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Abstract 1t is well established that African easterly waves (AEWSs) can serve as seedling disturbances

for Atlantic tropical cyclones (TCs). However, research has shown that AEWs are not necessary to maintain
specifically basin-wide TC frequency. Here, we for the first time investigate the effects of AEW suppression
by wave track on Atlantic TC activity. Regional model simulations were performed, where AEWs were either
prescribed or suppressed from the eastern lateral boundary condition. We found that without AEWs, there was
an increase in TC frequency and strength, with the most pronounced increases occurring when the waves were
suppressed in the south track. These changes coincided with more favorable environmental conditions and
disturbances associated with increased convective activity over the Atlantic. Our results indicate that AEWs
are not a limiting factor for TCs, and that AEW suppression, specifically in the south track, can affect the
large-scale environment to enhance favorability for TC genesis.

Plain Language Summary African easterly waves (AEWs) are observed in two wave tracks and
can develop into tropical cyclones (TCs) over the Atlantic Ocean. However, it has been shown that the seasonal
number of TCs is not affected by the absence of AEWs. In this study, we use a regional model to investigate the
effects of suppressing AEWs (north track, south track, and both tracks) on TC activity. We found that without
AEWs, there was an increase in the seasonal number of TCs and TC strength. The largest increases occurred
when the waves were suppressed from the south wave track. These changes coincided with a more favorable
environment for TCs and the emergence of AEW-like features associated with precipitation over the Atlantic
Ocean. Our results indicate that AEWs are not a requirement for TCs, and that suppressing AEWs, specifically
in the south wave track, can enhance conditions for TC development.

1. Introduction

African easterly waves (AEWs) are synoptic-scale disturbances that propagate westward across North Africa and
over the Atlantic Ocean (Burpee, 1972; Carlson, 1969). AEWs typically have periods between 2 and 10 days and
grow and propagate along the African easterly jet (AEJ) in two tracks north and south of ~15°N (Burpee, 1972;
Diedhiou et al., 1998; Pytharoulis & Thorncroft, 1999; Reed et al., 1977). AEWs are of particular scientific inter-
est because they can serve as seedling disturbances for Atlantic tropical cyclones (TCs) (Avila & Pasch, 1992;
Landsea, 1993). Indeed, previous research has shown that approximately 60% of TCs and 85% of major hurri-
canes develop from AEWs (N. L. Frank, 1970; Landsea, 1993; Russell et al., 2017). Recent work, however, has
used regional model experiments to show that suppressed AEW activity did not affect basin-wide Atlantic TC
frequency (Danso et al., 2022; Patricola et al., 2018). Given that research has shown that climate change may
double the economic damages of TCs by the year 2100 through increased TC intensity, precipitation, and storm
surge (Knutson et al., 2020; Mendelsohn et al., 2012; Patricola & Wehner, 2018), it is imperative to better under-
stand TC genesis and the role of AEWs.

TC genesis requires the co-occurrence of multiple factors, including weak vertical wind shear, a moist
mid-troposphere, warm sea surface temperatures (SSTs), and an initial precursor or “seed” disturbance
(Avila, 1991; Emanuel, 1988; W. M. Frank & Ritchie, 2001; Gray, 1968; Landsea, 1993). A seed disturbance is
a convective weak vortex that is generated within the large-scale circulation (Hsieh et al., 2022), which can then
evolve into a TC depending on the environmental conditions (Hoogewind et al., 2020; Hsieh et al., 2020; Tang
& Camargo, 2014; Vecchi et al., 2019; Yang et al., 2021). Many previous studies have examined how convec-
tion drives AEWs and how AEWs serve as seed disturbances for TCs (Avila & Pasch, 1992; Bercos-Hickey
et al., 2023; Berry & Thorncroft, 2012; Chen & Dudhia, 2001; N. L. Frank, 1970; Hopsch et al., 2007, 2009;
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Landsea, 1993; Nufiez Ocasio & Rios-Berrios, 2023; Russell & Aiyyer, 2020; Thorncroft & Hodges, 2001). For
example, Thorncroft and Hodges (2001) found that tracked AEWs in reanalysis data were positively correlated
with Atlantic TC activity between 1985 and 1998 and that TC activity was mostly associated with the south AEW
track. Russell et al. (2017) used TC track data in combination with eddy kinetic energy (EKE) from reanalysis
data as an estimate of AEW activity; they found a correlation between seasonal mean EKE below the south AEW
track and TC genesis. Chen and Dudhia (2001) used reanalysis data to examine north and south track AEWs and
found that the north track had more waves, but that the conversion rate of AEWs to TCs was twice as effective
for waves from the south track.

