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Abstract The 2024 North Atlantic (hereafter Atlantic) hurricane season started quickly, with the earliest
Category 5 on record (Beryl) and three hurricanes forming through 14 August. Following Ernesto's dissipation
on 20 August, the Atlantic hurricane season became extremely quiet during the climatological peak of hurricane
season, with only one Category 2 hurricane (Francine) and one tropical storm through 23 September. Several
environmental factors likely contributed to this unexpected, prolonged lull. During mid‐to‐late August,
subseasonal conditions were broadly favorable for Atlantic hurricanes, but a northward shift in African easterly
wave emergence latitude yielded fewer tropical cyclone seed disturbances that also traversed unfavorably cool
ocean water. During early‐to‐mid September, subseasonal variability driven by the Madden‐Julian oscillation
was less conducive to hurricane activity, with several bouts of increased vertical wind shear across the central
Atlantic. Throughout most of the lull, the tropical Atlantic was anomalously dry and subsident, suppressing
hurricane formation chances.

Plain Language Summary The 2024 North Atlantic (hereafter Atlantic) hurricane season was
anticipated to be extremely active, with seasonal forecasts calling for a potentially historic season. Following a
busy start including the earliest Category 5 Atlantic hurricane on record (Beryl), the season became very quiet
between 20 August–23 September, with only one Category 2 hurricane (Francine) and one tropical storm
forming. Following the lull, the Atlantic became extremely busy again, with seven hurricanes forming from 25
September through the end of the season–the most on record for this period. This paper focuses on the surprising
lull and attributes it to several different factors, including a late‐August northward shift in African easterly wave
tracks (organized thunderstorm complexes spanning thousands of kilometers that often serve as Atlantic
hurricane seeds). This northward shift brought these systems out over colder water and into a drier airmass,
suppressing their hurricane formation chances. During the first 3 weeks of September, a large‐scale tropical
phenomenon known as the Madden‐Julian oscillation, resulted in increased sinking motion, drier mid‐levels and
increased vertical wind shear–all of which typically reduce Atlantic hurricane activity. Overall, the lull
demonstrates how seed disturbances and other environmental factors can strongly modulate aggregate seasonal
tropical cyclone activity.

1. Introduction
The 2024 North Atlantic (hereafter Atlantic) hurricane season was predicted to be extremely active, with most
seasonal hurricane forecasts calling for one of the most active seasons on record. The average Atlantic hurricane
forecast during May–June 2024 from the Seasonal Hurricane Predictions platform https://season-
alhurricanepredictions.org/) called for ∼11 hurricanes and 214 × 104 kt2 Accumulated Cyclone Energy (ACE;
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Bell et al., 2000). The average Atlantic hurricane season, based on the National Oceanic and Atmospheric Ad-
ministration's (NOAA) current 30‐year climatology of 1991–2020, has 7 hurricanes and 123 ACE. Three reasons
frequently given for the hyperactive (>159.6 ACE per NOAA's definition) seasonal forecasts issued in late May/
early June were the highest May sea surface temperatures (SSTs) in the Main Development Region (MDR;
defined to be 10°–20°N, 85°–20°W in this paper) on record (since 1940), an anticipated shift toward neutral El
Niño‐Southern Oscillation (ENSO) or La Niña conditions, as well as an anticipated TC‐conducive West African
monsoon (e.g., increased precipitation, increased low‐level horizontal vorticity and a northward‐shifted African
easterly jet). All of these conditions have been shown to favor active Atlantic hurricane seasons by creating a more
favorable thermodynamic and dynamic environment for hurricanes, including increases in mid‐level moisture and
decreases in vertical wind shear (e.g., Gray, 1984; Klotzbach et al., 2022; Landsea & Gray, 1992; Patricola
et al., 2014).

