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Introduction
Tropical cyclone (TC) activity is strongly 
controlled by sea surface temperatures 
(SSTs); temperatures exceeding 26.5°C 
are needed for TC formation (e.g. 
McTaggart-Cowan et al.,  2015). However, 
other environmental conditions are 
required to support the formation of 
tropical depressions (cyclogenesis), 
their organisation into coherent deep 
circulations and intensification to reach 
tropical storm strength (McTaggart-Cowan 
et al.,  2015; Rajasree et al.,  2023). Factors 
promoting the formation of TCs include 
upper-level divergence, which promotes 
surface convergence (Gray,  1968) and aids 
the development of ‘seed disturbances’ 
from which most TCs grow (Sears and 
Velden,  2014). Cyclogenesis is also 
favoured by factors that promote deep 
convection such as large-scale instability 
and requires the formation of a large 
column of nearly saturated air (i.e. large 
relative humidity (RH), particularly at mid-
levels) that allows disturbances to grow 
efficiently (Emanuel,  2003). Other factors 
can inhibit TC formation, such as vertical 
wind shear, which disrupts the organisation 
of tropical depressions by displacing the 
low- and upper-level circulation centres 
and promotes ventilation of dry air into 
developing TCs (Rios-Berrios et al.,  2024a). 
Similarly, developing convective systems are 
suppressed in regions with dry mid-level air 
and large-scale subsidence that increases 
stability and disrupts low-level convergence. 
TC activity is therefore influenced by 
variability in the aforementioned factors.

In the North Atlantic basin, the largest 
source of interannual variability in TC activity 
is the El-Niño Southern Oscillation (ENSO). 
El Niño conditions increase vertical wind 
shear and subsidence in the Atlantic basin, 
suppressing TC activity, whilst La Niña con-
ditions tend to favour active seasons via a 
weakening of upper-level winds (Gray, 1984; 
Klotzbach,  2011). Whilst some TCs form in 
situ, particularly early and late in the season 
in the Gulf of Mexico and Caribbean Sea 
(Corporal-Lodangco et al., 2014), the major-
ity of TCs in the North Atlantic form in the 
main development region (MDR) from seed 

disturbances called African easterly waves 
(AEWs; Russell et al.  (2017)) that arise from 
instability of the mid-level African easterly 
jet. Factors influencing the frequency and 
strength of AEWs, either by modifying the 
strength of the African easterly jet – such 
as the West African Monsoon (WAM) – or 
modifying the environmental conditions 
that support the development of AEWs, 
represent another important source of vari-
ability in TC activity. It has been shown that 
convectively coupled Kelvin waves (KWs) 
can influence TC activity by modulating 
the large-scale environment and promoting 
the evolution of AEWs (e.g. Schreck,  2016; 
Lawton et al., 2022), affecting the likelihood 
of cyclogenesis. The development of AEWs 
is influenced by other environmental fac-
tors: deep convection can be suppressed 
by dry air from the Sahara desert that is 
carried into the Atlantic, and the warm SSTs 
needed to drive cyclogenesis are influenced 
by small-scale SST patterns that are cou-
pled with low-level trade winds and cir-
culation patterns (Kim et al.,  2023). Finally, 
the Madden–Julian Oscillation (MJO) is the 
leading mode of intraseasonal variability 
in the tropics globally, which influences 
TC activity throughout the Atlantic basin 
(Maloney and Hartmann,  2000; Klotzbach 
and Oliver,  2015). Although the eastward-
propagating convective patterns associated 
with the MJO are confined to the western 
Pacific, upper-tropospheric wind anomalies 
propagate around the globe that can tem-
porarily enhance upper-level divergence 
over the North Atlantic basin, favouring 
cyclogenesis (Barrett and Leslie,  2009).

In this paper, we review the factors that 
influenced activity during the 2025 North 
Atlantic hurricane season. The 2025 season 
is an interesting case study since com-
mon sources of variability such as ENSO 
and the MJO were weak, allowing other 
factors to more strongly drive changes in 
TC activity. ENSO conditions transitioned 
from neutral to weak La Niña during the 
season (NOAA,  2025), and the number of 
days with favourable MJO conditions in the 
North Atlantic during the Atlantic season 
(June to November) was the second low-
est since 1991 according to the RMM index 
(Wheeler and Hendon, 2004). The 2025 sea-
son also saw the fifth warmest seasonal-
mean daily SSTs in the MDR (using the OISST 
dataset; Huang et al., 2021) yet ended with 
only slightly above-average activity (using 
HURDAT2; Landsea and Franklin,  2013). 

