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ABSTRACT

High-amplitude convectively coupled equatorial atmospheric Kelvin waves (CCKWs) are explored over
the tropical Atlantic during the boreal summer (1989Ð2009). Focus is given to the atmospheric environmental
conditions that are important for tropical cyclogenesis.

CCKWs are characterized by deep westerly vertical wind shear to the east of its convectively active phase
and easterly vertical wind shear to the west of it. This dynamical signature increases vertical wind shear over
the western tropical Atlantic ahead of the convectively active phase, and reduces vertical wind shear after its
passage. The opposite is true over the eastern tropical Atlantic where the climatological vertical wind shear is
easterly.

Positive total column water vapor (TCWV) anomalies progress eastward with the convectively active phase
of the CCKW, whereas negative TCWV anomalies progress eastward with the convectively suppressed phase.
During the passage of the convectively active phase of the CCKW, a zonally oriented strip of low-level
cyclonic relative vorticity is generated over the tropical Atlantic. Two days later, this strip becomes more
wavelike and moves back toward the west. This signature resembles a train of westward-moving easterly
waves and suggests CCKWs may inßuence such events.

Strong CCKWs over the tropical Atlantic tend to occur during the decay of the active convection associated
with the MaddenÐJulian oscillation over the PaciÞc. This relationship could be used to provide better long-
range forecasts of tropical convective patterns and Atlantic tropical cyclogenesis.

1. Introduction

Tropical cyclones commonly form when sea surface
temperatures are warm and when large-scale environ-
mental conditions (e.g., low-moderate vertical wind
shear, increased low-to-midlevel moisture, and sufÞ-
cient low-level cyclonic relative vorticity) are favorable
for tropical cyclogenesis (Gray 1968, 1988, 1998). Such
conditions are known to vary on different time scales. At
multidecadal time scales, the environment over the
Atlantic has been shown to vary with the Atlantic multi-
decadal oscillation (AMO; e.g., Klotzbach and Gray
2008; Aiyyer and Thorncroft 2011). At interannual time

scales, the environment is modulated according to the
particular phase of the El Nin÷oÐSouthern Oscillation
(ENSO; e.g., Gray 1984; Goldenberg and Shapiro 1996).
At intraseasonal time scales, the MaddenÐJulian oscil-
lation (MJO) provides periods of favorable or unfavor-
able conditions over the Atlantic (e.g., Maloney and
Shaman 2008; Klotzbach 2010; Ventrice et al. 2011).
Additionally, a period of favorable environmental con-
ditions might only last for a few days and still yield a
tropical cyclone. These subseasonal periods of favorable
conditions might be provided by convectively coupled
equatorial atmospheric Kelvin waves (CCKWs).

CCKWs are eastward-propagating atmospheric waves
that are found to substantially modulate tropical rainfall
on synoptic spatial and temporal scales (Gruber1974;
Zangvil 1975; Takayabu 1994; Wheeler and Kiladis
1999; Wheeler et al. 2000; Mekonnen et al. 2008). This
modulation of rainfall is found to occur primarily along
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the latitude of the climatological intertropical conver-
gence zone (ITCZ), which exists between the equator
and 158N over the central-eastern PaciÞc and Atlantic
basins (Kiladis et al. 2009). Over Africa and South
America, the ITCZ varies more substantially with sea-
son (Roundy and Frank 2004). CCKWs signiÞcantly
modulate the diurnal cycle of convection and mesoscale
convective systems (MCSs), which is most evident over
the Atlantic and African regions (e.g., Mounier et al.
2007; Nguyen and Duvel 2008; Kiladis et al. 2009; Laing
et al. 2011). Most of the organized rainfall within the
eastward-moving envelope of a CCKW appears to be
associated with smaller-scale cloud clusters that move
westward (e.g., Straub and Kiladis 2002; Mekonnen et al.
2008; Kiladis et al. 2009; Kikuchi and Wang 2010; Laing
et al. 2011). Kiladis et al. (2009) found that some of the
westward propagation can be accounted for by an easterly
basic state. In many cases, however, the westward phase
speeds are too fast to be explained by advection alone.
These fast westward-moving disturbances are likely as-
sociated with westward inertio-gravity waves (Tulich and
Kiladis 2012).

