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Abstract

High-amplitudeconvectively coupled atmospheric Kelvin waves (CCKWSs) are
explored over the tropical Rntic during the boreal summéitlantic tropical
cyclogenesis ifound to bemore frequent during the passage of the convectasiye
phase of the CCKW, andost flequent two days after its passag®8CKWsimpact
convection within theneanlatitudeof the intertropical convergence zone over the
northern tropical Atlanticln addition to convection, CCKWasoimpact thdarge scale
environment that favors Atlanticapical cyclogenesis (i.edeep vertical wind shear,
moisture, ad low-level relative vorticity)

African easterly waves (AE¥y are known to be the main precursors for Atlantic
tropical cyclones. Therefore, the relationship between CCKW#RNG activity during
boreal summeis explored AEW activity is found to increaseverthe Guinea Highlands
and Darfur Mountainduring and after the passage of the convectively active phase of the
CCKW. First, CCKWs increase the number of convective trigger AEW genesis.
Secondly the associated zonal wind structure of the CCiKWgundto affect the
horizontal shear on the equatorward sidéhefAfrican easterly jet (AEJ), such thhe
jet becomes more unstable during and after the passagecointvectively active phase
of the CCKW. The more unstable AEJ is assumed to play a role with increased AEW
growth. Through the increased number of AEWs propagating over the tropical Atlantic,
as well as from the direct impact oanvection andhe largescde environment over the
tropical Atlantic, CCKWs are recommended to be used as a means for madigen

predictability ofAtlantic tropical cyclones.



In addition to modulating tropical cyclone activity over the tropical Atlantic,
CCKWs might impact thentensification processes of tropical cyclones. A case study
highlightingtwo August 2010 tropical cyclones (Danielle and Earl) is explored for
potential CCKWtropical cyclone interactions. While predicted to intensify by most
model guidance, both Danieldend Earl struggled to do sdt is shown that Danielle and
Earl interacted witlthe convectively suppressed phaseofeastward propagating
CCKW during the time they were predicted to intensi®pmposite analysis shows that
during and after the passagiethe convectively suppressed phase of the CGKMf the
Atlantic, largescalevertical wind sheaincreasessanomalous uppelevel westerly
winds arecollocated withanomalous lowelevel easterly windsLargescale subsidence
associated with the coagtively suppressed phase of the CCKW catlseatmosphere
todry. Furtherwhentheupperlevel westerly wind anomalies associated with the
CCKW are located over the equatorial Atlantic, a tropical upog@ospheric trough
(TUTT) develops over the ndrérn tropical AtlanticTUTTs are uperlevel disturbance
known to negatively impact the intensity of tropical cyclones.

CCKWs over the tropical Atlantic tend to occur durprgferable locations of the
Maddeni Julian Gscillation (MJO). Results show thahe MJO significantly modulats
Atlantic tropical cyclogenesis using rdahe multivariate MJO indicesLike CCKWSs,
AEW activity is found to vary coherentlyith MJO passagesFurthermore, the MJO
also impacts the largecale environment that favdia Atlantic tropical cyclogenesis.
Thereforein addition to CCKWsthestate otthe MJO should basedfor Atlantic

tropical cyclogenesis mediunange predictability.
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1. Introduction

Strongconvectively coupled atmospheric Kelvin wav€CKWs) have been
shown taimpact rainfall patterns over dtopical regiongKiladis et al. 2006and
references therein}Further CCKWshavebeen shown tanpactthe timing of he onset
of the South China Sea (e.g., Straub et al. 2006),nr{dig., Flatau et al. 2003), and
West African (e.g., Mounier et al. 2008 ummer monsoonsMore recentlyCCKWs
have been shown to have a small, but statistically significant influence on tropical
cyclogenesiover the Eastern Hemisphd®essafi and Wheeler 2006; Frank and
Roundy 2006; Schreck et al. 201 spite of the importance of CCKWsur knowledge
of these waves is incomplete. CCKWs are often overlooked in daily tropical weather
discussions. This is especially trueeothe tropical Atlantievith regards to Atlantic
tropical cylogenesisndAfrican weathebecause tradition has emphasized the dgste
wave Therefore, there is a need to understand therfighct of CCKWSs on convection
and circulation over thatlantic-African zone as well as the relationship with Atlantic
tropical cyclones.This researclalsoexploreshow CCKWs might influencéhe
dynamics of the West African Monsoon (WAM) systeamdAfrican easterly wave
(AEW) activity.

AEWSs have been regarded as mhain precursorto Atlantictropical cyclones
(Carlson 189a; Zipser and Gautier 1978yila and Pasch 199Berry and "hornaoft
2005. For the JulySeptember (JAS) months between 1979 and 2001, 85% of all AEWs
(603) that propagated over the tropical Atlantic never developed into a tropical cyclone
(see Hopsch et al. 2010). This motivates the question, why do only a sel&éermim

AEWSs develop into tropical cyclones, while the majority of all AEWs do not? This



guestion highlights the importance of determining the factors responsible for
development, such as the larggale environment over the tropical Atlante
interactons withAfrican easterly waves

Frank and Roundy (2006) proposed that tropical cyclogenesis within roughly 20°
of the equator might be modulated by the family of zorattypagating equatorial and
nearequatorial waves, and theaddenJulian Oscillation(MJO; Madden and Julian
1972) It is therefore plausible th&CKWs might play a large role over the tropical
Atlantic in creating an environment favorable (or unfavorable) for the development of
tropical cyclones.In addition to tropical cyclones, CCKWsve been shown to impact
mesoscale convective systems (MCSs) over West Africa (Mounier et al. 2007; Laing et
al. 2010, 2011). Recent woskiggestshat theconvectivetriggering of MCSs over
African topography might lead to the initiation of AEWs (Beand Thorncroft 2005;
Thorncroft et al. 2008). ThereforenceCCKWs can impact the frequency and duration
of MCSs over Africa, they might also impa®EW activity during boreal summeée.g.,
Mekonnen et al. 2008).

CCKWs have been shown to interact, aveén possilyl compise part of the
anatomy of the MJONakazawa 198@)unkerton and Crum 1995; Roundy 2012
MacRitchie and Roundy 20).2In a case study during May 1998, Straub et al. (2006)
showedthata CCKW propagatd over West Africa and later initiadean MJO event over
the Indian OceanMasunaga (2007) and Roundy (2008) show that numerous CCKWs
can compospartoft he MJO6s convecti ve e havestiomgere . The:
convective and dyamical signaturesvhen collocated with the convective envelope of

theMJO. Further, Straub and Kiladis (2003b) shthat CCKW activity over the



Western Hemisphere increases dutimg decay of the active MJO over the Pacific.
Therefore, there is a suggestitiat there maydpreferable times when CCKWs are
more frequent and stronger over the Western Hemisphiireespect to théocation of
theMJO. This motivates research investigating if the MJO impacts thedaaje
environment over the tropical Atlantic.

Themajorobjectives of this dissertati@reto understand the direct and indirect
impacts of strong boreal summer CCKWs on the lsiggde environment over the
tropical Atlantic and African regions and their impact on Atlantic tropical cyclogenesis
usinga combin#éion of observational data and del reanalyse Thisdissertation is
motivated by the following overarching questions

) To what extent do CCKWSs impact convection over the tropical Atlantic
and African region®Furthermore, what are the mechanisms in which
CCKW can impact weather variability over these regions?

i) Which CCKWsareimportant to considefor tropical cyclogenesis? Is
every CCKW important to consider, or thagaimally phasedvith other
disturbances that impact the intraseasonal variabilityopical
convection such as the MJO?