Accordingly, the 2024 Atlantic hurricane season got off to an early start, including the earliest calendar year
Category 5 hurricane on record (Beryl). While the Atlantic hurricane data set (HURDAT2; Landsea &
Franklin, 2013) extends back to 1851, reliable data for the records noted in this manuscript likely extend back to
the early 1970s due to satellite coverage, consistent use of the Dvorak technique and limited aircraft recon-
naissance penetrations of strong hurricanes with small eyes prior to the early 1970s (e.g., Delgado et al., 2018;
Hagen & Landsea, 2012). Above‐average activity continued through the middle of August, with Hurricanes
Debby and Ernesto forming by 14 August. On average, only one hurricane has formed in the Atlantic by 14
August.

Following Ernesto's dissipation on 20 August, Atlantic tropical cyclone (TC) activity markedly decreased, with
only one Category 2 hurricane (Francine) and one tropical storm (Gordon) forming during the climatological peak
of the season between 20 August–23 September. On average, ∼54% of the total seasonal ACE occurs between
these two dates, but in 2024 this period only generated ∼7 ACE, which was ∼5% of the total seasonal ACE
generated during the season (Figure S1 in Supporting Information S1). This total is the least produced between
these two dates since 1994 (∼6 ACE) and the lowest since the beginning of the recent active Atlantic hurricane era
(1995–onwards; e.g., Keim et al., 2024). In addition, the one hurricane that formed between 20 August–23
September in 2024 was the lowest during this period since 2009. On average, three hurricanes form between
these two dates.

This lull occurred even though MDR‐averaged SSTs were the second highest on record during the month of
September (∼1.0°C greater than the 1991–2020 average). By comparison, between 20 August–23 September in
2023, with similarly high SSTs over the MDR, the Atlantic generated ∼102 ACE despite strong El Niño con-
ditions that typically suppress Atlantic hurricane activity (e.g., Gray, 1984). MDR‐averaged SSTs were also
∼0.3°C warmer during September in 2024 than in 2010, which was the third warmest Atlantic MDR recorded.
The 2010 season recorded 12 hurricanes.

Beginning with Helene's formation on 24 September, the Atlantic became extremely active, with 11 named
storms, 7 hurricanes, and 4 major (Category 3+; maximum sustained winds ≥96 kt) hurricanes forming during the
remainder of the season. The late season was one of the most active on record for the Atlantic and set the record
for the most hurricane formations from 25 September onwards. Overall, the season ended up being classified as
hyperactive, with a total of 18 named storms, 11 hurricanes, 5 major hurricanes, and ∼162 ACE. This late‐season
burst of ACE which allowed the season to reach hyperactive levels was especially impressive given that the
climatological peak of the season was so quiet.

Though the busy end to the season warrants its own study, this paper focuses on the period between 20 August and
23 September and proposes several likely drivers of the unexpected lull: a northward‐shift in African easterly
wave (AEW) tracks, increased atmospheric stability due to anomalously warm upper‐levels (and associated
decreases in potential intensity), increased subsidence and occasional increases in shear driven by convectively‐
suppressed phases of the Madden‐Julian oscillation (MJO), as well as dry air advection from the mid‐latitudes.

2. Data and Methods
2.1. Tropical Cyclone Data

All TC data are taken from the Atlantic hurricane best track (HURDAT2; Landsea & Franklin, 2013). This data
set spans 1851–2024 at predominately six‐hourly time intervals (although interim time periods are available for
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specific events such as landfalls and notable intensity changes) and is the best estimate of a storm's characteristics
including latitude, longitude, maximum sustained wind, minimum sea level pressure, and various TC structural
characteristics.

2.2. Atmosphere‐Ocean Environmental Parameter Data

We use the 31‐km fifth generation of the European Centre for Medium‐Range Weather Forecasts (ECMWF)
reanalysis data set (ERA5; Hersbach et al., 2020) for most atmosphere/ocean analysis. ERA5 currently extends
from 1940–present at hourly temporal resolution. Potential intensity was calculated using the Bister and Ema-
nuel (2002) method as implemented in the tcpyPI package from Gilford (2020, 2021). In keeping with NOAA's
current 30‐year climatology, we calculate all ERA5 anomalies relative to a 1991–2020 base period. Precipitation
is calculated from the daily Global Precipitation Climatology Project data set (Huffman et al., 2001), which
extends from October 1996–present and is available at 1° horizontal resolution.