Over the tropical Atlantic and African regions,
CCKWs propagate eastward with an average phase
speed of about 15 m s2 1 and an associated average
wavelength of about 8000 km (Mounier et al. 2007). The
passage of the convectively active phase of the wave is
preceded by low-level easterly wind anomalies and is
followed by low-level westerly wind anomalies. Maxi-
mum low-level zonal convergence is located about 158of
longitude to the east of the OLR minima (Takayabu and
Murakami 1991; Straub and Kiladis 2002). The upper-
level ßow associated with CCKWs over Africa is gen-
erally zonal as predicted by linear shallow-water theory
(Matsuno 1966), but substantial meridional ßow asso-
ciated with the passage of a CCKW exists over the
tropical Atlantic (Ventrice et al. 2012). This upper-level
meridional ßow is associated with an off-equatorial
convective signal over the northern equatorial Atlantic.
Dias and Pauluis (2009) performed an idealized mod-
eling study that demonstrated CCKWs propagating
along a narrow precipitation region can produce a me-
ridional circulation. This meridional circulation modu-
lates both the amount of precipitation and the horizontal
extent of the ITCZ, which can affect the phase speed of
the CCKW. Further observational evidence of meridi-
onal ßow composing the dynamical structure of
a CCKW is provided over Africa (Mounier et al. 2007),
over the Indian Ocean (Roundy 2008), and over the east
PaciÞc (Straub and Kiladis 2003c).

The geographical distribution of Kelvin-Þltered OLR
variance [averaged over 1979Ð2009 for JuneÐSeptember
(JJAS)] is shown in Fig. 1. The overall activity is similar

to previous studies using Kelvin-Þltered OLR variance
(e.g., Wheeler and Kiladis 1999; Wheeler et al. 2000;
Roundy and Frank 2004; Mekonnen et al. 2008; Kiladis
et al. 2009). Peak activity occurs over the equatorial
Indian Ocean and northern equatorial west-central Pa-
ciÞc. Kelvin wave activity is also observed generally
between 58Ð108N over the entire tropical central-to-
eastern PaciÞc and Atlantic Oceans and along 108N over
West Africa. The Kelvin-Þltered OLR variance is not
symmetric about the equator except for over the Indian
Ocean, consistent with the previous analyses of Kelvin
wave variance (e.g., Straub and Kiladis 2002; Roundy
and Frank 2004; Mekonnen et al. 2008). Over the At-
lantic, Kelvin wave OLR variance is observed north of
the equator and is characterized by slightly weaker
magnitudes compared to the rest of the tropical band.

Ventrice et al. (2012) discussed the genesis of Tropi-
cal Storm Debby (2006). A weak African easterly wave
(AEW) initially strengthened in association with the
coherent diurnal cycle of convection found downstream
of the Guinea Highlands region. It later formed into
a tropical cyclone during the superposition with an
eastward-propagating CCKW. They also investigated
the climatological modulation of Atlantic tropical
cyclogenesis by CCKWs. Tropical cyclogenesis was less
frequent 1Ð2 days prior to the passage of the con-
vectively active phase of the CCKW. Tropical cyclo-
genesis became more frequent during this passage and
peaked just after. The relationship between CCKWs
and tropical cyclogenesis frequency found by Ventrice
et al. (2012, see their Figs. 8 and 9) provides motivation
to investigate the inßuences of the CCKW on the large-
scale environment for tropical cyclogenesis over the
tropical Atlantic.

In addition to the direct enhancement of convection by
the CCKW, this leadÐlag relationship suggests that
CCKWs may also change the large-scale environment
over the main development region (MDR; 58Ð258N, 158Ð
658W). The purpose of this paper is to explore the extent
to which CCKWs alter this environment. This study will
focus on the inßuence of CCKWs on the large-scale
environmental conditions over the tropical Atlantic that
are known to impact tropical cyclogenesis (vertical wind
shear, moisture, and low-level relative vorticity). This as-
pect differs from previous studies that investigate CCKWs
over the tropical Atlantic and West Africa (e.g., Mounier
et al. 2007; Wang and Fu 2007; Mekonnen et al. 2008),
who investigate the convective inßuence of CCKWs.

The article is structured as follows. Section 2 provides
datasets and methodologies. Section 3 discusses a
composite analysis highlighting the role of CCKWs on
large-scale environment over the tropical Atlantic
and West Africa. A discussion relating the large-scale

JULY 2012 V E N T R I C E E T A L . 2199

�8�Q�D�X�W�K�H�Q�W�L�F�D�W�H�G���_���'�R�Z�Q�O�R�D�G�H�G���������������������������������3�0���8�7�&



environment modulation associated with CCKWs and
tropical cyclogenesis is provided in section 4. Con-
cluding remarks are given in section 5.