1.1 Literature Review

1.11. The drytheoretical Kelvin wave

According to Mat sunoo6s A{wat& ég6ationdoaani vat i on
equatoral Betaplane for the Kelvin wave solution, atmospheric Kelvin waves consist of
purely zonal flow (Fig.1.1)Zonal velocity is in exact geostrophic balance with th

meridional pressure gradiefHolton 2004) These waves exist in the atmosphere as



result of the change in sign of the Coriolis parameter at the equatoording to Fig.
1.1., dy atmospheri&elvin waves have a Gaussian wind structhed iscenered about
the equator, with a lowdropospheric ridgen the westeresandatroughin the
easterliesTheupper tropospheric zonal windssociated with the digelvin wavehave
a direct ouof-phase relationship with those in the lovieposphere, such that upper
level zonal divergence is collocated with lovievel zonal convergenci the lower
stratosphere, drifelvin waves are associated with an average phase spee@é0f80
s ! Since the phase speed of a-dtgnospheric Kelvin wave equals ttudiits group
velocity, these modes are nalispersive Therefore in theory, dfielvin waves can
make multiple transients across the globe.

1.12. Cbsenedconvectivelycoupled Kelvin wawve

Sincesatellite observationsnd global model dataaveincreagdin horizontal
vertical resolution, more detailed observations of convection in the tropics stitatéal
addition to westward propagating disturbances, there aréagisand slovweastward
propagatinglisturbances. Nakazawa (1986, 1988) observed-phddd eastward
propagatingsynopticscale active convective cells within the MJO, which are now known
to be CCKWs.lIt is now well knownthatthere are different classes of Kelvin waves,
some of which are relatively fast propagating dry modes primarily isethe
stratosphere, while others are slower due to the coupling with convection within the
troposphere (Kiladis et al. 200%urther, there are Kelvin waves that are associated with
a NGill responseo to the actibelandKimnvecti on a
2013) CCKWs often have slowhase speedspproximately 715 ms *) over the Warm

Pool regionsd.g., Yang et al. 200/Roundy 2012and when collocated with the



convectively active phase of the MJO (e.g., Dunkerton and Crum 1995; Roundy 2008
2012. CCKWs over the East Pacif{Straub and Kiladis 2002), Atlantic (Wang and Fu
2007), and African regions (Mounier et al. 2007; Nguyen and Duvel 2008; Laing et al.
2008,2011)have slightly faster phase speeds of approximate3Qis s *.

CCKWs ae knownto substantially modulate tropical rainfall on synoptic spatial
and temporal scales (Gruber 1974; Zangvil 19&kayabu 1994\Vheeler and Kiladis
1999 Wheeler etll. 2000 Mekonnen et al. 2008This modulation of rainfall is found to
occur primarily along the latitude of the climatological intertropical convergence zone
(ITCZ), which exists between the equator 458N over the centragastern Pacific and
Atlantic basins (Kiladis et al. 2009Dver Africa and South America, the ITCZ varies
more substantially with season (Roundy and Frank 2004).

Theevolution and spatial structure lmbreal summe€CKWs over thetropical
Atlantic and African regiosifrom Mekonnen et al. (2008 shown in Figl.2.

Enhanced convectiopredominately north of the equatr collocated with lowlevel

westerly wind anomaliesyhile suppressed convectia collocated witHow-level

eastery wind anomalies Maximum lowlevel zonal convergence precedes the minimum

negative Kelvin filtered brightness temperature anomaly by rougBlgfléngitude,

consistent with the observationsTatkayabu and Murakan(i994) andStraub and

Kiladis (2003a,h. In agreementvi t h Mat sunods (water&dév)n | i near s
wave sdution, zonal wind anomalies are roughly in phase with geopotential anomalies

and are peaked along the equator. ,A not abl e
howevers that CCKWs over the Atlantic have a roegligible meridional lowevel

wind conponent. Dias and Pauluis (2009) performed an idealized modeling studly



demonstratethat CCKWs propagating along a narrow precipitation region, sucheas th
boreal summer Atlantic ITCAroduce a meridional circulation. This meridional
circulation moduites both the amount of precipitation and the horizontal extent of the
ITCZ, which can affect the phase speed of the CCKW. Further observational evidence of
meridional flow composing the dynamical structure of a CCKW is provided over Africa
(Mounier et al 2007), over the Indian Ocean (Roundy 2008), and over the East Pacific
(Straub and Kiladis 2003c).

While CCKWs arecommonly associated with a lowlavel wind structure that is
generally opposite to theoflv in the upper troposphere, these waves hagréyhtilted
vertical structures in zonal wind, temperature, and humidity (Straub and Kiladis 2002,
2003a; Kiladis et al. 2009)Figure 1.3 is an adaptation to the schematic diagram given in
Straub and Kiladis (20@8their Fig. 6) for the verticastructure of a Kelvin wave
coupled with moist convectior'Whi | e Mat suno6s (1966) solutior
wave is associated with upplevel divergence collocated witbw-level convergence,
Fig. 1.3shows thatow-level zonal convergence precedeseardpvel zonal divergence
In individual waves, the phase relationship betweenléxgl and uppelevel winds will
vary with the phase speed and zonal scale of the waviewer-levels, high pressure is
collocated with the westerly flow and lepressue is collocated within the easterly flow.
For the uppetevels, the opposite is true. Slightly to the east of the deepest convection
associated with the convectively active phase of the CCKW (approximatety 15
longitude), shallowtype convection deveswhere thestrongest lowevel zonal
convergence associated with the CCKW occurs. This sh#&jipgvconvection warms the

lower-troposphere anitis associated circulatiorertically advects moisturato the mid



troposphereDeep convection develops whdhe uppetevel divergence is greatest. The
deep convection warms and moistens the-tmidpper levels of the atmosphere. Slightly
to thewest of thedeepest convection is a stratiform cloud layer. This stratiform cloud
layer is associated with a mossgnature in the uppdevels and a dry signature at lower
levels,indicatingthat the lowlevel westerly flow associated with the CCKW is dry.
Stratiformtype precipitation falls through this dry layer and often creates cold peats
the surface.

1.1.3. Convectively coupled Kelvin waves and tropical cyclogenesis

The role of @KWSs on tropical cyclogenesis hasly beeninvestigated in a
limited number of studies (e.@gessafi and Wheeler 2006; Frank and Roundy 2006;
Schrecket al.2011; Schreck anolinari 2011) Bessafi and Wheeler (2006)xaminel
the role of all equatorial convectivetpupled waves on tropical cyclogenesis over the
Indian Ocean. While the relationshipasly weakly significant, Indian Ocean tropical
cyclogenesis is found iacrease when CCKWonvection $ located over the eastern
Indian Oceanor just after the passage of @snvectively active phasd-rank and
Roundy (2006) coustithe number of tropical cyclones that develdm a particular
phase of b equatoriakconvecively coupledwaves for all basinsA tropicalwave was
consideredvhen the running mean of its basin wide variance exceeded a threShelg.
find that tropical cyclones have a small preference to form within the convectively active
phase of CCKWs in albbasins, but conclude that CCKWs do not play a significant role in
tropical genesis except during isolated events, during Northern Hemisphere spring or

southern summer over the southern Indian Oc&amce then, Roundy has changed this



view since thalgaithm that wasusedin Frank and Roundy (2008)as less effective at
diagnosing the relationshipeptween CCKWs and tropical cyclogenesis

Schreck et al(2011)exploral how equatorial convectively coupled wa\asing
spacetime filtered rain ratedsmodulate tropical cyclogenesis over the West Pacific.
Tropical cyclogenesis was attributed to an equatorial wave if the filtered rain rate
anomaly exceeded a threshold irfdatitudelongitude box containing the genesis
location. Tropicaldepression typwaves were found to be the most common wgpe
disturbance associated with tropical cyclogenesis. Using a 3 mrhtdesshold, the
MJO had the least number of genesis events, followed by CCHMg important to note
that theuseof MJO filtered rainfall was misleading, because although tropical cyclone
activity increases during tleonvectively active phase of thJO, MJO filtered rain
rates have a smaller standard deviation thasb@bd rain ratesiVhen Schreck et al.
(2011)increagdthe declared threshold to 5 or 6 mm 'daf CKWs beame the second
most common wave disturbance associated with tropical cyclogewesiseas the most
common wave disturbances for all thresholds were tropical depragp®maves

Schreck and Molinarj2011) investigatgthe genesis of two West Pacific
typhoons, Rammasun and ChatéanJune 2002) They attribute genestd both tropical
cyclonegto the generation gfotential vorticity (PV) in association with diabatic heating
from the passages of a seriesC@KWs collocated within the convectively active phase
of the MJO(Fig. 1.4) It is important from this analysis to realize that a basic
compositing analysis, vére onecouns the number of tropical cyclogenesis events in a
Kelvin filtered anomaly, would suggest CCKWs are not important for the genesis of

these tropical cyclones since there were multiple CCKWs important for this event.



