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Characteristics of African easterly waves associated with tropical
cyclogenesis in the Cape Verde Islands region in

July-August-September of 2004-2008

Joél Arnault, Frank Roux *

Laboratoire d'Aérologie, (Université de Toulouse and CNRS), 14 avenue Edouard Belin, F-31400 Toulouse, France

The most common synoptic-scale disturbances related to cyclogenesis over the tropical north Atlantic Ocean are African easterly waves
(AEWs) that originated from the northern African continent. However, most of these waves do not evolve in tropical depressions,
storms, or hurricanes. The reasons why only few AEWs develop and the necessary conditions for cyclogenetic evolution are still the

subject of intense debate.

Tropical cyclogenesis occurring near the Cape Verde Islands in the eastern tropical Atlantic is investigated here with five seasons (July-
August-September of 2004-2008) of European Centre for Medium-Range Weather Forecasts analyses, Meteosat-9 images, and
National Hurricane Center (National Oceanic and Atmospheric Administration, National Centers for Environmental Prediction) “best
track” archives. The nine named storms that first reached tropical depression intensity east of 30°W, and two among six which developed
between 30 and 40°W, during these five years evolved from intense AEW troughs, associated with low-level cyclonic circulation, weak
mid-level anticyclonic Saharan flow to the east, and deep convection near the center of cyclonic vorticity. The cyclogenetic evolution
of three AEW troughs, which verified these conditions but failed to develop into named storms, was probably inhibited by unusually dry
environment and strong vertical wind shear. The fate of other AEW troughs, which did not satisfy the necessary conditions, is also discussed.

1. Introduction

Tropical cyclogenesis occurs only when several necessary
environmental conditions are met (e.g. Gray, 1968; Landsea,
2000): (i) warm ocean waters (>26 °C) throughout at least
50 m depth to fuel the tropical cyclone heat engine, (ii) an
atmosphere potentially unstable to moist convection through
which the heat stored in the ocean's upper layers is released,
(iii) weak vertical wind shear (less than about 10 ms~'
between 850 and 200 hPa), (iv) a relatively moist mid-
troposphere to inhibit evaporative cooling and the resulting
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downward transport of cold air by convective downdrafts,
(v) a minimum distance of about 5° from the equator for the
Coriolis force to control gradient wind balance, and (vi) a pre-
existing disturbance with sufficient vorticity and convergence
in the low troposphere and/or an anticyclonic and divergent
perturbation in the upper troposphere. However, the se-
quence of events leading to tropical cyclogenesis remains
elusive.

Tropical cyclogenesis can result from interactions be-
tween mesoscale convective systems (MCSs) and favourable
synoptic conditions (e.g. McBride and Zehr, 1981; Raymond
et al., 1998; Rodgers and Fritsch, 2001; Simpson et al., 1997).
Mesoscale convective vortices (MCVs) produced in MCSs can
merge and increase the storm-scale cyclonic vorticity in the
low to mid-levels (e.g. Ritchie and Holland, 1997). Alterna-
tively, low-level convergence and cyclonic vorticity can be



produced by small-scale areas of deep convection associated
with co-located strong vertical vorticity, referred to as
vortical hot towers (VHTs) (e.g. Hendricks et al., 2004;
Montgomery et al., 2006). Both processes are not contradic-
tory and the progressive merging and axisymmetrization of
small-scale vortices induced by VHTs would be favoured in
a meso- to large-scale rotating environment (e.g. Van Sang
et al., 2008).

These considerations hold for tropical cyclogenesis in
general. The present work focuses more precisely on the
formation of the so-called “Cape Verde tropical cyclones” over
the tropical eastern Atlantic off the West African coast (east of
30°W). These storms are frequently intense and long-lived
because they can develop over large areas of warm waters
before eventually making landfall and causing major destruc-
tions (e.g. Frederic, 1979, Hugo, 1989, Andrew, 1991, Fran,
1996, Bonnie, 1998, Floyd, 1999, Ivan, 2004, ...). Sall et al.
(2006) proposed an index for detecting such events, based on
a 10-year climatology of atmospheric and oceanic conditions
over West Africa and the nearby tropical eastern Atlantic.
They noted that the sea surface temperature over the studied
area is always warmer than 26 °C during the boreal summer,
and the vertical wind shear is rather low. Hence, these two
parameters do not seem to be discriminating factors with
respect to the birth of tropical cyclones in this region. Sall
et al. (2006) also observed that most Cape Verde tropical
cyclones are related to Sahelian MCSs whose cyclogenetic
evolution ultimately depends on the synoptic conditions they
are embedded in. More precisely, they stated that “the
combination between vertical vorticity at 925 hPa (account-
ing for low level convergence) and potential vorticity at
700 hPa (accounting for instability in midlevel layer) dis-
criminate efficiently between strengthening and weakening
evolution offshore near the African coast”. Sall et al. (2006)
also noted that developing cases are associated with more
humidity in the mid-troposphere above the monsoon layer.

African easterly waves (AEWs) are wave-like disturbances
that propagate over West Africa and the tropical Atlantic
between 10 and 20°N, with wavelengths of 2000-4000 km,
periods of 3-5 days, and maximum amplitude at the African
easterly jet (AE]) level near 700 hPa or 3000 m altitude (e.g.
Reed et al., 1977; Riehl, 1954). A large proportion of Atlantic
hurricanes evolve from AEW troughs and the United States'
National Hurricane Center (NHC) has been tracking AEWs
operationally for decades (e.g. Avila and Clark, 1989). But the
detailed processes through which an AEW trough spawns a
tropical depression, storm or cyclone, and the reasons why
some AEW troughs develop close to the African coast or
further west are not well understood. Carlson (1969a) found
no evident correlation between the intensity of an AEW
trough leaving the West African coast and cyclogenetic
evolution over the tropical eastern Atlantic Ocean. However,
Thorncroft and Hodges (2001) proposed that the cyclogenetic
evolution of AEW troughs depends on their low-level
amplitude when they leave the West African coast. Lin et al.
(2005) studied the AEW trough which evolved into Hurricane
Alberto (2000). They identified three successive convective
genesis and lysis periods before the final cyclogenesis
evolution occurred off the Guinean coast (Alberto became a
tropical depression near 11°N, 18°W). For the same case
study, Berry and Thorncroft (2005) suggested that the

merging of cyclonic vorticity in the AEW trough and cyclonic
vortices of convective origin over the Guinean Highlands
favoured this evolution.

Most studies have focused on waves propagating south
of the AE] at the jet level. Carlson (1969b), Burpee (1974),
and Reed et al. (1977) observed low-level cyclonic vortices
moving westward on the northern flank of the AEJ, at the
southern fringe of the Sahara. Northern vortices are
associated with dry shallow convection and generally
dissipate when they reach the West African coast. However,
Pytharoulis and Thorncroft (1998) hypothesized that such
northern low-level vortices could be low-level precursors of
tropical cyclones forming off the West African coast. A
complete tracking history of northerly and southerly vortices
by Fink et al. (2004) for all three phases of the Global
Atmospheric Research Program Atlantic Tropical Experiment
(GATE) revealed that, although northerly and southerly
vortices often coexist at least during part of their lifetime,
they rarely merge near the west coast of Africa. Likewise,
Zawislak and Zipser (2010) concluded that low-level
northern disturbances are generally dry and quickly weaken
after crossing the West African coast. On the contrary, Ross
and Krishnamurti (2007) found that the southern and
northern wave regimes can interact, merge and produce a
more vigorous trough, instrumental to Atlantic tropical
cyclogenesis.

