cloud Archive User Service (CLAUS). They revealed Kelvin wave struc-
ture in the horizontal wind field that resemble theoretical Kelvin waves. Their results indicated that CCKWs
modulate MCSs into larger and organised convective features. In addition, they also found that the eastward
propagating convective signal associated with Kelvin waves tends to weaken while propagating over highlands
on the western branch of the East African rift valley. The weakening of the Kelvin wave signal over the East

African highlands was also highlighted in Mounier et al.| (2007)).

Laing et al.| (2011)) examined daily OLR from NOAA, cloud brightness temperature from the European
geostationary meteorological satellite (meteosat-7) and atmospheric fields from NCEP Global Final Analysis
(FNL) for both boreal spring and boreal autumn. They undertook zonal wavenumber-frequency filtering of
OLR to isolate CCKWs. Their findings suggest that CCKWs provide a favourable environment for westward
propagating convective features to become larger in association with the low-level wind shear that is related
to southwesterly monsoonal winds and mid-troposheric easterly jets. [Wheeler and Nguyen| (2015) examined
22 years of Kelvin wave filtered cloud brightness temperature from CLAUS. They found that the passage of
a CCKW over Equatorial Africa is preceded by low-level easterly wind anomalies, while the trailing end of
the wave is dominated by anomalous low-level westerlies that are in phase with positive low-level geopotential

height anomalies.

Results in studies described above highlight the importance of Kelvin waves to Equatorial Africa’s
synoptic-timescale precipitation variability. This means that understanding the physical processes through
which CCKWs modulate precipitation over Equatorial Africa may be helpful in improving weather and climate

models. However, this aspect has not been given sufficient attention.

Further scrutiny of the literature suggests that a greater number of the studies that have paid attention to the
dynamics of CCKWs over Africa focused on tropical North Africa (e.g.,[Mounier et al.,2007; Mekonnen et al.,
2008; | Ventrice and Thorncroft, 2013} |Yang et al.,[2018}; |Schlueter et al.,|2019) and only a handful (e.g., Nguyen
and Duvel, [2008; Laing et al., 2011; Sinclaire et al., 2015} [Mekonnen and Thorncroft, [2016) have looked at
Equatorial Africa, defined here as approximately 4-15° about the equator. Also, the representation of Kelvin
wave activity and the associated eastward propagating convection and precipitation signal in climate models

has not been sufficiently investigated.
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2.2 Atmospheric circulation over Equatorial Africa

Atmospheric circulation is important in understanding synoptic-timescale precipitation variability. This is
because it drives several processes such as low-level convergence and also transports moisture which is nec-
essary for moist convection (e.g., Longandjo and Rouault, 2020). Synoptic-timescale precipitation variability
can be influenced by large-scale circulation, local circulation systems or an interaction of both (Longandjo and
Rouault, [2020). The large-scale circulation over Equatorial Africa is dominated by the interaction between the
southeast and northeast trade winds, a feature that is identified as the ITCZ. The regional circulation patterns
over WEA are generally complicated. |Pokam et al.| (2014) noted that the heating contrast between the eastern
Atlantic Ocean and the landmass over WEA generates a Walker-like cell with the low-level westerlies as the
lower branch. This westerly flow is important for transporting moisture into EEA (e.g.,|Basalirwa, 1995} Finney

et al., [2020).

Hastenrath| (2000) proposed that during boreal autumn, a zonal-vertical circulation cell develops along
the Indian Ocean equator with its ascending branch over Indonesia, descending branch over East Africa and
low-level winds blowing away from East Africa. This zonal-vertical circulation suggested in Hastenrath|(2000)
suppresses precipitation over the East African coastal areas. It is plausible that the existence of various circula-
tion systems and their interactions account for the heterogeneity of precipitation across Equatorial Africa high-
lighted in Nicholson and Dezfuli| (2013]). Other regional circulation features include the Congo Air Boundary
(CAB), a region of convergence for the moisture laden low-level westerlies/southwesterlies and easterlies from
the Indian Ocean. This feature is present in central WEA during boreal summer (e.g., Mekonnen and Thorn-
croft, [2016; their Figure 2) and further south with an extension into EEA during boreal spring (e.g., Howard
and Washington, [2019; their Figure 13). The low-level convergence within the CAB might be associated with

precipitation over some areas in Equatorial Africa.

Another regional circulation feature that is worth noting in as far as precipitation climatology over Equa-
torial Africa is concerned is the Turkana Low-Level Jet (TLLJ) (Kinuthia and Asnanil [1982;|Indeje et al.,|2001;
Nicholson, 2016; Munday et al., 2021). The TLLJ is a nocturnal low-level jet located between the Ethiopian
Highlands and East African Highlands (e.g., see Nicholson, [2016; their Figure 1) and exists all year round,
with wind speeds occasionally in excess of 50 m s™'. Using ERA-Interim dataset, Nicholson| (2016) found that
the high wind speeds in the TLLJ are linked to drier conditions particularly during nocturnal hours (0000UTC,
0600UTC) and may partly explain the low mean annual precipitation over southern Somalia, southeastern
Ethiopia and northeastern Kenya. In agreement with Nicholson|(2016)), results in Munday et al.| (2021 showed
that at interannual timescales, stronger TLLJ leads to suppressed precipitation over East Africa due to low-level
divergence and moisture transport away from the region associated with the jet. Munday et al.| (2021)) further
showed that the annual cycle of convective instability over a larger area in WEA is connected to the easterly

moisture transport by the TLLJ. On daily timescales, [Vizy and Cook| (2019) found a significant negative cor-
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relation between the daily TLLJ strength and precipitation over eastern South Sudan, and East African and
Ethiopian Highlands. Clearly, the TLLJ is an important circulation feature for precipitation climatology over

Equatorial Africa.

Over EEA, Lake Victoria generates its own mesoscale circulation system that modulates precipitation over
the lake and the surrounding areas. It is also documented that Lake Victoria’s surface temperatures influence
circulation and precipitation over several areas in EEA (Sun et al, 2015). The MCSs found within the Lake
Victoria Basin as found in|{Jackson et al.|(2009) might be partly associated with the lake’s mesoscale circulation.
Over the coast of east Africa, mesoscale sea-breeze circulations interact with the large-scale circulation to
produce convective activity and precipitation that is remarkably different from that in the interior of Equatorial

Africa (Camberlin and Planchon, |1997).

2.3 Atmospheric equatorial waves over Equatorial Africa

Atmospheric equatorial waves (equatorial waves hereafter) are large-scale disturbances that drive precip-
itation variability through modulation of convection in the tropics. Convectively Coupled Equatorial Waves
(CCEWs) have in past studies been defined as large coherent structures that are formed when dry equatorial
waves couple with water vapour and convection (e.g., Stechmann et al., [2013)). Equatorial Africa is part of
the tropical belt that harbours a wide spectrum of equatorial waves. These include Equatorial Rossby Waves
(ERW5s), Kelvin waves (KWs) (e.g., [Nguyen and Duvel, 2008; Mekonnen et al.| 2008} [Laing et al., 2011} [Ze-
baze et al., [2017; Mekonnen and Thorncroft, [2016), and mixed Rossby-gravity Waves (Roundy and Frank,
2004). The basic structures of these modes of precipitation variability can be obtained as solutions to shallow-
water equations on an equatorial B-plane linearised about a state of rest (Matsuno, |1966); however, this theory
alone may not explain the structure of equatorial waves observed in the real atmosphere (Roundy and Frank,

2004).

Kelvin waves are eastward propagating modes of tropical convection and precipitation variability and
they are associated with variance in tropical convection that is symmetric about the equator (e.g., [Kiladis and
Wheeler, [1995)). Kelvin waves are also referred to as the n = —1 waves (see Chapter . These waves are

briefly introduced here for purposes of completeness. A further discussion about them is given in Section[2.5]

ERWs, also referred to as the n=1 equatorial Rossby waves, are westward propagating tropical distur-
bances (e.g., Kiladis and Wheeler,|1995). ERWs have a symmetric circulation about the equator and propagate
with a speed of about 5 m s!. They show a maximum zonal wind perturbation along the equator and the merid-
ional wind maximum perturbation is located at about 10°-15° off the equator (e.g., Kiladis and Wheeler, |1995)
(see Figure 2.2). On the global scale, in comparison to the MJO and Kelvin waves, ERWs explain a lower
variance of tropical convection but strongly modulate convection in a few off-equatorial regions such as over

the Philippines (e.g.,|Wheeler and Kiladis, [1999). During boreal spring and boreal autumn, ERWs account for
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less than 3% of the total variance in convection over Equatorial Africa (Roundy and Frank, |2004).
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Figure 2.2: The theoretical horizontal structures of some of the equatorial waves. (a) the n=1 westward-propagating
Rossby waves, (b) Kelvin wave, (c) n=0 west-ward propagating mixed Rossby-gravity (WMRG) wave, n=0 eastward-
propagating mixed Rossby-gravity (EMRG), n=1 westward-propagating Gravity wave (WG) and eastward-propagating
Gravity (EG). The vectors indicate horizontal wind and divergence is shown in colors. The maximum zonal wind in the
Kelvin wave has been taken to be 1 m s’!, and the maximum meridional wind in the n=0 MRG waves to be 1 m s™' and
in the n=1 waves 0.86 m s!. The trapping scale was considered to be 6° and the zonal wavenumber k=6. The unit for
divergence is s”!. Adapted and modified from|Yang et al.| (2007a)

Mixed Rossby-gravity (MRG) waves are planetary-to-synoptic-scale westward (WMRG) and eastward
(EMRG) propagating equatorial waves. These waves have a periodicity of 4-5 days and influence off-equatorial
convection. MRG waves propagate with a speed of between 15-20 m s™!, have a zonal wavelength of between
7000-9000 km and are associated with antisymmetric fluctuations in tropical convection (Hendon and Lieb-
mann| [1991) (see Figure 2.2)). Convectively coupled MRG waves exhibit the strongest activity over central and
eastern Pacific during boreal summer (e.g.,[Wheeler and Kiladis, [1999). Over Equatorial Africa, MRG waves

explain less than 3% of the total variance in convection (Roundy and Frank, [2004)).

Other high frequency equatorial waves include the n=0 Eastward Inertio-gravity waves. Whether ERWs,

MRG (WMRG and EMRG) waves or Eastward Inertio-gravity waves play a role in modulating precipitation
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over Equatorial Africa is a topic for future research.

2.4 The eastward propagating convective signal over Equatorial Africa

Studies over Equatorial Africa have found an eastward propagating convective signal in OLR (e.g., Mpeta
and Jury, 2001; Mekonnen et al., 2008} (Chan et al.,[2008}; [Kamsu-Tamo et al.,[2014; Mekonnen and Thorncroft,
2016). This is perhaps not completely surprising because earlier studies such as Nakazawa (1988)) identified
eastward moving super cloud clusters composed of individual westward moving mesoscale convective systems
over the western Pacific Ocean. Figure @ adapted from (Mekonnen et al., [2008]), shows a convective signal
that propagates eastward together with a Kelvin wave filtered cloud brightness temperature between 7-11 Au-
gust 1987. This figure motivates questions like: is such an eastward propagating feature present in observed, or

simulated, precipitation?

Another important eastward propagating tropical disturbance that has a lower frequency and larger spatial
scale than Kelvin waves is the MJO (e.g.,|Wheeler and Kiladis} [1999). In fact, some early studies such as Wang
(1988) likened the MJO to CCKWs described in Chapter|[I] Other studies such asRoundy|(2008) and|Guo et al.
(2014) suggest that the MJO amplifies Kelvin wave activity. This may imply that the MJO indirectly modulates
synoptic-timescale precipitation variability. Consistent with Roundy| (2008), |Guo et al.| (2014) showed that the
Kelvin wave amplitude over Atlantic Ocean is enhanced when the MJO is in phases 1, 2 and 8 and suppressed
when the MJO is in phases 4, 5 and 6. The similarities (e.g., direction of propagation) and the aforementioned
evidence suggesting the connection between the Kelvin waves and the MJO is the reason the MJO is discussed

in this thesis.

The literature discussed in Chapter |1|demonstrated that the MJO is an eastward propagating tropical dis-
turbance that enhances and suppresses convection along its trajectory. [Pohl and Camberlin (2006b), Berhane
and Zaitchik (2014)), Berhane et al.| (2015]), Hogan et al.| (2015) and [Kilavi et al.| (2018)) are some of the ex-
amples of the publications that found an MJO-related eastward propagating convective signal over Equatorial
Africa. For instance, Berhane et al.| (2015) showed the MJO directly enhances precipitation as it propagates
across Equatorial Africa. During boreal spring, convectively active MJO phase is associated with daily pre-
cipitation enhancement of up to between 20-50% from the mean daily rates. Berhane et al.| (2015) found that
the MJO impacts on convective activity and precipitation over Equatorial Africa through modulation of the
low-level anomalous westerly flow that transports moisture from Atlantic Ocean into convective regions over

the continent.

Both|Berhane and Zaitchikl (2014) and |Pohl and Camberlin|2006b showed that the MJO influences precip-
itation over East Africa at both daily and pentad timescales in boreal spring by modulating wet and dry spells.
However, the impact of MJO on precipitation over East Africa varies from season to season and sub-region

to sub-region depending on the location of the centre of its active convection phase. For instance, Berhane
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and Zaitchik| (2014) found that when the MJO enhanced convective activity is located over the Indian Ocean

(70-80°E), East Africa experiences enhanced precipitation. They also reported that the location of the MJO’s
active convection at about 120°E is associated with suppressed precipitation over the East Africa’s coast, and
when located at about 10°W, it is linked to enhanced precipitation at the coast of East Africa. The MJO influ-

ences precipitation over East Africa via various processes including but not limited to modulation of moisture

transport into the region by the low-level Somali jet, Walker circulation cell (e.g., Berhane and Zaitchik}, 2014)
and anomalous low-level westerly flow (e.g., [Pohl and Camberlin 2006b; Berhane et al., 2015).

It was earlier noted that seasonal precipitation over Equatorial Africa is enhanced in association with El

Nifio and positive IOD phase. [Zaitchik et al.| (2015) suggested that the El Nifio and positive IOD phase enhance

precipitation over East Africa through modification of the MJO, and in turn, the MJO can amplify or suppress
Kelvin wave activity depending on its phase. Chapter [4 will only briefly assess whether or not the MJO plays

an indirect role in the synoptic-timescale convection and precipitation variability over Equatorial Africa.
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Figure 2.3: Synoptic maps of Kelvin-filtered cloud brightness temperature (contoured every 2 K; only the enhanced phase
is shown for clarity) and unfiltered TB (shaded; < 260 K) every 2 days between 7 and 11 Aug 1987. Reproduced from

Mekonnen et al. (]m[)
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2.5 Kelvin Wave activity over Equatorial Africa

Knowledge of Kelvin wave activity is important because CCKWs increase the size, intensity and life
cycle of MCSs over Equatorial Africa (Nguyen and Duvel, 2008 [Laing et al.,2011). They also play a role in
synoptic-scale convective variability between Congo Basin and East Africa (Mekonnen and Thorncroft, [2016).
Over the Atlantic Ocean, Kelvin waves influence the intensity and location of convection (Wang and Ful 2007).
And globally, they account for the same amount of convective variance as the MJO (Wheeler and Kiladis,
1999). The influence of Kelvin waves on synoptic-timescale precipitation over West Africa is comparable to
the influence of African Easterly Waves (AEWSs) on precipitation over West Africa (Mounier et al., 2007).
Thus, understanding the role of Kelvin waves in modulating precipitation over Equatorial Africa adds value to

the operational synoptic-scale forecasting and the wider scientific community.

Theoretically, Kelvin waves are equatorially trapped eastward propagating tropical disturbances that cause
fluctuations in the zonal wind and geopotential height (e.g., |Yang et al., 2003). Meridionally, the influence of
Kelvin waves is confined within approximately 4+10° about the Equator (e.g., |[Kiladis et al., 2009). Kelvin
waves circumnavigate the entire global tropical belt, but their impact on convection and precipitation varies in
both space and time. For example, over Equatorial Africa Kelvin wave activity is common in March-May (e.g.,
Roundy and Frank, [2004; Zebaze et al.,[2017). Kelvin wave activity is strongest over the Indian Ocean, central
and eastern Pacific ocean and over Africa (e.g.,[Mekonnen et al., | 2008). Africa being one of the regions where
the Kelvin wave activity is strongest is a good reason for this study to explore the Kelvin wave-precipitation

connection across Equatorial Africa.

Kelvin waves influence convection and precipitation by significantly perturbing the basic state of atmo-
spheric fields such as pressure, temperature and wind. The resulting latent heat released by the deep convection
associated with the perturbed fields can cause the generation of new equatorial waves (Lindzen, 2003). As a
wave propagates, it interacts with convection through, for example, enhancing low-level moisture flux (e.g.,
Mekonnen et al., 2008; Sinclaire et al., [2015) thereby enhancing precipitation downstream, and this causes the

waves to propagate at a slower speed in comparison to the dry Kelvin waves for a given equivalent depth.

sy\{
l‘fn‘
V) P S —

205 1 T L\ 1 1 1 T T 1 1 1 L T T - LJ L
100w 80w 60w 40W 20W O 20E 40E 60E B80E 100E 120E 140E 160E 180 160W 140W 120W 100W

20N
10N 1
EQ+
10S 1

[ I I I I ] ] I IS N N S |
2 5 6 8 10 12 > (mm/day)*2

Figure 2.4: The distribution of December-April mean variance of Kelvin wave-filtered TRMM precipitation (mm? day2)
for the period 1998-2012. Taken from |Guo et al.| (2014)

CCKWs are generally slower than the dry Kelvin waves that propagate at a speed of between 30 m s -

60 m s'!. CCKWs have been found to propagate through Equatorial Africa at a speed of between 15 m s - 22
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m s”! with the horizontal scale of approximately 3000-6600 km (Mekonnen et al., 2008} Laing et al.,[2011). As
discussed above, Figure[2.4] shows that Kelvin waves have been observed over the Indian Ocean (e.g., Roundy
and Frank] 2004), Pacific Ocean (e.g.,|Straub and Kiladis,[2003b) and over Africa (e.g.,[Mekonnen et al., 2008)).
For example, the 1997 Tropical Eastern Pacific Processes Study (TEPPS) showed aspects of the horizontal and
vertical structures of Kelvin Waves (e.g.,[Straub and Kiladis,[2003b). In the conceptual structure of Kelvin wave
at low-levels, convection dominates the areas between low-level convergence and the high-pressure anomaly to
its west as shown in Figure The observed vertical structure of CCKWs has been found to have a westward
tilt with height in the zonal wind and specific humidity (e.g., Straub and Kiladis, 2003b; [Kiladis et al., 2009)
as shown in a schematic in Figure[2.6] Since Kelvin waves modulate precipitation over the global tropics, it is

important that they are satisfactorily simulated in both global and regional climate models.

Huang et al.|(2013) investigated the representation of equatorial waves in Coupled Model Intercompari-
sion Project phase 3 (CMIP3) models and found that only 20% of the models evaluated were able to simulate
a realistic seasonal cycle of Kelvin wave activity. Results in |Straub et al.| (2010) showed that 75% of the 20
CMIP3 model simulations failed to reasonably represent CCKWs and that most models exhibited deficien-
cies in capturing the lower tropospheric humidity signal. |Yang et al| (2009) evaluated the representation of
equatorial waves in the Hadley Centre Atmospheric Model, version 3 (HadAM3) and the New Hadley Centre
Atmospheric Model, version 1 (HadGAM]1) against ERA-15 and satellite data and concluded that both models
had inadequacies in capturing the coupling between these waves, particularly CCKWs, and convection. The
findings from investigations related to the representation of equatorial waves in CMIP3 models (e.g., [Straub
et al., 2010; Huang et al., 2013) and phase 5 (CMIP5) simulations (e.g., Wang and Li, |2017) suggest that in

general, global models struggle to produce horizontal and vertical structure that resembles observed CCKWs.

Weber et al.| (2021) examined two global simulations run under Model for Prediction Across Scales
(MPAS), developed at the National Center for Atmospheric Research (NCAR). One of the simulations has a 3
km grid spacing with convection explicitly represented while the other has a 15 km grid spacing and employs
a parameterized convection scheme. The two simulations were examined to assess their fidelity in capturing
the CCKW event that was observed over the Indian Ocean during the November 2011 Dynamics of the Mad-
den—Julian Oscillation (DYNAMO) field campaign. Their results showed that the 3 km simulation capture both
the structure of the CCKW and realistic amounts of precipitation when compared to the observed while the 15
km model simulated the structure of the CCKW reasonably well but underestimated the precipitation associated
with the wave. They reported that the weak precipitation signal in the 15 km simulation is linked to the model’s
unrealistic linear relationship between the moisture and the precipitation. [Lin et al. (2006) examined 8 years of
daily precipitation data from 14 GCMs that are part of the Intergovernmental Panel on Climate Change (IPCC)
Fourth Assessment Report (AR4). They found that about 50% of the models had a signal of Kelvin waves but
the variance of the waves was too weak and the phase speeds were too fast compared to the observed. Frier-
son et al.[(2011) investigated the sensitivity of CCKWs to a convection parameterisation scheme under various

convection triggers. They found that regardless of the convection scheme, strong convective triggers caused
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slower and intense Kelvin wave activity. These results suggest that the both resolution and model physics are
important for realistic simulation CCKWs. This literature suggests that the coarse resolution and parameterised
convection in Atmospheric General Circulation Models (AGCMs) limits their ability to capture the interaction
between equatorial waves and precipitation. Comparison of model output from coarse-resolution models that
have parameterised convection with observations and convection permitting model output could potentially

lead to improvements in the coarse-resolution models.

schematic of Theoretical Equatorial Kelvin Waves
Wave speeds
Dry: 30-60 m 5™
Moist: 12-25 m s

Figure 2.5: Conceptual horizontal structure of a low-level theoretical Kelvin wave. H is high pressure, L is low pressure,
Div is mass divergence, Cov is mass convergence, 7t is half the wavelength and ¢ with an arrow shows direction of
propagation. Reproduced from The COMET Program.

Regional climate model runs have been used to improve our understanding of wave-convection coupling

(e.g.,/Tulich and Mapes|, [2008; [Tulich et al., 2011). For instance, [Tulich et al.|(2011) evaluated the performance

of a regional climate model in simulating Kelvin waves and easterly waves. Although their simulation captured
the propagation speed and the 3-dimensional structure of the Kelvin waves similar to the observed, the Kelvin
waves were generally underactive. They reported that the biases in the activity of Kelvin waves were partly
explained by too strong coupling between the Kelvin waves and anomalous rotational circulation. In |Tulich

and Mapes| (2008), a two-dimensional cloud resolving model forced by uniform cooling simulated multiscale

convective wave disturbances with structures similar to the observed tropical waves. These waves triggered

new convective features through perturbation of the low-level fields. Despite being computationally expensive,

results in Tulich and Mapes| (2008)) suggest that convection permitting models can help us to understand wave-

convection coupling. In this thesis, a regional convection permitting simulation and its driving global simulation

(in which convection is parameterised) are analysed. While Jackson et al.| (2019) investigated the response of

precipitation to CCKWs in both CP4A and the global simulation analysed here, they used continent-wide

observed and modelled OLR as a proxy for convection, and focused on April only.

As described above, much of the knowledge on Kelvin wave activity over Equatorial Africa is based on
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filtering of OLR and cloud brightness temperature in a zonal wavenumber-frequency Kelvin wave band. How-
ever, cloud brightness temperature does not always guarantee precipitation on the earth’s surface (e.g., |Arkin,
1979). And ground-based precipitation measurements tend to be weakly related to cloud brightness tempera-
tures (e.g., So and Shin, [2018)). Also, deep convection tends to lead OLR because of its sensitivity to cirrus
clouds left behind by convective activity (e.g., Roundy and Frank, 2004). Furthermore, using OLR to identify
Kelvin waves has two other potential limitations. Firstly, filtering OLR in the zonal wavenumber-frequency
domain to partition “wave modes” can be susceptible to errors associated with changes in the frequency of the
wave due to Doppler shifting by the background flow or effects of shear. Secondly, over regions that are not
convectively active, there can be failure to identify equatorial waves because of absence of the OLR signal from
which the waves are identified. Also, Kelvin waves identified in OLR cannot easily be used to independently
explore the true strength of the relationship between the Kelvin waves and the precipitation. Due to these issues,
this thesis uses zonal wind and geopotential height (e.g., Yang et al., [2003)) to quantify Kelvin wave activity
in both reanalyses and model simulations. The full description of this method is given in Chapter 3] Unlike
several studies described here, work in this thesis uses precipitation both as an important measurement in its

own right and as a measure of convection.

low OLR

stratiform deep shallow
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Figure 2.6: Schematic diagram of a CCKW structure. The letters W and C represent warm and cold respectively. The
magnitudes of the anomalies are represented by the width and size of the arrows and the text. Surface fluxes are shown
by the upward arrows crossing the lower boundary. Reproduced from Straub and Kiladis|(2003b).

2.6 CCKWs and extreme precipitation

Investigating the drivers and spatio-temporal variations of intense and flood-causing precipitation episodes
over Equatorial Africa is important for agriculture and action-based flood forecasting. Extreme precipitation
episodes usually associated with deep convection are poorly captured in both global and regional weather

prediction models partly because of insufficient in situ observations for data assimilation (e.g., Woodhams
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et al., 2018)) and incomplete understanding of what drives these extreme precipitation episodes.

The intensity of these extreme precipitation episodes over East Africa, for example, are expected to in-
crease under global warming (e.g., Shongwe et al., [2011)), although some observational studies found a signifi-
cant decrease in heavy precipitation days over East Africa (e.g.,/(Omondi et al.,2014)) and western central Africa
(e.g., /Aguilar et al.| [2009). Thorough understanding of the processes and mechanisms that influence extreme
precipitation episodes in the current climate is one way of boosting confidence in the projected changes in ex-
treme precipitation events. Since extreme precipitation episodes are of a major concern, previous studies have
investigated their spatial and temporal distribution over Africa as a whole (e.g., |Crétat et al., 2014} Harrison
et al.l [2019) or part of it (e.g., (Camberlin et al., 2020). For example, |Camberlin et al.| (2020) examined daily
TRMM estimates over West Africa (4-8°N, 7°W-3°E) for the period 1998-2014 and found that, in the interior of
their domain of study, extreme precipitation episodes are influenced by both mid-tropospheric Easterly waves

and CCKWs.

Crétat et al.|(2014) examined modelled precipitation from a RCM with a convection scheme as well as
Atmosphere-only Global Circulation Models (AGCMs) and coupled Atmosphere-Ocean general circulation
models (AOGCMs) of the Climate Model Intercomparison Phase 5 (CMIP5). They found that RCMs captured
the spatial and temporal patterns of extreme precipitation episodes. Their general conclusion was that RCMs

performed better at capturing extreme precipitation episodes over Africa.

Ferrett et al.| (2020) investigated the connection between extreme precipitation and equatorial waves over
Southeast Asia and found a robust connection between equatorial waves and heavy precipitation. For example,
they reported the likelihood of occurrence of a heavy precipitation episode increases up to threefold when
a Kelvin wave propagates over this region. Subudhi and Landu (2019) probed the role of Equatorial waves
in modulating extreme precipitation over India and showed that the presence of equatorial waves increased
the probability of occurrence of an extreme rainfall event by up to 150%. Although these studies were not
conducted over Africa, they provide a clue of the role of CCKWs in influencing extreme precipitation. The
impact of CCKWs on extreme precipitation episodes over Equatorial Africa has not been adequately explored.
Chapter [0] of this thesis devotes special attention to the linkage between high-amplitude Kelvin waves and
extreme precipitation. Although linking an individual extreme rainfall episode to a single Kelvin wave event
is not straightforward, one can quantify the probability of a Kelvin wave influencing an extreme precipitation
episode (e.g., [Ferrett et al., [2020; Baranowski et al., 2020). CCKWs over Equatorial Africa can provide a
source of predictability of extreme precipitation episodes (e.g., Respati and Lubis, [2021)), and so it is important
to develop an understanding of how CCKWs influence the occurrence of extreme precipitation episodes over

Equatorial Africa.
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2.7 The objectives of the thesis

As discussed above, there is a considerable amount of research that has explored the climatology and
interannual variability of precipitation in both WEA and EEA. However, synoptic-timescale convection and
precipitation variability across Equatorial Africa remains relatively under-explored, and the drivers of convec-
tion and precipitation variability at this timescale are still inadequately understood. Up to now it has been
unclear whether the synoptic-scale convective activity connection between Congo Basin and East Africa found
in cloud brightness temperature (e.g.,[Mekonnen and Thorncroft, [2016) is present in observed and simulated
precipitation. In addition, how well the drivers of the aforementioned synoptic-scale connection are represented

in climate models is not fully explored.

