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ABSTRACT: While considerable attention has been given to how convectively coupled Kelvin waves (CCKWs) in-
fluence the genesis of tropical cyclones (TCs) in the Atlantic Ocean, less attention has been given to their direct influ-
ence on African easterly waves (AEWs). This study builds a climatology of AEW and CCKW passages from 1981 to
2019 using an AEW-following framework. Vertical and horizontal composites of these passages are developed and di-
vided into categories based on AEW position and CCKW strength. Many of the relationships that have previously
been found for TC genesis also hold true for non-developing AEWs. This includes an increase in convective coverage
surrounding the AEW center in phase with the convectively enhanced (“active”) CCKW crest, as well as a buildup of
relative vorticity from the lower to upper troposphere following this active crest. Additionally, a new finding is that
CCKWs induce specific humidity anomalies around AEWs that are qualitatively similar to those of relative vorticity.
These modifications to specific humidity are more pronounced when AEWs are at lower latitudes and interacting
with stronger CCKWs. While the influence of CCKWs on AEWs is mostly transient and short lived, CCKWs do mod-
ify the AEW propagation speed and westward-filtered relative vorticity, indicating that they may have some longer-
term influences on the AEW life cycle. Overall, this analysis provides a more comprehensive view of the
AEW–CCKW relationship than has previously been established, and supports assertions by previous studies that
CCKW-associated convection, specific humidity, and vorticity may modify the favorability of AEWs to TC genesis
over the Atlantic.

KEYWORDS: Africa; Atlantic Ocean; Convection; Kelvin waves; Reanalysis data; Tropical cyclones;
Tropical variability; Atmospheric waves

1. Introduction

The relationship between African easterly waves (AEWs),
convectively coupled Kelvin waves (CCKWs), and the forma-
tion of tropical cyclones (TCs) has been a topic of considerable
interest in the past decade. Numerous studies have docu-
mented the characteristics and behavior of AEWs (Burpee
1972; Reed et al. 1977; Kiladis et al. 2006; Mekonnen et al.
2006; Hall et al. 2006; Thorncroft et al. 2008; Cheng et al.
2019), in part because these systems can serve as precursors for
TCs and directly contribute to around 60% of TC genesis cases
in the Atlantic (Avila et al. 2000; Chen et al. 2008; Russell et al.
2017). CCKWs, meanwhile, are equatorially trapped waves that
propagate eastward (Gruber 1974; Takayabu 1994, Wheeler
and Kiladis 1999; Straub and Kiladis 2002; Kiladis et al. 2009).
Like AEWs, these systems modulate rainfall over Africa and
the Atlantic (e.g., Mounier et al. 2007 and Mekonnen et al.
2008). While many CCKWs in the Atlantic have their origins in
the Pacific (∼35%), others develop over South America from in
situ convection or extratropical waves (∼65%) (Mayta et al.
2021; Liebmann et al. 2009).

While a plethora of research has documented the charact-
eristics that make AEWs more or less likely to develop into

TCs (e.g., Dunkerton et al. 2009; Hopsch et al. 2010; Berry
and Thorncroft 2012; Peng et al. 2012; Leppert et al. 2013a,b;
Brammer and Thorncroft 2015; Hankes et al. 2015; Russell
et al. 2017; Zawislak 2020; Núñez Ocasio et al. 2020, 2021),
the connection between CCKWs and TC genesis is not as well
understood. Early studies initially did not find a strong global
relationship between CCKWs and TCs (Frank and Roundy
2006; Bessafi and Wheeler 2006). However, subsequent work}
first done by Ventrice et al. (2012a) for the Atlantic basin and
later by Schreck (2015) globally}illustrated an increase in TC
genesis activity 1–2 days following the peak of CCKW-related
convective enhancement (known as the “active phase”), and a
reduction 0–1 days beforehand (thought to follow a convec-
tively “suppressed” CCKW phase). Interestingly, despite the
evidence that convection is essential for AEW development,
this increase in TC genesis events does not occur at the peak of
the convectively active phase of the CCKW. Some theories
have been put forth for this lag in favorability. Ventrice et al.
(2012b) studied the impact of CCKWs on environmental condi-
tions in the Atlantic. They argued that this time period was
more favorable for TC genesis due to an increase in low-level
potential vorticity following the active phase, the preceding en-
hancement of moisture (via total column water vapor; TCWV)
and convection in phase with the CCKW, as well as modifica-
tions to vertical wind shear. Using a semi-Lagrangian frame-
work around TC genesis events, Schreck (2016) downplayed
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CCKW-related impacts on wind shear and moisture in fa-
vor of a progressive “buildup” of the positive vorticity
anomalies following an active CCKW phase, due to the
well-known westward tilt of CCKW zonal-wind anomalies
with height (e.g., Straub and Kiladis 2002, 2003; Kiladis et al.
2009; Mayta et al. 2021). Schreck (2016) also noted an en-
hanced upper-level anticyclone following the active CCKW
phase, which could enhance the outflow of preexisting distur-
bances. Consistent with these findings, Wu and Takahashi
(2017) found that most TC genesis events connected to CCKW
passages occurred north of the CCKW’s anomalous low-level
westerlies, a region of enhanced vorticity.

Previous research has also highlighted the influence of CCKWs
on AEW initiation and growth. Ventrice and Thorncroft (2013)
explored the influence of CCKWs on AEW activity via eddy
kinetic energy (EKE). Following Ventrice et al. (2012b), they
created composites around the passage of active phases of
CCKWs through a fixed grid point near the western African
coast (108N, 158W). They found that AEW activity increased
during and after the convectively active phases of CCKWs, at-
tributing this to convective triggering of new AEWs. There
was also evidence of enhanced vorticity gradients in the AEJ
core, implying that CCKWs could enhance the barotropic
growth of AEWs. Building on this hypothesis, Mantripragada
et al. (2021) studied the impacts of CCKWs on barotropic and
baroclinic processes related to AEW growth. They fixed their
analysis to the same geographic point as in Ventrice and
Thorncroft (2013). Using vertically integrated perturbation ki-
netic energy, they found enhanced southern track AEW activ-
ity in active CCKW phases, confirming the result of Ventrice
and Thorncroft (2013). Mantripragada et al. (2021) also showed
that active CCKW phases enhance barotropic energy conver-
sions (vice versa for suppressed phases). These studies suggest
that CCKWs may have a long-term impact on AEW growth, al-
though the implications for TC genesis remain unclear.

We argue that existing climatological studies on the rela-
tionship between CCKWs, AEWs, and TC genesis have sub-
stantial limitations. For one, they are often centered around
TC genesis events or fixed points in the Atlantic basin. It is
possible that studies centered on TC genesis events (like
Schreck 2015, 2016) could be confounded by the processes
specific to genesis. It is also known that the characteristics of
AEWs}including convection}look and behave differently
depending on longitude (e.g., our Fig. 2; Hopsch et al. 2010;
Brammer and Thorncroft 2015; Janiga and Thorncroft 2016;
Russell and Aiyyer 2020). Thus, results centered at a specific
geographic point may not be representative of other locations.
Additionally, existing studies of CCKW and AEW interac-
tions have focused heavily on AEW growth processes but not
as much on other characteristics pertinent to AEW behavior,
including AEW propagation speed and structure. For exam-
ple, the relationship between CCKWs and specific humidity
within AEWs has not been explored in detail. While a few of
these environmental variables have been considered in TC
genesis or CCKW centered studies (e.g., Ventrice et al.
2012a,b; Ventrice and Thorncroft 2013; Schreck 2015, 2016),
AEWs are important in their own right even if they do not de-
velop into TCs. Investigating the AEW–CCKW relationship

from an AEW-following perspective provides an opportunity
to better isolate the impacts of CCKWs on AEW behavior. It
also allows for the comparison of AEW–CCKW interactions
between different geographical regions.

