
ABSTRACT

MANTRIPRAGADA, RAMA SESHA SRIDHAR. Kelvin and Easterly Wave Interactions and
their Modulation by Diurnal Cycle over Eastern Atlantic and Tropical Africa. (Under the
direction of Dr. Anantha Aiyyer.)

This thesis focuses on two aspects. The first part focuses on examining the African

easterly waves (AEW) activity’s modulation by convectively coupled Kelvin waves (CCKWs)

over eastern Atlantic and West Africa. The second part focuses on examining the regional

differences in the structure of CCKWs and AEWs and the diurnal cycle’s influence on AEWs

and CCKWs.

CCKWs modify the background environment in which AEWs get either amplified or

suppressed. The CCKW convective phase enhances the magnitudes of the meridional

gradient of mean zonal wind to the south of the African easterly jet (AEJ). Thus enhanced

barotropic energy conversions and more AEW southern storm track growth in the CCKW

convective phase than in the CCKW suppressed phase. Besides, AEWs are more convectively

active in the CCKW convective phase than in the suppressed phase. The AEW northern

track enhanced more in the CCKW convective phase than in the suppressed phase primarily

through enhanced baroclinic energy conversions. The CCKW convective phase enhances

the vertical gradient’s magnitudes of the mean zonal wind and associated lower-troposphere

meridional gradients of temperature below and the poleward side of the AEJ.

The AEW southern storm track diabatic heating profile over central Africa exhibits a

top-heavy structure. In contrast, near coastal West Africa and the eastern Atlantic, the

diabatic profile displays a bottom-heavy structure. The AEW diabatic heating vertical struc-

ture matches with the climatological diabatic heating structure. The bottom-heavy mean

diabatic heating structure over eastern Atlantic and coastal West Africa is associated with

mean horizontal convergence below 800 hPa and divergence above. The top-heavy mean

diabatic heating structure over central Africa is associated with elevated mean horizon-

tal convergence above 850 hPa and divergence above 350 hPa and below 850 hPa. AEWs

become less cold-core as they move westward towards coastal west Africa while these

cold anomalies shift to higher altitudes over the eastern Atlantic. This study argues the

importance of large-scale circulations in constraining the AEWs diabatic heating vertical

mode.

CCKWs typical structure over the eastern Atlantic matches with that observed over the

Pacific ocean. CCKWs, as they move towards coastal west Africa, their structure is distorted

from other influences such as topography and land-ocean contrast. They intensify and



regain their typical structure as they move towards central Africa. The lower-troposphere

cold anomalies intensify as they move from the eastern Atlantic towards central Africa. To

the east of Greenwich meridian, the upper-troposphere positive temperature perturba-

tions and positive diabatic heating perturbations become in-phase, suggesting more wave

growth.

The CCKWs and AEWs, when in phase with the diurnally enhanced convection, intensi-

fies and produce more rainfall than when they are in phase with the diurnally suppressed

convective phase.
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tainty about the extent to which SMC return �ow penetrates the
latitude of the main rain band or not. The moisture �ux conver-
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CHAPTER

1

INTRODUCTION

1.1 De�nitions

1.1.1 West African monsoon

The West African monsoon (WAM), one of the major monsoon systems in the tropics,

represents seasonal changes in atmospheric circulation and precipitation in response to the

north-south contrast in the heating between land and ocean. As the monsoon advances, the

lower troposphere south-westerly monsoon winds replaces the wintertime north-easterly

Harmattan winds over the West African region.

1.1.2 Convectively coupled Kelvin waves

Convectively coupled Kelvin waves (CCKWs) are equatorially trapped synoptic-scale weather

systems that navigate the earth along the equator in an eastward direction at speeds over

10–22 ms � 1. They have a wavelength of 3000–7000 km with periods over 2.5–20 days and are

associated with equivalent depths in the range 8–90 m. CCKWs represents a signi�cant frac-

tion of tropical rainfall variability and account for the greatest outgoing longwave radiation

(OLR) variance after the Madden-Julian oscillation (MJO) (Wheeler & Kiladis [1999]).
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1.1.3 African easterly waves

African easterly waves(AEWs) are westward-moving synoptic-scale systems, with periods of

2–10 days. They move at speeds over 5–10 ms� 1 and have a typical wavelength in the range

3000–4000km (Burpee [1972]). They are major synoptic features of West African monsoon

(WAM) that in�uence rainfall variability in the Sahel region. They form in the Northern

Hemisphere summer season (June–September; JJAS) with peak activity during July and

August. They are associated with two tracks; one north of the African easterly jet (AEJ)

and the other south of the AEJ. The AEW southern track centered along 10 � N lies in the

climatological WAM rain-band (5–15 � N). They initiate over central and east Africa between

20 and 30� E with observed peak activity around 650 hPa. Whereas the AEW northern track

centered along 20 � N lies between 16 and 25 � N with their observed activity con�ned below

800 hPa. They are associated with less rainfall variability. These two AEW tracks merge

anywhere between the African west coast and east Atlantic while changing structure and

dynamics (Diedhiou et al. [1999]). It is well documented that AEWs seed Atlantic and eastern

Paci�c tropical cyclones (Frank [1970]; Avila & Pasch [1992]; Landsea et al. [1998]; Thorncroft

& Hodges [2001]; Hopsch et al. [2007]).

1.2 Motivations

Rainfall over northern tropical Africa shows signi�cant variability from synoptic to intrasea-

sonal time scales during the west African monsoon season (June–September). On 2–20

day time scales, CCKWs explain 10–25 % rainfall variance, while AEWs explain 35–50 %

of rainfall variance over African monsoon regions and eastern Atlantic (Mekonnen et al.

[2020]). Furthermore, total rainfall variability due to CCKWs account for 5–10 %, while AEWs

contribute 25–35 %(Mekonnen et al. [2006]), whereas diurnal variance explains up to 40 %

of total rainfall variability. Besides, KWs and AEWs are the dominant tropical waves that

modulate precipitation on 3-hourly to daily time scales over African monsoon regions

(Schlueter et al. [2019]). This suggests the importance of representing these two dominant

waves in the models to forecast the rainfall variability in the seasonal forecasts.

The agricultural sector in West Africa employs up to 60 % of the workforce and con-

tributes 35 % of the gross domestic product (Jalloh et al. [2013]). West Africa's monsoon

region's livelihood depends on accurate and reliable rainfall forecasts. With accurate dis-

semination of forecasts, farmers can plan accordingly when to plant and what kind of

harvest to plant. Hydrologists can also bene�t from these forecasts in planning urban wa-

ter distribution. In addition to the rain-producing nature of AEWs and CCKWs, they also
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responsible for tropical cyclogenesis over the eastern Atlantic.

A recent study (Russell et al. [2017]) reported about 85 % of observed major Atlantic hur-

ricanes, and 60% of minor hurricanes originate from AEWs. In contrast, CCKWs indirectly

induce tropical cyclogenesis by interacting with and modulating the AEWs (Schreck [2015]).

Hurricane Harvey-2017 formed from an AEW that moved off the west coast of Africa on

12 August. On 15 August, AEW convection increased after the passage of CCKW over the

eastern Atlantic. Harvey made landfall around the Houston area and resulted in up to 60

inches of rainfall and caused massive �ooding. Harvey caused damage estimated to be

around $ 125 billion dollars with 69 fatalities (National Hurricane Center's Tropical Cyclone

Report).

CCKWs initiate the mesoscale convective systems over the west and central Africa

(Mekonnen et al. [2008]), which can cause sudden downbursts and �ooding. Recently

Elless & Torn [2018] evaluated the AEW position and intensity forecast errors in the 51-

member ECMWF ensemble prediction system. They attributed the errors mainly due to

false representation of convective variability. Ventrice & Thorncroft [2013] observed an

increase in AEW activity during and after the passage of the convective phase of CCKW over

west Africa. Thus the understanding of dynamics of AEWs and CCKWs and their interaction

over west Africa and the eastern Atlantic are essential for both the west African communities

and the tropical cyclogenesis forecasts on the sub-monthly time scales.

1.3 Background

1.3.1 WAM circulations and convection

The word "monsoon" originates from the Arabic phrase mausim, which means season

(Ramage[1971]). During the pre-industrial era, the sailors recognized the recurrent south-

westerly winds over the Arabian Sea and the Bay of Bengal. They navigated and organized

the trade during these times. The monsoon regions of the world experience a seasonal

reversal in the wind direction and associated north-south migration of rain belt.

The West African monsoon refers to the advancement and retreat of the rainy season

during the Northern Hemisphere summer (June–September)(Thorncroft et al. [2011]). From

�rst principles, a monsoon presupposes the presence of a continent and an ocean. During

the end of April and early May, the Atlantic cold tongue forms over the Gulf of Guinea

as south-easterly trade winds upwell the cooler sea surface temperatures (SSTs) to the

surface. As a result, surface pressure over Gulf of Guinea increases. In May and June, the

Saharan heat low (SHL) deepens as insolation increases, causing a further decrease in
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surface pressure over Sahara. This north-south gradient in pressure sets up a large-scale

circulation that advects northward cool moist monsoon air into West Africa. However, this

simplistic view cannot explain the variability since WAM represents a complex coupled

atmosphere-ocean-land system involving processes interacting at a multitude of space-

and time- scales. The July climatology for the West African monsoon with the prominent

features displayed in Figure.1.1.

Thorncroft et al. [2011] described the annual monsoon and associated maximum rain

belt advancement into four distinct phases. Figure 1.2 illustrates these four phases as

oceanic, coastal, transitional, and Sahelian phase. In the oceanic phase (November–April)

phase, the maximum rain belt is located just north of the equator, with little rain over the

west Africa continent. In the Oceanic phase's initial months, the SSTs are high as 28 � C

over a wide area up to the Gulf of Guinea coast. As the heat low intensi�es in the later

months, the associated shallow meridional circulations amplify and contribute to the

equator's return �ow. The shallow meridional circulations illustrated in Fig. 1.2 as low-level

moisture divergence (dashed contours) overlaid on moisture convergence (solid black

contours) around 10 � N. The peak low-level moisture �ux convergence collocates with the

peak rainfall and a minor moisture �ux convergence peak at mid-level, resulting from the

heat-low shallow meridional circulation's return �ow. During the end stages of the phase,

the SSTs start to drop and commences the cold-tongue onset. The drop in SST results from

intensifying descent from the return �ow and suppression of the convection to the equator's

north.

In the coastal phase (mid-April to June), the maximum rain belt and associated mois-

ture convergence move towards the Guinea coast (4 � N). In this phase, lower troposphere

cross-equatorial southerly winds accelerate in association with cold tongue and heat low

intensi�cation. Towards the north of the peak rainfall, a marked quadrupole structure in

moisture �ux convergence appears as shown with red contours in Fig.1.2b.

In the transitional phase (end of June–mid-July), the rain near the coastal region de-

creases, and the rain belt remains quasi-stationary. It rapidly progresses towards the Sahel,

which is often referred to in the literature as "Monsoon Jump". A convergence-divergence

dipole observed around 850 hPa near 7.5 � N as displayed with green contours in Fig.1.2c.

In the Sahelian phase (mid-July–September), the maximum rain belt shifts to 10 � N, and

with it, the associated moisture convergence-divergence quadruple and dipole structure

(Fig.1.2d).
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1.3.2 Theories for AEW initiation and growth

1.3.2.1 Early observational studies

Regula [1936] was the �rst known to study the AEWs. He investigated the surface pressure

variations from stations along the west African coast and noticed surface pressure oscil-

lations every four days. Piersig [1936] classi�ed cyclonic disturbances between 1881 and

1911 according to trade wind regime variations from the observations over Cape Verde

Islands. He noticed "type 4" cyclonic disturbances (now known as AEWs) between late May

and late October while maximum disturbances during August and September. He noticed

a southerly monsoon �ow to the east of the disturbance while its west strong northerly

trade winds. Hubert [1939] studied the disturbances' zonal behavior and noticed that these

disturbances travel to the west and southwest with phase speeds of 6–14 m / s. He speculated

that the 1938 New England cyclone originated from Africa as a disturbance before turning

into a tropical cyclone. Studies in the 1960s further reinforced that tropical cyclones over

the Atlantic originate from west Africa.

Riehl [1954] studied the disturbances passing the Caribbean and designated these

disturbances as "Easterly waves". He observed an inverted V cloud pattern associated

with these disturbances. Carlson [1969] hypothesized that AEWs develop from squall lines

triggered by afternoon heating over the eastern highlands of Africa. Carlson attributed these

disturbances with a wavelength of about 2000km and an average period of three days. He

suggested that surface pressure anomalies associated with these southerly disturbances

are weak (1-2 hPa) and not relevant to follow these disturbances' activity, unlike strong

surface pressure anomalies seen for northerly disturbances. Frank [1970] speculated that

they might arise from the interaction of the AEJ with the East African mountains. Burpee

[1972] performed spectral analysis of the 700 hPa meridional wind from the upper network

observations in Dakar. He noticed spectral energy peak in the range 2–10 days for June–

September in addition to two distinct scales around 2–3 days and the other between 5–6

days.