2.3. Madden‐Julian Oscillation Data

The MJO is a significant modulator of environmental conditions and TCs on sub‐seasonal timescales (e.g., Chang
et al., 2023; Hansen et al., 2020; Klotzbach & Oliver, 2015). We evaluate the state of the MJO using the
methodology ofWheeler and Hendon (2004). This index estimates the phase and intensity of theMJO via 200 hPa
zonal wind and 850 hPa zonal wind from the NCEP/NCAR Reanalysis (Kalnay et al., 1996) and interpolated
outgoing longwave radiation from NOAA (Liebmann & Smith, 1996).

2.4. Moderate Resolution Imaging Spectroradiometer/Aerosol Optical Depth Data

The MODerate resolution Imaging Spectroradiometer (MODIS) instrument is mounted on both the Terra and
Aqua satellites. MODIS measures reflected solar and emitted thermal radiation on 36 spectral channels which can
then be used to assess various atmospheric properties including aerosol optical depth (AOD; Remer et al., 2005).
Data from the Terra and Aqua satellites are available since February 2000 and July 2002, respectively. In this
study, we analyze daily level‐3 dark target and deep blue combined AOD at a 550 nm wavelength to assess
potential impacts of Saharan dust on the hurricane season lull.

2.5. African Easterly Jet and Wave Diagnostics

It is well established that AEWs are common precursors (“seeds”) to Atlantic TCs (Landsea, 1993; Nuñez Ocasio
et al., 2024; Russell et al., 2017), and that these waves grow and propagate along the African easterly jet
(Burpee, 1972; Nuñez Ocasio et al., 2021; Reed et al., 1977). To investigate the role of the African easterly jet and
AEWs on the hurricane season lull, we assess the latitudinal location of the jet and the waves in ERA5 fields. We
located the African easterly jet by finding the latitude of the maximum wind speed between 550 and 800 hPa of
the 20°W–10°E zonally‐averaged zonal wind field. We located AEWs through objective tracking based on
Bercos‐Hickey and Patricola (2021), where the tracking domain extends to 25°E to incorporate all known regions
of AEW genesis (Nuñez Ocasio et al., 2021; Thorncroft et al., 2008). We note that Lawton et al. (2022) also uses
ERA5 data for their AEW tracker.

3. Results
3.1. Northward Shift in AEW Tracks

Figure 1 displays the latitude of the African easterly jet maximum, the AEW track latitude and magnitude at 18°W
and AOD averaged between 5.5° and 23.5°N, 57.5°–15.5°W. We focus on track latitude at 18°W since that is
approximately where AEWs emerge from the west coast of Africa and is also typically where AEWs reach their
maximum amplitude (Hamilton et al., 2017). While this study focuses on the reduction in TC activity from 20
August–23 September, we find that both the latitude of the African easterly jet maximum (Figure 1a) and AEW
track latitude (Figure 1b, Figure S2 in Supporting Information S1) were generally well north of their average
latitude from mid‐July through early September. The African easterly jet averaged ∼3° poleward of its clima-
tological position during August (Figure S3 in Supporting Information S1). The African easterly jet had a slightly
weaker maximum amplitude but also stronger horizontal shear in 2024 relative to the 1991–2020 climatology
(Figure S3 in Supporting Information S1), which is in agreement with Grist (2002)'s findings for wet years over
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West Africa. The AEWs generally had a higher amplitude than average through late August, which agrees with
observational and modeling studies that have shown that increased shear of the AEJ in wetter years leads to
stronger waves (Bercos‐Hickey et al., 2020, 2022; Grist, 2002). Higher AEW amplitude also typically favors their
chances for TC formation (Figure 1c; Agudelo et al., 2011).