According to Arnault and Roux (2009), the intensifica-
tion of the “pre-Helene (2006) disturbance” in a tropical
depression, south of Cape Verde Islands (near 12°N, 22°W)
on 11-12 September 2006, was the result of a geostrophic
adjustment through which barotropic conversion of zonal
kinetic energy from the AE]J strengthen the cyclonic circula-
tion so as to balance the convectively induced warm anomaly
aloft. Arnault and Roux (2010) also showed that the so-
called “Perturbation-D” observed on 26-27 September 2006
during AMMA-SOP3 (Third Special Observation Period of the
African Monsoon Multidisciplinary Analyses, Redelsperger
et al,, 2006) failed to develop over the ocean, although its
evolution over the continent was relatively similar, owing
to a lack of barotropic conversion in the low to mid levels.
Likewise, Ross et al. (2009) found that developing AEWs
observed in August and September 2006 during NAMMA
(the National Administration for Space and Aeronautics' ex-
tension of AMMA, Zipser et al., 2009) - including the “pre-
Helene (2006) disturbance” - were characterized by positive
barotropic conversion, while non developing ones had nega-
tive barotropic conversions. For these AEWs, baroclinic con-
version did not play a significant role because positive energy
conversion was either small or offset by larger negative
conversion.

During the summer season, Carlson and Prospero (1972)
observed pulses of warm, dry and dust-laden Saharan air in
the mid troposphere over the northern tropical Atlantic
Ocean. These Saharan air pulses occur off the West African
coast, in relation with AEW ridges and anticyclonic winds.
The hot Saharan air layer (SAL) at mid-levels would enhance
meridional temperature gradients, strengthen the AEJ], and
favour baroclinic growth of AEWs (Karyampudi and Carlson,
1988). Saharan air layer outbreaks could also play a role
in the initiation of convection over the ocean during
tropical cyclogenesis off West Africa through dynamic,



thermodynamic and microphysical forcing associated with
dust (e.g. Jenkins et al., 2008; Karyampudi et al., 1999). On the
other hand, Dunion and Velden (2004) found that SAL has an
inhibitive influence on tropical cyclone development through
increased stability from the low-level temperature inversion,
increased vertical wind shear and dry air intrusion in the mid
troposphere. In a case-study of a non-developing AEW
trough, Arnault and Roux (2010) showed that the anticy-
clonic flow associated with the upstream AEW ridge was
enhanced by mid-level Saharan anticyclonic flow, stretching
the cyclonic vortex in the AEW trough and prohibiting further
intensification.

These previous works confirmed that both synoptic and
convective processes participate in tropical cyclogenesis from
AEW troughs over the tropical eastern Atlantic Ocean off the
West African coast. The present study aims at clarifying these
conditions through comparing the characteristics of AEW
troughs which led or not to “Cape Verde tropical cyclogen-
esis” during boreal summers of 2004 to 2008. Section 2
describes the 5-year data set used in this work. Phenomena at
synoptic and meso-scales are discussed in Sections 3: AEW
troughs, 4: mid-level vorticity, 5: low-level vorticity, 6:
anticyclonic circulation, and 7: convective processes. A
conceptual view of the phenomenon is then proposed in
Section 8. Conclusions and some perspectives are finally given
in Section 9.

2. Data

The large-scale atmospheric conditions associated with
Cape Verde tropical cyclogenesis are deduced here from
ECMWF (European Centre for Medium-Range Weather
Forecasts) operational analyses available in the AMMA data
base for July-August-September 2004-2008 (JAS 04-08). It
must be outlined that, in 2006, the ECMWF model has been
upgraded from a triangular truncation at wavenumber 511 to
799. The special ECMWF reanalyses for summer 2006
including the additional AMMA data (Agusti-Panareda et al.,
2009) have not been used in order to keep some homogeneity
between the five successive seasons. Air temperature, relative
humidity, geopotential heights, wind components, relative
vertical vorticity and horizontal divergence are available on a
regular latitude-longitude grid of 1.125° resolution, at 21
pressure levels between 1000 and 1 hPa, at 00, 06, 12 and
18 UTC. These data also include daily sea surface tempera-
tures (SSTs).

The convective activity is deduced from the hourly
Meteosat-9 (Meteosat-8 in July-August 2004) brightness
temperature images in the “water vapour” channel n°6 at
6.85-7.85 um. For 2004, 2005 and 2006, these data are
available in the AMMA data base. For 2007 and 2008, they
were kindly provided by SATMOS (Service d'Archivage et de
Traitement Météorologique des Observations Spatiales, Cen-
tre National de la Recherche Scientifique and Météo-France).
The Meteosat-9 raw images have been interpolated on a
regular latitude-longitude grid of 0.027° resolution and a
brightness temperature resolution of 0.5 K.

The genesis locations of tropical depressions, which
became tropical storms and hurricanes, in the tropical
Atlantic basin are from the HURricane DATa base (HURDAT
or “best-track”) maintained by NHC. This dataset was created

partially by using subjective interpretations of hurricane
forecasters and satellite analysts. Hence, the starting location
and time of a tropical depression given by NHC might be
somewhat subjective. Detailed information of the genesis of
each named storm can be found in Franklin et al. (2006) for
the Atlantic Hurricane season of 2004, Beven et al. (2008) for
2005, Franklin and Brown (2008) for 2006, Brennan et al.
(2009) for 2007, Brown et al. (2010) for 2008.

It must be outlined that this 5-year data set is too short a
sample for statistically sounded conclusions to be drawn. Our
goal here is to identify physical processes plausibly associated
with the cyclogenetic evolution of AEWs in the Cape Verde
Islands region. The verification of their applicability for
forecasting would deserve a more comprehensive study
with a longer (decade or more) investigation period with
far more AEWs. This is however out of the scope of the
present paper.

3. AEW troughs crossing the West African coast and
named storms

3.1. Detection of AEW troughs

The aim of this work is to investigate the relative
contributions of synoptic and convective processes in the
cyclogenetic or non-cyclogenetic evolution of AEW troughs
observed off the West African coast in JAS 04-08. Firstly, the
AEW troughs passing over the Cape Verde Islands region
must be objectively detected in the ECMWF analyses. Berry
et al. (2006) proposed a technique for automatically tracking
AEW troughs axes over West Africa and the nearby Atlantic
Ocean. However, this method identifies multiple troughs,
some of which can be associated with mesoscale and short-
lived maxima of convective origin, not only with large-scale
and long-lived AEW troughs (Kerns et al., 2008).

Here, AEW troughs are identified by relative maxima of
the area with relative vorticity at 700 hPa larger than a given
threshold in domain € (8-22°N, 20-28°W) centered on Cape
Verde Islands. This domain is centered over the Cape Verde
Islands region, its meridional extension is such that all AEW
troughs can be detected whatever their latitude and its
longitudinal extension is such that AEW troughs can be
detected before tropical cyclogenesis occurred. Fig. 1 shows
the evolution of this criterion for JAS 2004 using three
different relative vorticity thresholds (+42.5, +5, and
+7.5x107°>s™1). About thirty AEW troughs are detected
in JAS 2004 and this number does not vary much with the
threshold value (31, 29, and 30 for thresholds +2.5, +5,
and +7.5x107° s~ 1, respectively). Cyclonic vorticity values
larger than +5x107>s~ ' at 700 hPa represent the last
decile (highest 10%) of all the cyclonic vorticity values in
domain Q for JAS 04-08. In the following, this value is chosen
as the relative vorticity threshold to identify AEW troughs.