2. Data and methodology

The European Centre for Medium-Range Weather
Forecasts (ECMWF) Re-Analysis (ERA-Interim) data-
set (Simmons et al. 2007) was used to investigate the
synoptic evolution of the composited CCKW. This dataset
covers the period 1989 to the present and has a horizontal
resolution of 1.58. Previous studies (e.g., Kiladis et al. 2009
and references therein) have shown the utility of similar
reanalyses for studying the structures of equatorial waves.

Convection associated with CCKWs is explored using
the National Oceanic and Atmospheric Administration
(NOAA) daily averaged interpolated OLR dataset,
with a horizontal gridded resolution of 2.58(Liebmann
and Smith 1996). To support the analysis of CCKWs,
wavenumber-frequency Þltering was applied on the daily
averaged NOAA-interpolated OLR dataset following
the methodology of Wheeler and Kiladis (1999). Filtering
for the Kelvin wave was performed with a period range of
2.5Ð20 days, with eastward wavenumbers 1Ð14. The Þlter
is constrained by the Kelvin wave dispersion curves for
equivalent depths of 8Ð90 m. This methodology has been
demonstrated similarly in Straub and Kiladis (2002) and
Mekonnen et al. (2008). In short, this methodology
decomposes a Þeld of data into wavenumber-frequency
components for eastward-moving wave disturbances.
Before the decomposition, the data are detrended and
the ends of the time series were tapered to zero to
control spectral leakage [see Wheeler and Kiladis (1999)
for additional details].

Following the methodology of Ventrice et al. (2012),
a time series was developed based on a selected grid
point over the tropical Atlantic (10 8N, 158W) selecting
all days where the minimum Kelvin-Þltered negative
OLR anomalies were less than2 1.5 standard deviations
in magnitude during the 1989Ð2009 JJAS seasons. The
latitude of the base point was selected north of the
equator where the highest JJAS Kelvin-Þltered OLR

variance is found over the coast of West Africa (Fig. 1).
The longitude of the base point is selected because of
our interest in the relationship with tropical cyclones.
This base point is different to the location chosen by
Mekonnen et al. (2008), who chose their point in asso-
ciation to where the greatest variance is found over
Africa. A total of 142 CCKWs were objectively identi-
Þed using this methodology. Lags were then used on this
time series in order to examine propagating character-
istics. For clariÞcation, ÔÔday 0ÕÕ is when the minimum
composited Kelvin-Þltered OLR anomaly moves over
the selected base point.

Anomalies for all composited Þelds were constructed
by subtracting the long-term mean and the Þrst four har-
monics of the seasonal cycle. Bootstrap random resam-
pling tests with 1000 iterations were used for statistical
signiÞcance testing on all anomalies similar to Roundy and
Frank (2004). In each of these tests, a new sample equal in
size to the original was randomly drawn for the original set
of composite dates with replacement. The composite
anomalies were considered 90% signiÞcant if 900 out of
the 1000 random composites had the same sign.

3. Composite analysis of convectively coupled
Kelvin waves over the Atlantic

a. The vertical structure

The distinctive vertical structure of the CCKW is high-
lighted in Fig. 2 using the ERA-Interim reanalysis data.
This Þgure is sampled when the composite minimum
negative Kelvin-Þltered OLR anomaly is located over
158W. The cross section is averaged over the latitudinal
band 58SÐ108N to maximize the signature of the CCKW
within the selected Þelds. The resulting vertical structure
compares remarkably well with the timeÐheight com-
posites of Straub and Kiladis (2003c) and Kiladis et al.
(2009), who used 12-hourly radiosonde data over the
PaciÞc island of Majuro (7.18N, 171.48E).