Therefore by averaging imtie, the CCKW signal would be washed out. This motivates
the current dissertation to investigate the role of CCKWs on Atlantic tropical
cyclogenesis using a methodology different to Frank and Roundy (2006) and Schreck et
al. (2011). This methodology willediscussed in further detail in Chapter 2.
1.2 Structure of the dissertation

This dissertation contairsevenchapters that address the research questions stated
in section 1.1. Chapter 2 preseatsase study exploring the unexpected genesis of
Tropicd Storm Debby (2006) and the role of a strong boreal summer CCKWeon
genesis of thereDebby AEW. An investigation regardindp¢ relationship between
Atlantic tropicalcyclogenesis and CCKWs is include@iheimpactof CCKWs onthe
largescale enviroment favorable foAtlantic tropical cyclogenesis (e.g., lelevel
relative vorticity, moistte, and vertical wind shear)iis Chapter 3.The role of CCKWs
on AEW activity is investigated in ChapterAh analysis of the impact of @CKW
passage of the intensity of tvmature 2010 Atlantic tropical cyclones (Danielle and Earl)
is provided in Chapteés. Chapte6 addresses the relative importance of the MJO over
the Western Hemisphere during boreal summer. An overview of the key seuilts

potential future work are summarized in Chagter



1.3 Figures

Fig. 1.1.Plan view of horizontal and height perturbations associated with an equatorial
Kelvin wave [taken from Holton, An Introduction to Dynamic Meteorology, ed. 4.
(2004].
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Fig. 13. A schematic diagram of the vertical structure of a CCKW. The red arrow points
towards the direction of propagation [adapted from Fig. Stiaub and Kiladis (2003)].
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Fig. 1.4. Lowlevel (850 hPa) PV (shadedyerlaidwith MJOfiltered rain ate anomalies
(green contours), Kelvifiltered rain rate anomalies (red contoyes)d850 hPa wind
vectors. ThrepreseR the teme af gefie®i®typhoons Rammasun and
Chataan, respectively [taken from Fig. 6 in Schreck and Molinari (2011)].
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2. The role of convectively coupled Kelvin waves on Atlantic tropical cyclogenesis
highlighting the genesis of TropicAStorm Debby (2006)
2.1 Introduction

Atlantic tropical cyclones over tHdDR are commonly associated wWifEWSs.
For the JulySeptember (JAS) months between 1979 and 2001, 85% of all AEWs (603)
that propagated over the tropical Atlantic never developed into a tropical cyclone,
highlighting the importance of determining the factors responsible for development (see
Hopsch et al. 2010). The genesis of Tropical Storm Debby, associated with the second
AEW during the NASAAfrican Monsoon MultidisciplinaryAnalyses (NAMMA)field
campaign (Zawislak and Zipser 2010), was extremely difficult to forecast over the
easternAtlat i c . According to t he padtasgasoro n a l Hur ri
tropical cyclone summyy the genesis of Debby occurred more rapidly than anticipated
by the Trgical Weather Outlook productshe prediction of a developing tropical
cyclonewas issud only three hours prioto genesisThe lack of warning is explained by
the fact that the prBebby AEW was quite weak over Africa just prior to tropical
cyclogenesis (e.g., Zavwak and Zipser 2010). This chapievestigates the key
processes that caitiuted to the rapid nature of the tropical cyclogenesis. These
processes include an interaction between the AEW and diurnally varying convection at
the West African coast and a CCKW over the eastern tropical Atlabtic knowledge
of CCKWs over the trdpal Atlantic during boreal summer remains incomplete.
Therefore, a major objective of this chapter is to explore the relationship between boreal

summer CCKW passages and Atlantic tropical cyclogenesis
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AEWSs, the dominant synoptic weather systems obseyvedAfrica and the
tropical Atlantic during Northern Hemisphere boreal summer, are wespwapagating
tropical waves that grow along tA&J (e.g., Reed et al. 1977; Thompson et al. 1979;
Avila and Pascii992 Mekonnen et al. 2006). Before reachihg coast of West Africa,
the AEWSs that later develop into tropical cyclones have a distinctivecooéstructure
belowthe level of the AEJ, consistent witlpasitivevorticity maximum at the level of
the AEJ (e.g., Reed et al. 1977; Kwon and Mak 18ffysch et al. 2007). They often
begin to transform towards more wanore structures as they move towards the Guinea
Highlands (GHSs) regiofb-13°N, 8-15°W] with regions of deep convection becoming
more confined to the trough (Hopsch et al. 2010).

The GHs region was highlighted in Berry and Thorncroft (2005) and Hopsch et al.
(2010) as an influential area for the amplification of AEWSs, which may increase the
likelihood of east Atlantic tropical cyclogenesis. They found that convection triggered
over the elevated terrain of the GHs tends to generatddoel potential vorticity (PV),
which merges with PV associated with an AEW during the wave passage. This PV
merging process might play a critical role in enhancing AEWs propagating over the
region. Thelow-level PV signaturés alsoevident in the appearance of a kavel AEW
trackat the latitudef the GHs near the coash addition toa secondrack over land north
of the AEJ (Thorncroft and Hodge®001).

The GHs region is composed of a serieslefaed topographic features located
in tropical West Africa, separating a portion of ssdharan Africa from the eastern
tropical Atlantic. ATropical Rainfall Measuring Missioff RMM) 3B42 Augustdaily

average rair#ll rate greater than 16 mm dagccus just downstream of the elevated
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topography of the GHs region (Fig. 2.Ihis exceptional rainfall rate downstream of the
GHs region signifies that this areaoise of the wettegilaceson the continenduring
boreal summer

Zawislak and Zipsef2010) used infrared (IRgnd microwave satellite imageiy
observehe convection during the hours prior to classificabbbebby. They suggest a
AGHsregiontyped genesidelpsto explain the formation of DebbyChiao and Jenkins
(2010) performed a meting study to explore the processes that influenced the genesis
of Tropical Storm Debby. They also concluded that the GHs region played an important
role by modulating the lovevel westerly flow that deflected northward along the GHs.
This deflection endinced the lowevel cyclonic circulation there and transported moist
air towards the north, supporting the developméMGSs

The above studies suggest the importance of understanding the convection
generated in the vicinity of the GHs region for doteeam tropical cyclogenesis. In this
regard this should include consideration of the role played by the coherent diurnal cycle,
known to be dominant in the GHs region (Mekonnen et al. 2006). Past work suggests that
convection is generally triggered clasethe topography during the late afternoon in the
vicinity of the GHs (e.g. Hodges and Thorncroft 1997; Yang and Slingo 2001; Laing et
al. 2008). In contrast, an early morning peak in convection is expected over the ocean
(e.g.,Janowiak et al. 1994Theextent to which interactions between AEWs and the
diurnal cycle are important for downstream tropical cyclogenesis is unknown.

