UNIVERSITY OF READING

Department of Meteorology

Downstream Transformation of African Easterly Waves:
Criteria for Development

Simon Rowell

A dissertation submitted ipartial ulfilment of the requirements for
the degree of Master of Science in Applied Meteorology

August 18' 2010






Abstract

Each year North flantic hurricanes causiathsand billions of dollars worth alamage to property
and infrastructure. The majority of them originate from African Easterly Waves (AEWSs) which
propagate from the West African coast across the Atlantic. This investigation looks into the
downstrean transformation of AEWSs into tropical hurricanes, and aims to identify specific
differences between developing and tmveloping AEWSs to aid in the forecast and tracking of

tropical hurricanes.

Methods of tracking and ahtifying AEWSs are investigatezhd the automatic tracking of maxima of

the vertical mean of relative vorticity between 850 and 600 hPa is casgka automatic tracking
parameteto be used after AEWs have moved over the Atlantic. Direct observation and manual AEW
identification using the 600 hPa relative vorticity field is the method chosen for identifying AEWSs as
they cross the West African coast. Case studies of developing amttweloping AEWSs are

presentecdnd from these the hypotheses posed that cyclogenesis from an AENdsiepghe

downstream relationship with the African Easterly Jet (AEJ)rdlaive humidity distributiomnd

the presence of deep convection.

These hypotheses are then investigated using a compositing technique for all the AEWSs for the period
June toSeptember of 2005 to 2009 from the Interim ECMWFARalysis data (ERA) in two
regionsi the West African coastal region and also a region referenced to the initiad araan

automatic tracking point for each AEW.

Analysis of these composite data sets shows that developing AEWSs are characterised by a stronger
AEJ to the north of the 600 hPa relative vorticity maximum both at the coastal region and
downstream, by more organised convection at both regions, and bkediyaifferentrelative

humidity distribution for the downstream composites.
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1. Introduction

During the northern hemisphere summer months African Easterly Waves (AEWSs) propagate from
east to west across the Atlantic approximately every 3 days at between 6 ahd\étims mean

latitude of 1PN (Carlson, 1969) The surface effect of the passage of an AEW is not sévhee

surface winds back and then veer and increased convection brings increased rainfall and the
possibility of strong but shatived squalls. Over lad the increased convection associated with

AEWS (Hopsch, et al., 201@an lead to an increase in the number of reese convective events
(MSCs) which have a direct link to the rainfall in the West African and Satielnsg{Lebel, et al.,
2009)and this can be extremely beneficial to the
its population. Once over the Atlantic they travel westwards towards the Caribbean and it is at this
point that they change from being benign bringers of rainfall to the potse&ds ohurricanes. One

of the criteria for cyclogenesis is that there should be an atmospheric disturbance as th&nagger
1978)and looking at 2005 as an example shows that of the 31 named storms, 25 could be directly
linked to an AEW. In 2006, a much quieter year for cyclone activity, 7 out of 9 named storms
resulted from an AEWTropical PredictiorCenter, 201Q) In fact, analysis of the ERAO data set

shows that over the period 1958 to 2002 approximately 40% of all AEWSs in August and September
become cyclonefHopsch, et al., 2007)

The scientific interest in the elution of AEWSs into tropical storms is therefore clédrowever, it is
important to note the human, material and financial consequences of them. A hurricane in the middle
of the North Atlantic, while a massive and meteorologically significant eventt gisnerally little
consequence to society. Mariners have known for centuries the statistical forecasts of hurricanes and
their pathgUK Hydrographic Office, 1987and modern forecasting techniques and the technical
advances$n the promulgation of forecast informati¢dK Hydrographic Office, 2010nean that it is

a careless or very unlucky sailor who is caught unawares by one. For countries, cities and fixed
installations in the path of a trail cyclone the situation is very different. The best known north
Atlantic example in recent years is Hurricane Katrina which devastated New Orleans in 2005, caused
over 1800 confirmed fatalitig¥&nabb, et al., 2006 d cost, unadjusted for inflation since then,

US$81 billion(Blake, et al., 2007) Even relatively unknown hurricanes have significant effiects
Hurricane Ernesto swept over Haiti and up the eastern seaboard of the Unigedrttat last week

of August 2006, directly causing 5 deaths in Haiti, widespread flood damage in Hispaniola and
eastern North Carolina and estimated damage costs of up to US$0.5(Kifladrb, et al., 2006)

Thereforea more comprehensivenderstanding of the evolution of AEWSs into tropical cyclones

would aid the downstream prediction and tracking of tropical cyclones, and possibly provide earlier

and more accurate warnings of landfall.



The data used is taken from the ECMWF InterimARalysis dataset (ERA from 1989 to 2009.

This uses improved data assimilation techniques and observation sets compared to-4ile ERA

dataset, and has T255 horizontal resolutwinich gives0.7°resolution,using 16 pressure layers at 50

hPa intervals from 950 to 200 hP®n occasion data has been taken from the publically available

section on the ECMWF server atises ol ut i on. This is referenced |

The terms fihuoneodaaee antteficflahgeabl e and descri
phenomenon. Traditionally they are described as hurricanes in the north Atlantic and east Pacific,
cyclones in the south Pacific and Indian Oceans and typhoons in the west Pacific and byveastout

Asia.

The aims for the work were to identify developing and-deweloping AEWs over a selected time
period, to generate composites and csEgions using a technique previously only applied to extra
tropical storms and the ERIAdata set, to dignose differences in composited AEW structure and to

understand the role of dynamic processes in the development, or not, of AEWS.

Thework is organised as follows. The genesis and development of AEWs are discussed, followed by
the methods of trackinghd identifying them. Case studies of developing anddereloping AWs

are presented, and from thdsgotheses are drawn questioning the relationship both downstream and
at then African coast between AEWS, the African Easterly Jet (AEJ), moisturetcamden

convection. Using compositing techniquelse AEWs from the period June to September (JJAS) 2005

to 2009 are analysed at téest Africancoast and downstream, and conclusions drawn from these

analyses as to the differences between developing andevetoping AEWS.



2. The Genesis and Development of AEWs

AEWSs are formed with components north and south of the African Easterly Jet((Zdf[Hon, 1969)

The AEJ is a midropospheric jet which is present all year roandl becomes most defined with a

core velocity of greater than 10 Tduring the boreal summer months in between April and

November. The AEJ is primarily due to the reversal of the expected meridional surface temperature
gradient caused by the intenseth@fahe SaharéHastenrath, 1991justrated by the mean monthly
surface temperature for June to September (JJAS), 1989 toR2008=(2.1),using sea surface
temperature and land 2m temperature.
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Fig 2.1: mean surfacgemperatures CC) for JJAS, 1989 to 2004ECMWF, 2010)

The AEJ generally sits at 600 hPa as above this level the temperature gradient reverses with the cooler
temperatures on the poleward s{8erpee, 1972) AEWSs are formed through a combination of

barotropic and baroclinic energy conversi¢hlorncroft, et al., 1994)The barotropic interaction

occurs between the negative meridional potential vorticity gradi@pt@ gin the AEJ core and the
positive')j ‘Q vsouth of the AEJ, and the baroclinic interaction occurs between the neQaitiGew

north of the AEJ and the positive surface temperature gra@gtitaroulis, et al., 1999)This is

illustrated by theJJASmean of potential vorticity on the 315K potential temperature surface (PV315),
which generally goes through the AEJ core, for 1989 to 2Bi@Rie 2.2). Over land north of the

AEJ there is usually a deep, well mixed bdary layer due to the high surface temperature and this,
combined with the vertical flux of sensible heat allows efficient conversion of available eddy potential

energy into eddy kinetic energythis is the baroclinic instability forming the low level tiwgrn



vortex, while to the south of the AEJ meridional momentum flux occurs, which provides the
barotropic instability for the southern vortéxink, et al., 2004)
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Fig 2.2: potential vorticity at 315 K potential temperature (PVU=10°m?Ks'kg™) for JJAS 1989 to 2009
(ECMWF, 2010)

The University of Readingds I ntermediate Gener al
used(Cornforth, et al., 2009p investigate the effects of moisture and surface fluxes on the

AEW/AEJ system. In a dry system, baroclinic energy conversion dominates barotropic, and the AEJ
development depends more on heat flux than momentum flux. The introduction of moistur@causes

faster AEJ growth but a slightly weaker maximum strength, and strongly modifies the structure,

location and magnitude, particularly the diabatic heating associated with moist convection. The AEW

eddy kinetic energy correlates with the daily averageipitation south of the AEJ, confirming the

strong link between AEWs and West African rainfall. Deep moist convection in the AEW trough

appears to strengthen the AEW.