The period of approximately three days between each
trough is in agreement with previous studies. The zonal
propagation speed derived from the successive positions of
vorticity centers of AEW troughs in domain Q (deduced
here as the weighted mean of vorticity values larger than
+5x107>s~! at 700 hPa) is 6.3 ms~ ! with a standard
deviation of 1.5 m s~ !. This is relatively slow, but compatible
with previous estimates of 5-10 m s~ ' or 4-8° longitude per
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Fig. 1. (a) evolution of the relative area of vorticity higher than +2.5x107% s~ in the domain Q (8-22°N, 20-28°W) at pressure level 700 hPa from 00 UTC 1
July 2004 until 00 UTC 1 October 2004 UTC (scale on the vertical axis). The horizontal axis gives the time in days. Maxima in this curve have been associated
with AEW troughs that have been numbered; (b) as in (a), except with a vorticity threshold of +5x107>s™!; (c) as in (a), except with a vorticity threshold
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of +7.5x10™

day for the propagation speed of AEWs (e.g. Berry et al,
2006).

Fig. 2 shows six AEW troughs detected with this threshold
in the Cape Verde Islands region in 2004. The horizontal
distribution of cyclonic vorticity is not uniform and the
latitudinal position of AEW troughs is quite variable. The
meridional limits of domain Q (8° and 22°N) are chosen so
that all the AEW troughs crossing the West African coast are
detected. This domain has also to be narrow enough in
longitude to avoid the simultaneous presence of two AEW
troughs. The 8° zonal width (20-28°W) is much smaller than
the 20-40° wavelength of AEWs, which generally prevents
such a situation to occur.

With this criterion, 28, 32, 25, 27, and 30 AEW troughs
are detected for JAS of 2004, 2005, 2006, 2007, and 2008,
respectively (Tables 1-5). In few cases, successive relative
maxima of area with vertical vorticity at 700 hPa larger
than 5x1073s~ !, separated by less than 24 h, have been
associated with single AEW troughs (n° 27a,b in 2004; 13a,b,
14a,b, 18a,b, and 32a,b in 2005; 4a,b and 23a,b in 2006; 4a,b,
19a,b, 22a,bin 2007; 13a,b and 26a,b in 2008; see Tables 1-5).
The averaged circulation at 700 hPa for these 142 AEW
troughs, relative to their respective vorticity centers, (Fig. 3a)
displays cyclonically curved winds extending approximately
3° longitude northward and 7° southward, westward and
eastward, but the circulation is not closed.
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Table 1

Characteristics of AEW troughs in JAS 2004 (see the text for details) and associated tropical cyclogenesis events [the date and longitude of the named storms
correspond to the first time and location where they reach Tropical Storm status (10-min averaged winds >17 m s~ !)]. Light and dark shading denotes “intense
AEW troughs with favourable synoptic conditions and deep convective activity” that did and did not develop, respectively, into named storms. In the lower right, the
number of storms developing from those AEW troughs is indicated in parentheses.

2004 AEW characteristics Tropical cyclogenesis
AEW # Date in Q Intense Cyclonic Anticyclonic |Deep <30°W 30-40°W | 40-60°W >60°W
cyclonic circulation at | circulation at | convection
circulation at | 1000 hPa 700 hpa
700 hPa
1 03 Jul .
2 06 Jul
3 08 Jul
4 13 Jul ° .
5 16 Jul
6 20 Jul . °
7 23 Jul °
8 26 Jul
9 28 Jul °
Bonnie
10 31]Jul 03 Aug
1 03 Aug °
Charley
12 06 Aug ° 09 Aug
Earl
13 11 Aug 13 Aug
Danielle
14 13 Aug o . ° 13 Aug
15 17 Aug .
16 20 Aug °
Frances
17 23 Aug . ° 25 Aug
18 27 Aug 4
Ivan
19 31 Aug . . ° 12 Sep
21 05 Sep °
22 08 Sep Jeanne
13 Sep
23 10 Sep °
Karl
24 15 Sep ° ° ° 16 Sep
Lisa
25 18 Sep ° ° ° 19 Sep
Matthew
26 20 Sep ° ° 08 Oct
27a 23 Sep ° . °
27b 24 Sep
28 27 Sep
2004 AEW trough I AEW |1 AEW |1 AEW |Intense AEW <30°W 30-40°W | 40-60°W >60°W
troughs troughs with | troughs with |troughs with
low-level favourable favourable
cyclonic synotic synotic and
circulation conditions convective
conditions
28 14 7 7 5 3(3) 2(1) 4(0) 4(1)




Table 2

As in Table 1, except for 2005.

2005 AEW characteristics Tropical cyclogenesis
AEW # Date in Q Intense Cyclonic Anticyclonic |Deep <30°W 30-40°W  (40-60°W  |[>60°W
cyclonic circulation at | circulation at | convection
circulation at |1000 hPa 700 hPa
700 hPa
1 02 Jul
2 04 Jul
3 08 Jul ° Emily 11 Jul
4 11 Jul R R Franklin 21 Jul
Gert 23 Jul
5 15 Jul
6 17 Jul
7 19 Jul
8 21 Jul
Harvey
L]
9 25 Jul 02 Aug
10 26 Jul
1 28 Jul
12 31 Jul
13a 02 Aug o Irene
13b 03 Aug 04 Aug
14a 07 Aug
14b 08 Aug
15 10 Aug Jose 22 Aug
16 12 Aug
17 14 Aug o
18a 16 Aug
18b 17 Aug
19 19 Aug L4
20 22 Aug ° ° .
21 26 Aug Lee 28 Aug
22 28 Aug Maria
01 Sep
23 31 Aug ° Nate 05 Sep
24 03 Sep
25 05 Sep
26 08 Sep Rita 18 Sep
Philippe
27 10 Sep 17 Sep
28 12 Sep
29 14 Sep ®
30 19 Sep
31 23 Sep ° Stan 01 Oct
32a 27 Sep R Tammy
32a 28 Sep ° 05 Sep
2005 AEW troughs Intense AEW |Intense AEW |Intense AEW (Intense AEW <30°W 30-40°W  [40-60°W  [>60°W
troughs troughs with | troughs with [troughs with
low-level favourable |favourable
cyclonic synoptic synoptic and
circulation conditions convective
conditions
32 4 0 0 0 0(0) 1(0) 4(0) 1(0)




Table 3
As in Table 1, except for 2006.