While OLR has been used as a proxy to convection in a multitude of studies, as indicated in Section [2.5]
OLR exhibits weaknesses in providing an estimate for ground-based precipitation measurement. It would thus
be appropriate to investigate synoptic-timescale convection and precipitation variability using precipitation
records as a proxy to convection. Since models are currently being used for climate projections (e.g., Kendon
et al.L[2019)), it is important that results based on observations are compared with model-based results to improve

the representation of various processes in climate models. Hence the objectives of this thesis are:

1) To assess the precipitation linkage between WEA and EEA based on small sub-regions characterized by

similar daily precipitation characteristics.

2) To identify the possible mechanisms driving variability associated with the precipitation connection between

WEA and EEA.

3) To assess how well a state-of-the-art convection permitting model reproduces observational results in (1)

and (2), and to use this model output as a “virtual laboratory” to further explore the physical mechanisms.

4) To evaluate the role of high-amplitude Kelvin waves in influencing extreme precipitation episodes over

Equatorial Africa.

To address the above thesis objectives, Chapter [3] describes that datasets examined and the methods used.

The precipitation datasets and reanalysis are described in Sections[3.2.1}[3.2.2] [3.2.3| and the methodology used

to generate the equatorial wave dataset is explained in Section [3.3.1] The procedure for generating a simulated
equatorial wave dataset is described in Section[3.3.2] Since Equatorial Africa is a large area characterised by
different precipitation pattern with respect to daily timescale, the Empirical Orthogonal Teleconnection (EOT)
technique that is described in Section is used to objectively identify small sub-regions characterised by
similar daily precipitation characteristics. Past studies discussed above demonstrate that Kelvin wave activ-
ity over Equatorial Africa has mostly been isolated by filtering cloud brightness temperature or OLR in a
wavenumber-frequency Kelvin wave domain. This thesis uses zonal wind and geopotential height to identify

Kelvin waves as explained in Chapter 3] (§3.3.1).
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To address the first two thesis objectives, Chapter f] examines daily TRMM estimates (§3.2.1) and ERA-
Interim (§3.2.3) atmospheric fields with an aim of investigating whether the eastward propagation of convective
activity is present in observed precipitation. To achieve this aim, Equatorial Africa is first sub-divided into small
sub-regions of similar daily precipitation variability (§4.3). Sectionsd.4Jand[d.5]explore the connection between
WEA and EEA. Further, two indices are developed as described in sections f.6|and[4.2.2]and used in composite
analysis in Section [4.2.2]to reveal the association between CCKWs and the eastward propagating precipitation
signal. Section |4.8|discusses the results of this chapter. As mentioned in Section this chapter is based on a
published paper.

The third thesis objective is addressed in Chapter [5] In this chapter, the first multi-year state-of-the-art
Africa-wide convection permitting climate simulation (CP4A) and a coarse global simulation are examined to
investigate whether the eastward propagating signal seen in observations (Chapter f) is present in the model
simulations (§5.3]and [5.5). Also, this chapter evaluates both the CP4A and the global simulation against ob-
servations (TRMM) and reanalysis (ERA-I). Simulated equatorial wave datasets are produced as described in
Section [3.3.2] and a Kelvin wave index constructed for use in composite analysis. Section [5.4] looks at the
seasonal cycle of Kelvin activity over Equatorial Africa, and the processes through which CCKWs influence

the west-to-east propagation of precipitation are discussed in Sections [5.7.15.7.2] and[5.7.3] The energy con-

versions in the models are also explored (5.7.4)). Section [5.§] discusses the results of this chapter. As noted in

Section[I.2] this chapter is based on a paper under review.

To explore the role of high-amplitude Kelvin waves on extreme precipitation over Equatorial Africa and
address the fourth thesis objective, Section [6.3] of Chapter [6] discusses the statistical linkage between high-
amplitude Kelvin waves and extreme precipitation. Further, Section [6.4] discusses specific case studies based
on TRMM and ERA-I. To further learn about the influence of high-amplitude Kelvin waves on extreme precip-
itation, case studies based on simulated precipitation and Kelvin waves are discussed in Section [6.5] Finally,

Section[6.6] gives the discussion of results in this chapter. This chapter is based on a paper in preparation.

Finally, in Chapter [/| the purpose of the chapter is stated in Section [7.1] and the key findings presented
in Section In Section the known limitations to this work, and possible lines of future research are
presented. Finally, the implications of this work and the scientific advances made by this thesis are presented

in Section
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Chapter 3

Data and Methods

3.1 Purpose of this Chapter

This chapter is intended to describe the datasets (such as observations, reanalysis, and a simulation from
a state-of-the-art convection permitting model together with its global driving model) and methods (e.g., the
Empirical Orthogonal Teleconnection) used here.The description of the observations and reanalysis is presented

in Sections[3.2.1) [3.2.2] and [3.2.3|respectively. The simulations examined are described in Section In

Section [3.3.2] the procedure used to generate the simulated equatorial wave dataset is described. Finally,

Section [3.3] describes the methods used in this thesis.

3.2 Datasets

3.2.1 Tropical Rainfall Measuring Mission (TRMM)

Satellite precipitation estimates provide an alternative source of data for regions where observations are
scarce and unreliable, for example, over Equatorial Africa. Examining this dataset contributes toward address-

ing all four thesis objectives stated in Chapter [2] (§2.7).

The Tropical Rainfall Measuring Mission (TRMM) daily precipitation dataset is a global data set with
latitudinal coverage spanning 50°S—50°N and is produced at a resolution of 0.25° x 0.25°, as described in
Huffman et al.[|(2007). The 3B42 version 7 of the daily TRMM estimates is computed by accumulating eight
3-hourly TRMM 3B42 records obtained by merging precipitation estimates from multiple satellites (Huffman
et al., [2007), and for regions where the Global Precipitation Climatology Centre (GPCC) global precipitation
analysis dataset (Schneider et al., [2008) is available, GPCC is used for bias correction of the final TRMM

product. |Gebremicael et al.| (2019) found a percentage bias and correlation coefficient between the TRMM
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precipitation product and rain gauge data of within +25% and greater than 0.5, respectively, for various time
scales. |Dinku et al.| (2007) found that TRMM 3B42 performed well compared to other satellite precipitation
products over EEA. This dataset is available for a period 1998-2015. In Chapter ] we use the above described
version for the period 1998-2013 while Chapters [5]and [6|use the same version but for a 9 year period (1998-
2006).

3.2.2 Global precipitation climatology project (GPCP-1DD)

The Global Precipitation Climatology Project (GPCP-1DD) is a 1° x 1° global daily precipitation product
produced by merging various satellite estimates and rain gauge observations (e.g., Huffman et al., 2001). The
microwave estimates are generated from the Special Sensor Microwave Imager (SSM/I) on board the Defence
Meteorological Satellite Program, and the Infrared (IR) data uses the Geostationary Operational Environmental
(GOES) Precipitation Index (GPI) which relates cloud top temperature to precipitation rate (Huffman et al.,
2001). Precipitation estimates are then computed using the Threshold-Matched Precipitation Index (TMPI)
that is applied on the SSM/I data to isolate raining pixels in the IR data (Huffman et al., [2001). Rain gauge
observations are indirectly used when the GPCP-1DD accumulations are scaled to match the GPCP monthly
product. This dataset is available for a period 1996-present. This thesis uses the 1DD daily estimates for the

period 1997-2012 to assess the robustness in the location of sub-regions identified in Chapter 4]

3.2.3 Reanalysis (ERA-Interim; ERA-I)

A reanalysis dataset is produced using a global forecast model, input observations, and a data assimila-
tion scheme |[Fujiwara et al.| (2017). ERA-Interim (ERA-I) is a reanalysis dataset from the European Centre
for Medium-Range Weather Forecasts (ECMWF). ERA-I is a global reanalysis produced with ECMWF’s In-
tegrated Forecast System (IFS) (e.g., Dee et al., 2011)) and spans 1 January 1979 - 31 August 2019. This
dataset was output at a spatial resolution of ~0.7°x 0.7°, 6-hourly temporal resolution and 37 vertical levels.
While ERA-I will contain biases and uncertainties related to its model components (particularly the convec-
tion parametrisation) as well observational uncertainty. We however, rely on it as an estimate of observational
“truth” with respect to equatorial waves and their environment, because these large-scale fields should be rel-
atively well constrained. Since large-scale winds are influenced by observed wind fields (e.g., during data
assimilation), it is expected that they will be better resolved than erratic fields such as precipitation (e.g.,|{James
et al., [2018). ERA-I is one of the reanalysis datasets that have been widely used to diagnose large circula-
tion features over Equatorial Africa (e.g., see Mekonnen and Thorncroft, [2016} |Zebaze et al., [2017; Nicholson
2018 Jackson et al.,|2019). It is therefore expected that the dynamical and thermodynamical fields from ERA-I
would be appropriate for this thesis. Although ERA-I is available for a period 1 January 1979-31 August 2019,
Chapter 4] uses the daily averaged fields for the period 1998-2013 while Chapters [5|and [ uses a 9 year period
(1998-2006). This thesis uses ERA-I rather than a recently released ERAS because at the time this research
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commenced, ERAS was not yet available. However, when ERAS was released, it was used alongside ERA-I in

Chapter [6]but results based on ERAS where similar to those in ERA-I, and therefore not shown.

3.2.4 Model simulations

To address the second, third, and fourth thesis objectives, this thesis examines two climate model simu-
lations: 1) A multi-year state-of-the-art Africa-wide convection permitting climate simulation (CP4A), and 2)
the N512L85-resolution global model climate simulation. Both simulations are based on the UK Met Office
Unified model (UM) thus, the two simulations are consistent with each other. The UM is a model that can be
used for a wide range of applications, from being a numerical weather prediction model to being a fully coupled
atmosphere-Ocean global climate model, and runs in both regional and global setup. It solves the compressible
non-hydrostatic equations of motion with semi-lagrangian advection and semi-implicit time stepping (Davies
et al., 2005). This model uses a convection scheme based on Gregory and Rowntree (1990) with a number of

extensions to include down-drafts and convective momentum transport.

3.2.4.1 The Global Model

The global model simulation examined in this thesis is from the latest prototype version of the Global
Atmosphere/Land (GA 7.0/GL7.0) configuration of the UM (e.g./Walters et al.[2019). This model is based on
the Even Newer Dynamics for General Atmospheric Modelling of the Environment (ENDGame) (Wood et al.,
2014). The ENDGame dynamical core employs a semi-implicit semi-Lagrangian formulation to solve the non-
hydrostatic, fully compressible deep atmosphere equations of motion as described in [Wood et al.| (2014). For
consistency with|Jackson et al.|(2019)), we refer to this simulation as “G25”. The major atmospheric prognostics
from this model are the 3-D wind field, virtual dry potential temperature, Exner pressure, and dry density. The
Arakawa C-grid staggering (Arakawal [1977)) is implemented in G25 to horizontally discretise these fields onto
a regular longitude/latitude grid. The vertical discretisation applies the Charney-Phillips staggering (Charney

and Phillips, [1953)) using terrain-following hybrid height coordinates.

G25 is a simulation from a free-running standard parameterised convection Global Circulation Model
(GCM), the latest configuration of the UM. This model uses a deep convection scheme that differs from the
original |(Gregory and Rowntree| (1990) in using a Convective Available Potential Energy (CAPE) closure based
on |Fritsch and Chappell| (1980) and a shallow convection scheme based on |Grant| (2001). The shallow convec-
tion scheme has larger entrainment rates than the deep convection scheme consistent with the shallow convec-
tion in a cloud-resolving model (Walters et al.l 2019). The role of the convection scheme is to handle sub-grid
scale convection and precipitation events and hand them to model dynamics while the microphysics scheme
handles the formation and evolution of convection and precipitation associated with grid scale processes. This
is achieved through taking the average values within the grid box and working out the vertical mass transport.

The input fields for the microphysics scheme are temperature, moisture, cloud and precipitation for the end of
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the previous time step. G25 implements the microphysics scheme based on |Wilson and Ballard (1999) with
extensive modifications. The reader is referred to|Walters et al.| (2019) for details on the extensive modification

on the microphysics scheme.

To provide the model with realistic vertical structure in the thermodynamic and wind profiles, G25 imple-
ments an atmospheric boundary layer scheme based on |[Lock et al.| (2000) but with modifications described in
Lock| (2001) and |[Brown et al.|(2008)). The shortwave and the longwave radiation are handled by the radiative
transfer scheme based on |Edwards and Slingo| (1996). Radiation scheme provides prognostic atmospheric tem-
perature increments, and prognostic surface fluxes. Strong soil moisture gradients increase the likelihood of
initiation of convection (e.g., Taylor et al.,2011). To account for convection that is forced by surface properties,
soil processes in G25 are parameterised using a four-layer scheme for the heat and water fluxes with hydraulic
relationships as described in |[Van Genuchten| (1980) and the heterogeneity of soil moisture within a grid box is
handled by a large-scale hydrology approach based on topography-based rainfall-runoff model (TOPMODEL)
discussed in |Kirkby and Beven| (1979). Several other parameterisation schemes are implemented in G25 as

shown in Table[3.11

The model is forced with Sea Surface Temperatures (SSTs) obtained from the Reynolds dataset of the
daily high-resolution blended analyses for SST, and the Global sea-Ice and Sea Surface Temperature (GISST)
climatology was used for the Lake Victoria SSTs (Stratton et al., [2018). G25 was run using a 10 minute
timestep with 85 vertical levels (50 levels below 18 km and 35 levels above this) up to 85 km. The model
has approximately 26 km and 39 km grid spacing in latitudinal and longitudinal direction respectively. This
simulation is available for a period 1988-2010, however, this thesis uses the fields for 1998-2006 in Chapters 5|
and [6] The 9 year period of this simulation is used in this thesis because it matches that of the convection

permitting simulation described below.

3.2.4.2 The Convection Permitting Simulation: CP4A

CP4A is a free-running decade long (1997-2006) simulation from a convection permitting UM run over
an Africa-wide domain (Stratton et al.,[2018). The model is a regional model configuration from the UK Met
Office Unified model (UM). It is based on the UKV regional model, that is, the variable horizontal resolution
model with a 1.5km uniform horizontal grid spacing over the UK. CP4A is an Africa-wide simulation that spans
45.525°5-39.505°N, 24.5°W-56.48°E. This simulation has a spatial resolution of approximately 4.5 km at the
equator, 80 vertical levels up to 38.5 km. The higher vertical resolution (with the lowest 5 km having 32 levels,
and 56 levels below 16 km) in CP4A helps the model to explicitly represent convection and the horizontal grid

space gives it the capability to resolve inland water bodies and topographic features.

Most importantly, the CP4A was run without a convection scheme and therefore, convective updrafts
and downdrafts in the model are formed based on the model dynamics. Because of the 4.5 km grid spacing,

CP4A is expected to partially explicitly represent deep , but shallow convection, weak convective plumes and
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small-scale clouds would not be resolved (Stratton et al., |2018]). What this means is that the model is likely to

under-perform in regions where shallow convection is the dominant process for formation of precipitation.

CP4A is driven by one-way nesting in G25 (described above) with G25 supplying the 3-hourly lateral
boundary conditions. The lateral boundary conditions were updated at a 3-hour frequency. The fields from G25
that were used to compile the lateral boundary conditions for the CP4A are; the 3-hourly and 3-dimensional
winds, potential temperature, water vapour, cloud liquid water, cloud ice water, density and Exner pressure.

The atmospheric fields from G25 for 1 January 1997 were used as the initial conditions.

The SSTs used to force CP4A are the same as those used in G25; however, over Lake Victoria, the
monthly nighttime climatological lake temperature from the Lake Surface Water Temperature and Ice Cover
(ARC-Lake) was used in CP4A. The climatological data with a resolution of 50 km from an offline Joint UK
Land Environment Simulator (JULES) land surface simulation was used to initialise the soil moisture. It is
worth noting that while the CP4A has stochastic perturbations in the subcloud layer of cumulus-capped bound-
ary layer that help the model to trigger resolved convection (e.g., [Lock et al.l |2000), G25 does not have such
perturbations. Besides the difference in grid spacing and representation of convection, there are other differ-
ences in the model physics between CP4A and G25. For example, while CP4A implements a large-scale cloud
scheme based on|Smith|(1990), G25 implements a prognostic cloud scheme as described inWilson et al.| (2008)).
Table [3.1] gives more differences between the two simulations examined in this thesis. The reader is referred
to Stratton et al.[|(2018) and Walters et al.| (2019) for detailed description of the parameterisation schemes used
in CP4A and G25 respectively. Because precipitation in Equatorial Africa is produced by convective systems
(e.g., Jackson et al., [2009), CP4A provides a virtual laboratory to better understand convection-dynamics in-
teractions, thereby aiding model developers in efforts to improve the representation of the coupling between

convection and the large-scale environment and circulation in models.

Another RCM was run over a similar domain as CP4A but with ~25 km grid spacing and parameterised
convection (P25; Stratton et al.[2018)). Partly inspired by a proposition in Frierson|(2007) that the representation
of equatorial waves in climate models is constrained partly by the convection scheme, the present thesis will
explore how the horizontal and vertical structure of CCKWs in a convection permitting model compares with
that in a convection parameterised model. G25 is chosen instead of P25 because it has data over the entire

tropics, allowing for reliable identification of equatorial waves.

3.3 Methods

3.3.1 The equatorial wave dataset: Identifying equatorial waves in reanalysis and simulations

The equatorial wave dataset is the wind field associated with a particular equatorial wave (discussed in
Section [2.3). This dataset is produced using the zonal and meridional wind, and geopotential height field in

ERA-I (for Kelvin waves, only the low-level (850 hPa) and upper level (200 hPa) zonal wind and the geopo-
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Quantity CP4-Africa (4.5 km) Global
Convective parameterization No Yes
Radiation scheme Edwards-Slingo Edwards-Slingo
Period of full radiation calculation (min) 15 60
Substepped corrections due to cloud (min) 5 None
Aerosols and ozone Climatology Interactive U.K. Chemistry and Aerosols model (UKCA)
Large-scale cloud scheme Smith scheme PC2
Cloud microphysics Wilson and Ballard Wilson and Ballard
Subgrid turbulent production of mixed-phase cloud No Yes
Source of cloud droplet No. concentration Aerosol climatology Interactive UKCA aerosols
Microphysics time step (s) 100(75) 120
Includes graupel? Yes No
Lightning diagnosis Yes No
Boundary layer scheme Blended scheme No blending
Stochastic perturbations to boundary layer? Yes No
Frictional heating from turbulent dissipation? No Yes
Orogaphic drag scheme? Yes Yes
Land and sea surface scheme JULES, nine tiles JULES, nine tiles
Land-surface type and properties Sandy soil Varied soils
JULES land settings As in R25-Africa GL7
JULES sea settings As in UKV GL7
Hydrology scheme PDM scheme TOPMODEL
Vegetation cover data CCI-LC IGBP land cover
SST Reynolds Reynolds
Lake surface temp ARC-Lake GISST

Moisture conservation

New regional version

Global version

Simulation start-end dates 1 Jan 1997-1 March 2007 1 Sep 1988-1 Dec 2010

Adapted and modified from |Stratton et al.| (2018]).

Table 3.1: The major differences in the physical parameterisation schemes and surface forcing between CP4A and G25

tential height are used). This dataset has a spatial resolution of 1° x 1° and a 6-hour temporal resolution at 2
pressure levels for 24°S - 24°N latitudinal belt, and includes equatorial waves with zonal wavenumbers k=2-40
and a period of 2-30 days. The equatorial wave dataset based on ERA-I is available from 1997 — 2018, however
Chapter @ uses the daily averaged data for the period 1998-2013 and Chapters [5|and [6]uses the same dataset but
for the period 1998-2006. This thesis uses the method described above to generate an equatorial wave dataset
based on a simulation from convection permitting regional climate model (CP4A). The method for generating

this dataset is described below.

As noted above, the identification of Kelvin wave activity in both reanalysis and simulations follows a
method developed in|Yang et al.|(2003). In the current chapter, the method for identifying equatorial waves is

described in general but Chapters [4}{6] use the equatorial wave dataset for Kelvin waves.

The identification of the different types of equatorial waves is done by projecting the dynamical fields onto
various equatorial wave modes using their horizontal structures as described by parabolic cylinder functions in
y and sinusoidal variations in x. Prior to projecting the dynamical field data onto the equatorial structure, the
fields are filtered in a specified zonal wavenumber-frequency domain to separate into eastward and westward
propagating components (Yang et al., [2003). One aspect that makes this dataset unique is that the data are
projected onto each pressure level independently, allowing the data to reveal the vertical structure, rather than

having to assume dispersion relations.
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3.3.1.1 The basic equatorial wave theory

The solutions to the adiabatic, frictionless equations of motion on an equatorial beta plane linearised
about a basic state and the separation of the vertical structure from that in the horizontal yields the equatorially
trapped waves (Matsuno), [1966).The spatial (horizontal) and temporal variations in the zonal (1) and meridional
(v) wind and the geopotential height (Z) satisfy the linearised shallow water equations with the gravity wave
speed c, the separation constant from the vertical structure equation that can also satisfy the relevant surface
and upper boundary conditions. This can only be achieved for a discrete values of the separation constant, c,.
The separation coefficient for an atmosphere with a constant buoyancy frequency N and a tropopause at height

NH
H with a rigid lid upper boundary conditions is, ¢, = P where m is the vertical mode number. The vertical

modes are sinusoidal in z, with corrections for the density variation with height: 1/p, exp <2§-I> exp(imz),

where p, is the density at the surface.

For the horizontal equations, the representation of u, v and Z fields are of the form:
{1,0,2} = {U(y), V(y), Z(y) yexpli (kx — cot)] G.1)

where k is the zonal wavenumber and w is the frequency. The equatorial wave solutions are most easily
formulated in terms of new variables, q, r and v (Gill, [1980) where
Z Z
g g (3.2)

g=u+°—,r=u—"°>"—.
Ce Ce

A Kelvin wave solution can be obtained with v = 0 and w = C%, and there are solutions for v # 0 with

the dispersion relation:

2
W Lk e 51 frn=012,.. (3.3)
cep w B

af
dy’

is satisfied with n = —1 hence Kelvin waves are conventionally referred to as the n = —1 waves. The mixed

In the above equation, 7 = meridional mode number and 8 = For a Kelvin wave, equation 3.3 above

Rossby Gravity waves (both eastward propagating (EMRG) and westward propagating (WMRG)) solutions are
obtained when n = 0. The westward propagating equatorial Rossby waves and both westward propagating and

eastward propagating gravity solutions are obtained when # = 1 or higher.

To describe the meridional (y) structures of equatorial waves, one considers the parabolic cylinder func-

o () oo o)

tions:
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where

a2
y0:<2ﬁ> , (3.5)

is the meridional scale, P, is proportional to a Hermite polynomial of order #, and the waves are confined

within a few degrees from the equator on a scale y; = /2y

Drawing from the equatorial wave theory, below is the description of the parabolic cylinder function

expansions.
n=oo
q = qDo + q@D1 + Jn+1Dn+1
" oo
v = 0 + gDy + Y v.Dy
n=1
n—=—o0o
r = 0 + 0 + Z rn—an—l (36)
n=1
T T T
n=-—1 n=20 n=12..

Because these functions form a complete and orthogonal basis, and the projections in equation 3.6 above
are general in that Kelvin waves are described by qoDy, g1 D1 and vgDg describe n = 0 MRG waves, and

Gn+1Dnt1 vy Dy and 1,1 Dy, yields the n > 1 equatorial Rossby waves or gravity waves.

The equatorial wave data for an entire latitudinal belt between of 24°S-24°N is obtained in four steps:

1. Formulation of the equatorial wave solutions in terms of v and two new variables:

Z Z
q:u‘f’gi;r:u_gi/
Ce Ce

2
where c, is related to the trapping scale 1/ (5/93) predetermined by the data fit.

2. This step involves filtering the data in the wavenumber-frequency domain. This step starts by removing
the two dominant periodic cycles, the climatological annual and diurnal cycle from the raw fields to
avoid aliasing in the filtering procedure. This is followed separating the variables v, g and 7 into eastward
and westward-moving components using a space-time spectral analysis that transforms the data from
the space-time domain into a wavenumber-frequency domain by performing a 2-Dimension Fast Fourier

Transform in the zonal and time direction (Hayashi, [1982).

3. The output from step 2 above is then projected onto horizontal structures of equatorial waves. The
coefficients of the FFT such as V(y) for each k and w of the eastward or westward v, g and r are separately
projected onto the meridional structures of the equatorial waves as described by the parabolic cylinder
functions in equation 3.6 above to obtain the equatorial wave data at each isobaric surface. This comes
with an advantage that the data itself shows the vertical structures and as such there is no need to assume
a vertical structure, and obtaining the amplitudes for v, g and r one by one without assuming that the

amplitude coefficients for these three variables are related via dispersion relations.
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At this step, it is important to specify the meridional scale /g or trapping scale y; thereby providing the
value of c.. Using equation in step 1 above, the values of g and r are obtained from u and Z. For the
equatorial wave dataset used in this thesis, the value of ¢, = 20 m s! (calculated using equation 3.5) and
Yo = 6° was used. The value of 1o was determined from a best fit to the data, although it was found that
the analysis is not sensitive to the particular value of chosen . It is important to note that c, is only used

to calculate the new dependent variables ¢ and r from u and Z and later to reverse the variable transform.

4. Finally, the Fourier coefficients for each wave mode from the projected g and r are then transformed back

into physical space to obtain the equatorial wave dataset.

3.3.2 Modelled Equatorial Wave data

The isolation of equatorially trapped waves is best achieved using a zonally complete tropical domain,
and so most studies have examined data from global observations or simulations. To detect Kelvin waves in
CP4A, we start by regenerating a “new’” global dataset that is comprised of both CP4A and G25. This is done
by cutting out the African domain from G25 and replacing it with CP4A. Both simulations are coarse grained
to a uniform grid before stitching them together. The sharp contrast at the longitudes (~24°W and 56°E) at
which the joining is undertaken is smoothed by running a 5-point moving average along each latitude. The
stitching is done for the sole purpose of creating an equatorial wave dataset and for all subsequent analysis,
we use the CP4A’s fields. The resulting equatorial wave data at say 850 hPa is the wind data for the different
waves at spatial resolution of 1°x 1° on a daily time scale. Due to set up problems, CP4A’s geopotential
height and dynamical fields for the first 6 months of 1997 were not archived and so, year 1997 was excluded
in the analysis. The methodology used here to identify Kelvin wave activity has been successfully applied in
a wide range of studies to investigate CCKWs both in observations (Yang et al., 2007) and model evaluation
(Yang et al., 2009), including the vertical propagation of equatorial waves in different phases of QBO (Yang
et al., 2011}, |2012), the influence of ENSO on equatorial waves and tropical convection (Yang and Hoskins,
2013, [2016)), the connection between African easterly wave and equatorial waves (Yang et al., 2018)), and the

relationship between precipitation and equatorial waves in Southeast Asia (Ferrett et al.,2020).

3.3.3 Empirical Orthogonal Teleconnection (EOT)

The Empirical Orthogonal Teleconnection (EOT) is a multiple linear regression based technique that rep-
resents the patterns of variability over space or time. In the implementation of the EOT technique, one identifies
a single point (base point), which, by multiple linear regression, accounts for the highest variance at all other
points combined (Van den Dool et al., [2000). Each EOT is a spatial pattern of regression coefficients between
the base point and all other points. It is important to note that the EOT technique is similar to the commonly

used Empirical Orthogonal Function (EOF) technique; the differences are briefly discussed below.

Because it is not appropriate to treat WEA or EEA (shown in Figure [1.1)) as a homogeneous region in
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the context daily precipitation variability, they are further sub-divided into smaller sub-regions of similar daily
precipitation characteristics using the EOT technique. Prior to performing the EOT on the daily precipitation
dataset, the annual cycle was removed by subtracting a 30-day running mean of the daily 16-year rainfall clima-
tology from each year used in the study. Since the interest here is to understand high frequency convection and
precipitation variability, the influence of low frequency modes of variability such as ENSO was also removed
by subtracting the 100-day moving average from the time series at every grid-point in the domain. The 100-day
moving average was used because it is consistent with the 3 month running mean of sea surface temperature
anomalies that is used to define the Oceanic Nino Index (ONI) at the National Oceanic Atmospheric Adminis-
tration (NOAA) Climate Prediction Centre (CPC) (e.g.,|[Huang et al., [2016)). Finally, any long-term trend over
the 16-year period was removed using linear regression. The remaining anomalies were then subjected to the

EOT algorithm.