The barotropic and baroclinic interactions form a vortex at each end of the(ARMAcroft, et al.,

2001)1 a low level one usually tracked by using relative vorticity maxi8erra, et al., 201Gt 850

or 925 hPa poleward of 8, and a 600 hPa vortex which runs south of tBd Asually between®s

and 16N over the African continent, illustrated by the example of the 2006 relative vorticity maxima
which passed between4and 26 W at those two levels for 2005igure 2.3). The consensus of

research has shown (eRytharoulis& Thorncroft, 1999 Fink, et al, 2004; Cornforthet al, 2009

that the AEWSs are usually composed of both northern and southern components with good correlation
between the two but there is disagreement here with other work treating them as separate entities

(Chen, 2006) This study, whe not specifically investigating that, has found several examples where



the automatic relative vorticity maxima tracking routines have not picked up both the northern low
level vortex and the southern rielel vortex (seen by the visible differenceraak numbers in the

2006 example). However, when manually observing the relative vorticity data for AEWs crossing the
West African coast evidence of both was always present (see Case Stextiesp.).
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Fig 2.3: relative vorticity track for JJAS 2005 passing between fand 20°W and 5°and 2N for
(a) 600 hPa and (b) 925 hPa

The northern low level vortices are reinforced by the convergence of the north east Harmattan and the
south west monsoon win@€hen, 2006) and the presence of the dry Saharan Air Layer (SAL)

prevents vortex stretching upwards, illustrated by the meridional vertical section @ b9\rtical

velocity overlaid on relative humidity for JJAS 1989 to 20Big(re 2.4(a)). Along the southern set

of tracks (illustrated by a similar meridional section at ¥R, Figure 2.4(b))there is no similar

barrier to vertical propagation, and the 600 hPa vortex can gradually extend downwards.

The geographical location of the AEW gengsdints depends on orography as well as tropospheric
conditions. The southern barotropic vortices associated directly with the AEJ have their greatest
genesis density at the West African coast at arouRdalD7°W , but there is a significant region on
the lee side of the Ethiopian highlands west of arourftN185°W (Thorncroft, et al., 2001) These
two longitudinal regions can clearly be seen on the example of a longjitugl@lot of the vertical
mean relative vorticity fnrm 850 to 600 hPa for JJAS 2005dure 2.5(a)). Four main genesis

regions for the low level northern vortices have been f¢@mén, 20063t the coast to v, 10°wW

to 5°E, 10 to 20°E and 25 to 30°E. The second and mosgsificant is just downstream of the
Hoggar Mountains (the highest poiftwhichis Mount Tahat with an elevation of 2918 m ati23
5.5°W (Philip's, 2002), and these regions can be seen in the example of the 925 hPa letigiride
plot for JJAS 2005Kigure 2.5(b)). On the leeward side of these areas of high ground vertical vortex

stretching takes place, aiding their genesis and growth.
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Fig 2.4: vertical velocity (contour spacing 2x16hPas’, zero line long dashed, nedive, i.e. upwards
dotted) overlaid on meridional relative humidity (%) for JJAS 1989 to 2009 at (a) 19%N and (b) 10.5N
(ECMWF, 2010)
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The main development region (MDR) for hurricane development is define®@040, 20°-80° W.
Hurricane development seems to be associated with moist convection over the Guinea Highlands, and
the convergence of the northern low level vortices with the southertew@tionegHopsch, et al.,

2007) A secongeak occurs at about 101, 38° W, possibly due to warming sea surface

temperature underneath AEWs. The peak hurricane development months are July to September, and
these coincide with peak AEW months, especially the peak hurricane development month of
September and the peak northern 925 hPa vortex month of Septétdpsch, et al., 2007)There is

more variability to the 850 hPa waves than the 600 hPa ones, and from 1985 to 1998 there is excellent
correlation betweethis 6@ hPavariability and hurricane developme(ithorncroft, et al., 2001)

This is contradicted somewhat lager work(Hopsch, et al., 200%yhich shows that over the ER4O

period as a whole (1958 2002) the 600 hPa tracks did not correlate significantly with TRS activity,
butthatthere was correlation between 850 hPaidienal wind variance and MDR hurricane

generation. Barotropic energy conversion at 700 hPa gave a robust indicator for the evolution of
AEWSs intohurricaneqZipser et al, 2009)The same research indicated that developing AEWs were
characterised by NE/SW wave axis tilt, a wind maximum aloé#ite wave axis, and a strong,

positive barotropic energy conversion. If the AEWSs travel across the entire Atlantizatiney

reinvigorate over the IntrAmericas Sea (IAS) and Central America into the eastern Pacific

(Thorncrdt, et al., 2001)



3. AEW Tracking

Two types ofAEW tracking methods are usddstly the manual identification and following of
relative vorticity maxima a®00 hPaandsecondlythe automatic detection of either relative vorticity
maximaat variows levelsor the sigrreversain meridional wind at the AEW trough axi$lanual
identification is used to identify the time that each individual AEW crosses the African coaSi\at 17
and is explained in detail Bection6. Automatic track identificatioms used to assemble the
individual AEW data fields for the composite downstream analysis.

3.1. Automatic Tracking of Relative Vorticity Maxima

The automatic tracking technique ugé&tiorncroft, et al., 200vas applied to relative vorticity data

in variouscombinations of levels from 92%Pa to 600 hPa to capture both the barotropic vortices at
600 hPa south of the AEJ, and the low level baroclinic vortices north of it. It is important to remove
very shortlived and small scale vortices which would otherwise add spurious tracks to the analysis,
and so T42 spectral resolution was used. A temporal filter was applied in that the tracks had to last
for at least 48 hours, and spatially they had to travel at1€8swhich is at least 1000 km. Finally,

only systems with closed vorticity contours of greater than +0:5g1@ere captured, which also

helps to remove weaker relative vorticity centres which may come from other sotinigsloes,
however, mearhata number ofleveloping AEWSs are lost from the tracking as they pass over the

eastern Atlantic before becoming stronger as they spin up into tropical depressions.

3.2. Automatic Tracking of Meridional Velocity Signh Reversal

A tracking technique was aligx to the sign reversal of meridional wind at the 925 and 700 hPa
levels. These were tracked using a 2 to 6 day bandpass filter, then tracking the poditiegative
anomalies.

3.3. Relative Merits of the Automatic Tracking Techniques

The combinatias tested were relative vorticity tracking at 925, 850 and 600 hPa, and the vertical
mean of relative vorticity between 850 and 600 hPa. It was found that using the vertical mean relative
vorticity gave the most consistent results, agreeing with reaaties{Serra, et al., 2010)The

meridional wind sign reversal was tracked at 925 and 700 hPa, and while it gave sporadic early
detection of AEWs was not consistent for all of theaking the developing systems which were

directly linked to AEWSs in 2006, it can be seen that while relative vorticity tracking gives results at all

levels, meridional wind sign change tracking does taditl¢ 33.1).



2006 RV 925 RV 850 RV 600 RV vertical | Mer. Wind | Mer. Wind

Systems hPa hPa hPa mean 925hPa 700 hPa
Chris Y Y Y Y N N
Debby Y Y Y Y N N
Ernesto Y Y Y Y Y Y
Florence Y Y Y Y Y Y
Gordon Y Y Y Y N N
Helene Y Y Y Y Y Y
Isaac Y Y Y Y N N

Table 3.3.1: named systems which developed from AEWSs for 2006, showing whether a particular
automatic tracking method picked them up or not

There is some difference in the initial pick up points and the actual position of the system centre,
which is illustrated by looking at the tracks for the development of Hurricanes ErRiggioe(

3.3.1(a)) and Gordor{Figure 3.3.(b)). HurricaneErnesto is an example of a system that is picked up
earlier by meridional wind sign reversal tracking, but it can be seen that the tracked path of the
developed storm as it travels up the eastern seaboard of NodticAris considerably to the east of

the relative vorticity trackgprobably because the track is for the positive meridional wind anomaly
which will be in a different location to the vorticity centre, especially in extbgical storms This
displacemenof the track of the developed system was noticed with Hurricanes Florence and Helene
too (not shown). Hurricane Gordon was not tracked by meridional wind sign reversal, and it can be

seen that the vertical mean relative vorticity track is picked mutierethan the others.