2006 AEW characteristics Tropical cyclogenesis
AEW # Date in Q Intense Cyclonic Anticyclonic |Deep <30°W 30-40°W [40-60°W [>60°W
cyclonic circulation at | circulation at | convection
circulation at (1000 hPa 700 hpa
700 hPa
1 04 Jul
2 08 Jul
3 10 Jul
4a 12 Jul .
4b 13 Jul
5 16 Jul .
6 18 Jul ° .
7 21Jul ° .
8 25 Jul
° Chris
9 27 Jul 01 Aug
10 30 Jul
11 01 Aug
12 05 Aug . .
13 07 Aug
14 14 Aug .
15 16 Aug .
Debby Ernesto
16 2L Aug ° ° ° 21 Aug 24 Aug
17 26 Aug
Florence Gordon
[ ] [ ]
E ol ° 03 Sep 10 Sep
19 09 Sep °
o Helene
20 12 Sep ® ® 12 Sep
21 17 Sep ° °
Isaac
L] L]
22 19 Sep 27 Sep
23a 22 Sep
23b 23 Sep
24 25 Sep
25 28 Sep . ° °
2006 AEW trough Intense AEW |Intense AEW |Intense AEW |Intense AEW <30°W 3040°W 40-60°W  [>60°W
troughs troughs with | troughs with |troughs with
low-level favourable favourable
cyclonic synotic synotic and
circulation conditions convective
conditions
25 10 4 4 3 2(2) 1(1) 3(0) 1(0)

3.2. Detection of intense AEW troughs

The intensity of AEW troughs in the Cape Verde Islands
region certainly plays an important role in tropical cyclogen-
esis, as it favours convective development (e.g. Davis and
Trier, 2007) and facilitates the up-scale organization of
convective-scale cyclonic vortices (e.g. Berry and Thorncroft,
2005; Van Sang et al., 2008). We identify these intense AEW

troughs by the presence of relative vorticity values at 700 hPa
larger than 104 s~ ! in domain Q. This value is close to the
upper percentile (highest 1%) of the vorticity values for the
whole data set. The verification of this criterion during more
than 24 h defines an “intense AEW trough”.

In JAS of 2004, 2005, 2006, 2007 and 2008, 14,4, 10,11 and
15 intense AEW troughs occurred, respectively (Tables 1-5).
The averaged circulation at 700 hPa, relative to their



Table 4
As in Table 1, except for 2007.

2007 AEW characteristics Tropical cyclogenesis
AEW # | DateinQ Intense Cyclonic Anticyclonic |Deep <30°W 30-40°W 40-60°W >60°W
cyclonic circulation at | circulation at | convection
circulation at | 1000 hPa 700 hPa
700 hPa
1 03 Jul .
2 05 Jul
3 10 Jul
4a 13 Jul
4b 14]ul °
5 17 Jul .
6 19]ul
7 23 Jul .
8 26 Jul o °
9 29 Jul ° °
10 02 Aug
Erin
11 04 Aug ° ° 15 Aug
12 06 Aug (]
13 10 Aug .
14 12 Aug L) L) L Dean
13 Aug
15 14 Aug .
16 17 Aug
18 26 Aug Felix
31 Aug
19a 29 Aug
19b 30 Aug
20 02 Sep °
21 08 Sep . ° Ingrid
12 Sep
22a 12 Sep Lorenzo
22b 13 Sep 25 Sep
23 15 Sep
24 18 Sep
25 21 Sep L4
26 23 Sep ° ° Karen
29 Sep
27 27 Sep o . . Melissa
28 Sep
2007 AEW troughs Intense AEW | Intense AEW | Intense AEW |Intense AEW <30°W | 30-40°W 40-60°W >60°W
troughs troughs with | troughs with | troughs with
low-level favourable favourable
cyclonic synoptic synoptic and
circulation conditions convective
conditions
27 11 3 3 3 2(2) 1(0) 2(0) 2(0)
respective vorticity centers, for the 54 intense AEW troughs 3.2. Link with tropical cyclogenesis
detected for JAS 04-08 (Fig. 3b) is comparable to that of the
142 AEW troughs (Fig. 3a), but the cyclonic curvature of the The NHC best-track data set allows to identify the AEW
easterlies is more pronounced and the circulation is closed. troughs which evolved into tropical depressions (organized



Table 5

As in Table 1, except for 2008.

2008 AEW characteristics Tropical cyclogenesis
AEW # | DateinQ Intense Cyclonic Anticyclonic Deep <30°W 30-40°W 40-60°W >60°W
cyclonic circulation at | circulation at |convection
circulation at | 1000 hPa 700 hPa
700 hPa
1 03 Jul Bertha
O O O 03 Jul
2 06 Jul
3 08 Jul
4 12 Jul Dolly
20 Jul
5 15 Jul .
6 18 Jul
7 23 Jul .
8 26 Jul .
9 28 Jul
10 31 Jul ° ° ° °
11 05 Aug (] .
12 08 Aug ° Fay
15 Aug
14a 15 Aug ° ° ° ° Gustav
25 Aug
15 20 Aug ° Hanna
28 Aug
16 23 Aug .
17 26 Aug o
18 30 Aug ° ° ° ° Tke
01 Sep
19 02 Sep Josephine
° ° ° 02 Sep
20 06 Sep
[ ]
21 07 Sep
22 09 Sep
23 12 Sep
24 14 Sep Kyle
25 Sep
25 16 Sep .
26a 18 Sep . °
26b 19 Sep
27 21 Sep °
28 24 Sep .
29 27 Sep °
30 29 Sep °
2008 AEW troughs Intense AEW Intense AEW | Intense AEW |Intense AEW <30°W 3040°W 40-60°W >60 "W
troughs troughs with | troughs with | troughs witl
low-level favourable favourable
cyclonic synoptic synoptic and
circulation conditions convective
conditions
30 15 6 3 3 2(2) 1(0) 1(0) 4(0)
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Fig. 3. (a) mean horizontal winds at 700 hPa, relative to the respective
vorticity centers, for the 142 AEW troughs detected in JAS 04-08. The scale
for horizontal winds is indicated on the bottom right. (b) as in (a), except for
the 54 “intense AEW troughs” detected in JAS 04-08. The “+” symbol
indicates the location of the vorticity center at 700 hPa.

system of clouds and thunderstorms with a defined, closed
surface circulation and maximum 10-min surface winds of
less than 17 m s~ '), then into named storms. 105 (74%) of
the 142 AEW troughs detected during the five seasons did
not develop. Nine (6%) developed east of 30°W, five (4%)
between 30 and 40°W, fourteen (10%) between 40 and
60°W, and nine (6%) west of 60°W (Tables 1-5). 77% of the
tropical storms and hurricanes in JAS 04-08 were related
to AEW troughs (2004: 10 out of 13; 2005: 12 out of 14;
2006: 7 out of 8; 2007: 7 out of 11; and 2008: 8 out of 11).
All named tropical disturbances which formed east of
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60°W were associated with AEW troughs, except Tropical
Storms Jerry (36.2°N, 46.1°W on 23 September 2007) and
Laura (39.0°N, 35.0°N on 26 September 2008), but these
two storms were rather of subtropical nature. West of
60°W, several storms had a different origin (local convec-
tive development, low-level disturbance associated with a
monsoon trough, and tropical transition of mid-latitude
systems). The AEW troughs that developed west of 60°W
evolved over the Atlantic under the influence of local
atmospheric and oceanic conditions, not explicitly related
to the AEW characteristics, and they will not be discussed
here.

In 2005, Tropical Storm Gert formed at 19.3°N, 92.9°W on
23 July in the southern part of AEW trough n°4 that
previously spawned Tropical Storm Franklin at 25.0°N,
27.0°W on 21 July (Table 2, Beven et al., 2008). In 2006,
Hurricane Ernesto developed at 12.7°N, 61.6°W on 24 August
from an AEW trough that was undistinguishable in domain Q
on 20-22 August from n°16 which triggered Tropical Storm
Debby at 11.6°N, 21.7°W on 21 August (Table 3, Franklin and
Brown, 2008). Likewise, the AEW trough n°18 spawned
Tropical Storm Florence at 14.1°N, 39.4°W on 3 September
2006, then Hurricane Gordon at 20.2°N, 53.8°W on 10
September 2006 (Table 3, Franklin and Brown, 2008). These
“secondary” developments will not be considered here.