In this paper, we expand beyond the aforementioned stud-
ies by using an AEW-following framework to build a climatol-
ogy of AEW–CCKW interactions for the years 1981–2019. To
address limitations in the earlier studies, we use an objective
AEW tracker to follow AEWs as they pass CCKWs and limit
our analysis to AEWs that do not become TCs. This AEW-
centered framework allows us to easily compare the impacts
of CCKWs on AEWs for different regions and for varying
wave strengths. Our goals are as follows: 1) to improve our
understanding of how CCKWs modify AEWs and consolidate
previous hypotheses in an AEW-following framework, 2) to
better attribute these results to CCKW and AEW wave pro-
cesses, and 3) to illuminate how differences in location and
wave characteristics impact the AEW–CCKW relationship.

2. Data and methods

a. Data

The environmental fields used for composites and AEW
tracking are obtained from global fifth-generation ECMWF re-
analysis (ERA5) data (Hersbach et al. 2020). The large time
period (1981–2019) necessitates that the ERA5 data be down-
sampled to a 18 3 18 grid, 19 pressure levels (1000–100 hPa),
and a 6-hourly temporal resolution. Satellite brightness tem-
perature data for CCKW identification are obtained from the
NOAA GridSat-B1 dataset (Knapp et al. 2011, data hence-
forth referred to as Tb). For computational efficiency, the sat-
ellite data are downsampled to a 0.2583 0.258 grid.

A 41-yr climatology (1979–2019) of environmental data is
constructed. The first four harmonics of the mean annual cy-
cle for each 6-h period are computed, following Brammer and
Thorncroft (2015). With the exception of the heating and vor-
ticity fields, most environmental data are computed as anoma-
lies about this climatology.

TABLE 1. Selected statistics from the AEW tracker used in this
study, run over the years 1981–2019 for months July–September.
For developers, track length and time duration only include the
AEW track prior to TC genesis. Track length is computed as the
maximum minus the minimum tracked longitude. Unlike later
analysis, statistics are not limited by the AEW position in
longitude or latitude.

Non-developers Developers

Total AEW count 1236 185
Mean count per season 31.7 4.8
Mean track length

(degrees longitude)
43.7 50.2

Median track length
(degrees longitude)

38.5 49.0

Mean wave duration (days) 7.1 8.2
Median wave duration (days) 6.0 8.0
Mean westward propagation

speed (m s21)
8.0 7.8

MONTHLY WEATHER REV I EW VOLUME 1502056


ED*"#F�FD�ID*��I���/��45/6��2��0/)0/��450)5 �-��C:*F#!CFA�:F! �-��D+CBD: ! �����
������(�	�30��6�



b. AEW tracking

The AEW tracker developed for use in this study is simi-
lar to that of Brammer and Thorncroft (2015) and Elless
and Torn (2018). As was shown by Berry et al. (2007) and
subsequent work, curvature vorticity at 700 hPa is useful for
AEW tracking as it excludes shear-induced vorticity (such as
that arising from the African easterly jet). We utilize a
“modified” curvature vorticity (CV) where we compute CV
using the nondivergent component of the 700-hPa wind, and
then average it within a radius of 600 km of each grid point.

Following Elless and Torn (2018), AEWs are identified over
land using meridional averages of CV. This method is effective
at identifying AEW centers over Africa. Over the ocean, how-
ever, a technique more like that of Brammer and Thorncroft
(2015) must be used. There, an AEW’s velocity is used to esti-
mate its position at the next time step. In both cases, a weighed
centroid technique is run on the CV field to determine the final
position of the AEW center. In our analysis, we only consider
waves that have a known origin over the African continent
and are tracked for at least 2 days. We also exclude all
AEWs connected to a TC genesis event. These “developing”
AEWs are identified by checking if an AEW center is located
within 500 km of a TC genesis point in the HURDAT dataset
(Landsea and Franklin 2013). The AEW tracks used in our
analysis and detailed code documentation are provided in an
online data repository (see data availability statement).

Statistics from the AEW tracking database are provided in
Table 1. Many of the tracked AEWs are long lived, with an av-
erage duration of a week and an average track spanning over
438 longitude, though this is inflated by long-tracking outliers.
The average of 36.5 tracked AEWs per season is equal to or

higher than several other objective AEW trackers that cap-
tured an average of 26–36 AEWs per season (Bain et al. 2014;
Hopsch et al. 2010; Berry et al. 2007). A qualitative inspection
of tracks within each year (not shown) indicates that dropped
or missed AEW tracks are exceedingly rare, and that the vast
majority of TC genesis events from AEWs in the Main
Development Region are captured.1

As illustrated by the AEW density plot in Fig. 1a, most iden-
tified waves over Africa are located between 108 and 158N, sug-
gesting they originate within the southern formation track. The
track density is similar to that produced by the Brammer and
Thorncroft (2015) tracker (cf. their Fig. 2), with most AEW ac-
tivity concentrated over West Africa or just off the African
coast. However, some AEWs can make it into the eastern
Pacific or recurve into the North Atlantic as TCs. These
regions are not included in our analysis.

Characteristics of tracked AEWs compare well with existing
AEW studies. The average westward propagation speed of
non-developing AEWs from longitudes 208E–408W (Table 1)
is nearly identical to the 8 m s21 propagation speed identified
by Reed et al. (1977). Composites of AEW structure (Fig. 2)

FIG. 1. (a) Number density plot of tracked AEWs and any resulting TCs, using 18 3 18 grid
boxes across a 1981–2019 climatology for the months July–September. (b) Variance of
Kelvin-filtered Tb for the months July–September averaged over the years 1981–2019.

1 This can be quantified via a “success rate” for capturing gene-
sis events, defined as the number of detected TC genesis events
captured in the tracker divided by the total number of TC genesis
events in the HURDAT database. For the years 1979–2019, this
tracker identified 75% of all TC geneses east of 608W, increasing
to 83%when waves with oceanic origins are included. Considering
that some of the “missed” TC geneses may have complicated ori-
gins (multiple AEWs, ITCZ generation, etc.), this suggests the
tracker captures the vast majority of traditional developing AEW
events.
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in longitude are also consistent with previous studies and
wave trackers. Relative vorticity is concentrated between
700 and 600 hPa and is strongest for AEWs located just off
the coast of Africa (208–308W; Fig. 2a). As AEWs move
away from the coast, their vorticity structures deepen at
lower levels, as shown in previous studies (Janiga and
Thorncroft 2013; Brammer and Thorncroft 2015; Russell
and Aiyyer 2020). Composite temperature anomalies are
consistent with this 700–600-hPa vorticity maximum, with
cold anomalies generally located below 700–650 hPa and
warm anomalies above (Fig. 2b). These temperature anoma-
lies increase in magnitude where vorticity increases, as ex-
pected via the thermal wind relation. Furthermore, specific
humidity is concentrated from 850 to 700 hPa and is en-
hanced for AEWs over the Atlantic as compared to land
(Fig. 2c).

c. Spatiotemporal filtering and CCKW identification

To identify CCKWs, we first filter in space and time in the
Kelvin band following the method of Wheeler and Kiladis
(1999). The Kelvin wave filter bounds a temporal period of
2.5–20 days, a zonal wavenumber of 1–14, and an equivalent
depth of 8–90 m. We apply this filter to the Tb dataset each
year from June to October, and then cut the data length down
to July–September.