Other studies have found that AEWs are not the driving force behind TC genesis and frequency (Caron &
Jones, 2012; Danso et al., 2022; Emanuel, 2022; Hoogewind et al., 2020; Patricola et al., 2018). For example,
Hoogewind et al. (2020) used TC track and reanalysis data to show that the areal extent of favorable environ-
mental conditions does well in capturing climatological TC activity. Emanuel (2022) found that climatological
TC frequency is controlled primarily by environmental conditions, such as SSTs. Patricola et al. (2018) and
Danso et al. (2022) explored the relationship between AEWs and TCs by comparing ensembles of regional
model simulations where AEWs in both tracks were either prescribed or suppressed through the lateral boundary
conditions. Both studies found that suppressed AEW activity did not affect basin-wide Atlantic TC frequency,
however neither study examined the effects of AEW suppression on the separate north and south wave tracks.
The results of Patricola et al. (2018) and Danso et al. (2022) suggest that, in the absence of AEWs in both wave
tracks, other mechanisms serve as the initial disturbances needed for TC genesis. Such mechanisms could include
equatorial waves (including those that are westward propagating; Feng et al., 2023) or wave breaking of the
Inter-Tropical Convergence Zone, where wavelike disturbances provide the seeds for Atlantic TCs (Agee, 1972;
Cao et al., 2013; Feng et al., 2023; Kieu & Zhang, 2008; Lawton & Majumdar, 2023; Schreck, 2016; Thompson
& Miller, 1976). TC-like phenomena have also been shown to form from self-aggregation of convection in rotat-
ing radiative-convective equilibrium simulations (Khairoutdinov & Emanuel, 2013; Wing et al., 2016; Zhou
et al., 2014).

An extensive amount of research has been conducted on the relationship between AEWs and TCs using observa-
tional, reanalysis, and model data, but results are conflicting and uncertainty remains. Some studies show a strong
connection between TC genesis and AEWs, specifically with waves from the south track (Chen & Dudhia, 2001;
Hopsch et al., 2009; Russell et al., 2017; Thorncroft & Hodges, 2001). Other studies, however, have found that
TC frequency is primarily controlled by environmental factors and that AEW suppression does not have a signif-
icant impact on TC genesis (Danso et al., 2022; Hoogewind et al., 2020; Patricola et al., 2018). In this study, our
objective is to further examine the relationship between TC genesis and AEWs. We focus specifically—and for
the first time—on the effects of AEW suppression by wave track and we explore possible TC genesis mecha-
nisms in the absence of AEWs, two important knowledge gaps that were not addressed by Patricola et al. (2018)
and Danso et al. (2022). It is important to note that our goal is to examine the effects of AEW suppression by
wave track on Atlantic TCs; we are not suggesting that AEWSs are not important TC precursors. To carry out this
research, we use a suite of regional model simulations in which AEWs in the north, south, or both tracks, were
either prescribed or suppressed through the lateral boundary conditions. The model and methods used in this
study are presented in Section 2, while the results and conclusions are presented in Sections 3 and 4, respectively.