Among the 54 intense AEW troughs detected during the
five seasons, eight developed east of 30°W, five between 30
and 40°W, four between 40 and 60°W, and five west of 60°W
(Table 2). East of 40°W, only one named storm (Irene in
2005) out of 15 was not related to an intense AEW trough
(n°14 0f 2005), whereas 18 out of the 27 storms west of 40°W
were triggered by “non intense” AEW troughs. This shows
that the intensity of AEW troughs is important for cyclogen-
esis in the Cape Verde Islands region and the eastern tropical
Atlantic, but not further west.

Also seen in Tables 1-5, the intense AEW troughs that did
not develop are relatively more frequent during the first half
of the considered period (1 July-14 August). This could result
from an active West African monsoon generating strong
AEWs which however did not develop over the Atlantic
Ocean due to unfavourable environmental conditions in the
early season. It is also remarkable that the very active
hurricane season of 2005 (Table 2) had the largest number
(32) of AEWs, but no tropical cyclogenesis in the Cape Verde
Islands region (<30°W), and that only four intense AEW
troughs were observed, none of which having evolved into a
named storm east of 60°W. During this very unusual year,
only Tropical Storm Irene developed east of 40°W from an
AEW trough of moderate intensity.

The fact that only 13 (24%) of 54 intense AEW troughs
developed east of 40°W and that some of the strongest AEW
troughs (AEW n°20 in 2005, n°12 in 2006, n°9 in 2007, n°7
and n°10 in 2008) did not evolve into named storms
indicates that, as proposed by Carlson (1969a), there is no
strict correlation between the intensity of an AEW trough
leaving the West African coast and cyclogenetic evolution
over the tropical Atlantic Ocean. Then, for the data
considered here, the presence of such an intense AEW
trough can be considered as a necessary, but not sufficient,
condition for cyclogenetic development in the Cape Verde
Islands region.



4. Low-level vorticity off the West African coast

4.1. Interaction between monsoon flow and trade winds in the
low levels

The low-level circulation off the West African coast, with
the south-westerly monsoon flow and the north-easterly
trade winds, plays an important role in cyclogenesis. The low-
level flow can favour (or not) convective developments in the
presence of a mid-level vortex (e.g. Fritsch et al., 1994), or
facilitate (or not) the up-scale organization of convective
cyclonic vortices (e.g. Van Sang et al., 2008).

Cape Verde cyclones can develop from relatively dry and
shallow “northern vortices”, or from the merging of vortices
from northern and southern AEW tracks (e.g. Berry and
Thorncroft, 2005; Pytharoulis and Thorncroft, 1998; Ross and

Krishnamurti, 2007; Schwendike and Jones, 2010). Though
not frequent, such a scenario can be illustrated with the case
of AEW trough n°14 in 2004 which became a tropical
depression at 12.3°N, 21.8°W on 13 August, and Hurricane
Danielle later on (Fig. 4). The south-westerly monsoon flow
and the north-easterly oceanic trade winds were rather weak
and disconnected from each other on 9 August, three days
prior to cyclogenesis (Fig. 4a). On 11 August in the afternoon,
a northern vortex originating from the Saharan heat low was
centered near 15°N, 15°W and it was associated with a
relative minimum in surface pressure. This vortex moved
south-westward in association with the oceanic trade winds,
while the monsoon flow was becoming stronger (Fig. 4c and
d). This resulted in a large low-level cyclonic circulation, then
the formation of a tropical depression on 13 August, and
Tropical Storm Danielle on 14 August (Fig. 4e).
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Fig. 4. Horizontal winds (arrows) and geopotential height (m) at 1000 hPa associated with AEW n°14 of 2004 from (a) 18 UTC 9 August until (e) 18 UTC 13 August
with a time interval of 24 h. The scale for geopotential height of 1000 hPa is indicated in the right of panel (c). The scale for horizontal winds is indicated in the
bottom right of each panel. The trough centered near 13°N, 22°W on 18 UTC 13 August (e) is the tropical depression that became Hurricane Danielle (2004).
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Interaction between trade winds and monsoon flow does
not depend on northern vortices only. As an example, AEW
trough n°24 of 2004 became a tropical depression near 11°N,
29°W on 16 September, then Hurricane Karl (Fig. 5). A few
days prior to cyclogenesis (Fig. 5a and b), a weak northern
low-level vortex was located near 20°N, 15°W. The oceanic
trade winds were well established, but the monsoon flow was
very weak. On 14 September in the afternoon (Fig. 5c), a low-
level vortex had formed further south, near 10°N, 20°W, in
relation with convective development over warm waters (not
shown). This vortex was associated with a stronger monsoon
flow. As it propagated westward on 15 September, this vortex
went close to the trade winds to its north-west, which
resulted in a large cyclonic circulation and the formation of
Tropical Storm Karl (Fig. 5d and e).

These two examples show that north-easterly trade winds
and south-westerly monsoon flow play an important role in
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tropical cyclogenesis off West Africa as, at the interface
between these two oppositely directed flows, a small-scale
vortex can evolve into a large cyclonic circulation which
provides favourable low-level environment for tropical
cyclogenesis.

4.2. AEW troughs with low-level cyclonic circulation

We identify AEW troughs associated with a low-level
cyclonic circulation through the simultaneous presence of
relative vorticity values at 1000 hPa larger than 10~ s~ in
domain Q (this threshold is close to the uppermost percentile
of the vorticity values at 1000 hPa for JAS 04-08), and relative
vorticity values larger than +5x 1073 s~ " at 700 hPa. This
last constraint ensures that the low-level cyclonic vorticity is
collocated with an AEW trough detected at 700 hPa. The
verification of this criterion during more than 24 h defines a
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Fig. 5. As in Fig. 4, except for AEW trough n°24 of 2004 from (a) 18 UTC 12 September until (e) 18 UTC 16 September. The trough centered near 11°N, 31°W on 18

UTC 16 September (e) is the tropical depression that became Karl (2004).
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period of “low-level cyclonic circulation associated with an
AEW trough”. The examples above show that there is no
general rule for the origin of low-level cyclonic vortices.
Northern vortices of Saharan origin or southern ones
probably related to long-lived MCSs can play this role.
Tables 1-5 also reveal that there is no strict correlation
between the intensity of an AEW trough at 700 hPa and the
presence of cyclonic circulation at 1000 hPa.

In JAS 2004, 2005, 2006, 2007 and 2008, 7, 0, 4, 4 and 6
AEW troughs were associated with low-level cyclonic
circulation, respectively (Tables 1-5). The specific nature of
2005 appears again with the lack of low-level circulation
associated with AEW troughs (Table 2). The averaged
circulation at 1000 hPa (relative to the respective vorticity
centers at 700 hPa) for the 142 AEW troughs of JAS 04-08 is
compared in Fig. 6 with that of the 21 AEW troughs associated
with low-level cyclonic circulation. For the mean AEW trough
(Fig. 6a), the oppositely directed north-easterly trade winds
and south-westerly monsoon flow in domain () are separated
by a 100- to 200-km wide zone of calm winds and relatively
low vorticity. For the 21 AEW troughs with low-level cyclonic
circulation, there is a large zone of swirling motions at the
interface between the two flows (Fig. 6b). Moreover, as seen
when comparing Figs. 3b and 6b, the low and mid-level
vorticity centers are vertically aligned, a favourable condition
for tropical cyclogenesis.