The mean variance of Kelvin-filtered Tb from July to
September, shown in Fig. 1b, has a similar distribution to that
found in previous studies for convection or rainfall-related
fields [cf. Fig. 1 from Mayta et al. (2021) and Fig. 1 from
Schreck (2015)]. Local maxima in variance are located in the
Indian and Pacific Ocean basins. In the Atlantic, CCKW activ-
ity is displaced slightly north of the equator with reduced vari-
ance compared with many other ocean basins. Due to the
observed northward displacement, we use the 08–108N aver-
age of Kelvin-filtered fields for CCKW identification and a 1.0
standard deviation threshold, consistent with Schreck (2015).

Later in our analysis, we use a different filter on the ERA5
fields to separate CCKW contributions (eastward signals) from
AEW responses (westward signals). This filter foregoes tempo-
ral filtering entirely and encompasses a large range of zonal
wavenumbers in an attempt to capture the full range of signals

(299 999 to 21 for westward propagation and 1 to 99999 for
eastward propagation).

d. Building AEW–CCKW lagged composites

The tracked AEWs and Kelvin-filtered fields are leveraged
to build a database of AEW–CCKW passages from 1981 to
2019 for the months July–September. Figure 3 illustrates this
process using a single AEW–CCKW passage in 1995 as an
example.

1) Position, strength, and environmental data for a single
AEW track are loaded from our AEW database. The
black line in Fig. 3a depicts the track of wave 19 in 1995.

2) “Crests” of active and suppressed phases of CCKWs are
identified relative to the AEW using the Kelvin-filtered Tb

fields. To do so, we identify the longitude of the AEW
center at a given time step. The Kelvin-filtered Tb field is
averaged from 08 to 108N at this same longitude. This pro-
cess is repeated for the entirety of an AEW’s lifetime. We
then identify CCKW crests via local minima/maxima in
this field that exceed 61 standard deviation (as computed
for the period July–September from 1981 to 2019) at that
longitude. An example of this process is shown in Fig. 3b,
with the final locations of identified CCKW crests shown
as blue/red triangles.

3) We save AEW characteristics and environmental data for
the time period surrounding each CCKW crest: this slice ex-
tends from 3 days beforehand and 3 days afterward. “Day 0”
refers to the point in time when the center of the tracked
AEW aligns in longitude with a CCKW crest. Figure 3c
shows an example of this for TCWV averaged within
600 km of a AEW as it passes an active CCKW crest (the
blue triangle).

4) We subtract the AEW-relative climatology (in longitude)
from the data in step 3 to adjust for the changes in AEW
characteristics that typically occur for different longitudes
(e.g., Fig. 2). This AEW-relative climatology is computed
over the entire database (1981–2019). It should be noted
that this adjustment step is not done for spatial compo-
sites in section 3c. However, when this step was tested for
select spatial composites (specific humidity and vorticity),
we found it had no our effect on our final conclusions.

FIG. 2. Climatology of (a) relative vorticity, (b) temperature anomalies, and (c) specific humidity anomalies averaged within
600 km of the tracked AEW centers. Vertical slices of these averages are composited every 58 longitude. These composites in-
clude only non-developing AEWs that can be tracked back to the African continent. Grid boxes where pressure levels are typi-
cally located below the surface are blacked out.
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5) These steps are repeated for every tracked AEW in the
database. Composites are generated by averaging across
either all the samples or a subset of samples.

We only consider AEW–CCKW passages that occur in a
box bounded by 08–208N, 608W–308E (see Fig. 4a). Because

active and suppressed composites are computed separately and
compared, it is important to check for any biases in the sam-
pled passages in each group. This is highlighted by the passage
location markers and histograms in Fig. 4. For the most part,
there do not appear to be major differences in the positional
distribution of active- and suppressed-phase CCKW interactions.

FIG. 4. Comparison of the distribution of samples included for the active and suppressed composites. (a) Location of the tracked AEW
centers for all AEW–CCKW passages in this analysis, with red dots indicating samples for suppressed CCKW crests and blue dots for ac-
tive CCKW crests. (b) Normalized PDF distribution comparing active and suppressed samples by longitude of the AEW center, with red
indicating samples for suppressed CCKWs, blue for active CCKWs (purple is the overlap). (c) As in (b), but binned by latitude of the
AEW center. (d) As in (b), but binned by CCKW strength in standard deviation.

FIG. 3. Example of the AEW–CCKW compositing methodology utilized in this study. (a) The black line shows
the analyzed track of wave 19 in 1995, with red triangles (pointed down) indicating the location of the AEW when it
passed a suppressed crest of a CCKW, and the blue triangle (pointed up) when it passes an active crest. (b) The
Kelvin-filtered Tb averaged between 08 and 108N at the same longitude as the tracked AEW, with corresponding tri-
angles (red for suppressed phase; blue for active phase) showing objectively analyzed CCKW crests, corresponding to
the triangles in (a). (c) The TCWV averaged within 600 km of the AEW over a 6-day time period surrounding the
passage of an active CCKW crest [blue triangle in (a) and (b)]. The x axis here is flipped, with the location of the
AEW at the beginning (day23) and end (day13) of this time series plotted as vertical black lines in (a).
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One exception is a slight shift in concentration of suppressed
phase passages eastward, over land (Fig. 4b). Interestingly, active-
phase passages appear slightly stronger on average compared to
their suppressed-phase counterparts (Fig. 4d), which could be
a result of using a fixed one standard deviation interval. AEWs
move slightly poleward as they transit the Atlantic (Fig. 1a) and
thus AEWs tend to pass CCKWs at higher latitudes over the
western portion of the study region (Fig. 4a).

e. Statistical significance for lagged composites

In our analysis, we identify two null hypotheses for testing
the significance of lagged AEW–CCKW composites. Each is
distinct with slightly different interpretations.

The first concerns the selection of CCKW crests at the day 0
lag time, and is referred to as “null hypothesis 1.” Null hypoth-
esis 1 posits that centering composites around CCKW crests
(i.e., day 0) produces results indistinguishable from those pro-
duced when choosing random times along an AEW track as
the day 0 center instead. To test this, we build 1000 random
composites using the same method as the original, but this
time choosing random points along each AEW’s track to serve
as the day 0 time instead of the CCKW crest. For each random
composite, the same AEWs and number of samples are cho-
sen as in the original. This bootstrapping-like methodology is
necessary to account for some biases, including differences in
the sample size at different lag times, which result from the
compositing itself. To reject null hypothesis 1 at a 95%
threshold, the active or suppressed composite values must

be above or below that of 975 of the 1000 randomly gener-
ated composites.