" 1:relative vorticity at 600 hPa
2: relative vorticity at 850 hPa
3: relative vorticity at 925 hPa
4: vertically averaged relative vorticity
5: meridional wind at 700 hPa
6: meridional wind at 925 hPa
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(b)

Fig 3.3.1: automatic tracking results for (a) Hurricane Ernesto and (b) Hurricane Gordon

It is also important to confirm whether a particular tracking method produces results that agree with
t he National Hur r i ¢ a Mmopic&l @nedicikon Center,ROLOBtUdiesthave ¢ k 0
shown(Thorncroft, et al., 2001that relative vorticity maxima tracking closely follows best track

data, and Hurricane Gordon is an example of this with the vertical mean relative vorticity track
overlaying the best track dat@igure 3.3.2) until the system becomes an extrapical storm. The
vertical mean relative vorticity track also picks up the developing system well before it is declared a

tropical depression.
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Fig 3.3.2: Hurricane Gordon showed with (a) vertical mearrelative vorticity tracking overlaid on to best
track data, and (b) best track data alone

From this it can be seen that the most consistent method of obtaining automatic AEW tracking is by
using the relative vorticity maxima tracking system with vertinaan relatie vorticity from 850 to
600 hPa.lt is also important to note that there is a large gap for most AEWs where they fall below the

detection threshold whilst moving across the Atlantic prior to being picked up again further west.

11



4. AEW ldentification

For the chosen observation period of JJAS 2005 to 2009 each AEW needed to be identified as either a
developing or a nedeveloping one, and each one also needed to be specified for twetepgtaral
reference pointé the West African coastalossing time, and the location and time that it was then
detected again after passing into the Atlantic. For those AEWSs that remain above the detection
threshold for the entire Atlantic journey the second time will not be present. Interestingly réhese a

by no means all developing AEWs as will be seen. To illustrate the process it is best to use one year

as an example.

4.1.AEW ldentification D uring 2006
2006 was chosen as the first year to be processesyas @ elativelyquiet yearfor hurricane

activity, with only 9 named systems of which 7 were the direct result of an AW @.1.1).

System Origin
TS Alberto Disturbed weather in C. Ameri¢Avila, et al., 2006)
TS Beryl Started from a stalled frontal systéRasch, 2006)
TS Chris AEW that left the W African coast on 98uly 2006(Stewart, 2006)
TS Debby AEW that left the W African coast on 2@ugust 2006 Frarklin, 2006)
H Ernesto AEW that left the W African coast on T@ugust 200§Knabb, et al., 2006)
H Florence | AEW that left the W African coast on 2@ugust 2006;then joined by a faster AEW
that left the W Africarcoast on 3% August 2006Beven, 2006)
H Gordon AEW that left the W African coast ort' Beptember 200@lake, 2006)
H Helene AEW that left the W African coast on 1Beptember 200@Brown, 2006)
H Isaac AEW that left the W African coast on 1&eptember 200@Viainelli, 2006)

Table 4.1.1: 2006 named storms with their origins

The best track data for the 2006 storms are stmlow (Figure 2.1.1). Two groups are clearly seen
T those that develop in the east and recurve in the central or western Atlantic, and those that develop

in the west and recurve over the Caribbean and along the eastern seaboard of North America.

Fig 2.1.1: Named Stormfor the North Atlantic, 2006 (Tropical Prediction Center, 2010)
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The automatic tracking routine was run separately for the vertical mean, 925 hPa, 850 hPa and 600

Fig 4.1.2:regional filter for automatic tracking method (UK Hydrographic Office, 1998)

Each run gave a track file containing the information for all AEWs, developingtpwhich passed
through the regional filtertgble 41.2). Looking at the vertical mean tracksigure 4.1.3), the
relative vorticity maxima tracks north and south of the AEJ can be clearly seen over the African

continent, and the developing AEWs aeenas recurving tropical and then extrapical systems.

Level Number of AEW Tracks
925 hPa 65
850 hPa 90
600 hPa 94
Vertical Mean 97

Table 4.1.2: tracks detected at each level with the regional filter

Fig 4.1.3: AEW tracks plotted for JJAS 2006 using vertical mean relative vorticity and a 8-20°N, 9¢°-
10°W regional filter

These tracks were then compared to the best track data to identify the developing AEWSs, and then
those that started over land (either West Africa or the northern pastitdi 8merica) were removed

to leave the nomleveloping AEWs which were first detected over the Atlanfibese are identified

manually and studied in the coastal region analysis, but are left out of the automatically detected set as
this set is used foradvnstream analysis, as will be explaineddation 8 This whole process was

then done for JJAS 20@6 2009 with the only difference being that only the vertical mean relative

vorticity was used.
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5. Case Studies

AEWSs over the African continent are characterised by low level baroclinic instability caused by

surface heating, and mldvel barotropic instability developing from the AEJ. With this in mind, the

progress of the AEW across the Atlantic are observear@etways the 925 hPa relative vorticity

and sea surface temperature, the vertical mean relative vorticity and the 600 hPa geopotential height,

and finally the 600 hPa relative vorticity and the 600 hPa wind speed. The thermal i¢Fi&)ed
satellite image is also used to observe any organised convedtigo.developing and two nen

developing AEWSs are used as case studies.

5.1. Hurricane Ernesto

For the developing AEWSs, Hurricane Ernesto from the 2006 seasaheviist choseias it displays

t hepifidal o

formed by an AEW travelling virtually due west from the West African coast to the Caribbean, spins

characteri st i cidtocoufsindhe d¢condthalf offlAugust, ist i ¢

up over the Windward Islands and then recurves polewaod®€uba, Florida and the eastern

seaboard of North America before becoming an exaical depression moving north eastwards

across the North Atlantic.

The AEW that developed into Hurricane Ernesto crossed the West African coa&tAagl&t 2006
(Knabb, et al., 2008)here it was detected by voiitic maximum tracking at 925 and 600 hPa

(Figure 5.1.1(a) before this went below the detection threshold just north of the Cape Verde islands.

It was then picked up ajpapproximately 8t o

designation of being a tropical depression and from this point on it shows up well at the 925 hPa, 850

t he

east

of

Figare5.1il¢b)) t i a |

hPa and vertically averaged from 850 to 600 hPa levels. There is, howéarge and significant

gap over the midtlantic where the AEW is not tracked by any automatic method.

" 1:relative vorticity at 600 hPa
2: relative vorticity at 850 hPa
3: relative vorticity at 925 hPa

5: meridional wind at 700 hPa
6: meridional wind at 925 hPa

4: vertically averaged relative vorticity

Fig 5.1.1: (a) automatic tracking results for Hurricane Ernesto compared to the (b) best track data
(Tropical Prediction Center, 2010)
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When the AEW is at the coast the northern 925 hPa vdrigure 5.1.2 (a))is by far the strongest,

the vertical mean relative vorticity maximum is positioned just downstream of the AEW trough axis
(Figure 5.1.2 (b))andthe AEJ at the 600 hPa level has a maximum speed of 2 amats adjacent to

the north ofthe 600 hPa relative vorticity maximuriigure 5.1.2 (c)).
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e — I I I I T —
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Vertical Mean Relative Vorticity (x10%-5 per second)

25N

20N
15N

10N

0 2 & 6 8 10 12 14 16 18 20
600 hPa Wind Speed (m/s)

Fig 5.1.2 the precursor AEW for Hurricane Ernesto on 18" August 2006 0600 UTC, showing
(a) 925 hParelative vorticity (2x10°s* contour intervals) overlaid on to sea surface temperature®C)
(b) 600 hPa geopotential height (dm) overlaid on to vertical mean relative vorticity (x18&")
(c) 600 hPa relative vorticity (x10°s* contour intervals) overlaid on to 600 hPaeasterlywind speed (m3)
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Three days later this AEW is mid-Atlantic at 35W, and the 925 hPa relative vorticity has
decrease(Figure 5.1.3(a)),probably due to the drop in surface temperator25°C from the Sahara

to the relatively cool waters of the eastern Atlantic. The vertical mean relative vorticity has increased,
and the AEW trough, though wealk, is still discernable in the 600 hPa geopotentialRigigie