1.3.2.2 Hydrodynamic Instability of AEJ

Burpee [1972] conceived the idea that easterly waves result from hydrodynamic insta-

bilities. He showed that the AEJ associates with a reversal in the meridional gradient of

potential vorticity (PV), thus satisfying the Charney-Stern necessary criterion for a mixed

baroclinic–barotropic instability (Charney & Stern [1962]). In other words, instabilities grow

by extracting the kinetic energy and potential energy from the mean �ow.
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Figure. 1.3 illustrates the con�guration of the wave trough axis tilt with the mean �ow

necessary for barotropic and baroclinic instabilities. Fig. 1.3a shows the latitudinal zonal

wind pro�le of AEJ and the two waves: one north of the peak easterlies and the other south

of it. These two waves move in the opposite direction, and their respective axes tilt against

the background meridional shear vector. Fig. 1.3b shows the vertical mean zonal wind

pro�le and the tilt of the wave trough (line DB). Baroclinic instability is possible when the

vertical tilt of the wave trough axis is opposite to the vertical zonal wind shear direction.

Hydrodynamic instabilities associated with the PV gradient reversal at the AEJ level and

feedback with moist convection have been essential for maintaining AEW southern track

(Norquist et al. [1977], Hsieh & Cook [2005], Berry & Thorncroft [2012], Russell & Aiyyer

[2020], and Russell et al. [2020]). The AEW northern track grows through baroclinic energy

conversions in the low static stability atmosphere along the Inter-Tropical Discontinuity ( �

20� N )(Chang [1993]) and achieves maximum growth over West Africa around 850 hPa.

Several idealized modeling studies have demonstrated that AEWs closely resemble

the structure of the most unstable normal mode of the African easterly jet (e.g., Rennick

[1976]; Simmons & Hoskins [1979]; Thorncroft & Hoskins [1994a] and Thorncroft & Hoskins

[1994b]). However, recent studies suggest that normal growth rates are insuf�cient to explain

observed growth rates. Hsieh & Cook [2005] indicated that, in the presence of an unstable

jet, the associated potential vorticity gradients were insuf�cient to support observed AEW

amplitudes. They conclude that AEW growth rates relate more closely to condensational

heating within the intertropical convergence zone (ITCZ) than to hydrodynamic instability

of the AEJ. Hall et al. [2006] demonstrates in an idealized numerical model that with the

realistic friction, the AEJ is rendered neutral or slightly stable. Thorncroft et al. [2008]

observed that the residence time of AEWs is too short in the vicinity of the AEJ to produce

observed growth rates.

Few other studies have underscored the role of orographic convection in triggering

AEWs. For example, Hurricane Alberto (2000) is triggered by strong convection over the high

terrain of Darfur in western Sudan (Berry & Thorncroft [2005]). Mekonnen et al. [2006] noted

the importance of the Darfur Mountains and Ethiopian highlands for the AEW genesis. By

contrast, [Diaz & Aiyyer, 2013a; Diaz & Aiyyer, 2013b] proposed that the AEW initiation can

be better explained by upstream energy dispersion.
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1.3.3 Theories for CCKW initiation and growth

1.3.3.1 Early Studies

Theoretical studies in the late 1950s hypothesized that the low-latitude region constitutes a

class of "trapped" motions along the equator in a rotating planet. YOSHIDA [1959] noted

low-frequency gravity waves trapped along the equator. Ichiye [1960] investigated the wave

motions in the equatorial ocean and hypothesized the existence of both Rossby and gravity

waves. Matsuno [1966] was the �rst to elaborate on the wave properties in the equatorial

region. He solved the zonally propagating wave solutions of the shallow water equations

on the equatorial beta plane. He predicted the presence of trapped waves in the tropical

atmosphere. By assuming a single layer of constant �uid and oscillatory solutions in time

and space and linearizing the equations about a uniform resting atmosphere, he obtained

the dimensional dispersion relation:

p
g he

�

•
! 2

g he
� k 2 +

k

!
�

‹
= 2n + 1 (1.1)

where g is gravitational acceleration, he is the equivalent depth, ! is frequency, k is

wave-number, n is meridional mode, � is Rossby parameter. Symmetric waves around the

equator correspond to odd modes (n =1,3,...), while antisymmetric modes correspond to

even modes(n=2,4,...). For each meridional mode n � 1, the equation has three solutions

in ! : westward-moving Equatorial Rossby waves, eastward-moving Inertia-Gravity (EIG),

and westward-moving Inertia-Gravity waves. For n = 0, equation 1.1 has two solutions: the

westward-moving Mixed Rossby-gravity wave and the EIG.

A unique solution exists where there is no meridional velocity associated with the �ow,

which corresponds to the case for n = -1. The pressure and velocity distributions look

similar to the distributions in the coastal Kelvin wave. In other words, surface elevation

anomalies are in geostrophic balance with the �ow associated with the waves. In the case of

the coastal Kelvin wave, the coastal boundary is essential for the balance. In contrast, in the

equatorial Kelvin wave, the change of sign of the Coriolis parameter in the equator's vicinity

acts as a boundary for the wave to be trapped. The dispersion curves for the Matsuno waves

are plotted in Fig. 1.4 for the meridional modes n � 4. The horizontal structure for the

Kelvin wave (n =-1) is shown in Fig. 1.5

Later, the discovery of equatorial stratospheric dry Mixed Rossby-gravity waves (Yanai

& Maruyama [1966]), Kelvin waves (Wallace & Kousky [1968]), and their ocean counterparts

(Wunsch & Gill [1976]) have con�rmed the theoretical predictions by Matsuno. Could be

worth noting that these ocean equatorial waves are essential part of ENSO dynamics. With
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the advent of satellites and an opportunity to track the clouds, many studies have detected

westward and eastward-moving clouds. This observation led to the speculation that there

is a possibility of convectively coupled counterparts to the SW theory's dry modes. This

connection is reinforced through a detailed spectral analysis of satellite cloudiness data

(Gruber [1974]).

CCKWs were originally named super cloud clusters(SCC; Nakazawa [1988]) that move

eastward within the MJO envelope. Later, Takayabu & Murakami [1991] found that SCCs

associated zonal wind anomalies in phase with the geopotential �elds, consistent with

the structure of theoretical Kelvin waves. Takayabu [1994], through space-time spectral

analysis, identi�ed spectral peaks corresponding to Kelvin waves. Wheeler & Kiladis [1999]

built on the work of Takayabu [1994] and derived prominent spectral peaks that orient

along the dispersion curves of Mastuno's SW modes as shown in Fig. 1.6. The signi�cant

overlap between the meridional mode n =-1 in the Matsuno dispersion curves and the

normalized spectral peak along the n =-1 resulted in the convectively coupled Kelvin wave

(CCKW) de�nition.

1.3.3.2 CCKW initiation and growth

This section reviews brie�y on the instability theories relevant to the CCKW maintenance

and growth. Figure 1.7 shows the pictorial representation of Wave-CISK, WISHE, stratriform

instability, and observed Kelvin wave structure.

Wave-Conditional Instability of Second Kind (CISK)

According to wave-CISK theory (Hayashi [1970]; Lindzen [1974]), the wave is maintained

or ampli�ed through mutual interaction between moist convection and wave-induced

low-level convergence. In other words, wave initially induces large-scale low-level conver-

gence, promoting synoptic-scale ascents and associated latent heating. Then, via column

integrated positive temperature anomalies, induces dynamical circulations that favor addi-

tional large-scale convergence. In this theory, the wave ampli�es via the generation of eddy

available potential energy, which is possible when diabatic heating positively co-vary with

wave induced temperature anomalies.

One downfall of this theory is the linear stability analyses based on wave-CISK parame-

terizations produce the largest growth rates on the smallest resolvable scales. This problem

is often referred to as the "ultraviolet catastrophe" problem (Crum & Dunkerton [1992]) in

the literature.

Wind Induced Surface Heat Exchange (WISHE)

According to WISHE theory (Emanuel [1986]; Rotunno & Emanuel [1987]), wind-induced

surface heat �uxes change the column temperature by redistributing the boundary layer
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moist entropy changes through convection. As a result, the heating will be partially in phase

with waves warm phase, generating EAPE and responsible for the wave growth. Unlike in

wave-CISK, the convection's primary role is not to act as a heat source but instead to rapidly

redistribute boundary layer entropy changes.

This theory assumes mean surface easterlies ahead of the eastward propagating CCKWs.

This assumption holds over the tropical Paci�c Ocean as surface winds are easterly for

most of the year. WISHE theory fails to explain the intensi�cation of CCKW when the

surface westerlies are ahead of the CCKW, which is true over the Indian ocean, where we

see monsoon westerlies during the Northern and Southern hemisphere summer.

Stratiform Instability

Stratiform Instability (Mapes [2000]) relies on the fact that the reduction in CIN initiates

buoyancy-driven convection. CCKW has a second baroclinic mode structure in temperature

anomalies tilt westward with height where warm anomalies overlay cold anomalies and

vice-versa. According to this theory, the CCKW grows when stratiform heating is in phase

with wave's warm phase at upper levels and stratiform cooling in phase with wave's cold

phase at lower levels. This con�guration results in further lower tropospheric cooling, a

further decrease in CIN, and re-initialization of deep convection, which leads to additional

stratiform heating. Unlike in WISHE, no particular basic-state �ow is necessary for this

wave instability. Currently the stratiform instability is the leading theory in explaining the

growth of the CCKW.

1.3.4 Synoptic and Intraseasonal AEW variability

A few studies have examined the variability of AEW activity associated with the Madden

Julian Oscillation (MJO) and convectively coupled equatorial waves. Matthews [2004] at-

tributed the intraseasonal variability in the precipitation over West Africa to the far-�eld

convection associated with the MJO. Leroux & Hall [2009] found that intraseasonal vari-

ability in the AEJ governs whether an upstream convective anomaly grows into an AEW.

In a follow-up study, Leroux et al. [2010] suggested that intraseasonal variability of AEW

activity can vary with eastward-propagating modes such as CCKWs and the Madden–Julian

oscillation (MJO). The MJO impact of AEW activity through the impact on upstream convec-

tion and the AEJ was later con�rmed by Ventrice et al. [2011] and Alaka & Maloney [2012].

Ventrice & Thorncroft [2013] though composite analysis showed that the AEW activity

increases during and after the passage of the convectively active phase of strong CCKWs.

Also, suggesting that the enhanced mixed barotropic–baroclinic growth responsible for the

enhanced AEW activity. Using eddy kinetic energy (EKE) and perturbation available poten-
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tial energy (PAPE) budgets, Alaka & Maloney [2014] attributed enhanced baroclinic energy

conversions to the increased intraseasonal variability of AEW activity over East Africa. In

contrast, they attributed barotropic and baroclinic energy conversions in maintaining the

intraseasonal AEW activity on MJO time scales.

1.4 Research questions

Ventrice & Thorncroft [2013] speculated that the convective phase of CCKW enhances the

AEW activity through enhanced mixed barotropic-baroclinic instability. They observed an

increase in the meridional vorticity gradients in the AEJ core in the composites based on

the peak convective phase of CCKW. They also noticed a rise in the AEW activity via an

increase in the basic-state low-level easterly vertical wind shear caused by the convective

phase of CCKW. They implicitly focused on the AEW southern track activity and did not

consider the impact of CCKW on the AEW northern track. Matthews [2004] noticed that

a KW has the potential for amplifying the moist convection and rainfall by modifying the

temperature pro�le and cyclonic shear associated with the AEJ. Further, Mekonnen et al.

[2008] noted that KWs enhance the deep convection over central Africa and that enhanced

convection is instrumental for AEW initiation and growth.

The above studies focused on the role of CCKW on the AEW southern track activity.

However, not much emphasis on the impact of CCKW on the AEW northern track. Previous

studies have argued that the suppressed phase of CCKW inhibits the AEW activity. It is

unclear whether the suppressed phase of CCKW kills the AEW or whether it will temporarily

reduce the AEW growth before it reinforces the AEW growth in the convective phase of

CCKW. The �rst part of the thesis focuses on �lling these knowledge gaps by answering the

following two questions:

• To what extent the CCKW impact the growth of pre-existing AEW southern and north-

ern track?

• Does the suppressed phase of CCKW completely inhibits the growth of pre-existing

AEW?

The second part of the thesis focuses on examining the regional differences in the

vertical structure of CCKW and AEWs and their convective characteristics over eastern

Atlantic and west and central Africa. Speci�cally, we will analyze the regional differences in

vertical pressure velocity and diabatic heating pro�les. Janiga & Thorncroft [2013] observed

top-heavy diabatic heating mode to the east of 0 � , while bottom-heavy diabatic heating the
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west of 10� W in composites based on AEW vorticity maximum. Their composite diabatic

heating pro�le pattern match with the climatological pro�les. They suggested that zonal

land-ocean contrast in the moist convection determines the vertical structure of AEWs via

imposing constraints on the diabatic process within the AEW trough.

Janiga & Thorncroft [2013] study did not address the causes for the regional differences

in the climatological diabatic heating pro�les. Also, it is unknown how the diabatic heating

mode will vary regionally in the AEW phases. Further, previous studies did not address the

evolution of diabatic heating pro�les associated with the CCKWs as they move eastwards

into central Africa. It is unknown whether these pro�les have a top-heavy structure similar

to that observed over the Paci�c ocean or matches with the tropical Africa's climatological

pro�les. Furthermore, this study will investigate the diurnal cycle modulation on CCKWs

and AEWs structure and associated moist convection.

• What are the regional differences in the CCKW and AEW vertical structure?