The second null hypothesis is that the active and suppressed
composites are the same for a given composite time, and is
henceforth referred to as “null hypothesis 2.” To evaluate
this, we use a bootstrapping method to create 1000 (or 10 000
for single-level parameters) subsets from the active and sup-
pressed composites. Each subset composite randomly samples
waves from the original active or suppressed composite with
replacement. We reject the null hypothesis at a 95% level if
975 of the bootstrapped active composites are greater or less
than 975 of the bootstrapped suppressed composites. This
method is slightly modified for the regional and strength com-
posite groupings shown in section 3e. For these groupings, we
are interested in the net magnitude of the active-suppressed
difference itself. Thus, bootstrapping is run with the random
subsets taken from the net difference between active and sup-
pressed composites. This is referred to as “modified null
hypothesis 2.”

One caveat is that the propagation speeds of individual
AEWs and CCKWs vary, causing the AEW positions relative
to passing CCKWs to move out of phase with one another as
they get further out from day 0. This could make it more
difficult for composites to clear significance at larger lag
times (62 days) but should not influence the core conc-
lusions presented here. Additionally, AEW samples may oc-
casionally show up at more than one time lag if passing
through multiple, same-signed CCKW crests. Sensitivity

FIG. 5. Lagged comparisons of composited data surrounding AEWs as they pass through active or suppressed
CCKWs for (a) convective coverage as indicated by the percentage of area within 600 km of the AEW center with
Tb values below 240 K, (b) westward propagation speed of AEWs, (c) 200–850-hPa wind shear magnitude aver-
aged within 600-km of the AEW center, and (d) TCWV averaged within 600 km of the AEW center. Data are ro-
tated relative to the longitudinal passage of CCKW crests, such that day 0 is when the AEW is aligned in longitude
with the crest of the CCKW. Red lines indicate composites surrounding suppressed CCKW crests, and blue lines
indicate composites surrounding active CCKW crests. The gray hatched region is the 95% confidence interval gen-
erated by composites with randomized day 0 points (null hypothesis 1); since they slightly differ based on compos-
ite type, the widest (most restrictive) interval is plotted. Stars indicate where active and suppressed composites are
significantly different from one another at a 95% level (null hypothesis 2).
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tests were conducted where these overlapping, with no no-
table impacts on our final conclusions. Results discussed
here passed significance tests for both null hypotheses 1 and
2, indicating the final conclusions are robust.

3. Composite characteristics of AEW–CCKW passages

First, we present and interpret time-lagged composites taken
over the entire geographic region of study (308E–608W). This
is done to give a sense of the evolution of AEW characteristics
as they move through CCKWs over the whole study domain.
Three types of composites are analyzed. Single-level compo-
sites (section 3a) detail the response of AEW behavior and in-
tegrated quantities to AEW–CCKW interactions, vertical
composites (section 3b) demonstrate the vertical extent of any
environmental response, and spatial composites (section 3c)
illustrate where variables change relative to the AEW center.
We primarily focus on environmental fields important to
AEW dynamics and impacts: various measures of humidity,
relative vorticity, large-scale flow, and convection. Composites
in this section are not filtered in space or time, meaning
they include the superposition of both the AEW and CCKW
signals.

a. Single-level composites

Figure 5a shows composites of areal convective coverage
for a 600-km circle surrounding the AEW center. The choice
of convective coverage rather than intensity here is deliberate;
previous studies have indicated that increased spatial cover-
age of convection and precipitation is important for TC gene-
sis from AEWs (Leppert et al. 2013a,b; Brammer et al. 2018;
Zawislak 2020). We follow these studies in using Tb = 240 K
as a threshold for this purpose. Convective activity surround-
ing the AEW increases significantly near day 0 (CCKW crest)
when moving through an active phase, and vice versa for the
suppressed phase. Another important feature in Fig. 5a is a
weaker signal in the opposing direction 1–2 days before and
after day 0. This is because CCKW phases are often preceded
and/or followed by the opposite phase.

Figure 5b illustrates the composite change in the westward
component of AEW propagation speed as AEWs pass through
CCKWs. There is a strong decrease in the AEW propagation
speed during and following a suppressed CCKW crest, lasting
for up to a day. Meanwhile, AEWs moving through an ac-
tive crest also experience a decrease in propagation speed
before and during the crest, but at slightly earlier lag times
than the suppressed composite. This initial decrease in the
active composite is followed by an increase in propagation
speed from 10.75 days (18 h) through 12 days. One inter-
pretation of this result is that the initial decrease in AEW
speed corresponds with the passage of a suppressed crest
at days 22 through 21. In both cases, the decrease in the
AEW propagation speed is the most prominent signal, ap-
proaching magnitudes of –0.8 m s21, which is ∼10% of the
typical AEW propagation speed.

Previous work on AEW propagation gives credence to this
being a physically relevant behavior. Russell et al. (2020)
noted that changes in AEW propagation appeared to occur
in “bursts” in relation to convective activity. Furthermore,
Russell and Aiyyer (2020) illustrated that deep convection is
essential to resisting deformation of the AEW vorticity by the
background vertical wind shear and keeping the system verti-
cally coupled, though they did not test what impact this has
on total AEW speed. A cause of the observed decrease in
AEW speed could be that the reduced convective activity of
the suppressed phase both: 1) directly diminishes convection-
related propagation, and 2) causes the middle and upper lev-
els (with strong background easterlies) of the AEW to decou-
ple from the lower levels (weak background easterlies or even
westerlies). Supporting this theory is that we find a weaker re-
lationship in AEW speed for AEW–CCKW passages between
608 and 408W, where AEW-related convection is often weaker
and contributes less to AEW propagation dynamics (Russell
and Aiyyer 2020; Janiga and Thorncroft 2016). Another the-
ory is that, if AEWs were to behave like many convectively
coupled equatorial waves (e.g., Emanuel et al. 1994; Kiladis
et al. 2009), an increase in convection prior to and during
the active CCKW phase could further couple to the AEW
and reduce its speed. However, this would not explain the

FIG. 6. Vertical cross sections of the relative vorticity averaged within 600 km of the AEW center, lagged relative to CCKW crests.
(a) The composite surrounding active CCKW crests and (b) the composite surrounding suppressed CCKW crests. Regions that are not
significantly different from random composites at a 95% threshold are hatched out (null hypothesis 1). (c) The difference in the active and
suppressed composites [(a) minus (b)]: areas where these two composites are not significantly different from one another at a 95% thresh-
old are hatched out (null hypothesis 2). The x axis is flipped such that positive lags (after the CCKW crests) are on the left and negative
lags (before the CCKW crests) are on the right}this makes the vertical cross sections more consistent with a zonal slice.
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observed reductions in speed associated with suppressed
CCKW crests.