The purpose of the EOT technique is to objectively identify sub-regions exhibiting similar daily precipita-
tion characteristics. This technique produces modes which are orthogonal in either space or time. In|Van den
Dool et al.| (2000), the EOT technique entails first identifying a point (base point, a raw data time series) in
space that accounts for the highest variance at all other points combined. Next, the first EOT pattern is obtained
as a correlation coefficient pattern between the base point and the other points, and finally a residual of the
“original” data set is calculated by removing the variance explained at each point by this EOT pattern using
linear regression. This residual dataset is then used to obtain the next EOT pattern and the aforementioned pro-
cess is repeated to isolate additional EOT patterns. Essentially, in|Van den Dool et al.| (2000), the EOT patterns
are constrained by global variance, that is, the sum of squares of anomalies over the domain of interest (e.g.,
Smithl [2004)). In the case of precipitation, the largest anomalies tend to be biased towards the regions with the
highest precipitation totals and, when the global variance is used to describe the data, the aforementioned bias
is amplified. |Smith| (2004) suggested that a less biased approach is to base the EOT technique on the global
integral. In the suggested approach, the area averaged time series over the domain of interest is calculated, and
then a base point accounting for the highest variance of the area averaged time series is identified. Here, we use

the modified EOT approach as described in [Smith| (2004).

The modified EOT approach is implemented in a few steps. The first step is to search for a base point
whose time series is best correlated to the area average time series of the domain. In the second step, the base
point time series is then correlated with the time series of every grid-point in the entire domain. In the third
step, the sub-region is obtained by finding the longitude-latitude box that encloses the meridional and zonal
line segments intersecting the base point which include all contiguous grid points along those segments whose
correlation coefficients between the grid point time series and the base point time series exceed 0.2 (this step is
needed for the purposes of this study but not necessary for other EOT technique usage). Finally, the variance
explained by the first base point is subtracted from every grid point in the domain, thus creating a new dataset
(the residual). In each iteration, the four steps are repeated to identify a sub-region and thus the first iteration

identifies sub-region 1, the second iteration identifies sub-region 2 etc until the desired number of sub-regions
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is identified. It should be noted that the iteration at which a particular sub-region is identified is not indicative of
its relative percentage of the total variance explained, and for this study, the main purpose of the EOT analysis
is finding sub-regions of spatial co-variance rather than quantifying variances explained. Since the order in
which the sub-regions are identified is not physically important, the identified sub-regions were renamed: for
example, W1 represents sub-region 1 in WEA and E1 represents sub-region 1 in EEA (Section [4.3). Previous
studies that successfully used the modified EOT approach in |Smith| (2004) and [Stephan et al.| (2018). The
use of the EOT algorithm enabled an objective identification of sub-regions made up of points with relatively
similar daily precipitation variability. The location and dimensions of the various sub-regions identified are
the only outputs of the EOT analysis used in subsequent analysis in this thesis. For example, the sub-region’s
area average time series is computed by spatially averaging over the dimensions of the sub-region. The sub-
regions identified are used to compute lead/lag correlation coefficients (§4.4], spatio-temporal correlation (§4.3]
and composite analysis (§4.7). The details of computations involved in correlation coefficient and composite
analysis are presented in Section [4.2.2] Finally, it is important to note that the EOT technique is different for
the commonly used Empirical Orthogonal Function (EOF) approach. One of the differences is in terms of the
variance explained by each mode. In the EOF technique, the modes identified earlier in the iteration explain
more variance than those identified later, whereas in the EOT approach, all the EOTs are equally important.
Another difference relates to orthogonality in that, while the EOFs are orthogonal in both space and time, the
EOTs are orthogonal in one direction, either space or time. By selecting a point in space as described above,

the EOTs are orthogonal in time.
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Chapter 4

The observed synoptic scale precipitation relationship between

WEA and EEA

4.1 Purpose of the chapter

This chapter addresses the first two objectives of this thesis (§2.7): (a) To assess the precipitation linkage
between WEA and EEA based on small sub-regions characterized by similar daily precipitation character-
istics, and (b) To identify possible mechanisms driving variability associated with the precipitation connec-
tion between WEA and EEA. To address these objectives, this chapter examines daily observed precipitation
(TRMM, described in Section|3.2.1], and GPCP-1DD, described in Section , and reanalysis dataset (ERA-
I) described in Section[3.2.3]

Despite the critical importance of precipitation over Equatorial Africa (e.g., Chapter [I), the quality of
short-to-medium-range precipitation forecasts in general still lags that in midlatitudes (Woodhams et al., 2018)).
One of the reasons for this is the inadequate understanding of the drivers that govern synoptic-timescale precip-
itation variability (e.g., Nicholson, |2018), and their representation in numerical weather prediction and climate
models. Over tropical Africa, synoptic-timescale precipitation variability is mainly controlled by large-scale
tropical disturbances like equatorial waves (e.g., [Schliiter et al.| 2017). As discussed in Chapter 2] several of
studies have found that large-scale tropical disturbances such as equatorial waves tend to enhance precipitation
over Equatorial Africa. For example, |Sinclaire et al.|(2015) noted that during March—June, eastward propagat-
ing CCKWs favour initiation of synoptic-scale convective systems and that annually, an average of six to seven
CCKWs propagate through the Congo Basin in this period. Several studies that investigated Kelvin waves over
Equatorial Africa (e.g.,[Nguyen and Duvel, 2008;|Laing et al.,|2011;|Sandjon et al., 2012; Sinclaire et al.,|2015;
Mekonnen and Thorncroft, 2016} Jackson et al., [2019) applied spectral analysis of OLR or CBT to identify

CCKWs. Here, a unique approach of identifying the CCKWs using a novel dynamics-based equatorial wave
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dataset is used.

While the precipitation connection between WEA and EEA and the associated mechanisms are impor-
tant, they have not been thoroughly investigated even though previous publications have suggested that WEA
is meteorologically linked to EEA (e.g., Dezfuli et al., 2015} §2.1.3). What this means is that WEA and EEA
are connected but the linkage between the two is not well understood. This chapter therefore, aims at advanc-
ing knowledge of the synoptic-scale interaction between WEA and EEA in the context of daily precipitation

anomalies, which are more linked to convective processes and more relevant to human impacts than OLR.

It was discussed in Chapter [I|that Equatorial Africa is a large area (§I.1) with nonhomogeneous and com-
plex precipitation climatology. The region is characterized by remarkable spatial variation at intraseasonal (e.g.,
Nguyen and Duvel, 2008)), seasonal (e.g., Sandjon et al., 2014; Fotso-Kamga et al., |2020) and interannual (e.g.,
Janowiak, |1988) timescales. Because of the heterogeneity of precipitation over this region, previous studies
delineated their areas of study into smaller sub-regions, using either monthly totals (e.g., |Indeje et al., [2000;
Dezfuli, [2011)) or annual totals (e.g., Badr et al., 2016). In this thesis, we use high spatial resolution daily pre-
cipitation records to objectively identify small sub-regions that are characterized by similar daily precipitation
variability over all of Equatorial Africa. The sub-regions identified are then used to study the precipitation
relationship between WEA and EEA (§4.4] and §4.5), and identify the mechanism associated with the linkage
between WEA and EEA.

The rest of this chapter is structured as follows. Section[d.2]presents a brief description of the methodology.
In Section [4.3] the daily observed precipitation anomalies are used to identify the small sub-regions that are
characterised by similar daily precipitation characteristics. Sections[.4]and [4.5]discuss the correlation between
WEA and EEA. Two indices, (a) precipitation-based index, and (b) Kelvin wave divergence-based index are
developed in Section .6] and used to identify west-east propagating anomalous precipitation and Kelvin wave
signal. Both the precipitation and Kelvin wave events identified are used to compute composites in Section4.7]

Finally, the discussion and the conclusions of this chapter are presented in Section 4.8

4.2 Methodology

The detailed description of the methods used in this thesis is presented in Chapter [3] These are briefly

summarised below for completeness.

4.2.1 Empirical Orthogonal Teleconnection (EOT) Analysis and calculation of anomalies

As noted above, precipitation over Equatorial Africa varies considerably over short distances. Since it
would be inappropriate to average over large areas (WEA or EEA), a physically meaningful approach is to
objectively subdivide the large area into smaller sub-regions of shared temporal variance. The observed daily

precipitation anomalies were subjected to an Empirical Orthogonal Teleconnection (EOT) algorithm to identify
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sub-regions of similar daily precipitation variability. The anomalies were calculated by subtracting a 30-day
running mean of the daily 16 year precipitation climatology from each year to remove the annual cycle and this
was followed by subtracting the 100-day running mean from the time series at every grid point. The subtraction
of the 100-day moving average was undertaken to remove signals of low-frequency modes of climate variabil-
ity. The details on how the EOT approach was used for obtaining sub-regions of similar daily precipitation

variability is described in Chapter 3| (see §3.3.3).

4.2.2 Correlation and Composite Analysis

Correlation analysis is used for all pairs of sub-regions over various days of lead/lag in order to identify
propagating signals. As presented in Figure [4.2] for any given pair of sub-regions, a positive value implies
that EEA is lagging WEA. In all subsequent analysis, we use the word “lag” (with a positive value) to refer
to days after the reference time (day 0) and likewise lag with a negative value for days before the reference
time. The bootstrapping technique is used to test for the statistical significance of the correlation coefficient
between the area averaged time series of a pair of sub-regions. For brevity, the time series for the sub-region
in WEA is referred to as A and that of the sub-region in EEA as B here. The bootstrapping is done by holding
A in its original order, and then, to preserve the original synoptic-timescale autocorrelation of B, it is divided
into blocks of 100 days. A total of 1000 samples of B are constructed by randomly drawing the blocks with
replacement and stitching the sampled blocks together so that each sample is the same size as B. Time-series A
is then correlated with every sample and the 95™ percentile of the absolute value of these correlation coefficients
is determined. If the absolute value of the correlation coefficient of the original time series is greater than this

95 percentile, it is considered to be statistically significant at the 95% confidence level.

Composites are performed on events that were selected by considering a pair of sub-regions. So, for a
given pair of sub-regions, a precipitation occurrence is defined as an “event” if two conditions are satisfied.
First, precipitation occurs in excess of a threshold in a sub-region in WEA. Second, two days later, the pre-
cipitation in the corresponding sub-region in EEA exceeds that sub-region’s threshold given that the previous
day’s precipitation was below the threshold. Our choice of 2 days in defining the event is informed by our early
results in this study. It will be shown in Section that the strength of the signal does peak on day 2 hence
the use of 2 days in identifying events provides an opportunity to fully explore the greater spatial extent of the
signal. The thresholds were determined by calculating the 66.7" percentile for each particular sub-region. The
66.7" percentile was chosen because it is an operational precipitation forecast threshold that categorises the
heavy rainfall events that may be associated with organised convective systems. The area averaged time series
of the anomalies of each sub-region were used to compute the threshold for each sub-region. All the days with

zero area averaged raw precipitation amount were removed before computing the thresholds.

Chapter 4. The observed synoptic scale precipitation relationship between WEA and EEA




45

4.3 Identification of sub-regions

Daily TRMM anomalies for a 16-year period were subjected to EOT analysis and a total of 32 sub-
regions were identified. The robustness (in terms of the identified sub-regions’ location) of using TRMM daily
anomalies was tested by subjecting 15 years of GPCP daily anomalies to the same EOT analysis. Figure @.]
shows an example of the sub-regions identified using TRMM daily anomalies. Those identified using the GPCP
dataset were generally in similar locations as those shown in Figure [f.1] (not shown). The 29°E longitude was
chosen to divide Equatorial Africa (defined above) into WEA and EEA for consistency with previous studies
(e.g., see Sandjon et al., 2014} their Figure 1) and with an operational weather forecasting model over Lake
Victoria in EEA (e.g., see(Woodhams et al.,|2018j their Figure 1). The sub-regions over ocean and those whose
base-points were located on 29°E were disregarded. A total of 17 sub-regions in WEA and 8 in EEA were
considered for further analysis (see example in Figure {.1)). Re-running the algorithm without removing the
trend, or removing it using Locally Estimated Scatterplot Smoothing (LOESS) instead of linear regression, did

not influence the resulting sub-regions.
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Figure 4.1: Example of sub-regions identified by subjecting 16-years of daily TRMM anomalies to an EOT. The letter
“W” attached to the number in the red sub-regions indicates that the sub-region is located in Western Equatorial Africa
and “E” likewise for EEA. Since the order in which these sub-regions were identified does not matter, they were renamed
for clarity.
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4.4 Lead/lag correlation coefficient analysis

Correlation coefficients between area-average time series of TRMM rainfall anomalies (§3.2.1) of each
sub-region in EEA with every sub-region in WEA for lead/lag -5 to +5 days over the entire 16 years were
calculated. Since there were 17 sub-regions identified in WEA and 8 sub-regions in EEA, there are a total of
136 different pairs. Sub-regions E1 and E3 have the strongest correlation when correlated with the various
sub-regions in WEA (ignoring the strongly overlapping W17-E1 pair). We note that E3 is located over Lake
Victoria, which strongly influences the climate over EEA (e.g.,[Song et al.,|2004)). Previous studies have found
a strong influence of the eastward propagating signal of the MJO on precipitation over Lake Victoria (e.g.,
Hogan et al, [2015). The lead/lag correlation coefficient analysis for some sub-regions in WEA versus E1 and
E3 in Figure §.2] shows peak correlation coefficients at lag +1-2 days followed by a local minimum on lag
+3-4 days. E3 (in Figure f.2b) shows a peak correlation with W5, W9, W12, and W14 around lag +1-2. In
comparison with Figure 4.2b, there are strong peak correlation coefficients on both sides of lag 0 (for W3 and
W12) in Figure [#.2h, which could indicate an oscillation.

Tables 4.1 and [.2] show example results of minimum and maximum correlations of area-average time
series for E3 and E1 with every sub-region in WEA respectively. Values are all significant at the 95% level,
though they are typically below magnitude 0.2 as expected for daily precipitation variability. In Table 4.1] the
strongest positive correlation coefficients are seen on lag +1 (i.e. E3 versus W14), and the positive correlation
coefficients on lag +2 (i.e. E3 versus W5, E3 versus W9) are generally weaker than those on lag +1. The
strongest negative correlation coefficients for some regions seen on lag 0 in Tables and [.2] suggest a
contrasting relationship between the different pairs of sub-regions. Note that from Tabled.1] it can be seen that

the magnitude of the correlation coefficients is generally below 0.2.

Further analysis on peak correlation coefficients seen in Figure 4.2]is done by considering the correlation
coefficients for each WEA sub-region versus every EEA sub-region and identifying the strongest correlation
among all lags (0-5) for each pair. Then, for each WEA sub-region which is paired with each of the eight EEA
sub-regions, the maximum of these correlations is retained for each lag and is plotted in the column for that
WEA sub-region. This is shown in Figure 4.3 For example, the ninth column of Figure 4.3 shows that, of all
pairs of sub-regions, E2 has the strongest correlation at lag +1 with W9. Similarly, for all such pairs with the
strongest correlation at lag +2, E3 is the maximum. No pairs in the ninth column have the strongest correlation
at any nonzero lag other than lag +1 or lag +2, so the colours for those lags do not appear in this column. We
perform this analysis in order to show where the “peaks” of the lag-correlation distribution (like those shown
in Figure [4.2)) are largest for each WEA sub-region.

Figure [4.3| shows that 15 WEA sub-regions (all except W3 and W17) have at least one EEA pairing with
its strongest correlation at lag +2, which is why all columns except 3 and 17 have a yellow cell. Lag +2 is

therefore the most common lag measured in this way, followed by lag +1 with nine cells and lag +3 with eight
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Figure 4.2: Lead/lag correlation coefficients of 16-year daily TRMM precipitation anomalies for (a) E1 versus W3, W5,
W9 and W12 (b) E3 versus W5, W9, W12 and W14. The dashed line shows the largest minimum threshold for statistically
significant positive correlation coefficients. For any given pair of sub-regions a positive value implies that EEA is lagging,
and we use the word “lag” (with a positive value) to refer to days after the reference time (day 0) and likewise negative
values for days before the reference time.

cells. Of those 15 WEA sub-regions with lag +2 values, eight (or 53%) have the maximum of these strongest
correlations when paired with E3, which is why most yellow cells occur in the third row. This highlights a
possible unique interaction between sub-regions in WEA and E3. Furthermore, of the pairings between all
WEA sub-regions and E3 (row 3 in Figure {.3), the strongest correlation coefficient is seen between E3 and
W9 at lag +2. Also, the strongest correlation coefficients between the westernmost sub-regions (W1-3; see
Figure [4.T] for the location of W1-2) and E3 occur at lag +3, which is why the first three cells in the third row
are red. Subsequent work looks at E3 in more detail because it indicates the highest number of sub-regions
in WEA with which it exhibits the strongest correlation coefficient at any lag; note that we focus on lag +2 in
this chapter, for reasons discussed below. We acknowledge that the correlation between W11 and E2 (0.18)
is stronger than that between W9 and E3 (0.13). Our choice to further analyse W9 and E3 is premised on
the higher number of WEA sub-regions that exhibit the strongest correlation coefficient with E3 compared to
E2. This suggests that overall, E3 is more likely to demonstrate WEA-EEA interaction. Also, we investigate
the W11-E2 pairing, and E2 in general, to check sensitivity to sub-region choices. We also note that the W5-
E3 pairing has only a slightly lower correlation (0.12) than the W9-E3 pairing, and that W5 is closer to the
equatorial latitude range covered by E3, so we also investigate the W5-E3 pairing for sensitivity to choice of
sub-region.

Over the continuum of lag 0 to +4, Figure [4.3] suggests that the strongest correlations are seen at lag +1
and +2. Figure #3]also shows that the correlations peak at lag +1 when the associated pair of sub-regions is
closer to one another (e.g., W9 and E2, W14 and E3, W8 and E1) and similarly at lag +2 or +3 when they are
further apart (e.g., W9 and E3, W5 and E3, W3 and E3). However, by lag +3, the correlation coefficients are
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Figure 4.3: The maximum correlation coefficients between each WEA and EEA sub-region at various lag days. For each
column (WEA sub-region), the dark blue, light blue, yellow, red and dark red cells indicate that the maximum correlation
coefficient at lag 0, +1, +2, +3 and +4 respectively, out of all EEA sub-region pairings with the WEA sub-region, occurred
with the corresponding row (EEA sub-region). Correlation coefficients are computed using the entire 16-years of TRMM
daily precipitation anomalies and only correlation coefficients that are statistically significant at 95% confidence level are
indicated in the figure. The correlation coefficient for column 17, row 1 was omitted because due to an extensive overlap
between E1 and W17, it is expected that the correlation coefficient will be influenced by the overlapping grid points.

not as strong; thus, emphasis is placed on lag +2 as it provides an opportunity to understand the behavior of the
signal across a wider west-east stretch of the domain under investigation, while still having relatively strong

correlation coefficients.

The precipitation anomalies were also divided into four seasons consisting of MAM, June -August (JIA),
SON and December-February (DJF), and lead/lag correlation coefficients over the various sub-regions were
recalculated (not shown). The results showed that the strength of the correlation coefficients almost doubled in
MAM and SON. This is likely due to more rainfall events occurring during those seasons. However, the peak

of the correlation coefficients was seen at similar lead/lag days as those shown in Tables 4.1 and [4.2]

4.5 Spatio-temporal correlation coefficients

The spatio-temporal correlation pattern between W9’s area-average time-series and every grid-point

is shown in Figure /.4  The strongest positive correlation coefficients occur on day +1 when the
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E3vs Mincorr lag @ mincorr Max corr lag @ max corr

Wi -0.084 0 0.093 3
w2 -0.094 1 0.055 3
W3 -0.085 1 0.068 3
w4 -0.063 1 0.088 2
W5 -0.025 0 0.120 2
W6 -0.044 0 0.101 2
W7 -0.042 0 0.050 2
W38 -0.111 0 0.061 2
W9 -0.029 0 0.129 2
W10 -0.094 0 0.091 2
W11 -0.063 -1 0.085 2
Wi2 -0.072 0 0.049 1
W13 -0.129 0 0.109 2
Wwi4 -0.125 -1 0.172 1
W15 -0.084 -1 0.133 1

Table 4.1: Minimum and maximum correlation coefficients and corresponding lead/lags at which these occur, between
sub-region E3 and various sub-regions in WEA. All correlation coefficients shown here are statistically significant at the
95% level

Elvs Mincorr lag @ mincorr Max corr lag @ max corr

Wil -0.024 -1 0.029 2
w2 -0.028 0 0.077 2
W3 -0.061 0 0.098 1
w4 -0.068 0 0.079 2
W5 -0.064 0 0.067 2
W6 -0.041 0 0.044 2
W7 -0.056 0 0.154 1
W38 -0.082 0 0.176 1
W9 -0.055 0 0.063 2
W10 -0.107 0 0.123 1
W11 -0.024 3 0.046 2
W12 -0.074 -2 0.158 1
W13 -0.069 0 0.081 2
w14 -0.043 3 0.061 1
W15 -0.073 3 0.100 1

Table 4.2: Minimum and maximum correlation coefficients and corresponding lead/lags at which these occur, between
sub-region E1 and various sub-regions in WEA. All correlation coefficients shown here are statistically significant at the
95% level

eastward/northeastward-propagating signal progresses from W9 and propagates to a region approximately cen-
tred on 5°S, 25°E (over W14), and then on day +2 the strongest positive correlation coefficients advance further
east to a region approximately centred on 3°N, 33°E (over E3). By day +3 (and also day +4, not shown),
the signal becomes much weaker. The pattern seen in Figure 4.4] suggests a coherent synoptic-scale eastward-
propagating signal.

Figure [4.4]also shows little eastward propagation from day +2 to day +3, unlike previous days. This result

is consistent, however, with the findings in [Liebmann et al.| (2009) (see their Figure 1), and several possible
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Figure 4.4: Correlation coefficients between area average time series based on 16-years of TRMM daily precipitation
anomalies over W9 and every grid point in the domain for (a) day O (b) day +1, (c) day +2, (d) day +3. Only correlation
coefficients that are statistically significant at 95% confidence level are shown.
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Figure 4.5: As in Figure [4.4]but for W5

reasons for this behaviour are discussed below. Note that we find a similar pattern to Figure [#.4 when we redo

the same analysis but using either W5 or W11 in place of W9 (pattern for W5 is shown as Figure .5).

The area-average time series over all the sub-regions in EEA (e.g., E1-8) were correlated with every grid
point in the domain at lag 0, -1, -2, and -3. Figure 4.6 shows the spatio-temporal distribution of the correlation

coefficients for E1 (Figure [4.6p-d) and E3 (Figure [4.6-h) for lag 0, -1, -2, and -3 (For E2, see Figure [4.3).
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Figure 4.6: Correlation coefficients between area average time series based on 16-years of TRMM daily precipitation
anomalies over E1 and every grid point in the domain for lag (a) 0, (b) -1, (c) -2, and (d) -3 and similarly over E3 for lag
(e) 0, (f) -1, (g) -2, and (h) -3. Only correlation coefficients that are statistically significant at 95% confidence level are
shown.

There is a clear difference in the structure of the correlation patterns over lag -1, -2, and -3. For E3, it is seen in
Figure[4.6]that there is no switch in polarity of the local sub-region correlation signal over all lag days. However,
El indicates a change in the polarity of the local signal over the four lag days. The correlation coefficient pattern
seen in Figure [4.6p-d may be interpreted to mean that when wet anomalies dominate E1 (in South Sudan), dry

anomalies occur in central WEA (e.g., over W3, W5, W8) and vice versa, suggesting a weak precipitation
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dipole. Here, the word “dipole” is used to refer to behaviour leading to a two-pole (positive-negative) spatial
structure of the signal on day O which is also similarly present on an earlier or later lag, and where a similar
structure with reversed polarity is present between those two days. For E1 lag -3 (Figure 4.6[d), the structure
of the signal resembles that on day O (Figure 4.6p), though the signal is weak in Figure [4.6d. However, the
correlation pattern seen in Figure [d.6h does not entirely resemble that in Figure f.6. The coefficient pattern
seen in Figure #.6p-d therefore suggests a precipitation dipole. This result is consistent with Mekonnen and

Thorncroft (2016), who found a dipole in boreal summer OLR between the Congo Basin and Eastern Africa.

To test whether the unique behaviour of E1 was due to its off-equatorial location, a similar spatio-temporal
correlation analysis over E2 was performed, since both E1 and E2 are located approximately along the same
longitudinal band and distance from the equator. The structure of the correlation pattern over E2 (Figure
for lag 0, -1, -2, and -3 was similar to that of E3 (Figure @h—h) and not that of E1 (Figure @—d). This

suggests that the behaviour of E1 is not due simply to its distance from the equator.
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Figure 4.7: As in Figurebut for E2

Figure [4.6] shows a clear difference in the spatio-temporal correlation patterns of E3 and E1. Patterns for
the other E sub-regions (e.g., E6, E8) were similar to that for E3, thus not shown. We speculate that for all sub-
regions in EEA, except E1, a “local” influence within EEA persists for a longer timescale than the influence

from WEA.

To further assess the relationship between precipitation in a sub-region and the driving circulation at every
grid-point, area-averaged precipitation anomalies in W3, W5 and W9 were correlated with 850hPa zonal wind
anomalies for the entire period, regardless of the season. Results indicate a coherent eastward/northeastward

propagation signal similar to Figures [4.4] and discussed further below.
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Figures .4 and [.6a-d highlight the approximately 12 m s-1 eastward/northeastward-propagating

synoptic-timescale signal. Based on previous studies (Kiladis et al., 2009; [Laing et al., 2011), the propaga-
tion speed of the signal seen in Figures[4.4and [.6p-d closely matches that of a CCKW.
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Figure 4.8: (a) Time-longitude section for daily precipitation anomalies for 24 March to 5 May 2004 (shaded) where
the contour lines show Kelvin wave divergence (dashed lines negative) at 850 hPa and both divergence and precipitation
are averaged between 7°S and 3°N. Contour line interval is 9.3x1077S™! (b) Contour lines show the lagged correlation
coefficient between 16-years of daily precipitation anomalies over W9 and grid point 850 hPa Kelvin wave divergence
(dashed lines negative) and shading shows the autolagged correlation of precipitation over W9 and grid point precipitation
averaged over 7°S and 3°N.

Figure 4.8 shows a time-longitude plot of TRMM daily precipitation anomalies and the 850 hPa Kelvin
wave divergence field for April 2004, as an example. The period shown here was selected because it includes
several events (see §4.2.2]for definition, and §4.8|below for more discussion) that were indicated by several dif-
ferent pairs of near-equatorial sub-regions (e.g., W5-E3, W9-E3, and W4-E3, see Figure @ for W4 location),
suggesting that on these dates there was an eastward propagation of wet anomalies. For our primary pairing
of W9-E3, there are three such events beginning March 25, April 17 and May 01. Note that in Figure 4.8]
both precipitation and Kelvin wave divergence is averaged between 7°S and 3°N because W5 and E3 are also

located within this latitudinal belt. Figure 4.8 shows that eastward-propagating wet anomalies coincide with
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Kelvin wave low-level convergence, while dry anomalies coincide with Kelvin wave low-level divergence. The
alignment of precipitation anomalies and Kelvin wave low-level divergence/convergence seen in Figure f.8p

suggests that CCKWs play a role in modulating the eastward propagating precipitation signal.

The relationship between precipitation in various sub-regions in WEA and the Kelvin wave divergence
over lag -3 to lag +4 was also analysed. As an example, Figure #.8p shows the lagged correlation coefficients
between area-averaged precipitation anomalies in W9 and grid-point Kelvin wave divergence at 850 hPa over
the 16-year period over lag -3 to lag +4. In agreement with Figure 4.8n, [4.8p reveals a signal of a Kelvin
wave that progresses into WEA from the Atlantic Ocean and progresses into EEA with a phase speed of 10 m
s-1. The pattern seen in Figure [d.8p is in agreement with Mekonnen et al.| (2008), who suggested that CCKW's
propagate into Africa from the Atlantic Ocean.

mm MAM . A mm SON mm DJF

124

10+

Number of events

0
1998 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
Year

Figure 4.9: Season-to-season variability in the number of precipitation events for W9 — E3

4.6 Isolation of event time indices

A meaningful way of understanding the eastward/northeastward-propagating signal seen in Figures[4.4]and
[.6)is to count the “events” (see above definition) when precipitation exhibits eastward propagation. Figure [d.9]
shows the number of events for W9-E3. Similarly, the number of events for other pairs of sub-regions was

counted. For W9-E3, the approach identified 87 events during DJF, an average of about 5 events per season; for
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WS5-E3, a total number of 103 events during MAM were identified, an average of about 6 events per season.

In Figure[4.9] JJA shows the fewest events of any season. This could be because during these months, EEA
is generally dry. DJF shows stronger interannual variability in the number of events. Results from calculating
the standard deviation either including the outlier in DJF 2002 or replacing it with the mean of events across
all DJF seasons indicate that the higher apparent variability in DJF in Figure 4.9]is due to the outlier in DJF
2002 and is otherwise not much higher than in MAM or SON (not shown). Figure [4.9]highlights that events are
characterised by a large season-to-season variability. Note that similar figures, but for other pairs of sub-regions,
also indicate a similar variability (not shown). Because seasonal precipitation over Equatorial Africa is strongly
modulated by the ITCZ (Nicholson, [2018)), we speculate that the synoptic-scale systems that modulate these
events are likely associated with the ITCZ. For example, during DJF, the ITCZ is in the Southern Hemisphere
in a location similar to that of W9, and this coincides with the period when W9-E3 has a higher number of
events compared to JJA, when the ITCZ is in the Northern Hemisphere. Similarly, during JJA, when the ITCZ

is in the Northern Hemisphere (in proximity with E1), W9-E1 shows a higher number of events (not shown).