Along with the convection generated over the GHs regionghiaptemwill
provide evidence that the pBebby AEW formed int@ tropical cyclone during the

superposition with a CCKWIt is natural to wonder if CCKWs can modulate tropical
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cyclone activity by enhancing westward propagating AEWSs over the tropical Atlantic
and/or by influencing the larggcale environmenihese igas will be investigated in this
chapter and in Chapt8 and 4

The presenthapteiis structured as follows. Section 2.2 discusses datasets and
methodology. Section 2.3 investigates the genesis of Debby focusthg ewolution of
theprecursotAEW interacting with the diurnally varyingonvectionover the GHs
region. Section 2.3 also analyzbhe convective influencef CCKWs over the tropical
Atlantic and African regions and considers the role of a CCKW on the development of
Tropical Storm Debhy Section 2.4 investigates the climatological role of CCKWs on
tropical cyclogenesis over the MDR. Finally, section 2.5 includes a discussion and final
comments.
2.2.Datasetsand Methodology

TheEuropean Centre for MediuRarge Weather Forecasts (ECMWRg
Analysis (ERAInterim) dataset was used to investigate the different synoptic evolutions
of both the tropical cyclogenesis case study and the composite CCKW analysis (Dee et
al. 2010) This dataset covers the period 1989 to present and has a honizeatation
of 1.5°. The AEW tracking method developed in Berry et al. (20G&$ applied on the
ERA-Interim datao objectivelyisolatetrough axes of individuéAEWs and locate the
mean position of the AEJ

Geostationary Earth OrbiR datafrom the Clmate Prediction Center (CPC)
merged IR datasetasused to view the diurnal cycle of convection over the GHs region
and the development of Tropical Storm Delflignowiak et al. 2001 his dataset a

compositeof all geostationary earth orbiting IR (~&tn) imagesrom the
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multifunctional transport satellite [MTSAT; formerly the geostationary meteorological
satellite], Geostationary Operational Environmental Satellite (GOES), and Meteosat
satellites Zenith angle correctiorsreused to match brightnessmiperatures away from
the respective subatellite points.This data is made available at 4 km spatial resolution
every 30 minutes.

Tropical rainfall information was provided by the TRMM multisatellite
precipitation analysis (TMPA; TRMM product 3B42uffiman et al. 2007). This dataset
merges precipitation estimates from passive microwave sensors on a set of low earth
orbiting satellites. The precipitation estimates are calibrated using global analyses of
monthly rain gauge data. This dataset is nadelable from 199&resent on dourly
0.25 latitudelongitude grids. This data has been averagedhouly 1° latitude
longitude grids to improve computational efficiency. By averaging the data onto a
coarser grid, the missing data was interpolaiédearly in space and linearly in time
from the surrounding valuésee Schreck et al. 2011 for more detall®ss than 6% of
the entire original 0.Z5lataset contained a limited number of missing values which was
found to be caused by missing geostationary IR coverage over the Indian Ocean before
June 1998 (Huffman et al. 2007).

Convection associated with CCKWs is explored using the N®Aaily
averged interpolated OLR dataset, having a horizontal gridded resolutiorf of 2.5
(Liebmann and Smith 1996) o support the analysis of CCKWs, wavenumber
frequency filtering was applied to the daily averaged NOAA interpolated OLR dataset
following the methodimgy of WK99. CCKW filtering was performed with a period

range of 2.820 days, with eastward wave numbeiB4l The filter is constrained by the
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Kelvin wave dispersion curves for equivalent depths-80 8neters. This methodology
has been demonstratedndarly in Straub and Kiladis (2002) and Mekonnen et al.
(2008). In short, this methodology decomposes a field of data into wavenumber
frequency components for eastward moving wave disturbances. Before the
decomposition, the data is detrended and the efithe time series were tapered to zero
to control spectral leakage (see WK99 for additional details).

A time serieshenceforth called the CCKW indexas developed based on a
selected grid point over the eastern tropical Atlantic (10°N, 15TW§ CKW index is
composed ofladays where the minimumegativeKelvin-filtered OLR anomalies were
less thanl.5 standard deviations in magnitude during the 1883 JJAS seasons. A
total of 142 CCKWs were objectively identified using this methodology. lesge then
used on this time series in order to examine propagating characteristics. For clarification,
i D a yof thedCCKW indexs when the minimum Kelvin filtered OLR anomaly moves
over the selected base point.

Anomalies for all composited fields were constructed as differencegliieom
long-term mean and the first four harmonics of the seasonal Batestrap random
resampling testwith one thousand iterationgere used to test the statistical significance
of the difference of the composite anomalies from Zerg., Roundy and Frank 2004)
These tests were applied tgnstructing a number shmplesqual in size to theumber
of events included in the composiehich is obtained byandomly drawing a newset of
anomalies with replacemefiom the original dataset and binning the anomalies for each

randomly drawn set.
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An analysis of tropical cyclogenesis evetitgsing 19792009was performed
usingt he Nati onal Cl i mada)dBdrACba3 datas€lenapp etaldo s ( NCDC
2010). Thedates ofgenesis of all tropical cyclones abened relative to when OLR
anomalies associated with the composite convectively active phase of the CCKW reached
a level that was negative at the 95% significance level. A bootstrap resampling test was
performed for statistical significancén order toinvestigate the relationship between
CCKWs and tropical cyclogenesis, tropical cyclogenesis is limited to only within the
MDR (see section 2.4).
2.3.Case Study: The genesis of Tropical Storm Debby (2006)

2.3.1. The evolution of the African easterly wassociated with Tropical Storm

Debby

The evolution of the pr®ebby AEW is highlighted in Figure 2.2. Key
diagnostics include the 650 hPa PV, IR brightness temperature, and the mean location of
the AEJ and AEW trough axes. The initiation of the Pedby AEW occurred after the
generation of a strongCS on 18 August over West Africa (betweenI’N, 05°E;
Fig. 2.2b), and is consistent with the triggering hypothesis discussed in Thorncroft et al.
(2008). lItis difficult to observe the AEW trough axis at this time due to the overall weak
characteristicef the AEW. On 19 August, the mldvel circulation began to intensify
as the AEW propagated westward over tropical Africa (Fig. 2.2c). Convection was
observed on 19 August over Senegal, downstream of the AEW trough axis, consistent
with the observatianof previous AEW composite studiesd., Carlson 1969a,Reed et
al. 1977; Payne and McGarry 1900uvel 1989; Diedhiou et al. 1999; Kiladss al.

2006.
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On 20 August, the AEW trough reached the longitude of the GHs region (Fig.
2.2d). At this timethe peak value of PV associated with the AEW was 0.3 PV units
(PVUs). On 21 August, convection was more confined to the AEW trough axis (Fig.
2.2e). This location of convection resulted in an intensification of thdewel PV, with
the PV maximum of & PVUs located behind the AEW trough axis. Six hours later at
18Z on 21 August, the NHC classified theqrebby AEW as a tropical cyclone. On 22
August, the tropical cyclone tracked northwest over the eastern tropical Atlantic; well
defined rain bandsxist to the east of the tropical cyclonBuring the intensification of
the preDebby AEW, the 850 hPa meridional wind associated with thdduel
circulation of the AEW more than doubled from 2.5 hos 00Z August 20 to greater
than 5ms *on 00Z Awgust 21 after propagating over the GHs region (not shown). As will
be shown in the following subections, this development likely had contributions from
convection generated downstream of the GHs during the time of the AEW passage
(section iii) and the drancement of convection by a CCKW (section 2.3.5).

2.3.2. Diurnal cycle of convection over the Guinea Highlands region

Figure 2.3 shows the exceedance frequency of pixels less than 233 K for August
19982009. This provides an approximate estimation efabherent diurnal cycle of
rainfall (e.g., Duvel 1989; Mounier et al. 2007; Nguyen and Duvel 2008). There are two
regions of elevated terrain near the coast
(recall Fig. 1). The taller, northern most topodragdeature (1L2°N, 10-13°W) is the
Fouta Djallon Highlands (FDHs). The FDHs have a climatological daily rainfall rate of 8

12 mm da}*. The southeastern most topographic featEOR, 7-11°W) is the Nimba

21

0



Range. The NimbRange has a slightly lower climatological daily rainfall rate-a006
mm day’.

