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ABSTRACT: Recent research has demonstrated a relationship between convectively coupled Kelvin waves (CCKWs)
and tropical cyclogenesis, likely due to the influence of CCKWs on the large-scale environment. However, it remains un-
clear which environmental factors are most important and how they connect to TC genesis processes. Using a 39-yr data-
base of African easterly waves (AEWs) to create composites of reanalysis and satellite data, it is shown that genesis may
be facilitated by CCKW-driven modifications to convection and moisture. First, stand-alone composites of genesis demon-
strate the significant role of environmental preconditioning and convective aggregation. A moist static energy variance
budget indicates that convective aggregation during genesis is dominated by feedbacks between convection and longwave
radiation. These processes begin over two days prior to genesis, supporting previous observational work. Shifting attention
to CCKWs, up to 76% of developing AEWs encounter at least one CCKW in their lifetime. An increase in genesis
events following convectively active CCKW phases is found, corroborating earlier studies. A decrease in genesis events fol-
lowing convectively suppressed phases is also identified. Using CCKW-centered composites, we show that the convectively
active CCKW phases enhance convection and moisture content in the vicinity of AEWs prior to genesis. Furthermore, en-
hanced convective activity is the main discriminator between AEW–CCKW interactions that result in genesis versus those
that do not. This analysis suggests that CCKWs may influence genesis through environmental preconditioning and
radiative–convective feedbacks, among other factors. A secondary finding is that AEW attributes as far east as central
Africa may be predictive of downstream genesis.

SIGNIFICANCE STATEMENT: The purpose of this work is to investigate how one type of atmospheric wave,
known as convectively coupled Kelvin waves (CCKWs), impacts the formation (“genesis”) of tropical cyclones. Fore-
casting of genesis remains a significant challenge, so identifying how CCKWs influence this process could help improve
forecasts and give communities greater lead times. Our results show that CCKWs could temporarily make genesis
more likely by increasing atmospheric moisture content and convective activity. While not all CCKWs lead to genesis,
those that do are associated with a particularly strong increase in convection. This provides a potential tool for forecast-
ers monitoring CCKWs and TC genesis in real time and motivates follow-up work on this topic in numerical models.
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1. Introduction

The formation of tropical cyclones (TCs), known as tropical
cyclogenesis or “genesis,” has been a topic of inquiry for several
decades and remains a substantial forecasting challenge (e.g.,
Cangialosi et al. 2020; Cangialosi 2022). Recent work has sought
to quantify the role of intraseasonal oscillations and equatorial
waves on genesis as one way of improving midrange forecasts.
One promising avenue has been research into convectively cou-
pled Kelvin waves (CCKWs), which have been shown to have a
pronounced influence on African easterly waves (AEWs) and
TC genesis itself (Ventrice et al. 2012a,b; Ventrice and
Thorncroft 2013; Schreck 2015, 2016; Mantripragada et al.
2021; Lawton et al. 2022). Despite this, the mechanisms con-
necting CCKWs and genesis processes are still poorly un-
derstood. This study will address this knowledge gap by
focusing on the potential connections between these phe-
nomena through atmospheric convection and moisture.

AEWs and CCKWs have fundamental ties to convection.
AEWs are synoptic-scale systems that move westward over
tropical Africa and the Atlantic Ocean (Burpee 1972; Reed
et al. 1977; Kiladis et al. 2006), serving as the source for over
60% of TCs in the Atlantic basin (Russell et al. 2017). There
is now sizeable evidence that moist convection is essential for
both the growth and propagation of AEW vortices (Hall et al.
2006; Berry and Thorncroft 2012; Russell and Aiyyer 2020;
Russell et al. 2020). The presence of moist convection within
the AEW trough can also modify wave characteristics that
make genesis more or less likely; this includes the wave’s mid-
level circulation, its spatial and vertical moisture distributions,
and its favorability to sustained mesoscale convective systems
(MCSs) and other convective activity (Wang et al. 2010;
Hopsch et al. 2010; Berry and Thorncroft 2012; Peng et al.
2012; Leppert et al. 2013a,b; Brammer and Thorncroft 2015;
Brammer et al. 2018; Núñez Ocasio et al. 2020, 2021). Mean-
while, CCKWs are equatorial waves that propagate eastward
and whose vertical motions are directly coupled to convective
activity (Gruber 1974; Takayabu 1994; Wheeler and Kiladis
1999; Kiladis et al. 2009). These waves consist of a convectively
enhanced (“active”) phase and a convectively suppressed
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(“suppressed”) phase. In the troposphere, each phase is collo-
cated with humidity and vertical motion anomalies that have a
pronounced westward tilt with height (Straub and Kiladis 2002;
Yang et al. 2007; Kiladis et al. 2009). CCKWs that propagate
into the Atlantic typically originate from either the Pacific or
South America (Mayta et al. 2021); these waves can modulate
precipitation in these areas (Mounier et al. 2007; Mekonnen
et al. 2008) and are hypothesized to influence AEW activity
and barotropic growth processes (Ventrice and Thorncroft
2013; Sridhar Mantripragada et al. 2021; Lawton et al. 2022).

Research over the last decade has established a statistical
relationship between CCKWs and TC genesis, with genesis
favored in a 1–3-day window following a CCKW’s active
phase (Ventrice et al. 2012a; Schreck 2015). Several theories
have been put forth to explain this relationship and the pro-
nounced lag time. Ventrice et al. (2012b) studied the impacts
of CCKWs on the Atlantic environment and argued that an
increase in low-level potential vorticity, total column water
vapor (TCWV), and modifications to vertical wind shear
all could impact the favorability of genesis. For example,
CCKW-associated easterlies can add to the climatological
easterly shear in the east Atlantic and can partially oppose cli-
matological westerly wind shear in the west Atlantic. Schreck
(2016) used a semi-Lagrangian framework to show that the
westward tilt of a CCKW’s zonal wind anomalies may cause
relative vorticity around incipient disturbances to “build up”
from the lower troposphere to the upper troposphere. They
argued that this buildup, in addition to an enhancement of an-
ticyclonic outflow aloft, could explain the CCKW–TC rela-
tionship and the observed 1–2-day lag. More recently, Lawton
et al. (2022, hereafter L22) used an AEW-following frame-
work to study the impact of CCKWs on AEWs that do not
develop into TCs (nondevelopers). In addition to confirming
the relative vorticity buildup shown by Schreck (2016), they
found that CCKWs temporarily increased the convective cov-
erage and midtropospheric humidity surrounding the AEW
trough. L22 suggested that CCKW-related modifications to
specific humidity and convection may play a more direct role
in promoting genesis than previously realized.

Despite these hypotheses, a clear connection between
CCKWs, their environmental influences, and genesis pro-
cesses has yet to be established. It is also unclear why some
CCKW–AEW interactions result in genesis while others do
not. In this paper, we hypothesize that one potential pathway
connecting these phenomena is through the modulation of
convection and moisture by CCKWs (e.g., Ventrice et al.
2012a; L22). This is in part due to substantial evidence that
convection and moisture play a critical role in genesis. Several
numerical modeling studies have suggested that environmen-
tal premoistening to near saturation is necessary to maintain
sustained deep convection, which promotes the low-level vor-
tex spin up of TCs (Nolan 2007; Wang 2012, 2014). This has
been corroborated by observational data showing a gradual
increase in the lower- and middle-tropospheric moisture
(Komaromi 2013; Zawislak and Zipser 2014) and an increase
in the coverage of convection and precipitation (Leppert et al.
2013a,b; Zawislak 2020) in the days prior to genesis. Further-
more, idealized and case modeling studies have emphasized

the importance of cloud–radiative feedbacks to convective ag-
gregation (clustering), including during genesis (e.g., Davis
2015; Wing et al. 2016; Carstens andWing 2020; Ruppert et al.
2020; Yang and Tan 2020; Yang et al. 2021; Zhang et al. 2021;
Wu et al. 2021; Wing 2022). Cloud–radiative feedbacks and
convective aggregation enhance spatial gradients of heating,
driving a thermally direct transverse circulation that imports
angular momentum and moisture toward the incipient TC
center (Wang 2018; Ruppert et al. 2020). Given the apparent
importance of these processes to genesis, it is likely that any
external factor that modifies the distribution of convection or
moisture around an initial disturbance could subsequently im-
pact genesis. This motivates our exploration of the CCKW
and TC genesis relationship through convection and moisture.