• Does the diurnal cycle modulate the CCKW and AEW intensity and associated con-

vection?
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1.5 Figures
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Figure 1.1 a) Schematic illustration of climatological atmospheric and oceanic features of West
Africa in July. Shown are the positions of the ITD, the monsoon trough, upper-level air streams
(AEJ, TEJ/ EJ (Easterly Jet) and STJ), surface winds coloured according to the 2m air temperature
(see colour bar), the tropical rain belt with the maximum axes of rainfall ( RRm a x ), northerly and
southerly AEW vortices propagation zones ( AE Wn and AE Ws respectively), areas with relatively
cold SSTs (SSTanom ) and example pressure lines marking the Azores (`H'), Libyan (`h') and Saint
Helena (`H') highs and the heat low (`L'). b) Schematic cross-section of the atmosphere between
10°W and 10°E in July. Shown are the positions of the ITD, upper-level jet streams (AEJ, TEJ / EJ
and STJ), the monsoon layer (ML) (as de�ned by westerly, i.e. positive zonal winds), streamlines,
clouds, the freezing level (0 � C isotherm), isentropes, minimum ( Tn ), maximum ( Tx ) and mean
temperatures ( T ), dew point temperatures ( Td ), atmospheric pressures ( p ) and mean monthly
rainfall totals ( RR). From Cornforth et al. [2019]
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Figure 1.2 Schematic showing the four key phases of the annual cycle of the West African mon-
soon. Included for each phase are the following: the location of the main rain band (indicated
by clouds and rainfall with peak values highlighted by darker shaded clouds and rainfall), the
location of the Saharan heat-low (indicated by yellow, orange and red shading at the surface
poleward of the rain band, with increased redness indicating increased intensity). Atlantic ocean
temperature and associated mixed-layer depth (with decreased temperatures indicated by the
red-to-green-to-blue transition). Moisture �ux convergence maxima and minima (solid contours
indicate moisture �ux convergence and dashed contours indicate moisture �ux divergence), and
the deep and shallow meridional circulations (blue and red lines with arrows); dashed lines sug-
gest some uncertainty about the extent to which SMC return �ow penetrates the latitude of the
main rain band or not. The moisture �ux convergence quadrupole structure is highlighted by red
contours and the dipole at 850 hPa structure is highlighted by green contours. From Thorncroft
et al. [2011]
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Figure 1.3 a) Con�gurations favorable to the growth of wave on the southern �ank and northern
�ank of an AEJ through barotropic instability. On the left side of the �gure, U(y) represents the
intensity of an easterly jet as a function of latitude. To the south of the jet, the horizontal shear is
negative, while to the north of jet, the horizontal shear is positive. On the right side of the �gure
are the horizontal inclinations of the trough axes to the AEJ. Waves momentum �uxes u'v' > 0 for
axes inclined towards the east and u'v' < 0 for axes inclined towards the west. b) Con�gurations
of the vertical pro�le of the atmosphere favorable to the growth of a wave by baroclinic instability.
B represents a geopotential low and D represents the surface depression. The vertical wind shear
is in the opposite direction to the wave through axes. Source: De Moor, 1991 [16], p.193, Adapted
by F. Beucher.

Figure 1.4 Dispersion curves for equatorial waves (up to n = 4) as a function of the non-
dimensional frequency, ! , and non-dimensional zonal wave number, k . Westward propagating
waves (relative to the zero basic state) appear on the left, and eastward propagating waves appear
on the right. (From Kiladis et al. 2009).
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Figure 1.5 The theoretical equatorially-trapped Kelvin wave solution to the shallow water equa-
tions on an equatorial � -plane for a non-dimensional zonal wavenumber 1. Hatching is for con-
vergence and shading for divergence, with a 0.6 unit interval between successive hatching and
shading, and with the zero divergence contour omitted. Unshaded contours are for geopotential,
with a contour interval of 0.5 units. Negative contours are dashed and the zero contour is omitted.
The dimensional scales are as in Matsuno (1966). From Wheeler et al. [2000].

Figure 1.6 Dispersion curves for equatorial waves (up to n = 4) as a function of the non-
dimensional frequency, ! , and non-dimensional zonal wave number, k . Westward propagating
waves (relative to the zero basic state) appear on the left, and eastward propagating waves appear
on the right. (From Kiladis et al. [2009]).
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Figure 1.7 Schematic longitude–height diagrams illustrating the (a) wave-CISK, (b) WISHE, and
(c) stratiform instability mechanisms of wave ampli�cation for a �rst baroclinic mode Kelvin
wave (d)Observed convectively coupled Kelvin wave structure. Vectors represent anomalous
winds [except for vectors at right in (b), which represent easterly basic-state winds ], and cloud
illustrations represent populations of cloud systems of the indicated type (convective or strat-
iform). The letter W (C) represents warm (cold) anomalies. Upward arrows crossing the lower
boundary represent surface �uxes. From Straub & Kiladis [2003b]
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CHAPTER

2

DATA AND METHODS

2.1 Data Sources

2.1.1 ECMWF Interim Re-Analysis

In this study, we use the 6-hourly (0000, 0600, 1200, 1800 UTC) Interim European Centre

for Medium-Range Weather Forecasts Re-Analysis (ERA-Interim; Dee et al. [2011]). For our

study, we use the data with a spatial resolution of 0.702 � latitude � 0.703� longitude at 27

pressure levels (1000–100 hPa). We use 3-D atmospheric temperature, speci�c humidity,

winds, geopotential information, focusing on the months June–September over 1999–2018.

2.1.2 TRMM precipitation

We use the version 7 Tropical Rainfall Measuring Mission 3B42 rainfall estimates avail-

able every 3-hourly at 0.25 � × 0.25� grid spacing. Rainfall is estimated using the TRMM

multiplatform algorithm (TMPA). The algorithm utilizes data from TRMM Precipitation

Radar, passive microwave, geostationary infrared, and rain-gauge data. TRMM-3B42 rain-

fall estimates, when compared with the ground network, showed high skill in representing

the synoptic variability over West Africa (Roca et al. [2010]). The 3-hourly TRMM rainfall
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estimates are accumulated to obtain 6-hourly precipitation time series to match with ERA-I

times.

2.2 Identi�cation of CCKWs and AEWs

CCKWs and AEWs are identi�ed using the wavenumber-frequency techniques discussed

in Hayashi [1982] and as implemented in Wheeler & Kiladis [1999]. In Wheeler & Kiladis

[1999] study, the data �ltered by initially separating into symmetric and anti-symmetric

components. Here, however, the raw data is �ltered without separating into symmetric and

anti-symmetric components Straub & Kiladis [2002]. The rationale for this change is as

follows. CCKWs over the Atlantic and west Africa do not propagate symmetrically about

the equator. However, they tend to move along the latitude of ITCZ and monsoon rain-belt,

which lies over 5 � – 15� N in the Northern Hemisphere boreal summer. In the space-time

�ltering technique, the time-series data at each grid point is detrended by removing the

linear trend obtained by �tting a least-squares line. This step makes the intercept and

slope of detrended data zero and the mean removed. Secondly, the 5% of the detrended

time series is tapered at ends to reduce the spectral leakage. Thirdly, the tapered data is

converted to a spectral space using discrete 2–D Fourier transform. Next, the spectral data

is subsetted by retaining only the wave-numbers and periods associated with a particular

wave type. Finally, the 2–D inverse Fourier transform is used to convert the spectral space

into physical space.

CCKWs are �ltered with 2.5–20 day period, eastward propagating zonal wavenumbers 1–

14, and equivalent depths of 8–90m (Straub & Kiladis [2002]). The black polygon in �gure. 1.6

indicates the wavenumber–frequency band used for CCKW �ltering. We use CCKW �ltered

200 hPa velocity potential as a proxy to identify the convective and suppressed phase of

CCKW as velocity potential �eld is associated with converging (positive anomalies) and

diverging (negative anomalies) circulations. A divergent �ow at 200 hPa is associated with

convergent �ow at the surface. Therefore, the negative anomalies at 200 hPa correspond to

the convective phase of CCKW, whereas positive anomalies correspond to the suppressed

phase of CCKW.

AEWs are identi�ed with periods of 2–10 days and westward propagating zonal wavenum-

bers 6–26 (approximately 1500–6500 km). We use the AEW �ltered 650 hPa and 900 hPa

meridional velocity �eld for identifying the southern and northern AEW track. The choice

of 650 and 900 hPa pressure levels because the AEW southern and northern track activity

peaks at these levels. The �ltered positive anomalies indicate the AEW southerly phase,

while negative anomalies indicate AEW northerly phase. AEW induced peak precipitation
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over West and Central Africa occurs in the AEW northerly phase, and the peak precipita-

tion transitions to AEW trough over the eastern Atlantic. Since our focus is on the AEW

activity over Africa's west coast, we mainly identify the peak AEW northerly phase (negative

meridional velocity anomalies).

Chapter 4 will focus on the regional differences in the vertical structure of different

phases of CCKWs and AEWs. We mainly focus on the WAM rain-band region between 5–12 � N

and zonally between 30 � W and 30� E. Following Janiga & Thorncroft [2015] methodology,

as illustrated in the �gure. 2.1, we will use eight phases to understand the evolution of the

vertical structure of CCKWs and AEWs. We use 650 hPa AEW-�ltered meridional velocity

to identify AEW phases and 200 hPa KW-�ltered velocity potential to identify the CCKW

phase. The wave packet amplitude and phase are calculated using the following equations:

amplitude =
q

(wave anomalies) 2 + (wave tendency anomalies) 2 (2.1)

phase = arctan
•

wave anomalies

wave tendency anomalies

‹
(2.2)

We consider only the cases when wave packet amplitude greater than 1.5 in the analysis.

2.3 Composite analysis

We examine both northern and southern AEW tracks using a compositing method. To create

composite �elds, we �rst de�ne the following terms

• Peak AEW activity: Using the time series of the AEW-�ltered meridional wind at a

given base point, we identify all instances when the northerlies exceed one standard

deviation from the mean

• KW Phase: The phase of the KW is based on the the 200 hPa velocity potential anoma-

lies. At any location, the convective (suppressed) phase of the KW is de�ned as values

that at least are 1-standard deviation below (above) zero.

We de�ne the following categories of AEW-KW interaction for the southern and northern

tracks.

• C PE W : When the peak AEW is located within the convective phase of the CCKW.

• SPE W : When the peak AEW is located within the suppressed phase of the CCKW.
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An illustration of this method for 1999 is shown in �gure. 2.2. For the southern storm-

track, we use the base point of 100N,150W and the 650 hPa AEW-�ltered wind. A total of 63

C PE W and 63 SPE W cases were identi�ed for this stormtrack. For the northern stormtrack,

we use the base point of 200N,100W and the 950 hPa AEW-�ltered wind. A total of 63 C PE W

and 62 SPE W cases were identi�ed for this stormtrack. These basepoints are chosen based

on where the AEW activity is at or near it is peak as seen in seasonal mean �elds of OLR

variance or EKE (not shown).

2.4 Statistical signi�cance testing

Statistical signi�cance testing for a composite �eld and difference of two composite �elds

are evaluated using a re-sampling method similar to that in Schreck et al. [2013]. For the

difference composite �elds, the null hypothesis is no difference in the means of two com-

posites. The null distribution is created by comparing the means of two samples (e.g., C PE W

and SPE W ). Each sample's mean is calculated by randomly selecting the same number of

samples within the sample with replacement. This process is repeated 1000 times, and

each time the means of both samples are compared. The original two composite �elds'

difference is considered statistically signi�cant at the 95 % using a two-tailed test if one

sample is greater than the other 975 times.

For the statistical signi�cance testing of a composite �eld, the null hypothesis is that

the composite values could have arisen from random variability. The hypothesis is tested

by generating 1000 null composites with the same sample size as the original composite

and drawn from the same months and days but different years. These 1000 null composites

are compared with the original composite and considered statistically signi�cant at the

95% level using a two-tailed test. In other words, If 975 times the original composite is

greater or less than the random composite, then we say the original composite is statistically

signi�cantly different from climatology.

2.5 Budgets

In chapter 3, we will diagnose the potential role of CCKWs on AEW growth through EKE

and PAPE budgets. Chapter 4 will use apparent heat source and apparent moisture sink to

investigate the regional differences in the diabatic heating structure associated with the

AEWs and CCKWs. This section will formulate the budgets and de�ne the terms that will be

used in chapters 3 and 4.
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2.5.1 EKE and PAPE budget

We diagnose the impact of CCKWs on the growth and maintenance of the southern and

northern AEWs through vertically integrated Eddy Kinetic Energy (EKE) and Perturbation

Available Potential Energy (PAPE) budget. As in previous studies [e.g., Leroux et al., 2010;

Ventrice & Thorncroft, 2013; Alaka & Maloney, 2014 ]), we de�ne the EKE and PAPE as:

E K E(k 0) =
u 02 + v 02

2
(2.3)

PAP E(A0) = cp 

T 02

2T
(2.4)

Here all terms with primes denote AEW-scale eddies that are calculated using the

wavenumber-frequency �lter described earlier. The terms with over-bars denote the slowly

varying background state and are calculated using a 10-day low pass �lter. u 0 and v 0 are

eddy zonal and meridional winds, cp is the speci�c heat at constant pressure, and T 0and

T is eddy temperature and mean temperature. 
 is inverted static stability:


 =
� d

� d � �
(2.5)

where � d is dry adiabatic lapse rate ( g=cp ) and � is environmental lapse rate ( @T =@z). 


is limited to magnitudes less than 50 to omit observed lapse rates nearing the dry adiabatic

lapse rate, which makes A0 ill-de�ned (Rydbeck & Maloney [2014]).