4.7 Composite Analysis

Finally, the composite method (averaging over events) is used to investigate the average structure, char-
acteristics and wind regime associated with the precipitation relationship between WEA and EEA. Because
previous studies have indicated that the circulation patterns associated with precipitation variability in the dif-
ferent seasons varies markedly (Pohl and Camberlin, 2006a, 2006b), composites based on Equatorial Africa’s
known wet seasons are calculated. The events were first categorised by season and a composite was calculated
only when the total number of events in a given season (MAM and SON, over the 16 year period) exceeded
60. In calculating a composite, day O corresponds to the day when wet anomalies exceeded the threshold in
the sub-region in WEA, and negatively/positively lagged composites are computed to explore the propagation

characteristics of the wet anomalies.

Figure (for W9-E3) shows composites of precipitation anomalies and 850 hPa Kelvin wave diver-
gence for MAM (Figure {.10p-d) and SON (Figure 4.10g-h) over lag 0 to +3. Wet anomalies propagate east-
ward together with Kelvin wave convergence (dashed contours), while dry anomalies coincide with Kelvin
wave divergence (solid contours). In addition, Figure 4.10| shows that Kelvin waves slowdown in EEA. The
composites of events over various seasons for different sub-regions indicated a similar structure as that seen in
Figure 4.10| (not shown). This Figure is consistent with Figures #.9]and [.4]and further highlights the role of
CCKWs in modulating the 2-day precipitation connection between WEA and EEA.

Figure d.11|shows a composite of SON daily precipitation anomalies and 850 hPa horizontal wind anoma-
lies (a similar composite for MAM is shown in Figure d.12)). First, in all panels there is low-level convergence

into the region of strong wet anomalies. Second, a wave-like signature is evident: dry anomalies (at ~32°E) in
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Figure 4.10: Lagged composite of W9-E3 events for (a, b, c, d) MAM and (e, f, g, h) SON for lag 0, +1, +2, and +3,
respectively. Precipitation anomalies that are statistically significant at the 95% confidence level are shown. The contour
lines show the 850 hPa Kelvin wave divergence (dashed lines negative). Contour line interval is 1.1x1077S!,

Figure . TTp are just east of wet anomalies (~25-30°E), and west of this dry anomalies are again seen (~15-

20°E), while further west (~9°E) weak wet anomalies can be seen. This shows a “dry-wet-dry-wet” pattern,

which further highlights the role of a convectively coupled wave in modulating the 1-2 day precipitation linkage

between WEA and EEA. This figure also shows anomalous low-level westerly flow west of the positive rainfall

anomaly. These anomalous westerlies move eastward on lag +1 and +2, but on lag +3 both the rainfall and

wind signal are weak.

Composites of the mean sea level pressure (MSLP) in all seasons indicate that on day -2 and day -1, pos-
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Figure 4.11: Composite of SON daily TRMM precipitation anomalies (shaded) and SON 850 hPa wind anomalies
(vectors) on W9-E3 events at (a) day 0, (b) day +1, (c) day +2 and (d) day +3. Only precipitation anomalies that are
statistically significant at the 95% confidence level are shown. The wind vectors are plotted regardless of statistical
significance.

itive MSLP anomalies dominate the Atlantic Ocean while negative anomalies dominate the Indian Ocean (not
shown). The positive MSLP anomalies shift eastward on day 0, +1, +2, +3 and +4. The orientation of the West-
East pressure gradient is an indication of a travelling large-scale tropical disturbance. Examining geopotential
height, Figure .13 shows a composite of MAM daily precipitation anomalies and 850 hPa geopotential height
anomalies (SON is shown in Figure[d.14)). Positive geopotential height anomalies advance eastward along with
the wet anomalies from lag O to lag +3. Generally, the positive geopotential anomalies are in phase with the
low-level westerly wind anomalies in Figure .12} Figure .13 provides further evidence of the role of Kelvin

waves in modulating precipitation connection between WEA and EEA.

We also use the equatorial wave dataset and a percentile-based threshold to identify days (events) when
a CCKW propagates through Equatorial Africa. The threshold is computed from the time series obtained
from averaging the Kelvin wave low-level convergence along the central latitude but within the two longitudes
of a sub-region (Kelvin wave events were defined only for WEA sub-regions). The Kelvin wave events are
identified by selecting all the days on which the Kelvin wave induced low-level convergence is below the k™
percentile of the low-level divergence (i.e. above (100 — k) percentile of convergence). For example, the 90™
percentile of Kelvin wave low-level convergence is defined by taking the 10" percentile of low-level divergence
(including negative and positive values). Using the 90" percentile as a threshold over W9, for instance, we
identified Kelvin wave events and then compared these to the events that were previously identified using the

methodology described in section 3.2. The Kelvin wave events were matched to the “Day 0 of the precipitation

events, when the precipitation was above the given threshold in the WEA sub-region. Events such as March
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Figure 4.12: As in Figure but for MAM

25, April 17 and May 01 (shown in Figure {.8{a)) showed up as both Kelvin wave and precipitation events. We
then calculated the percentage of precipitation events that were also Kelvin wave events and found a 25% and
60% overlap when the 90™ and 60™ percentile of Kelvin wave convergence is used as a threshold, respectively.
This means, for instance, that 60% of the precipitation events identified over all seasons are associated with
CCKW low-level convergence greater than the 60™ percentile threshold (though this is a fairly weak Kelvin
wave threshold, since values below the 50" percentile are divergent). Note that these percentages are higher
than those expected purely by chance, which are simply the percentage of all days that are above the two
Kelvin wave convergence thresholds (10% and 40% for the 90" and 60" percentile thresholds, respectively).
On the other hand, a majority of Kelvin wave events (even defined at the high threshold) are not associated with
precipitation events as previously defined, so Kelvin waves are not the only explanation for those events and
most Kelvin waves do not cause such events; Chapter [6] looks into possible reasons for this, including event
definitions and other possible drivers. Results similar to Figure [4.9] but based on W9’s Kelvin wave events,

showed that MAM indicated more Kelvin wave events than SON in 12 out of 16 years (not shown).

Figure {.15] shows a composite of MAM 850 hPa Kelvin wave convergence and the corresponding daily
precipitation anomalies for the W9 strong Kelvin wave events (above 90" percentile convergence). It can
be seen in Figure (similar to Figure 4.10(a-d)) that the Kelvin wave low-level convergence propagates
eastward together with a wet signal, reaching EEA two days after its presence in WEA. As noted earlier, the
wet signal persists over the Lake Victoria sub-region (E3) on day +3 (and on day +4, not shown). Again, both
the Kelvin wave low-level convergence and the wet signal are not seen to coherently progress from central EEA
into the Indian Ocean, which suggests a weakening of the CCKW signal as it propagates from WEA into EEA.
A composite for SON, but based on CCKW events, was similar to Figure [#.10(e-h) (not shown).
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Figure 4.13: Composite of MAM daily TRMM precipitation anomalies (shaded) and MAM 850 hPa geopotential height
anomalies (contour lines) for W9-E3 events on (a) day 0, (b) day +1, (c) day +2 and (d) day +3. Only precipitation
anomalies that are statistically significant at the 95% confidence level are shown, and warm coloured contours indicate
positive geopotential height anomalies while cool-coloured contours correspond to negative anomalies. Contour line
interval is 5.0x10' geopotential metres (gpm).

It has been suggested that the MJO influences precipitation over sub-regions in EEA (e.g.,
2006a,b). We investigated whether the events identified in Section 4.6 occur in a preferred MJO phase
using the Real-time Multivariate MJO Index RMM1 and RMM2 ((Wheeler and Hendonl, [2004)). Our results

indicate that the 2-day precipitation relationship may not be dependent on MJO activity, since no particular

MJO phase is favourable for the occurrence of the events (not shown).

4.8 Discussion and Conclusions

A synoptic-scale relationship in precipitation between WEA and EEA has been detected and investigated.
Lead/lag and spatio-temporal correlation analysis revealed that precipitation in EEA lags precipitation over
WEA by 1-2 days. Some sub-regions in central WEA and South Sudan exhibit a synoptic-scale precipita-
tion contrast, suggesting a weak precipitation dipole. Composite analysis shows that CCKWs play a role in

facilitating the precipitation connection between WEA and EEA.

The lead/lag and spatio-temporal correlation analysis was performed on sub-regions identified using the
EOT algorithm. Daily precipitation anomalies were used in this EOT analysis to objectively identify sub-
regions of similar daily precipitation characteristics, rather than relying on a subjective identification. There are
some differences between the locations of the various sub-regions identified in this study and those in previous

publications, such as|Indeje et al.[(2000) and |Badr et al. (2016). These discrepancies may be due to the method
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Figure 4.14: As in Figure but for SON

and the temporal and spatial resolution of the dataset used (e.g., Nicholson, 2017). As pointed out by
(2017), the sub-regions that are frequently identified in the literature include Lake Victoria, the highlands and
the coastal plains and our approach similarly identified sub-regions over Lake Victoria (E3), coastal areas
(E6) and highlands (W17). These results highlight the previously documented spatial heterogeneity of daily
precipitation, a result that is consistent with heterogeneity found in pentad (5 days) precipitation variability

(e.g., Pohl and Camberlin, 2006a, 2006b).
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Figure 4.15: Same as Figure — d but composite calculated using CCKW events defined for W9. Contour line
interval is 6.0 x 107 s'.
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Results from the lead/lag correlation analysis of various pairs of sub-region area-averaged time series
of precipitation anomalies indicate statistically significant peak correlation coefficients on day +1 or day +2,
suggesting that precipitation over EEA lags that in WEA by 1-2days. It is also seen that the lag at which the
correlation coefficient peaks is contingent upon the distance between the sub-regions. For sub-regions that are
far apart (e.g., W5 and E3) the correlation coefficient peaks at lag +2, while for the sub-regions that are close
to one another (e.g., W14 and E3) the correlation coefficient peaks on lag +1 (e.g., Figure 4.2p). This suggests
a coherently propagating synoptic-scale system. We note, however, that the correlation coefficients are quite
weak, and this may be explained by the “spotty” (i.e., scattered) nature of precipitation over much of Equatorial
Africa. Sumner| (1983) found similar weak correlation coefficients in their analysis of daily precipitation in

Tanzania.

The propagation characteristics of the synoptic-scale signal highlighted above were investigated using
spatio-temporal correlation analysis. The results revealed a coherent eastward/northeastward-propagating sig-
nal. The propagation structure of this signal (with an estimated phase speed of about 12 m/s) suggests a role
of a large-scale disturbance in modulating the precipitation relationship between WEA and EEA. The speed of
propagation closely matches that of CCKWs detected in Mekonnen et al.[|(2008)) and |Laing et al|(2011)). An-
other aspect of our results is the weakening or complete decay of the coherent eastward/northeastward signal
shown in Figure [#.4d and in composites (e.g., Figures and {.T3). The coherent eastward/northeast signal
is thus fairly short-lived, which may seem somewhat surprising. However, the propagation characteristics of
this signal may be compared to the findings in Liebmann et al. (2009, Figure 1, see discontinuity at about
37°E). Also, our results are in agreement with [Mounier et al.| (2007), who found that the CCKW footprint is
characterized by a weak signature over East Africa. Our analysis also reveals a contrasting signal shown in the
patterns between the sub-regions in South Sudan (E1) and central WEA, which can be interpreted as a weak
precipitation dipole. This result lends support to [Mekonnen and Thorncroft| (2016), who proposed a dipole

relationship in convective activity between East Africa and the Congo Basin.

The structure of the spatio-temporal correlation patterns for all sub-regions in EEA over lag 0, 1, 2 and
3 (with the exception of E1) was similar to that shown for E3 in Figure d.6e—f. The persistence of positive
correlation coefficients over EEA’s sub-regions for lag 0 to 3 may suggest that rainfall over several sub-regions
in EEA is particularly influenced by features that do not propagate from WEA but rather persist within EEA.
We find this consistent with earlier studies that have suggested the local nature of precipitation over EEA (e.g.,
Sumner, 1983; Nicholson, 2011). Furthermore, the distinctive spatio-temporal correlation pattern for E1 over
lag 0, 1, 2 and 3, while indicative of a weak dipole as mentioned above, does not mean that precipitation over
this sub-region is solely driven by eastward/northeastward-propagating features either. Our results indicate that
a comprehensive understanding of drivers of daily to synoptic-scale variability in precipitation requires that

small sub-regions need to be considered separately.

The identification of events in each season allowed a further investigation into factors modulating the 1-2
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days precipitation connection. There are an average of six events per year for W5-E3 in MAM and five events
for W9-E3 in DJF. These numbers closely match the 6-7 CCKWs that propagate through the Congo basin
during March—June according to previous studies (e.g., Sinclaire et al., 2015). Wheeler and Nguyen| (2015,
Figure 7) found an average of 5 CCKWs per boreal spring season, a result that is also consistent with our

results.

The structure of the anomalous wind and the associated precipitation anomalies seen in Figure [4.T1] re-
sembles the observed Kelvin wave signature seen in [Wheeler and Nguyen| (2015, Figure 7). We used a novel
equatorial wave dataset to find evidence of alignment of the eastward propagating precipitation anomalies
and Kelvin wave convergence. The collocation of wet anomalies and Kelvin Wave convergence is evident in a

time-longitude plot (Figure4.8h) and composites (Figuresd.10] .11} [4.13). As shown inWheeler and Nguyen

(2015), it is also seen here that anomalous westerly flow and wet anomalies in Figure [d.TT]are in phase with the
positive geopotential height anomalies in Figure 4.13] The association between the anomalous westerly flow
and the wet signal shown here (e.g., Figure f.11) is consistent with results from Finney et al. (2019). We
also show that as the eastward propagating wet signal becomes weaker, so does the dynamical signature of the
CCKWs. This confirms the role of CCKWs in facilitating the 1-2 days precipitation connection between WEA

and EEA in most seasons, more particularly during MAM and SON.

Overall, composites on Kelvin wave convergence in Figure .15] confirms that CCKWs play a role in
modulating precipitation linkage between WEA and EEA, although not all precipitation events are linked to
Kelvin wave events, and most Kelvin wave events do not cause precipitation events; Chapters[5|and[6|undertakes
further investigations on these definitions and mechanisms. Finally, over the 16-year period, Kelvin wave event
numbers in MAM in each year were greater than those in SON of the same year in 75% of the period. This
is consistent with the relatively stronger wet signal and the associated Kelvin wave induced convergence in
Figures #.10d and F.I5(d, compared to the corresponding SON composite (Figure 4.10h). This result also
appears to be consistent with the predominant occurrence of Kelvin waves found during boreal spring (e.g.,

Roundy and Frank, 2004).

Work in this chapter has shown that Kelvin waves play a role in the eastward propagation of precipita-
tion. Chapter [5|uses a state-of-the-art high resolution simulation from a convection permitting regional climate
model, a coarse global model, observed precipitation and reanalysis fields to investigate the physical mecha-

nisms through which Kelvin waves influence the eastward propagation of precipitation.
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Chapter 5

Linking Equatorial African precipitation to Kelvin wave

processes in the CP4A

5.1 Purpose of the chapter

This chapter addresses the third thesis objective (§2.7): that is, to assess how well a state-of-the-art con-
vection permitting model reproduces observational results in objectives (1) and (2), and to use this simulation

as a “virtual laboratory” to further explore the physical mechanisms.

Work in chapter ] found that Kelvin waves play a role in the synoptic-scale precipitation linkage between
WEA and EEA. An extension of these results is, for example, (a) to investigate whether the eastward propa-
gation of the precipitation signal is present in climate model simulations, (b) to probe the major structures of
circulation anomalies associated with the interaction between CCKWs and the eastward propagating precipi-
tation anomalies over Equatorial Africa, (c) to examine how the interaction between the eastward propagating
CCKWs and the moisture field evolves in space and time across Equatorial Africa, and (d) to evaluate how well
these interactions are captured in convection permitting regional climate and global models. To address these
aspects, this chapter examines observations ( [3.2.1)), reanalysis ([3.2.3)), a coarse global simulation ([3.2.4.1),

and a brand-new high resolution simulation from a convection permitting regional climate model ([3.2.4.2).

Detailed examination of the observed and simulated dynamics involved in the coupling between CCKWs
and precipitation over Equatorial Africa are uncommon. Nevertheless, there are some publications that have
studied Kelvin waves (both wet and dry phase) over some regions in Africa (e.g., Nguyen and Duvel, 2008}
Mekonnen et al., 2008; Mekonnen and Thorncroft, [2016; [Schlueter et al., 2019) or Africa as a whole (e.g.,
Jackson et al., 2019). The conclusions from these studies are diverse but all echo the importance of CCKWs
for synoptic-scale precipitation variability. For example, Jackson et al.[(2019) attributed about 15% of variance

in daily mean precipitation during April over some areas in EEA to CCKWs.
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Wheeler and Nguyen|(2015)) pointed out that through monitoring African Kelvin waves, convective rainfall
events can be predicted several days before occurrence. Recent work in [Yang et al. (2021) suggested that
recent numerical weather prediction models have some skill in predicting Kelvin waves. Despite the role of
CCKWs in influencing Equatorial Africa’s convection and precipitation (e.g., Nguyen and Duvel, 2008} |[Laing
et al., [2011; Mekonnen and Thorncroft, [2016)), the mechanisms through which CCKWs connect precipitation
in WEA to that in EEA remain largely unclear. A thorough understanding of the physical mechanisms through
which CCKWs influence the west-east propagation of precipitation across Equatorial Africa is an important

step toward improving synoptic timescale forecasting.

The rest of this chapter is structured as follows. Section [5.2] highlights the methodology used in this
chapter. In Section the simulated precipitation anomalies are used to identify the small sub-regions that
are characterised by similar daily precipitation characteristics. Section [5.4] displays the Kelvin wave activity
obtained from the simulated equatorial wave dataset. An index based on Kelvin wave low-level divergence is
developed, and used to analyse the eastward propagation of the simulated precipitation (§5.5)), and the moisture
field (§5.6). Section focuses on the vertical structure of various fields associate with the propagation of
CCKWs across Equatorial Africa and also includes a discussion on the interaction between the CCKW and the
East African Highlands (§5.7.3) and the energetics associated with propagation of the CCKW across Equatorial
Africa (§5.7.4). Finally, the discussion and the conclusions of this chapter are presented in section[5.8]

5.2 Methodology

The technique used to identify the small sub-regions based on simulated precipitation is similar to that
described in chapters[3|and [4] The sub-regions identified are used as reference sub-regions for computing time
lagged correlation coefficients and composites. The methodology used to generate a simulated equatorial wave
dataset is given in chapter[3] In this chapter, all other analyses, anomalies on 1° x 1° are used for a period of 9

years (1998 - 2006).

5.3 Sub-region identification and the eastward propagating signal in observed

and simulated precipitation

Results from subjecting the 9 year daily precipitation anomalies from TRMM and both simulations to an
EOT algorithm show that while there are differences in the location of the sub-regions identified by TRMM
and the simulated precipitation based sub-regions, there are several overlaps. For example, both CP4A and G25
identified a sub-region contained within 9°S-3°S, 16°E-21°E and also 4°S-2°N, 31°E-36°E (see Figure [5.1).
These sub-regions are in correspondence with W9 and E3 in chapter ] (Figure B.1). As an example, a pair
(green for WEA and brown for EEA) of sub-regions identified by an EOT algorithm is shown in top panels
of Figure Chapter ] used 16 years of observed daily precipitation anomalies and identified 17 and 8 sub-
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Figure 5.1: Lagged correlation coefficients between respective sub-region’s (dashed green box in the top panels) area
average time series and every grid point for (a)-(d) TRMM, (e)-(h) G25 and (i)-(I) CP4A based on 9 years of daily
precipitation anomalies. The lags for which the correlation coefficients are calculated are shown on the right of each
row. Correlation coefficients are calculated regardless of season and the shading shows the correlation coefficients that
are statistically significant at 95% confidence level.

regions of similar daily precipitation characteristics in WEA and EEA respectively (see Figure ff.T). Recall
that chapter 4] presented correlation coefficients for each sub-region in WEA with every sub-region in EEA and
identified a sub-region in WEA (7°S-3°S, 16°-21°E) as a sub-region that indicated the strongest correlation
coefficient with the highest number of sub-regions in EEA. It was shown that the pair of sub-regions (W9 and
E3 in Figure .1 best demonstrated the 1-2 day relationship in precipitation between WEA and EEA. The pair
of sub-regions used in this chapter (green and brown box in Figure [5.1)) are in similar locations as W9 and E3
in Figure .1} So, a sub-region in WEA (green box) in each dataset is used as a sub-region of reference in the

spatio-temporal correlation coefficient analysis and the subsequent composite analysis.

One way of assessing the characteristics of a propagating feature is to undertake spatio-temporal correla-

tion coefficient analysis. Figure [5.1] shows the spatio-temporal correlation coefficient between area averaged
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Figure 5.2: Time-longitude section for (a) TRMM 3-hourly precipitation rate (b) CP4 hourly precipitation rate. Both (a)
and (b) are extracted from year 2000 and latitudinally averaged over 7°S-7°N. The black arrows highlight the eastward
propagating precipitation.

time series over the sub-region in WEA (green dashed box) and every grid point in the domain. Day 0 for
each data set is shown in the top row and the rest of the lagged sequence at which correlation coefficients are
computed increase downwards for each column. In computing the correlation coefficients, the area average
time series over the sub-region in WEA (green dashed box) is correlated with the time series of the daily pre-
cipitation anomalies at each grid-point, P; ; (i=latitude, j=longitude) and then, the time series of each grid-point
is shifted so that the sub-region’s time series lags the grid point time series by a day at a time. These correlation
coefficients are calculated regardless of season and is not conditioned to any propagating tropical disturbance.
One sees in Figure [5.1p-d a coherent eastward propagating signal that has a speed of approximately 7-8° per
day (9 - 10 m s™!). For day 1 (Figure ), the positive correlation signal has shifted east and is centered
approximately halfway between where it was located on day 0 and EEA. By day 2 (Figure [5.1k), the positive
correlation signal is seen over EEA while a negative correlation signal dominates WEA and by day 3 (Fig-
ure [5.14d), the positive correlation signal becomes weak and no clear coherent eastward progression is seen.
This correlation coefficient pattern (Figure [5.Th-d) based on 9 years of daily precipitation anomalies is similar
to that shown in Figure .1] based on 16 years of TRMM)

Looking at Figures [5.1¢-h and i-1, an eastward propagating signal depicted in TRMM (Figure [5.Tp-d) is
generally present in the simulated precipitation anomalies. However, from day 0 to day 2 (i.e., Figure [5.1¢-g)

while an eastward shift of positive correlation coefficients can be seen, a reversal of the signal over WEA is
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not seen. Further differences can also be seen in subsequent days. The propagation speed of the eastward
propagating signal in the simulations is not remarkably different from that in the observations. Overall, the
results in Figure [5.1] indicate that, generally, the eastward propagating signal is detectable in the simulated
precipitation anomalies as seen in the observations. The sensitivity of the correlation coefficient pattern to the
dimensions of the sub-region was tested by repeating the same analysis but using an identical sub-region from
TRMM onto the simulated precipitation anomalies and the results were similar (not shown). The generally
weak correlation coefficients seen in Figures are not surprising because small spatial and temporal scales
affect the strength of individual correlation coefficient. Because these correlation coefficients are statistically

significant and spatially coherent signals provides confidence to our results.

To further investigate the eastward propagating signal in the simulated precipitation, Hovmoller plots of
CP4A’s total precipitation (Figure [5.2) showed eastward propagating wet episodes that are similar to those
in TRMM (e.g., see Figure [4.§), a result that is consistent with the eastward propagation correlation coeffi-
cient signal shown in Figure [5.Tj-1. Additionally, these plots also showed a strong diurnal cycle and multiple
westward propagating episodes (presumably organised mesoscale convective systems) within envelopes of the
eastward propagating wet signal. The time-longitude plots for precipitation over selected periods (Figure [5.2)
were similar to that shown in [Stratton et al.. (2018 their Fig.9a). The eastward propagating signal shown
in Figure [5.1) may be compared to the eastward propagating convective signal shown in [Dunkerton and Crum

(1995) and the eastward propagating wet signal shown in |Stratton et al.| (2018]).
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Figure 5.3: The seasonal cycle of Kelvin wave activity for (a) ERA-I (b) G25 and (c) CP4A as depicted by standard
deviation of Kelvin wave 850 hPa divergence for 1998-2006. Kelvin wave divergence is latitudinally averaged over
7°S-7°N before calculating the standard deviation.

5.4 Kelvin wave activity

An overall picture of the Kelvin wave activity over equatorial Africa is shown in a climatological time-
longitude plot of the standard deviation of Kelvin wave divergence in Figure In this figure and other cross-
sections, the field(s) are averaged in the latitudinal band 7°about the equator. This averaging range is informed
by two aspects. First, Kiladis et al.[|(2009) showed that strongest signal of Kelvin waves is confined within a
latitudinal belt of ~ £10° about the equator (see their Figure 5a). Second, the previous chapter analysed the

west-east precipitation linkage using sub-regions confined within ~ £7° about the equator. In both ERA-I and
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model simulations, the first peak of Kelvin wave activity is seen between January-May and the second between
September-December. Weak Kelvin wave activity can be seen in relatively dry months (June-August) in both
ERA-I and model simulations. In Figure [5.3] the simulated results are in agreement with those in ERA-I in
the sense that there is a signal of Kelvin waves activity over equatorial Africa all year round. Both simulations

reasonably capture the overall magnitude of the Kelvin wave activity in ERA-I (Figure [5.3p).

In terms of the spatial distribution, there are visible differences between ERA-I (Figure [5.3p) and the
simulated Kelvin wave activity (Figure [5.3p and c). For example, Kelvin wave activity in ERA-I shows two
longitudinal peaks, a weak peak between 10°E - 20°E and a strong peak between 30°E - 40°E. Both simulations
capture the peak Kelvin wave activity between 30°E - 40°E but their peak activity between 10°E - 20°E is
weaker than that in ERA-I. Unlike ERA-I and G25, CP4A (Figure [5.3k) shows a strong Kelvin wave activity
east of about 50°E. This might be due to the presence of the lateral boundary in this model. More generally,
the reasons for an underactive Kelvin wave between 10°E - 20°E in both simulations and an overactive Kelvin
wave over the Indian Ocean in CP4A remain unclear and beyond the scope of the current study. On comparing
the Kelvin wave activity in stitched CP4A (Figure [5.3k) with that in the complete tropical belt in ERA-I (Figure
[5.3p) and G25 (Figure [5.3p), it is likely that the stitching had a negligible impact on the coherent propagation of
Kelvin wave signal. This is plausible because Kelvin waves are large-scale features and may not be significantly

influenced by stitching of the data sets as described in section 2 above.

5.5 Eastward propagation of observed and simulated precipitation

Figure [5.4]shows a composite of precipitation anomalies on high amplitude Kelvin wave events of several
fields. In both observations (Figure[5.4p-e) and simulations (Figure[5.4f-j.k-0), the eastward propagation of pos-
itive precipitation anomalies in association with anomalous low-level moisture flux convergence can be seen.
Just like in observations, the simulated positive precipitation anomalies and anomalous low-level convergence
propagate eastward in association with simulated Kelvin wave convergence (e.g., Figure [5.4f-j k-0). As seen
in previous observational studies, positive precipitation anomalies are in phase with anomalous low-level west-
erlies (e.g.,Yang et all 2007} [Yang et al.l 2009). Figure [5.4] provides evidence that the eastward propagation
of precipitation is well represented in both simulations, and the connection between the simulated precipitation
anomalies and Kelvin wave convergence is well captured. While the wind field in G25 is comparable to that in
ERA-I, its precipitation signal is generally weak across the entire 5-day sequence, highlighting the likelihood
of a weak interaction between the convection and large-scale circulation associated with Kelvin waves in G25
as seen in other studies of coarse global models (e.g., | Yang et al.,|2009). Although they did not focus on the
role of Kelvin waves in modulating precipitation, |[Finney et al.| (2020)) also found that days with anomalous
westerly flow experienced enhanced precipitation over EEA. In Figure [5.4p-e, the Kelvin wave divergence is
well aligned with the negative precipitation anomalies however, the negative precipitation anomalies are gen-

erally missing in both simulations especially G25. It remains unclear why the suppressed convection is poorly
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Figure 5.4: The lagged high-amplitude Kelvin wave event composite for (a-e) TRMM and ERA-I, (f-j) G25 and (k-
0) CP4A, showing Kelvin wave low-level convergence (green dashed contours) and divergence (green solid contours),
daily precipitation anomalies (shading), and 850 hPa wind anomalies (vectors). The lags for which a composite was
computed are shown on the right of each row. Precipitation anomalies (shading) are plotted if statistically significant at
95% confidence level. Contour interval for divergence is 4 x 1077 s~! and wind vectors are plotted if zonal or meridional
component is statistically significant at 95% confidence level. 850 hPa moisture flux divergence is shown with thin
magenta contours (solid is divergence, dashed is convergence). Only the -2 x 107 and 2 x 108 kg kg'! s°! contours are
shown.

simulated.