Here we investigate the relationship between CCKWs and
TC genesis in reanalysis and satellite data, using a 39-yr data-
base of AEW and CCKW passages. Our primary goal is to as-
certain how CCKWs modify environmental characteristics
around AEWs prior to genesis, and to determine possible
connections between these changes and genesis processes. A
secondary goal is to quantify the depiction of genesis and as-
sociated AEW characteristics. To contextualize the influence
of CCKWs, we will first study the characteristics that make
AEWs favorable to genesis (section 3) and the genesis process
itself (section 4), prior to focusing on CCKWs (section 5).

2. Data and methods

a. Data and AEW–CCKW identification

The fifth-generation ECMWF Reanalysis (ERA5; Hersbach
et al. 2020) dataset is used for most environmental fields in this
study. Following L22, the fields are obtained at a 6-hourly res-
olution, on a 18 3 18 grid, with 19 pressure levels. These fields
are typically represented as climatological anomalies (as in
L22). The fields used to compute moist static energy (MSE)
and its related budget terms are saved at a higher resolution
(0.258 3 0.258 grid, 36 pressure levels). NOAA GridSat-B1
data (Knapp et al. 2011; 0.258 3 0.258 grid) is used for convec-
tive coverage calculations and CCKW identification. Convec-
tive coverage is defined as the fraction of grid boxes within a
given radius of the AEW that have brightness temperature val-
ues of 240 K1 or lower (as done by Leppert et al. 2013a,b; L22).

We use the same AEW tracks and CCKW passage informa-
tion from the dataset published by L22. This climatology is
over the months July–September from 1981 to 2019. AEWs
are tracked using a modified curvature vorticity term at
700 hPa, averaged within 600 km of each reanalysis grid point.
AEWs are classified as “developers” if they have a center lo-
cated within 500 km of a TC genesis point in the HURDAT
database (Landsea and Franklin 2013). AEWs associated with
genesis events west of 608W are not included in this analysis.

Active and suppressed CCKW phases are identified relative
to the AEW tracks. First, we conduct Kelvin filtering of Grid-
Sat-B1 brightness temperature (Tb) using the method of

1 Other brightness temperature thresholds}from 210 through
250 K}were also tested and had no impact on our results.
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Wheeler and Kiladis (1999). We choose observational Tb to
avoid reanalysis-dependent limitations in CCKW representa-
tion (e.g., Chien and Kim 2023) and because we are most in-
terested in Kelvin waves that are convectively coupled. The
Kelvin band is bounded by zonal wavenumbers of 1–14, a
temporal period of 2.5–20 days, and an equivalent depth of
8–90 m. Then, the 08–108N average of Kelvin-filtered Tb is
computed at the longitude of each AEW point. Maxima and
minima of this time series are identified as CCKW phases if
they exceed61 standard deviation of the climatological value.
More details on the AEW and CCKW identification methods
can be found in L22.

Composites shown throughout this analysis are constructed
relative to a “day 0” reference point. Day 0 can either be the
time at which the center of the tracked AEW is aligned in
longitude with that of a CCKW’s active/suppressed phase
(“CCKW-relative”), or the time of genesis as defined by the
HURDAT database (“genesis-relative”). However, AEW
characteristics change dramatically as they exit the coast of
Africa. As a result, composites are adjusted to the longitudi-
nal climatology of AEWs as done by L22. The subtracted
AEW climatology differs depending on the category of AEW
being analyzed. Genesis-relative composites are adjusted to the
climatology of developingAEWs only, and composites of nonde-
veloping AEWs are adjusted by the nondeveloping climatology.
When comparisons between developers and nondevelopers
are made (section 5c), we adjust both sets of samples identically,
using a combined climatology of favorable developing and non-
developing AEWs. Ultimately, the selected climatological adjust-
ment has only a minor impact on our results.

b. Logistic regression model

As has been noted in previous AEW climatologies (e.g.,
Hopsch et al. 2010; Agudelo et al. 2011; Brammer and Thorncroft
2015), the vast majority of AEWs are relatively weak systems that
are not associated with genesis. This presents an inherent problem
when attempting to compare nondeveloping and developing
AEWs as they pass CCKWs. Thus, it is advantageous to focus on
AEWs that are “favorable” to genesis. To do so, we follow
Brammer and Thorncroft (2015) in using logistic regression. This
is a classification technique where a predictive model is trained on
input data to predict a binary outcome: in this case, TC genesis.
Once trained, the predictive model assigns each AEW a probabil-
ity p of undergoing genesis that ranges from 0 to 1: we refer to
this as the “favorability score.” A value of p 5 0.5 is chosen as
the cutoff between “unfavorable” and “favorable”AEWs.

Inputs are selected from a range of climatological and envi-
ronmental fields surrounding the AEW, with environmental
fields averaged within 500 km of the AEW.2 In total, 10 differ-
ent logistic regression models are built, each using a different
input longitude (spaced every 108, from 408W to 308E). For

the logistic regressions run over land and at 208W, only gene-
sis events east of 408W are considered. For those run over
the ocean, only genesis events within 208 of the input longi-
tude are considered. More background on our application of
logistic regression can be found in the appendix.

c. MSE variance budget and application

To quantify convective–radiative feedbacks, we use a bud-
get analysis of the spatial variance of column-integrated
frozen moist static energy (henceforth, MSE). This budget
was first developed by Wing and Emanuel (2014) to quantify
sources of convective self-aggregation, a potential precursor
to genesis. Such a budget has been used to study genesis in
idealized models (Carstens andWing 2020; Wing 2022), global
simulations (Zhang et al. 2021), and convection-resolving
models (Ruppert et al. 2020; Wu et al. 2021). It has also been
used for TC intensification in climate simulations (Wing et al.
2019) and in reanalysis data (Dirkes et al. 2023). The consoli-
dation of convection and moisture during self-aggregation re-
sults in an increase in the spatial variance of MSE.

The column-integrated MSE is given by

ĥ 5
1
g

�920hPa

1hPa
(cpT 1 gz 1 Ly ry 2 Lf ri)dp, (1)

where ĥ is the column-integrated MSE, g is gravity (9.81 m s21),
cp is the specific heat of dry air (1005.7 J kg21 K21), Ly is the
enthalpy of vaporization (2.5 3 106 J kg21), Lf is the en-
thalpy of fusion (3.3 3 105 J kg21), and T, z, ry, and ri are
temperature, geopotential height, water vapor mixing ratio,
and mixing ratio of all ice phase condensates, respectively. We
retain the 920-hPa integration boundary from Wing et al. (2019),
as some of our budgets are computed over African terrain where
sub-1000-hPa pressure levels often intersect with the surface.