The zonal windÐheight cross-section composite illus-
trates a strong westward tilt with height of weak zonal
wind anomalies through the lower troposphere and an
eastward tilt with height of higher-amplitude zonal wind

FIG . 1. Distribution of JJAS mean variance of NOAA-interpolated OLR Þltered for the
Kelvin band. Kelvin wave activity is determined by Þltering OLR in the period of 2.5Ð20 days
with eastward wavenumbers 1Ð14. The Þlter is constrained by the Kelvin wave dispersion
curves for equivalent depths of 8Ð90 m.
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anomalies in the upper troposphere and lower strato-
sphere (Fig. 2a). In agreement with Straub and Kiladis
(2003a,c), low-level (850 hPa) zonal wind convergence is
observed to precede upper-level (250 hPa) divergence
by roughly 158 of longitude. The most dominant wind
signature is located in the upper troposphere, high-
lighted by strong westerly anomalies between 158W and
158E and strong easterly wind anomalies between 308
and 608W. These easterly wind anomalies over 308Ð
608W are observed throughout the 100Ð300-hPa layer
and extend westward through 1208W. Therefore, a deep
layer of anomalous upper-level easterly ßow exists over
the tropical Atlantic after the passage of the CCKW.
This anomalous upper-level easterly ßow extends well

over 908of longitude (158Ð1208W) and exists over a deep
layer (700Ð400 hPa) of anomalous westerly ßow.

The temperature (Fig. 2b) and speciÞc humidity
(Fig. 2c) cross sections display vertical structures simi-
lar to the observations of Kiladis et al. (2009). Lower-
tropospheric moistening begins over 308E and extends
back westward with height, becoming vertical in nature
over 158W. Simultaneously, a warming of the lower tro-
posphere occurs represented by the positive temperature
anomaly beginning in the lower troposphere over Africa,
extending back westward with height to 300 hPa over
108W. Over the longitudes of 158WÐ08, the lower tropo-
sphere begins to dry and cool, while the mid- to upper
troposphere remains moist and warm in association with
deeper convection. The broad cold anomaly extending
from 850Ð500 hPa at 158W is associated with adiabatic
cooling due to vertical ascent. In contrast to observations
of Straub and Kiladis (2003c) and Kiladis et al. (2009), no
cold pool exists near the surface over 158W, which is at-
tributed to a lack of convective cold downdrafts reaching
the surface. This result might arise from the location of
the composite, sampling the moist Atlantic ITCZ, or it
could represent a shortcoming of the model-derived re-
analysis. The vertically stacked oriented lines of negative
and positive temperature anomalies that tilt eastward
with height between the 200Ð50-hPa layer over 158W
highlights the upward propagation of wave energy, which
is consistent with an eastward-moving upper-tropospheric
heat source (Lindzen 1967; Lindzen and Matsuno 1968;
Andrews et al. 1987) and with the observations of Straub
and Kiladis (2003c) and Kiladis et al. (2009).

The temperature and moisture evolution is also linked
to the morphology of cloudiness highlighted in Straub
and Kiladis (2002). This morphology begins with shal-
low convection over 108E, progressing to deep convec-
tion over 158W, and Þnally stratiform cloudiness which is
associated with a moist upper troposphere and dry lower
troposphere over 308W. The area of cold anomalies
below 850 hPa over 158Ð308W highlights the evaporation
of stratiform precipitation in the low-level drier air.

b. The large-scale environmental signature

1) VERTICAL WIND SHEAR

The vertical wind structure of the observed CCKW
over the tropical Atlantic is characterized by upper-
tropospheric winds opposite to those in the lower tro-
posphere (recall Fig. 2a). Therefore, CCKWs are expected
to impact the vertical wind shear patterns over the
MDR. The JJAS climatological 925Ð200-hPa vertical
wind shear pattern over the tropical Atlantic, including
portions of South America and West Africa is shown in
Fig. 3. The direction of shear represents the vector

FIG . 2. HeightÐlongitude cross-sectional composite averaged
over the 58SÐ108N latitude band for anomalies of (a) zonal wind,
(b) temperature, and (c) speciÞc humidity. The minimum Kelvin-
Þltered OLR anomaly is located at the longitude of 158W.
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difference between 925 and 200 hPa. Consistent with
results of Aiyyer and Thorncroft (2011), this Þgure
shows that the tropical Atlantic is characterized by two
different background verti cal wind shear states. The
western tropical Atlantic is characterized by westerly
vertical wind shear associated with the subtropical west-
erly jet, whereas a large portion of the eastern tropical
Atlantic is characterized by easterly vertical wind shear
associated with the tropical easterly jet.