5.6 The horizontal moisture flux and propagation of Convectively Coupled

Kelvin Waves (CCKWs) over Equatorial Africa

To gain insight into the sources of moisture associated with the anomalous precipitation signal in Fig-
ure [5.4] Figure 5.5 shows a lagged composite of anomalous horizontal moisture flux and evolution of CCKW
activity at 850 hPa. Figure [5.5p and [5.5p, [5.5f and [5.3fg, [5.5k and [5.5] show the horizontal wind structure
that is broadly in agreement with the theoretically predicted structure for a Kelvin wave shown in (1980).
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ERA-I (Figure[5.3h-e) displays a coherent eastward propagating moisture flux with the propagation speed
consistent with that shown in Figure 5.1} Recall that Figure [5.1] is based on precipitation without any condi-
tioning to Kelvin wave events. In essence, Figure[5.1]and [5.5]are based on independent analysis methods but
exhibit agreement. Also shown in Figure[5.5]is that the leading edge of the moisture flux is collocated with the
Kelvin wave convergence. A day before day 0 (Figure [5.5h) anomalous moisture flux is seen over the Atlantic
ocean and this is followed by low-level westerly anomalies appearing to strengthen between day -1 and day
1. This anomalous westerly flow is seen to advance eastward together with the Kelvin wave convergence and
the positive anomalous zonal moisture flux. By days 2 and 3 (Figure [5.3d and e), an anomalous magnitude
of moisture flux, the low-level anomalous westerly flow and the Kelvin wave convergence can be seen over
EEA but all these fields have waned. This result (e.g., Figure[5.5p-¢) suggests that CCKWs modulate low-level
moisture flux through anomalous low-level westerly flow.
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Figure 5.5: The 850 hPa lagged high-amplitude Kelvin wave event composite for (a-e) ERA-I, (f-j) G25 and (k-o0)
CP4A, Kelvin wave low-level convergence (green dashed contours) and divergence (green solid contours), magnitude of
the anomalous 850 hPa horizontal moisture flux (shaded) and 850 hPa wind anomalies (vectors). The lags for which a
composite was computed are shown on the right of each row. Contour interval for divergence is 4 x 1077 s~ and wind
vectors are plotted if zonal or meridional component is statistically significant at 95% confidence level. Reference wind
is shown at the top right of each panel.
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Comparing the two simulations to ERA-I, one sees that the horizontal structure of the evolution of the
Kelvin waves in G25 (Figure [5.5-j) is in some aspects similar to that of ERA-I (Figure [5.5p-¢). For example,
from day -1 through to day 3, the Kelvin wave convergence is located on the leading edge of the low-level
westerly anomalies (vectors) as seen in ERA-I. Also, for G25, the anomalous low-level westerly flow and
Kelvin wave convergence appear to weaken on day 2 and 3, a similar evolution can be seen in ERA-I. One
key difference between ERA-I and G25 can be seen in Figure [5.5p and f, in which the the magnitude of
the moisture flux in G25 (Figure [5.5f) is considerably weaker than that in ERA-I (Figure [5.5p). The other
difference that is easily noticeable is that G25 shows a relatively stronger low-level anomalous easterly moisture
flux particularly from day -1 to day 1 that extends into the Indian Ocean. The easterly moisture flux anomalies
seen in Figure[5.5f-j may be linked to the persistent positive correlation coefficients in simulated precipitation
anomalies seen over EEA in Figure [5.Tp-h. Although CP4A (Figure [5.5k-0) shows the eastward propagating
zonal moisture anomalies that are collocated with eastward moving low-level Kelvin wave convergence, the
magnitudes of all the fields are weaker and not as smooth as those in ERA-I and G25. However, CP4A shows
anomalous easterly moisture flux that is quantitatively in better agreement to ERA-I than the G25. Figure[5.3|
suggests that both simulations reasonably simulate the Kelvin wave low-level convergence and its eastward
propagation phase speed. Easily noticeable is that CP4A shows weaker moisture flux in Figure[5.5]but stronger
precipitation anomalies in Figure One possible reason for this mismatch might be that the few storms
formed in association with the weak moisture flux in CP4A are too intense compared to those in TRMM

(Crook et al.l 2019).

Percentiles TRMM TRMM G25 CP4A

(Kelvin conv threshold) (16 year period)
95 18.8 23.6 125 10.8
90 329 40.0 16.7 21.6
85 44.7 45.5 16.7 35.1
80 51.8 47.3 29.2 432
75 55.3 49.1 333 459
70 56.5 49.1 375 56.8
65 57.6 49.1 458 622
60 61.2 52.7 458 622

Table 5.1: Percentage of precipitation events that are also Kelvin wave events in MAM based on exceedance of a particular
threshold of low-level Kelvin wave convergence for TRMM, G25 and CP4A. A 16 year period (1998-2013) was used for
events in the second column while a 9 year period (1998-2006) was used for the three columns on the right.

Table [5.1] provides an insight on whether the precipitation events (as defined above) are linked to the
corresponding Kelvin wave events. Results show that over a period of 9 years, about 53%, 46% and 62%
of the precipitation events during MAM match Kelvin wave events with amplitude above the 60 percentile
of the Kelvin wave low-level convergence in ERA, G25 and CP4A respectively. Statistically, for the 60™
percentile threshold, the aforementioned percentages would be expected to be only 40% if the match between

precipitation events and Kelvin wave events were purely due to random chance (ignoring any possible effects
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of event clustering). This result suggests that the association between the precipitation events and the Kelvin
waves is larger than random chance. In a similar vein, Table[5.1]suggests a significant number of precipitation
events are not related to Kelvin wave events. These are not the focus of the rest of this study but would be a

topic to explore in future work.

In comparison with TRMM and CP4A, except for the 95" percentile, G25 (third column in Table [5.1)
shows the lowest number of precipitation events that are also Kelvin wave events. This may be due to the weak
interaction between the Kelvin wave dynamics and the precipitation in G25 (implied by the inconsistency be-
tween the wind field and the precipitation anomalies in Figure[5.4)). It is possible that the explicit representation
of convection in CP4A might have helped in the coupling between the Kelvin waves and the precipitation. To
assess the robustness of the results, we looked at the number of precipitation events in TRMM that are also
Kelvin wave events in the same season but over a 16 year period (see second column in Table[5.1). As shown

in Table[5.1] the results over the 16 year period are generally consistent with those over the 9 year period.
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Figure 5.6: Lagged height-longitude high-amplitude Kelvin wave event composite for anomalous zonal wind (shaded)
and specific humidity (black contours) for (a-e) TRMM and ERA-I, (f-j) G25 and (k-o) CP4A. The lags for which a
composite was computed are shown on the right of each row. Both fields are latitudinally averaged over 7°S-7°N. Specific
humidity contour interval is 1.0 x 10"*kg kg™!. Only the positive specific humidity contours are shown.
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5.7 Composite of the vertical structure of high-amplitude CCKW events

5.7.1 Zonal wind and specific humidity

It is important to investigate the vertical structures of the zonal wind and the specific humidity that are
associated with the propagation of CCKWs across Equatorial Africa. This is because vertical structures in the
zonal wind play a role in the longevity of mesoscale convective systems (e.g., Schlueter et al., 2019) while
moisture convergence is an important component in the convection-equatorial wave coupling (e.g., Wolding
et al.l |2020). The vertical section of the composite of anomalous zonal wind and specific humidity on high
amplitude Kelvin wave events is shown in Figure[5.6] Figure[5.6|shows that in both ERA-I and the simulations,
a day before day 0, a westward tilt with height in the anomalous zonal wind and specific humidity develops
over the Atlantic Ocean. As the tilted structure propagates into Equatorial Africa, the anomalous westerly flow
strengthens on day -1 through to day 1 before becoming weak near the surface on day 2 and 3 as seen in both
reanalysis and simulations. The weak westerly anomalies may be linked to the weak positive precipitation
anomalies on day 2 (Figure[5.4d,i,n) and 3 (Figure[5.4k.j,0).

Figure [5.6] also shows a leading edge of the anomalous westerly wind that is aligned with the anomalous
specific humidity. This is consistent with results in Figure[5.5|and confirms the connection between the anoma-
lous westerly flow and the transport of moisture from the Atlantic Ocean into the interior of equatorial Africa.
On further scrutinising Figure [5.6] one sees that both ERA-I and the simulations show a drier lower-middle
troposphere on day 2 and 3 in comparison to day -1, 0 and 1. We will return to this point in the next subsection.
Another noticeable feature shown in both ERA-I and the simulations is that the zonal wind shows an eastward
tilt with height above 200hPa, a result that is consistent with Wheeler et al.| (2000). This signal may be inter-
preted to imply the transfer of momentum by anomalous easterly flow into the lower stratosphere (e.g., |[Yang

et al.. [2007)

The vertical zonal wind and the specific humidity structures shown by the simulations show some differ-
ences from those in ERA-I. For example, while the depth of anomalous westerly flow in ERA-I starts from the
surface to about 300hPa and the specific humidity anomaly appears to systematically and gradually weaken
from day -1 into day 3, G25 shows a shallower and weaker anomalous westerlies particularly on day -1 and
day 0 with an extensively moist midtroposphere on day 1 and 2. In comparison to ERA-I and G25, CP4A also
shows shallower and weaker westerly anomalies particularly on day 1 and 2. Although CP4A’s anomalous spe-
cific humidity is aligned with the leading edge of the weakly tilted zonal wind, its westward tilt with height is
incoherent. This notwithstanding, the westward tilt with height and the eastward propagation in the zonal wind
field are reasonably captured in both simulations but the magnitude of the anomalous zonal wind is generally
weak. The weaker zonal wind anomaly in the simulations may be responsible for weaker moisture flux anomaly
shown in Figure [5.5] for the simulations more especially in CP4A. The vertical structure of specific humidity

field is generally poorly simulated in both models particularly CP4A. Because G25 is based on a convection
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scheme, it is possible that the convection is not sufficiently responding to the large-scale circulation, which then
results in errors in the large-scale vertical motion. In CP4A, the source of a poorly simulated vertical struc-
ture might be failure of the model to resolve small scale vertical motion or incorrect organisation of individual
storms. Also, there are several potential reasons for the discrepancies between models and ERA-I. For example,
the weak precipitation signal in G25 (e.g., Figure[5.4) might cause poor representation of the vertical structure
of the zonal wind because the model lacks correct convectively-driven circulations. But also, the weak coupling
between the parameterised convection and the moisture field may explain the difference between the vertical
profile of the specific humidity in G25 and that in ERA-I. For CP4A, we speculate that the vertical structure of
the specific humidity is a response to weaker zonal wind anomalies and/or difficulties in representing shallow

convection in the model.

5.7.2 Anomalous potential temperature, horizontal mass divergence and zonal-vertical wind

Examining the vertical structure of the potential temperature and the zonal-vertical wind may be useful in
understanding convection-wave interactions. The vertical structure composite on high amplitude Kelvin wave
events for anomalous potential temperature, horizontal mass divergence and zonal-vertical wind is shown in
Figure ERA-I (Figure [5.7p-d) displays mid to upper level strong upward motion to the west of relatively
weak low-level upward motion. The wind profile in which the low-level inflow is leading upper-level outflow
by about 20° (e.g., Figure [5.7h-c) suggests a westward tilt with height in the zonal-vertical wind structure. A
similar tilted zonal-vertical wind structure was found by Wheeler et al.| (2000) using NCEP-NCAR reanalysis
and |Straub and Kiladis| (2003a) showed similar results using ECMWEF’s reanalysis. In Figure , b, weak
descending motion can be seen east of 30°E. This subsidence is consistent with the negative precipitation
anomalies over EEA in Figure[5.4p, b. The anomalous low-level horizontal mass convergence seen in Figure[5.7]
might be associated with anomalous westerly flow (also see enhanced zonal winds in Figure [5.6). The tilted
anomalous horizontal convergence in Figure matches well with the tilted specific humidity anomalies in

Figure[5.6] suggesting a possible gradual moistening of the troposphere.

As was seen in Figure [5.6] in Figure [5.7p-d, a strong and deep anomalous westerly flow is persistently
apparent to the west of the location of positive TRMM precipitation anomalies (indicated by a bold purple “X”)
from day -1 to day 2. It can also be seen from day -1 to day 3 that the regions of upper-level divergence are
generally to the west of the region of positive precipitation anomalies (Figure[S.7p-e), showing the link between

precipitation and the convectively coupled circulation.

In Figures[5.7p-d, vigorous upward motion peaks between 400hPa and 300hPa and roughly coincides with
regions of positive precipitation anomalies. By day 3 (Figure [5.7d) the anomalous westerly flow is weak, and
the upward motion is also generally weak or nonexistent. This is consistent with the relatively drier EEA on
day 3 in Figure[5.5k. In Figure [5.7p-c, the positive potential temperature anomalies between 400hPa-200hPa

are nearly collocated with peak upward motion and generally in phase with positive precipitation anomalies.
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Figure 5.7: Lagged height-longitude plots for (a-e) TRMM and ERA-I, (f-j) G25 and (k-0) CP4A showing high-amplitude
Kelvin wave event composite for anomalous horizontal mass convergence (brown contours), potential temperature anoma-
lies (shading) and anomalous zonal-vertical wind (vectors). The lag for which a composite was computed is shown on the
right of each row. All fields are latitudinally averaged over 7°S-7°N. Vertical structure of the horizontal mass divergence
is contour interval is 5 x 107s7!. The reference wind vector is shown at the bottom right. The bold purple “X” on the
longitude axis indicates an estimated centre of the location of positive precipitation anomalies as seen in Figure[5.4] The
bold purple “X” is excluded if the precipitation anomalies are generally weak or non-existent. The unit for potential
temperature is K.
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In Figure [5.7p-d, the surface negative potential temperature anomalies seen to the west of the regions of max-
imum ascent and positive precipitation anomalies are suggestive of a cold pool that might be associated with
rain-evaporation-forced downdrafts. Although TRMM and ERA-I are obtained from different sources, their

alignment shown in Figures and [5.7h-e suggests our results are robust.

Results in G25 (Figure[5.7f-j) has some resemblance in some aspects with ERA-I/TRMM in features such
as westward tilt with height in the wind field, potential temperature structure and mass divergence. As shown
in ERA-I, the tilted horizontal mass convergence in Figure f-i lines up with the tilted anomalous specific
humidity in Figure [5.6f-i. The positive precipitation anomalies are generally collocated with regions of low-
level horizontal convergence suggesting that Kelvin wave convergence is likely to be supportive in triggering
precipitation as the wave propagates eastward. However, the westerly anomalies in G25 is generally weaker
than that in ERA-L. In CP4A (Figure [5.7k-0), the westward tilt with height in horizontal mass convergence is
similar to ERA-I and G25, particularly from day -1 to day 1. The regions of positive precipitation anomalies
and negative potential temperature anomalies move together eastward as seen in ERA-I and G25. Also, it can be
seen that the low-level negative potential temperature anomalies are generally more realistic in CP4A, although

the reason for this remains unclear and may be a subject for future research.

There are some differences between the anomalous zonal-vertical wind structure in CP4A and that in ERA-
L. For example, in Figure [5.7k-m, the circulation west of 10°E appear to be weak and not as consistent as that
in the corresponding panels in Figure[5.7p-c. And in comparison with G25 (Figure[5.7f-h), CP4A (Figure[5.7k-
m) shows stronger upward motions than that in the corresponding panels of G25. In Figure , vigorous
upward motion can be seen between ~ 10°W and 0°and also in proximity of 30°E. Also, in Figure 5.7,
descending motion between 10°E-20°E is sandwiched by upward motion. The longitudinal distance between
the two consecutive regions of upward motion sandwiching the downward motion is much shorter than what
is expected of two consecutive phases of enhanced Kelvin wave-induced convection. This may suggest either
the presence of waves of relatively shorter horizontal wavelength than the CCKW or perhaps just more small

intense storm clusters as highlighted in Stratton et al.[(2018).

5.7.3 Interaction of CCKWs with the East African highlands

Guo et al| (2014) suggested that weak amplitude Kelvin waves over South America and the tropical At-
lantic region tend to be associated with a weak westward tilt with height. Here, we have shown in Figures
and [5.5]that Kelvin wave convergence tends to wane over EEA. In this subsection, we explore the clues about
the interaction of CCKWs with the East African highlands. In the transition from day 1 (Figure [5.6f) into
day 2 (Figure[5.6(d), the coherent eastward propagating tilted structure of anomalous westerlies appears to get
distorted at about 30°E. Furthermore, one can also see in Figure and that the anomalous westerly
flow appears not to coherently progress east of about 31°E and the tilt in the vertical structure of the horizontal

mass convergence seems weakened and distorted (Figure and [5.7g) at about the same longitude. Finally,
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Figure 5.8: Longitude-pressure cross section for T / w ' (shading), w " (vectors) and T ' (contours, zero line is thicker
and negative anomalies (computed as departure from the zonal mean) are dashed). Unit for T " is K, w ’ in Pas~!. The
lags for which a composite was computed are shown on the right. The contour interval is 2.0 x 101K

Figure [5.6) may provide an additional clue about the interaction between topography and the eastward prop-
agation of the CCKW. Considering a generally clear vertical structure of the anomalous specific humidity in
Figure[5.6p-c, Figure [5.6{d shows a fragmented vertical structure of the anomalous specific humidity at 30°E. It

can also be seen that the anomalous westerly flow, specific humidity anomalies and Kelvin wave convergence
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all weaken considerably from day 1 to day 2 (e.g., Figure [5.7). This is might be because moisture flow is
interrupted by the highlands. The distortion of the specific humidity anomalies, mass convergence anomalies

and the wind field seen in ERA-I are well captured in both simulations.

The interaction between the anomalous low-level westerlies and the highlands may suggest that the anoma-
lous eastward moisture transport is reduced downstream. Following a suggestion advanced in|Guo et al.|(2014)),
we suggest that the obstruction of the tilted zonal-vertical wind structure may lead to the weakening of the
Kelvin wave over EEA. Because the moisture is cut off and the Kelvin wave is weakened, the coupling between
the convection and the Kelvin wave is weakened. This may partly explain the drier lower-to middle troposphere
seen in Figure[5.6(d,i,n,e,j,0 and the weak precipitation anomalies in, for example, Figure[5.4d and e. The inter-
action between Kelvin waves and East Africa’s highlands is also shown in|Matthews| (2000). Baranowski et al.
(2016) also found a pronounced disintegration of Kelvin waves at about 30°E (e.g., their Figure 6a) and |Yang
et al.[(2021) revealed the influence of East African highlands on the propagation of Kelvin waves in all seasons

in both ERA-I and their model simulations.

5.74 Energetics of CCKWs over equatorial Africa

An idea on the energetics would be useful in understanding whether the models generate eddy potential
energy and convert it into eddy kinetic eddy as seen in the observations. Following an approach used in |Hol-
loway et al.|(2013)), the energy terms over the domain are computed using anomalies from the zonal means over
equatorial Africa (see definition in section 1) rather than at every longitude over the entire globe. For example,
if T is the zonal mean temperature on a single day and pressure level and T is the temperature for a single
longitude and pressure level, then that day’s temperature anomaly at a single longitude and pressure level, T’
=T - T. The computations are done on fields that have been coarse-grained to 1°in both latitude and longitude.
Figure[5.8] shows time-longitude composite plot for T’ w ’ (shading), T ’(contours), and w " (vectors) with all
fields averaged between 7°S-7°N.

In Figure [5.8] a-d, one sees that the regions of strong upward motion in middle to upper troposphere are
collocated with positive temperature anomalies (i.e., where T ' w ’ <0), indicating the conversion of Eddy
Available Potential Energy (EAPE) into Eddy Kinetic Energy (EKE). However, previous publications such as
Holloway et al.| (2013) suggest that this is likely to be also associated with generation of EAPE since there is
little storage of EAPE. Starting with day -1, (Figure [5.8), the entire structure propagates eastward between
day -1 and day 3 as was seen in zonal-vertical wind plot (Figure [5.7p-¢) and in precipitation plot (Figure [5.4p-
e). This signal of the energy generation and conversion is seen to become stronger from day -1 to day 1 and
weakens on day 2 and 3, consistent with weakening of the wet signal over EEA. The energy conversion in G25
(Figure —j) is qualitatively similar to that in ERA-I but v ' shows a weak signal. In comparison with ERA-I
and G25, CP4A (Figure [5.8k-0) shows a mixed signal in the sense that the regions of conversion of available

potential energy into eddy kinetic energy are erratic and generally qualitatively different from that in ERA-I
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and G25. Also, like in G25, CP4A consistently shows weak values of w /. Overall, both models show evidence
of conversion of EAPE into EKE.

5.8 Discussion and Conclusions

In this chapter, the physical processes through which Convectively Coupled Kelvin Waves modulate the
eastward propagation of precipitation across Equatorial Africa are investigated using a multi-year state-of-the-
art Convection permitting simulation (CP4A), a relatively coarse resolution global simulation (G25), observa-
tions (TRMM) and reanalysis (ERA-I). The fidelity of CP4A and G25 in representing the dynamical structure

of Kelvin wave events in the context of WEA-EEA convection and precipitation connection is evaluated.

It is found that the two important related processes through which CCKWs influence the propagation of
convection and precipitation from west to east across Equatorial Africa are: 1) low-level westerly anomalies
that lead to increased low-level convergence and, 2) westerly moisture flux anomalies that amplify the lower-
to-mid-tropospheric specific humidity. These findings suggest that the important processes through which
CCKWs modulate the eastward propagation of precipitation across Equatorial Africa are low-level moisture

flux convergence and modification of lower-to-midtropospheric moisture.

Results from evaluation of CP4A and G25 in representing the dynamical structure of Kelvin wave events
in the context of WEA-EEA convection and precipitation connection against TRMM and ERA-I show that both
models capture the key features of propagation of CCKWs across equatorial Africa. However, G25 simulates a
precipitation field that is weaker than that in TRMM while CP4A shows westerly anomalies that are too weak
and shallow but the precipitation field is better simulated. In general, both models capture the eastward propa-
gation of precipitation anomalies in association with Kelvin wave convergence. We believe that this is the first
study over Equatorial Africa to use the precipitation field and Kelvin wave activity based on dynamical fields
to: a) explore the connection between the Kelvin waves and the eastward propagating precipitation signal and
the associated processes, and b) evaluate a multi-year state-of-the-art simulation from a convection permitting

model.

Correlation coefficient analysis of daily precipitation anomalies for both observations (TRMM) and model
simulations (CP4A and G25) shows an eastward propagating feature whose speed is about 9-10 m s! (e.g.,
Figure [5.1)), suggesting a large-scale feature acting to organise precipitation. This result may be compared to

an eastward propagating convective signal found in OLR in Mekonnen and Thorncroft (2016).

To explore the eastward propagation of precipitation across Equatorial Africa by gaining an insight into
the number of days when precipitation is presumed to propagate eastward, we have used a percentile threshold
to count the number of precipitation events based on a pair of sub-regions. We show in Table[5.1|the percentage
of precipitation events that might be related to Kelvin wave events (see section 3 for the definition of the

precipitation events and a Kelvin wave event). Results in Table [5.1] imply that, for example, over a period
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of 9 years, about 53%, 46% and 62% of the precipitation events during MAM are related to Kelvin waves
low-level convergence above the 60" percentile of the Kelvin wave low-level convergence in ERA, G25 and
CP4A respectively. This means that, generally, the probability of a precipitation event being associated with a
Kelvin wave event in both observations and simulations exceeds one that is expected by chance, and confirms
that precipitation events in MAM are often related to Kelvin wave events (e.g., Huang and Huang, 2011; Laing
et al., 2011). InBaranowski et al.| (2020), Kelvin waves past Sumatra were found to be solely responsible for
about 30% of anomalous precipitation events suggesting that not all precipitation events are linked to Kelvin
wave events. Their result may be likened to our result that shows a significant number of Kelvin wave events

that are not related to precipitation events.

The climatological variability of Kelvin wave activity across Equatorial Africa is shown in Figure
The Kelvin wave activity as depicted in ERA-I and both simulations, with a peak in MAM, is generally con-
sistent with results in[Roundy and Frank| (2004) and [Huang and Huang (2011} their Fig.5d) (e.g., Figure[5.3p).
Notwithstanding the underactive Kelvin waves between ~10°E-20°E, both simulations generally capture the
spatial and temporal variability of Kelvin wave activity as shown in ERA-IL. This result is in agreement with
results in Jackson et al.| (2019) who found that the G25 simulated CCKWs with amplitude close to observa-
tions. The two peaks of Kelvin wave activity shown in Figure [5.3|coincide with Africa’s two equatorial rainfall
seasons that follow the north-south migration of the ITCZ, highlighting a likely connection between Kelvin

wave activity and the ITCZ (e.g., Dias and Pauluis, [2011]).

While our results show evidence of anomalous westerly moisture flux, this might be enhancing the locally
available moisture (e.g., Pokam et al., 2012). By compositing the wind and specific humidity field on high
amplitude Kelvin waves, we show that 1 day before day 0, the anomalous zonal flow over the Atlantic Ocean
is strengthened (e.g., Figure. [5.5h,b and Figure [5.6p,b). This leads to low-level convergence as shown in the
entire sequence (e.g., Figure [5.5p-¢, f-j and k-0). At the eastern edge of the westerly anomalies there is en-
hanced anomalous convergence. This low-level convergence is important because it provides an environment
favourable for convection. Figures[5.5] [5.6] and [5.7)reveal that the anomalous low-level westerly flow trans-
ports moisture into a region of Kelvin wave low-level convergence and positive precipitation anomalies (e.g.,
Straub and Kiladis| [2003a)), suggesting that the Kelvin wave-precipitation coupling is supported by an enhanced

supply of moisture (e.g., Wolding et al., 2020).

From the co-location of the simulated Kelvin wave low-level convergence and the simulated precipita-
tion anomalies (e.g., Figure [5.4) we show that the simulations examined in this study reasonably represent
an eastward propagating convective and precipitation signal that is associated with CCKWs previously only
found in observational studies. We will return to this result later. In comparison to G25, CP4A indicated a
better representation of precipitation (e.g., Figure [5.4) which demonstrates the value of explicit representation
of convection. The better representation of daily precipitation in CP4A in comparison to simulations in which

convection was parameterised has been shown in previous other studies such as |Stratton et al.| (2018]), [Finney
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et al. (2019) and Berthou et al.| (2019).

The eastward propagation of convection and precipitation require successive formation of new convective
cells to the east of deep convective systems (e.g., Nakazawa, |1988)). The anomalous zonal-vertical wind struc-
ture in ERA-I (Figure reveals weak upward motion that develops into strong mid-to upper tropospheric
upward motion. This is indicative of shallow convection at the leading edge of deep convection. Despite the
weak zonal-vertical circulation in G25, both simulations generally reproduce the zonal-vertical wind structure

that is qualitatively similar to that in ERA-I.

It is also shown that Kelvin wave convergence tends to weaken over EEA (e.g., Figures [5.4] and [5.5)
(e.g., [Mounier et al., | 2007; Nguyen and Duvel, 2008). Also, anomalous low-level westerly flow appears not
to coherently progress east of about 30°E (e.g., Figures and [5.7). The highlands on the western branch of
the East African rift valley appear to distort the coherent eastward propagation of the tilted structure of both
the anomalous westerly flow and specific humidity thereby impacting the supply of moisture as the CCKW
approaches EEA (e.g., [Dunkerton and Crum, {1995} [Matthews, |2000). Once large-scale low-level horizontal
convergence is distorted and at the same time the supply of moisture is possibly diminished, the precipitation
signal over EEA weakens. We suggest that a weak CCKW over EEA may be partly associated with a weakened

westward tilt with height in dynamical fields and anomalous specific humidity (e.g.,|Guo et al.,|[2014).

The co-location of simulated positive precipitation anomalies and the corresponding Kelvin wave low-
level convergence (e.g., Figure [5.4f-j, [5.4k-0) is consistent with results in observational studies that found
an association between convective activity and Kelvin waves over Equatorial Africa (e.g.,[Nguyen and Duvel,
2008, [Laing et al., 2011 [Mekonnen and Thorncroft, [2016). However, the anomalous precipitation signal in
G25 is much weaker than the observed. The weak precipitation signal in G25 is not surprising because previous
studies such as|Stephens et al.|(2010) reported that rainfall in GCMs tends to be frequent and weak. As earlier
discussed, although the Kevin wave activity in G25 matches that in ERA-I, the composite of precipitation
anomalies on high-amplitude Kelvin wave events displays a precipitation signal in G25 (e.g., Figure [5.4f-j)
that is weaker than that in TRMM (e.g., Figure [5.4p-e). This likely indicates too-weak coupling between
the precipitation and Kelvin waves in G25 (e.g., |Yang et al., 2009; [Straub et al., |2010). This is supported
by the results in Table (fourth column) that show a smaller percentage of precipitation events that are
also Kelvin wave events in G25. The anomalous precipitation signal in CP4A nearly matches that in ERA-I
especially on day 2 (e.g., Figure[5.4c and m). Generally, both CP4A and G25 capture the eastward propagation
of precipitation as shown in TRMM (e.g., Figure[5.1]and[5.4) and the role of CCKWs in modulating the West-

East propagation of precipitation is well simulated.