Precipitation across North Africa during August was also similar to what is typically observed with a strong West
African monsoon (Figure S4 in Supporting Information S1), with enhanced precipitation across the Sahel and
reduced precipitation in coastal African countries bordering the Gulf of Guinea (e.g., Landsea & Gray, 1992).
However, precipitation was reduced closer to the coast of West Africa over Senegal, Guinea‐Bissau and The
Gambia, where anomalous low‐level northerly winds associated with an anomalous low pressure near the west
coast of Africa (Figure S5 in Supporting Information S1) may have advected dry air, suppressing precipitation.
Enhanced precipitation did occur farther north in Mauritania and the Western Sahara, as expected given the
observed August AEW tracks (Figure S2 in Supporting Information S1).

Figure 1. Western Africa and tropical Atlantic easterly jet maximum and African easterly wave (AEW) track latitude and
amplitude, as well as Aerosol optical depth (AOD) from 15 July–23 September. (a) Latitude of African easterly jet
maximum. (b) AEW track latitude at 18°W. The purple dots represent the individual AEW track latitudes at 18°W in 2024.
(c) AEW track magnitude at 18°W as measured by 850 hPa curvature vorticity (s− 1). (d) AOD averaged from 5.5° to 23.5°N,
57.5°–15.5°W. The gray shading in panels (a), (b) and (c) represent a one standard deviation anomaly from the 1991–2020
average, while the shading in panel (d) represents a one standard deviation anomaly from the 2002–2023 average given the
later start period of the MODerate resolution Imaging Spectroradiometer data set used to calculate AOD.
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There was also anomalously high Saharan dust from mid‐July through mid‐August (Figure 1d). Bercos‐Hickey
et al. (2017) noted that increased dust could excite the northerly track of AEWs. These waves are less likely to
become Atlantic TCs than their southerly track counterparts (Chen et al., 2008; Nuñez Ocasio et al., 2021), due
both to climatologically less TC‐favorable vertical wind shear and mid‐level moisture conditions as well as an
increased likelihood of recurvature over cooler SSTs in the eastern Atlantic. While these northerly track AEWs
can form farther west in the basin (Chen et al., 2008), the aforementioned pronounced low‐level northerly wind
anomalies and associated dry air advection into the MDR (discussed in more detail in Section 3.4) likely
squelched any chances for development farther west for these AEWs.

Dust decreased considerably around mid‐August, yet AEWs predominately remained shifted northward during
the last 2 weeks of August. This northward shift in the AEW emergence latitude resulted in few candidate AEWs
for potential TC development. For example, on 25 August, the National Hurricane Center's Tropical Analysis and
Forecast Branch was only tracking one anemic AEW near 45°W (https://www.nhc.noaa.gov/archive/text/
TWDAT/2024/TWDAT.202408251738.txt). Two AEWs emerged north of 20°N during the lull, placing them at
latitudes where SSTs were too cool in the eastern Atlantic to support robust TC development (e.g., <26.5°C;
Gray, 1968) (Figures S6 and S7 in Supporting Information S1).

This lack of robust AEW candidates reduced the chances for TC formation when vertical wind shear conditions
were quite favorable during the middle to latter part of August. As noted earlier, while AOD decreased around the
middle of August, the African easterly jet and AEW tracks at 18°W remained well north of their average latitudes
through the early part of September. The AEW track and latitude of the African easterly jet maximum shifted to
more TC‐conducive latitudes (e.g., closer to ∼15°) by early September; however, by this point, the MJO had
become less favorable for TC development.

3.2. Atmospheric Stability and the Potential Intensity of TCs

The previous year (2023) exhibited an extremely busy peak Atlantic hurricane season, with 12 named storms
forming between 20 August–23 September, tied with 2020 for the most Atlantic named storm formations on
record between those two dates. Because 2024 was forecasted to be more active than 2023 and also had an
extremely warm Atlantic, a comparison between the two seasons is instructive. While SSTs in the western and
central tropical Atlantic were comparable to 2023, SSTs were considerably lower in the eastern tropical Atlantic
in 2024 (Figures S6 and S7 in Supporting Information S1), especially north of ∼18°N which was where most
AEWs emerged from the West African coast during the lull.