Following Alaka & Maloney [2014], we write the vertically integrated local EKE and PAPE

budgets as:

@t E K E = AM + AP + BT + � F C + Cpk + D (2.6)

@t PAP E = QT + BC � Cpk + Re (2.7)

In equation 2.6, the term @t EKE represents the eddy kinetic energy tendency. The terms

AM and AP represent the advection of EKE by the time-mean wind and by the perturbation

wind expressed as:

AM = � u
@k 0

@x
� v

@k 0

@y
� !

@k 0

@p
(2.8)

AP = � u 0@k 0

@x
� v 0@k 0

@y
� ! 0@k 0

@p
(2.9)
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where ! 0and ! are eddy and mean vertical pressure velocity. AM and AP describe the

advection of EKE from one location to another location and do not contribute to the growth

or decay of AEW. The barotropic energy conversion, BT , represents the sum of six barotropic

conversion terms, which capture the conversion of mean to eddy kinetic energy through

the mean zonal and meridional wind shears.

BT = � u 0u 0@u

@x
� u 0v 0@u

@y
� u 0! 0@u

@p
� v 0u 0@v

@x
� v 0v 0@v

@y
� v 0! 0@v

@p
(2.10)

The fourth term, on the right-hand side of equation 2.17, represents the rearrangement

of EKE by perturbation geopotential �ux convergence, which is expressed as:

� F C = �
@(u 0� 0)

@x
�

@(v 0� 0)

@y
�

@(! 0� 0)

@p
(2.11)

Term Cpk is the baroclinic energy conversion associated with vertical overturning and

denotes a conversion of PAPE to EKE de�ned as:

Cpk = �
R

p
! 0T 0 (2.12)

where R is the speci�c gas constant for dry air and p is pressure. The last term, D,

represents the dissipation of EKE by friction, and we cannot calculate this term directly

from the reanalysis. Therefore, it is included in the residual, which is calculated as the

difference of the left-hand side and the sum of the �rst �ve terms in the right-hand side of

equation 3. Other sources that can contribute to the residual is the nonphysical process

of assimilating model output with raw observational data, subgrid-scale processes, and

using coarse (6 hourly) temporal resolution in calculating budget terms (Diaz & Aiyyer

[2013b]). Consequently, the residual is mostly negative, consistent with the direction of

friction (negative) and the same order of magnitude as the EKE growth terms( [Diaz & Aiyyer,

2013b; Alaka & Maloney, 2014]).

In equation 2.18, the term on the left-hand side, @t PAPE, represent perturbation available

potential energy tendency. First-term on the right-hand side, QT is the generation of PAPE

by diabatic heating through the correlation of the perturbation heat source and temperature.

A positive value of QT results from heating in warmer regions or cooling in colder regions

at the same latitude. In contrast, a negative value of QT is due to cooling in warmer regions

or heating in colder regions at the same latitude. QT is de�ned as:

QT =



T
T 0Q0 (2.13)

where Q0 is the perturbation heat source given by (Rydbeck & Maloney [2014]):
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Q0= cp
@T 0

@t
� cp

•
! 0� �

�
u 0@T

@x
+ v 0@T

@y

�‹
(2.14)

where � is the static stability given by

� =
RT

cp p
�

@T

@p
(2.15)

BC represents the conversion of mean available potential energy to eddy available

potential energy due to eddy heat �uxes acting along the mean temperature gradient. Term

Cpk in equation 2.18 acts as a PAPE sink and as an EKE source in equation 2.17. Cpk is

expressed as

BC = �

 cp

T

•
u 0T 0@T

@x
+ v 0T 0@T

@y
+ ! 0T 0@T

@p

‹
(2.16)

Finally, the residual (Re) represents errors in parameterizing microphysical and other

subgrid-scale processes that are not captured by the reanalysis model, in addition to errors

introduced from calculations (Alaka & Maloney [2014]).

2.5.2 Q1 and Q2

Budgets of DSE and speci�c humidity are computed for the mean circulations and sub-

monthly eddies, focusing on apparent sources due to diabatic processes. Apparent heat

sources can be derived from the ERA-I model physical parameterizations as 6-hourly

forecasts and can also compute as residuals of the DSE and speci�c humidity budgets.

According to Yanai et al. [1973], we compute the apparent heat source Q1 and moisture sink

Q2 as residuals:

@̄s

@t
+ u

@̄s

@x
+ v

@̄s

@y
+ !

@̄s

@p
= Q1 = QR + L(c � e) �

@(s0! 0)

@p
(2.17)

@q̄

@t
+ u

@q̄

@x
+ v

@q̄

@y
+ !

@q̄

@p
= � Q2=L = (c � e) +

@(q 0! 0)

@p
(2.18)

where c and e are condensation and evaporation rates; s � c pT + z is the dry static

energy; q is the speci�c humidity; Q1 and Q2 are the apparent heat source and apparent

moisture sink; QR is the net radiative heating rate; L is the latent heat of vaporization; u ,v ,

and ! are zonal, meridional, and vertical pressure velocities.

The Q1 and Q2 terms, which are expressed in terms of the resolved processes (over-bar

terms) at the grid points, encapsulate heat and moisture sources due to processes (prime
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terms) occurring at time and space scales smaller than the ERA-I resolution. We will use

the larger domain averaged Q1 and Q2; however, they remain representative of the scale at

which they were �rst computed.

The time and spatial derivatives in the above equations are evaluated using the centered

�nite difference schemes.
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2.6 Figures

Figure 2.1 Eight-phase binning for (a) AEW and (b) CCKW. Wave packet amplitudes below 1.5 �
are excluded from the composites. Adapted from Janiga & Thorncroft [2015]
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Figure 2.2 June–September (Year: 1999) time series of Kelvin wave �ltered 200 hPa velocity poten-
tial (top row) and easterly wave �ltered 650 hPa meridional velocity (bottom row) at base point
10N 15W . Horizontal black lines in each panel indicates +/ -1 standard deviation of �ltered time
series. Magenta markers in bottom panel represents the peak AEW northerly phases. Red vertical
lines represents a single C PE W and SPE W case. Red and blue dots on the top panel represents
peak AEW northerly cases in the envelope of convective and suppressed phase of CCKW.
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CHAPTER

3

ENERGETICS OF CCKW-AEW

INTERACTION

In this chapter, we investigate how the preexisting southern and northern AEW track evolve

as they interact with the eastward propagating convective and suppressed phase of CCKW.

3.1 Impact of CCKWs on AEW activity

3.1.1 Southern AEW track

Figure 3.1a shows the time-longitude Hovmöller of 2-10 day, easterly-�ltered 650-hPa EKE

(shading) composited over each lag of the C PE W . The signi�cant increase in the EKE occurs

on day 0 and 15 � W as the AEW moves westward through the convective phase of CCKW.

The EKE increases from 8 m 2s� 2 on day -2 at 0 � to 17m 2s� 2 on day 0 at 15 � W. Similarly, a

second composite AEW (visible on day 0 at 0 � ) grows in the envelope of the convective

phase of CCKW. It peaks over the eastern Atlantic on day +3 at 25� W. During this time, its

EKE nearly doubles from 7-10 m 2s� 2 to over 16 m 2s� 2. The enhancement of AEW activity

during and after the passage of the CCKW-convective phase is consistent with Mekonnen

et al. [2008] and Ventrice & Thorncroft [2013].
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Fig. 3.1b depicts the AEW evolution during and after the passage of the suppressed phase

of CCKW. First, AEW grows in the envelope of the CCKW- suppressed phase and reaches

its peak amplitude on day 0 at 15 � W. However, the EKE increase after day 0 is substantially

muted compared to the convective phase or even climatology. This distinction is more

apparent in the composite difference of EKE, as shown in Fig. 3.1c. The EKE differences

after day 0 are positive, indicating that the convective phase of the CCKW promotes more

EKE growth compared to the suppressed phase. As expected, given the imposed periodicity,

the EKE differences are reversed before day 0. This distinction implies that AEW growth is

inhibited during and after the passage of the suppressed phase of CCKW.

3.1.2 Northern AEW track

Figure 3.2a displays the Hovmöller of 2-10 day, easterly-�ltered 900-hPa EKE (shading)

composited over each lag of the C PE W . The EKE signi�cantly increases on day -2 at 0 �

coinciding with the passage of the leading edge of the CCKW-convective phase. The EKE

values increase further as the AEW moves westward in the envelope of the CCKW-convective

phase and peak (EKE >17.5m 2s� 2) on day 0 at the convective center (10 � W) of CCKW.

Fig. 3.2b depicts the northern AEW track evolution during and after the passage of

the CCKW-suppressed phase. The AEW grows in the CCKW-suppressed phase envelope

and peaks on day 0 at 10 � W. However, the EKE values and its increase in the suppressed

phase is less than the EKE values and its increase in the convective phase. For example

on day -2 at 0 � , the EKE values in both the composites (Fig. 3.2a and b) are approximately

equal, with values between 10-13 m 2s� 2. Whereas, on day 0 at 10� W the EKE values increase

by � 55% in the C PE W case, while � 27% increase in the SPE W case. After the passage of

the CCKW-suppressed phase to the east of the Greenwich meridian, the AEW growth over

west Africa and the eastern Atlantic on average is signi�cantly (shown as blue dots) muted

compared to climatology.

This distinction is more apparent in the composite difference of EKE, as shown in

Fig. 3.2c. The EKE differences after day -1 are signi�cantly positive over west Africa and

the eastern Atlantic, implying more AEW growth in the CCKW-convective phase than the

suppressed phase.

3.2 Energetics

The diagnosis presented here focuses on how CCKWs modulate the growth of the southern

and northern AEW track through energy conversions that are crucial for EKE generation:
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barotropic energy conversion ( BT ), baroclinic overturning ( Cpk ), diabatic generation of

PAPE (QT ), and baroclinic energy conversion ( BC ).

3.2.1 Southern AEW track energetics

Figure 3.3 displays the Hovmöller of vertically integrated EKE and PAPE budget terms

(shading) and 2-10 day easterly-�ltered 650-hPa EKE anomalies (contours) composited

over each lag of the C PE W . In Fig. 3.3a, the positive EKE anomalies (solid contours) on

day -1 at 18� W coincide with the positive BT values implying AEW maintenance over the

eastern Atlantic through energy extraction from the mean �ow. On day -0.5 at 22.5 � W, the

positive EKE anomalies increase coincide with the ampli�cation of signi�cant positive

BT values. The AEW growth and associated positive BT values increase between day -1

and day +0.5 over the eastern Atlantic (20–28 � W) occurs in the CCKW-convective phase

envelope(shown as dashed contours in Fig. 3.1a). A second composite AEW associated

positive EKE anomalies on day -1.5 at 2 � W coexist with the signi�cant positive BT values.

Later, on day -1 at 10 � W, the AEW ampli�es through an increase in the positive BT values.

After day -1, barotropic energy conversions contribute to the growth and maintenance of

the second AEW; however, the values are not signi�cantly higher than climatology.

Figure 3.3b displays the relation between EKE anomalies and Cpk values. Over the

eastern Atlantic (20–25 � W) between day -1 and day 0, baroclinic overturning circulations are

not signi�cantly higher than climatology; however in a climatological sense they contribute

to the AEW growth and maintenance. The AEW growth over west Africa on day -1.5 at 5 � W

coexist with the signi�cant positive Cpk values, which are higher than the climatology. As

AEW moves westward in the envelope of CCKW, it intensi�es in tandem with an increase in

the signi�cant positive Cpk values. The AEW growth and associated positive EKE anomalies

peak on day 0 around 15 � W and further maintained over the eastern Atlantic through

baroclinic overturning circulations.

Diabatic heating (Fig. 3.3c) and baroclinic energy conversions (Fig. 3.3d) generate PAPE

which then later converted to EKE through baroclinic overturning circulations. In Fig. 3.3c,

the positive QT values lead the positive EKE anomalies by 90 � .

Figure 3.3d depicts the contribution of baroclinic energy conversions to the AEW growth

and maintenance. Over the eastern Atlantic (20–25 � W) between day -1 and day 0, the

baroclinic energy conversions are not signi�cantly higher than climatology; however in a

climatological sense they contribute to the AEW maintenance. The positive EKE anomalies

on day -0.5 at 10 � W coincides with the signi�cant positive BC values. The AEW intensi�es

in the CCKW envelope and peaks on day 0 at 15 � W in tandem with an increase in positive
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BC values. On day 0 at 15� W, the PAPE generated through baroclinic energy conversions is

immediately converted to EKE through baroclinic overturning circulations. In the CCKW-

convective phase envelope (shown as dashed contours in Fig. 3.1a), baroclinic energy

conversions sustain the AEW growth over the eastern Atlantic (15–25 � W) beyond day 0 until

day +1.5. The ampli�cation of AEW from 10 � W to 20� W between day -1 and day +0.5 is

primarily due to baroclinic energy conversions rather than barotropic energy conversions.

Figure 3.4 displays the Hovmöller of vertically integrated EKE and PAPE budget terms

(shading) and 2-10 day easterly-�ltered 650-hPa EKE anomalies (contours) composited for

over each lag of the SPE W . Like in the C PE W case (Fig. 3.3a), the AEW growth over the eastern

Atlantic between day -1 and day 0 coincides with the signi�cant positive BT values as shown

in Fig. 3.4a. Barotropic energy conversions contribute negligibly to the AEW growth and

maintenance on day 0 at 15 � W; however the values are not signi�cantly greater than the

climatology. The AEW growth through barotropic energy conversions between day 0 and

day +1.5 to the west of the Greenwich meridian is signi�cantly higher than climatology.