The diurnal cycle of convection over these regions is as follows. At 03Z, the
strongest convective signals are located in two regions, northwest of the FDHs and just
off the coast of West Africa (Fig. 2.3a). A northwsstutheast oriented line of
convection is located over the extreme eastern Atlantic next to the coast. During the next
three hours (062), the continental convection to the northwest of the GHs region weakens
(Fig. 2.3b). The northwesioutheast oriented line of oceanic convection is strikingly
enhanced at this time. At 09Z, the strongest convective activity continues to move
westward over the ocean, slightly increasing in frequency (Fig. 2.3c). The deavect
signal over the continent continues to weaken.

At 127, the convective activity over the continent is at a minimum while
convection over the ocean remains pronounced (Fig. 2.3d). The reduction of cloudiness
increases daytime solar heating reachimgsilirface, warming the land and destabilizing
the boundary layer. The maximum oceanic convection begins to decrease and shift
slightly westward by 15Z. At this time, a new convective signal begins to appear over
the coastal terrain downstream of the Gétgion (Fig. 2.3e). This convective signal later
grows in amplitude and extends across the entire contiredatal terrain at 18Z (Fig.
2.3f). A 233K exceedance signal greater than 25% occurs over and downstream of the
FDHs with a second, more locaid area over the Nimba Range. This convective pattern
suggests that the elevated topography in this region acts to strongly influence the diurnal

cycle of convection there. During the evening hoursQ@2), the convective signal over
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the ocean continugs weaken considerably while the convective signal over the
continent remains prominent (Fig. 2-8Y
In summary, convection most frequently occurs betweenrl®¥ZZover the
eastern tropical Atlantic, in close proximity to the coast of West Africas dtganic
convective signal is manifested by botipropagating MCSs that were either+erasting
or directly generated over (or downstream) of the GHs topograihiy) morning
convection generated directly over the ocean. A transition from oceaninated
convection to continental dominated convection occurs between 15Z and 18Z (Fig. 3e).
2.3.3.The interaction between the convection generated by the Guinea Highlands
region and the prdebby AEW
Figure 2.4 shows the CPC IR brightness temperature on 03Z August 20 through
00Z August 21 2006, the time of the AEW passage. The AEW trough axis and AEJ
location are only plotted every 6 hours due to the time resolution of theliiBAmM
dataset. This §ure indicates thahediurnally varyingconvection generated within the
vicinity of the GHs on 20 August was very similar to the coherent evolution described
above and that this contributed to the intensification of théplgy AEW leaving the
coast ofWest Africa.
During the early morning hours (@®Z), convection was generated directly off
the coast of West Africa over the eastern tropical Atlantic similar to the coherent diurnal
cycle (Fig. 4ac). Between 09 and 12Z, the convection extendettsligorthward over
the ocean, but was still very clearly tied to the coast (Fig-@.4ét 12Z, a clearing
along the coastal terrain was obserasesl t he previ ous dayo6és convec

Fig. 2.4d). This clearing occurred ahead and along the &BMgh axis, suggesting that
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the forcing from the diurnal cycle of convection was greater than that of the AEW. By
157, convection began over the land close to the coast directly where the clearing of
cloudiness was observed earlier (Fig. 2.4e). At B&2p convection associated with
MCSs formed directly downstream of the FDHs (Fig. 4f). These MCSs occurred within
the vicinity of the AEW trough axis and through the generation ofttemid level PV,
the AEW would be expected to strengthen at this thm@1Z, the convection associated
with the MCSs intensified and extended northwestward (Fig. 2.4g). At this time, there
are two largescale convective features. There is a large MCS over the coast of Senegal
and second MCS over the eastern tropicalraita The oceanic MCS was linked to the
convection generated during the early morning. This MCS differs from the coherent
diurnal cycle since it remained prominent during the afternoon which is presumably
associated with the forcing from the AEW. Thes@®tMCS was linked to the afternoon
induced convection over land near the FDHs. This MCS occurred during a time
consistent with the generation of new convection in the coherent diurnal cycle. Figure 2.4
suggests that the combined effects of the southlesydssociated with the circulation of
the preDebby AEW and the topographic influence provided by the FDHs played a
critical role in organizing this MCS (e.gchiao and Jenkins 2010Between 00Z
and12Z August 21, the convection once initiated ovelaihé merged with the active
convection over the ocean, marking the early stages of tropical cyclogenesis.

The initial intensification of the prBebby AEW on 20 August occurred after
interacting with the diurnally varying convection generated downstoédhe GHs
region. Convection was observed over the eastern Atlantic during the early morning

hours of 20 August, consistent with exceedance frequency composites (c.f., F). 2.3a
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According to Zawislak and Zipser (2010), the MCS embedded withincibena
convection just off the coast of West Africa possessed a similar magnitude to the
afternoon triggered MCS on 20 August. Recall this MCS over the ocean defied the
coherent diurnal cycle of convection by maintaining its structure during a time of day
when convection is on average suppressed over the ocean. ltis likely that the synoptic
forcing by the intensifying AEW influenced the development of both MCSs. This idea is
consistent withtGray andJacobson (1977yho found that the diurnal cycle is me
evident within morentense deep convective systenMcGarry andReed (1978)
confirmed this resulising theGATE array. However, this was also a time when the
convectively active phase of a CCKW was located over the eastern Atlantic and coast of
WestAfrica. The impact of CCKWs on the diurnal cycle of convection over West Africa
is unknown and may have aided in the generation of the two strong MCSs that amplified
the preDebby AEW on August 20.

2.3.4. The convective influence of convectively coupleldin waves over the

tropical Atlantic and Africa

Composites of CCKWs over the tropical Atlantic and West Africa are calculated
by averaging fields of unfiltered OLR anomalies, Kelvin filtered OLR anomalies
200 hPa wind anomalies over the set of datése CCKW index (Fig2.5). Day O is
defined to be when the composited minimum Kelvin filtered OLR anomaly is located
over the base point (10°N, 15°W), chosen to be close to the West African coast.
Consstent with previous studies, this figure clearly highlights eastward progression of
negative OLR anomalies within the composited convectively active phase of the CCKW

over the tropical Atlantic and Africa.

25



The convectively suppressed phase of the coitggb€ CKW (blacksolid
contour) moves eastward ahead of the convectively active phasedblstoéd contour),
reducing local convection over the Atlantic ITCZ and tropical African regions. The
convectively active phase of the CCKW progresses eastwartlylenhancing
convection. A secondonvectively suppressed phase of the CCKW follows the
convectively acti v-actvphwper. e sTshe 60 Acampye ectsiswed
associated with the CCKW travels eastward with an average phase speed of roughly 15
ms !. This phasepeed is consistent with thel® s * observed CCKW phase speeds
over the Indian Ocean (e.g., Dunkerton and Crum 1995; Roundy Ro08dy 2012a)p
the western Pacific (e.g., Wheeler and Kiladis 1999), the eastern Pacific (e.g. a8ttaub
Kiladis 2002), and over West Africa (e.g., Mounier et al. 2007). Kiladis et al. (2009)
attributes these slower than theoretical phase speeds to the reduced effective static
stability of the atmosphere, which is associated wathdenational heating athcooling
canceling outnost but not all of the temperature changieked tovertical motion

Off-equatorial invigorated convection is collocated with the convectively active
phase of the CCKW between D&/and Day +1 over the eastern Atlantic and GHs
region (Fig 2.56g). The enhanced convective signature associated with the CCKW is
later located over tropical Africa between Day +1 and Day +4 (Fig-K).5rhe off
equatorial convective signature is consistent with the location of the warmest sea surfac
temperatures (SSTs) in this region during the boreal summer. Near the equator itself,
climatologically cold SSTs within the equatorial Atlantic cold tongue prevent deep

convection from occurring the(eot shown) This offequatorial convective signature of
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the CCKW occurs similarly in the eastern Pacific, where the East Pacific cold tongue is
present (Straub and Kiladis 2002).