The behaviors of wind shear magnitude and TCWV illus-
trated in AEW–CCKW composites (Figs. 5c,d) are similar to
those found by Ventrice et al. (2012b) for CCKW-centered
composites. TCWV surrounding the AEW changes in phase
with the CCKW crest around day 0, increasing in active com-
posites and decreasing in suppressed composites (Fig. 5c).
Wind shear surrounding the AEW increases following an ac-
tive CCKW crest and decreases following a suppressed crest,
for up to a day (Fig. 5d). The magnitude of these changes is
relatively small. As Schreck (2016) argued for pre-TC distur-
bances, CCKW-induced zonal wind anomalies likely contrib-
ute less to wind shear near the AEW due to the poleward
displacement of AEWs from equatorially trapped CCKWs.
Additionally, the longitudinal extent of AEW–CCKW pas-
sages considered for this composite encompasses multiple
background shear regimes that the CCKW will contribute to
differently. This is further explored in section 4.

b. Vertical cross-section composites

Vertical cross sections of composited relative vorticity sur-
rounding AEWs are constructed for active and suppressed
CCKW passages versus climatology (Figs. 6a,b), and for the
difference between the active and suppressed composites
(Fig. 6c). A lagged relationship in height is apparent. At the
time of the active-CCKW crest passage, vorticity first increases
at lower levels (700–1000 hPa) from 0 to 11 day (Fig. 6a).
Starting 10.75 days (18 h) following the active crest, this in-
crease in vorticity begins shifting higher up in the troposphere
(300–700 hPa), until significant changes finally subside near
day 11.75. Prior to the CCKW passage, there is a similar
structure of reduced vertical vorticity that likely corresponds
to a preceding suppressed CCKW phase. The suppressed
composite (Fig. 6b) is similar to the active-phase composite
but reversed. Near and above the tropopause (200–100 hPa),
changes in vorticity are reversed compared with those at
lower levels, with an anticyclonic (negative) relative vorticity
anomaly. These vorticity changes lag behind regions of con-
vergence and divergence (Fig. 7a).

An important observation is that Fig. 6a and Fig. 6b are ef-
fectively opposite in phase of each another. This behavior was
not isolated to relative vorticity; it was true for every other

vertical composite generated (not shown). This allows us to
focus on the difference plots for these vertical composites.

Differences between active and suppressed composites for
other parameters surrounding the AEW are shown in Fig. 7.
Diabatic heating is estimated from the thermodynamic resid-
ual, a quantity referred to as Q1 (Yanai et al. 1973; Russell and
Aiyyer 2020). TheQ1 computed from reanalyses was shown by
Russell and Aiyyer (2020) to be a fair estimate of diabatic
heating in AEWs. As expected, Fig. 7b highlights that there
is more diabatic heating in the active composites than the
suppressed composites in a vertically extensive column from
day 21 through day 10.5. Vertical gradients in Q1 suggest that
diabatic heating could be temporarily increasing the potential
vorticity at low levels (and thus, the relative vorticity) and
decreasing it near the tropopause for active CCKW passages
(vice versa for the suppressed CCKW phase passage).

The change in specific humidity anomalies (Fig. 7c) sur-
rounding AEWs is strikingly similar to what was found for
vorticity in Fig. 6c. Statistically significant differences in spe-
cific humidity between the composites begin 0.75–0.5 days
prior to the CCKW crest at low levels (850–700 hPa), and
then transition to mid- and upper levels quickly following the
CCKW-crest passage, lasting for up to 11.5 days. This lagged
response and variation with height suggests that TCWV is not
fully representative of CCKW-related modifications in mois-
ture (cf. Fig. 5d and the results of Ventrice et al. 2012b). The
enhancement of active-phase specific humidity at upper levels
is partially countered by a decrease at lower levels, masking
this signal in TCWV composites. There is a corresponding
decrease in temperature (not shown) at the same time of
the increased specific humidity, implying an increase in rela-
tive humidity.

Overall, these vertical composites have striking similarities to
previous studies. Changes in vorticity (Fig. 6) were consistent
with the processes Schreck (2016) argued are important for pre-
TC disturbances.2 Our results for specific humidity (Fig. 7c) and
temperature (not shown) are also similar to vertical composites

FIG. 7. As in Fig. 6c, but for (a) divergence, (b) diabatic heating, and (c) specific humidity all averaged within 600 km of the AEW center.
Diabatic heating is estimated by the thermodynamic residual and is referred to asQ1. Significance testing is done here via null hypothesis 2.

2 This can be compared to the vertical cross sections of zonal-
wind anomalies, relative to TC-genesis, taken by Schreck (2016) in
the eastern Pacific at low latitudes (their Fig. 2). Their results for
zonal wind imply a similar modification to vorticity as our results
do for AEWs, but in their case for TC precursor disturbances.
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of these quantities taken from observations and reanalysis con-
structions of CCKWs (Straub and Kiladis 2002, 2003; Kiladis
et al. 2009; Mayta et al. 2021).

c. Spatial composites

We now discuss differences in 208 3 208 spatial composites
surrounding AEWs. The 850- and 400-hPa levels are highlighted
as each is representative of low-level and mid- to upper-level
changes, respectively.

Differences in the spatial composites for 850-hPa vortic-
ity and the related zonal and meridional wind components
(Figs. 8a–i) support the sequence of events depicted by the
vertical composites. One day before reaching an active
CCKW crest, relative vorticity is reduced in the vicinity of

the AEW center (Fig. 8a). This change appears largely
driven by zonal wind anomalies at and equatorward of the
AEW center (Fig. 8d). As the AEW transitions to be in
phase with the active CCKW crest (day 0), the zonal wind
anomalies change direction and relative vorticity is en-
hanced surrounding the AEW center (Figs. 8b,e). One day
following the CCKW crest, these vorticity and zonal wind
anomalies are displaced eastward away from the AEW cen-
ter (Figs. 8c,f). Observed changes in zonal wind are consis-
tent with the zonal wind anomalies that have previously
been observed for CCKWs across the globe (e.g., Kiladis
et al. 2009; Mayta et al. 2021), and compares quite well to
what Schreck (2016) illustrated for incipient TC-disturbances
passing CCKWs (cf. their Figs. 2 and 3). Meanwhile, meridional

FIG. 8. Lagged differences in spatial composites of variables in a 208 3 208 box surrounding AEW centers at 850 hPa. Differences
(active minus suppressed composites) are shown, with data grayed out and hatched where the active composites are not significantly dif-
ferent from suppressed composites at a 95% threshold (null hypothesis 2). Each column is a different time relative to the CCKW crest pas-
sage: (from left to right) differences for 1 day before the CCKW crest, for day 0, and for 1 day following the CCKW crest. (a)–(c) Differ-
ences in smoothed relative vorticity, which is smoothed by computing a 600-km radial average surrounding each grid box. (d)–(f) Zonal
wind, (g)–(i) meridional wind, and (j)–(l) specific humidity. The overlain black vectors indicate the difference in the 850-hPa wind between
the active and suppressed composites. Latitude and longitude values are only shown for reference, as each sample is rotated to the average
latitude and longitudes of the entire dataset.
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wind anomalies (Figs. 8g–i) are displaced equatorward from the
AEW center at this level.

Differences in the spatial composites at 400 hPa are also
consistent with the tilted response seen in the vertical compo-
sites. Initially, relative vorticity is not significantly different
one day prior to the CCKW crest (Fig. 9a). By the time the
AEW is collocated with the active CCKW crest (Fig. 9b), a
large swath of reduced relative vorticity is located south of
the AEW center, followed by an increase in relative vorticity
on day 11 (Fig. 9c). The zonal wind and vorticity composites
shown here for 400 hPa are similar to those depicted by
Schreck (2016) at 500 hPa for TC genesis cases.