In agreement with|Zebaze et al.|(2017)), our results in both observations and simulations show that CCKWs
influence zonal flow and in turn modulate the advection of moisture into regions of convective activity and
precipitation (e.g., Figures[5.4}6). Much of the anomalous moisture that is supporting the eastward propagation

of precipitation appears to be transported from the Atlantic Ocean as compared to the Indian Ocean (e.g.,
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Figure [5.5)). Berhane et al.| (2015)) and [Finney et al.| (2020) have also documented enhanced rainy days over
EEA that are associated with low-level westerly wind anomalies. The implication is that low-level circulation

plays a key role in precipitation variability over Equatorial Africa.

Both CP4A and G25 portray a westward tilt with height in the anomalous zonal wind and specific humidity
(e.g., Figures [5.6) and [5.7), which provides evidence of the presence of a Kelvin wave signal in the model
simulations that is broadly comparable to that in ERA-I (e.g., Wheeler et al., 2000; |Straub and Kiladis| 2002
Frierson, [2007; Tulich and Mapes, 2008)). Both models reasonably simulate key features of CCKWs in the sense

that they both reveal low-level anomalous westerly flow that is in phase with positive precipitation anomalies
(e.g., Figures[5.4|and (e.g.,Yang et al, 2009).

The negative potential temperature anomalies (e.g., Figure shown to the west of the positive precip-
itation anomalies may be interpreted to be a result of descending cold and dry air resulting from evaporative
cooling of stratiform precipitation, suggesting an involvement of diabatic processes as documented in [Kiladis
et al. (2005). In comparison to G25, the low-level negative potential temperature anomalies appear to be more
realistic in CP4A, probably because of more realistically complete convective features (e.g., day 1-3 in Fig-
ure[5.7). Unlike CP4A, G25 fails to simulate the negative potential temperature anomalies (e.g., Figure [5.7f-j).
This might be due to its deficiency in realistically simulating convection in G25 (e.g., Thayer-Calder and Ran-
dall, 2012). Results of energetics show that both models have a signal of generation of available potential
energy and conversion of that energy into eddy kinetic energy with magnitudes that are closely similar to that
in ERA-L It has been shown that the precipitation signal in G25 is generally weak. Since the eastward prop-
agation of precipitation is the major focus of this study, this implies that G25 has a major limitation in the
context of revealing the role of Kelvin waves in modulating the eastward propagation of precipitation across
Equatorial Africa. In general, modelling results in this chapter provide support to observational studies such
as |Mekonnen and Thorncroft| (2016) in that the interaction they found in cloud brightness temperature is also

present in simulated precipitation.

Finally, this chapter reveals that some precipitation events are not related to Kelvin wave events (e.g.,
Table [5.1). A similar result was shown in Chapter [ (§4.7). This result warrants further scrutiny. So, in
Chapter [6] high-amplitude Kelvin wave events are isolated and their linkage with precipitation over Equatorial
Africa is investigated. Further, Chapter [6| examines case studies with a lens on eastward propagating extreme

precipitation episodes and high-amplitude Kelvin waves.
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Chapter 6

Extreme precipitation and its relationship with CCKWs over

Equatorial Africa

6.1 Purpose of this Chapter

The work in this chapter is intended to achieve the fourth thesis objective: that is, to evaluate the role of
CCKWs in influencing extreme precipitation episodes over Equatorial Africa. Focus is placed on precipitation
variability within MAM because this season accounts for more than 40% of the annual precipitation over several
sub-regions over EEA (Pohl and Camberlin, 2006b), and there is a relatively high frequency of Kelvin waves
during this season (e.g., |Roundy and Frank, 2004). Work in this chapter is presented in two parts. The first
part investigates the statistical link between high-amplitude Kelvin wave events and extreme precipitation over
Equatorial Africa. This part aims at providing a description of the extent to which the occurrence of extreme
precipitation is influenced by the presence of high-amplitude CCKWs over this region. Following [Ferrett et al.
(2020), a metric that quantifies the change in the likelihood of occurrence of extreme precipitation is used to
examine the role of high-amplitude Kelvin waves in influencing extreme precipitation during boreal spring. In
the second part, the linkage between specific eastward propagating extreme precipitation episodes (case studies)
and CCKWs is investigated. This part attempts to shed light on how the large-scale atmospheric fields and the

precipitation distribution are impacted by high-amplitude CCKWs (or their absence) on a case-by-case basis.

Chapters {] and [5] demonstrated that there is a connection between CCKWs and the eastward propagating
precipitation in observed and simulated precipitation over Equatorial Africa. The results in the aforementioned
chapters provide a general picture of the influence of CCKWs on the eastward propagation of precipitation. The
current chapter provides greater details concerning the typical patterns of the eastward propagating precipitation
in the presence of a CCKW. This chapter goes beyond the influence of CCKWs as a large-scale driver of

synoptic scale precipitation variability, and looks at the small-scale precipitation characteristics. As it will be
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demonstrated in the subsequent sections, work in this chapter is important because it comprehensively addresses
the fine detail regarding the response of precipitation to the propagation of a CCKW across Equatorial Africa.

Previous studies have not addressed this subject using both observations and model simulations.

Extreme precipitation episodes tend to be accompanied by flash floods that cause displacement of com-
munities, disruption of essential services, damage to infrastructure, submersion of farmland, death of livestock,
and loss of human life (e.g., Jonkman, [2005). It has been reported that over Africa, an average of 42 people are
killed per flood (Jonkman, [2005). In March 2020, nearly 1.3 million people in EEA were displaced by flooding
following extreme precipitation episodes (OCHA 2020). Extreme precipitation may be caused by both large-
scale disturbances such as the MJO and CCKWs, and localised atmospheric processes (e.g., [Kilavi et al., 2018)).
Understanding the primary drivers of extreme precipitation episodes is important in aiding operational weather

forecasting.

The results in Chapters 4] and [5|showed that the eastward propagating wet signal is often (but not always)
linked to CCKWs. Both Nguyen and Duvel (2008) and |Laing et al.[(201 1) found evidence of larger and longer-
lived MCSs modulated by CCKWs. Following the findings in aforementioned publications, it is plausible
that Kelvin waves modulate the eastward propagating extreme precipitation episodes. However, not much can
be found in the literature on extreme precipitation events in this region (e.g., Willenbockel, 2012), and there
are even fewer studies on the role of CCKWs in influencing extreme precipitation over Equatorial Africa.
The purpose of this chapter, therefore, is to: (a) characterise extreme precipitation, and its relationship to
CCKWs in observations; (b) explore how well CP4A and G25 capture the distribution of extreme precipitation
in comparison to observations; (c) assess the statistical linkage between high-amplitude Kelvin waves and
the observed and simulated daily extreme precipitation; and (d) explore the processes through which high-

amplitude CCKWs influence extreme precipitation episodes using a case study approach.

The rest of the chapter is organised as follows. Section [6.2] presents the methodology, and Section [6.3]
focuses on the linkage between high-amplitude Kelvin waves and extreme precipitation. In Section the
impact of high-amplitude Kelvin waves on observed extreme eastward propagating precipitation episodes is
provided. This is followed by the impact of simulated high-amplitude Kelvin wave events on simulated ex-
treme precipitation episodes in Section Finally, Section[6.6] presents the discussion and conclusions of this

chapter.

6.2 Methodology

6.2.1 Definition of an extreme precipitation episode and a high-amplitude Kelvin wave event

The definition of a precipitation event described in Chapter ] (§4.2.2)) is slightly modified in the current
chapter to identify extreme precipitation episodes that potentially propagated from WEA into EEA. That is, for

a pair of sub-regions, a precipitation occurrence is defined as an “extreme precipitation episode” if two condi-
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tions are satisfied. First, precipitation occurs in excess of the 95" percentile (as opposed to 66.7" percentile
in Chapter ) of 1998-2006 precipitation anomalies over the sub-region in WEA (i.e., 7°S-3°S, 16°E-21°E,
hereafter W). Second, two days later, the precipitation in the corresponding sub-region in EEA (i.e., 2°S-2°N,
31°E-36°E, hereafter E) exceeds that sub-region’s 95" percentile (again as opposed to 66.7™ percentile in
Chapter [) of 1998-2006 precipitation anomalies given that the previous day’s precipitation amount was below
the 95™ percentile. Note that the two sub-regions (W and E) correspond to W9 and E3 in Figures and
(green and brown boxes). For the simulations, the same definition is used except that the pair of sub-regions
used to isolate simulated eastward propagating extreme precipitation episodes are shown in Figure and

Figure 5.1 for G25 and CP4A respectively.

The equatorial wave dataset described in Chapter [3] (§3.3.1)) is used here to isolate high-amplitude Kelvin
wave events by identifying all the days on which the Kelvin wave convergence at 850 hPa exceeded the 90"
percentile of 1998-2006 Kelvin wave convergence over the sub-region in WEA (W). Note that for a high-
amplitude Kelvin wave event, only the sub-region in WEA is used. The purpose here is to investigate the

precipitation patterns associated with the passage of high-amplitude Kelvin waves across Equatorial Africa.

6.3 The linkage between high-amplitude CCKWs and precipitation

6.3.1 Extreme precipitation thresholds

Extreme precipitation rate at each grid point is defined as the precipitation rate found at the high end of
the probability distribution function regardless of whether or not they were associated with loss of life, property
and infrastructure damages. At each grid point, a daily precipitation rate is regarded as extreme when it exceeds
the 95™ percentile threshold value computed over the 1998-2006 MAM period. The percentile approach is used
here because it allows for a direct comparison of the spatial and temporal distribution of extreme precipitation
episodes in different datasets (e.g.,|Klein Tank et al., 2009). The percentile approach has been used in previous

studies such as|Salack et al.| (2018)), Subudhi and Landu (2019) and |[Ferrett et al.| (2020).

Figure shows the spatial distribution of the 95 percentile precipitation rate at each grid point during
boreal spring as depicted in TRMM, G25 and CP4A (row-wise, top to bottom). The percentile precipitation
rates are calculated in one of the two ways (without, left column, or with, middle column, values below 0.1 mm
day™) and the difference between these is shown in the right column. It can be seen that there is a remarkable
spatial heterogeneity in the distribution of the 95" percentile precipitation rates. This heterogeneity might be
explained by the various drivers of daily precipitation as well as interactions between large-scale and localised

drivers of the climate (e.g.,|Nicholson, 2002} |Dezfuli, [2017).

Also easily noticeable in Figure [6.1(d is that G25 displays lower threshold rates (excluding light values)
than TRMM (Figure [6.Th), but the threshold rates (including all values) in G25 (Figure[6.1f) are broadly quan-
titatively similar to that in TRMM (Figure [6.1b). This is suggestive of frequent light rainfall in G25. This result
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is consistent with the conclusion in Stephens et al.| (2010), who reported that global models tend to produce

frequent but light precipitation, and |Brown et al.| (2010), who examined daily precipitation from the Australian

Community Climate and Earth-System Simulator (ACCESS) global climate model and arrived at similar re-

sults as|Stephens et al.| (2010). |Brown et al.|(2010) attributed the too light and too frequent precipitation in their

global model to the physical parameterisation rather than the large-scale dynamics.
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Figure 6.1: The threshold in March-April-May for 1998-2006 (a) 95 percentile of TRMM daily precipitation excluding
precipitation rates less that 0.1 mm day‘1 (b) same as (a) but for all days (i.e., including zeros), (c) difference between (a)
and (b). (d-f) same as (a-c) but for G25. (g-i) same as (a-c) but for CP4A.

On the other hand, CP4A (Figure [6.Tjg, h) shows a remarkable resemblance to TRMM (Figure [6.Th, b).
One reason for the more realistic simulation of thresholds by CP4A might be that the model has a better sim-

ulation of several processes that are responsible for extreme precipitation events (e.g., Crook et al., 2019). For

example, because CP4A explicitly represents deep convection, it is expected that it captures heavy precipita-
tion associated with MCSs (e.g., Stratton et al.,[2018; [Pal et al.,[2019). Also, considering that CP4A has higher
resolution orography than G25 and given that both |[Nguyen and Duvel| (2008)) and |Jackson et al.| (2009) found

strong MCSs linked to orographic effects, this could also be a factor allowing CP4A to capture extreme precip-

itation more realistically. Results for CP4A in Figure[6.T] are consistent with findings in [Prein et al.| (2015)) that

convection permitting simulations tend to produce a precipitation distribution that agrees with the observations.

Both|Stratton et al.|(2018) and [Kendon et al.| (2019) found that CP4A, simulated a precipitation distribution that

is comparable to that in observations.

Figure [6.1] (right column) shows the differences between the thresholds calculated including all precipi-
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tation rates and those based on non-zero (rates greater than 0.1 mm day™') precipitation. As discussed above,
these differences are smaller in G25 (Figure [6.1f) than in CP4A (Figure [6.1f) and TRMM (Figure [6.1c). The
highest differences in threshold rates in TRMM and CP4A can be seen over the Horn of Africa. For regions
such as the Horn of Africa that have either a high number of days with zero or low precipitation rates (e.g.,
Berhane and Zaitchik) 2014; their Figure 1), the precipitation rates on days isolated as extreme precipitation
episodes may not be exceptionally different from those on other rainy days. For a large part of the domain under
investigation, the difference between the thresholds including zero precipitation rate and those excluding low
(less than 0.1 mm day™!) precipitation rates are small. [Ferrett et al. (2020) used thresholds computed over all
days (including days with zero precipitation) and found robust linkages between equatorial waves and extreme
precipitation in Southeast Asia. Taking the above points into consideration, the subsequent analysis uses the

thresholds based on all days in the season (middle column in Figure [6.)).

6.3.2 High-amplitude Kelvin waves and extreme precipitation statistics

This section first assesses the likelihood of extreme precipitation associated with high-amplitude Kelvin
wave events. Figure shows the likelihood of precipitation exceeding a grid-point’s threshold (that is, 95
percentile of all MAM days in the period 1998-2006) during days with a high-amplitude CCKW over WEA
(left) and EEA (right). This figure provides evidence of an increase in the probability of occurrence of an ex-
treme precipitation episode on days when a high-amplitude Kelvin wave is located over WEA or EEA. Since
exceedance of the 95" percentile threshold implies a 5% chance of occurrence of extreme precipitation for all
days in MAM, the grid points in Figure [6.2]that indicate a likelihood of 10% are twice as likely as climatology
to experience extreme precipitation and those with 15% are three times as likely to record extreme precipitation
compared to climatology. Both the observations and the simulations show that an extreme precipitation episode
is up to twice as likely compared to climatology to occur over Equatorial Africa when a high-amplitude CCKW
is located over the region. The regions with low thresholds (Figure ), such as the Horn of Africa, indicate
low probabilities of precipitation exceeding the threshold in both observed and simulated precipitation. Fig-
ure [6.2]is consistent with the discussion just above regarding the precipitation rates to use in the computation
of the grid point threshold rates. Despite the agreement in terms of the likelihood of occurrence of an extreme
precipitation event in the presence of a CCKW, there are differences in the patterns of the probabilities shown

in the observations and the simulations.

Comparing G25 (Figure [6.2k) with TRMM (Figure [6.2h) and CP4A TRMM (Figure [6.2f), it can be seen
that G25 shows a fragmented pattern of increased probabilities of extreme precipitation when a high-amplitude
Kelvin wave is located over W (WEA). Also, it fails to capture the signal over the Atlantic Ocean (although
this is not an area of interest in this thesis). Similarly, for a CCKW over sub-region E (EEA), again G25
(Figure[6.2[d) shows fragmented pattern of increased probabilities of extreme precipitation compared to TRMM
(Figure [6.2b) and CP4A (Figure [6.2k). Further, unlike TRMM (Figure [6.2b) and CP4 (Figure [6.2f), G25
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(a) TRMM & ERA-I

Figure 6.2: The likelihood of extreme precipitation exceeding the 95" percentile at each grid-point during the days with
high-amplitude Kelvin waves in March-April-May (MAM) for (a), (b) TRMM (c), (d) G25 and (e), (f) CP4A. Kelvin
wave composite is based on high amplitude Kelvin wave days over WEA (W, left column) and EEA (right column).
Contours show the 850 hPa Kelvin wave convergence composite on high amplitude waves. contour interval is 5.0 x 10”7
s'l. Dashed contours indicate convergence and the solid ones show divergence.

(Figure [6.2[) shows a large area in Somalia where the likelihood of extreme precipitation is increased on
days with a high-amplitude Kelvin wave over EEA. Recall that this is a climatologically drier sub-region in
comparison to Equatorial Africa’s other sub-regions (e.g., Figure [2.1). CP4A (Figure [6.2f) has a probability
distribution that is similar to that in TRMM (Figure [6.2h) except over the Atlantic Ocean when the Kelvin
wave is located over WEA. Similarly, when the CCKW is located over E, CP4A (Figure[6.2]f) shows grid point
probabilities of extreme precipitation that are similar to those in TRMM (Figure [6.2b) except over a few grid

cells in southwestern Lake Victoria that show up to 15% likelihood of occurrence of extreme precipitation when
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a CCKW is located over EEA. Another feature to note is that CP4A (Figure [6.2f) shows lower probabilities
over Kenya and Ethiopia compared to TRMM (Figure [6.2b). This might be due to the stronger divergence in
CP4A compared to ERA-I (see strong divergence at about 40°E in CP4A (Figure [6.2f). As discussed above,

CP4A has an edge over G25 in simulating extreme precipitation patterns.
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Figure 6.3: The difference in fraction of the days with precipitation greater than 1 mm day™' between the average for
high-amplitude Kelvin wave days and the seasonal mean in MAM over WEA (sub-region W) (left) and EEA (sub-region
E) (right) for (a), (b) TRMM (c), (d) G25 and (e), (f) CP4A. Contours show the ERA-I based 850 hPa Kelvin wave
convergence composite on high-amplitude waves. contour interval is 5.0 x 10”7 s™!. Dashed contours indicate convergence
and the solid ones show divergence.

Focus is now placed on the likelihood of occurrence of a wet day when a high-amplitude Kelvin wave

propagates over Equatorial Africa. Here, a wet day is defined as one on which the day’s precipitation exceeds
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1 mm day™!. A similar definition of a wet day has been used in several studies (e.g., |Philippon et al., 2015 On-
goma et al., 2018 |Ferrett et al., | 2020; Jiang et al.,[2021). This analysis is useful in revealing whether an increase
in precipitation during the passage of CCKWs is due to an increase in the frequency of wet days or an increase
in precipitation intensity. Jackson et al.| (2019)) investigated the impact of CCKWs on dry-day frequency and
wet day intensity over Africa using TRMM and CP4A, and found that both metrics explained suppressed pre-
cipitation in Kelvin wave phase 5-7 and enhanced precipitation in Kelvin wave phases 1-3 (Kelvin wave phases
are defined in their study). It is noted that Jackson et al.| (2019) focused on April only and their metric for
Kelvin wave activity is based on wavenumber-frequency filtering of OLR. Here, a Kelvin wave dataset based

on dynamical fields (see §3.3.1)) for boreal spring is used.

Figure[6.3|shows the spatial distribution of the difference in fraction of the days with precipitation greater
than 1 mm day™' between high-amplitude Kelvin wave and MAM climatology. In this figure, the grid points
with a positive change in fraction indicate an increase in the frequency of occurrence of wet days. Figure [6.3|
shows that, there is an increase in the frequency of wet days when high-amplitude Kelvin waves are located
over a sub-region in Equatorial Africa. Both simulations are in agreement with TRMM in terms of having an
overall increase in the fraction of wet days in the same general region. However, G25 (Figure [6.3c) shows a
lower fractional increase of wet days compared to TRMM (Figure [6.3h) and CP4A (Figure[6.3f). Also visible
is a stronger suppression of occurrence of wet days over EEA in G25 (Figure [6.3c) than TRMM (Figure [6.3p)
when the Kelvin wave is located over WEA. When the Kelvin wave convergence is located over EEA, G25
(Figure [6.3[d) shows a somewhat higher frequency of wet days compared to TRMM (Figure [6.3p) but nearly
comparable to CP4A (Figure [6.3f). CP4A (Figure [6.3f) shows an increased frequency of wet days when a
high-amplitude Kelvin wave is located over WEA that is comparable to TRMM (Figure [6.3p) but higher that
G25 (Figure [6.3k). One noticeable difference between TRMM (Figure [6.3p, b) and CP4A (Figure [6.3k, f) is
that CP4A shows a stronger suppression of the frequency of wet days over EEA. As discussed above, this might
be due to the stronger Kelvin wave divergence in CP4A compared to that in ERA-I (see strong divergence over
EEA in CP4A in Figure [6.3¢ compared to that in ERA-I in Figure [6.3h, and also Kelvin wave divergence at
about 40°E in Figure [6.3f that is absent in ERA-L Figure[6.3p). Jackson et al.|(2019) found a better response of
CP4A to dry days associated with Kelvin waves. Another feature in Figure [6.3] to note is that the regions with
the lowest 95" percentile thresholds (Figure show the least frequency of wet days, for example, over the

Horn of Africa.

Results in Figure [6.4] show enhanced precipitation intensities on wet days associated with high-amplitude
Kelvin waves compared to the seasonal mean. For example, precipitation increases by up to 4 mm day™! on
wet days when a CCKW is located over Equatorial Africa. In agreement with TRMM, both simulations (Fig-
ure [6.4c-f) generally indicate an increase in precipitation intensities on wet days with a Kelvin wave. However,
Figure [6.4] shows quantitative differences between TRMM and the simulated wet day precipitation. For exam-
ple, G25 (Figure[6.4c) shows weaker precipitation intensities than TRMM (Figure[6.4p) and CP4A (Figure[6.4k)
over both WEA and EEA. Similarly, when the Kelvin wave convergence is positioned over EEA (Figure [6.4d),
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Figure 6.4: As in Figure but for the difference in mean precipitation on days with precipitation greater than 1 mm
day'1 in MAM for (a) and (b) TRMM, (c) and (d) G25, and (e) and (f) CP4A

the precipitation intensities in G25 are weaker but the pattern is similar to that in TRMM (Figure [6.4p) and
CP4A (Figure[6.4f). With the Kelvin wave convergence located over EEA, increased precipitation intensities in
G25 (Figure [6.4d) extend to the Horn of Africa while TRMM (Figure[6.4p) and CP4A (Figure [6.4c) show sup-
pressed precipitation intensities over the Horn of Africa. The precipitation intensities in CP4A (Figure [6.4f)
are similar to those in TRMM (Figure [6.4h). However, the signal stretches westward at about 30°E, 5°S in
CP4A (Figure [6.4f) compared to TRMM (Figure [6.4p) and G25 (Figure [6.4d). It remains unclear why CP4A

produces such a pattern but it might be due to the strong divergence at about 40°E.
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6.4 Impact of high-amplitude CCKWs on particular observed extreme pre-

cipitation events: A case study approach

Although taking an average over many events provides a general picture of a phenomenon, how a single
event of a phenomenon evolves in space and time can be quite different. Undertaking a case-by-case approach
reveals more details since the focus is placed on individual events, which is why the current chapter looks
at case studies. This section focuses on case studies to further explore the role of high-amplitude CCKWs in
influencing the eastward propagation of extreme precipitation episodes. First, the eastward propagating extreme
precipitation episodes are identified using the definition described in Section The eastward propagating
extreme precipitation days identified are shown in the first column in Table[6.1] Each date shown in column 1
of Table[6.1]is the date when extreme precipitation is first detected in WEA (over W). To build a case study, two
days preceding that date and three days following that date are used. For example, if extreme precipitation was
detected in W on 23-03-1998 then the case study period starts 21-03-1998 and ends 26-03-1998. Case studies
in Table [6.T] are based on observations (TRMM). These case studies are “extraordinary” extreme precipitation
episodes because they are based on dates when precipitation is in the top in top 5% over a pair of sub-regions’

10 year climatology.

Date Collocated with Kelv Conv Case study period Case study number
23-03-1998 Yes 21-03-1998 26-03-1998 8
12-01-1999 Yes 10-01-1999 15-01-1999 7
14-11-2000 Yes 12-11-2000 17-11-2000 6
05-04-2001 No 03-04-2001 08-04-2001 4
10-04-2002 Yes 08-04-2002 13-04-2002 1
17-04-2002 Yes 15-04-2002 20-04-2002 2
28-04-2002 Yes 26-04-2002 01-05-2002 3
21-12-2002 Yes 19-12-2002 24-12-2002 9
28-12-2002 Yes 26-12-2002 31-12-2002 10
17-03-2006 No 15-03-2006 20-03-2006 5

Table 6.1: Extreme precipitation days in TRMM as identified using a pair of sub-regions shown in Figure|5.1pa. The dates
in the first column (days when extreme precipitation is first observed in a sub-region in WEA (W)) are used as centres
for case studies. In second column, “Collocated with Kelv Conv”” means that the extreme precipitation over W coincides
with a high-amplitude Kelvin wave event. These case studies are numbered for purposes of presentation of analysis and
results with a focus on those case studies in bold.

From Table it can be seen that 40% of the case studies identified are in April, which corresponds
to a month with high precipitation rate as shown in Figure Jackson et al.[(2019) analysed Kelvin wave
activity in April because it is a month characterised by maximum precipitation over Equatorial Africa (also
see Figure 2.1)), and their results showed that April has the greatest variance in OLR caused by Kelvin waves.
The case studies 1-3 (in rows 5, 6, 7, and in bold) are considered for further analysis because: firstly, these
occurred in the same month and year, and so this analysis may not be affected by the differences in large-scale

background state. Ridout and Flatau| (201 1)) analysed two consecutive Kelvin wave case studies that propagated
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Figure 6.5: The Hovmoller based on total 3-hourly TRMM precipitation (shading) and Kelvin wave convergence for

the same period (only Kelvin wave convergence amplitude of 1.5 x 10 8 s”! and 1.1 x 10 -8 s1). These two values are
determined as described in Section Both fields are latitudinally averaged over 7°S-7°N.

past Sumatra in June 2006, and Zhu and Li (2017) analysed two Kelvin wave case studies that occurred in the

Indian Ocean in November 2011. Secondly, using case studies in April makes it easier to compare the results

with those in [Jackson et al.| (2019), who studied the response of precipitation to Kelvin waves over Africa

during April. And thirdly, this chapter focuses on Kelvin waves and precipitation in MAM. The other two case
studies (case studies 4 and 5 in rows 4 and 10) are considered to be “unrelated” to high-amplitude Kelvin wave
events (based on the definition of an high-amplitude Kelvin wave event as described in Section[6.2)). These case

studies are important to this study because they help us to answer the question relating to other possible forms
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of precipitation variability besides high-amplitude Kelvin waves that might cause the eastward propagation of

extreme precipitation across Equatorial Africa.

In order to gain a more detailed understanding of how each of the case studies might be associated with
CCKWs, a Hovmoller plot showing Kelvin wave convergence overlaid on total precipitation is plotted for all
the ten case studies in third column in Table [@ Then, by eye, checking is done to determine whether or not
the Kelvin wave convergence (dashed contours e.g., see Figure [6.5) is collocated with the precipitation over
the longitudinal extent of W. Since it is expected that extreme precipitation episodes are associated with strong
Kelvin wave events, only Kelvin wave convergence above the 90" percentile that is calculated over the sub-
region W in WEA is plotted. Hovméller diagrams are useful in understanding the dynamics of propagating
atmospheric features (e.g., [Persson, 2017), and they have been used in previous studies such as Nakazawa
(1988) in exploring the eastward propagation of cloud clusters and in |Glatt et al.| (2011)) in diagnosing Rossby
wave trains. The term “Kelvin wave convergence” is used here to refer to convergence of the Kelvin wave wind

field in the equatorial wave dataset described in Chapter [3] (§3.3.1).

Three eastward propagating extreme precipitation episodes shown in Table[6.T|are visible in Figure [6.5|for
the latitudinal band 7°S-7°N. These constitute case studies, 8-13 April, 15-20 April, 26 April-1 May (hereafter
referred to as case study 1, 2 and 3 respectively). Recall that a case study is defined as a sequence of six
days [2 days preceding the day when precipitation occurs over a sub-region in WEA (shown in column 1 of
Table [6.1)) and 3 days after]. Figure[6.5]also shows high-amplitude Kelvin wave convergence that is collocated
with high precipitation totals. An interesting feature in Figure [6.3]is that each eastward propagating band of
precipitation is preceded by a dry signal suggesting suppressed convection. This confirms that a wave-like
disturbance played a role in modulating extreme precipitation in each of the case studies. It was discussed in
Chapter 4] that over the period March-June, 5-7 CCKWs propagate across Equatorial Africa on average (e.g.,
Wheeler and Nguyen| 2015}; |Sinclaire et al., 2015). This suggests that April 2002 is an interesting period to
study because Figure [6.5] shows that three (about 50% of an average season’s events) high-amplitude Kelvin

wave events propagated across Equatorial Africa within a span of about 30 days.