5.1.3(), and the 600 hPa relativerticity has increased, with the AR 18 to 20 mi$ just to the

north of it(Figure 5.1.3(9).
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Fig 5.1.3:the precursor AEW for Hurricane Ernesto at 35°W on 21 August 2006 0600 UTC, showing
(a) 925 hPa relative vorticity (2x1@s™ contour intervals) overlaid on to sea surface temperaturé’C)
(b) 600 hPa geopotential height (dm) overlaid on to vertical mean relative vorticity (x18&™)

(c) 600 hPa relative vorticity (1x10s* contour intervals) overlaid on to 600 hPaasterlywind speed (m3)
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By the time the AEW reaches & on 23" August 2006 at 1800 UTte 925 hPa relative vorticity

is building up againKigure 5.1.4(a))which will be assisted by the system moving over warmer sea
(the SST is now over 26, which is one if the criteria for tropical storm developni@ray, 1978).
The vertical mean relative vorticity is still in the AEW trough akig(re 5.1.4(b))and the AEJ,
though weaker, still has a maximum over 12njust poleward of the 600 hPa relative vorticity
maximum. This is 24 hours before it was declared a tropical depréksiabb, et al., 2006)
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600 hPa Wind Speed (m/s)

Fig 5.1.4: the precursor AEW for Hurricane Ernesto at 5°W on 23rd August 2006 1800 UTC, showing
(a) 925 hPa relative vorticity (2x1@s™ contour intervals) overlaid on to sea surface temperature®C)
(b) 600 hPa geopotential height (dm) overlaid on to vertical mean relative vorticity (x18™)

(c) 600 hPa relative vorticity (1x10s* contour intervals) overlaid on to 600 hPaasterlywind speed (m3)
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Convection is quite strong at the coast, with bright, cold cloud tops showing clea?ly, &t@WwW on

the TIR imageFigure 5.1.5(a)) This activity is still present in midtlantic at 1°N, 35°W (Figure
5.1.5(b))with a layer of lower cloud extending up360 kmto the south and east from th&nd by

the time the system reaches the western Atlghtgure 5.1.5(c))organised bands of high circulating

cloud can be seen to the noatid east of 1N, 55°W. Broadly speaking, convection occurs

throughout the passage of the AEW, becoming more organised as the system moves over the warmer
waters to the west.

Fig 5.1.5: thermal infra-red images of the precursor AEW to Hurricane Ernesto at:
(a) 18" August 2006, 0600 UTC at 1%W
(b) 22%' August 2006, 0600 UTC at 3BV
(c) 23% August 2006, 1800 UTC at 53V
(NERC Satellite Receiving Station, Dundee University, Scathd, 2010)
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5.2. Tropical Storm Chris

Tropical Storm TS) Chris was a relatively early season storm which, as with Hurricane Ernesto, was
formed from an AEW that tracked across the Atlantic before becoming a depression approximately
370 km east of Antiga (Stewart, 2006) From this point ipassed north of the Leeward Islands

before dying out over Cuba.

The AEW that developed into TS Chris was detected over the West African coast by automatic
tracking of the vertical meamlative vorticity on 28 July 2006, but over the next two days it
weakened and was undetected over the central Atlantic uRt 4@here it was picked up on all the
automatic relative vorticity tracking levelgigure 5.2.1(a)) The system was declaradropical
depressiorFigure 5.2.1(b))at 60°W on ' August 2006, 0300 UT(Stewart, 2006)

S VM
o ~

Mo, -

925, 850, 600 hPa & VMN\,_,_\

vorticity maxima tracks

Fig 5.2.1 (a) automatic tracking results for TS Chris compared to the (b) best track datdTropical
Prediction Center, 2010)

When the AEW that develops into TS Chris crosses the West African coast the northern 925 hPa
relative vorticity maximum is very well define&igure5.2.2 (a)) There is a vertical mean relative
vorticity maximum south othe AEJ Figure 5.2.2 (b))which sits in a not very well defined AEW
trough axis. The 600 hPa relative vorticity maximug(re 5.2.2 (c))is similarly not well defined,

but is just to the south of an 18 frsection of the AEJ. Picking the coast crogdime for TS Chris

was not as simple as for Hurricane Ernesto as thanmipdsphere relative vticities were not well
defined, and the chosen snapshot shows the 925 hPa maximum already over the Atlantic, with the

southern 600 hPa maximum just crosgimg coast.
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Fig 5.2.2: the precursor AEW for TS Chris on 26" July 2006, 1800 UTC, showing
(a) 925 hPa relative vorticity (2x1@s™ contour intervals) overlaid on to sea surface temperature®C)
(b) 600 hPa geopotential height (dm) overlaid on teertical mean relative vorticity (x10°s™)
(c) 600 hPa relative vorticity (1x10s* contour intervals) overlaid on to 600 hPaasterlywind speed (m3)

Over the Atlantic at 33V the 925 hPa relative vorticity maximum has lost definitigigire

5.2.3(9) after having crossed over the tongue of cooler sea surface temperatures £2) io #te

Eastern Atlantic. The vertical mean relative vorticity maximum is also not well defnguar¢
5.2.3(b)),and the wave structure is has spread zonally, looking at the geopotential heights. However,

the meridional geopotentiakightgradient isgreaterat this longitudehan east or west of it, and this
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is reflected in the AEJ which still has a speed of d8ms1 at 600 hPaRigure 5.2.3(c)). This
drives the 600 hPa relative vorticity maximum, which has only decreased from ¢ka0the coast
(Figure 5.2.2(c))to 3x10°s™.
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600 hPa Wind Sneed (m/s)

Fig 5.2.3: the precursor AEW for TS Chris at 35°W on 28" July 2006 0600 UrC, showing
(a) 925 hPa relative vorticity (2x10 s* contour intervals) overlaid on to sea surface temperature®C)
(b) 600 hPa geopotential height (dm) overlaid on to vertical mean relative vorticity (x18s-1)
(c) 600 hPa relative vorticity (1x10°s* contour intervals) overlaid on to 600 hPaasterlywind speed (m3)
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At 52°W on 30" July 2006 over 24 hours before declaration as a depre&timnart, 2006)he lower
92h hPa relative vorticity is wetlefined Figure 5.2.4(a))and the system has moved into increasing
sea surface temperatures (@k The AEW wave structure is also wabfined with the vertical
mean relative vorticity maximum collocated with the wave trodggpuie 5.2.4 (b)). The AEJ has
weakenedo less than 12 mig(Figure 5.2.4(c))but there is still a broadly east to west flowing band
directly north of the 600 hPa relative vorticity maximum.
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Fig 5.2.4: the precursor AEW for TS Chris at 52° W on 30" July 2006 1800 UTC, showing
(a) 925hPa relative vorticity (2x10° s* contour intervals) overlaid on to sea surface temperature®C)
(b) 600 hPa geopotential height (dm) overlaid on to vertical mean relative vorticity (x10s%)
(c) 600 hPa relative vorticity (1x10s* contour intervals) overlaid on to 600 hPaeasterlywind speed (m3)
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When the AEW is over the African coaiqure 5.2.5(a))deep convection is visible at W by the
cold cloud top temperatures visible in the TIR image. BINLB7°W this has become more
organised[igure 5.2.5(b)) with a layer of lower cloud to the south and east of main convection.
This lower layer is more visible at 948, 5°W but the area of convective cloud is less hEigure

5.2.5(c)) just before the AEW evolves into a depression.

(€)

Fig 5.2.5: thermal infra-red images of the precursor
AEW to TS Chris at:
(a) 26" July 2006, 1800 UTC at 18W
(b) 28" July2006, 0600 UTC at 37W
(c) 30th July 2006, 1800 UTC at 52V
(NERC Satellite Remiving Station, Dundee University,
Scotland, 2010)
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5.3. AEW 171

AEW 171 (the label given it by the automatic tracking routine) is tracked using vertical mean relative
vorticity tracking, and is first picked up just off the West African coast, firiading lost at 48V
(Figure5.3.1). This is a very similar path to thtken by the AEWSs that became Hurricane Ernesto
and Tropical Storm Chris, and is an early season AEW, being tracked fronf'tteetBé 27 of June

2006.