Next, 1083 108 boxes3 are constructed around each tracked
AEW center, encompassing 1600 grid points. The budget of ĥ
variance is approximated4 within this box using

1
2
­ĥ′2

­t
ffi ĥ′F′

k 1 ĥ′N′
L 1 ĥ′N′

S 2 ĥ′( ̂u ? =h), (2)

where ĥ′ is the MSE anomaly within the 108 3 108 box, F′
k is the

anomaly of net surface enthalpy flux, and N′
L and N′

S are the
anomalies of net column longwave and shortwave radiation flux
convergence, respectively. The left-hand term represents the ten-
dency of the box variance of MSE. On the right, the first term
represents surface flux feedbacks, the second and third terms rep-
resent radiative feedbacks, and the last term is a compensating
advective term. The advective term must be computed as a resid-
ual due to the challenges of computing advection from offline re-
analysis output; as a result, this term may include other sources

2 The radius of 500 km was chosen to correspond to the work of
Brammer and Thorncroft (2015) and differs slightly from the 600-km
radii used for compositing elsewhere in this paper. However, sensitiv-
ity testing using varying radii, including 600 km, revealed that this se-
lection has little impact on our final conclusions.

3 This was chosen to make theMSE budget results more compa-
rable to previous work. Such a box size is similar to, though slightly
smaller than, the 600-km averaging radii used for environmental
variables.

4 This an approximation because this budget neglects a kinetic
energy generation term (Wing et al. 2019).
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of error. Conceptually, this budget illustrates that the spatial vari-
ance of MSE increases when anomalies in MSE are correlated
with MSE generation terms.

d. Statistical methods

Bootstrapping methods are used to evaluate statistical signifi-
cance. For genesis-relative composites of environmental fields,
we evaluate null hypothesis 1: that observed changes in these
composites are no different than what would occur if a random
point in time was used for day 0. To test this, we build 1000 com-
posites using a random time for day 0 in place of the time of gen-
esis. A result is determined to be statistically significant if the
original composite is above or below 975 of the random compo-
sites. For other composites, we evaluate null hypothesis 2: that
the samples in group 1 are indistinguishable from those in
group 2. A result is considered statistically significant at a
given lag time and level if the 975 of the bootstrapped compo-
sites for group 1 are above or below 975 of those of group 2.

A slightly different statistical significance method is used to
evaluate the CCKW–TC lags presented in section 4. Here, the
null hypothesis is that the number of TCs contained in each
CCKW–lag bin are no different than that expected to occur in
each via random chance. This is tested by building 10 000 new
CCKW–TC lag distributions, each using random time values
for the active/suppressed CCKW phases. The 95% climatologi-
cal confidence interval is bounded by the 275th highest and low-
est TC counts for each bin. Note that some “jumps” are evident
in these bounds due to the whole number nature of TC counts.

3. Quantifying the favorability of an AEW to undergo
TC genesis

In this section, we use logistic regressions to quantify the
favorability of AEWs to undergo TC genesis. There are two
primary goals of this analysis. First and foremost, it is used to

isolate favorable waves so that more robust comparisons of
AEW–CCKW interactions can be made in section 5. Second, it
can provide insight into the characteristics of AEWs associated
with genesis. While this has been evaluated extensively for
AEWs over the Atlantic and western Africa (i.e., Hopsch et al.
2010; Berry and Thorncroft 2012; Brammer and Thorncroft
2015), it is much less studied for AEWs over central and east-
ern Africa.

The signs and values of model output coefficients align with
what is already known about AEW favorability to genesis
(see the appendix and Table A1). This is further evidenced by
the distributions of select environmental variables for devel-
oping and nondeveloping AEWs at 208W (Figs. 1a–c). In gen-
eral, the distributions of low-level vorticity, convection, and
upward vertical motion at 208W are shifted to higher magni-
tudes for developing AEWs. They also appear to have more
variability than their nondeveloping counterparts.

Similar trends hold for logistic regression models run using
other input longitudes: AEWs that are stronger, moister, and
more convectively active tend to be more likely to undergo
genesis. However, differences between AEW characteristics
are more subtle over the African continent than over the
ocean. For example, the distributions of convection and verti-
cal motion for AEWs over central Africa (08, Figs. 1d–f) are
very similar for developing and nondeveloping AEWs. Never-
theless, values for developing AEWs are still shifted toward
higher magnitudes at 08, especially for the 850-hPa vorticity
averages (Fig. 1d).

One way to quantify model skill is through its receiver opera-
tor characteristic (ROC) curve, which shows the rate the model
defines true positives relative to false positives (Fig. 2a). The
skill of a completely random guess is represented by a y 5 x
line. The greater the model skill, the greater the area under the
curve (AUC) is. As shown in Fig. 2, model skill is clearly depen-
dent on input longitude. Regressions run for AEWs over the

FIG. 1. Probability density functions (PDFs) of select variables averaged within 500 km of a tracked AEW center, comparing developing
AEWs (red) to that of nondeveloping AEWs (blue). Overlapping bins are colored purple. The first row is for variables at 208W: (a) rela-
tive vorticity at 850 hPa, (b) vertical motion (Pa s21) averaged between 800 and 300 hPa, and (c) the percent coverage of convection using
240 K as a threshold. (d)–(f) As in (a)–(c), but at 08W.
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coastline and ocean have significantly larger AUCs than those
run over land (Fig. 2b), and thus greater skill. A similar trend
can also be seen in the accuracy and precision scores
(Fig. 2b). The accuracy score indicates the fraction of correct
predictions, whereas the precision score measures the skill of
the model in avoiding false positives (i.e., predicting TC genesis
when it does not occur). One reason for this trend could simply
be that AEWs are inherently farther away from genesis when
they are over land than over the ocean. Recall that the ocean-
based regressions (208W and west) have a moving genesis
threshold such that genesis must occur within 208 longitude of
the input point. Perhaps relatedly, the skill is quite similar be-
tween the ocean-based regressions.5

Nevertheless, these regressions show remarkable skill in
predicting outcomes of genesis, even over central Africa. The
AUC for ocean-based regressions (;0.8–0.83) is comparable,
if slightly lower, than what Brammer and Thorncroft (2015)
found for their regression model at 208W (Fig. 2b; cf. their
Fig. 5). But even the regressions run at 08 and 108E show skill,
with AUCs just below 0.70 and an ROC curve showing note-
worthy skill over a random guess. Another way to visualize
this is via the normalized distributions of AEW favorability
scores for developing and nondeveloping AEWs (Fig. 3). For
the 408–108W regressions (Figs. 3a–d), there is a distinct sepa-
ration between the distributions, with most developing waves
having favorability scores above the 0.5 classification thresh-
old and vice versa for nondeveloping AEWs. A demarcation
is also visible in the 08 and 108E regressions (Figs. 3e,f), with
slightly more overlap, suggesting these still have some skill.

The regressions run at longitudes farther east (Figs. 3g,h) ex-
hibit little to no skill.

Comparing favorable AEWs themselves provides addi-
tional evidence that an AEW’s characteristics over central
and western Africa can be predictive of genesis. We construct
comparisons of area-averaged environmental fields for favor-
able developing (Fig. 4) and nondeveloping AEWs (not
shown). Composites using the 208W regression classifications
indicates that even over West Africa (208W–08), favorable
AEWs have statistically significantly stronger low-level vortic-
ity and a more convection-like divergence profile than nonde-
veloping AEWs (Figs. 4a–c). When we define favorable
AEWs using the 08 regression, the differences in divergence,
midlevel vorticity, and upper-level specific humidity extend
into central Africa (Figs. 4d–f). Similar composites of vertical
motion (not shown) suggest that this behavior is associated
with AEWs that are more convectively active, which pro-
motes a moister wave trough and could help support AEW
growth (e.g., Russell et al. 2020; Russell and Aiyyer 2020).

Taken together, results from these logistic regressions indi-
cate that the characteristics of AEWs prior to their exit from
the coast of Africa are predictive of genesis well downstream.
This demonstrates that a skillful logistic regression can be
used to reduce the number of unimportant, weak AEWs for
the analysis in section 5. These waves are important to elimi-
nate when trying to isolate the impact of CCKWs on the
AEW pathway to genesis. Due to the high skill seen for the
208W regression and the use of a similar one in Brammer and
Thorncroft (2015), it will be used to define the favorable
waves for the analysis of AEW–CCKW interactions.