2. Model and Methods

The simulations were run using the Weather Research and Forecasting (WRF) model (Skamarock et al., 2008),
version 3.8.1. WRF is well suited for this research as the choice of the simulation domain is flexible and WRF has
been shown to realistically simulate AEWs and TCs (Bercos-Hickey & Patricola, 2021; Patricola et al., 2016).
For our purposes, we are interested in the effects of suppressed AEW activity on TCs, and we therefore follow
Patricola et al. (2018) and set our domain over the Atlantic Ocean and the Americas with the eastern boundary
aligned with 15°W (Figure S1 in Supporting Information S1). We performed a control simulation, where AEWs
enter the model domain shown in Figure S1 in Supporting Information S1 through the eastern lateral boundary.
We used the objective AEW tracking algorithm from Bercos-Hickey and Patricola (2021) and found that WRF
produces a similar number of AEWs as the ERAS5 reanalysis and produces more AEWs in the north track than
the south track as in Chen (2006) and Chen and Dudhia (2001), thus lending confidence in our control simula-
tions. To examine the effects of AEW suppression in the north, south and both wave tracks, we conducted three
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experiments, which we refer to as north filter, south filter, and both filters. The experiments had a 2-10 day
band-stop filter applied to all vertical levels of the wind, temperature, geopotential, and moisture variables in the
eastern lateral boundary condition between the following latitude bands: 15-30°N (north filter), 5°S—15°N (south
filter), and 5°S—-30°N (both filters). This filtering method suppresses the 3-5 and 6-9 day AEW signals from the
individual north and south AEW tracks and both tracks (Diedhiou et al., 1998), and is consistent with Patricola
et al. (2018), who examined AEW suppression in both tracks (5°S-30°N). The effects of the filtering can be seen
by comparing time series of the 850 hPa meridional wind in the control and the three experiments (Figure S2 in
Supporting Information S1), where the wind speed is reduced in the experiments due to the suppression of the
2-10 day signal. Additionally, vertical cross-sections of the zonal wind (Figure S3 in Supporting Information S1)
demonstrate that the filtering did not render the background state unrealistic, as seen by the clear presence of
the AEJ.

All simulations were run at the TC-permitting resolution of 27 km (Patricola et al., 2016), with 50 vertical layers
and 3-hourly output. The simulations were performed for the years 2003, 2010, and 2011. These years were
chosen because they have a similar number of TCs (16—19) and number of TCs that develop from AEWs (10-11),
and average or above average accumulated cyclone energy (ACE) (Avila & Stewart, 2013; Beven & Blake, 2015;
Lawrence et al., 2005), thus reducing differences between the simulations that may arise from selecting years
with a large variation in TCs or developing AEWs. Ten-member ensembles of the control and experiments were
generated by initializing the model with different initial conditions corresponding to May 6—15. Output up to June
1 was discarded for model spin-up, and June 1-December 1 was used for analysis. Simulated TCs were identified
using an objective tracking algorithm (Walsh, 1997) and time averages were for the June 1-December 1 analysis
period. Additional details are provided in Supporting Information S1.

3. Results

We begin our analysis by comparing TC frequency and strength in the control and filtering experiments. Table 1
shows the ensemble mean and standard deviation of seasonal Atlantic TC number, number of TC days, and ACE,
which is the sum of the squares of the 6-hourly maximum TC wind speed throughout the life of a TC for all TCs
in a season (Bell et al., 2000). For all of the TC measures, the standard deviation indicates that there is not a large
variance in the response to suppressing AEW activity across the ensemble members. There were 13, 19, and 18
named TCs between June-November in 2003, 2010, and 2011, respectively (NHC, 2023). Although we would not
expect WRF to exactly reproduce observations, the control does well at simulating seasonal TC frequency, with
an ensemble average of 13.3,20.2, and 14.1 TCs between June—November for 2003, 2010, and 2011, respectively.

The measures of TC activity in Table 1 are larger in the filtering experiments than in the control for all 3 years
examined. The largest difference is between the control and the both filters experiment, followed by the south and
north filter experiments. The differences are statistically significant, p < 0.05 with a two-sided #-test, for all meas-
ures in the both filters and south filter experiments of the 3 years. For the north filter experiment, the differences
are statistically significant for the year 2010 and for the ACE in 2003. These results indicate that AEWs are not
necessary to maintain basin-wide TC frequency, as shown by Patricola et al. (2018), and that AEW suppression
can even enhance TC activity (Danso et al., 2022). Here we extend the results of Patricola et al. (2018) and Danso
et al. (2022) by demonstrating that AEW suppression in the south wave track produces a larger response in TC
activity than AEW suppression in the north wave track. Our finding may be somewhat surprising, but previous
research has shown that TC frequency is primarily controlled by environmental conditions, with monthly mean
atmospheric and oceanic states as the dominant predictors of interannual TC activity (Emanuel, 2022; Emanuel
et al., 2008).