CCKW-induced 400-hPa zonal wind anomalies south of the
AEW center (Figs. 9d–f) appear to play a role in modulating
relative vorticity. However, on day11, there is a region of sig-
nificantly enhanced northerlies west and southwest of the
AEW center (Fig. 9i), much closer to the AEW than any of
the meridional anomalies seen at the 850-hPa level. The wind
vector differences on day 11 are suggestive of a cyclonic

circulation anomaly collocated with the AEW center. This is
distinct from the primarily zonal wind contribution to relative
vorticity seen at 850 hPa at the same time. This could indicate
a dynamical response of the AEW to the increased convective
coverage on day 0 (Fig. 5a) and higher specific humidity (Fig. 9l).

The time sequence of 400- and 850-hPa spatial composites
for specific humidity (Figs. 8j–l, 9j–l) is qualitatively similar to
vertical composites (Fig. 7c). Unlike the 850-hPa composites,
however, specific humidity differences at 400-hPa encompass
the AEW center and even regions north of it. A comparison
between the 850- and 400-hPa-level composite differences at
60.75 days (618 h) emphasizes this point (Fig. 10). Several
factors could be contributing to the differences in spatial ex-
tent for the specific humidity response. For one, consider the
AEW-relative recirculation. At 850 hPa, relative vorticity is
most enhanced when the AEW is aligned with an active
CCKW crest (Fig. 8b) and appears to be driven primarily by
zonal wind shear anomalies. While this is likely helping to
strengthen the westerlies contributing to the wave “pouch”

FIG. 9. As in Fig. 8, but at 400 hPa.
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(Dunkerton et al. 2009; Wang et al. 2010), the enhanced vortic-
ity has already departed the AEW center by day 10.75 and
11. In contrast, the 400-hPa relative vorticity is enhanced
11 day following the active CCKW crest (Fig. 9c) and includes
a pronounced meridional component east and west of the
AEW center (difference vectors in Fig. 9 and Fig. 10). This en-
hanced upper-level circulation may be more efficient at retain-
ing enhanced specific humidity within the wave pouch, resulting
in a greater spatial coverage of specific humidity anomalies.

An additional cause of the differences in spatial extent
could be the control of convection on middle and upper-level
specific humidity. As noted previously, convective coverage
within 600 km from the AEW center is significantly enhanced
for up to 10.5 days following an active CCKW crest (Fig. 5a).
Invigorated deep convection could result in increased specific
humidity high in the troposphere (600–200 hPa) near the
AEW wave trough, helping explain the more poleward extent
of 400-hPa specific humidity anomalies.

4. Relative importance and attribution of CCKW signals

While these results indicate that CCKWs influence AEWs,
they do not directly show how impactful this influence is.

Furthermore, it is valuable to determine if CCKWs only provide
a transient boost to AEWs or if their impacts are sustained
through feedbacks within the AEW system. In this section we ad-
dress the relative importance of the aforementioned composites
and attempt to separate out the AEW- and CCKW-related
signals.

a. Relative importance of environmental variables

Ultimately, CCKWs are just one phenomenon that can mod-
ify AEWs. To illustrate this point, binned distributions of three
AEW characteristics (taken at 400 hPa and a 11-day lag) are
shown for the active and suppressed samples in Fig. 11. While
the composited means for each of the three highlighted char-
acteristics are indeed different}all passed the significance
test for null hypothesis 2 at a 95% threshold (Figs. 5b, 6c,
7c)}there is still a pronounced overlap in the associated distri-
butions. This highlights that CCKWs are not the only thing af-
fecting AEW characteristics.

Another consideration is the relative importance of
CCKW-related modifications to AEWs. Table 2 illustrates
this by comparing the maximum difference in active-suppressed
composites to the typical anomalies surrounding AEWs for
multiple variables and levels. Notably, the magnitude of

FIG. 10. Differences in lagged spatial composites of specific humidity, comparing different lag times and lev-
els. Columns indicate lag times relative to the CCKW crest, and rows indicate levels. (a),(c) The differences in
specific humidity composites 0.75 days (18 h) before the CCKW crest for the 850- and 400-hPa levels, respec-
tively. (b),(d) As in (a) and (c), but for 0.75 days (18 h) after the CCKW crest. Black vectors indicate the differ-
ence between the active and suppressed wind vectors at the corresponding lag times and levels. Hatched and
grayed out boxes are those that do not pass a significance test (for null hypothesis 2) at a 95% threshold.
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CCKW-related deviations is less than one standard devia-
tion of the AEW variability. These data also suggest that
the influence of CCKWs on specific humidity and vorticity
could be more important at higher levels of the troposphere
(400 hPa) compared with lower levels (700 and 850 hPa).
Climatologically, AEW-related vorticity and moisture anoma-
lies are typically not as developed at higher levels, and thus
CCKWs may have an outsized impact. This is exemplified in
specific humidity, where the maximum active-suppressed
difference at 400 hPa was over 150% of the typical anomaly
found for AEWs, and over 50% of the standard deviation.
Meanwhile, modifications to the 200–850-hPa wind shear
magnitude are in line with changes to the other fields.3

However, its impact may be understated here due to the
study region encompassing different background wind shear
regimes.

b. Attribution of AEW response

So far, composites have represented the combined effects
of overlapping CCKWs and AEWs. One way to try and sepa-
rate CCKW-related signals from those directly associated with
AEWs is by filtering out eastward-propagating and westward-
propagating signals and building the same vertical composites
as in section 3a (Fig. 12). Here, composite differences are built
in the left column (Figs. 12a,c) using only eastward-propagating
signals, and in the second column (Figs. 12b,d) using only west-
ward-propagating signals.

When comparing the center and left columns of Fig. 12, it is
clear the vorticity and specific humidity responses are domi-
nated by the eastward-propagating signals (Figs. 12a,c), as the
magnitudes of the westward-propagating signals (Figs. 12b,e)
are much smaller. This likely indicates that observed environ-
mental changes near the AEW trough (Fig. 6c and Fig. 7c)
are dominated by a superposition of CCKW-related signals.

However, when westward-propagating composites are subset
to include only the top 50% of AEWs by strength (Figs. 12c,f),
the magnitude of the westward-propagating vorticity response
is larger.4 This may hint at the long-term impacts CCKWs have
on barotropic AEW growth (Mantripragada et al. 2021). As
discussed in the methodology, one caveat of the compositing
method is that long-term impacts could get washed out at time
lags further from day 0. Nevertheless, the eastward-propagating
signals still dominate in the short term.