In �gure 3.4b, on day -1.5 at 15 � W, the baroclinic overturning circulations contribute

insigni�cantly to the AEW growth and maintenance. However, the increase in positive Cpk

values over west Africa (5–15� W) between day -1.5 and day 0 induces the AEW growth. Over

the eastern Atlantic (15–25 � W) after day O until day +1.5, a decrease in the positive Cpk

values muted the AEW growth in the CCKW-Suppressed phase envelope (shown as solid

contours in Fig. 3.1b). The positive EKE anomalies on day +1 at 10� W coincide with the

positive Cpk values, but these values appear to be statistically insigni�cant.

The decrease of positive Cpk values observed over the eastern Atlantic (15–25 � W) after

day 0 until day +1.5 can be explained by the net decrease in PAPE due to the destruction of

PAPE by diabatic heating (negative QT values) as seen in Fig. 3.4c. However, the decrease is

alleviated by PAPE generation through baroclinic energy conversions shown in Fig. 3.4d as

positive BC values over eastern Atlantic (15–25 � W) between day 0 and day +1.5. It appears QT

inhibits the AEW growth in the composites based on SPE W cases, whereas in theC PE W cases,

QT (Fig. 3.3c) favors AEW growth, mainly through enhancements in diabatic processes.

As seen in Fig. 3.4d on day +0.5 at 5� W, the positive EKE anomalies coincide with the

positive BC values; however, at the same location, PAPE is destroyed as seen in Fig. 3.4c.

Therefore, the net PAPE available for conversion to EKE through baroclinic overturning

circulations (Fig. 3.4b) is reduced, thereby inhibiting AEW growth in the CCKW-suppressed

phase envelope.

The difference composite Hovmöller displayed in �gure 3.5 clearly distinguishes the

relative contribution CCKW convective and suppressed phase on the AEW growth and

maintenance. In �g 3.5a, the signi�cant positive difference BT values to the west of 15 � W
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after day -2 implies the barotropic energy conversions enhanced during and after the

passage of the convective phase of CCKW. To the east of 15� W after day +0.5, the negative

difference BT values indicate an enhancement of the barotropic energy conversions in the

suppressed phase of CCKW. Around Greenwich meridian after day +1, the barotropic energy

conversions are more substantial during the convective phase than the suppressed phase

of CCKW. Volume energetics (5–15� N, 0–30� W) of a difference BT values indicate enhanced

positive barotropic energy conversions in the convective phase than in the suppressed

phase (not shown).

In Fig 3.5b, the positive difference Cpk values after day -0.5 to the west of 15 � W and after

day +0.5 to the east of 10� W imply baroclinic energy conversions enhanced during and

after the passage of CCKW convective phase than in the suppressed phase. The signi�cant

positive difference anomalies, as shown in Fig. 3.5c over eastern Atlantic and west Africa

after day 0, imply higher PAPE generation through diabatic heating in the CCKW-convective

phase, which suggests that AEW is more convectively active in the convective phase than

in the suppressed phase of CCKW. As seen in Fig. 3.5d, between day -2 and day +1, no

signi�cant difference in the baroclinic energy conversions in the convective and suppressed

phase of CCKW. However, a westward propagating signi�cant negative difference of BC

values between day 0 and + 1.5 from 0 to 15 � W suggests baroclinic energy conversion

enhanced in the suppressed phase than in the convective phase. Volume energetics (5–

15� N, 0–30� W) of difference in BC values indicate slightly enhanced positive baroclinic

energy conversions in the suppressed phase than in the convective phase (not shown).

3.2.2 Northern AEW track energetics

The northern AEW track arises from instabilities due to interaction between near-surface

positive temperature gradients and the negative PV gradient at the AEJ core. The northern

AEW track propagates westward following the temperature gradients over land. This section

focuses on diagnosing the variability of the hydrodynamic instabilities in the presence of

CCKWs.

Figure 3.6 represents the Hovmöller of vertically integrated EKE and PAPE budget terms

composited over each lag of the C PE W . The signi�cant positive BT values in Fig. 3.6a on

day 0 at 10� W contributes in enhancing the positive EKE anomalies. The higher positive

Cpk values to the west of the Greenwich meridian between day -1.5 and day +2 in Fig. 3.6b

suggest baroclinic energy conversions contribute more to the northern AEW growth and

maintenance than the barotropic energy conversions. The AEW growth in the CCKW-

convective phase envelope is sustained downstream 10 � W until 25 � W between day 0 and
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day +2 .

The PAPE converted to EKE through baroclinic overturning circulations (Fig. 3.6c) is

generated by diabatic heating (Fig. 3.6c) and baroclinic energy conversions (Fig. 3.6d).

In Fig. 3.6c, the signi�cant positive QT values to the west of 0 � between day -1.5 to day 0

coincide with the 900 hPa positive EKE anomalies. This in-phase relation implies PAPE

generated through diabatic heating is immediately converted to EKE through baroclinic

overturning circulations. After day 0, the signi�cant increase in the positive QT values over

the eastern Atlantic occurs during and after the passage of the CCKW convective phase at

10� W.

However, baroclinic energy conversions displayed in Fig. 3.6d, dominate the PAPE

generation and on the order of magnitudes ten times the magnitudes of QT . The positive

EKE anomalies on day -1.5 at 0 associates with the signi�cant positive BC values. As the

AEW moves westward, it grows by extracting energy from the baroclinicity of the mean

environment. The AEW growth peaks on day 0 around 10 � W in association with the peak

positive BC values. After day 0, as the CCKW-convective phase moves eastward of 10 � W,

the AEW growth sustained further into the eastern Atlantic through baroclinic energy

conversions.

Figure 3.7 represents the Hovmöller of vertically integrated EKE and PAPE budget terms

composited over each lag of the SPE W . In Fig. 3.7a, the in-phase relation between positive

EKE and BT values on and after day 0 to the west of 10W imply AEW growth through

barotropic energy conversions. As indicated in Fig. 3.7b on day +0.5 at 10� W, the AEW

growth through baroclinic energy conversions dominate, and the magnitudes of positive

Cpk values are three times higher than the positive BT values.

As indicated in Fig. 3.7c, on day +1 at 12.5� W, the destruction of PAPE by diabatic heating

is subdued by the generation of PAPE through baroclinic energy conversions (Fig. 3.7d).

These opposite values reduce the net available PAPE for conversions into EKE through

baroclinic overturning circulations. In comparison with Fig. 3.6b, the positive Cpk values in

Fig. 3.7b are lesser in magnitude and do not increase further downstream.

The difference composite Hovmöller displayed in �gure 3.8 clearly distinguishes the

relative contribution of the convective and suppressed phase of CCKW in the northern AEW

growth and maintenance. The difference anomalies of BT in Fig. 3.8 suggests no signi�cant

difference in barotropic energy conversions in the convective and suppressed phase of

CCKW on day 0 at 10� W. However, the negative BT values on day 0 to the west of 15 � W

suggest that barotropic energy conversions are higher in the suppressed phase than in the

convective phase. As discussed previously, the baroclinic energy conversions dominate the

northern AEW growth and maintenance than barotropic energy conversions.
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Moreover, in Fig. 3.8b, the positive difference Cpk values after day -1 to the west of 0 �

suggests enhanced baroclinic energy conversions during and after the passage of CCKW-

convective phase than during the suppressed phase. For example, on day +0.5 at 10� W,

baroclinic energy conversions increase by 38 % when CCKW convective phase moves over

west Africa. The increase in the baroclinic overturning circulations during the CCKW-

convective phase can be explained through enhanced PAPE generation due to diabatic

heating and baroclinic energy conversions. For example, as indicated in Fig. 3.8c, the CCKW

convective phase enhances the PAPE generation due to diabatic heating on the day +1 at

20� W by 68%, while an increase by 85 %on day +1 at 0� . Similarly, on day 0 at 10 � W baroclinic

energy conversions ampli�ed by 33% during the CCKW convective phase.

3.3 Impact of CCKWs on mean environment

Figure 3.9 displays the day 0 composite map (top row) and zonally averaged (0-30 � W)

vertical cross-section (bottom row) of 10-day low pass �ltered zonal winds (thick contours)

and its meridional gradient ( d u
d y ,shading) based on C PE W cases. The thin dashed contours

in the composite map (top row) indicates CCKW-convective phase (un�ltered 200 hPa VP).

In Fig. 3.9a, the AEJ (-11 m/ s contour) centered around 15 � N near the west coast of Africa ( �

15� W) shifts slightly southward to 12 � N inland of Africa ( � 5� E). The meridional gradient of

zonal wind changes sign at 15 � N near west coast of Africa and at 12 � N over central Africa( �

20� E). The spatial pattern of mean zonal wind and its meridional gradient in Fig. 3.9a looks

similar in the day 0 composite based on SPE W case (not shown).

Nevertheless, the magnitudes of mean zonal wind and its meridional gradient signi�-

cantly differ depending on whether the convective or suppressed phase of CCKW moves

through the eastern Atlantic and West Africa. The CCKW convective phase brings in westerly

anomalies associated with it (Straub & Kiladis [2003a]; Ventrice et al. [2012a]) and adds

to the background zonal winds, which results in a decrease of easterlies south of the AEJ.

For example, in Fig. 3.9c, at 20 � W and 10� N, a positive difference of 1.8 m / s indicates that

easterlies are weaker during the CCKW convective phase than during the suppressed phase.

The closer isotachs south of the AEJ during the CCKW convective phase results in enhanced

magnitudes of zonal wind meridional gradients, which shown in Fig. 3.9c as an elongated

strip of signi�cant negative zonal wind values from 5 � E to 45� W and meridionally from 8 � N

to 14� N.

Fig. 3.9b displays the latitude-pressure cross-section of mean zonal wind (contours)

and its meridional gradient (shading). The AEJ maximum centered around 600 hPa at 15 � N,

while monsoon westerlies are located below 800 hPa at 8 � N becomes shallower to its north.
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The AEJ �anked to its north by positive zonal wind meridional gradients, while to its south

by negative zonal meridional gradients. The zero contour at the surface around 18 � N marks

the location of Inter-Tropical discontinuity (ITD), where south-westerly monsoon and

north-easterly Harmattan winds intersect. The spatial pattern of mean zonal wind and its

meridional gradient in Fig. 3.9c looks similar with the day 0 SPE W composite(not shown).

In the difference composite shown in Fig. 3.9d, the signi�cant negative difference values

between 550 and 750 hPa from 10 � N to 15 � N implies enhanced mean zonal wind meridional

gradients to the south of the AEJ during the convective phase than the suppressed phase.

The CCKW convective phase weakens the easterlies south of the AEJ as indicated by the

positive difference zonal wind values (contours) of � 1 m/ s at 650 hPa and 11� N. In contrast,

the CCKW-convective phase intensi�es westerlies below 850 hPa at 10 � N indicated by the

positive difference zonal wind values (contours) of � 1 m/ s.

Figure 3.10a represents the day 0 vertical cross-section of zonally averaged (0-30 � W)

10-day low pass �lter temperature (thick contours) and its meridional gradient ( d T
d y ,shading)

composite based on C PE W for the AEW northern track. The mean temperature contours

below 750 hPa between 0 � and 23� N slope upwards in the presence of heat low to the north

of 20� N and ocean to the south of 5 � N. The positive meridional temperature gradients

peak between 800 and 925 hPa from 15 � N to 20 � N. The observed spatial distribution of

zonally averaged temperature looks similar in the composites based on the suppressed

phase of CCKW (not shown). The convective phase of the Kelvin wave brings in negative

temperature anomalies (Straub & Kiladis [2003a];Ventrice et al. [2012a]), and this adds to

the environmental mean temperature. As shown in Fig. 3.10c, negative difference tempera-

ture values (dashed contours) greater than 0.1 K observed below 650 hPa to the south of

19� N. Besides, positive difference temperature anomalies (solid contours) north of 19 � N

imply mean temperatures higher in the suppressed phase than in the convective phase.

As a consequence of thermal wind relation, the meridional temperature gradient positive

difference values below 650 hPa between 17 � N and 21 � N induces zonal wind vertical shear,

which shown in Fig. 3.10d as positive values below the AEJ.

Figure 3.10b displays the day 0 vertical cross-section of zonally averaged (0-30 � W)

zonal wind and its vertical gradient ( d u
d p , shading). The AEJ is �anked above by negative

zonal wind vertical gradients and below by positive zonal wind vertical gradients. The peak

positive zonal wind vertical gradients are observed around 15 � N at 800 hPa. The observed

spatial distribution of zonal wind and its vertical gradient looks similar in the day 0 SPE W

composite(not shown). In Fig. 3.10d, the signi�cant zonal wind vertical gradient positive

difference values between 750 hPa and 925 hPa from 15 � N and 20 � N indicate enhanced zonal

wind vertical shear below the AEJ during the CCKW convective phase than a suppressed
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phase, which is consistent with the enhanced meridional temperature gradients (Fig. 3.10c).

This implies more mean available potential energy during the convective phase than the

suppressed phase.

3.4 Discussion

Using ERA-I reanalysis data, we investigated the impact of CCKW on the growth and main-

tenance of AEW northern and southern storm track over eastern Atlantic and West Africa.