It is also evident in Figure [6.5] that within each eastward propagating wet episode, coherent multiple
westward propagating wet events with speed of between 15-20° per day (approx. 19-25 m s ') can be seen.
These could plausibly be westward propagating MCSs organised by an eastward propagating high-amplitude
Kelvin wave (e.g., Mounier et al., 2007} [Laing et al., 2011). This example is comparable to the eastward
moving supercluster found in |Nakazawal (1988]). These westward propagating rain-producing systems that are
modulated by CCKWs have been previously studied (e.g., [Mounier et al., 2007; |Jackson et al., 2009; |[Laing
et al., 2011). Results in these studies showed that MCSs tend to grow larger and live longer in the presence of
CCKWs. These westward propagating rain bands are beyond the scope of this thesis but would be interesting to
explore. Since the MJO interacts with CCKWs (e.g.,[Haertel et al., 2015;Sobel and Kim, [2012)), the Real-time
Multivariate MJO series 1 (RMM1) and RMM2 (MJO Phase diagram on www.bom.gov.au/climate/
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Figure 6.6: Satellite images from the visible channel for 1200UTC on each day showing convective clouds over some
days in the case studies, 9-12 April (left), 16-19 April (middle column) and 27-30 April (Right column). The date for each
image is shown at the bottom centre of each image. Images taken from EUMET (https://pics.eumetsat.
int/viewer/index.html).
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mjo) were used to check whether the case studies shown in Table have a preferred phase of the MJO. It is
found that 10%, 10%, 30% and 50% occurred when the MJO was in phase 8, 4, 2, and weak MJO respectively
(see Figure [I.2]for the location of active MJO convection). Case studies 1, 2, 4 and 5 occurred when the MJO
amplitude was weak while case study 3 coincide with phase 2. Although the number of case studies is small, it
is likely that the MJO is not a major factor in these case studies since the highest percentage occurred when the

amplitude of the MJO was weak.

First, this section examines case studies 1-3, which are related to high-amplitude CCKWs. Two of the case
studies shown in Table[6.T]are not associated with high-amplitude Kelvin waves. What, then, might be causing
the eastward propagation of the wet signal in these case studies? To address this issue, Section[6.4.6|focuses on
those two case studies, which are labelled case study 4 and 5. Below, the description of the synoptic situation
associated with case studies 1-3 is given. An analysis of the dynamical and thermodynamical fields associated
with extreme precipitation episodes and high-amplitude Kelvin waves that propagated across Equatorial Africa

in April 2002 is presented.

6.4.1 Satellite imagery for case studies 1-3

Nakazawal (1988)) used the Geostationary Meteorological Satellite (GMS) Infrared (IR) images to study
eastward propagating cloud clusters (e.g., their Figure 3), and later, [Straub and Kiladis| (2002) used satellite
images from NOAA’s Geostationary Operational Environmental Satellite Program (GOES-9) in a case study
of a CCKW in the eastern Pacific Ocean (e.g., their Figure 4). Several other scientists have used OLR to
isolate Kelvin wave activity (e.g.,(Wheeler et al., [2000; Sinclaire et al., 2015, Mekonnen and Thorncroft, [2016;
Jackson et al.,2019). This motivates an interest in examining the degree of convection organisation (by eye) in
the cloudiness field over some days in case studies 1-3. For each case study, four satellite images are shown,
spanning the period from one day before precipitation is observed over W until two days after. Unlike the

studies above, visible satellite images are shown to provide greater resolution and detail.

In Figure [6.6] one sees that 1 day before precipitation is detected in WEA (i.e., on 9, 16, and 27 April,
“organised” deep convective clouds can be seen over the Atlantic Ocean while much of Equatorial Africa is
dominated by isolated and less bright cloudiness. The large white patches of cloudiness are seen to propagate
eastward and by 10, 17 and 28 April, organised deep convective clouds can be seen mainly over WEA, while
over EEA the clouds are isolated and less organised. These convective clouds are aligned with TRMM precipi-
tation on 10, 17 and 28 April shown in Figure More interesting cloudiness patterns can be seen on the 16
and 17 April, in which to the west of less organised clouds (over EEA), one sees a signal of well organised deep
convection over WEA and further west, a cloudless region can be seen. The convective cloud pattern shown on
16 and 17 April fits a description of alternating regions of enhanced and suppressed convection associated with
a Kelvin wave (e.g., Jackson et al., 2019). And 2-3 days after the precipitation was detected over WEA, the

Kelvin wave has propagated across much of Equatorial Africa. This explains why the convective cloudiness on
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12, 19 and 30 April is more present and organised over EEA compared with WEA. Figure[6.6|demonstrates the
role of high-amplitude Kelvin waves in organising convection and the associated precipitation. This figure gives
us confidence in the case studies identified in that as would be expected, the precipitation in the case studies
is associated with the regional cloud pattern. It is worth noting that Figure [6.6] indicates multiscale convective
features suggesting that disentangling these features to identify the role of CCKWs in organising convection

and precipitation over these case studies may not be straightforward.

6.4.2 The structure and characteristics of daily total precipitation and horizontal wind

The pattern of daily total precipitation and 850 hPa horizontal wind for case studies 1-3 are now analysed.
Figure shows the patterns of the daily total precipitation for each day (over each case study) and 850 hPa
horizontal wind. The precipitation over the Atlantic Ocean on 9 and 10 April in Figure matches with
the cloudiness in Figure [6.6] (note that Figure [6.6 spans 9-12, 16-19 and 27-30 April for left, middle and right
column respectively, while Figure[6.7)spans 8-13, 15-20 April, 26 April-1 May for left, middle and right column
respectively). Also, on 12 April in Figure [6.6] (column 1, bottom panel) much of the cloudiness is seen over
EEA, extending from southwest to northeast EEA. This is clearly aligned with the precipitation pattern on 12
April in Figure Similar matching cloudiness in Figure [6.6] with the precipitation patterns in Figure [6.7]can

be seen in case studies 2 and 3.

The eastward propagating wet signal that is broadly associated with the Kelvin wave convergence can be
seen in each of the case studies 1-3. The precipitation episodes displayed in these case studies show that the
rains over the coast of WEA (e.g., west of about 11°E) seem to persist for a day or two before it is detected over
WEA. The spatial precipitation rate variations shown in Figure may be suggesting that there are several
factors influencing the precipitation variability over this region. 8 and 12 April (in case study 1: left column)
display a pattern similar to the composite (e.g., Figure[5.4) in which when precipitation is enhanced over WEA,

it is suppressed over EEA and vice versa (e.g.,[Mekonnen and Thorncroft, 2016)).

When the strong precipitation signal dominates the west coast of Equatorial Africa, the low-level wind is
generally easterly over the whole of Equatorial Africa and generally weak over the Atlantic (e.g.,on 8,9, 15 and
26 April) but as the precipitation penetrates inland, the winds strengthen and become westerly near the equator
(e.g.,on 10, 11, 17, 18, 28, and 29 April in Figure . The climatological mean of 850 hPa horizontal wind
during April is generally easterly (e.g., Sinclaire et al., 2015} their Figure 3), showing that these Kelvin waves
are likely causing a reversal of the climatological zonal wind direction, and this westerly flow is important in
transporting moisture from Atlantic into the interior of Equatorial Africa (e.g.,[Pokam et al.,2012) as discussed
below. On 10, 17, 18 and 29 April, the strong precipitation signal appears to be located on the leading edge
of the total westerly winds (Figure[6.7)). As the precipitation signal progresses further east (located over EEA,
i.e. 2-3 days after it was detected in WEA), the westerly flow appears to become weaker, and then changes to

easterly (e.g., 13, 14 and 21 April) as the CCKWs exit EEA. Such a structure of the wind field is similar to
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Figure 6.7: The characteristics of daily total TRMM precipitation (shading), Kelvin wave divergence for each day (blue
contours: solid is divergence, dashed is convergence) and ERA-I 850 hPa total horizontal wind (vectors) for case study 1
(8-13 April) (left), case study 2 (15-20 April) (middle column) and case study 3 (26 April-1 May) (Right column). contour
interval is 1.5 x 10 5!, and zero contour is not shown. Reference wind is shown at the top right of each panel.
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that shown in |Gilll (1980), observational studies (e.g.,[Straub and Kiladis| [2002), and model experiments (e.g.,
Tulich and Mapes|, |2008). The structure of the wind field in Figure confirms the role of low-level westerly

flow in the eastward propagation of convection and precipitation.

6.4.3 Low-level (850 hPa) anomalous moisture flux divergence and horizontal wind anomalies

Moisture flux convergence/divergence is analysed here because it is an important component in the cou-
pling of convection and precipitation. Figure [6.8] shows the anomalous low-level moisture flux divergence,
Kelvin wave convergence and 850 hPa horizontal wind anomalies for case studies 1-3. Broadly, the patterns in
the anomalous moisture flux convergence are consistent with the precipitation patterns in Figure This is
physically consistent because moisture flux convergence is the main moisture source for strong tropical precip-
itation. Notably, although the moisture flux convergence appears to be noisy, there is a signature of eastward
propagation that is aligned with the Kelvin wave convergence particularly in case study 2 (15-20 April). Also,
the westerly wind anomalies can be seen to converge into regions of enhanced moisture flux convergence sug-

gesting that the anomalous westerly flow is helping to transport moisture.

6.4.4 Specific humidity profiles

The vertical profile of specific humidity in ERA-I associated with case studies 1-5 is also examined.
The area average of the anomalous specific humidity over the sub-regions shows that low-to-midtropospheric
specific humidity tends to increase in the vicinity of a CCKW. The vertical structure of the anomalous specific
humidity shows a westward tilt with height (figure not shown). A similar plot but based on CP4A simulated
anomalous specific humidity is shown in Section [0.5.3] The structure of the specific humidity in ERA-I for
case studies 1-3 is broadly similar to that shown for the CP4A case study on 18-23 April 1998 in Figure [6.13]
which is discussed more in Section

6.4.5 vertical profile of vertical velocity

Finally, the structure of upward motion over case studies 1-3 is examined because vertical motion is im-
portant for transporting moisture into the lower-to-midtroposphere. Figure shows the total vertical velocity
over case studies 1-3. The large-scale ascent seen on 8-9, 15-16, and 26-27 April in Figure [6.9 matches the
precipitation signal seen west of 20°E on the same dates in Figure[6.7} On 10, 17 and 28 April, the upward mo-
tion has shifted eastward together with the precipitation (see Figure[6.7). As the CCKW propagates into EEA,
the upward motion is generally weaker (e.g., on 12, 19, 30 April). Also noticeable is that on 12, 19 and 30
April, upward motion from the mid-to-upper troposphere and descending motion from the mid-troposphere to
the surface is suggestive of stratiform precipitation. Figure[6.7] (e.g., 12-13, 19, 20 and 30 April-1 May) shows
widespread precipitation over much of EEA, consistent with the structure of upward motion in Figure[6.9] Be-

sides the large-scale ascent seen in Figure [6.9] small-scale convective features extending from the surface into
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Figure 6.8: The evolution of 850 hPa moisture flux divergence anomalies (shading), Kelvin wave divergence for each day
(magenta contours: solid is divergence, dashed is convergence) and ERA-I 850 hPa horizontal wind anomalies (vectors)
for case study 1 (8-13 April) (left), case study 2 (15-20 April) (middle column) and case study 3 (26 April-1 May) (Right
column). contour interval is 1.5 x 10 s*', and zero contour is not shown. Reference wind is shown at the top right of

each panel.
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Figure 6.9: The height-longitude plot of vertical pressure velocity for case study 1 (8-13 April) (left), case study 2 (15-20
April) (middle column) and case study 3 (26 April-1 May) (Right column). The negative values (red shading) represent
ascent, and likewise positive values (blue shading) for descent. Vertical velocity is averaged between 7°S-7°N.
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the upper troposphere can be seen. These are further discussed in Section The westward tilt of upward
motion on, for example, 9, 10, 11, 12, 16, 17, 20, 28 and 30 April suggest gradual transport of moisture into the
mid-to-upper troposphere. However, spiky upward motion can be seen as part of the large-scale upward mo-
tion (e.g., on 11 April between 10-20°E, and at 41°E), these may be interpreted to be small-scale disturbances
embedded in the large-scale upward motion associated with Kelvin waves. A similar plot but for case studies 4
and 5 shows similar spikes of upward motion aligned with patches of grid points with high precipitation rates

(not shown).

6.4.6 Precipitation events “unrelated” to a Kelvin wave event

Chapters [ and [5| showed that a significant fraction of eastward propagating precipitation events are unre-
lated to a Kelvin wave event. Table[6.1|shows two case studies (case study 4: 3-8 April 2001 and case study 5:
15-20 March 2006) that are not associated with high-amplitude Kelvin wave events. Figure shows the total
precipitation, the 850 hPa Kelvin wave convergence and the 850 hPa total horizontal wind. The patterns of the
fields in Figures (case studies 1, 2 and 3) and [6.10] (case studies 4-5) are somewhat different, for example,
the Kelvin wave convergence is generally weaker in case studies 4 and 5. Generally, the precipitation signal in
case studies 4-5 is weaker than that in case studies 1-3. This might be due to weaker Kelvin wave convergence
in case studies 4-5. In comparison to Figure the eastward propagation of precipitation across the entire 6
day sequence in case studies 4 and 5 is not easily noticeable particularly in case study 5. For instance, in case
study 4, after 5 April (centre of the case study), a strong precipitation signal is expected to propagate eastward
but instead it is seen to persist over WEA (see 6 April 2001), and in case study 5, the precipitation across
Equatorial Africa is weak on 15 and 16 March, and only becomes strong on 17 March and appears to propagate

eastward.

Looking at the low-level horizontal wind patterns, case study 4 (left column of Figure [6.10) is in several
aspects different from case study 5 (right column). For example, on 3 and 4 April (1-2 days before precipitation
is detected in the sub-region in WEA), relatively strong westerly flow can be seen to the west of the location
of the precipitation and easterly flow to the east of it, but this is not the case in case study 5 (on 15 and 16).
In case study 5, the winds are mainly easterly and weak over central WEA. The lack of the westerlies in case
study 5 might explain the weak precipitation signal on 15 and 16 (Figure [6.10). On 20 March, weak easterlies
can be seen as the precipitation signal weakens. The coherent eastward shift of the leading edge of the easterly

flow in case study 5 still suggests the presence of an eastward propagating disturbance (similar to Figure [6.7).

In case studies 4-5, there is evidence of a Kelvin wave propagating eastward which is linked to the weakly
perturbed wind field, particularly in case study 5. An important feature to note in Case study 4 is that a weak
Kelvin convergence can be seen east of a strong precipitation signal on 3 April. This Kelvin wave convergence
is seen to coherently propagate eastward, but it is plausible that deep convection associated with the strong

precipitation signal at about 19° initialised this weak Kelvin wave to the east. The Kelvin wave in case study 5
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Figure 6.10: As in Figurebut for precipitation events that are unrelated to high-amplitude Kelvin waves. Case study
4 (3-8 April 2001) (left) and case study 5 (15-20 March 2006) (Right). The case studies are centred on 5 April and 17
March respectively.
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might have propagated into the region as a weak Kelvin wave. The other possibility is that a weak Kelvin wave
event was initiated in association with the preexisting deep convection over WEA as seems to be the case in

case study 4 (e.g., Lindzen, 2003).

6.4.7 Small-scale convective and precipitation variability in the cases studies

In this section, the small-scale patterns of precipitation in the case studies discussed above are examined.
These small-scale convective features are important processes of precipitation variability especially over EEA
(Finney et al.} 2020). Small-scale precipitation variability is generally associated with short-lived atmospheric
processes (e.g., [Laing et al.| [2011]), while the large-scale drivers of precipitation variability remain active for
more than a day. Based on this, it is possible to speculate whether or not the precipitation in a particular grid
cell is associated with a small-scale or large-scale mechanism. A closer examination of panels in Figure [6.6]
shows multiscale convective features in the different case studies. For example, isolated patches of cloudiness
can be seen over EEA on 11, 18, and 29 April in Figure [6.6] On visually inspecting the spatial patterns of
precipitation in Figures and [6.10] it is likely that precipitation in these case studies is influenced by both
the small-scale and large-scale mechanisms. For example, precipitation west of about 20°E appears to last for
2-3 days (e.g., 8-11, 15-17, 26-28 April in case studies 1, 2 and 3 respectively). While the CCKW is located
over west of about 20°E (e.g., on 8-9, 15-16 and 26-27 April), patches of strong precipitation rates can also
be seen over EEA. On 18 April when the Kelvin wave convergence is located over EEA, one would expect
precipitation over WEA to be suppressed but instead several small-scale precipitation features with a strong
wet signal can be seen. To further illustrate this aspect, typical examples can be seen over the period 17-18
April (middle column) and 28-29 April (right column). On 17 April, the CCKW is located over WEA and can
be seen to be associated with an extensive area of high precipitation rates at about 20°E. On the same day, a
smaller patch of precipitation above 35 mm day™! covering an area of about 1-2° in both longitude and latitude
can be seen at about 40°E. This rainy patch is linked to small-scale ascent on the same date in Figure It
would be expected that as the CCKW approaches EEA, this particular storm would grow larger and become
more intense (e.g., Nguyen and Duvell, 2008; [Laing et al.,2011). The presence of the Kelvin wave convergence
on 19 April (2 days after the precipitation patch was seen) does not appear to enhance the size and the life cycle
of this particular precipitation episode. In another typical example, on 28 April (right column), an area less than
about 500 km? with a high precipitation rate of more than 25 mm day™! can be seen at about 40°E. This rainy
patch is aligned with upward motion (on 28 April in Figure[6.9) and Kelvin wave divergence, suggesting that the
precipitation is most likely being driven by a small-scale feature. Two days later (30 April), although the Kelvin
wave convergence can be seen over EEA, this rainy patch has waned. These short-lived rainy patches appear
to be common to eastern and northeastern Lake Victoria including days when the Kelvin wave convergence is
located over EEA. Other examples of small-scale precipitation features can be seen in several other panels in

Figures [6.7]and [6.10] for instance both east and west of Lake Victoria on 15 April. Similar rainy patches that
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may not be caused by CCKWs can also be seen over WEA (e.g., around 19°E on 20 April 2002 in Figure
and 6 April 2001 in Figure [6.10). Overall, Figures [6.7 and [6.10] show several patches with high precipitation

rates that may not be associated with the CCKWs.

6.5 Impact of simulated high-amplitude Kelvin waves on extreme precipita-

tion: Case studies in G25 and CP4A

6.5.1 Case studies identified in the simulations

Having identified and examined case studies based on observations (TRMM) and ERA-I (§6.4), attention
is shifted to case studies based on simulations. The methodology for identification of the case studies is as
described in Section [6.2] Tables [6.2] and [6.3] show extreme precipitation episodes and the associated case
studies in G25 and CP4A respectively. In both G25 and CP4A, the highest number of case studies are identified
in April with 28% and 27% of the total number of case studies respectively. The dates for the case studies in
the simulations (Tables @] and@ are not identical to those in TRMM (Table , and in any case, they are
not expected to be identical since both simulations are free running. It is expected that the large scale forcing

related to SST patterns would be similar to that in observations.

Date Collocated with Kelv Conv Case study period Case study number
19-03-1998 Yes 17-03-1998 22-03-1998 A6
10-04-1999 Yes 08-04-1999 13-04-1999 Al
21-04-2000 Yes 19-04-2000 24-04-2000 A2
01-01-2001 Yes 29-12-2000 04-01-2001 A7
08-04-2001 No 06-04-2001 11-04-2001 Ad
12-04-2001 Yes 10-04-2001 15-04-2001 A3
28-03-2003 No 26-03-2003 01-04-2003 AS
04-02-2004 No 02-02-2004 07-02-2004 A8
09-12-2004 No 07-12-2004 12-12-2004 A9
29-02-2005 No 27-02-2005 02-03-2005 Al0
04-03-2005 Yes 02-03-2005 07-03-2005 All
29-03-2005 No 27-03-2005 02-04-2005 Al2
26-03-2006 Yes 24-03-2006 29-03-2006 Al3
29-10-2006 No 27-10-2006  02-11-2006 Al4

Table 6.2: Extreme precipitation days in G25 as identified using a pair of sub-regions shown in Figure|5.1g. The dates in
column 1 (days when extreme precipitation is first observed in a sub-region is WEA; green box in Figure [5.T¢) are used
as centres for case studies. These case studies are numbered for purposes of presentation of results and analysis for those
in bold is shown. The letter “A” attached to the case study number in column 4 is only meant to make these case studies
unique.
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Date Collocated with Kelv Conv Case study period Case study number
20-01-1998 No 18-01-1998 23-01-1998 B5
11-03-1998 Yes 09-03-1998 14-01-1998 B6
20-04-1998 Yes 18-04-1998 23-04-1998 B1
15-05-1998 Yes 13-50-1998 18-05-1998 B7
19-05-1998 Yes 17-05-1998 22-05-1998 B8
25-03-2002 No 23-03-2002 28-03-2002 B4
07-12-2003 No 05-12-2003 10-12-2003 B9
13-11-2004 Yes 11-11-2004 16-11-2004 B10
25-11-2004 No 23-11-2004 28-11-2004 Bl11
13-04-2005 Yes 11-04-2005 16-04-2005 B2
29-04-2005 Yes 27-04-2005 02-04-2005 B3

Table 6.3: Same as Table but for CP4A as identified using a pair of sub-regions shown in Figure . The dates in
column 1 (days when extreme precipitation is first observed in a sub-region is WEA; green box in Figure[5.1}) are used as
centres for case studies. The letter “B” attached to the case study number in column 4 is only meant to make these case
studies unique.

6.5.2

The structure and evolution characteristics of simulated daily total precipitation and hori-

zontal wind

Figure shows daily total precipitation and 850 hPa horizontal wind based on G25. It is important
to note that the three case studies shown in Figure [6.1T] are all in April but in different years. It is assumed
that these should still be similar to each other in several respects due to their occurrence at the same time
of year. In all the three case studies shown in Figure the eastward propagation of precipitation can be
seen (e.g., from 21-April 2000, 12-April 2001 and 10-April 1999 to the end of each case study). Also, it can
be seen that the eastward propagation of precipitation in case study Al is most evident between 10-13 April
and is well aligned with Kelvin wave convergence. In all the case studies A1-A3, the precipitation appears
to be generally over the equator as would be expected during April. The horizontal wind in case study Al
shows westerly flow accompanying the precipitation and the Kelvin wave convergence from 9-13 April 1999.
Also, case study Al shows the convergence of westerly flow and easterly flow, and the sub-region of low-level
convergence is seen to propagate eastward together with Kelvin wave convergence. This low-level convergence
is an important component for convection. The winds in case study A2 (middle column) are not consistent
(mainly southeasterly for the first two days, that is, 19-04-2000 and 20-04-2000), becoming weak on 21-04-
2000 (when precipitation is first observed in WEA) and then becoming westerly on 22-04-2000. The pattern
of the wind field in the last two days of case study A2 (23-04-2000 and 24-04-2000) are broadly similar to
that in the first two days of the case study (described above). Case study A3 (left column; 10-15 April 2001)
has a similar pattern to that in case study Al (right column, 8-13 April), albeit rather weaker. Returning to the
precipitation patterns in case studies A1-A3, it can be seen that the precipitation rates in case study Al (left
column) are generally greater than those in case study A3 (right column). This might be because the westerly
flow in case study Al is stronger than that in case study A3. The nearly absent westerly flow and low-level

convergence in case study A2 might partially account for the weak precipitation signal in this case study. This
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Figure 6.11: Same as in Figurebut for G25 for case study Al (8-13 April 1999) (left), case study A2 (19-24 April
2000) (middle column) and case study A3 (10-15 April 2001) (Right column). Reference wind is shown at the top right

of each panel.
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result is consistent with results in the observations (e.g., §6.4.3).

CP4A: case study B1
18-04-1998

CP4A: case study B2

15N 1+

11-04-2005

CP4A: case study B3
27-04-2005

0 10E 20E 30E
19-04-1998

10N
5N
0

55

20E 30
12-04-2005

15N

10N

5N

0

55

10S

155 4 - A
0 10E 20E 30E 40E S0E

i) 10E 20E 30E

30E
13-04-2005

0 10E 20E 30E a0E 'S50E
29-04-2005

30E
21-04-1998

0 10E 20E 30E
22-04-1998

40E

5msl —

10E 20 30E
15-04-2005

40E 50E

5ms-1 —

0 10€ 20E 30E 40E 50E
01-05-2005

5ms-1 —

30E
23-04-1998

40E 50E

5ms-1 —»

16-04-2005

05 5.5

205

55

105

155

mm day~*

“\’Mq‘

255

Figure 6.12: Same as in Figurebut for CP4A for case study B1 (18-23 April 1998) (left), case study B2 (11-16 April
2005) (middle column) and case study B3 (27 April-2 May 2005) (Right column). Reference wind is shown at the top

right of each panel.

Chapter 6. Extreme precipitation and its relationship with CCKWs over Equatorial Africa




110

Comparing the precipitation and the wind field in case studies A1-A3 of Figure to that in observed
precipitation and ERA-I in Figure (recall that these are not the same dates), the precipitation in Figure[6.11]
is widespread and lighter compared to that in Figure which appears more organised. However, the wind
field is generally in agreement, particularly in case studies Al and A3. Regarding the small-scale precipitation
variability, G25 shows several patches of high precipitation rates. For example, between 10-13 April 2001, the
Lake Victoria sub-region shows high precipitation rates that are aligned with Kelvin divergence, suggesting that

Kelvin waves may not be modulating these small-scale features.

Focus is now placed on the case studies based on CP4A. Figure [6.12] shows three case studies identified
as described in Section [6.2] It is important to note that these case studies are in April (similar to observations
in Table but different dates (in terms day and year). These case studies are examined because of the
need to use CP4A as a scientific tool to further understand the role of high-amplitude Kelvin wave events in
modulating extreme precipitation. The eastward propagation of extreme precipitation together with Kelvin
wave convergence can be seen in all the three cases studies but it is clearer in case study B1 (left column,
18-23 April 1998) and case study B3 (right column, 27-April to 2-May 2005). For instance, weak easterly flow
seen between 18-22 April 1998 becomes weak and westerly, at least near the equator on 23-April 1998. Several
panels in Case studies B2 and B3 can be seen with weak westerlies converging with relatively stronger low-level
easterlies (e.g., 13-15, 27-29 April 2005). The Kelvin wave convergence is generally smaller than the observed,
at least in case study B2. Overall, the structure of the wind pattern in case studies B1-B3 (Figure [6.12)) shows
a weak similarity to that in Figures and that shown in case studies in previous publications such as
Ridout and Flatau| (2011)), and Zhu and L1 (2017).

Similar to observations, CP4A shows the variable spatial patterns of precipitation from case study to case
study. The precipitation pattern in CP4A is generally similar to that in TRMM (Figure [6.7). For example, the
high precipitation rates on the coast of WEA on 18-20 April 1998 have a similar structure to that in Figure
8-10 April 2002 and 26-28 April 2002. Figure [6.12] shows large areas of high precipitation rates, but small
patches of high precipitation rates can also be seen. CP4A also shows sub-regions with high precipitation rates
that seem unrelated to Kelvin wave convergence (e.g., on 29 April 2005). Also, analysis was done on CP4A’s
case study B4 which is unrated to an high-amplitude Kelvin wave. The patterns of precipitation were similar
to that shown in Figure [6.12] but the Kelvin wave convergence was weaker across the 6 day period (figure not

shown).

6.5.3 The structure of anomalous specific humidity in CP4A

Figure [6.13| shows the vertical profile of anomalous specific humidity for CP4A’s case studies B1 (left
column), case study B2 (middle column), and case study B3 (right column). A westward tilt with height in
anomalous specific humidity can be seen in nearly all days of case study B1, but this is absent in case studies

B2 and B3. The regions of anomalous moisture in Figure [6.13] are aligned with the precipitation signal in
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Figure 6.13: The height-longitude plot of anomalous specific humidity based on CP4A for case study B1 (18-23 April
1998) (left), case study B2 (11-16 April 2005) (middle column) and case study B3 (27 April- 2 May 2005) (Right column).
Specific humidity is averaged between 7°S-7°N.

Chapter 6. Extreme precipitation and its relationship with CCKWs over Equatorial Africa




112

Figure It can be seen that as the CCKW propagates to the east (e.g., 22-23 April 1998), the anomalous
specific humidity weakens. In case study B2 (middle column), extensive areas that are anomalously dry can
be seen, especially over WEA. This is consistent with the weak precipitation rates over much of WEA in
Figure (middle column). Also, small-scale moisture deficient sub-regions can be over EEA especially in
case studies B1 and B2 (e.g., between 30-40°E).