To better understand why TC frequency and strength increase in the filtering experiments, we examine the
600 hPa relative humidity and 850-200 hPa vertical wind shear, two potential indicators of environmental favora-
bility for TC genesis (W. M. Frank & Ritchie, 2001; Hendricks et al., 2010; Kaplan et al., 2010). Figure 1 shows
time- and ensemble-averaged relative humidity differences between the both, north, and south filter experiments
and the control for all 3 years. Positive anomalies can be seen between 5 and 20°N in all panels of Figure 1,
indicating larger mid-tropospheric relative humidity in the filtering experiments than in the control. This increase
in moisture over the Atlantic in the filtering experiments is likely related to a strengthening of the AEJ (Figure
S4 in Supporting Information S1), which is associated with significant easterly moisture fluxes (Cadet &
Nnoli, 1987), and also coincides with a region of increased TC track density in the filtering experiments (Figure
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Table 1
Measures of Simulated Atlantic Tropical Cyclone Activity in the Control and Three African Easterly Wave Filtering Experiments
Control Both filters North filter South filter
2003 Number of TCs per season M=133 M = 18.8%* M=14.0 M =17.3%
SD=1.6 SD=33 SD=2.7 SD =25
(41%) (5%) (30%)
TC days per season M=7138 M =99.4%* M=1715 M = 94.98*
SD=9.6 SD=9.6 SD =13.9 SD =10.7
(38%) (7%) (32%)
ACE (10* kt?) M =63.76 M = 96.88* M =77.29% M = 89.65*
SD = 10.1 SD=9.7 SD =12.6 SD =122
(52%) (21%) (41%)
2010 Number of TCs per season M =202 M =29.6* M =24.1% M = 27.3%
SD=3.0 SD=5.0 SD=238 SD =238
(47%) (19%) (35%)
TC days per season M =101.94 M =157.61% M = 125.73% M = 146.18*
SD =10.9 SD =25.1 SD = 14.6 SD =123
(55%) (23%) (43%)
ACE (10* kt?) M = 89.07 M = 147.34* M =112.43% M =133.21*
SD=11.5 SD =25.1 SD =16.0 SD =12.6
(65%) (26%) (50%)
2011 Number of TCs per season M=14.1 M =20.0* M=152 M = 18.8*
SD=2.8 SD=2.6 SD =3.7 SD =37
(42%) 8%) (33%)
TC days per season M =7491 M = 103.59% M =78.64 M = 100.44*
SD=15.0 SD =152 SD=17.0 SD=15.1
(38%) (5%) (34%)
ACE (10* kt?) M = 66.38 M = 93.86* M=67.42 M = 83.67*
SD =12.7 SD =155 SD=154 SD = 14.2
(41%) (2%) (26%)

Note. The ensemble mean and standard deviation are denoted with M and SD, respectively. The asterisks (*) indicates that the difference is statistically significant
compared to the control according to a two-sided #-test (p < 0.05). Percent increases relative to the control are shown in parentheses below each standard deviation.

S5 in Supporting Information S1). The both and south filter experiments have the largest increase in relative
humidity, whereas the increase in the north filter experiment is only statistically significant for 2010. This finding
is consistent with Table 1, where statistical significance was primarily seen in the both and south filter experi-
ments. The results shown in Figure 1 indicate that AEW suppression, specifically in the south track, leads to an
increase in mid-tropospheric moisture, which suggests greater environmental favorability for TC development.

Next we examine the 850-200 hPa vertical wind shear. Figure 2 shows time- and ensemble-averaged vertical
wind shear differences between the both, north, and south filter experiments and the control for all 3 years. Posi-
tive and negative anomalies are present throughout the Atlantic basin, primarily in the both and south filter exper-
iments. The statistically significant anomalies between 5 and 30°N are primarily negative and occur mostly in the
eastern extent of the domain, indicating regions of weaker vertical wind shear in the filtering experiments than
in the control. These regions of weaker vertical wind shear also coincide with an increase in the TC track density
in the filtering experiments compared to the control (Figure S5 in Supporting Information S1). The changes in
vertical wind shear are likely associated with a weakening of the tropical easterly jet that is seen in the filtering
experiments (Figure S4 in Supporting Information S1). Similar to Table 1 and Figure 1, the north filter experi-
ment has the smallest effect on the vertical wind shear compared to the other two experiments. AEW suppression
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Figure 1. Time- and ensemble-averaged 600 hPa relative humidity (%) from the (a) (d) (g) both, (b) (e) (h) north, and (c) (f) (i) south filter experiments minus the
control from the years (a)—(c) 2003, (d)—(f) 2010, and (g)—(i) 2011. Stippling refers to a significant difference in the relative humidity between the experiments and the

control using a grid-cell specific two sample #-test with the p-values adjusted by controlling the false discovery rate at 0.05.