4. Process-oriented diagnostics of TC genesis in
reanalysis data

We now proceed to an analysis of the AEW pathway to TC
genesis. This is necessary to contextualize the impacts of
CCKWs discussed later in section 5. We first use composites

FIG. 2. Summary of the measured predictive skill of the logistic regression models. (a) Comparison of the receiver operator characteris-
tic (ROC) curves for different input longitudes, showing the ratio of true to false positives. The red dashed line indicates the predictive
skill of a random guess. (b) Comparison of various metrics of model predictive skill. This includes the area under the ROC curve (AUC;
black solid line), an accuracy score (black dashed line), and a precision score (blue solid line). While genesis must occur by 408W to count
for the binary classification for model runs over land, points over the ocean have a moving cutoff that is 208W to the west of the input
longitude.

5 An alternative set of logistic regressions were run where the
ocean-based regressions required genesis to be at or east of 608W,
not the moving target presented here. In that case, the AUC and
accuracy score increased steadily from east to west for the
108–408W regressions. This supports the hypothesis that predictive
skill increases could be at least in part driven by the shorter time
to genesis.
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of all 153 genesis events in the AEW database to highlight
that genesis is a multiday process. Following this, we leverage
composites of MSE variance and its source terms to quantify
their role in genesis.

Composites of ERA5 variables and convective coverage
are oriented such that day 0 (right side) is the time of genesis
(Fig. 5). Starting nearly two days prior to genesis, the average
diabatic heating (thermodynamic residual “Q1”; Yanai et al.
1973) surrounding the AEW increases, the middle to upper
troposphere warms, and the convective coverage increases
significantly (Figs. 5a,c,e). Meanwhile, there is widespread
moistening of the AEW trough at nearly all levels (Figs. 5b,f)
and average relative vorticity from 1000 to 300 hPa increases
in the 2 days preceding genesis (Fig. 5d). An anticyclonic

circulation also develops aloft;1 day prior to genesis. Similar
plots using other averaging radii (such as 600 km) were also
created and show a similar progression to that of Fig. 5.

These results support the hypothesis of environmental pre-
conditioning multiple days prior to genesis. The two day
moistening trend seen in Figs. 5b and 5f is similar to what
Zawislak and Zipser (2014) found in pregenesis systems using
dropsonde data. It is also consistent with previous studies ar-
guing that middle- and upper-level saturation helps accelerate
the genesis process (Davis 2015; Nolan 2007). Furthermore,
the observed increase in convective coverage (Fig. 5e) resem-
bles a similar analysis in Leppert et al. (2013a,b), and is con-
gruent with the increase in total precipitation area prior to
genesis shown by Zawislak (2020). Notably, our composites

FIG. 3. Probability density functions (PDF) of genesis favorability scores, subset by whether genesis occurs (developers, red) or does not
occur (nondevelopers, blue). Each graph represents the results of the logistic regression model run with input data at a distinct longitude:
(a)–(d) longitudes 408–108W and (e)–(h) longitudes 08–308W. Scores are binned every 0.10, with the dashed black vertical line indicating
the threshold for predicting genesis (i.e., genesis predicted if a score is at or greater than 0.5).

FIG. 4. The longitudinal evolution of variables averaged within 600 km of the tracked AEW center, composited every 58, for favorable
AEWs that result in genesis. AEW tracks are not dropped after genesis, and thus composites over the ocean may include AEWs for which
genesis has already occurred. The first row depicts variables for favorable developing AEWs, with favorability defined using the logistic re-
gression model at 208W: (a) relative vorticity, (b) specific humidity, (c) divergence. (d)–(f) As in (a)–(c), but with favorability defined using
the 08W logistic regression model. Nonhatched regions are where these values are significantly different than those of favorable nondeve-
loping AEWs (95% threshold).
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indicate that diabatic heating is concentrated between 600
and 400 hPa (Fig. 5a). This corresponds to 4–7 km in altitude
and is potentially associated with midlevel convection. Some
studies have indicated that midlevel convection is an impor-
tant driver of genesis, as it helps precondition the lower tropo-
sphere and spin up a low-level circulation (Fritz et al. 2016;
Wang 2014). Additional evidence for this may be the two
bands of specific humidity maxima seen in Fig. 5b, the upper
one of which may be associated with midlevel convection.
Finally, the development of a warm core in the upper tropo-
sphere, followed by the middle troposphere (Fig. 5c), agrees
with observational data (Komaromi 2013; Zawislak and
Zipser 2014).

We now turn to a MSE spatial variance budget to provide a
clearer picture of convective–radiative feedbacks. Though the

overall budget is computed over a 108 3 108 box surrounding
AEWs, the terms in Fig. 6 are averaged over the innermost
58 3 58 box, as this encompasses most of the AEW’s convec-
tive activity. The composites of MSE variance itself shows a
pronounced increase in the two days leading up to genesis
(Figs. 6a,b). The dominant source of the increase in MSE vari-
ance is the longwave radiative feedback term (Figs. 6c,d),
which becomes elevated relative to climatology three days
prior to genesis. While the surface flux feedback term has a
smaller magnitude, it does increase substantially one day prior
to genesis. Meanwhile, the shortwave radiation term does not
play a significant role.

The spatial distributions of these terms are shown in Fig. 7.
The MSE plots show the dramatic increase in MSE vari-
ance, with regions of elevated MSE (Figs. 7a,e) increasing

FIG. 5. Composites relative to genesis of (a) diabatic heating (Q1), (b) specific humidity, (c) temperature, (d) rela-
tive vorticity, (e) convective coverage, and (f) total column water vapor (TCWV) surrounding the AEW. Samples are
averaged within 300 km of the tracked AEW centers. All genesis cases in the AEW database are included, with the
longitudinal AEW climatology subtracted from each case. The x axis indicates the days out from genesis (day 0, right
side). Nonsignificant areas at a 95% threshold, tested using null hypothesis 1, are hatched out.
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in magnitude closer to genesis (Figs. 7i,m). Growth in long-
wave radiative feedbacks (Figs. 7c,g,k,o) is concentrated
both near the center of the tracked AEW and at the periph-
ery of the system, in particular the northwestern quadrant.
An analysis of the underlying terms (not shown) shows that
this is the result of net outward longwave radiation flux in-
creasing in regions of high MSE (center) and decreasing in
regions of low MSE (periphery). This promotes more con-
vection where it already exists and suppresses it elsewhere.
Furthermore, the surface feedback term, while negative in
value at earlier times, increases significantly near the center
of the AEW in the day prior to genesis (Figs. 7j,n). The posi-
tive values appear to wrap around the northwestern side of
the system, associated with stronger surface winds (wind
barbs). This suggests the importance of the longwave radia-
tion feedback prior to the developing of a pronounced sur-
face circulation.

These results provide further evidence of the importance
of radiative–convective feedbacks to the genesis process. In
the days preceding genesis, the largest source of MSE vari-
ance in our composites was longwave radiation feedbacks
(Figs. 6 and 7). This is congruent with recent work by Dirkes
et al. (2023) on intensifying TCs in reanalysis data, which
showed that radiational feedbacks were more important
than surface flux feedbacks in weak TCs. A radial gradient
in diabatic heating, in this case reinforced by the reduction
of longwave cooling by convective clouds near the center of the
developing AEWs, can help drive a thermally direct transverse
circulation (e.g., Wang 2018; Ruppert et al. 2020; Wu et al. 2021;
Wing 2022). This promotes TC vortex spinup through the con-
vergence of angular momentum and humidity toward the center.
While smaller in magnitude, it does appear that the surface

feedback term becomes more important starting about one day
prior to genesis.