First, I studied the variability of 2-10 day easterly-�ltered 650-hPa and 900-hPa EKE associ-

ated with the southern and northern AEW storm track during their interaction with the

convective and suppressed phase of CCKW. I noticed enhanced southern and northern

AEW track EKE during and after the CCKW convective phase's passage than during the

suppressed phase. These are shown as signi�cant positive anomalies after day 0 over west

Africa and eastern Atlantic in the difference composites of Fig. 3.1c and Fig. 3.2c. Mekonnen

et al. [2008] and Ventrice & Thorncroft [2013] reported similar observations for the southern

AEW activity enhancements after the passage of the CCKW-convective phase. Also, I showed

that the CCKW-convective phase enhances the northern AEW track activity.

Second, I diagnosed the CCKWs modulation on barotropic and baroclinic energy con-

versions, thereby the AEW activity, through vertically integrated EKE and PAPE budgets.

Consistent with previous studies, the AEW southern track grows and sustains through

mixed barotropic-baroclinic instabilities. Barotropic energy conversions are enhanced in

the CCKW-convective phase, as indicated by the signi�cant positive difference anomalies

after day 0 over eastern Atlantic and west Africa in Fig. 3.5a. The positive Cpk values over

west Africa (on day 0 and 15W) are enhanced by approximately 50 % during convective

phase events than suppressed phase events.

This increase in the barotropic energy conversions can be explained by the enhanced

mean zonal wind meridional gradients in Fig. 3.9c, as shown by an elongated strip of

signi�cant negative difference mean zonal wind meridional gradient values from 10 � E to

45� W and meridionally from 8 � N to 15 � N. This enhancement is also seen in the vertical

cross-section difference composite in Fig. 3.9d as indicated by the negative difference

values from 800–550 hPa to the south of the AEJ. The CCKW-convective phase brings in

westerlies and adds to the mean �ow at the AEJ core, reducing the mean easterlies to the

south of AEJ. This increases the magnitude of cyclonic shear on the equatorward �ank

of the AEJ, which results in a more unstable jet(Matthews [2004]; Ventrice & Thorncroft

[2013]) and enhanced barotropic energy conversions. The increase of EKE over the Atlantic

(especially in the main development region (MDR)) after the passage of the convective
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phase of CCKW can lead to tropical cyclogenesis. Recent studies (Ventrice et al. [2012a];

Schreck [2015]) have shown that tropical cyclogenesis over the Atlantic is favored in the

three days after the passage of a convective phase of KW and inhibited in the three days

before the passage of a convective phase of KW.

No signi�cant differences in the baroclinic energy conversion difference between the

convective and suppressed phase over the eastern Atlantic. However, over west Africa,

baroclinic energy conversions are enhanced after day 0 in the suppressed phase, as indi-

cated by the signi�cant negative difference anomalies in Fig. 3.5d. The PAPE generation

through diabatic heating is enhanced in the convective phase, which implies AEWs are

more convectively active as indicated by the signi�cant positive difference anomalies after

day 0 over eastern Atlantic and west Africa in Fig. 3.5c. In contrast, in the suppressed phase

of CCKW, the PAPE is destroyed by diabatic heating.

The northern AEW track activity increase during the CCKW-convective phase over

west Africa through enhanced baroclinic energy conversions, as indicated by the positive

difference anomalies between day -1.5 to day 0 in Fig. 3.8d. The positive BC values are

enhanced by approximately 50 % on day 0 at 10 � W. This increase in the baroclinic energy

conversions can be explained through enhanced mean meridional temperature gradients,

as shown by signi�cant positive difference anomalies below 850 hPa between 16 � N and 21 � N

in Fig. 3.10c. This is also re�ected as an increase in the mean vertical zonal wind gradient to

the north of the AEJ between 750 and 900 hPa, as seen in Fig. 3.10d. The CCKW-convective

phase brings in cold anomalies, enhancing the north-south gradients of mean temperatures

below 850 hPa, thereby increasing the baroclinicity and mean APE for conversions to PAPE

through baroclinic energy conversions. Also, because of the imposed periodicity of AEW

activity, I see enhancement in the westward propagating negative anomalies in Fig. 3.8d.

Even though I noticed an increase of PAPE generation by diabatic heating in the CCKW-

convective phase, their contribution to the total budget and AEW growth is negligible

compared to the baroclinic energy conversions.

3.5 Conclusions

I draw the following conclusions about the role of convectively coupled Kelvin waves on

the southern and northern AEW activity:

The convective phase of CCKW enhances the southern and northern AEW activity,

whereas the suppressed phase of CCKW inhibits both northern and southern AEW activity.

The southern AEW track growth is through combined barotropic and baroclinic instabilities,

and these energy conversions are enhanced more during the convective phase than the
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suppressed phase. The convective phase of CCKW enhances mean zonal wind meridional

gradients ( d u
d y ) south of the AEJ, which acted on by strengthened momentum �uxes (u 0v0)

results in enhanced barotropic energy conversions. In the convective phase composites,

the diabatic heating is the primary source of the PAPE, converted to EKE through baroclinic

overturning circulations( Cpk ). In contrast, in the suppressed phase composites, the diabatic

heating acts as a sink of PAPE. The net available PAPE for conversion to EKE through Cpk is

reduced during suppressed phase events.

The northern AEW growth was enhanced in the CCKW-convective phase mainly through

baroclinic energy conversions( BC ). The enhanced positive BC values during the convective

phase are mainly through strengthened heat �uxes (v 0T0) acting on the enhanced mean tem-

perature meridional gradients ( d T
d y ). We observed no signi�cant differences in the barotropic

energy conversions in the convective and suppressed phase. The diabatic generation of

PAPE is in-phase with the EKE anomalies in the convective phase. In contrast, in the sup-

pressed phase, the PAPE is destroyed by diabatic heating, thereby reducing net available

PAPE. However, in the total budget, PAPE creation by diabatic heating is smaller than the

PAPE generation by baroclinic energy conversions.
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3.6 Figures

39



Figure 3.1 Lag-Longitude composite hovmoller of 650-hPa 2-10 day easterly �ltered EKE (shad-
ing) averaged 5� -15� N for (a) C PE W , (b) SPE W , and (c) C PE W - SPE W cases over the base point
at 650-hPa,10� N,15� W. Black (blue) dots represent values that are 95 % statistically signi�cantly
higher (lower) from climatology. Contours are 200-hPa un�ltered velocity potential anomalies
averaged5� -15� N . Dashed (solid) contours represent convective (suppressed) phase of CCKW.
Outer dashed contour in (a) and (c) is -2 � 106 m2 s� 1 and in (b) is 2 � 106 m2 s� 1. Contours in
(a) and (C) drawn with interval of -2 � 106 m2 s� 1 and in (b) 2 � 106 m2 s� 1. The thin vertical and
horizontal gray line marks the longitudinal base point and day 0 in the composite analysis.
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Figure 3.2 Lag-Longitude composite hovmoller of 900-hPa 2-10 day easterly �ltered EKE (shad-
ing) averaged 15� -25� N for (a) C PE W , (b) SPE W , and (c) C PE W - SPE W cases over the base point
at 900-hPa,20� N,10� W. Black (blue) dots represent values that are 95 % statistically signi�cantly
higher (lower) from climatology. Contours are 200-hPa un�ltered velocity potential anomalies
averaged5� -15� N . Dashed (solid) contours represent convective (suppressed) phase of CCKW.
Outer dashed contour in (a) and (c) is -2 � 106 m2 s� 1 and in (b) is 2 � 106 m2 s� 1. Contours in
(a) and (C) drawn with interval of -2 � 106 m2 s� 1 and in (b) 2 � 106 m2 s� 1. The thin vertical and
horizontal gray line marks the longitudinal base point and day 0 in the composite analysis.
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Figure 3.3 Lag-Longitude Hovmöller of vertically integrated EKE and PAPE budget terms for the
southern AEW track composited over each lag of the C PE W and averaged 5� –15� N. a) Barotropic
energy conversion ( BT , shaded); b) Baroclinic overturning ( Cpk , shaded); c) Generation of PAPE
by diabatic heating ( QT , shaded); d) Baroclinic energy conversion ( BC shaded). Solid and dashed
contours represent 2-10 day easterly-�ltered 650 hPa EKE positive and negative anomalies. Outer
solid and dashed contour in all panels is 0.5 m 2s� 2 and -0.5 m 2s� 2, respectively. Contours interval
is 0.5 m2s� 2. The thin vertical and horizontal gray line marks the longitudinal base point( 15� W )
and day 0 in the composite analysis. Black dots represent values that are 95 % statistically sig-
ni�cantly higher from climatology, while blue dots represent values that are 95 % statistically
signi�cantly lower from climatology.
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Figure 3.4 Same as �gure 3.3, but composited over each lag of SPE W cases
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Figure 3.5 As in �gure 3.3, except a difference composite ( C PE W - SPE W ). Black dots represent
values that are statistically signi�cant at 95% con�dence.
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Figure 3.6 Lag-Longitude Hovmöller of vertically integrated EKE and PAPE budget terms for the
northern AEW track composited over each lag of the C PE W and averaged 15� –25� N. a) Barotropic
energy conversion ( BT , shaded); b) Baroclinic overturning ( Cpk , shaded); c) Generation of PAPE
by diabatic heating ( QT , shaded); d) Baroclinic energy conversion ( BC shaded). Solid and dashed
contours represent 2-10 day easterly-�ltered 900 hPa EKE positive and negative anomalies. Outer
solid and dashed contour in all panels is 1.0 m 2s� 2 and -1.0 m 2s� 2, respectively. Contours interval
is 0.5 m2s� 2. The thin vertical and horizontal gray line marks the longitudinal base point( 10� W )
and day 0 in the composite analysis. Black dots represent values that are 95 % statistically sig-
ni�cantly higher from climatology, while blue dots represent values that are 95 % statistically
signi�cantly lower from climatology.
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Figure 3.7 Same as �gure 3.6, but composited over each lag of SPE W cases.
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Figure 3.8 As in �gure 3.6, except a difference composite ( C PE W - SPE W ). Black dots represent
values that are statistically signi�cant at 95% con�dence.
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Figure 3.9 Day-0 composite map (top row) and zonally averaged (0-30 � W) vertical cross-section
(bottom row) of 10-day low pass �lter zonal wind (thick contours) and its meridional gradient
( d u

d y , shading) for (a),(b) C PE W (c),(d) C PE W - SPE W cases. Light contours in (a) and (b) are 200-
hPa un�ltered velocity potential anomalies where dashed (solid) light contours represent the
convective (suppressed) phase of the CCKW. The dots in (c) and (d) represent values that are 95 %
signi�cant. The thin vertical and horizontal gray line marks the pressure level and latitudinal base
point.
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Figure 3.10 Day-0 composite pressure-latitude cross section (top row) of zonally averaged (0-

30� W) 10-day low pass �lter temperature (thick contours) and its meridional gradient ( d T
d y , shad-

ing) for (a) C PE W and (c) C PE W - SPE W cases. Bottom row is Day-0 composite pressure-latitude
cross section of zonally averaged (0-30 � W) 10-day low pass �lter zonal wind (thick contours) and
its vertical gradient ( d u

d p , shading) for (b) C PE W and (d) C PE W - SPE W cases. The dots in (c) and
(d) represent values that are 95 % signi�cant. The thin vertical and horizontal gray line marks the
pressure level and latitudinal base point.
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CHAPTER

4

ROLE OF CCKW'S AND AEW'S ON MOIST

CONVECTION

4.1 WAM Climatology

Figure 4.1 illustrates the climatological vertical pro�les of pressure velocity (Fig. 4.1a),

divergence (Fig. 4.1b), apparent heat source (Fig. 4.1c), and apparent heat sink (Fig. 4.1d)

at 30� W, 15� E, 0� , and 15� E averaged over 5� –14� N.

Fig. 4.1a indicates a top-heavy vertical velocity pro�le at 15 � E, with peak ascending

motion in the layer 300–550 hPa and descending motion below 800 hPa. The pressure

velocity at 15 � W indicates a bottom-heavy and a deep layer of ascending air with peak

ascending motion around 850 hPa, while pressure velocity at 30 � W shows a bottom-heavy

structure with peak ascending motion around 800 hPa. At 0 � , the vertical pressure velocities

are weak than other locations considered in the study.

Indeed, the apparent heat source shown in Fig. 4.1c is intertwined with the vertical

velocity since the vertical velocity is the main contributor to Q1 in the ITCZ and monsoon

rain bands. Apparent heat source exhibits a top-heavy heating structure at 15 � E, while at

15� W and 30� W bottom-heavy heating structure in conjunction with deep tropospheric

heating predominates. At 0 � , the diabatic heating is weak consistent with the weak vertical
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velocities and lack of climatological rainfall.

Divergence pro�le at 15 � W and 30� W shown in Fig. 4.1b indicates convergence below

850 hPa and divergence above 850 hPa with peak convergence at near-surface and peak

divergence around 200 hPa. At 15 � E, divergence occurs below 875 hPa, while convergence

occurs above 875 hPa with peak convergence around 700 hPa and peak divergence around

200 hPa. At 0� , an alternate weak convergence and divergence in vertical predominates.

Fig. 4.1d shows apparent moisture sink at different locations. At 15 � E and 0� , the positive

values below 900 hPa suggests drying, while negative values between 900 and 700 hPa

suggests moistening. Above 700 hPa the atmosphere heats via drying; however, the heating

via phase change at 0� is less than the heating at 15 � E. In contrast, at 15 � W and 30� W

moistening occurs below 900 hPa while drying above 900 hPa, with peak drying around 750

hPa.