Fig 5.3.1: the vertical mean relative vorticity maximumtrack for AEW 171 (2£'to 27" June 2006

As AEW 171 leaves the coast, there is a 925 hPa relative vorticity maximuffNatF2gure
5.3.2(a))which is starting to travel over a relatively cold sea surfac®{R0The shape of the AEW
trough as given by the geopotential height contdeiigufe 5.3.2(b))is not weltdefined and the
vertically averaged relative vorticity maximumcalocated with it. At the 600 hPa level the AEJ is
not strong (10 to 12 ¥ and is just to the north of the 600 hPa relative vorticity maxinfigute
5.3.2(c)).

After 48 hours AEW 171 has moved ta°8¢, and the lower 925 hPa relative vorticity maximum has
increased with the increase in sea surface temperatur@@o(Rigure 5.3.3(a)). The synoptic shape
of the AEW is visible in the 600 hPa geopotential heightaars, and the vertical mean relative
vorticity maximum is cdocated with this troughF{gure 5.3.3(b)). The 600 hPa relative vorticity
maximum is still present, but has become disconnected from the main stream of titégAEE] (
5.3.3(c)).

Another 72hours downstream sees AEW 171 virtually dissipated An48with the 925 hPa relative
vorticity maximum still quite pronouncedfigure 5.3.4(a)) and the vertical mean relative vorticity no
longer coelocated with the wave trouglrigure 5.3.4(b)) The 6@ hPa relative vorticity maximum
barely exists at 1x10s* (Figure 5.3.4(a))and has no wesjoing 600 hPa AEJ to its north.
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Fig 5.3.2: AEW 171 at 1PW on 22" June 2006 0000 UTC, showing

(a) 925 hPa relative vorticity (2x1@s™ contour intervals) overlaid on to sea surface temperature®C)

(b) 600 hPa geopotential height (dm) overlaid on to vertical mean relative vorticity (x18™)

(c) 600 hPa relative vorticity (1x10s* contour intervals) overlaid on to 600 hPaeasterlywind speed (m3)
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5.3.3: AEW 171 at 3PW on 24" June 2006, 0000 UTC, showing
(a) 925 hPa relative vorticity (2x1@s™ contour intervals) overlaid on to sea surface temperature®C)
(b) 600 hPa geopotential height (dm) overlaid on to vertical mean relative vorticitgx10°s™)
(c) 600 hPa relative vorticity (1x10s* contour intervals) overlaid on to 600 hPaasterlywind speed (m3)
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Fig 5.3.4 AEW 171 at 48W on 27" June 2006, 0000 UTC, showing
(a) 925 hPa relative vorticity (2x1@s™ contour intervals) overaid on to sea surface temperatureqC)
(b) 600 hPa geopotential height (dm) overlaid on to vertical mean relative vorticity (x18™)
(c) 600 hPa relative vorticity (1x10°s* contour intervals) overlaid on to 600 hPaasterlywind speed (m3)
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There is convection when AEW 171 leaves the West African cbagtré 5.3.5 (a)) however this

does not appear to be as deep as for the AEWSs that evolved into Hurricane Ernesto and TS Chris
(Figures 5.1.5(a) and 2.5(a)). 48 hours later at 3 on 24" June 2006, 0000 UTGigure 5.3.5

(b)) the convection is disorganised, with individual subsoscale features visible as high, cold cloud
tops but no large convective feature present. This is seen agafa{@gure 5.3.5(c))where there

is one large anvective system about 1 degree across @ ¥°W, but no coincident bands of lower

clouds becoming organised around it.

(©

Fig 5.3.5: thermal infra-red images of AEW 171 at:
(a) 22" June 2006, 0000 UTC at 18V
(b) 24" June 2006, 0000 UTC at W
(c) 27" June 2006, 0000 UTC at 43w
(NERC Satellite Receiving Station, Dundee University,
Scotland, 2010)



5.4. AEW 516

AEW 516 was detected just off the West African by the vertical m&ative vorticity maxima
automatic trackingRigure 5.4.1)and was tracked until SW. As with AEW 171, this is a very

similar path to the developing AEWSs studied, with the difference being that it is later in the season.

]
‘P

Fig 5.4.1: the vertical mearrelative vorticity maximum track for AEW 516 (5th to 11™ August 2006)

On 6" August 2006 at 1800 UTQyst after AEW 516 has crossed the West African cibestvave
structure is visible at %o 20°W. The 925 hPa relative vorticity maximum Edure 5.4.2(a))is
present at 2N, with another at 1N, and the vertical mean relative vorticity maximiswwolocated
with the wave trough at R. The AEJ is strong with a maximum of 20 and the 600 hPa

relative vorticity vortex is not very well defiddo the south of that.

48 hours downtrack "August 2006 at 1800 UTC AEWOW166s
with the 925 hPa relative vorticity maximum not as strong after passing over the relatively cool sea
surface of the eastern Atlantieigure 5.4.3(a)). The vertical mean relative vorticity maximum is

well defined with a peak of 4xTG&?, and this peak is almost-tmcated with the trough of the AEW

as shown by the 600 hPa geopotential height contbigsre 5.4.3(b)). The 600 hPa tative

vorticity maximum is weldefined at 5x18s™, but the AEJ, while still adjacent to this maximum, is

beginning to weaken, down to less than 12 ats31W.

A further 48 hourdater, on10" August 2006 at 1800 UTC at A&/, AEW 516 starts tiose

definition. The 925 hPa relative vorticity maximum spreads zongigu¢e 5.4.3(a)) and the

vertical mean relative vorticity maximum, while still-4mcated with the AEW trough, has also spread
zonally Figure 5.4.3(b)) The AEJ has become mucleaker, with speed less than 8 morth of the
weaker 600 hPa relative vorticity maximuFRidure 5.4.3(c)) and has also become less directionally
stable, with weak meanders developing in the east to west flow. After this point AEW 516 steadily

dissipats, losing all vertical structure.

29

st

r



(b)

—eeSNTE T | I L [ —
-5 -4 -3 -2 -1 0 1 2 3 4 5
Vertical Mean Relative Vorticity (x10-5 per second)
(c)
25N
20N :. SR - - : » Nl o
X 3 e\ A5
_-' '.:- 2 ." - "" = N
= o A 4)2}-’ S
10N 9 > S AN “‘/

0 2 & 6 8 10 12 14 16 18 20
600 hPa Wind Speed (m/s)

Fig 5.4.2: AEW 516 at 18W on 6" August 2006, 1800 UTC, showing
(a) 925 hPa relative vorticity (2x10 s* contour intervals) overlaid on to sea surface temperature®C)
(b) 600 hPa geopotential height (dm) overlaidn to vertical mean relative vorticity (x10° s%)
(c) 600 hPa relative vorticity (1x10s* contour intervals) overlaid on to 600 hPaasterlywind speed (m3)
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Fig 5.4.3: AEW 516 at 3fW on 8" August 2006, 1800 UTC, showing
(a) 925 hPa relative vorticity (2x1@s™ contour intervals) overlaid on to sea surface temperature®C)
(b) 600 hPa geopotential height (dm) overlaid on to vertical mean relative vorticity (x18™)
(c) 600 hPa relative wrticity (1x10°s* contour intervals) overlaid on to 600 hPaasterlywind speed (m3)
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Fig 5.4.4 AEW 516 at 42W on 10th August 2006, 1800 UTC, showing:

(a) 925 hPa relative vorticity (2x10 s* contour intervals) overlaid on to sea surface temperate (°C)

(b) 600 hPa geopotential height (dm) overlaid on to vertical mean relative vorticity (x10s%)

(c) 600 hPa relative vorticity (1x10s* contour intervals) overlaid on to 600 hPaasterlywind speed (m3)
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As AEW 516 leaves the West Africaonast Figure 5.4.5(a))there is much convection present, some
of it deep looking at the cloud top colour. However, 48 hours later°at B3°W there is no
organised convection with only scattered small pockets of deep convdagane(5.4.5(b)),and he
same is true 48 hours after that atN342°W (Figure 5.4.5(c)) with no organised convection

showing.