In addition to lower SSTs, 200 hPa temperatures were generally higher in 2024 than in 2023 across the eastern
MDR during the lull period, resulting in a more stable atmosphere in 2024 (Figure S8 in Supporting Informa-
tion S1). This anomalous upper‐level warming was likely tied to the strong El Niño during the boreal winter of
2023–2024, as the upper troposphere warms substantially during El Niño events (Hogikyan et al., 2022). While El
Niño dissipated during the spring of 2024, the upper‐tropospheric temperature signal lags the SST signal by
∼3 months (Scherllin‐Pirscher et al., 2012).

Here we examine how these higher upper‐level temperatures impacted potential intensity (Bister & Ema-
nuel, 2002), as upper‐tropospheric temperatures are closely tied to the TC outflow temperature component of the
potential intensity equation. We compare potential intensity during the 2024 Atlantic hurricane season lull
with the 2023 Atlantic hurricane season during the same period (Figure 2). These comparisons are done using a
z‐score, which converts observed potential intensity anomalies to a normal distribution with a mean of 0 and a
standard deviation of 1. Potential intensity in 2024 was notably reduced from 2023's values across the eastern
Atlantic, especially north of 15°N, where the combination of lower SST and higher 200 hPa temperatures created
a less conducive environment for the AEWs that emerged over the tropical Atlantic.

During the last week of the lull (Figure 2e), potential intensity increased in the eastern portion of the MDR, due in
part to anomalous ocean warming associated with weak trade winds (not shown). These conditions created a more
conducive thermodynamic environment for the flurry of late‐season eastern MDR TCs (e.g., Joyce, Kirk, and
Leslie). In addition, potential intensity anomalies also increased across the eastern Gulf, implying conducive
atmospheric and oceanic conditions for what would become Hurricane Helene. These increasingly favorable
potential intensity conditions likely helped end the 2024 Atlantic hurricane season lull with a flurry of TC activity
as the MJO became more conducive (discussed in Section 3.3).
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Figure 2. 2024 versus 2023 potential intensity across the Atlantic from 20 August–23 September. 2024 Potential intensity
z‐score anomalies during (a) 20–26 August, (b) 27 August–2 September, (c) 3–9 September, (d) 10–16 September, and
(e) 17–23 September. (f–j) As in (a–e) but for 2023. Anomalies are calculated relative to a 1991–2020 base period.
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3.3. Madden‐Julian Oscillation Influence

TheMJO was quite robust throughout most of the 2024 Atlantic hurricane season, with an amplitude >1 using the
Wheeler and Hendon (2004) MJO index (Figure 3c). During most of August, the MJO was in phases typically
considered conducive for Atlantic hurricane activity (e.g., phases 8–3) (e.g., Klotzbach & Oliver, 2015). These
favorable subseasonal conditions, combined with the favorable seasonal conditions discussed previously, made
the start of the lull around 20 August even more surprising. High amplitude MJO activity in phases 1–3 may have
been one reason for the increased amplitude of mid‐to‐late August AEWs noted in Section 3.1 (e.g., Ventrice
et al., 2011).

However, for the first 23 days of September, the MJO was in phases 4–7, which typically are associated with
reduced Atlantic hurricane activity. Copious sinking motion occurred across most of the Atlantic during the lull
(Figure 3a). This general sinking motion, combined with mid‐level dryness associated with anomalous low‐level
northerly flow (see Section 3.4), combined to create non‐conducive conditions for TC activity.

While vertical wind shear was generally lower than normal for most of August–October, there were two distinct
packets of increased shear that propagated westward across the tropical Atlantic from late August to early
September and mid to late September, respectively (Figure 3b, Figure S9 in Supporting Information S1). The
westward propagation and phase speed of these shear anomalies (e.g., Wang et al., 2023) indicate that they could
have been associated with westward‐propagating equatorial Rossby wave activity. In addition, these anomalously
high shear anomalies were generally co‐located with weaker positive upper‐level temperature anomalies (Figure
S8 in Supporting Information S1), indicating that they were likely associated with a tropical upper tropospheric
trough (Nieto Ferreira & Schubert, 1999) and enhanced anticyclonic wave breaking (e.g., Jones et al., 2020; Li
et al., 2018). Tropical upper‐tropospheric troughs typically have increased shear on their eastern flank (Li
et al., 2018). These troughs also generally propagate west‐southwestward with time, similar to what was observed
with the two high shear packets (Nieto Ferreira & Schubert, 1999).