Among the 21 AEW troughs associated with low-level
cyclonic circulation in JAS 04-08, nine (43%) developed east
of 30°W, four (19%) between 30 and 40°W, one (5%) between
40 and 60°W, and two (10%) west of 60°W (Tables 1-5). Only
two storms (Irene in 2005, and Karen in 2007) out of fourteen
which formed west 40°W in JAS 04-08 were not associated
with an AEW trough with low-level cyclonic circulation off
the West African coast. Five (23%) AEW troughs with low-
level circulation (n°6 and 20 in 2004, 17 in 2007, 10 and 13 in
2008) did not develop. This suggests that having the SW
monsoon flow and the NE maritime trade winds close to each
other off the west coast of Africa is an important (but not
necessary) condition for cyclogenetic evolution in the eastern
part of the tropical Atlantic Ocean (between 30 and 40°W),
and a necessary (but not sufficient) one in the Cape Verde
Islands region (east of 30°W).

It is remarkable that all the AEW troughs with strong low-
level cyclonic vorticity at 1000 hPa, except n°11 in 2007
which evolved in Tropical Storm Erin west of 60°W, also had
intense cyclonic vorticity at 700 hPa. They can therefore be
identified as “intense AEW troughs with low-level cyclonic
circulation”. The reasons why seven (35%) of these 20 AEW
troughs did not develop east of 40°W are to be found either in
the influence of a nearby anticyclonic circulation, the lack of
intense convective activity, or adverse environmental condi-
tions over the ocean.

5. Interaction with the Saharan anticyclone

The influence of Saharan air advected over the tropical
Atlantic Ocean on cyclogenesis is still an open question (e.g.
Braun, 2010). The presence of dry and dusty air at mid-levels
can either increase the strength of the AE]J and favour AEW
growth through barotropic and/or baroclinic instability,
modify cloud microphysics and convective development, or
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Fig. 6. (a) mean horizontal winds at 1000 hPa, relative to the respective
vorticity centers at 700 hPa, for the 142 AEW troughs detected in JAS 04-08.
(b) as in (a), except for the 21 “AEW troughs associated with strong low-
level cyclonic vorticity”. The scale for horizontal winds is indicated in the
bottom right of each panel. The “4” symbol indicates the location of the
vorticity center at 700 hPa.

inhibit cyclogenetic evolution owing to enhanced low-level
temperature inversion, increased vertical wind shear, and/or
drier troposphere. We will focus here on the dynamic
influence of anticyclonic circulation atop the Saharan bound-
ary layer which occasionally reinforces AEW ridges and
interact with cyclogenetic evolution in downstream (west-
ern) AEW troughs.

5.1. Vortex disorganization by mid-level anticyclonic Saharan air

Arnault and Roux (2010) showed that the failed cycloge-
netic evolution of intense AEW trough n°25 on 27-29



September 2006 was due to an interaction with a strong
upstream (eastern) AEW ridge with dry Saharan anticyclonic
flow. We will verify whether such unfavourable synoptic
conditions can, at least partially, explain the non-developing
cases otherwise associated with previously described favour-
able conditions at low and mid levels.

As an illustration, intense AEW trough n°10 of 2008 was
associated with strong low-level cyclonic circulation, but
failed to develop (Fig. 7). A well defined cyclonic circulation
centered on 15°N, 23°W is observed at 700 hPa on 30 July
2008 (Fig. 7a, b). At that time, the anticyclonic flow
originating from the Saharan region induced strong south-
easterly winds northeast of the AEW trough at mid-levels.
This anticyclonically rotating south-easterly flow intensi-
fied on 31 July, stretched the cyclonic vorticity structure of
the AEW trough northward (Fig. 7d, e, f) and significantly
reduced its intensity (compare Fig. 7a and f). In this case,
the Saharan anticyclonic circulation was apparently related
to a zone of very dry air over Lybia (not shown). Roca et al.
(2005) showed that such dry air structures frequently
originated in the upper levels on the anticyclonic side of the
polar jet stream at 50°N. Strong AEW ridges can also result
from the spatial and temporal variability of the Saharan
heat low (Lavaysse et al., 2010).

5.2. AEW troughs associated with mid-level anticyclonic flow

The presence of mid-level anticyclonic circulation associ-
ated with the upstream ridge of an AEW in the Cape Verde
Island region can be identified with the relative area of
southerly winds at 700 hPa stronger than 10 ms™ ! in the
northern part (20-22°N, 20-28°W; see Fig. 7) of domain Q.
This threshold value is close to the uppermost decile of
meridional wind values in this sub-domain for JAS 04-08. The
fulfilment of this criterion during more than 24 h defines a
period of “mid-level anticyclonic circulation”.

In JAS of 2004, 2005, 2006, 2007 and 2008, 7, 4, 7, 4, and
10 AEW troughs were associated with mid-level anticyclonic
circulation, respectively. As seen in Tables 1-5, strong
upstream anticyclonic circulations can coexist with strong
AEW troughs at mid and, sometimes, low levels: mid-level
anticyclonic circulations were associated with intense AEW
troughs n°27 in 2004, n°20 in 2005, n°7 and 25 in 2006,
and n°26 in 2008, as well as intense AEWs troughs with low
level cyclonic circulation n°10, 14 and 19 in 2008. Examina-
tion of Tables 1-5 also reveals that anticyclonic circulations
of Saharan origin occurred more frequently during the
second half of the season (15 August-30 September). This
can be related to a slightly weaker Saharan heat low and
stronger influence of the northern subsiding branch of the
Hadley circulation, as the equinox is approaching. Also, the
progressive reinforcement of the mid-latitudes circulation at
the end of boreal summer could generate favourable
conditions for extra-tropical dry intrusions through North
Africa.

The averaged horizontal wind field at 700 hPa (relative to
the respective vorticity centers) for the 142 AEW troughs of
JAS 04-08 (Fig. 8a) shows an almost zonal flow north of the
vorticity center. For the 32 AEW troughs with mid-level
anticyclonic flow (Fig. 8b), the stronger southeasterly flow
results from a more intense upstream (eastern) AEW ridge,
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in relation with a well defined mid-level Saharan anticyclone.
It is remarkable that the averaged low-level circulation
(relative to the respective vorticity centers at 700 hPa) for
those AEWs with a mid-level anticyclonic flow (Fig. 8c) is
shifted 200-300 km south of the mid-level vorticity center
(Fig. 8b). Only one of the 32 AEW troughs with mid-level
anticyclonic circulation developed: intense AEW trough n°18
in 2008 with low level circulation became Hurricane Ike at
17.2°N, 37.0°W.

5.3. Intense AEW troughs with low-level cyclonic circulation
and weak mid-level anticyclonic flow

Among the eight intense AEW troughs with low-level
cyclonic circulation that did not develop east of 40°W in JAS
04-08, two (n°10 and 14 in 2008) were associated with
Saharan anticyclonic flow at 700 hPa (Table 5). All tropical
depressions, then named storms, which developed in the
Cape Verde Islands region (east of 30°W) were characterized
by the simultaneous presence of an intense AEW trough and
cyclonic circulation in the low levels, and absence of
anticyclonic Saharan flow in the mid-troposphere for more
than 24 h. These necessary (but still not sufficient) conditions
for tropical cyclogenesis are referred to as “favourable
synoptic conditions”.