(©)

Fig 5.4.5: thermal infra-red images of AEW 516 at:
(a) 6™ August 2006, 180 UTC at 18w
(b) 8" August 2006, 180 UTC at 3°W
(c) 10" August 2006, 1800 UTC at 42w
(NERC Satellite Receiving Station, Dundee University,
Scotland, 2010)
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6. Manual Tracking and Identification of African Easterly Wavesat the West African Coast

The West African coast provides a consistent geographical marker for the development of AEWSs as
they pass from the African continent to the Atlantic. The meridional spread of the AEW tracks is
small enough such that composites of the individual AEW deldsfdo not show significant blurring

or smoothing of the data, and can be used for anglsissch, et al., 2010)The period for analysis

was JJAS for 2005 to 2009

The AEWSs were identified manually using the Efmerim 1.5° resolution data set(ECMWF,
2010)downloaded in GRIB format and viewed using Panoply software (version 2.9.4). The relative
vorticity at 600 hPa was observed, and each AEW was identified as it crossed the WestcAfritan

at 17”W (Figure 6.1). The AEW was then tracked with time across the Atlantic, and the developing
ones were backtracked from the known tropical storms back to the coast to Ebeskbme AEWs

the 925 hPa relative vorticity maxima were also usealdadentification.

Relative Vorticity at 600 hPa (x10*-5 per second
<m - >

80 80 -0 -Z0 00 20 an 80 80

Fig 6.1: strong AEW shown crossing the West African coast at £V at 0600 UTC, £' July 2009. The RV
maximum is clearly shown at 12 N on the coast

This manual AEW identification process gave 42 developing and 17dex@ioping ARVs (able

6.1), and this set was used for AEW analysis in the coastal region.

Developing AEWSs| NonrDeveloping AEWS
2005 12 28
2006 8 28
2007 7 38
2008 8 37
2009 7 39

Table 6.1: developing and nordeveloping AEWSs identified manually from JJAS 2005 t®009
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There are approximately four times as many-deweloping as there are developing AEWSs, which
raises concerns that the compositing process may smooth tukeweloping AEW fields more than

the developing ones, and so skew the data. To investigaiti¢ nordeveloping AEWs were split

into 4 pseudorandom groups, in the sense that each group had a similar number of AEWs from each
month so as to ensure a good spread oflth@tological conditions A vertical section of the zonally
averaged «compaent of the wind for the coastal region was plotted for each of these groups and the
overall nondeveloping AEW compositd-{gure 6.2). The bars shown are the root mean square
difference between the overall composite and each pseudorandom group, arzkisean that the
individual groups closely follow the overall mean, indicating that this approach does not skew the
data in favour of developing AEWs due to the differential in group size between the developing and
non-developing AEWS.

18 | 1 1 |
-14 4 fre -
Group 4 .
-12 Group 3 -
—— Group 2
10 - ——  Group 1 B
——  Mean for 2005 to 2009
-8 - L
-5 = !Eaa : L
2 - =
0 - 8
2 - =
4 T T T T
0 5 10 15 20 25

Latitude {degrees)

Fig 6.2: zonal wind at 600 hPa (m3) plotted for the overall non-developing AEW composite (red) and the
four pseudorandom individual groups. The bars are the root mean square difference between the overall
composite and the individual groups.
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7. The Compositing of Coatal Region Data for Developing and NofDeveloping AEWSs

The coastal region from the Equator t&95nd from 26 to 14°W (Figure 7.1) was used as a

geographical filter, with each AEWb0s character.i

to 200 hPa at the coast crossing time. This crossing time is at 6 hour resolution, i.e. at 00, 06, 12 or 18
UTC on a particular day, and ¢his why the 8 longitudinal width of the geographic area was chosen

as a particular AEW is unlikely to be at exactly’W7at one of those 4 times. Unless stated

otherwise, all the vertical sections for this region are zonally averaged ffota 28°W. These

individual AEW representations were then made into two overall composites, one for developing and
one for nondeveloping AEWs. These composites were then analysed for zonal, meridional and

vertical wind, relative humidity and equivalent potentiamhperature. To observe the overall synoptic

and regional conditions an area (not shown) bounded by the Equator®ahdrth66W to 20°E was
used.
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Fig 7.1: coastal region used for AEW analysi$UK Hydrographic Office, 1998)
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7.1. Zonal Wind

The AEJ is the single most obvious feature of zonal wind in this region, and this is clearly shown in
both the developing AEW compositéidure 7.1.1 (a))and the nordeveloping oneRigure 7.1.1(b)).

The overall structure is verymsilar for both composites, and at first glance it seems the strength of

the AEJ is not that different, with the developing composite having a maximum of “1éompared

to the nordeveloping case of just over 13 TnsThe more significant difference istimmediately

obvious however, and is the rate of change of zonal wind speed to the south of the AEJ, in other
words over the region where the 600 hPa vortices develop. This rate of change is noticeably larger for
the developing cas&igure 7.1.2). It is this meridional rate of change of zonal velocity that

contributes to the development of relative vaigienaxima at the 600 hPa level via barotropic
instability.

Pressure (hPa)

1000 T T T
0 5 10 15 20 25 0 5 10 15 20 25

Latitude (degrees)

-14 12 10 -8 -6 -4 -2 0 2 4 6 8 10 12
Zonal Wind Speed (m/s)

Fig 7.1.1: zonal wind velocity (m&) from 20° to 14°W for the (a) developing and (b) @n-developing
AEW composites
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Fig 7.1.2: zonal wind velocity (ms) at 600 hPa from 28 to 14°W for the developing and nondeveloping
AEW composites

7.2. Meridional Wind

The AEJ is a zonal feature, so the expectation is that meridional compositestwhiow much
variation between developing and ndeveloping AEWSs. This is the case, and the only appreciable
difference that can be seen between the developiggre 7.2.1 (a))and nordeveloping Figure

7.2.1 (b))AEW composites is that the develogione has more equatorward meridional wind at 200
to 300 hPa, which is possibly indicative of more convection occurring in the developing AEWSs.

(b)
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Fig 7.2.1: meridional wind velocity (ms") from 20° to 14°W for the (a) developing and (b) nordeveloping
AEW composites
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7.3 Vertical Wind

The vertical wind component is expected to be higher if there is more convection present. It has been
surmised that convection in the coastal region is important in the downstream development of AEWs
into tropical cyclonegHop<h, Thorncroft & Tyle 2010; Cornforth, Hoskins & Thorncroft, 2009;

Fink, Reiner & Speth, 2004and therefore the developing AEW composite is expected to show more
vertical wind than the nedeveloping one. This is the case, as is shown by the z@&aai af vertical
velocity from 20’ to 14°W for the developing composit€igure 7.3.1 (a))compared to the nen

developing oneRigure 7.3.1 (b)). The maximum vertical velocity is seen aP#7 (Figure 7.3.1 (c)

for the developing composijtéd) for the nordeveloping one

7.4 Relative Humidity

Relative humidityRH) is closely linked with vertical wind for the development of convection
(Hopsch, et al., 2010) Initially the relative humidity was looked at in zonal vertical section, which
shows that there is a distinct moist column centred SN 1@ he developing AEW composite
(Figure 7.4.1(a))has approximately 5% more RH at any given point in this colinan the non
developing compositd-{gure 7.4.1(b)) but the overall structure is the same for both cases. It is only
when looking in meridional vertical section that a significant difference is seen. The meridional
section is taken at P8, along the ceme of the column of maximum RH seen in zonal vertical
section, and the developing composkeay(rre 7.4.2(a))shows a zone of 70% or more RH for a
spread of 8 around the coast (¥W), as compared to less thaff8r the nordeveloping composite
(Figure 7.4.1(b)). Further downstream, particularly betweerf®8and 48W, the developing
composite hasp to 14%greater RH throughout the troposphere than thedesteloping composite.