The enhanced shear and an associated increase in the low‐level trade winds (Bucci & Alaka, 2025) associated
with the first of these two shear pulses likely inhibited Francine's genesis until it entered a more conducive
environment in the Bay of Campeche. Following the traverse of the second shear pulse across the Caribbean, the
shear environment became highly conducive across almost the entire basin (Figure 3b). These two shear pulses
also likely helped inhibit any potential TC development farther west in the basin during the lull.

Helene was named as a tropical storm on 24 September, coinciding with the day that the MJO emerged in Phase 8.
Over the next couple of weeks, the MJO continued propagating eastward in favorable phases for Atlantic TC
activity. The Atlantic produced five hurricanes and three major hurricanes between 24 September–11 October.
During this time, vertical wind shear was well below normal across virtually the entire basin (Figure 3b, Figure S9
in Supporting Information S1). In addition, vertical motion was enhanced across the tropical Atlantic (Figure 3a)
during the formation of Helene, Isaac, Joyce, Kirk, and Leslie.

3.4. Extratropical Influences

In addition to TC‐unfavorable subseasonal conditions across the tropical Atlantic associated with the MJO, the
extra‐tropics likely contributed to the significant mid‐level dryness that occurred near the climatological peak of
the season (Figure 4). Anomalous northerly flow in the eastern and central Atlantic developed during late August
and persisted through mid‐September, advecting dry air into the eastern and central MDR (Figures 4b and 4c). A
pronounced mid‐level high pressure centered near Newfoundland and mid‐level low pressure centered near
Ireland were the likely synoptic‐scale drivers of these anomalous northerly winds (Figures S10b–S10c in Sup-
porting Information S1).

Mid‐level dryness was noted by the National Hurricane Center as plaguing several systems during this time,
including the National Hurricane Center's tropical weather outlook discussion on Invest 94L on 13 September
(https://www.nhc.noaa.gov/archive/xgtwo/gtwo_archive.php?current_issuance=202409131436&basin=atl&fda
ys=7) as well as the forecast discussion for Tropical Storm Gordon on 13 September (https://www.nhc.noaa.gov/
archive/2024/al07/al072024.discus.009.shtml). In particular, the Gordon discussion noted a “moisture‐starved
environment across the tropical Atlantic.”
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By the 10–16 September period, the anomalous high near Newfoundland
shifted eastward and then weakened substantially by the 17–23 September
period (Figures S10d–S10e in Supporting Information S1). Associated with
the shift in the large‐scale steering flow pattern was a weakening of the trade
winds and a moistening in the mid‐levels across theMDR (Figures 4d and 4e).
These more TC‐favorable wind and moisture conditions likely supported the
burst of activity that occurred immediately following the lull.

4. Conclusions
Though the 2024 Atlantic hurricane season ended up being hyperactive, the
marked lull that occurred between 20 August–23 September was unexpected
and highlighted how even with near record‐high tropical Atlantic SSTs, cool
neutral ENSO conditions, and a vigorous West African monsoon, TC activity
can be markedly reduced by factors such as AEW positioning, anomalously
high upper‐level temperatures, TC‐unfavorable subseasonal conditions
associated with a convectively‐suppressed MJO, and extratropical influences.
The prolonged length of the lull was likely due to differing strengths of
suppressive factors at different points during the lull. e.g., the start of the lull
was likely due to a combination of AEWs emerging from Africa at latitudes
that were too far north for TC development and anomalously high upper‐level
temperatures that suppressed chances for TC formation from other mecha-
nisms due to increased stability and decreased potential intensity.