4.2 CCKW and AEW structure

This section focuses on examining the regional differences in the thermodynamic and kine-

matic �elds associated with CCKWs and AEWs at four locations between eastern Atlantic

and central Africa. The CCKWs and AEWs are binned into eight phases as described in

section 2.2 and shown in Fig. 2.1. Regional differences in the thermodynamic and kinematic

�elds are evaluated with respect to eight phases, respectively.

4.2.1 CCKW vertical structure

4.2.1.1 Zonal wind and vertical pressure velocity

Figure 4.2 represents un�ltered zonal velocity (top row) and vertical pressure velocity

(bottom row) anomalies composited based on CCKW phases. Over the eastern Atlantic

(30� W), the zonal wind anomalies appear upright below 600 hPa, whereas they tilt westward

above 600 hPa. Starting from the decreasing phase (DP), the near-surface easterlies gradually

deepen and peak around 600 hPa in phase 7. A secondary peak in easterlies appears around

400 hPa. The easterlies below 600 hPa transition to westerlies just ahead of the convective

phase (CP). The lower-troposphere westerlies in the CP peak around 900 hPa. The second

peak in westerlies appears around 450 hPa in phase 5. The zonal wind pattern above 350

hPa is reversed with easterlies and westerlies to the west and east of the CP, respectively.

Near coastal West Africa (15 � W), the zonal wind pattern appears similar to that over

the eastern Atlantic. However, few differences appear, especially a single peak in easterlies

to the east of CP around 350 hPa in the increasing phase (IP), compared with two easterly
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peaks below 350 hPa at the east Atlantic. An unusual easterly prevails in the DP around 600

hPa. Indeed, near the coast, local circulations induced by varying topography dominate

and project onto the CCKW composite anomalies, thus distorting the typical structure.

The zonal wind anomalies at 0 � suggest a most robust westward tilt below 400 hPa

compared to other locations. Below 350 hPa, the westerlies and easterlies peak around

700 hPa in phases 3 and 7, respectively. The zonal wind structure at 15 � E looks similar to

that at 30W with the lower-troposphere westerlies peaking in the CP around 800 hPa and

easterlies peaking around 600 hPa in the IP. The CCKW associated zonal wind anomalies

are stronger to the east of 0 � , consistent with the increasing Kelvin-�ltered OLR variance to

the Greenwich meridian's east.

The omega pro�le (bottom row) over the eastern Atlantic (30 � W) exhibits a westward

and eastward tilt below and above 350 hPa, respectively. The ascending motion (negative

anomalies) near the surface behind phase 7 gradually deepens and peaks just ahead of the

CP around 600 hPa, likely a result of deep convection. A secondary peak in the ascending

motion appears at 350 hPa in the CP, likely associated with the trailing stratiform convection.

The ascending motion extends behind the CP over 550–250 hPa, likely related to ascending

motion in stratiform clouds. The vertical pressure velocity evolution at 15 � W appears similar

to the evolution at 30 � W, except a shallow ascending motion in the SP prevails at 15 � W. The

omega pro�le at 0 � and 15� E exhibits a similar boomerang-like structure to that observed

over the eastern Atlantic. However, the peak anomalous vertical ascent shifts to a higher

altitude of around 250 hPa.

4.2.1.2 Speci�c Humidity and Temperature

Figure 4.3 represents speci�c humidity (top row) and temperature (bottom row) composited

based on CCKW phases at several locations between eastern Atlantic and central Africa.

Similar to zonal wind anomalies, the speci�c humidity anomalies tilt westward. Over the

eastern Atlantic (30 � W), speci�c humidity anomalies near the surface become positive

beginning from phase 7 then gradually deepen before increasing substantially in the vertical

in and behind CP. The positive anomalies peak around 450 hPa and 800 hPa in phases 3 and

1, respectively. Speci�c humidity transition to negative anomalies near the surface behind

CP gradually deepens, and peak around 500 hPa in phase 7.

Near the west coast of Africa (15 � W), the speci�c humidity structure is similar to 30 � W;

however, the magnitude of the positive anomalies at 800 and 450 hPa and magnitude of

the negative anomalies at 500 hPa are less than at 30 � W. At 0� , the CCKW induces greater

anomalies around 800 hPa and 450 hPa than other locations to its west. In contrast, at 15 � E,

the CCKW induces the greatest positive speci�c humidity anomalies around 800 hPa than
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at other locations. However, the secondary peak is not evident at around 450 hPa.

The temperature perturbations illustrated in the bottom row indicate that over the

eastern Atlantic (30 � W), the entire troposphere below 200 hPa ahead of the CP, anomalously

warms with peak anomalies greater than 0.35 K appear around 300 hPa in the IP. With

the onset of ascending motion (Fig. 4.2, bottom row), the lower troposphere cools and

gradually deepen behind the CP and peak around 300 hPa in the DP. The atmosphere

below 200 hPa anomalously cools behind the CP, implying large scale adiabatic cooling

dominating the Kelvin wave associated latent heating (Wheeler et al. [2000]). Above 200 hPa,

the temperature anomalies tilt eastward, giving a boomerang-like vertical structure in the

troposphere. Consistent with the observation reported in Kiladis et al. [2009], a presence of

near-surface dry cold pool ahead of the CP. They attributed this to the convective downdrafts

transporting low-moist entropy air from mid-level to surface. The temperature perturbation

structure at 15 � W looks similar to at 30 � W; except no evidence of dry cold pool at near-

surface ahead of the CP and weaker magnitudes of positive temperature anomalies at 800

hPa in the IP. The absence of near-surface dry cold pool ahead of the CP near coastal West

Africa is consistent with the observations of Ventrice et al. [2012b].

At 0� and 15� E, the vertical temperature perturbation structure exhibits a boomerang-

like shape similar to that observed at 30 � W and 15� W. However, the magnitudes of temper-

ature anomalies in the lower-troposphere are higher than at 30 � W and 15� W. The lower-

troposphere cold and warm anomalies peak behind the CP and in the IP, respectively. A

secondary peak in warm and cold anomalies observed around 300 hPa in the IP and DP,

respectively. The increase in the lower-troposphere perturbations over land is expected

since the landmass has a smaller equivalent speci�c heat than the ocean, and temperatures

in the lower-troposphere will be more responsive to the surface �ux perturbations. This

means the lower-troposphere warm anomalies ahead of the CP are due to increased insola-

tion during the SP, while cold anomalies behind the CP are due to decreased insolation and

evaporative cooling of rain. This con�guration ampli�es the surface pressure gradient and

favors the CCKW growth (Nguyen & Duvel [2008]).

4.2.1.3 Q1, Q2, and moisture �ux divergence

Figure 4.4 shows the cross-section of pressure–CCKW-phase composites of the apparent

heat source (top row), apparent moisture sink (middle row), and moisture �ux divergence

anomalies (bottom row) at several locations between eastern Atlantic and central Africa.

Apparent heating structure at 30 � W, below 200 hPa looks similar to and in-phase with

the vertical pressure velocity structure (Fig: 4.2, bottom row). The near-surface apparent

heating, starting from phase 7, gradually deepens and peak around 500 hPa in phase 1. The

53



heating in the layer 550–350 hPa extends behind the CP. Apparent cooling starts behind the

CP at the near-surface and deepen with maximum cooling in phase 5 around 550 hPa.

Comparison with apparent drying (middle row) suggests that the excess of Q2 over Q1 be-

low 650 hPa and vice versa above in phase 1. This difference implies large amounts of latent

heat released below 650 hPa is transported upward by convection. A second Q2 peak around

450 hPa in phase 3 indicates latent heat release, possibly through stratiform convection.

Apparent cooling and moistening below 650 hPa behind the CP implies evaporative cooling

from precipitation. Moisture �ux divergence anomalies associated with CCKW over the east

Atlantic (bottom row) indicate strong moisture �ux convergence in the lower-troposphere

ahead of the CP, while moisture �ux divergence behind the CP with maximum divergence

in phase 5. Above 750 hPa, the divergence pattern is reversed with weak convergence to the

west and divergence to the east of the CP. The evolution of Q1 and Q2 over the east Atlantic

suggests a typical complete cycle of shallow-to-deep-to-stratiform convection.

In contrast, near coastal West Africa (15 � W), there is no exact footprint of shallow-to-

deep-to-stratiform convection evolution. Starting from phase 5, apparent heating and

drying at near-surface deepen until 600 hPa behind the SP while above 600 hPa cooling

and moistening prevails. This pattern differs from that observed over the eastern Atlantic.

It can be argued that in and behind the SP, the shallow convection might be induced by

other dominating in�uences (topography, land-sea breeze circulations). However, the deep

convection (heating and drying) above 600 hPa might be hindered by the CCKW associated

descending motion (Fig. 4.2, bottom row) and negative speci�c humidity anomalies (Fig. 4.3,

top row). Besides, a shallow layer of moisture �ux convergence (bottom row) in the SP

dominates, and the convergence extends into the CP in a shallow layer over 900–750 Pa.

Apparent heating and drying maximum in phase 1 and phase 3 might be related to deep

convection and stratiform convection, respectively. The Q1 and Q2 structure appear upright

in comparison with the westward tilt structure at the east Atlantic. Behind phase 3 and

below 600 hPa, the atmosphere cools and moistens due to evaporative precipitation from

stratiform clouds. In phase 5, the whole troposphere is cooled and moistened below 400 hPa,

while at the same time, moisture �ux divergence prevails below 700 hPa. These moisture

�ux divergence anomalies deepen and peak around 600 hPa in the SP.

4.2.2 AEW vertical structure

4.2.2.1 Meridional wind and vertical pressure velocity

The top panel in Figure 4.5 represents meridional velocity anomalies composited based on

the AEW phases. At 15� E, the meridional wind anomalies are weaker than at other locations
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to its west. The weaker anomalies at 15 � E is a result of weaker basic state AEJ. The maximal

meridional wind anomalies mostly con�ne to the AEJ core (550–750 hPa). As AEW moves

westward, the meridional wind anomalies enhances in association with stronger AEJ. The

meridional wind anomalies grow deeper as it approaches the west coast of Africa. The

strongest meridional wind anomalies are seen over the eastern Atlantic (30 � W) around 650

hPa. In Kiladis et al. [2006] study based on ERA-15 reanalysis data, they noticed maximal

meridional perturbations elevate from 700 hPa over central Africa to 500 hPa in the eastern

Atlantic. However, there is no evidence of maximum meridional wind perturbations shifting

to higher altitudes in this study. Instead, the anomalies observed here peak around 650

hPa at all locations between 15 � E and 30� W. AEW southerly winds are stronger than the

northerlies at all locations between central Africa and the eastern Atlantic.

The bottom panel in Figure 4.5 displays vertical pressure velocity anomalies composited

based on the AEW phases. The ! pro�le exhibits a bow-shaped titled structure, with east-

ward and westward tilt below and above 500 hPa, respectively. At 15 � E, ahead of northerlies,

weaker ascending motion (negative anomalies) gradually deepen and peak at 700 hPa ahead

of the trough. In the AEW trough, the ! anomalies peak around 500 hPa. At 0 � , two peaks

in pressure velocity anomalies appear at 800 and 300 hPa. Kiladis et al. [2006] observed

a similar double peak in ! at 700 and 400 hPa in AEW trough. However, at 0 � , the double

peak was observed ahead of the trough. This phase difference is mainly because the base

point in Kiladis et al. [2006] is located at 10 � W, where the peak upward velocities shift to the

AEW trough. Not shown here, the double peak in ! coincides with the strong convergence

at 925 hPa and divergence around 250 hPa, and a secondary divergence peak around 500

hPa (Kiladis et al. [2006]).

The lower-troposphere peak vertical velocity anomalies become much stronger as AEWs

move to Africa's west coast. In Kiladis et al. [2006] study, they noticed weakening of lower-

level anomalies as AEWs move westward before disappearing near offshore. However, there

is no such evidence noticed in the ! pro�le at 15 � W and 30� W. There is a gradual transforma-

tion of AEW-trough ! pro�le from top-heavy over central Africa to bottom-heavy at eastern

Atlantic, consistent with the previous studies ((Janiga & Thorncroft [2013];Tomassini et al.

[2017])).

4.2.2.2 Speci�c Humidity and Temperature

The top panel in Figure 4.6 displays the speci�c humidity anomalies composited based

on the AEW phases. At 15� E, the AEW induced speci�c humidity anomalies are small in

magnitude because the meridional moisture gradients are weak between 5 � N and 13 � N

(Tomassini et al. [2017]). The positive speci�c humidity anomalies peak around 650 hPa in
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and just ahead of the AEW trough. In contrast, at 0 � , the speci�c humidity anomalies are

higher because the meridional moisture gradients are stronger in the presence of the ocean

to the south. The positive peak anomalies are located below AEJ at 750 hPa in and just

ahead of the AEW trough. In comparison, the speci�c humidity anomalies at 15 � W exhibit a

similar structural evolution observed at 0 � ; however, the peak positive anomalies are higher.

This difference is because, on average, the AEWs are stronger at 15 � W than inland.