Thegreatmajority of AEWshave a 925 hPaorth and a 600 hPa southckand the low level

baroclinically unstable relative vorticity maxima are advected from the Sahara over the Atlantic. This
would imply the advection of the relatively dry Saharan Air Layer (SAL) and this would have an
effect on the availability of moisture &dlow the continuation and growth of convecti@ipser et al,

2009) The meridional section along 8N (Figure 7.4.2) suggests that this would be most visible at

400 hPa, and in the coastal region this is indeed the Emged 7.4.3). However, looking at the

region as a whole and taking the difference between the relative humidity of the developing and the
nortdeveloping composites it can be seen that the largest differeiucthesr downstrearn the

lower troposphere, with a tongueaver 10% moreelativelyhumid air extending at the 850 hPa

level celocated with and north of the AEJ out ta°88 (Figure 7.4.3(c)).
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Fig 7.3.1: vertical velocity (ms') for the zonal average from 28 to 14°W for the developing (a) and non
developing (b) AEW composite, and at 19W for the developing (c) and nordeveloping (d) composites

40



Pressure (hPa)

Pressure (hPa)

41

200

300 +

400 +

500

600

Pressure (hPa)

700

800 -

900

1000 T

o
fawlos]

5
S ‘51\

T T T T 1000 T T T T T
0 5 10 15 20 25 0 5 10 15 20 25
Latitude (degrees) Latitude (degrees)
0 10 20 30 40 50 60 70 80 90 100
B N e S S S S S S S S— — S — — ——
5 15 25 35 45 55 65 75 85 95

Relative Humidity { %)
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Fig 7.4.3: the difference in relative humidity (%) between developing and nedeveloping AEW
composites at (a) 400 hPa, (b) 600 hPa and (c) 850 hPa

42



7.5. Equivalent Potential Temperature )

As the AEWSs pass over the West African coast it has been shown that they have more vertical wind
velocity and more relative humidity, probably due to more convection being p(elsgsch,

Thorncroft & Tyle, 2010; Cornforth, Hoskins & Thorncroft, 2009; K iReiner & Speth, 2004)The

d. data was analysed in the coastal region, and the zonal vertical section shows a slight increase in the
developing AEW compositd-{gure 7.5.1(a))compared to the nedeveloping oneRigure 7.5.1(b))

This is more easilyupntified by looking at the differences over the region through the troposphere
(Figure 7.5.2), which shows that as with relative humidity there is a large region of air at low levels
with a higherd, (up to 6K higher) in the areadocated and to theanth of the AEJ out to 3%V

(Figure 7.5.2(c)). At the coast itself it can be seen that from the surface up to 400 hPa there is a
column of air which has consistently highigi(4K at 850 hPa down to 1.5K at 400 hPa), which, when
taken in conjunction witkhe vertical wind velocity and the relative humidity analyses, confirms that
developing AEWs are wanrtore structures as they cross the cfidsepsch, et al., 2010)
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Fig 7.5.1: zonal vertical sectiongrom 20° to 14°W showing d; (K) for (a) developing AEWs and (b) non
developing AEWs
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Fig 7.5.2: the difference ind, (K) between developing and nordeveloping AEW composites at (a) 400

hPa, (b) 600 hPa and (c) 850 hPa



7.6. Relative Vorticity

The vertical meanelativevorticity from 850 hPa to 600 hPa has been shown to be an effective AEW
tracking field(Thorncroft & Hodges, 2001; Serra, Kiladis, & Hodges, 20du@)should be compared

to the relative vorticityat the level of the AEJ to ensure that it can be used asaysis field as well.

The comparien of using the vertical mean relative vorticity against the 600 hPa relative vorticity
shows no difference in maxima positioning at the West African cbagirg 7.6.1).

AEWSs have a wave structure, with a troughrimg along a generally meridional axSarlson, 1969;
Burpee, 1972and this is shown for both the developifigire 7.6.1 (a) and (b)and nonr

developing Figure 7.6.1 (c) and (d)AEW composites. What can be seen however is that the
developing compate trough is more marked than the ridgveloping oneand that the position of the
relative vorticitymaxima for the developing case is on the trough axis, whereas for the non
developing case it is slightly upstream (to the east) of it. This meanbéhddvelopingomposite

will have neither positive nor negative vorticity advection, whereas theleegloping one will have
some negative vorticity advection, which will slightly inhibit convection, as seen by the vertical wind
velocity analysisgection7.3). This is also shown by the 600 hPa vector wind which shows the
relative pogtioning of the vertical mean relative vorticitgaximum for the developing-{gure
7.6.2(a))and nordeveloping Figure 7.6.2(b)) composites, as well as showing that thered

significant regional synoptic difference between the two cases.

The relationship between lower troposphere teatpee and the position of the relative vorticity
maximum is also interestirigin the developing composit€ifure 7.6.3(a))there is a idtinct zone
ahead of the trough axis which is 2K highedinhan for the equivalent zone in the reeveloping
case Figure 7.6.3(b)). Looking at the difference between developing andaeveloping composites
(Figure 7.6.4)there is a relatively small zone whefgs up to 6K higher for the developing AEWs
ahead of the AEW trough axis.
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Fig 7.6.1: relative vorticity (x10°s™) overlaid with 600 hPa geopotential height contours (dm).
(a) 600 hPa RV for developing AEWs(b) vertical mean RV for developing AEWs
(c) 600 hPa RV for nondeveloping AEWS; (d) vertical mean RV for nondeveloping AEWs
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Fig 7.6.2: relative vorticity (x10°s™) overlaid with 600 hPa wind vectors (m3) for (a) developing AEWs
and (b) non develogng AEWs
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8. Downstream Tracking and Identification of African Easterly Waves

Cyclogenesis depends very much on the downstream development of AEWs. The case studies
showed that AEWs which are extremely strong at the West African coast can decay rapidly or carry
on without developing furtheacross the entire Atlantic, whereas some AEWSs that are relatively
weak at this point develop into full blown hurricanes over the Caribbean. The case studies also
indicated that the strength of the AEJ going across the Atlantic with a particular AE¥iramgy

linked to any tropical depression development.

To bring a significant degree of statistical veracity to any conclusions it is vital to use the conditions
from as many different AEWs as possible. To this end all of the developing atdweloping

AEWSs for the JJAS period of 2005 to 20@Bich were tacked using the automatic relative vorticity
tracking algorithn{section3.) (table 81) were used

Year | Non-developing AEWS Developing AEWS
2005 31 8
2006 24 7
2007 30 5
2008 31 8
2009 30 6
Total 146 34

Table 81: numbers of AEWSs for JJAS 20050 2009

One point immediately to note is that the numbers of developing AEWs do not seem to correlate with
the known hurricane activity in each y&a2005, for example had so many that the naming system

had to go over to the Greek alphabet. The reasothik is the timing of the data period, as in busy
hurricane years a significant number occurred after the start of Octabler §2).

Year | PostJJAS Stormsg
2005 13

2006 0

2007 3

2008 6

2009 3

Table 82: postJJAS storms for 20052009

A further complication is that while AEWs are mostly-m@ated when the cross the West African
coast, once they pass over the central and western Atlantic they become widely spread due to the
influence of the particular synoptic conditions at the time. This ntbahs particular temporal or
spatial window cannot be used to capture data from different AEWs. The method used waa to pick

particular point in each AE¥/development and gather data in a 10 degree radius around that
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particular point for the tropospherconditions required, and then to average these individual data sets
into two separateomposits for the developing and nateveloping cases.

The point chosen for each AEW was the point at which the automatic relative vorticity maximum

tracking algorithm(Serra, et al., 201@pr the mean relative vorticity averagbetweer850 to 600

hPa detected the AEW track iretitlantic (or earlier if a developing AEW was tracked over Africa

all the way until cyclogenesis). This development stage was chosen as it gives each AEW a common
development stage, and does not depend on any criteria that will only be known lafie2 dg. hour s
before declaration as a tropical depressiono. T
the track start point between developing and-developing AEWst@ble 83), with developing

AEWSs on average having 28% more relative aition detection. This varies greatly from year to

year however and cannot be used as a reliable indicator of cyclogenesis potential.