Among the 17 AEW troughs associated with these
“favourable synoptic conditions” in JAS 04-08, nine devel-
oped east of 30°W, three between 30 and 40°W, and one
between 40 and 60°W (Tables 1-5). The fact that four
(24%) AEW troughs satisfying the above criteria did not
develop shows that the presence of favourable synoptic
conditions is not sufficient for tropical cyclogenesis to occur
in the Cape Verde Islands region and over the tropical
eastern Atlantic.

6. Convective processes
6.1. Cape Verde tropical cyclogenesis and convective processes

Convective processes are involved in the development
and intensification of AEWs over West Africa and the
eastern tropical Atlantic. Low-level cyclonic vorticity
between the south-westerly monsoon flow and the
north-easterly trade winds, frequently associated with
Cape Verde tropical cyclogenesis, can be triggered by
convective processes. MCVs forming in the mid levels of
stratiform region of MCSs can be precursors of tropical
cyclogenesis (e.g. Bister and Emanuel, 1997). Also, as
suggested by, e.g., Van Sang et al. (2008), tropical
cyclogenesis could result from up-scale organization of
stochastically produced convective-scale cyclonic vortices
embedded in a large-scale cyclonically rotating flow.
Arnault and Roux (2009) analyzed the associated intensi-
fication of a low to mid level cyclonic vortex in the Cape
Verde Islands area, then the formation of Helene (2006), as
the consequence of a geostrophic adjustment following
convectively induced pressure decrease. Likewise, Ross
et al. (2009) found that developing waves possess positive
barotropic energy conversion in conjunction with diabatic
heating related to enhanced convective activity. In order
to investigate the contribution of convective processes
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in Cape Verde tropical cyclogenesis, we analyze the
convective activity associated with the 142 AEW troughs
of JAS 04-08.
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6.2. AEW troughs with deep convective activity

The hourly cloud top brightness temperatures measured
by Meteosat-9 in the water vapour channel n°6 are averaged
over 6-h periods centered on ECMWF analysis times to
facilitate comparison between the two data sets. Here, we
consider that AEW troughs are associated with substantial
convective activity when cloud top brightness temperatures
(Tg) colder than —50 °C are found in domain Q. Ty values
colder than — 50 °C represent less than 1% (lower percentile)
of all values for JAS 04-08. The verification of this criterion for
more than 24 h defines a period of “deep convective activity
associated with an AEW trough”.

Fig. 9 shows that not all the AEW troughs were associated
with intense convective activity. In JAS of 2004, 2005, 2006,
2007 and 2008, 9, 7, 8, 10 and 8 AEW troughs verified this
criterion, respectively. The average brightness temperatures
associated with the 142 AEW troughs of JAS 04-08, relative to
their respective vorticity centers, (Fig. 9a) are compared with
those for the 39 AEW troughs with deep convective activity
(Fig. 9b). It must be noted that the Tg values in Fig. 9 are
slightly warmer than those of individual cases as they are
averaged for several AEW troughs with slightly different
convective organizations. The mean Tg values associated with
the 142 AEW troughs (Fig. 9a) reveal the presence of the
west-southwest—east-northeast oriented inter-tropical con-
vergence zone (ITCZ) south of the vorticity center, with
minimum Tg values <—28 °C. The cloud top signature of the
39 AEW troughs with deep convective activity (Fig. 9b) is
more pronounced, with colder Tg values <—36 °C southeast of
the vorticity center. This shows that enhanced convection
occurred in connection with the AEW troughs and did not
result from randomly distributed activity in the ITCZ. Fig. 9c
shows the average brightness temperatures associated with
the 32 AEW troughs with mid-level anticyclonic circulation.
Convective developments are inhibited east and north of the
vorticity center owing the presence of dry air in the mid levels
and occur hundreds of kilometers to the south and southwest,
a situation obviously unfavourable to cyclogenesis.

6.3. AEW troughs associated with favourable synoptic
conditions and deep convective activity

Only three (n°6 and 17 in 2004, and n°23 in 2006) of the
17 AEW troughs with “favourable synoptic conditions” were
not associated with deep convective activity, suggesting that
such an environment either favours sustained convective
activity or could result from it. However, the fact that two
thirds (28 among 42) of the AEW troughs with deep
convection were not associated with “favourable synoptic
conditions”, and only two of these developed into named
storms east of 60°W (n°14 — Irene in 2005 at 12.9°N, 33.5°W,
and n°29 — Karen in 2007 at 10.0°N, 35.9°W), indicates that

Fig. 8. (a) mean horizontal winds (arrows) at 700 hPa, relative to the
respective vorticity centers, for the 142 AEW troughs detected in JAS 04-08.
(b) as in (a), except for the 32 “AEW troughs associated with strong mid-
level anticyclonic flow”. (c) as in (b), except for 1000 hPa level. The scale for
horizontal winds is indicated in the bottom right corner of each panel. The
“+" and “x” symbols indicate the location of the vorticity center at 700 and
1000 hPa, respectively.



convection in an AEW trough is not a sufficient condition and
that dynamic processes play a crucial role in Cape Verde
tropical cyclogenesis. This confirms the idea by Sall et al.
(2006) that convective systems observed off the West African
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coast have a cyclogenetic evolution only when they encoun-
ter a favourable synoptic environment in this region.

Among the 14 AEW troughs associated with “favourable
synoptic and convective conditions” during the five seasons, 9
developed east of 30°W and spawned all the storms that
formed there in JAS 04-08 (n°14 — Danielle, n°19 — Ivan and
n°24 Karl in 2004; n°16 — Debby and n°20 — Helene in 2006;
n° 14 — Dean and n° 27 — Melissa in 2007; n° 1 — Bertha and
n° 19 — Josephine in 2008), two (n°25 — Lisa in 2004; and
n°18 — Florence in 2006) evolved between 30 and 40°W,
three (n°20 in 2004, n°17 in 2007, and n°13 in 2008) did not
develop (Tables 1-5). Therefore, for the data set considered
here, the simultaneous presence of favourable synoptic and
convective conditions is a necessary, but still not an
absolutely sufficient, factor for Cape Verde tropical cyclogen-
esis (east of 30°W).

7. Sea surface temperature, tropospheric humidity
and vertical wind shear

Warm ocean waters, relatively moist mid-troposphere
and weak tropospheric wind shear are necessary environ-
mental factors for tropical cyclogenesis. Sall et al. (2006) and
Wang et al. (2009) brought evidence that SST and vertical
wind shear are not the most important discriminating factors
for Cape Verde cyclogenesis. Nevertheless, we will seek
whether environmental characteristics could reveal why the
three AEW troughs with “favourable synoptic and convective
conditions” (n°20 in 2004, n°17 in 2007, and n°13 in 2008)
did not develop.

7.1. Cape Verde tropical cyclogenesis and sea surface temperature

Warm SST and oceanic heat content are necessary
conditions for tropical cyclogenesis as sensible and, more
important, latent heat fluxes from the ocean surface provide
unstable air feeding convective upward motions which
produce precipitation and release latent heat in the tropo-
sphere. Fig. 10a shows the distribution of the mean SST values
in domain Q for the 142 AEW troughs of JAS 04-08. All values
are warmer than 25 °C, and about two thirds are above 26 °C.
The three non-developing AEWs had SSTs warmer than 26 °C
(up to 27.3 °C for AEW n°20 of 2004). This confirms the result
by Sall et al. (2006) that SST does not allow discrimination
between developing and non-developing cases in the Cape
Verde Islands region.