To our knowledge, this is the first analysis of a MSE budget
for TC genesis in reanalysis data. However, the use of reanalysis
data comes with caveats. In particular, reanalysis has known er-
rors in representing TCs (e.g., Schenkel et al. 2017; Bian et al.
2021; Jones et al. 2021), and results presented here may be influ-
enced by specific characteristics of ERA5 reanalysis such as pa-
rameterization schemes and data assimilation. One potential
impact is on the relative magnitudes of feedback terms. For ex-
ample, Dirkes et al. (2023) studied MSE variance budgets for in-
tensifying TCs and found there to be distinct differences in the
magnitude of MSE and related feedback terms across several
reanalysis datasets. They also argued that assimilated observa-
tional data may not significantly constrain reanalyses. Never-
theless, our findings support others in the recent literature,
and the source terms for the MSE budget equation have a
well-established physical basis.

5. Exploring connections between CCKWs and
TC genesis

So far, we have provided evidence that there is a pro-
nounced influence of convective–radiative feedbacks on TC
genesis processes, and that environmental preconditioning
could also be important. It follows that convective atmo-
spheric phenomena, such as CCKWs, could affect genesis
through these pathways. To address this, we first quantify the
statistical relationship between genesis events and CCKWs
using our AEW–CCKW database. Then, we expand upon the
framework of L22 to investigate how CCKWs modify environ-
mental variables and convection around developing AEWs.

FIG. 6. Composites relative to genesis (day 0) of (a),(b) MSE variance and (c),(d) MSE variance budget terms. These terms are calcu-
lated using a 58 3 58 box surrounding the tracked AEW center. (left) Absolute values and (right) values adjusted for the AEW climatol-
ogy. Bootstrapping is used to generate a 95% confidence interval for the climatology-adjusted plots and is shown as the hatched area in
(b) and (d). The vertical dashed black line serves as a reference for 2 days prior to genesis.
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Finally, we use the logistic regression method of section 3 to iden-
tify favorable AEWs and compare those that develop after pass-
ing a CCKW with those that do not. This helps isolate the
characteristics of AEW–CCKW interactions associated with
eventual genesis.

a. Statistics and climatology

As in previous studies, we will first quantify the lagged
relationship between CCKW and TC genesis. Here we de-
fine lag as the number of days genesis occurs relative to
when its associated AEW passes a CCKW phase; positive

FIG. 7. Composites of MSE variance overlain with (a),(e),(i),(m) the residual; (b),(f),(j),(n) the surface feedback source term; (c),(g),(k),(o)
longwave radiative feedback term; and (d),(h),(l),(p) shortwave radiative feedback term in a 108 3 108 box surrounding tracked AEWs prior
to genesis. The black inner dashed box represents the 58 3 58 box used for the averages shown in Fig. 6. These terms are not adjusted for cli-
matology. In (a), (e), (i), and (m) red hatching shows the regions of positive residual values above 1.53 108 J2 m24 s21, and the blue hatching
shows regions of negative residual values below21.53 108 J2 m24 s21. Wind barbs are for the composite 10-m wind. Times are 72 h prior to
genesis in (a)–(d), 48 h prior in (e)–(h), 24 h prior in (i)–(l), and at the time of genesis in (m)–(p). The x and y axes show the degrees longitude
and latitude relative to the AEW center. The dashed black box indicates the area of averaging used in Fig. 6.
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lags indicate genesis occurs after passing the CCKW phase,
and vice versa. Genesis events can be associated with mul-
tiple CCKW lag times, and thus can show up in multiple
bins.6 The results are compiled separately for active and
suppressed CCKW phases (Fig. 8).

There is a statistically significant increase in genesis events
0.75–1.75 days following an active phase of a CCKW (Fig. 8a).
Conversely, there is a statistically significant decrease in gene-
sis events 0.75–1.25 days following the suppressed phase of a
CCKW (Fig. 8b). While a similar lagged relationship between
genesis and active CCKW phases has been shown before
(Ventrice et al. 2012a; Schreck 2015), the relationship be-
tween the suppressed CCKW phases and genesis is a new re-
sult. However, the cause of the significant secondary peak at
2.75–3.25 days for the active lag is unknown. One explanation
is noise, given that there is a 5% chance of each bin falling
outside the confidence interval by chance. However, we be-
lieve these overall results to be robust; not only do they match
previous studies, but a test comparing the TC counts between
Figs. 8a and 8b (not shown) indicates that the difference in ac-
tive and suppressed lags for the 0.75–1.25-day lag bin cleared
a 99% significance threshold.

The time lag most favorable for genesis after an active
CCKW (0.75–1.75 days) is shorter than the 2–3 days found by
Schreck (2015). This is likely due to slight differences in meth-
odology. We define the CCKW–TC lag based on the time that
a CCKW phase passes an AEW, whereas previous studies de-
fine the lag based on when the CCKW passes the longitude of
genesis. As the CCKW must travel farther east to encounter
the AEW, the spacing between that encounter and genesis is
inherently shorter than if the longitude of genesis is used.

It is exceedingly common for AEWs to encounter CCKWs
within their lifetimes. Table 1 shows the percentage of AEWs
passing at least one active CCKW phase. Notably, up to 76%
of all AEWs that result in genesis will pass a CCKW during
their lifetime; this fraction drops to 40% when only including
encounters over the Atlantic Ocean. The corresponding

fraction for nondeveloping AEWs that reach the African
coastline are similar. Given the possibility of noise at the 1.0
standard deviation CCKW strength cutoff used in our analy-
sis, these percentages are best considered as an upper limit.
Indeed, a smaller percentage of AEWs pass strong (1.5 stan-
dard deviation) CCKWs during their lifetimes (Table 1). Nev-
ertheless, these statistics illustrate two important points: that
AEW–CCKW passages are common, and that a CCKW en-
counter does not guarantee genesis will occur. This highlights
the importance of understanding why only some AEW–

CCKW passages appear to result in genesis.

b. Characteristics of CCKW encounters for
developing AEWs

While L22 explored how CCKWs influence environmental
characteristics around nondeveloping AEWs, they excluded
AEWs that were associated with TC genesis. Here we build
similar composites but only include developing AEWs. Like
in L22, 600-km averages of AEW-relative environmental
fields are computed. All samples at or after the time of genesis
are excluded. The compositing point, day 0, corresponds to
the time an AEW is collocated in longitude with an active
CCKW phase.

Unsurprisingly, a similar pattern emerges for developing
AEWs as was shown by L22 for nondeveloping AEWs. While
the relative vorticity signal is a bit muddied (Fig. 9a), there is
a clear increase in specific humidity surrounding the AEW
(Fig. 9b): first in the lower troposphere (1000–700 hPa) prior
to the active CCKW passage, and then expanding to the mid-
dle and upper troposphere (700–250 hPa). Specific humidity
values are elevated for up to 1.5 days following the active
CCKW passage. There is also an increase in diabatic heating
(Fig. 9c) occurring in phase with the active CCKW passage.
Opposite signed deviations before and after the active CCKW
(i.e., at 21 day; 11 day) are likely associated with the sup-
pressed phase that typically surrounds an active phase.

An eastward filter may better exclude AEW-related vari-
ability and reveal contributions from the Kelvin wave band,
as demonstrated by the eastward-filtered composite of rela-
tive vorticity (Fig. 9d). This filter is computed identically to
the one used in Lawton et al. (2022). This composite illus-
trates a significant increase in vorticity at low levels collocated

FIG. 8. Number of genesis events, binned in time relative to the center of passing (a) active CCKW phases and
(b) suppressed CCKW phases. Horizontal lines: 95% (solid) and 90% (dashed) confidence intervals of genesis
occurrences for the expected climatology, discussed in section 2d.