in the south track, however, leads to a statistically significant decrease in the vertical wind shear, and therefore
more environmental favorability for TC genesis. The results presented in Figures 1 and 2 both demonstrate that
AEW suppression between 5°S and 15°N is the predominate driver of increased environmental favorability for

TC genesis, and thus an increase in TC frequency and strength (Table 1).

In addition to requiring a favorable environment, TCs need some type of initial disturbance for genesis (Sobel
et al., 2021). Although Patricola et al. (2018) and Danso et al. (2022) found that basin-wide TC frequency was
maintained despite AEW suppression, they did not explore the mechanisms responsible for genesis. Here we
address this knowledge gap by examining the power spectral density (PSD) of the meridional wind at 900 and
700 hPa to identify possible precursors for TC genesis in the north and south wave tracks, respectively. We choose
the PSD of the meridional wind at low levels and the jet level as this method has previously been used to identify
disturbances (AEWs) north and south of the AEJ (Pytharoulis & Thorncroft, 1999). We first focus on the region
of the south AEW track. Figure 3 shows the PSD of the 5°S—15°N and ensemble-averaged 700 hPa meridional
wind at 20°W and 35°W for all simulations. At 20°W, all simulations show a peak between 2 and 10 days, with
a notably weaker signal in the both and south filter experiments. This is not surprising as the filtering in the both
and south filter experiments suppressed these disturbances. However, by 35°W there is a distinct strengthening of
the 2—-10 day signal in the both and south filter experiments, with the largest peaks occurring in these experiments
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Figure 2. Time- and ensemble-averaged 850200 hPa vertical wind shear (m s~!) from the (a) (d) (g) both, (b) (e) (h) north, and (c) (f) (i) south filter experiments
minus the control from the years (a)—(c) 2003, (d)—(f) 2010, and (g)—(i) 2011. Stippling refers to a significant difference in the vertical wind shear between the
experiments and the control using a grid-cell specific two sample z-test with the p-values adjusted by controlling the false discovery rate at 0.05.

in 2003 and 2010. The results presented in Figure 3 suggest that disturbances similar to AEWs develop off of the
coast of Africa in the experiments where AEWs were suppressed in the south track. Indeed, Hovmoller diagrams
of the meridional wind indicate that these disturbances are propagating westward (Figure S6 in Supporting Infor-
mation S1). In contrast, PSD of the 900 hPa meridional wind do not show a strengthening of the 2—10 day signal
in the 15-30°N region when AEWs were suppressed in the north track (Figure S7 in Supporting Information S1).

To better understand the strengthening of the 2—-10 day signal in the both and south filter experiments, recall
that a seed disturbance is defined as a convective weak vortex that is generated within the large-scale circula-
tion (Hsieh et al., 2022). We therefore examine convective activity in the simulations. Figure 4 shows time- and
ensemble-averaged rainfall rate differences between the both, north, and south filter experiments and the control
for all 3 years. Positive anomalies can be seen in Figure 4 between 5 and 15°N, with statistical significance occur-
ring in all both and south filter experiments and the 2010 north filter experiment. These positive regions indicate a
larger rainfall rate in the experiments compared to the control, and therefore more convective activity. The regions
of increased convection coincide with the south AEW track and have an eastern extent of ~25-30°W, with little
difference between the experiments and the control between 20°W and the eastern domain boundary. The regions
of increased convection also coincide with where the 2-10 day signal strengthened in the experiments with AEW
suppression in the south track (Figure 3). This suggests that when AEWs are suppressed in the south track, there is
an increase in convective activity off of the coast of Africa that is associated with possible precursors to TC genesis.
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Figure 3. Power spectral density plots of the control, both, north, and south filter ensemble-averaged 700 hPa meridional wind averaged between 5°S and 15°N at (a)
(c) (e) 35°W and (b) (d) (f) 20°W for the years (a) (b) 2003, (c) (d) 2010, and (e) (f) 2011.
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Figure 4. Time- and ensemble-averaged rainfall rate (mm hr~!) from the (a) (d) (g) both, (b) () (h) north, and (c) (f) (i) south filter experiments minus the control from
the years (a)—(c) 2003, (d)—(f) 2010, and (g)—(i) 2011. Stippling refers to a significant difference in the rainfall rate between the experiments and the control using a
grid-cell specific two sample 7-test with the p-values adjusted by controlling the false discovery rate at 0.05.