To investigate the inßuence of CCKWs on synoptic-
scale vertical wind shear patterns over the tropical At-
lantic, Fig. 4 shows composites of 925Ð200-hPa vertical
wind shear magnitude anomalies (shaded) and vector
anomalies (vectors) averaged over each lag of the
CCKW index. As in Fig. 3, the direction of shear rep-
resents the vector difference between 925 and 200 hPa.
At day 2 6, westerly shear vector anomalies occur within
and to the east of the convectively suppressed phase of
the composited CCKW over the western tropical At-
lantic (Fig. 4a). These westerly shear vector anomalies
shift eastward with time over the tropical Atlantic be-
tween the leading convectively suppressed and convec-
tively active phase of the CCKW (Figs. 4aÐe). At day2 2,
an anomalous anticyclonic shear signature develops
within the convectively active phase of the CCKW and
highlights the atmospheric response to diabatic heating
associated with deep convection (e.g., Ferguson et al.
2009; Dias and Pauluis 2009; Fig. 4e). This anomalous
anticyclonic signature is consistent with the composite
upper-level wind structure of the CCKW over the At-
lantic at this particular time (see Fig. 5 in Ventrice et al.
2012). At day 2 1, the anomalous anticyclonic shear sig-
nature is now located just west of the minimum Kelvin-
Þltered OLR anomaly, resembling a GillÐMatsuno-type

response to deep convection (Gill 1980). Furthermore, at
this time, northeasterly shear vector anomalies are to the
west of the convectively active phase of the CCKW and
extend westward over South America (Fig. 4f). There-
after, easterly shear vector anomalies are observed to
progress eastward behind the convectively active phase of
the CCKW, consistent with dynamical structure of the
CCKW (recall Fig. 2b).

It is important to realize that a particular phase of
a CCKW affects the magnitude of vertical wind shear
differently depending on the direction of the envi-
ronmental background wind shear. To illustrate this
point, we focus on the westerly vertical wind shear phase
of the CCKW over the western tropical Atlantic at
day 2 4 (Fig. 4c). The background westerly shear over
South America (Fig. 3) signiÞcantly increases within the
westerly shear phase ahead of the convectively active
phase of the CCKW. Vertical wind shear also signiÞ-
cantly increases over the entire tropical North Atlantic
poleward of 108N. Figure 3 shows that these are regions
where the climatological vertical wind shear is westerly.
Therefore the westerly vertical wind shear phase of the
CCKW is acting to increase the background westerly
shear over these regions. In contrast to this, over the
eastern tropical Atlantic where the climatological shear is
easterly (Fig. 3), signiÞcantly reduced vertical wind shear
is observed equatorward of 108N within the westerly
shear phase of the CCKW (Fig. 4c). The westerly vertical
wind shear phase of the CCKW opposes the climato-
logical easterly shear and reduces the background ver-
tical wind shear there. While on day 0, vertical wind
shear reduces over South America and over the western
tropical Atlantic as the easterly shear phase of the
CCKW reduces the climatological westerly shear there

FIG . 3. The JJAS climatological 925Ð200-hPa vertical wind shear vectors and magnitudes
(shaded). The direction of shear represents the vector difference between 925 and 200 hPa.
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FIG . 4. The 925Ð200-hPa vertical wind shear vector and magnitude (shaded) anomaly composite averaged over
each CCKW lag. Wind shear magnitude anomalies statistically different than zero at the 95% level are shaded. The
direction of shear represents the vector difference between 925 and 200 hPa. Vectors are not drawn if less than
0.75 m s2 1. Kelvin-Þltered OLR anomalies are contoured if statistically different than zero at the 95% level. Neg-
ative Kelvin-Þltered OLR anomalies are dashed. Shade interval is 0.2 m s2 1; contours begin at6 3 W m2 2; contour
interval is 6 W m2 2; reference vector is 1.5 m s2 1.
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(Fig. 4g). Vertical wind shear is also reduced over Africa
and poleward of 108N over the tropical Atlantic for the
same reason. Between 08 and 108N over the eastern
tropical Atlantic, vertical wind shear increases as the
easterly shear phase of the CCKW increases the clima-
tological easterly shear there. Throughout the sub-
sequent lags (day1 1 through day 1 5), vertical wind
shear increases over equatorial Africa as the easterly
shear phase of the CCKW increases the climatological
easterly there (Figs. 4hÐl).