6.6 Discussion and conclusions

Chapter [ of this thesis showed that Kelvin waves play a role in the eastward propagation of precipitation
across Equatorial Africa, and chapter [5| explored the physical mechanisms through which Kelvin waves influ-
ence this propagation. In the first part of the current chapter, the statistical relationship between high-amplitude
CCKWs and extreme precipitation over Equatorial Africa is investigated. It is found that extreme precipitation
is up to twice as likely to occur compared to climatology over a sub-region in Equatorial Africa in the presence
of a high-amplitude CCKW. It is also shown that there is an increased frequency of wet days, and the intensity
of precipitation on wet days is enhanced by up to ~4 mm day! when a high-amplitude CCKW is located over
Equatorial Africa. Further, results based on case studies in which extreme precipitation is related or unrelated
to high-amplitude Kelvin waves show that high-amplitude Kelvin wave events have significant, but somewhat
varied, influence on the patterns of extreme precipitation. Small-scale non-propagating precipitation features

that appear to be unmodulated by Kelvin waves are also found.

Regarding the 95 percentile thresholds for identifying extreme precipitation, CP4A shows grid point pre-
cipitation threshold rates that are comparable to TRMM (Figure[6.1)). The precipitation threshold rates for G25
are generally weaker, highlighting the inability of the global model to simulate realistic extreme precipitation
episodes, (e.g., |Vogel et al., 2020). This might be due to both resolution and the physics in G25 (e.g., Brown
et al.,[2010). Based on the thresholds in Figure[6.1] the statistical relationship between high amplitude CCKWs
and extreme precipitation over Equatorial Africa shows an increased likelihood of occurrence of an extreme
precipitation episode with sub-regions showing up to 10% chance of occurrence of extreme precipitation (Fig-
ure [6.2)) when a high-amplitude Kelvin wave convergence is located over a sub-region in Equatorial Africa.
Subudhi and Landu| (2019) found a 26% chance of occurrence of extreme precipitation due to a Kelvin wave
located over India, and |Ferrett et al.| (2020) found a probability of occurrence of extreme rainfall of up to 15%
when a Kelvin wave is positioned over east Malaysia and Indonesia. The difference between the result in the
current study and the results in [Subudhi and Landu (2019) and [Ferrett et al.| (2020) might be due to a weak
Kelvin wave signal over Africa compared to that over the Maritime continent and India (e.g., Guo et al., 2014}
Figure

The linkage between the eastward propagating extreme precipitation episodes and the high-amplitude
Kelvin waves is suggested by the overlap between the extreme precipitation and the Kelvin wave convergence

in Figure [6.5] This figure is suggestive of the importance of high-amplitude Kelvin waves in providing a
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favourable environment for the development of small scale convective systems into organised large scale con-
vective features that are associated with extreme precipitation (e.g., [Nguyen and Duvel, |2008; [Ventrice and

Thorncroft, [2013)).

The results based on total wind field in this chapter suggest that a CCKW modulates the low-level wind
flow in a manner that favours westerly flow and in turn westerly moisture transport from Atlantic Ocean into the
interior of Equatorial Africa (e.g., Figures[6.7|and [6.8). It is shown that CCKWs perturb a low-level horizontal
wind by weakening the easterly flow over WEA and establishing and maintaining westerly flow at least in the
days shown in Figures and [6.8] In most of the panels in Figure the low-level westerlies are seen to
converge with the easterlies and the region of convergence is seen to coherently shift eastward. These regions of
low-level wind convergence generally coincide with the regions of moisture flux convergence (Figure and
precipitation shown in Figure This indicates that Kelvin wave convergence is important for the eastward
propagation of extreme precipitation in these case studies. In two CCKW case studies, Ridout and Flatau
(2011) also showed westerlies associated with the precipitation as CCKWSs propagate past Sumatra (see their
Figures 14 and 18). In a CCKW case study in the eastern Pacific ITCZ, |Straub and Kiladis| (2002) showed
that low-level anomalous winds associated with the passage of a CCKW changed from easterly to westerly
in coincidence with deep convective activity. In agreement with Straub and Kiladis| (2002), Figure shows

westerly anomalies aligned with the precipitation (Figure[6.7).

Although the eastward propagation of daily precipitation is evident in all case studies shown in Figure
and partly in Figure[6.10] the precipitation is spatially variable (e.g.,Mekonnen et al.| 2008). What this suggests
is that CCKWs may not be the only factor influencing the convection and precipitation over these case studies.
Some extreme precipitation events may not be related to high-amplitude Kelvin wave events (e.g., Table [6.).
Results from analysis of low-level horizontal wind for precipitation case studies that are unrelated to high-
amplitude Kelvin wave events (e.g., Figure[6.10) shows structures that are broadly similar to that shown in case
studies that are related to high-amplitude Kelvin wave events (e.g., Figure [6.7). The interpretation here is that
these extreme precipitation case studies might be partly linked to lower-amplitude Kelvin wave events that were
not captured by the definition of an high-amplitude Kelvin wave event. The Kelvin waves in the case studies
(at least case study 4) in Figure [6.10] were likely initialised in response to deep convection over WEA (e.g.,

Lindzen, 2003; Baranowski et al., [2016).

The structure of the horizontal wind field, and the westward tilt with height of anomalous specific humidity
associated with high-amplitude Kelvin waves shown in CP4A (e.g., Figures [6.12] and [6.13)), appear to suggest
that the simulated Kelvin waves weakly modulate both the wind and the moisture field. Both the wind field and
the moisture are important for coupling between the Kelvin wave and the convection (e.g., Tulich et al., 2011).
It is likely that in these case studies, CP4A inadequately simulated the shallow convection (Stratton et al., 2018))
such that the bulk of the precipitation in Figure comes from deep convection. If deep convection is the

dominant precipitation-producing process in these case studies, then it is plausible that the westward tilt with
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height similar to that shown in Figure[2.6{will be either weak or absent in the model (e.g., case studies B2-B3 in
Figure [6.13). In the CP4A’s case studies presented in this chapter, CP4A does not show consistent patterns of
horizontal wind field and the vertical structure of anomalous specific humidity, and the patterns do not closely
resemble the observed structure. As noted above, the westward tilt with height in anomalous specific humidity
seen in ERA-I (e.g., Figure @—e and [Zhu and Li, 2017; Figure 5) is absent in case studies B2-B3. However,
ERA-I relies on a convection parametrisation scheme and a fairly coarse model. This means that ERA-I may
struggle to trigger convection in the correct places and yet, the vertical structure of the specific humidity is
strongly tied to the convection. Also, since there are few observations (radiosonde) over Africa that go into
the data assimilation in production of ERA-I, and considering that satellite data has a low vertical resolution,
it is likely that the vertical structure of anomalous specific humidity may not be very well determined by the
input data (observations and satellite date). Due to the limitations in ERA-I, Figure may be suggesting
that the vertical structure of anomalous specific humidity for each case study might be quite different in the real
atmosphere. This is an important result since it opens room for further inquiry. On the other hand, it is also
possible that despite the convection being explicitly represented, a weakness in the coupling between the Kelvin
waves and the convection might have caused the differences seen in Figure [6.13] For future work, examining
several model fields (e.g., temperature profile and the associated cold pools) in many more individual case

studies similar to those examined in this chapter may help to reach a robust conclusion.

The case studies analysed here have shown small-scale precipitation features that appear to independently
develop and decay regardless of the phase of the Kelvin wave (e.g., Figures [6.12). Kelvin wave
divergence would be expected to induce subsidence and suppress convection, and therefore cause dryness, but
the small-scale precipitation patches composed of grid points of high precipitation rates appear to develop in
regions of Kelvin wave divergence or decay even in the presence of Kelvin wave convergence. The interpreta-
tion is that these small-scale features are not modulated by CCKWs. This result appears to contradict results in
Nguyen and Duvel (2008) and |Laing et al.| (2011) who found that CCKWs provide a favourable environment
for MCSs to become larger and long-lived. It remains unclear how CCKWs interact with these small-scale
features. It is also possible that the eastward propagating precipitation that is unrelated to Kelvin wave events
discussed in Chapters ] and [5] might be linked to a series of these seemingly non-propagating small-scale pre-
cipitation features (Kim et al., 2014). One way to further understand the characteristics of these small-scale
convective and precipitation features would be to use radar data to identify and track these features using an

approach described in|{Johnson et al.|(1998) on days with and without an high-amplitude Kelvin wave event.

The extreme precipitation episodes studied in this chapter (defined as precipitation exceeding the 95th
percentile of a sub-region’s precipitation climatology) are rare precipitation events. However, when they occur,
they can cause major distress to communities at the very least. In view of global warming, the Intergovernmental
Panel on Climate Change (IPCC) Assessment Report 6 (AR6) (IPCC| [2021) confirmed what was reported in
ARS (IPCC| 2014)) about an increase in the intensification of extreme precipitation episodes in various regions

over the globe (Stocker, 2014; |Seneviratne et al., 2021)), and as such, studying extreme precipitation episodes
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is important. This chapter has explored the characteristics of the eastward propagating extreme precipitation
episodes, and the associated physical processes. These results provide a benchmark for studies that will focus

on how these extreme precipitation episodes and the physical mechanisms will respond to global warming.

The key finding of this chapter is that both the observations and the simulations show that when a high-
amplitude Kelvin wave is located over Equatorial Africa, extreme precipitation is up to twice as likely to occur
compared to climatology. It is also found that high-amplitude Kelvin waves are likely to cause an increase of
precipitation intensity of up to 4 mm day"'. The extreme precipitation associated with high-amplitude Kelvin
wave events is characterised by spatial and temporal variations. Furthermore, regardless of the phase of the
Kelvin wave, small-scale convective systems develop and decay over the region. These small-scale features
are, perhaps, controlled by localised drivers and not high-amplitude Kelvin wave events as might be expected.
Further, the findings in this chapter confirm results presented in Chapters {] and [5| that as a CCKW propagates
into Equatorial Africa, precipitation over the region tends to be accompanied by low-level westerlies. The
Kelvin waves modify the low-level horizontal wind from easterly to westerly flow, at least in the case studies
examined here. The low-level westerlies then act to transport moisture from Atlantic Ocean into the interior of
Equatorial Africa. The moisture transported into the region is an important component in the eastward prop-
agation of the CCKW-precipitation coupled structure. The results in this chapter confirm the role of CCKWs
in influencing extreme precipitation over Equatorial Africa. CP4A performs better than G25 in representing
the precipitation characteristics associated with high-amplitude Kelvin wave events, albeit it does not show the
westward tilt with height in the moisture field shown in ERA-I (e.g., Figure [5.6p-¢). G25 on the other hand
simulates the dynamical and thermodynamical fields that are similar to those in ERA-I. Considering that a lim-
ited number of simulated case studies have been examined, it is difficult to draw a robust conclusion regarding
the capability of both models in simulating the individual Kelvin wave-precipitation linkage case studies. The
association between eastward propagating extreme precipitation episodes and CCKWs suggests the potential
source of predictability of extreme precipitation that may be obtained from Kelvin waves. It is therefore impor-
tant that the interaction between Kelvin waves and large-scale circulation is satisfactorily represented in both

numerical weather prediction and climate models.
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Conclusions

7.1 Purpose of this chapter

This chapter mainly discusses the key findings of this thesis and highlights how the objectives of the thesis
outlined in Chapter [2] (§2.7) have been addressed. Section summarises the key findings of this thesis, as
detailed in Chapters i{{] and discusses how these link to the objectives provided in Section In Section[7.3]
the known limitations of this work are indicated, and possible lines of future research are discussed. Finally,
Section highlights the implications of the findings of this thesis, and presents the scientific advances from

this thesis.

7.2 Key findings

7.2.1 The observed precipitation relationship between Western Equatorial Africa and Eastern

Equatorial Africa

The first two objectives of this thesis are to “assess the precipitation linkage between WEA and EEA based
on small sub-regions characterized by similar daily precipitation characteristics” and “identify the possible
mechanisms driving variability associated with the precipitation connection between WEA and EEA” (§2.7).
Mekonnen and Thorncroft| (2016) suggested a convective activity connection between the Congo Basin and
East Africa during boreal summer using 22 years of cloud brightness temperature (e.g. see §2.1.3). However,
these authors did not evaluate whether the connection between the Congo Basin and East Africa is present in

precipitation and whether this connection is detectable in other rainy seasons.
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To address the first objective, Chapter ] examines daily TRMM precipitation estimates (§3.2.1)), GPCP-
1DD precipitation (§3.2.2] ERA-Interim atmospheric fields (§3.2.3) and a dynamics-based equatorial wave
dataset (§3.3.1). Using the EOT technique (§3.3.3), this thesis has, for the first time, objectively subdivided
most of Equatorial Africa into small sub-regions of similar daily precipitation characteristics (Chapter 4] Sec-
tion [4.3). Using lead-lag correlation coefficient analysis between various pairs of WEA-EEA sub-regions and
spatio-temporal correlation coefficient analysis over the domain under investigation, a synoptic-scale relation-
ship in precipitation between WEA and EEA in which precipitation over EEA lags precipitation over WEA by
1-2 days is found (Sections4.4|and[4.5)). This relationship in precipitation depends on the particular pair of sub-
regions under consideration. For instance, it is found that when precipitation over central WEA is enhanced,
precipitation over sub-regions in South Sudan is suppressed and vice-versa (§4.5). So, a weak precipitation

dipole between central WEA and South Sudan is suggested.

To address the second objective, two indices are developed, one based on daily precipitation (§4.6) and the
other based on the equatorial wave dataset (§4.7). One key advantage of using this dynamics-based equatorial
wave dataset over other methods used in several previous publications is that it does not use OLR to identify
the equatorial wave modes, and uses no information that is directly related to precipitation or clouds. This
means that the relationship between the equatorial wave dataset and precipitation is independent of the method
used to produce the wave dataset. The indices are used to construct composites on precipitation anomalies
and equatorial wave convergence (§4.7). Based on the composites, an apparent connection between east-
ward/northeastward propagating anomalous precipitation and Kelvin wave induced low-level convergence is
shown (§4.7). It is also shown that both the Kelvin wave low-level convergence and the anomalous precipita-
tion signal tend to weaken as they propagate over EEA. It is therefore postulated that Convectively Coupled
Kelvin Waves (CCKWs) play a role in the 1-2 day connection in precipitation between WEA and EEA (Chap-
ter [4).

7.2.2 Linking Equatorial African precipitation to Kelvin wave processes in the CP4-Africa

convection-permitting regional climate simulation (CP4A) and a Global model (G25)

The third objective of this thesis is “to assess how well a state-of-the-art convection permitting model
reproduces observational findings in the above two objectives, and to explore the associated physical mecha-
nisms” (§2.7). To address this objective, Chapter [5| examines the first multi-year state-of-the-art Africa-wide
convection permitting simulation (CP4A) (§3.2.4.2) and a coarse global simulation (G25) (§3.2.4.1)), and eval-
uates both against observations (§3.2.1)) and reanalysis (3.2.3), with a focus on precipitation and Kelvin wave
activity. In essence, the synoptic-scale precipitation relationship between WEA and EEA is studied using both
simulations. An equatorial wave dataset is developed for each of the simulations (§3.3.2) to explore the pro-

cesses through which CCKWs influence the eastward propagation of precipitation across Equatorial Africa.
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It is found that both simulations capture the eastward propagation of anomalous precipitation associated with
simulated CCKWs (Chapter [5] Section [5.3). However, in comparison to TRMM, the precipitation anomalies
are weaker in G25 (e.g., [Stephens et al.l 2010) while those in CP4A are realistic (e.g., [Finney et al., 2019)
(e.g., Sections [5.5]and [5.6). CCKWs modulate the eastward propagation of convection and precipitation across
Equatorial Africa through two related physical processes. These are: 1) modulation of the low-level anomalous
westerly flow that causes an increase in the low-level convergence, and 2) westerly moisture flux anomalies that
amplify the lower-to-mid-tropospheric specific humidity. In short, these results suggest that what is important
in the eastward propagation of precipitation across Equatorial Africa is the low-level moisture flux conver-
gence and modification of lower-to-midtropospheric moisture (e.g., Section[5.7). Regarding the representation
of CCKWs, both CP4A and G25 generally simulate the key horizontal structure of CCKWs, with anomalous
low-level westerlies in phase with positive precipitation anomalies. However, the zonal-vertical wind field is

generally weak in G25 while that in CP4A is incoherent (e.g., Section[5.7).

7.2.3 The impact of high-amplitude Kelvin waves on extreme precipitation over Equatorial

Africa

The fourth objective of this thesis is “to evaluate the role of high-amplitude Kelvin waves in influencing
extreme precipitation episodes over Equatorial Africa” (§2.7). To address this objective, the first part of Chap-
ter [0] identifies grid-point based extreme precipitation (§6.3)) and presents a statistical analysis of the role of
high-amplitude Kelvin waves in modulating extreme precipitation across Equatorial Africa. It is found that
the passage of high-amplitude Kelvin waves over Equatorial Africa increases the precipitation by up to 4 mm
day! above the seasonal mean precipitation amount. It is also shown that extreme precipitation is up to twice as
likely to occur compared to climatology in a sub-region over which a CCKW is located. Enhanced precipitation
intensities on wet days and increased frequency of wet days associated with high-amplitude Kelvin waves have
also been found. A similar result was reported inJackson et al.|(2019)), but the results here extend their findings
in that we have looked at a whole season rather than April only. This thesis used a dynamics-based equatorial

wave dataset as discussed above, which lends further credibility to these results.

Besides the eastward propagating precipitation episodes that are associated with CCKWs, this thesis found
a significant number of eastward propagating precipitation events that are not related to Kelvin waves in both
observations and simulations (Sections and [5.6). In the second part of Chapter [6] which addresses the
fourth thesis objective, eastward propagating extreme precipitation events are isolated using a definition of a
precipitation event (Section[4.2.2)) and case studies are built around the identified dates associated with extreme
precipitation (e.g., Tables[6.1] [6.2]and[6.3]). Results from analysis of case studies associated with high-amplitude
Kelvin waves show precipitation patterns that vary from case study to case study, highlighting the variability
of the impact of high-amplitude Kelvin waves in influencing extreme precipitation over Equatorial Africa (e.g.,

Mekonnen et al., [2008) (Chapter [ Section [6.4). Findings from analysis of case studies “unrelated” to high-
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amplitude Kelvin waves (as defined in this thesis) also show variations in the precipitation patterns between
the individual case studies, but the low-level horizontal wind structure is similar to that shown in case stud-
ies related to high-amplitude Kelvin waves. For case studies unrelated to high-amplitude Kelvin waves, it is
plausible that a Kelvin wave initiated by preexisting convection (e.g., |Baranowski et al., 2016) modulated the
low-level horizontal winds thereby impacting the precipitation (Section [6.4.6). Results from these case studies
are consistent with our earlier results in that, high-amplitude CCKWs influence extreme precipitation episodes
through modification of the low-level horizontal winds to favour westerly winds that help to transport moisture
from the Atlantic Ocean into the eastward propagating CCKW-precipitation coupled feature. It is also found
that the low-level convergence of the westerlies and the easterlies acts as a source of convective instability
for the eastward propagation of convection and precipitation, at least in the case studies examined in this the-
sis. The findings from case studies in particular are supported by several previous studies such as [Levin et al.
(2009), |Williams and Funk]| (2011) and [Finney et al.| (2020) that found a connection between westerlies and
precipitation over East Africa. It is likely that the days with westerly flow found in [Finney et al| (2020) are
days with Kelvin waves propagating across Equatorial Africa. In both observed and simulated case studies,
small-scale convection and precipitation features that are not related to Kelvin waves have been found. These
small-scale precipitation features develop and decay irrespective of the phase of the Kelvin waves. It is likely
that the eastward propagating events that are unrelated to Kelvin waves may partly be associated with these

small-scale features (Section [6.4.7).

7.3 Limitations and Future work

It was noted in chapter [3| that the major difference between CP4A and G25 is that G25 employs a deep
convection scheme that is different from the default Gregory and Rowntree| (1990) convection scheme imple-
mented in the Met Office’s UM. It is hypothesised that implementing a different convection scheme and model
physics in G25 would cause a difference in the results in Chapters [5|and [6] For example, changing the model
parameterisation schemes and improving the representation of the sub-grid scale processes might reduce the
precipitation bias in G25 (e.g., Brown et al., 2010). Another limitation worth noting is the relatively low reso-
Iution of G25. It has been suggested that increasing the model resolution leads to improved coupling between
the large-scale circulation and the precipitation (Vellinga et al., 2016). However, increasing the resolution alone
without changing the physics may not guarantee a better realisation of the precipitation field and its coupling

with Kelvin waves, which is why this thesis analysed the higher resolution convection permitting CP4A.

Climate models are important tools for understanding the processes that govern the climate system. It is
therefore important that models are evaluated against observations to gain an insight in their capability to sim-
ulate the real atmosphere (e.g.,|Woodhams et al., [2018}; Jackson et al., 2019). This thesis evaluates CP4A and
G325 in reproducing the observed eastward propagation of precipitation found in TRMM. It further explores the
structure and activity of CCKWs in both simulations, and relies on ERA-I (§3.2.3) as a proxy to observations

(Chapter [5)). ERA-I is a low resolution dataset compared to the recent reanalysis products such as ERA5. It
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is likely that using contemporary high spatial and temporal resolution datasets such as Global Precipitation
Measurement-Integrated Multi-satellitE Retrievals (GPM-IMERG) and ERAS could alter the results in Chap-
ters[5]and [6] However, it is important to bear in mind that even ERAS5 relies on a convection parameterisation
scheme for fields related to convective activity and precipitation, and data assimilation relies on fairly sparse

observations over Africa. So, it is worth taking caution while using any reanalysis as the “truth”.

In comparison to the G25, CP4A was run at a very high resolution because of the desire for explicit rep-
resentation of convection. However, convection is important for a wide range of spatial scales. At a resolution
of 4.5km, small-scale convective features less than 4.5km are not adequately resolved. What this means is
that the performance of the model in representing small cumulus clouds might have been unsatisfactory, and
the representation of development of cumulus into deep convective clouds was most likely sub-optimal. This
might have affected our results regarding extreme precipitation and the small-scale convection and precipitation

distribution.

The expected state of the future climate is an area of active research. Future work needs to investigate how
the convective interaction between WEA and EEA will evolve in light of a changing climate. For example, a
projected increase in moisture transport from the Congo Basin into EEA (e.g.,|Giannini et al., 2018)) will have
an implication for the relationship between WEA and EEA. One obvious area of future work is to redo analysis
done in this thesis using the CP4A’s sibling 10 year future climate of Africa run and compare the results with
future runs from global models such as the new CMIP6 models. The CP4A run for the future climate is also
an atmosphere-only simulation for the period 2097-2106 for IPCC Representative Concentration Pathway 8.5
(RCP8.S).

Chapter [5] presented clues that suggest an interaction between the Kelvin wave-convection coupled struc-
ture and the East African Highlands. This interaction might explain the weak precipitation and CCKW signal
highlighted in Chapter i} Although Wheeler et al. (2000) proposed that the East African Highlands block the
coherent eastward propagation of CCKWs, their results are based on observations. Model experiments with
a focus on the sensitivity of the eastward propagating Kelvin waves to orographic effects of the East African
Highlands may be useful in exploring the extent to which these highlands interact with CCKWs. For example,
the sensitivity experiments analogous to idealised GCM experiments in |Slingo et al.[ (2005) or Sommerfeld
et al] (2016) might be useful. Also, Chapters 4] and [5|found a weak signal for both the anomalous precipitation
and CCKW over EEA. If the interaction between the highlands and CCKW-precipitation coupled system is not
the cause of the weak precipitation and Kelvin wave convergence over EEA, then future work could test the
hypothesis that the large-scale subsidence over East Africa (e.g.,|Vellinga and Milton, |2018)) and moisture defi-
ciency over EEA (e.g.,[Munday et al., 202 1)) provide unfavourable conditions for the coupling between CCKWs

and the precipitation.

Targeted high spatial and temporal resolution (e.g., 3 hourly) ground-based observations including ra-

diosonde data is needed to further understand the interaction between high-amplitude Kelvin waves and lo-
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calised convective features, particularly over Lake Victoria. For example, data from the newly installed radar
at the shores of Lake Victoria (I. Mugume, personal communication) and radiosonde data would be useful in
exploring the detailed vertical structure of the Kelvin wave and its interaction with the localised convective

systems.

The case studies presented in Chapter [6] exhibit varying precipitation patterns. These case studies provide
an important step toward drawing general conclusions about all the day-to-day impact of high-amplitude Kelvin
waves on extreme precipitation episodes. One way of increasing on the sample size of case studies is to apply
a lower threshold in the definition of a precipitation event described in Section [6.2.1] Several case studies
based on CP4A may help to further explore the differences in structures of the various fields. In light of the
findings in Kendon et al.| (2019), who found a future increase of extreme 3-hourly precipitation in future-
climate CP4A, such case studies would provide an opportunity to not only examine eastward propagating
precipitation events that are not even related to weak Kelvin wave events (e.g., Section but also further
explore the processes that are associated with the small-scale convective features seen in the case studies, and
how high-amplitude Kelvin waves interact with these processes. Findings on the dynamics and thermodynamics
associated with the influence of high-amplitude Kelvin waves on extreme precipitation episodes from such
future work will be important for the wider scientific community, especially the current COordinated Regional
Climate Downscaling EXperiment (CORDEX) Flagship Pilot Study (FPS) ELVIC (climate Extremes in the
Lake VICtoria basin).

Due to computational resource constraints, several National Meteorological and Hydrological Services
(NMHSs) depend on model output from global operational forecast models as a forecasting tool. Future work
needs to investigate the representation of CCKWs-precipitation coupling in NWP models such as the Met Office
operational convection permitting model over tropical Africa and the global operational forecast model. The
low skill in the global operational forecast model in comparison to the convection permitting model over East
Africa (e.g.,[Woodhams et al.,[2018)) might be due to unsatisfactory representation of the eastward propagating
CCKW-precipitation coupled structures. This thesis has identified some of the key physical processes that have
to be satisfactorily represented in NWP and climate models to simulate the coupling between waves and pre-
cipitation, that is, the modulation of large-scale horizontal wind and low-level convergence and the interaction
of convection with these fields. Improving these processes in NWP models may lead to an improvement in the

daily to synoptic timescale forecasts.

Results from this thesis imply that there is a need to study the above physical processes because they
might change with a changing climate considering that some studies such as |Stocker| (2014)) show that extreme
precipitation is likely to change with climate change. Failure of normal GCM climate projections to correctly
capture the key processes is a major concern because then we will not have a full picture of what climate change

will look like over Equatorial Africa using GCMs alone.
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7.4 Implications and Scientific advances

This thesis makes several new contributions to the study of the meteorology of Equatorial Africa. Firstly,
for the first time, Equatorial Africa is subdivided into small sub-regions of similar daily precipitation variabil-
ity. These sub-regions have shared temporal variance, and therefore they may be used in future studies since
they are objectively identified. Studying such objectively identified sub-regions have advantages over using
arbitrary boxes like several past studies. Secondly, a 1-2 days relationship in precipitation between WEA and
EEA is found. This relationship and the associated physical processes will benefit the operational forecast-
ing community because it is part of the knowledge needed to develop or improve the forecasting systems for
synoptic-timescale precipitation over Eastern Equatorial Africa. Thirdly, examination of the literature indicates
that several publications that focused on the influence of Kelvin waves in influencing convection and precipita-
tion in Equatorial Africa (e.g.,|Nguyen and Duvel, 2008} Laing et al.,|2011;|Sandjon et al.| [2012; |Sinclaire et al.,
2015; Mekonnen and Thorncroft, [2016; Jackson et al., [2019) applied the space-time spectral analysis of OLR
or CBT to isolate Kelvin wave activity. What this means is that until now, knowledge on Kelvin wave activity
over Equatorial Africa was mainly limited to the use of cloud-based wave indices. It is worth noting that Kelvin
wave activity identified from an OLR signal cannot easily be used independently to relate the precipitation

signal to the wave structure.

This thesis has demonstrated the importance of CCKWs in the eastward propagation of convection and
precipitation across Equatorial Africa. The findings suggest that synoptic-scale weather forecasters over EEA
need to monitor the propagation of CCKWs into and through the region in real time. Results in [Yang et al.
(2021)) present a new approach for identifying Kelvin waves in forecasts. However, forecasters need to be
mindful that the speed of CCKWs may vary depending on how strongly the wave is coupled to convection, and
not all CCKWs will necessarily lead to eastward propagating synoptic-scale precipitation events. In addition,
findings in this thesis can be useful in developing statistical methods (e.g., Schliiter et al.. 2017) for synoptic-
timescale precipitation forecasting over EEA. Finally, these results highlight the potential value that could be
gained from a realistic representation of CCKWs and their interaction with localized convective systems in
high-resolution operational forecasting systems such as the new Met Office operational convection-permitting

model for tropical Africa.
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