As the AEWs shifted to more conducive TC formation latitudes, the MJO
became less conducive for Atlantic TC activity, with sinking motion occur-
ring across the basin, along with brief periods of increased vertical wind
shear. Anomalous northerly flow from a pronounced blocking pattern over
the North Atlantic advected dry air into the eastern MDR, generating less TC‐
conducive thermodynamic conditions.

This study highlights that even well‐anticipated seasonal SST conditions
(e.g., near‐record warm MDR and cool neutral/weak La Niña) can yield
unanticipated outcomes. The 2024 Atlantic TC season provides a fascinating
example of the complex interactions between large‐scale thermodynamic
conditions favorable to TCs, the African easterly jet and AEWs, interactions
of various dynamically‐driven large‐scale phenomena, including the MJO
and mid‐latitude blocking, as well as chaotically‐driven short‐term weather
events. As has been noted throughout this study, the lull was immediately
followed by one of the busiest ends to an Atlantic hurricane season on record,
including two major hurricane landfalls in Florida (Helene and Milton),
resulting in more than 250 fatalities and >100 billion USD in damage (Na-
tional Centers for Environmental Information, 2025). Though the final overall
number of hurricanes and major hurricanes were aligned with the seasonal
forecasts, the extremely busy beginning and end to the season and marked lull
in the middle highlight just how unusual the season was.

While it seems somewhat unlikely to be able to anticipate this type of pro-
longed lull in a hyperactive season several months in advance, future work
will investigate improved prediction of lulls several weeks prior to their onset.
For example, while vertical wind shear and SST conditions were extremely
conducive in July, dust AOD in the tropical Atlantic was also above normal.
As noted earlier, increased dust in the eastern tropical Atlantic can excite the

Figure 3. Tropical atmospheric variability during August–October 2024.
(a) Hovmöller plot of 200 hPa velocity potential anomalies averaged from
5°S to 5°N. (b) Hovmöller plot of 200 hPa minus 850 hPa zonal wind
anomalies averaged from 10° to 20°N. (c) Madden‐Julian oscillation (MJO)
propagation as measured by the Wheeler and Hendon (2004) index.
Anomalies are calculated relative to a 1991–2020 base period. The
schematic above panel a provides a geographical reference for the
Hovmöller plot. The blue dashed lines denote the area‐averaged region for
panel (a), while the red dashed lines denote the area‐averaged region for
panel (b) The letters in panel b are the first letter of the particular storm name
(e.g., “H” represents Helene). White shading in panel (c) highlights Atlantic
TC‐favorable MJO phases, while gray shading highlights Atlantic TC‐
unfavorable MJO phases.
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northerly track of AEWs. In future seasons, we suggest that groups issuing seasonal forecasts consider dust AOD
in July to evaluate whether they deviate from their typical inverse relationship with Atlantic SSTs and vertical
wind shear (Xian et al., 2020). In addition, given continued upper‐level warming associated with climate change,
seasonal TC forecasts may need to explore upper‐level temperatures or potential intensity metrics as alternative
thermodynamic predictors to SSTs.

Figure 4. Anomalous 700‐hPa relative humidity (shading) and 700‐hPa winds (vectors). (a) 20–26 August anomalies. (b) 27
August–2 September anomalies. (c) 3–9 September anomalies. (d) 10–16 September anomalies. (e) 17–23 September
anomalies. Full wind vector barbs represent 2 m s− 1 anomalies, while flags represent 10 m s− 1 anomalies. Anomalies are
calculated relative to a 1991–2020 base period.
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Data Availability Statement
Atlantic TC activity from 1851 to 2024 were taken from the HURDAT2 data set (National Hurricane Cen-
ter, 2025). Most environmental parameter data were taken from hourly ECMWF reanalysis pressure level
(Hersbach et al., 2023a) and hourly ECMWF reanalysis surface level (Hersbach et al., 2023b) data. Daily Global
Precipitation Climatology Project data were downloaded from Adler et al. (2017).
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