6 Cases falling into multiple bins represent only a small fraction
of binned events, and sensitivity testing using various methods of
exclusion resulted in similar results.
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with the active CCKW passage, quickly shifting to the middle-
troposphere and persisting for up to 2 days afterward. Mean-
while, a similar pattern to that of the full composites is seen in
the eastward-filtered plots of specific humidity and diabatic
heating (Figs. 9e,f). There are not significant differences of
note for westward-filtered versions of these composites.

Next, we address how these environmental changes may
connect to the time-lagged relationship between CCKWs and
genesis (Fig. 8a; Ventrice et al. 2012a; Schreck 2015). New
CCKW-relative composites are created that include AEWs
for which a statistical relationship between CCKWs and gene-
sis has been found: the 0.75–1.75-day window after an active
CCKW passage (Fig. 10). The resulting composite contains
33 samples. Convective coverage (Fig. 10a) and diabatic heat-
ing (Fig. 10b) initially increase in phase with the active
CCKW passage and remain elevated above climatology
throughout most of the composite. Trends in the total column

water vapor (Fig. 10c) and specific humidity (Fig. 10d) follow
a similar pattern; specific humidity elevates above climatology
in the lower troposphere beginning a day prior to the active
CCKW, with increases in the upper levels following shortly
after. Composites of relative vorticity, meanwhile, did not
demonstrate significant increases until about 10.5 days after
the active CCKW (not shown).

These composites resemble an amalgamation of the stand-
alone CCKW-relative composites (Fig. 9) and the genesis-relative
composites discussed earlier (Fig. 5). In fact, the overlap of
CCKW- and genesis-related signals can be evidenced by
breaking down these composites into their eastward- and
westward-propagating components (Fig. 11). An enhance-
ment in eastward-propagating diabatic heating, likely driven
by CCKWs, is clear beginning at 0.5 days prior to the
CCKW and lasting 0.75 days afterward (Fig. 11a). Its westward-
propagating counterpart}which may include contributions from

FIG. 9. CCKW-relative composites of environmental variables averaged within 600 km of developing AEWs. Values are deviations
from the longitudinal climatology of developing AEWs. Unfiltered plots are of (a) relative vorticity, (b) specific humidity, and (c) diabatic
heating (Q1) around the active phase of CCKWs. (d)–(f) As in (a)–(c), but with only the eastward-propagating part of the signal retained.
Day 0 is defined as when an AEW is aligned in longitude with the active phase of a CCKW. Regions that are not statistically significant at
a 95% threshold are hatched out; significance is evaluated for null hypothesis 1. Composites are also normalized relative to the mean boot-
strapped climatological value at each time lag.

TABLE 1. The percentage of AEWs that pass at least one active CCKW phase. Results using CCKW strength thresholds of 1.0 and
1.5 standard deviation are shown. Nondevelopers are subdivided into all AEWs and those AEWs reaching the coastline (188W).
Developers are subdivided into categories based on the lag between the CCKW passage and genesis. By definition, a CCKW passage
must occur prior to genesis to be counted. The right-hand column denotes the percentage of AEWs with CCKW passage occurring
at or west of 208W.

Category

Any (%)
At or west of 208W (%)

1.0 std dev 1.5 std dev 1.0 std dev

Nondevelopers All 57.9 32.0 50.5
Those reaching coastline 71.9 41.6 }

Developers All 76.3 34.4 40.0
0–3-day lag 48.1 15.6 33.3
0–2-day lag 33.1 10.0 26.0
0.75–1.75-day lag 20.6 6.9 16.0
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the AEW itself, MCSs, offshore propagating convection,
and more}looks similar, although it slightly shifted to later
time lags (Fig. 11b). Contributions from specific humidity
are more varied. Increases in eastward propagating specific
humidity are concentrated in the middle and upper tropo-
sphere (Fig. 11c), whereas the westward-propagating signal
begins earlier and primarily in the lower troposphere
(Fig. 11d). This implies that CCKWs could: 1) directly con-
tribute to the enhancement of convection in the vicinity of
an AEW prior to genesis and 2) directly moisten the middle
and upper troposphere, helping bring these regions closer to
saturation. However, it is not possible to confirm a causal
link here: although the CCKW is modifying these terms
prior to genesis, it does not directly imply that these changes
were necessary for genesis to proceed. Nevertheless, these
results raise the possibility that the CCKW-related environ-
mental changes could be serving as an initiator of the gene-
sis processes discussed in section 4, either by bringing the
column closer to saturation or by encouraging convective
aggregation through the enhancement of preexisting con-
vective activity. The sequence of events shown in Fig. 10 is
congruent with such a hypothesis: with CCKW-relative
anomalies beginning roughly 0.5 days prior to the CCKW
passage, a typical 2-day incubation period (the timeframe
shown in Fig. 5 and previous work) would result in genesis oc-
curring 1.5 days after the active CCKW passage. This is within
the 0.75–1.75-day window of Fig. 8, perhaps not by coincidence.

c. Differentiating characteristics that result in TC genesis

We now attempt to quantify characteristics of AEW–CCKW
passages that differentiate whether or not they result in TC gene-
sis. Such an analysis addresses two important goals. First, it may
have operational implications for predicting the outcome of
AEW–CCKW passages in real time. Second, it may provide in-
sight into which environmental factor(s) serve as a link between
the large-scale CCKWmodifications and genesis processes.

First, we use the logistic regression results at 208W to define fa-
vorable AEWs (section 3) and remove AEW–CCKW passages
for unfavorable waves from our comparison. This is necessary to
reduce the impact of weak, unimportant AEWs that dominate
the nondeveloping sample. Some additional restrictions are then
placed on each sample set; all AEW–CCKW passages must oc-
cur between 408–108W and 58–208N, and genesis for the develop-
ing sample set must occur 0.75–1.75 days after the AEW–CCKW
passage. This analysis was repeated with TC genesis lag bounds
of 0–2, 0–3, 1–2, and 1–3 days, with no appreciable impact on the
results. The final locations of our included samples and associ-
ated statistics are shown in Fig. 12. Note that there are over
4 times more nondeveloping passages than developing pas-
sages, highlighting the scarcity of genesis events relative to the
number of AEWs that move off the African coastline.

There is not a noticeable difference in the strength of passing
CCKWs (as measured by the 08–108N average of Kelvin-filtered
Tb) for passages that are associated with genesis versus those that
do not (Fig. 12b). The longitude of the developing AEW cases

FIG. 10. Similar CCKW-relative composites to Fig. 9, but only including developing AEWs that result in genesis
within 0.75–1.75 days of an active CCKW passage (vertical dashed black line). Displayed fields include (a) convective
coverage using a 240-K threshold, (b) diabatic heating, (c) TCWV, and (d) specific humidity. A bootstrapping tech-
nique (null hypothesis 1) is used to generate the 95% confidence interval of the background climatology; for single-
level plots this interval is displayed as a filled hatched region in (a) and (c), and for multiple-level plots in (b) and (d),
areas that do not clear significance are hatched out. AEW samples are only included in the composite if they occur
prior to genesis}the red vertical dashed line indicates the earliest time lag at which genesis can occur (10.75 days).
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was also shifted to the east relative to nondevelopers (Fig. 12c),
which could partially be an artifact of our selected domain. How-
ever, using a 308W western boundary instead of 408W does not
dramatically change the results presented later in this section.7

Developing cases have AEWs located more equatorward dur-
ing the CCKW passage compared with nondeveloping cases
(Fig. 12d). This is partially explained by the typical climato-
logical pattern of developing versus nondeveloping AEWs
(not shown). However, it may also suggest that the AEWs
are closer to the CCKW envelope in these scenarios, poten-
tially enhancing their interactions.