Along with a coherent eastward moving convective signature, CCKWéal®o
a coheent wind structure that progresses eastward with the wave. Emphasis will be
given to the uppelevel wind structure of the CCKW here, but it is acknowledged that
CCKWs have a lowelevel wind structure that is generally opposite to the flow in the
upper toposphergwith low-level convergence preceding upjevel divergence by
roughly 15 of longitude(see Mounier et al. 2007; Roundy 2008). The wb@ezl wind
pattern associated with the composited CCKW over the tropical Atlantic is similar to the
theoeticaldry Kelvin wave solutionNear the equator, uppkavel westerly wind
anomalies occur ahead of the minimum Kelvin filtered OLR anomaly. Theseleppkr
westerly wind anomalies extend eastward through the leading convectively suppressed
phase. Uperlevel easterly wind anomalies are observed behind the minimum Kelvin
filtered OLR anomaly and extend westward through the second suppressed phase. This
anomalous wind pattern highlights largeale uppetevel wind divergence and is
consistent with theeep convectioassociated witthe convectively active phase of the
CCKW. To the north of the equator, meridional wind anomalies compose a large portion
of the uppeilevel wind structure of the composited CCKW. On D2ya broad area of
anomalous antielonic wind flow is collocated with theonvectively active phase of the
CCKW over the central Atlantic ITCZ (Fig. 2.5e). These winds are likely a response to
the off equatorial heating from convection at this time (e.g., Ferguson et al. 2009; Dias
andPauluis2009). On Dayl, the anomalous broad upgevel anticyclonic circulation

shifts eastward with the convectively active phase of the CCKW ZF5§). One day
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later (Day 0), this anomalous anticyclonic circulation becomes less coherent, but
anomabus easterinortheasterly flow is evident over the entire equatorial Atlantic and
anomalous westerly flow is over West Africa (Fig. 2.5f). This anomalous Ugyper
wind divergence pattern progresses eastward with the convectively active phase of the
CCKW during the later lags (Fig. 2.8p

2.3.5. The convectively coupled Kelvin waagsociated with the genesis of

Tropical Storm Debby

The superposition of a CCKW and the {rebby AEW occurred over the eastern
tropical Atlantic on 21 August. This excéaptal CCKW was associated with2al
negative Kelvin filtered OLR anomaly, ranking the wave within the strongest 5% of alll
JJAS (19722009) CCKWs over the selected base point. A fiomgitude plot of
unfiltered OLR anomalies overlaid with only negati€edvin filtered OLR anomalies
infer that this CCKW was nedispersive in nature, making at least one circuit around the
globe (Fig. 2.6)This CCKW is associated with @astward progression of negative
Kelvin filtered OLR anomalies (dashed contours) beigig over the East Pacific
(120 W) on 14 August and ending over the central Pacific on 6 Septembé&i)18Bor
most of this track over the Atlantic and West Africa, unfiltered negative OLR anomalies
progress eastward with the Kelvin filtered negative Qlodiemalies. The negative Kelvin
filtered OLR anomalies associated with the CCKW that influenced the genesis of Debby
do not connect to the area of negative Kelvin filtered OLR anomalies back over the
eastern Pacific on 16 August. While the negative Keliliered OLR anomalies suggest
that the CCKW associated with Debby is different from the upstream CCKW over the

centrateast Pacific [13A40° W] during August14-15, it will be shown that these
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features are the same and will be illustratethenuppetievel field (see sectioB.3.9.
This result suggests that the CCKW associated with the genesis of Debby originated
much further west over the Indian Ocean°@pPon 3 August. A detailed synoptic view
of the interaction between tICKW and the prédebbyAEW is now highlighted in Fig.
2.7.

Due to the complexity of this figure, only the convectively active phase of the
CCKW is discussed. On 18 August, the convectively active phase of the CCKW was
expressed north of the equator over South America 2Fi@). At this time, the pre
Debby AEW was located roughly near the Greenwich Meridian. The first sign of
enhanced convection along the Atlantic ITCZ associated with the CCKW was on 20
August over 510° N, 25-:35°W (Fig. 2.7c). The amplification of nega#éi OLR anomalies
over the MDR occurred during the superposition between-expséing AEW (pre
Ernesto) and the convectively active phase of the CCKW. Negative OLR anomalies
associated with the piternesto AEW grew in horizontal area, extending ov&0UN,
25-60°W on 21 August (Fig. 2.7d). This AEW later formed into a tropical depression
near the Lesser Antilles on 24 August (Fig. 2.79).

By 21 August, negative OLR anomalies associated with the CCKW were
observed over the eastern tropical Atlantightighting the initial interation between the
preDebby AEWand the CCKW (Fig. 2.7d). Eighteen hours later, the AEW formed into
a tropical cyclone. On 22 August, the tropical cyclone intensi§tiwithin the
convectively active phase of the CCKWdFR.7¢e). Note thaiver West Africa, an area

of positive OLR anomalies located within the convectively active phase of the CCKW
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and is associated with the local suppression forced by-exstng westward moving
AEW.

Convection associated withdpical Storm Debby weakened on August 23 after
the passage of the convectively active phase of the CCKW (Fig. 2.7f). The suppression
of convection over Tropical Storm Debby at this time has been related to its
northwestward track into unfavorable condigcassociated with a strong Saharan air
layer (SAL; see Zipser et al. 2010). This suppression might also be associated with an
interaction with the convectively suppressed phase of the CCKW (not shown).

During the subsequent days following the genet&[3ebby, the convectively
active phase of the CCKW progressed eastward over tropical Africa and provided an
environment favorable for deep convection (Fig-h)f On 25 August, the negative
OLR anomalies associated with the CCKW are observed to exten®@° of longitude
over Africa, highlighting the significant role of the CCKW on African convection (Fig.
2.7h).

The focus is now given to the anomalous ugpeel wind field associated with
the passage of the CCKW. Upgevrel westerly wind anomis were over the
equatorial Atlantic, ahead of the convectively active phase of the CCKW on 18 August
(Fig. 2.7a). Anomalous uppé&vel anticyclonic flow developed over the tropical
Atlantic (centered over 2N, 37°W) on 21 August during the superpositibetween the
convectively active phase of the CCKW and thepneesto AEW (Fig. 2.7d). This
anomalous anticyclonic circulation was also demonstrated in the CCKW composites
suggesting that this is a robust feature of CCKWs (recall Figs. 2.5e,f). FomtBér

August, anomalous equatorial easterly flow was to the west of the minimum Kelvin
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filtered OLR anomaly, with anomalous equatorial westerly flow to the east (Fig. 2.7e).
This anomalous uppédevel wind pattern over the eastern tropical Atlantic destrates
that the CCKW strongly contributed to the increased ujgpel divergence over the
eastern Atlantic. Further, anomalous northerly winds developed over the eastern tropical
Atlantic during the passage of the convectivatyive phase of the CCKWTIhese
anomalous northerly winds were most evident during the superposition between the
CCKW and the prddebby AEW on 2122 August, and suggests that the CCKW
increased both the convection and convective outflow of th®pbby AEW. These
anomalous nort#rly winds over the eastern Atlantic are also demonstrated during the
passage of the convectively active phase of the composited CCKW (see F@). 2.5f

The uppeilevel wind structure of the CCKW was lessherent over tropical
Africa. Between the 2% and 24" August, the uppelevel wind anomalies over Africa
within the convectively active phase of the CCKW are mostly meridionally oriented (Fig.
2.7eQ). This anomalous wind pattern is inconsistent with the composited CCKW- upper
level wind structure ahmight result from complex interactions occurring over Africa on
different spatial and temporal scales that were not associated with the CCKW (e.g.,
AEWSs, equatorial Rossby waves, etc.). In this particular case, the circulation ef a pre
existing, very lage westward propagating AEW destructively interfered with the upper
level wind structure of the CCKW between 22 August and 24 August. However by 25
August, an anomalous upplervel anticyclonic circulation reestablished within the
convectively active plse of the CCKW over eastern Africa (Fig. 2.7h). Anomalous

easterly winds extended westward over equatorial Africa and the equatorial Atlantic from
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the broad anomalous anticyclonic circulation over eastern tropical Africa, suggesting that
the CCKW maintaiad its dynamical structure during the brief period of interference.