To elaborate on the inßuence of the CCKW on the
vertical wind shear magnitude anomaly over the tropical
Atlantic, Fig. 5 shows a timeÐlongitude plot of 925Ð
200-hPa vertical wind shear magnitude anomalies
averaged within the 08Ð258N band over each lag of the
CCKW index. Day 0 now represents the time when the
minimum composited Kelvi n-Þltered OLR anomaly
passes over a grid point located in the central MDR
(108N, 458W). A quadrupole signature is apparent within
the vertical wind shear magnitude anomaly Þeld. Where
the climatological background shear is westerly over the
MDR (30 8Ð658W), four days prior to the passage of the
convectively suppressed phase of the CCKW, vertical
wind shear begins to increase. Wind shear magnitude
anomalies continue to amplify just before the passage
of the minimum Kelvin-Þltered OLR anomaly. But di-
rectly after the passage of the minimum Kelvin-Þltered
OLR anomaly, shear is reduced. These negative wind
shear magnitude anomalies are smaller in amplitude than
the positive wind shear magnitude anomalies observed
prior to the passage of the minimum Kelvin-Þltered OLR
anomaly, but they remain weakly negative up to four
days after the passage of minimum Kelvin-Þltered OLR
anomaly.

Where the climatological background shear is easterly
over the MDR, including West Africa (30 8WÐ08), the
opposite vertical wind shear evolution is observed.
Roughly 3Ð4 days before the passage of the convectively
active phase of the composited CCKW, vertical wind
shear magnitude anomalies become negative. Wind shear
magnitude anomalies over this region remain negative
until the passage of the minimum Kelvin-Þltered OLR
anomaly. Tropical Storm Debby (2006) formed within
the convectively active phase of a CCKW over the east-
ern Atlantic (Ventrice et al. 2012). Vizy and Cook (2009)
found that the pre-Debby AEW experienced 40% less
vertical wind shear over the coast of West Africa when
compared to the preceding AEW (pre Ernesto). This
reduction of vertical wind shear over the pre-Debby
AEW over the coast of West Africa corresponds well to
where the vertical wind shear is expected to be reduced
by the CCKW. After the passage of the convectively ac-
tive phase of the composited CCKW over the eastern

MDR, vertical wind shear magnitude anomalies become
positive and remain anomalously strong up to four days
and beyond.

2) A TMOSPHERIC MOISTURE

The relationship between atmospheric moisture and
CCKWs is now investigated. Roundy and Frank (2004)
found that total column water vapor (TCWV) does not
project strongly onto the Kelvin band. However, their
type of wavenumberÐfrequency analysis only examined
signals that propagate eastward at typical Kelvin wave
phase speeds. Therefore, this analysis excludes any
westward-moving features that might be forced by the
CCKW. In contrast, the composites in Fig. 6 are able to
capture the evolution of both eastward- and westward-
propagating structures within the water vapor anomaly
Þeld. Figure 6 shows unÞltered TCWV anomalies (shaded)
averaged over each CCKW lag. SigniÞcant negative

FIG . 5. A timeÐlongitude composite of mean absolute value of
anomalous 925Ð200-hPa vertical wind shear of the total wind av-
eraged over each CCKW lag and the 08Ð258N latitude band. A
5-day running average was applied to temporally smooth the data.
Kelvin-Þltered OLR anomalies are contoured if statistically dif-
ferent than zero at the 95% level. Negative Kelvin-Þltered OLR
anomalies are dashed. Kelvin-Þltered OLR anomalies are aver-
aged over the 58Ð108N latitude band. ÔÔDay 0ÕÕ is when the minimum
Kelvin-Þltered OLR anomaly moves over 108N, 458W. Shade in-
terval is 0.1 m s2 1; contour interval is 3 W m2 2.
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TCWV anomalies are observed within the convectively
suppressed phase of the CCKW and signiÞcant positive
TCWV anomalies are collocated within the convectively
active phase of the CCKW throughout all lags. In addition
to this anomalous TCWV pattern, signiÞcant TCWV
anomalies are found to occur outside of the Kelvin-Þltered
OLR anomalies and are observed to progress westward
with time.