5. Impact of location and wave strength on composites

The results presented so far have been composited over a
large geographical region spanning the African continent and
the Atlantic Ocean. However, how the influence of CCKWs
on AEWs may change based on region and each wave’s
strength is of both scientific and operational interest. We now
compute similar composites as those in section 3 but subdi-
vided based on the location and strength of AEWs and
CCKWs. We will refer to the difference between active and
suppressed composites as the “response.”

a. Specific humidity

The response of specific humidity around AEWs to CCKWs
does appear to be influenced by both the latitude of the AEW
and the strength of the passing CCKW (as measured by
filtered Tb). The latitudinal influence is illustrated by the
specific humidity response for AEWs located at higher lat-
itudes (108–158N) compared with those located at lower
latitudes (58–108N) (Figs. 13a,c). While the response of
upper-level specific humidity surrounding the AEW still peaks
following an active CCKW crest, the magnitude of this peak is
reduced for the more northern AEWs located between 108 and
158N. Similar results are obtained when comparing 158–208N to
58–108N. Physically, this appears to be connected to the more
equatorward position of the CCKW convective signal, which is

FIG. 11. Histograms showing the PDF of (a) specific humidity, (b) relative vorticity, and (c) westward AEW propagation speed for sam-
ples at 400 hPa and day 11 (1 day following the CCKW crest). Data in (a) and (b) are averaged within 600 km of the AEW center. Red
bars indicate the suppressed composites, blue bars indicate the active composites, and purple is where these two bars overlap.

3 One caveat is that taking the climatology of 200–850-hPa wind
shear anomalies for AEWs results in a value that is small in magni-
tude. This artificially inflates the maximum deviation compared to
the AEW mean. When compared to the non-AEW-adjusted wind
shear, the AEW-relative average becomes 12.8 m s21 and the re-
sulting maximum deviation from the mean is reduced to 6.5%.
Standard deviation should, however, be less impacted by this.

4 It should be noted that while there are widespread significant
differences (not shown) in active and suppressed composites for
eastward-filtered signals (Figs. 12a,c), the same is not true for the
westward-filtered signals (Figs. 12b,c,e,f).
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maximized between 58 and 108N (e.g., Fig. 1b). Previously, we
hypothesized that upper-level humidity modulations could be a
result of the enhanced convection that occurs with CCKWs.
This could explain why most of the statistically significant differ-
ences here are concentrated high in the troposphere; an AEW
located farther south is likely to have more of its convection
modified by CCKWs, leading to higher magnitude change in
specific humidity. A similar argument can be made when com-
paring this humidity response for AEW passages through
stronger CCKWs versus weaker CCKWs. As illustrated in
Figs. 13b,d, stronger CCKWs appear to result in a more robust
specific humidity response at upper levels. Because our measure

of CCKW strength (Kelvin-filtered Tb) is directly linked to con-
vective activity, this suggests that more convectively robust
CCKWs are associated with larger variations in the upper-level
humidity.

One caveat here is that the latitude of AEWs and
AEW–CCKW interactions generally increase in the west-
ern portions of the domain (Figs. 1a, 4a). However, similar
patterns to those in Figs. 13c,d are obtained when restrict-
ing passages to be east of 408 or 188W (not shown). Addi-
tionally, we found no statistically significant differences in
the specific humidity response comparing longitude subsets
(not shown).

FIG. 12. Vertical cross sections showing differences in lagged filtered composites of relative vorticity and specific humidity averaged
within 600 km of the AEW center. (a),(b) As in Fig. 6c, but filtering to retain only the eastward- and westward-propagating components
of relative vorticity, respectively. (d),(e) As in (a) and (b), but for specific humidity. (c),(f) As in (b) and (e), but only including the top
50% of samples as measured by AEW strength. Strength is measured by the 700-hPa modified curvature vorticity averaged within 600 km
of the AEW center, over its lifetime.

TABLE 2. Summary of the relative importance of the CCKW influence on AEW variables at different levels, compared with
climatological averages and standard deviations. The 608W–308E averages are calculated via the anomaly of a variable from the
background climatology, averaged within 600 km of AEW centers. Standard deviation is computed similarly (not shown). Relative
maximum deviation percentages are calculated by dividing the largest difference in a variable’s active–suppressed composites by the
corresponding 608W–308E average or standard deviation.

Variable Level (hPa) 608W–308E AEW avg
Max deviation
relative to mean

Max deviation
relative to std dev

Lag time of max
deviation (days)

Relative vorticity 400 2.36 3 1026 s21 69.6% 18.8% 1
700 1.26 3 1025 s21 13.8% 26.8% 0.75
850 8.39 3 1026 s21 22.7% 27.3% 0

Specific humidity 400 1.09 3 1024 kg kg21 157.1% 57.7% 0.5
700 3.78 3 1024 kg kg21 43.4% 20.0% 20.5
850 5.18 3 1024 kg kg21 23.4% 11.6% 20.5

Wind shear magnitude
(200–850 hPa)

} 20.42 m s21 219.3% 23.9% 21.25
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b. Wind shear

Earlier, it was shown that taken across the entire analysis
domain (608W–308E), the magnitude of the wind shear re-
sponse was fairly weak (Fig. 5c, Table 2). This is partially due
to the difference in wind shear regimes over the western At-
lantic compared with the eastern Atlantic and Africa, as was
first suggested by Ventrice et al. (2012b). This relationship be-
comes more evident when separating AEW–CCKW passages
by longitude (Figs. 14a,b). While the magnitude of wind shear
surrounding AEWs increases from days 0 to 12 for passages
that occur over West Africa (208–08W), this effect is largely
absent for passages occurring over the eastern Atlantic
(408–208W) and switches over to a wind shear reduction over
the western Atlantic (Figs. 14a,b). As suggested by Ventrice
et al. (2012b), this is likely a result of the CCKW-related zonal
wind anomalies (positive anomalies in lower troposphere,
negative in upper troposphere) adding to climatological east-
erly shear for passages over the African continent and oppos-
ing climatological westerly shear over the western Atlantic.
Furthermore, the magnitudes of these wind shear anomalies
reach approximately 61 m s21 at their peak (around days
11 to 11.5), greater than what is obtained when averaging
over the whole domain (Fig. 5c, ∼0.75 m s21). No significant
difference in response is seen when comparing passages

between 58–108N and 108–158N (Fig. 14c).5 We also do not
find significant differences when dividing subsets by CCKW
strength (not shown).

c. Vorticity

Surprisingly, the relative vorticity does not exhibit significant
differences when CCKW strength and AEW latitude subsets
were compared (not shown). However, the relative vorticity re-
sponse at middle levels (600–700 hPa) appears to be of a higher
magnitude and lasts for a longer period of time when subsets
of stronger AEWs are included (Fig. 15). When only including
the strongest 50% of AEWs for active and suppressed compo-
sites (Fig. 15a), the statistically significant regions extend
through day 12 with a higher magnitude response than origi-
nally seen (cf. Fig. 6c). The response is even larger when in-
cluding the top 25% of waves (Fig. 15b), though the more
limited sample size shrinks the area of significant changes. The

FIG. 13. Comparison of the difference in composites of specific humidity when separated into subsets. Specific humid-
ity here is averaged within 600 km of the AEW center. (a) Comparison of the difference in active–suppressed compo-
sites of 400-hPa specific humidity for passages located between latitudes 58 and 108N (dark brown) and passages
between latitudes 108 and 158N (light brown). Hatched region surrounding each line is the bootstrapped 95% confidence
interval (for the modified null hypothesis 2). (b) As in (a), but comparing responses for weak CCKWs [1–1.5 standard
deviations (STD), black] and stronger CCKWs (1.5–3 STD, yellow). (c) As in (a), but for all levels and subtracting the
108–158N subset from the 58–108N subset. (d) As in (b), but for all levels and subtracting the 1–1.5 STD CCKW strength
subset from the 1.5–3 STD subset. For (c) and (d), nonsignificant differences between subsets are hatched out.