A summary of the sequence of events that resulted in the genesis of Tropical
Storm Debby now follows. Enhanced, deep convection occurred over tbepby
AEW during the passage of thenvectively active phase of the CCKW. This
convection was found to be associated with two strong MCSs (see Zawislak and Zipser
2010). These MCSs were initially generated downstream of the GHs region on 20
August, in association with the dynamical fociinom the preDebby AEW. It has also
been demonstrated that these high amplitude MCSs intensified during the superposition
between the convectively active phase of the CCKW and thBglsey AEW on 21
August. Presumablytte influence of deep convecticavbred within the convectively
active phase of the CCKW on the {pebby AEW aided the tropical cyclogenesis via
increased latent release and PV generation (recall Fig. 2.2e).

2.3.6.Thelocal state of theMadden Julian Oscillation

High amplitude CCKWsre often superimposed with the convectively active
phase of the MJO (Dunkerton and Crum 1995). An Ndb@se space type diagram (e.g.,
WHO04), using a new MJO index (see Chapter 7 and Appenéix #urther detail}
indicates that thapperlevel divergace associated with the convectively active phase of
theMJO waslocated over the Western Hemisphgrykgse 8 with an amplitude greater
than)dur i ng t he t i mdVemtrice eDad BOY1P0d3seegChaptertsi s
(Fig. 2.8) Therefore, th&€CKW associated with the genesis of Debby may have had

contributions from the lovirequency forcing of the MJO over the Western Hemisphere.
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Between August 22 and 27, the Md@ntinued to propagaeastward over the Atlantic
and African regions, and later ouee Indian Ocean between September 6 and 15.

While MJO-phase space diagrams are useful to identify the phase and amplitude
of the MJO, it idifficult to depict the spatial structure of the MJO throagbh a
method. Therefore, Fi@.9 shows a timéongtude plot of unfiltered 200 hPa velocity
potential (henceforth VP200) anomalies (shaded), with MJO filtered VP200 anomalies
(black contours), and Kelvin filtered VP200 anomalies (rredtored contours). The
ADO r e pr ecatienmahddime ofeaessioforropical Storm DebbyMJO activity
was strong during the month of July, weakened during early August, -astetingthened
towards the end of August. CCKWs were present during the entire time péreod.

CCKW associated with the genesis of Debhlalgich is now identified in the VP200 field,

can be traced back to early Judnd clearly completenchultiple transients around the
globe.Recall that the CCKW in the OLR field was less continuous around the globe, and
suggests that VP200 might be a morefukfield to filter for identifying CCKWs.

Between July 20 and August 5, the convectively suppressed phase of the MJO
propagated eastward across the Atlantic. During early August, thesigd@lweakened
andtheconvectively suppressed phase of @@KW associated with the genesis of
Debbybecame the strongest synoptic feature in the trogdibs. convectively suppressed
phase of this CCKW propagated eastward over the tropical Atlantic and Africa between
August 1 and.9, andlater overthe Indian Oceabetween August 20 and August 25.
Oncethe convectively suppressed CCKW phasegagated over the Indian Ocedre
convectively suppressed phase of MO reformedsuggestig a possible relationship

between CCKWs anthe MJQ Note that positivévJO filtered VP200 anomalies bega
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to develop over the Indian Ocean prior to plassage of the convectivedyppressed
CCKW phaseand mightbe a result of a the filtering technique sincephbsitiveMJO
filtered anomalies start in an area of negative unfiltereB0O@Ranomalies.

Between July 27 and August 15, weak negative MJO filtered VP200 anomalies
propagatd eastwardacross theentralPacific. Thereafter, these negative MJO filtered
VP200 anomalies propagdteastwardverthe East Pacificat what appears to be too
slow of phase speedhen compared tdeentire eastward progressiegveloge of
unfiltered negativé&/P200 anomaliethat passed over thfglantic and African regions
between approximately August 16 and Septembd&uting thistime, the spacetime
filtered VP200 anomaliegdicate that theonvectively active phases afpair of
CCKWs were the main synoptic featu@eer the Atlantic and African regions he first
of the twoCCKWs wasthe waveassociated with the genesis of Dgb As the
convectively active phase of the second CCKW propagated over Afreay
convectively activeMJO signal developethere ThisfiMJO initiatiordis questionable
since the overall eastward progression of unfiltered negative VP200 anomalies is
continuous in time over Africa, arsiliggests that the filter technique is struggling due to
negative VP20@nomalies propagatinga fast for MJGtime scale filtering.

Nevertheless, there was an apparent phasing betive & CKW associated with the
genesiof Debbyand the MO. This idea that CCKWs over the Western Hemisphere

might be stronger during preferable MJO states will be addréstsedh Chapter 3.
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2.4.The climatological relationship between strong convectively coupled
atmospheric Kelvin waves andAtlantic tropical cyclogenesis

CCKWs might modulate tropical cyclogenesis over the MDR) blyrectly
amplifying westward propagating AEWSs, igrproviding a favorable environment over
the tropical Atlantic for genesis. To investigate ¢lemeral relationship between CCKWs
and tropical cyclogenesis, FiglP.shows a timdongitude composite using the CCKW
index of unfiltered OLR anomalies (shaded) and the locations of tropical cyclogenesis
events occurring equatorward of 25°N. Generdligre is a low number tropical
cyclogenesis events observed between the leading convectively suppressed phase and the
convectively active phase of the CCKW. Tropical cyclogenesis is more frequent within
the convectively active phase of the CCKW (as isctse of Tropical Storm Debby;
larger yellow crossed circle). However, tropical cyclogenesis becomes most frequent just
after the passage of the convectively active phase of the CCKW. This increase of tropical
cyclogenesis events occurs in the generd arfter the passage of ttanvectively active
phase and during the initial passage of the second convectively suppressed phase.

To quantify the counts of tropical cyclogenesis events relative to@eNCin
daily intervals, Fig. 2.1%8hows the numbef tropical cyclogenesis events relative to the
local passage of thmonvectivelyactive phases of CCKW&3he start of Day 0 represents
the transition to statistically significant unfiltered negative OLR anomalies associated
with the CCKW over the entire DR (slanted bold black dashed line on Fig.(g. One
day prior to the convectively active phase of the CCKW (Rya minimum of tropical
cyclogenesis is observed. This relatively redygedod of tropical cyclogenesis activity

occurs after the passagf the leading convectively suppressed phase of the CCKW. A
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large increase in the number of tropical cyclogenesis events is observed betwegn Day
and Day +2, the peak in tropical cyclogenesis frequency. This peak is statistically
different from the ounts of tropical cyclogenesis events in four different lags (Bay
Day-1, Day 0, and Day +3) at the 95% level. Further, the count of tropical cyclogenesis
events on Day +2 is ststically different from theclimatology at the 90% level.