4. Conclusions

The mechanisms behind TC genesis have been the subject of numerous studies, but knowledge gaps remain.
Previous research has shown that AEWs can serve as seedling disturbances for TCs forming in the Atlantic
Ocean (Avila & Pasch, 1992; Chen & Dudhia, 2001; Landsea, 1993; Russell et al., 2017). However, other studies
have shown that favorable environmental conditions are primarily responsible for TC genesis (Emanuel, 2022;
Emanuel et al., 2008; Saunders et al., 2017), and that AEW suppression did not affect basin-wide TC frequency
(Danso et al., 2022; Patricola et al., 2018). In this study, we examine the relationship between TC genesis and
AEWs by specifically looking at how TC frequency is affected by the suppression of AEWs in both wave tracks
and the north and south tracks individually. To conduct this research, we used a suite of regional model simula-
tions in which AEWs were either prescribed (control) or suppressed through the lateral boundary conditions. We
found that AEW suppression led to an increase in TC frequency and strength as well as more favorable environ-
mental conditions for TC genesis. These findings were primarily driven by AEW suppression in the south track,
and were associated with the emergence of disturbances over the Atlantic that coincide with increased convective
activity.

Seasonal TC frequency, number of TC days, and ACE were all larger in the AEW suppression experiments than
in the control, with the largest and statistically significant differences occurring in the experiments where the
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south track waves were suppressed. These results suggest that in the absence of AEWs, other mechanisms are
driving TC genesis, such as the large-scale environment (Emanuel, 2022; Emanuel et al., 2008). We found that
there was an increase in mid-tropospheric relative humidity and a decrease in vertical wind shear in the AEW
suppression experiments compared to the control. This indicates that suppressing AEWs leads to more favora-
ble environmental conditions for TC genesis, in agreement with Danso et al. (2022). In this study, however, the
increase in environmental favorability was more pronounced and statistically significant in the experiments with
AEW suppression in the south track.

Despite AEW suppression resulting in more favorable environmental conditions, TC genesis requires some type
of initial disturbance. By examining the PSD of the meridional wind, we found a strengthening of the 2-10 day
signal between 5°S and 15°N and near 35°W in the experiments with AEW suppression in the south track. This
suggests that disturbances similar to AEWs develop off of the coast of Africa in the region of the south track in
the absence of AEWs. It is possible that these disturbances are driven by some of the same dynamical mecha-
nisms as AEWs over the Atlantic Ocean, but, due to the filtering, we know that the disturbances are not AEWs.
A statistically significant increase in rainfall also occurs in the same region in the experiments where AEWs
were suppressed in the south track when compared to the control. Given that convective vortices can serve as TC
seeds (Hsieh et al., 2022), it is likely that the aforementioned increase in precipitation results in the emergence of
disturbances that could lead to TC genesis.

Our results demonstrate that not only are AEWs not necessary to maintain basin-wide TC frequency, but that the
absence of AEWs can lead to an increase in TC frequency and strength. It is important to note, however, that the
results presented here in no way suggest that AEWs are not important precursors to TCs. Our findings are also
limited by the sample size of our simulations as well as the model resolution. Additional data would add to the
robustness of our results, specifically by examining years with varying TC and AEW activity. Running multiple
seasons at a finer resolution would also allow the model to simulate major hurricanes, which are more likely to
form from AEWs (N. L. Frank, 1970; Landsea, 1993; Russell et al., 2017). We have, however, demonstrated that
in the absence of AEWs, there are other mechanisms that lead to TC genesis. Future work is needed to better
understand how the large-scale environment, AEWs, and other disturbances interact to drive TC development in
the Atlantic.

Data Availability Statement

The climate model output used in this study is available via Bercos-Hickey and Patricola (2023). The TC tracking
code used for analysis is available on GitHub via Bercos-Hickey (2023).
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