Even more stark differences arise when comparing environ-
mental fields (Fig. 13). Convective coverage (Fig. 13b) and
diabatic heating (Fig. 13e) appear to be the clearest differen-
tiators for passages that result in genesis. For the developing
cases, convective activity is significantly elevated relative
to nondeveloping cases near the time of CCKW passage
(from 20.25- to 0-day lag), with a secondary peak 10.5 days
after the CCKW passage. Other terms, such as TCWV
(Fig. 13a), 200–850-hPa wind shear magnitude (Fig. 13c),
and specific humidity (Fig. 13d) do not have significant dif-
ferences. Relative vorticity, meanwhile, is significantly
higher for the developing cases, but only starting 0.5 days
after the active CCKW phase and seemingly limited to the
lower troposphere.

These composites are also broken down into their eastward-
and westward-propagating components, with select results
shown in Fig. 14. While there are no apparent differences in
the eastward-propagating diabatic heating term (Fig. 14a),
there are significant differences in the westward-propagating
part of the signal (Fig. 14b). In other words, the higher abso-
lute values of diabatic heating noted for developers in Fig. 13e
appear to be driven by changes in westward-propagating con-
vection, not the eastward-propagating signal associated with
CCKWs. A similar pattern is also apparent in the filtered spe-
cific humidity (Figs. 14c,d); developing cases tend to have
higher values of westward-propagating upper-level humidity
(350–200 hPa) during and after the CCKW passage as com-
pared to nondeveloping cases. This pattern in upper-level hu-
midity is likely tied to the noted changes in convection.

Similar composites can be built for the MSE variance
source terms explored in section 4 (Fig. 15). Comparisons be-
tween developing and nondeveloping cases show elevated
MSE variance and longwave–radiative feedbacks in a 0–1-day
window following the active CCKW passage (Figs. 15a,b) for
the developing cases. A more modest difference is also seen in
the surface feedback fields, but it is not significant (Fig. 15c).
CCKWs increase convective coverage and diabatic heating
around AEWs prior to genesis (Figs. 10 and 11), and if this
were to preferentially occur where convection already exists
(i.e., around the AEW), it could theoretically drive a convective–
radiative feedback. However, it is also possible the differences
seen in Fig. 15b are simply artifacts of the concurrence of
genesis in these plots. Asserting a more direct connection is
not possible in this framework and requires more detailed
attribution work in the future. For now, we argue that the

FIG. 11. (a),(b) As in Fig. 10b, but only using the eastward- and westward-propagating components of the diabatic
heating signal, respectively. (c),(d) As in Fig. 10d, but only using the eastward- and westward-propagating components
of the specific humidity signal, respectively.

7 The main difference is a slightly reduced extent of statistical
significance for convective coverage and diabatic heating compo-
sites when using the 308W western boundary. This is likely driven
by a reduced sample of 15 developing cases and 53 nondeveloping
cases, making the 95% significance threshold harder to clear.
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existence of a CCKW–genesis relationship implies at least an
indirect relationship to convective aggregation and its sources.

Finally, we consider whether genesis proceeds differently
while under the influence of a CCKW. To do so, we compare
genesis-relative composites of those cases likely influenced by
CCKWs (0.75–1.75-day lag window) to that of other genesis

cases (Fig. 16). We note two primary differences. For one, the
increase in convection-associated diabatic heating (Figs. 16a,b)
and convective coverage (not shown) is slightly delayed for
the CCKW-related cases, with an enhancement around the
time of the active CCKW phase passage (within black vertical
lines) versus typical genesis events. This could reflect the

FIG. 12. General characteristics of AEW–CCKW passages for AEWs classified as “favorable” by the logistic regression run at
208W. (a) The location of the AEW for each AEW–CCKW passage, classified as either developing (red) or nondeveloping (blue).
(b) The PDF of CCKW strength, as measured by the 08–108N average of Kelvin-filtered Tb at the longitude of the tracked AEW
during the passage. (c),(d) As in (b), but for the AEW’s longitude and latitude, respectively.

FIG. 13. CCKW-relative composites (600-km averaging radius) comparing AEW–CCKW passages that result in genesis vs those that do
not. In the single-level comparisons of (a) TCWV, (b) convective coverage (percent within 600 km), and (c) 200–850-hPa vertical wind
shear, the 95% confidence interval is hatched around each composite average. Data for developing cases are shaded red and data for non-
developing cases are shaded blue. For the multiple-level plots of (d) specific humidity, (e) diabatic heating, and (f) relative vorticity aver-
ages, we plot the difference between developing and nondeveloping cases. Regions that are not significantly different at a 95% threshold
are hatched out. Here we test null hypothesis 2 using a bootstrapping method, as defined in the methodology.
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impact of the commonly preceding suppressed CCKW phase
in limiting convection 2–3 days prior to genesis. Second, the
development of an upper-level anticyclone is more pro-
nounced for events associated with CCKWs (Figs. 16e,f), espe-
cially in the 2-day window prior to genesis. This supports
previous work suggesting that CCKWs could provide a more
favorable upper-level environment and enhanced outflow for
genesis (Schreck 2016; L22). However, despite these observed
differences, the overall progression of environmental fields is
similar with or without the presence of a CCKW. While
CCKWs are likely influencing the onset and favorability of
genesis, there is not any overwhelming evidence that genesis
proceeds differently once initiated.

6. Discussion and conclusions

In this work, we used a 39-yr database of AEWs and
CCKWs to investigate the connections between TC genesis
and CCKWs in ERA5 and GridSat-B1 data. AEWs were ob-
jectively classified as favorable or unfavorable to genesis using
a logistic regression algorithm, with inputs tested from a range
of longitudes (408W–308E). This model shows significant skill

in diagnosing AEW favorability as far east as central Africa,
illustrating that AEW characteristics over the African conti-
nent can be predictive of their development well downstream.
This is in line with several studies indicating that AEW attrib-
utes over West Africa (Hopsch et al. 2010; Agudelo et al.
2011) and environmental characteristics over East Africa
(Núñez Ocasio et al. 2021) are tied to AEW outcomes over
the Atlantic.

Composites of genesis support previous hypotheses on the
role of environmental preconditioning and radiative–convective
feedbacks in the genesis process. Reanalysis data indicates
that TC genesis takes several days to complete, with convec-
tive coverage, associated diabatic heating, and column spe-
cific humidity all significantly elevated more than 2 days
prior to the official genesis time in HURDAT. This is con-
sistent with the 2-day moistening trend Zawislak and Zipser
(2014) found using dropsonde data and the increase in con-
vection and precipitation coverage shown by Leppert et al.
(2013a,b) and Zawislak (2020). It also supports the theory
of environmental preconditioning suggested in previous stud-
ies (e.g., Davis 2015; Nolan 2007). Meanwhile, a composited
MSE spatial variance budget demonstrates an increase in

FIG. 14. (a),(b) As in Fig. 13e, but using the eastward- and westward-propagating components of the diabatic heating signal, respectively.
(c),(d) As in Fig. 13d, but using the eastward- and westward-propagating components of the specific humidity signal, respectively.