Year | Developing AEW Relative Non-Developing AEW % Difference in RV from
Vorticity (x10°s?) at Track| Relative Vorticity (x10s?) at non-developing to
Start Track Start developing AEWs
2005 2.83 2.40 18%
2006 4.31 2.30 87%
2007 3.40 2.35 45%
2008 2.40 2.33 3%
2009 2.58 2.55 1%
Total 3.07 2.39 28%

Table 83: relative vorticity reading at the start of each AEW track

This choice of starting point gives a wide geographical spread of data locations for both developing

(Figure 8.1) and nordeveloping(Figure 8.2) AEWSs. The criteria for selection of these tracks was

that they were present betweéiNcand 26N, andthat for the nordeveloping ones they started

either over the sea or just at the coast, so as to try and avoid significant land effects (e.g. surface

heating). The AEJ is generally stronger over the African land mass due to the higher temperature

gradient and so the developing AEWSs that have their initial track point over land have been removed

from the wind analyses to avoid any bias. The scale indicates relative vorticisf\a0d shows a

random spread of initial relative vorticity readings fag thack start points. This reinforces the point

that the choice of a particular stage of an AEW?G

particular time or regional filter.
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Fig 8.1: start points for developing AEW tracks, JJAS 2005 to 2009

Fig 8.2: start points for non-developing AEW tracks, JJAS 2005 to 2009



9. The Compositing of Downstream Data for Developing and NeBeveloping AEWSs

After looking at several case studies it was hypothesised that the developing AEWs were usually
accompaied by a stronger poleward jet at the 600 hPa level thardeesloping ones. To test this,
the conditions around the start points of the developing andl@eeloping tracks for JJAS 2005 to
2009 were individually collected into the twategories andralysed looking at wind speed, relative
humidity, equivalent potential temperatudg) @nd potential vorticity at the 315 K isentropic surface
(PV315). Thecomposite were oriented along the direction of each individual track, and are
presented with theadvntrack direction taken as due west. Therefore on any plan views due north
represents 90to the right of the mean track direction, due southt8ahe left of the mean track
direction and due east directly behind the track start peigu(e 9.1). This technique has previously
been extensively used and proved fdratropical systems by Cat{@009.

Track Start Point

Along tracki Cross track to

ahead of the track the right is aligned
with north, to the

left with south

start point is
aligned with west,
behind it with east

10° radius around track

16 pressure levels from 950 hPa

start point for each level to 200 hPa at 50 hPa intervals

Fig 9.1: the downstream compositing volume and its orientation
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9.1 Wind Speed Composites

The wind speed data here is the magnitude of the vector product of the zonal (u) and meridional (v)
wind components. The cross track vertical section shows a marked difference between the developing
AEW compositgFigure 9.1.1 (a) and (b))and the nordeveloping oneRigure 9.1.1 (c) and (d)).

There is a poleward jet at 650 hPa centred 4 degrees to the right of track in both cases, but the
developingcompositenas both a faster central core (13'rosmpared to 11 rif§ and awider me,

with the 10ms™ or above region in the developing case being 6.5 degrees wide compared to 4.7
degrees wide for the nafeveloping case. Also, the difference between the wind speed left and right
of track is differeni the developingomposie has a minimum wind speed of less than 5 teft of

track giving a left/right difference of 8 Mscompared to a 6 Mdlifference in the nonleveloping

one. The vertical sections along the track through the start pajoir€ 9.1.2 (a) and (b) for

developing AEWS, (c) and (d) for rdeveloping onesjlso shows differences in magnitude and
gradient, with a peak of 11 mhshead of the developing AEW start point, and a difference of4 ms
with the region behind it, compared to 9 hasd 2 ms for the maximum and difference respectively

for the nondevelopingcomposite

The developing AEWs have had the ones that develop over land removed to avoid any wind speed
bias from the stronger AEJ. This is actually a small effect, and is illustrated B§ah400, 600 and

850 hPa level plan viewsigure 9.1.3 :left hand column for all the developing AEWSs, central one

for the developing AEWSs that are first detected at sea, and the right hand column forthe non
developing AEWSs). This representation cheahow the proximity of the stronger 600 hPa poleward
jet and the larger difference in wind speeds left and right of track in the devetmpimupsite

compared to the nedeveloping one.

A naoticeable point for further investigation is the differencthz200 hPa level winds, which shows
significantly more wind equatorward for the developing cases than thdavahoping one, which is
possibly the upper troposphere tropical easterlgHastenrath, 1991)This is a posslb cause of
upper level divergence, which would in turn help low level convergence and conyétigtanrath,
1991)
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Fig 9.1.1: cross track vertical sections showing wind speed (fsleft and right of the
track start points of developing ((a) and (b)) and nowleveloping ((c) and (d)) AEWs
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Fig 9.1.2: cross track vertical sections showing wind speed (f)sahead of and behind the
track start points of developing ((a) and (b)) and nordeveloping ((c) and (d)) AEWs
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Fig 9.1.3: plan views with a 18 radius showing wind speed (m8) at the 200 ((a), (b) & (c)), 400 ((d), (e) &
(), 600 ((g9), (h) & (1)) and 850 hPa ((j), (k) & (I))levels around the track start points of all the developing
(left hand column), the marine devebping AEWs (central column) and nondeveloping (right hand
column) AEWs
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9.2 Relative Humidity Composites

The first thing that stands out when looking at the etiessk vertical section is that there is@umn

of more humid air with relative humidityelues above 65% centred Rft of track in the developing
compositgFigure 9.2.1 (a) and (b)Lompared toelative humidityvalues of above 45% for the same
column in the nordevelopingcompositgFigure 9.2.1 (¢) and (d)).This impression is continued

when looking at the vertical section along the track centred on the track start point, with the
developingcompositeshowing a region afelative humidityabove 75% below 600 hPa up to 500 km
behind the track start poinfigure 9.2.2 (a) and (b))comparedo an RH value of above 55% for the
same region in the netevelopingcompositgFigure 9.2.2 (c) and (d)).The next significant feature

is the upper level air ahead of the track start goirgntred on 400 hPa the ndevelopingcomposite
shows a tongel of drier air (less than 40 % RH) from immediately ahead compared to a gradual
tapering off ofrelative humidityin the developingomposite which starts at 60% and only reaches
40% 650 km ahead of the track start point. The plan views are very usebinging the picture
together. The developir@pmpositeat 400, 600 and 850 hP&igure 9.2.3 (a) and (b) and (cphows

a region of more humid air over a larger volume located to the south east of the track start location
when compared with the natevelopingcompositgFigure 9.2.3 (d) and (e) and (f)with the

difference becoming more marked with altitude with 85% compared to 80% at 850 hPa, 75% to 60%
at 600 hPa and 70% to 45% at 400 hPa.
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Fig 9.2.1: cross track vertical sections showingelative humidity (%) left and right of the track start
points of developing ((a) and (b)) and nomleveloping ((c) and (d)) AEWs
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Fig 9.2.3: plan views with a 18 radius showingrelative humidity (%) at the 400, 600 and 850 hPa levels
around the track start points of developing ((a),(b) and (c)) and noaeveloping ((d), (e) and (f)) ARVs
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9.3 Equivalent Potential Temperature Composites

d- is used as it is conserved no matter whether the air parcel is saturated or unsaturated. Just as with
the relative humidity data the cross track vertical section through the track start point slotuvara

of air that has a minimurf, of 333 K approximately 2 degrees left of traEigre 9.3.1 (a) and (b))
compared to 330 K in the same region of the-developingcompositg Figure 9.3.1 (c) and (d)).

The along track vertical section shows a vaitid33 K at 600 hPa for the developiogmposite

(Figure 9.3.2 (a) and (b)rompared to 329 K for the nateveloping oneRigure 9.3.2 (c) and (d)).

The plan views complete the overall picture, with the developangpositeat 400, 600 and 850 hPa
(Figure 9.3.3 (a), (b) and (c))showing a volume of air to the south east of the track start point which
has a highed, at all levels than the neshevelopingcompositgFigure 9.3.3 (d),(e) and (f)) with 339

K compared to 335K at 850 hPa, 333d<331 K at 600 hPa and 339 K to 337 K at 400 hPa.
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Fig 9.3.1: cross track vertical sections showinde (K) left and right of the
track start points of developing ((a) and (b)) and nordeveloping ((c) and (d)) AEWs
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Fig 9.3.2: cross track vertical sectons showingd, (K) aheadof and behindthe
track start points of developing ((a) and (b)) and nordeveloping ((c) and (d)) AEWs
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Fig 9.3.3: plan views with a 16 radius showingd, (K) at the 400, 600 and 850 hPa levels around the track
start points of developing ((a),(b) and (c)) and nomdeveloping ((d), (e) and (f)) AEWs
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9.4 Potential Vorticity on the 315 K Isentropic Surface Composites

The plan view for PV315Fjgure 9.4.1) shows that the potential vorticity for the developing
compositds both higheand has a greater gradient across the track direction than for the non
developingcomposite with a maximum of 0.45 PVU and a drent to the right of track 60.063
PVU/degree, as compal¢o a maximum of 0.30 PVU ardgradient 0f0.025 PVU for the no
developingcomposite This demonstrates the greater baroclinic instability available for vortex
generatior(Fink, et al., 2004)

Figure 9.4.1: PV315 for (a) the developing and (b) the nedeveloping AEW composites
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