5 Interestingly, a significant difference between the 58–108N and
the 158–208N passages is seen, with the latter showing a reduction
in wind shear magnitude from days 0 to 12. We hypothesize that
this can be attributed to the confounding of latitude with longi-
tude, as most 158–208N passages are concentrated in the western
Atlantic (see Fig. 4).
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interpretation of these results could be slightly confounded by
selecting for stronger AEWs. However, there is reason to be-
lieve that eliminating weak or dissipating AEWs could better
highlight a longer-term AEW response to CCKWs. The pres-
ence of a longer-lasting increase in AEW strength is supported
by recent findings by Mantripragada et al. (2021).

6. Discussion and conclusions

In this analysis, we used an objective AEW tracker and spa-
tiotemporal filtering of Tb to build a database of AEW–CCKW
passages for 1981–2019. We actively excluded AEWs that de-
veloped into TCs to prevent the processes specific to TC gene-
sis from biasing composites. Despite this, results for non-
developing AEWs are qualitatively similar to past studies of
tropical cyclogenesis (Ventrice et al. 2012a; Schreck 2015,
2016). This suggests that CCKWs impact developing AEWs in
a similar manner to what is shown here. Further supporting
this, we find that the strongest non-developing AEWs (e.g.,
Fig. 15) display qualitatively similar responses to those of
weaker waves, as do composites including all AEWs and those
of developing AEWs on their own (not shown). It is cautioned,
however, that while we anticipate that the results presented

here are relevant for developing AEWs, further investigation
is needed to corroborate this.

Importantly, we confirm that many of the results illustrated
by Schreck (2015, 2016) and Ventrice et al. (2012a,b) for pre-
TC disturbances are also applicable to non-developing
AEWs. Relative vorticity surrounding the AEW trough in-
creases following the active CCKW crest, and the response is
tilted westward such that the largest magnitudes at middle
and upper levels (700–300 hPa) are seen 10.5 to 11.5 days
following the CCKW crest. The reverse happens following
suppressed CCKW crests, with relative vorticity decreasing.
As Schreck (2016) found for pre-TC disturbances, these relative
vorticity modifications can be attributed to CCKW-induced
zonal wind anomalies. CCKWs also appear to modify wind
shear around AEWs and do so differently depending on
the background wind shear regime. This follows what was
hypothesized by Ventrice et al. (2012b).

Several results provide deeper insights into the AEW–CCKW
relationship and could hint at implications to TC genesis pro-
cesses. Convective coverage (areal extent of Tb , 240K) sur-
rounding the AEW trough changed in phase with CCKW
crests. This is important because previous work has shown
that increased convective coverage is a key precursor to TC

FIG. 14. Comparison of differences in composited 200–850-hPa wind shear magnitude, subset by (a),(b) longitude and (c) latitude. Wind
shear is computed within a 600-km radius of the AEW center. (a) Comparison of the difference in active–suppressed composites of wind
shear magnitude for passages located between longitudes 608 and 408W (black) with those located between longitudes 208W and 08 (light
brown). (b) As in (a), but comparing responses for passages located between 408 and 208W (dark brown) with those located between
208W and 08 (light brown). (c) As in (b), but comparing passages between 58 and 108N (dark brown) with those located between 108 and
158N (light brown). As in Fig. 13, hatching around each composite line indicates the bootstrapped 95% confidence interval (for the modi-
fied null hypothesis 2).

FIG. 15. As in Fig. 6c, but (a) only including the top 50% of AEWs by strength and (b) the top 25% of AEWs by
strength. Strength is measured by the 700-hPa modified curvature vorticity averaged within 600 km of the AEW cen-
ter, and the subsets here are chosen based on average values throughout a AEW’s lifetime.
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genesis events (Leppert et al. 2013a,b; Zawislak and Zipser
2014). Additionally, a decrease in westward AEW propaga-
tion speed is observed following the suppressed phase of
CCKWs. We hypothesize that reduced convective coverage
could allow for a decoupling of the lower levels of the AEW
from upper levels, diminishing the influence of middle and
upper-level easterlies on westward propagation (Russell et al.
2020; Russell and Aiyyer 2020). It could also limit AEW prop-
agation directly tied to convective processes (e.g., Russell et al.
2020). Furthermore, specific humidity surrounding AEWs in-
creases following the active CCKW crest, and the response is
tilted in a similar manner to that of relative vorticity. We ob-
serve a more spatially extensive specific humidity response at
mid- to upper levels compared with that at lower levels, possi-
bly related to the distribution of specific humidity by CCKW-
associated convection. One reason these observed changes to
specific humidity could be important is that increased mois-
ture is known to help TC genesis and intensification processes
(Zawislak and Zipser 2014; Tang and Emanuel 2012; Nolan
2007).

These results provide more evidence as to why the favor-
able phasing of CCKWs for TC genesis lags a few days behind
the CCKW active phase (Ventrice et al. 2012a, Schreck 2015).
CCKWs help increase midlevel moisture and mid- to upper-
level relative vorticity in middle and upper levels surrounding
AEWs for up to 1.5 days following an active CCKW phase,
and even longer for vorticity when excluding the weakest
AEWs. Prior to this, an active CCKW phase can temporarily
increase the spatial coverage of convection around the AEW
and amplify low-level convergence. If these factors also occur
for developing AEWs, which we argue is likely, they could in-
crease the favorability of the background environment to TC
genesis. Another interesting result is that being at a lower lati-
tude and encountering a stronger CCKW could amplify the
specific humidity response around AEWs.

When building composites for eastward- and westward-
filtered signals (Fig. 12), we demonstrate that most of the
changes found in this analysis were confined to eastward-
moving signals (likely associated with CCKWs). However,
limiting composites to stronger AEWs caused the magni-
tude of the westward-moving CCKW response to increase.
This suggests that CCKWs could be modifying AEW growth
processes, as has been suggested by previous studies (Ventrice
and Thorncroft 2013; Mantripragada et al. 2021). However, it
still appears that this effect is overshadowed in the short-term
by the superposition of CCKW related signals. We hypothe-
size that these short-term effects are the most important for
TC genesis, which is the subject of future work.

We have demonstrated that CCKWs have a pronounced
impact on non-developing AEWs. This suggests that CCKWs
could modulate AEW impacts and predictability. AEWs con-
tribute strongly to rainfall variability over Africa (Diedhiou
et al. 1999; Mekonnen et al. 2006), implying that interactions
with CCKWs may contribute to their societal impacts in this
region. Furthermore, convective and intensity differences in
AEWs have been shown to affect ensemble model predictions
of AEWs (Elless and Torn 2018, 2019). At the moment, a
connection between CCKWs and increased AEW forecasting

error has not been established, and recent work suggests it
could be minimal (Elless and Torn 2019). Nevertheless, with
the now well-established role of convection in AEW growth
and propagation (Russell et al. 2020; Russell and Aiyyer
2020), further investigation of this is warranted. More re-
search is also needed to better establish the connections be-
tween CCKWs and the processes governing AEW dynamics.
These questions could be addressed with the use of numerical
models and a more detailed satellite analysis in the future.
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