FIG. 15. As in Figs. 13a–c, but comparing (a) MSE variance, (b) longwave–radiative feedback, and (c) surface feedback between develop-
ing and nondeveloping AEW–CCKW passages. Values are adjusted for the AEW climatology in longitude.
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MSE variance (a proxy for convective aggregation) that begins
roughly two days prior to genesis, driven primarily by longwave
radiative feedbacks. These feedbacks may enhance the radial
gradient of heating, promoting a transverse circulation that con-
verges humidity and angular momentum. Our results suggest
that surface feedbacks only become relevant to genesis later in
the process when surface wind speeds are strong enough to pro-
mote efficient ocean–atmosphere enthalpy exchange. These re-
sults are congruent with similar MSE variance budgets computed
for genesis and intensification in various modeling frameworks

(Carstens and Wing 2020; Ruppert et al. 2020; Wu et al. 2021;
Wing 2022) and reanalysis (Dirkes et al. 2023). However, these
results are limited by our use of a single reanalysis dataset
(ERA5) and potential errors in the representation of genesis pro-
cesses in reanalysis data (Dirkes et al. 2023; our section 4). More
work is also needed to quantify how genesis processes are repre-
sented across different reanalysis datasets. Nevertheless, convec-
tive aggregation and environmental preconditioning are both
plausible pathways by which CCKWs and other phenomenon
could directly impact the TC genesis process.

FIG. 16. Genesis-relative composites of (a),(b) diabatic heating; (c),(d) specific humidity; and (e),(f) relative vortic-
ity. The indicated lag time is relative to genesis, which occurs at the right side of each composite. (left) Only includes
samples either outside the 0.75–1.75-day lag window or without CCKW passages at all, whereas (right) only includes
samples within this 0.75–1.75-day lag window. The two vertical dashed black lines indicate the window of time when
the active CCKW passage occurs in the 0.75–1.75-day lag window cases. Areas where the two composites are not sig-
nificantly different at a 95% threshold are hatched out in the right panels only.
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An analysis of CCKW-centered composites suggests that
modifications to convection and moisture could be one path-
way that these waves influence tropical cyclogenesis. CCKW
passages are common, with over 70% of all AEWs passing at
least one CCKW in their lifetimes. As in previous studies
(Ventrice et al. 2012a; Schreck 2015), we find a statistically signifi-
cant increase in genesis events in a 0.75–1.75-day window follow-
ing the passage of the active phase of a CCKW. We also show
that the opposite is true for the convectively suppressed phase,
which temporarily inhibits genesis. As shown in previous studies
(e.g., Ventrice et al. 2012b; Schreck 2016; L22), active CCKW
phases temporarily increase moisture and convective activity in
the days leading up with genesis. We find that convective cover-
age and diabatic heating at the time of CCKW passage are the
main discriminators between AEW–CCKW interactions that re-
sult in genesis versus those that do not. However, once initiated,
the progression of genesis is generally similar with or without the
influence of a CCKW. Given these results, the convective re-
sponse of AEWs to CCKWs should be monitored in real time as
an indicator of potential TC development.

This study provides evidence that CCKW-driven modifica-
tions to convection and humidity could play a role in precondi-
tioning AEWs and enhancing radiative-convective feedbacks.
However, determining a causal relationship between CCKWs
and genesis processes is challenging using this framework. It is
still unclear if CCKWs are modifying the overall climatology
of genesis events, or simply impacting the timing of genesis.
This motivates further investigation of AEW–CCKW interac-
tions in numerical simulations, where experiments more suited
to investigate cross-scale interactions and causality can be run.

While our results suggest that moisture and convection
could serve as an important aspect of the TC–CCKW rela-
tionship, this does not exclude other previously identified
factors from playing a role. For example, enhanced AEW-
relative recirculation induced by CCKWs (Schreck 2016;
L22), increased upper-level outflow (Schreck 2016; L22; Fig. 16f),
and modifications to vertical wind shear (Ventrice et al. 2012b;
L22), all have the potential to increase the likelihood of genesis
and can indirectly modify convection and moisture. As TC favor-
ability is the combination of many factors, the specific influence
of CCKWsmay vary on a case-by-case basis.
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APPENDIX

Application of Logistic Regression to AEWs

In this work, we apply a logistic regression model similar
to that of Brammer and Thorncroft (2015) to estimate each
AEW’s favorability to TC genesis. To perform these regres-
sions, we leverage the Scikit-learn python package and its
corresponding mathematical definitions (Pedregosa et al.
2011; Scikit-learn 2022a). Logistic regression is a simple ma-
chine learning technique that uses input data to train a lin-
ear model to predict binary outcomes. Once established,
this predictive model computes a probability score p (which
we refer to as a “favorability score”) for each AEW. Favor-
ability scores estimate the probability that a given AEW will
undergo TC genesis and can range from 0 to 1. A set thresh-
old of p 5 0.5 is then used for binary classification: AEWs
with a score below this value are considered “unfavorable”
for TC genesis, while AEWs with scores at or above this
value are considered “favorable” for TC genesis. The thresh-
old of p 5 0.5 was chosen for consistency with Brammer and
Thorncroft (2015). Mathematically, the favorability score p is
defined by Scikit-learn (2022a) as follows:

p(t) 5 1
1 1 e2t , (A1)

where t in (A1) is represented by

t(Xn) 5 b0 1 b1X1 1 b2X2 1 · · · 1 bnXn: (A2)

In Eq. (A2), Xn represents the input data (“predictors”)
and bn represents their corresponding coefficients. A logis-
tic regression model determines these coefficients by mini-
mizing a cost function using samples with known binary
outcomes (Scikit-learn 2022a). In the case of AEWs, the in-
put data consists of selected AEW or environmental attrib-
utes, and the binary outcome is whether TC genesis occurs.
While categories of input data with larger absolute coeffi-
cients will weigh more heavily on the predictive score than
others, it is ultimately the linear combination of these terms
that determines the final favorability score.

To apply this method to AEW favorability, we train sep-
arate logistic regression models based on longitude, which
are spaced apart every 108 from 408W to 308E. As discussed
in section 2b, predictors consist of environmental fields av-
eraged within 500 km of the AEW along with other wave
attributes. These data are standardized prior to use in the
model. Each included AEW is assigned a binary outcome
value of 0 or 1, which indicates if TC genesis occurs at or
east of 408W. This longitude restriction is loosened for
ocean-based regressions, where genesis simply must occur
within 208 of the input longitude. AEWs that undergo gene-
sis west of a longitude threshold are excluded from the re-
gression entirely. To reduce overfitting, AEWs are randomly
sorted such that only 70% of cases are used for training the
model, though all cases are included for final diagnostics. Fi-
nally, since the binary outcomes are imbalanced (there are
significantly more nongenesis events than genesis events),
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the cost function is weighted based on outcome frequency.
This penalizes mistakes in the TC genesis outcome more;
otherwise, simply classifying every AEW as an unfavorable
wave would erroneously suggest high model skill.

As discussed by Brammer and Thorncroft (2015), using
too many predictors could overfit the logistic regression.
Furthermore, using highly correlated predictors (i.e., humidity
at 500 and 700 hPa) could reduce the overall skill of the
model. We carefully selected our predictors to be representa-
tive of fields associated with TC genesis, typical AEW variabil-
ity, and AEW–CCKW interactions (Brammer and Thorncroft
2015; Lawton et al. 2022). Additionally, we conducted a series
of sensitivity tests using various environmental parameters.
While these tests are generally consistent with one another,
the variables listed in Table A1 result in the highest skill for
our logistic regression models. Additionally, we apply recur-
sive feature elimination (RFE; Scikit-learn 2022b) to reduce
the number of predictors to six prior to training the logistic
regression models. RFE iteratively considers fewer and
fewer features until six remain, eliminating the least impor-
tant feature during each iteration. This is done separately at
each input longitude.

To provide a tangible example of the logistic regression out-
put, coefficients found using the 208W logistic regression are
provided in Table A1. AEWs at 208W with higher values of
850-hPa vorticity, temperature, and specific humidity are more
likely to result in genesis, and thus these parameters have posi-
tive coefficients from the logistic regression (Table A1). The
same is true of AEWs with increased convective coverage and
greater upper-level divergence at this longitude. Because RFE is
run separately at each input longitude, logistic regression models
at other longitudes can, and do, utilize different predictors.
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