This leadlag relationship between the passage of the convectively active phase of
the CCKW and the increased events of tropical cyclogenesis activity may occur due to a
lag between convective enhancement over a tropical wave and the actual naming of a
tropical cyclme. On the other hand, since the peak of tropical cyclogenesis events does
not occur under the convectively active phase of the CCKW (Day +2 occurs between the
convectively active phase of the CCKW and the second convectively suppressed phase),
the enhanement of tropical cyclogenesis activity might not occur from convective
processes alone. We hypothesize that the CCKW may be impacting thedalge
environmental conditions associated with tropical cyclogenesis. This hypothesis will be
explored in Chajer 3.
2.5.Discussion and Conclusions

Observations were presented of an initially weak AEW undergoing tropical
cyclogenesis after interacting with the convective processes generated downstream of the
GHs region, as well as interacting with an eastvmogagating CCKW during the 2006
NAMMA field campaign. These observations present a new aspect of tropical weather
variability over tropical Africa and tropical cyclogenesis variability over the tropical

Atlantic.
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CPC IR data indicatkthatthe pe-DebbyAEW interacted with the coherent
diurnal cycle of convection generated over the GHs region. These daily convective
processes enhanctdt pe-Debby AEW as it propagated off the coast of West Africa.
Early morning oceanic convection was observed pritinégassage ohe pe-Debby
AEW. This oceanic convection remained active during the afternoon hours, a time when
convection is normally suppressed. During the passatie gfe-Debby AEW over the
GHs region, deep afternoon convection generated dinecttirwest of the FDHs and
occurred within the vicinity of the AEW trough, enhancing the AEWh 21 August, the
convectively active phase of the CCKW first interacted with theDaieby AEW just off
the coast of West Africa (Fig. 2.6d). This was the same that Zawislak and Zipser
(2010) observed two of the strongest West African MCSs seen in the JJASA®O8
TRMM climatology. These MCSs were initially generated by the interaction between the
diurnal cycle of convection generated by the GHs regmhtlae preDebby AEW. On
21 August, the minimum Kelvin filtered OLR value is located roughly 15° west of where
the strong MCSs were observed by Zawislak and Zipser (2010). In addition from the
forcing of the preDebby AEW, it seems likely that these sigoVICSs were also
influenced by the CCKW.

The genesis of Tropical Storm Debby occurred during the superposition between
the convectively active phase o€&€KW andthe preDebby AEWon 2122 August.
Tropical cyclogenesis occurred during the CCKW passafjf@zaon 21 August. Based
on the analysis presented here, it is suggested that the CCKW modulated the wind field
over the eastern tropical Atlantic prior to and during the passage pe-Debby AEW.

The modulation of wind was demonstrated by investigahe uppetevel winds, but
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CCKWs also influence winds in the lower troposphere. Anomalouddo®l westerly

wind anomalies are collocated with the convectively active phase of the CCKW, whereas
anomalous lowevel easterly winds are collocated witltime leading convectively
suppressed phase (not shown). Therefore, during the superposition of the convectively
active phase of the CCKW atige pe-Debby AEW, one might expect an enhancement

of the lowlevel westerly winds near the equatdfizy and Cod (2010) found that the
development of the prBebby AEWover the Cape Verde region was associated with a
stronglow-level westerly jet located just south of the 85®a vortex center. Eh
acceleration ofow-level westerly flov prior to tropical developenthas beerfiound to

bean influential mechanism in providing the external forcing (e.g.;lex&l cyclonic
vorticity and largescale vertical ascent) necessarytfopical cycl@enesis (e.g., Gray

1988, 198; Lee et al. 198Briegel and Frank 1997)Theacceleration of lowevel

westerly flow prior to development of Deblnay have had strong contribution from

the CCKW.

Vizy and Cook (2010) suggest that the AEW {praesto) that preceded the pre
Debby AEW created a surge of ldevel westerly flomwhich provided a favorable
environment for the genesis of Debby. An alternative hypothesis is suggested here,
highlighting the fact that both AEWSs interacted with the s@8@&W, a synoptiescale
feature that influenced the MDR roughly during the perio@4&ugust. The
superposition of the two different AEWs with the convectively active phase of the
CCKW occurred over different regions of the MDRIis possible thaErnesto did not
immediately form into a tropical cyclone after interacting with the CCKW on 20 August

dueto interactionswith astrong SAL (Zipser et al. 2010). Ernesto later formed into a
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tropical cyclone on 24 August, after moving out of the SAL emvirent. Debby formed
immediately into a tropical cyclone over the eastern Atlantic while interacting with the
same CCKW but decayed soon after moving northwestward into a strong SAL outbreak
(see Zipser et al. 2010). In contrast to this hypothesis, §2@i®) and Sippel et al.

(2011) find that subsidence associated webp] dy convective mixing over the Sahara
created the dry air over the eastern tropical Atlamtiagch eventually lead to the decay

of Debby.

The local state of the MJO duringtheém of Debbyds genesi s
enhanceaonvection over the Western Hemisphere and suppressed convection over the
Indian Ocean and Maritime Continent. TDEKW associated with the genesis of Debby
was superimposed with the convectively active phasieeoMJO, indicating a possible
relationship between the MJO aB€KWs. The nature of the relationship between the
MJO and CCKWs is unclear and will be discussed further in Chapter 3.

A coherent relationship between tropical cyclogenesis over the MDR and
CCKWs is also revealed from a climatological perspective. Tropical cyclogenesis is
found to be significantly lower after the passage of the leading convectively suppressed
phase of the CCKW. Tropical cyclogenesis becomes significantly more frequent two
days after convection is initially excited by the CCKW. This relationship opposes the
past work that suggest relatively minor relationships between tropical cyclogenesis and
CCKWs (e.g., Frank and Roundy 2006; Schreck et al. 2011) and is quantified by
courting the number of tropical cyclones that form relative to an eastward propagating

CCKW.
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In order to fully assess the influence of a CCKW passage on tropical
cyclogenesis, an analysis of CCKWs within the lesgale environment is needed. Since
a two dy lag exists between the passage of the leading edge of the convectively active
phase of a CCKW and the peak of tropical cyclogenesis frequency, there is a suggestion
that CCKWs may alter larggcale environmental conditions over the MDR for a period
of time after its passage addition to enhancing convection. This analysis will be

presented in Chapter 3.
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2.6. Figures

August TRMM Rainfall Rate
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Fig. 2.1. August (1998009) averaged TRMN3B42rainfall rate(mm day?) is shaded
and elevation (m) isontoured. Shade interval is 2 mm Haygontour interval is 500 m
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Fig. 2.2.The evolution othe pe-Debby AEW.Brightness temperature shadedand 650
hPa PV is contoured (blackpAEW trough axs are identified as nortkouth oriented
solid lines(red) and the mean position of AEJ is identified by the dashed line (red).
Shade interval is 10°K; Contour interval is 0.1 PVUs.
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Fig. 2.3.198320 August hourly average233K exceedancé&requencyfor every 3
hours Shading represen#s estimation ofhe percentage of time a cloud is precipitating
Shade interval is 0.025.
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Fig. 2.4.Brightness temperature (shadédhlighting the interaction between the pre
Debby AEW and the diurnal cycle of convection beginnin@3a August 20and ending
on00Z August 21 (2006hor every 3 hoursThe AEW trough axis is identified by the
north-south oriented line (red) and the AEJdsntifiedby the zonally oriented dashed
line (red). Shade interval is 10°K.
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Fig. 2.5.Composite maps MlOAA daily averagednterpolated unfiltered OLR

anomalies averaged over each CCKW lag. OLR anomalies statistically different than zero
at the 95% level are shaded. Kelvin filtered OLR anomalies are contoured if statistically
different than zero at the 95% level. Negative Kehitered OLR anomalies are dashed.
Vectors represent 200 hPa wind anomalies only showing magmtudes greater than 0.5
ms !, Shade interval is 1 Wi contours begimt (+£) 3 Wi ? and the contour interval

is 6Wm'?; reference wind vector is 1 fris
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Fig. 2.6. A timelongitude plot averaging unfiltered OLR anomalies (shaded) and only

negative Kelvin filtered OLR anomalies (dashed black lines) between the-I12A5 N

|l atitude band. The ADO0O represents the | ocat
cyclone.Contours begin a8 Wi ? and the contour interval i§ Wm'?,
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