7.2. Cape Verde tropical cyclogenesis and tropospheric humidity

A dry mid-troposphere is an inhibiting factor for tropical
cyclogenesis as it permits the development of cold convective
downdrafts through evaporative cooling. Fig. 10b shows the

Fig. 9. (a) mean horizontal winds (arrows) at 700 hPa and mean brightness
temperature (°C) for the 142 AEW troughs detected in JAS 04-08. (b) as in
(a), except for the 39 “AEW troughs associated with deep convective
activity”. (c) as in (a), except for the 32 “AEW troughs with strong mid-level
anticyclonic flow”. Brightness temperature scale is indicated. The scale for
horizontal winds is indicated in the bottom right of each panel. The “+”
symbol indicates the location of the vorticity center at 700 hPa.
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Fig. 10. (a) distribution of averaged sea surface temperatures (SST) values in
domain Q associated with the 142 AEW troughs of JAS 04-08. SST values
associated with Cape Verde storms are indicated with red circles, “intense
AEW troughs” with black crosses, “AEW troughs with favourable synoptic
environment” with red crosses, “AEW troughs with convective activity” with
green squares. The three cases with “favourable synoptic and convective
conditions”, but did not develop east of 30°W, are indicated with black dots.
(b) as in (a), except for integrated water vapour (IWV) between 700 and

200 hPa. (c) as in (a), except for vertical wind shear between 850 and
200 hPa.

distribution of the water vapour content integrated between
700 and 200 hPa (IWV), averaged over domain () for the 142
AEW troughs of JAS 04-08. Since moisture in the south-
westerly monsoon flow and oceanic boundary layer is large
and relatively uniform, the contribution of the lowest 300 hPa
is not taken into account. All the waves which led to tropical
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cyclogenesis are within the moistest half (IWV>11 mm) of
the considered population. AEW trough n°17 in 2007 was
associated with a relatively dry mid-troposphere with an IWV
of 9.5 mm, which might explain why it did not develop.
Fig. 10b shows that this is however a relatively rare event, as
outlined by Wang et al. (2009).

7.3. Cape Verde tropical cyclogenesis and tropospheric vertical
wind shear

Fig. 10c shows the distribution of the tropospheric vertical
wind shear (calculated as the difference between wind vectors
at 850 and 200 hPa) averaged over domain () for the 142 AEW
troughs of JAS 04-08. About 90% (9 lowest deciles) are
associated with vertical wind shear values less than 10 ms™,
the long-term average value in the Atlantic “main development
region” (MDR: 7.5-20°N, 15-85°W) according to Aiyyer and
Thorncroft (2006). These authors found a substantial negative
effect of vertical wind shear on tropical cyclogenesis in the MDR
when the shear was significantly higher than the long-term
mean. Hence, the relatively strong shear values associated
with AEW troughs n°20 in 2004 (17 ms~') and 17 in 2007
(10ms™ ') could explain why they failed to develop. Never-
theless, Fig. 10c shows that the environment off West Africa
is generally characterized by a weak vertical wind shear
(<10 m "), as argued by Sall et al. (2006).

There is no evident explanation for the non-development
of AEW n°13 in 2008. However, Brown et al. (2010) indicated
that, in 2008, Hurricane “Gustav formed [as a tropical
depression, on 25 August at 00 UTC] at 13.5°N, 67.4°W from
a tropical wave [n°14 in 2008] that moved westward off the
coast of Africa on 13 August. After briefly showing signs of
organization on 18 August, westerly vertical wind shear
prevented significant development during the next several
days”. It is therefore speculated that, although vertical wind
shear was moderate when AEW trough n°13 was in domain Q
(Fig. 10c), its development could have been inhibited by
increasing shear west of (). Unknown analyses problems
could also have led to overestimate favourable factors and/or
underestimate unfavourable factors.

8. Successful and failed Cape Verde cyclogenesis

According to previous results and the present work, it
appears that a primary condition for tropical cyclogenesis in
the Cape Verde Islands area (east of 30°W) is the simulta-
neous presence of an intense AEW trough at mid level and a
low-level cyclonic circulation off the West African coast
between the north-easterly trade winds and the south-
westerly monsoon flow. Occasionally, a low-level northern
vortex of the AEW can trigger such a circulation, although it is
not always present. A complementary condition is the
presence of deep convection close to the circulation center.
Convection removes air mass from the lowest levels, trans-
ports it upward and generates an upper level outflow. This
leads to a pressure decrease in the low- to mid-levels, and
tropical cyclogenesis can eventually result from geostrophic
adjustment and barotropic conversion of the mid-tropo-
spheric zonal easterly jet into cyclonic winds (e.g. Arnault and
Roux, 2009; Ross et al., 2009). This is schematically depicted
in Fig. 11a.



Fig. 11. Schematic view of (a) successful and (b) failed Cape Verde tropical cyclogenesis.
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However, when the anticyclonic flow associated with the
upstream AEW ridge to the east is enhanced by mid-level
anticyclonic Saharan air, AEW troughs - even when associ-
ated with low-level circulation and sustained convection -
generally fails to develop off the West African coast. Indeed,
the strong anticyclonic southeasterly flow elongates the
developing cyclonic structure north-westward. This disorga-
nizes the associated mass field, convection and vorticity
perturbation, and prohibits cyclogenetic evolution (e.g.
Arnault and Roux, 2010). A schematic view of such non-
development is displayed in Fig. 11b.

9. Conclusion and perspectives

This work aimed at examining the physical processes
associated with cyclogenetic evolution of AEW troughs that
reached tropical depression intensity in the Cape Verde
Islands region (east of 30°W) and eastern tropical Atlantic
(30-40°W), then developed into named storms, during JAS
04-08. Among the 142 AEW troughs detected during this
period, eleven developing (nine east of 30°W, two between
30 and 40°W) and three non-developing cases were
associated with the simultaneous presence of intense AEW
trough and weak anticyclonic Saharan flow at mid level, low-
level cyclonic circulation between the north-easterly trade
winds and the south-westerly monsoon flow, and intense
convective activity. No other storm developed east of 30°W,
but four named storms among six were triggered between 30
and 40°W by AEW troughs that did not match all these
characteristics. Although these results are based on a limited
data set, we can speculate that AEW troughs with such
characteristics would have a high probability (11/14~80%)
to develop east of 30°W (9/14~65%) or between 30 and
40°W (2/14=15%). Unusually dry environment or strong
vertical wind shear can however impede such an evolution
with a probability of ~20% (3/14).

More quantitative studies should be conducted to further
investigate and improve this conceptual model of Cape Verde
tropical cyclone formation. Other processes should also be
analyzed, such as: the link between the Saharan heat low and
anticyclonic surges at mid-levels (Lavaysse et al., 2010), the
influence of Saharan dust on microphysical and dynamic
processes (Jenkins et al., 2008), the role played by deep
convection in decreasing the pressure in the low to mid-levels
and the efficiency of geostrophic adjustment and barotropic/
baroclinic energy conversions, the role of up-scale organiza-
tion of convective-scale cyclonic vorticity, the influence of air-
sea fluxes in the successive convective developments, the
possible influence of upper-level structures of tropical or
mid-latitude origin, etc. ... It would also be useful to extend
the present study to a larger data set, such as ECMWF or
NCEP/NCAR reanalyses. Comparisons between the most
important meso- and large scale conditions leading to tropical
cyclogenesis in other basins, with different synoptic environ-
ments, should also be considered.
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