The bottom panel in Figure 4.6 displays the temperature anomalies composited based

on the AEW phases. The vertical temperature structure exhibit a three-tiered pattern similar

to that reported by Kiladis et al. [2006]. The lower-level cold anomalies at 0 � are larger than

at 15� E. This regional difference is due to stronger baroclinicity at 0 � in the presence of heat

low to its north. At 15 � W and 30� W, the lower-level anomalies become weak cold core than

to the locations to its east. Janiga & Thorncroft [2013] and Tomassini et al. [2017] reported

similar transition from strong low-level cold core over central Africa to weak low-level

cold core at west coast of Africa. The temperature anomalies near the surface transition

to negative anomalies in the trough and peak in phase 5 following the deep convection.

In the trough, the ascending motion in Figure 4.5 is in phase with the positive mid-level

temperature anomalies implying baroclinic energy conversions.

4.2.2.3 Q1, Q2, and moisture �ux divergence

Figure 4.7 displays the pressure-AEW phase cross-section of the apparent heat source (top

row), apparent moisture sink (middle row), and moisture �ux divergence (bottom row) for

four locations between central Africa and the eastern Atlantic. The apparent heat source and

moisture sink at 15 � E exhibits anomalous cooling and moistening in the lower-troposphere

between phases 1 and 5. In contrast, above 700 hPa, anomalous heating and drying prevail,

with peak anomalous heating rates over 2–2.5 K day � 1 in the trough near 550 hPa associated

with deep convection. There is a slight indication of stratiform-like heating behind the

trough between 5 and 7 km.

In contrast, anomalous heating prevails between southerlies and phase 1 below 750

hPa, while anomalous cooling dominates above 750 hPa with peak cooling rates in phase 7

between 600 and 350 hPa. Ahead of phase 1, the entire troposphere anomalously moistens

with maximal moistening located around 800 hPa ahead of the ridge. The moisture �ux

divergence (bottom row) at 15 � E indicates a gradually deepening of anomalous moisture

�ux convergence from the surface just behind the ridge to 700 hPa in the trough. In contrast,

starting from phase 5, the anomalous moisture �ux divergence gradually deepens from the

surface to around 700 hPa in phase 1.

At 0� , the anomalous Q1, Q2, and moisture �ux divergence structure appear similar to at
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15� E with ampli�ed magnitudes. There is no indication of anomalous shallow convection

heating ahead of the trough at 0 � and 15� E. It appears the AEW is stretching the time scales

of diabatic heating structure. However, behind the trough and below 850 hPa, shallow

diabatic heating prevails. At 15 � W, Q1 structure suggests deep convection in the trough

with peak diabatic heating around 750 hPa, trailing stratiform-like structure around 450

hPa in the southerly phase, and a leading anvil-like structure around 250 hPa in phase 3.

Like at 0 � and 15� E, there is an indication of lower-troposphere diabatic heating behind

phase 5 and no signal of shallow convection ahead of the trough.

It appears over the eastern Atlantic (30 � W), the AEW is stretching the time scales of the

complete life cycle of congestus to deep to stratiform convection observed in a typical MCS.

Starting from the northerly phase, a shallow convective diabatic heating centered around

900 hPa gradually deepens and transitions to a deep layer of diabatic heating behind the

trough. Around 500 hPa, a stratiform-like heating structure prevails in the southerly phase,

while around 300 hPa, a leading anvil-like structure in phase 3, dominates. Hence, it can

be speculated that AEWs and CCKWs stretch the complete life cycle of convection over

oceans, while over land, they tend to stretch one or two modes of convection.

4.3 Diurnal modulation of AEW and CCKW convection

Figure 4.9 illustrates the diurnal variation in TRMM precipitation associated with the AEW

phases. The horizontal solid black line indicates climatological precipitation at respective

locations in the panels, while the horizontal dashed black line indicates climatological

diurnal mean precipitation at respective time and locations. Numbers on top of each bar

indicate the percentage increase or decrease in precipitation from the climatological mean

precipitation. The number on the top-left corner in each panel is the total precipitation

summed in all phases.

First, the consistent feature that can be inferred from all panels is the AEW total pre-

cipitation (shown in left-corner) is higher when the climatological diurnal precipitation

(horizontal dashed black line) is greater than the climatological mean precipitation (hori-

zontal solid black line). In contrast, the diurnal minimum in precipitation coincides with

the minimum in AEW associated total precipitation. For example, over the eastern Atlantic,

climatological diurnal maximal and minimal at 04 and 16 LST coincides with the diurnal

maximal and minimal in AEW total precipitation. In fact, precipitation in each AEW phase

at 04 LST is greater than observed at 16 LST except in the southerlies. A similar pattern

observed at 15W with climatological diurnal minimal at 23 LST coinciding with minimal

in AEW total precipitation and climatological diurnal maximal at 23 LST coinciding with
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maximal in AEW total precipitation. In comparison, the precipitation in each phase at 05

LST is higher than at 23 LST.

At 0, however, the climatological diurnal maximal and minimal occurs at 18 and 12

LST, which coincides with diurnal maximal and minimal in total AEW precipitation. The

precipitation in each phase at 18 LST is greater than at 12 LST except in phase 3. The

climatological diurnal maximal and minimal precipitation at 15 � E occurs at 19 and 07 LST

coinciding with maximal and minimal AEW total precipitation. In fact, consistent with

the observation at other locations, the precipitation in each phase during climatological

diurnal maximal is greater than at the time of diurnal minimal.

This consistent �nding at all locations suggests that during diurnally enhanced convec-

tion, the AEWs are convectively strong. In contrast, during the time of diurnally suppressed

convection, the AEWs are relatively convectively weaker. Moreover, the total relative vortic-

ity AEW composites suggest that the AEWs are dynamically stronger during the times of

diurnally enhanced convection, as discussed below.

Figure 4.10 illustrates a vertical cross-section of total relative vorticity composited

based on AEW phases. The common feature observed at all times and locations is the

cyclonic circulation (positive total relative vorticity) centered around the trough and weak

anticyclonic circulation centered around the ridge, with magnitudes between -1 and 0 not

shown. The mid-level cyclonic circulation over the eastern Atlantic is strongest at 04 LST and

weakest at 16 LST, consistent with the climatological and total AEW precipitation diurnal

peak times. Similarly, near coastal West Africa, the AEW associated cyclonic circulation

is strongest at 05 LST, coinciding with climatological and AEW total precipitation diurnal

maximal time.

At 0� , however, two diurnal peaks in mid-level cyclonic circulation were observed at 06

and 18 LST. The 18 LST peak is associated with the climatological and AEW total precipita-

tion diurnal maximum. In contrast, at 12 LST, the weaker mid-level cyclonic circulation

is associated with the climatological and total AEW precipitation diurnal minimum. The

AEW total relative vorticity at 15 � E exhibits the strongest mid-level cyclonic circulation at

07 and 19 LST, while weakest mid-level cyclonic circulation at 13 LST. The stronger mid-

level cyclonic circulation at 19 LST is associated with the climatological and AEW total

precipitation diurnal maximum.

Enhancement in synoptic wave precipitation during the times of diurnally enhanced

convection is not limited to AEWs, but also CCKWs as displayed in Figure 4.11. The CCKW

diurnal maximal total precipitation over the eastern Atlantic at 04 LST coincides with clima-

tological diurnal maximal precipitation. In contrast, CCKW diurnal minimal precipitation

at 16 LST coincides with climatological diurnal minimal precipitation. The CCKW pre-
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cipitation in each phase at 04 LST is higher than the respective CCKW phases at 16 LST

except in phase 3. Similarly, at other locations, the diurnal maximal in CCKW associated

with total precipitation coincides with diurnally enhanced convection, whereas the diurnal

minimal in CCKW associated with total precipitation coincides with diurnally suppressed

convection.

However, the rainfall varies between the CCKW phases at a particular time and is small

compared to the rainfall variation observed in the AEW phases. For example, near coastal

West Africa at 05 LST, the precipitation in all phases is higher than the climatological mean

precipitation. In fact, the suppressed phase of CCKW contributes more than the convective

phase to the total precipitation.

4.4 Discussion

CCKW vertical structure exhibits differences across the eastern Atlantic and central Africa.

CCKW associated lower-troposphere temperature anomalies enhanced more at central

Africa than at eastern Atlantic and coastal west Africa. The lower-troposphere diabatic

processes might be in�uencing the ampli�cation of temperature anomalies. The upper-

troposphere vertical velocity anomalies and positive temperature anomalies appear more

in-phase over central Africa than in the eastern Atlantic. A detailed heat budget analysis

is required to diagnose the possible mechanism for increasing the lower-troposphere

temperature anomalies.

AEWs exhibit top-heavy vertical velocity mode over central Africa while transitioning to

bottom-heavy vertical velocity mode as they move towards west Africa, which is consistent

with past studies (Janiga & Thorncroft [2015], Tomassini et al. [2017]). The AEW vertical

velocity structure matches with the climatological vertical velocity structures. Looking

at the climatological divergence pro�les indicates strong low-level convergence over the

eastern Atlantic and West Africa. It can be speculated that the regional mean low-level

convergence provides constraints on the AEW structural transition to bottom-heavy vertical

velocity mode. Detailed numerical modeling studies are required to test the sensitivity of

regional circulations on the vertical structure of AEW. To the best knowledge, there is no

uni�ed theory explaining the AEW transition from top-heavy to bottom-heavy. While a

recent study Russell & Aiyyer [2020] proposes a rotational stratiform instability mechanism

in explaining the growth of the AEW over land, it does not explain how the AEWs transition

to a bottom-heavy structure as they move towards the ocean.

Section 4.3 addressed the diurnal cycle modulation on AEWs and CCKWs convection.

In general, the diurnal cycle of precipitation is in�uenced by factors such as surface prop-
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erties (land or ocean), topographically-induced circulations (e.g., sea / land breezes), and

propagating MCSs. Nocturnal peak (01 LST) in precipitation at 15 � E is associated with the

westward propagating convective systems initiated in the late afternoon over the Tondou

Massif mountains. The late afternoon peak (18 LST) at 0 � is associated with the local con-

vective instability consistent with the result reported in Zhang et al. [2016]. In contrast, the

precipitation peak at 05 LST near coastal West Africa is a result of propagating convective

systems that are initiated over the Guinea Highlands, which re-intensify over the ocean

(Ventrice et al. [2012b],Janiga & Thorncroft [2013]). While at 30 � W, the diurnal peak at 04

LST is associated with radiative cooling, leading to more instability and increased relative

humidity, which promotes cloud development.

The AEW associated mid-level cyclonic circulation intensi�ed more during the diurnally

enhanced convective phase. In contrast, the AEW associated mid-level cyclonic circulation

is weaker compared to the diurnally suppressed convective phase. This observation suggests

AEWs temperature structure enhanced more during the diurnally enhanced convective

phase due to more diabatic heating, and through dynamical balance, ampli�es the AEW

mid-level cyclonic circulation.

The eastward propagating CCKWs associated with maximal convection over the west

and central Africa occurs during the climatological diurnally enhanced convective phase.

In contrast, the CCKW associated minimal convection coincides during the climatological

diurnally suppressed convective phase. This observation implies CCKWs selectively amplify

more during the times of locally enhanced convective phases.

Therefore, there is two-way feedback between diurnal cycle and synoptic-scale wave

convection – diurnally enhanced convection intensifying the wave circulation, and these

waves, as a result, produce more convection. However, irrespective of the time of the day,

precipitation exhibits variation with the wave phase. For example, anomalously suppressed

convection prevails in the southerlies and northerlies, whereas anomalously enhanced

convection prevails in northerlies and trough phases of AEW.

For CCKW, however, the precipitation exhibits little variation across the phases over

west Africa and central Africa. Despite a little variation across the phases, the precipitation,

in general, is more ahead, behind, and in the convective phase than in the suppressed phase

and ahead of the suppressed phase except near coastal west Africa where the land-sea

breeze circulations in�uence more on the local precipitation.
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4.5 Conclusions

AEWs undergo structural transformation as they move towards eastern Atlantic. They

transition to bottom-heavy vertical velocity mode as they move towards west Africa (see

Fig. 4.8, bottom row). The speculated reason for this transition might be due to the regional

mean low-level convergence associated with the eastern Atlantic ITCZ setting constraint

on the vertical velocity and thus diabatic heating structure to be more bottom-heavy.

CCKWs lower-troposphere temperature anomalies intensify as they move towards cen-

tral Africa. The upper-troposphere positive temperature anomalies become more in-phase

with anomalous positive diabatic heating anomalies (see Fig. 4.3, bottom row). The June–

September KW-�ltered OLR variance indicates enhancement of wave activity over central

Africa. It is speculated that lower-troposphere diabatic processes enhances the zonal tem-

perature gradients thereby the zonal pressure gradients and as a result the wave ampli�es.

Besides, the enhancements in upper-troposphere EAPE over central Africa might also

responsible for CCKW wave growth.

Lastly, the diurnal cycle modulates the AEW and CCKW associated convection and

circulations. When AEW and CCKW are in phase with the diurnally enhanced convective

phase, they intensify and produces more precipitation in comparison when they are in

phase with the diurnally suppressed convective phase (see Fig. 4.9 and Fig. 4.11).
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4.6 Figures
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Figure 4.1 Climatological vertical pro�les of a) Vertical pressure velocity, b) Divergence, c) Appar-
ent heat source, and d) Apparent moisture sink at 30 � W (black line), 15 � W (blue line), 0 � (purple
line), and 15 � E (red line) averaged between 5 � N and 14 � N. Climatological pro�les are obtained by
averaging JJAS months over 1999–2013.
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