An area of signiÞcant negative TCWV anomalies is
observed over West Africa on day2 6 (Fig. 6a). Later on
day 2 1, this area of signiÞcant negative TCWV anom-
alies is located farther west over 108Ð258N, 408Ð508W
(Figs. 6bÐf). This westward-moving dry signature is hy-
pothesized to be associated with a Saharan air layer
(SAL) outbreak in some cases, and provides evidence
that CCKWs may inßuence such events. An alternative
hypothesis could be that CCKWs commonly phase with
or modulate westward-propagating waves (e.g., AEWs).
These westward-propagating waves could then act to
initiate the SAL outbreak. A strong SAL preceded the
strong CCKW that inßuenced the genesis of Debby
(Zawislak and Zipser 2010; Zipser et al. 2009). The neg-
ative TCWV anomalies associated with the westward-
moving envelope of dry air seem to interfere with the
positive TCWV anomalies associated with the con-
vectively active phase of the CCKW on day2 2 (Fig. 6e).
This interference results in negative TCWV anomalies
occurring within the poleward half of the convectively
active phase of the CCKW. One day later (day 2 1),
signiÞcant positive TCWV anomalies progress eastward
over the eastern MDR collocated with the convectively
active phase of the CCKW, while negative TCWV anom-
alies associated with the possible SAL outbreak continue
to move westward (Fig. 6f).

By day 0, no signiÞcant TCWV anomalies are ob-
served within the eastern side of the convectively active
phase of the CCKW (Fig. 6g). The lack of signiÞcant
TCWV anomalies within the eastern side of the con-
vectively active phase of the CCKW appears to occur from
the superposition between the positive TCWV anom-
alies that are associated with the eastward-propagating
CCKW and negative TCWV anomalies that are asso-
ciated with a westward-propagating disturbance. By
day 1 1, positive TCWV anomalies return to the eastern
side of the convectively active phase of the CCKW, while
no signiÞcant anomalies are observed within the western
side. The western side of the convectively active phase of
the CCKW is still superposed with the anomalously
dry signature associated with the westward-propagating
disturbance and therefore the anomalies are reduced to
zero.

After the passage of the convectively active phase of
the CCKW over the tropical Atlantic, areas of

signiÞcant anomalous moisture are seen to progress
back toward the west (Figs. 6gÐl). Therefore, TCWV
increases over the tropical Atlantic during and after
the passage of the convectively active phase of the
CCKW. This increased moisture signature is a composed
from a combination of both eastward- and westward-
moving signatures.

3) LOW-LEVEL (925 HPA ) RELATIVE VORTICITY

Finally, low-level (925 hPa) relative vorticity is plotted
in Fig. 7 for each CCKW lag. Between days2 6 and 2 1,
scattered areas of anomalous anticyclonic relative vor-
ticity are observed to progress eastward with the lead-
ing suppressed phase of the CCKW (Figs. 7aÐf). Over
the west-northwestern MDR on day 2 6, a large area of
anomalous anticyclonic relative vorticity is poleward
of the convectively suppressed phase of the CCKW
(Fig. 7a). On day 2 5, a preexisting area of anticyclonic
relative vorticity over the eastern Atlantic increases
in magnitude during the superposition with the con-
vectively suppressed phase of the CCKW (Fig. 7b).
This anticyclonic relative vorticity anomaly then pro-
gresses back toward the west throughout the subsequent
lags (Figs. 7aÐh). When compared to the composite
TCWV anomalies, this westward-moving area of anom-
alous anticyclonic relative vorticity slightly leads the
westward-moving area of anomalously dry air associ-
ated with the possible SAL outbreak discussed earlier
(cf. Figs. 6aÐh).

On day 2 3, the convectively active phase of the
CCKW is located over the MDR and a zonally oriented
strip of cyclonic relative vorticity anomalies forms over
the tropical Atlantic (5 8Ð108N, 308Ð558W; Fig. 7d). One
day later (day 2 2), these positive relative vorticity
anomalies amplify within the convectively active phase
of the CCKW (Fig. 7e). On day 2 1, the cyclonic relative
vorticity anomalies reduce in magnitude and remain
quasi-stationary (Fig. 7f). Anticyclonic relative vorticity
anomalies that were generated over West Africa on
day 2 3 during the passage of the suppressed phase of
the CCKW (see Fig. 7d) have progressed westward
and interfere with the eastward progression of cyclonic
relative vorticity anomalie s (Figs. 7dÐf). During the
following lags, this couplet of anomalous cyclonic and
anticyclonic relative vorticity moves westward together
across the MDR (Figs. 7gÐj).

On day 2 1, an area of signiÞcant anomalous cyclonic
relative vorticity forms in between the leading con-
vectively suppressed phase and the convectively active
phase of the CCKW (Fig. 7f). This location is consistent
with where the strongest low-level zonal convergence
occurs (recall Fig. 2a). Under the superposition of the
convectively active phase of the CCKW on day 0, this
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