In an average Atlantic hurricane season, 
there are 14 named storms, of which seven 
become hurricanes and three reach major 
hurricane status (NHC,  2026). In 2025, 
there were 13 named storms, of which five 
became hurricanes. It is therefore valuable 
to examine why 2025 was comparatively 
less active. Finally, it is noteworthy that 
most activity occurred in just four storms 
that reached major hurricane status, espe-
cially considering that three of the five hurri-
canes in 2025 reached Category 5, the most 
since 2005 – an extremely active season. 
Although projections of TC activity in the 
changing climate are uncertain, the 2025 
season appears to fit the model-predicted 
trend of decreasing overall activity along-
side increasing intensity of individual TCs 
(Knutson et al., 2020).

In this study, we identify which of the 
common drivers of TC activity in a typi-
cal season were more or less influential in 
the 2025 season, identify other factors that 
were more influential in 2025 and seek to 
explain the relative lack of activity in the 
context of above-average SSTs. As a single-
season analysis, this study cannot directly 
attribute TC activity to individual drivers. 
Instead, we identify differences between 
periods with a relative change in activity 
within the season. Overall, reviewing the 
driving factors of a single season in this 
way is valuable as a case study of theo-
retical or statistical relationships identified 
in the literature, such as the influence of 
KWs on AEW development. First, we sum-
marise the 2025 North Atlantic hurricane 
season, review the state of the dominant 
drivers (SSTs and ENSO), and identify the 
unusual qualities of the 2025 season. We 
then address the large-scale environmental 
conditions in the North Atlantic. Using a 
wave-filtering analysis, we explore AEWs 
in the 2025 season and, in particular, the 
influence of KWs and favourable MJO 
phases. Finally, we examine the contribu-
tion of SST and low-level circulation pat-
terns to intraseasonal variability in 2025.

Season overview
Figure 1 shows TC tracks from the 2025 sea-
son and regional boxes used in later analysis. 
Climatologically, the Atlantic hurricane sea-
son lasts from 1 June to 30 November, with 
peak activity during August and September. 
In 2025, activity began on 23 June with 
three early short-lived tropical storms in 
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on the east of the basin but otherwise little 
activity throughout July and early August. 
Approaching the climatological peak, activ-
ity restarted when Hurricane Erin formed on 
11 August and went on to reach Category 
5 strength. Thereafter, TC activity ceased 
throughout much of the peak season, simi-
lar to the lull observed in 2024 (Klotzbach 
et al.,  2025). Two late-season clusters of 
activity brought cumulative season activ-
ity to above-average levels, again similar to 
the back-loaded 2024 season. In mid-late 
September, Hurricanes Gabrielle, Humberto 
and Imelda formed, though none made 
landfall. In late October, Hurricane Melissa 
became the third CCategory 5 hurricane of 
the season and the joint-strongest landfall-
ing Atlantic hurricane with a maximum sus-
tained wind speed of 185mph and central 
pressure of 892hPa at landfall. Post-season 
analysis has verified a wind gust reading of 
252mph via dropsonde (UCAR,  2025), set-
ting a new global record for the strongest 
dropsonde-measured wind gust in a TC.

SSTs are the strongest indicator of TC 
activity; the record-breaking 2005 season 
(ACE ~ 240) was widely attributed to (at the 
time) record-warm SSTs (e.g. Trenberth and 
Shea  (2006)) and a long-term increase in 
TC activity since 1994 has been attributed 
to warmer tropical SSTs (e.g. Goldenberg 
et al.,  2001; Emanuel,  2005; Klotzbach and 
Gray,  2008). The 2023 and 2024 Atlantic 
hurricane seasons saw record high SSTs 
throughout the Atlantic basin, surpassing 
2005 – see Figure 2, which shows daily mean 
SSTs in the MDR from 1991 to 2020, with 
2023, 2024 and 2025 highlighted. Despite 
the unprecedented temperatures, the 2024 
season was remarkably quiet during the 
peak season (Klotzbach et al.,  2025) owing 
to a northward shift in the track of AEWs, 
as well as strong vertical wind shear and 
broad-scale subsidence. Nonetheless, the 
season ended with above-average accu-
mulated cyclone energy (ACE) owing to a 
late-season cluster of activity including two 
major hurricanes. Activity in the 2023 sea-
son was near-average, as El Niño conditions 
suppressed cyclogenesis. In 2025, MDR SSTs 
remained well above the long-term average. 
Daily mean MDR SST anomalies (relative to 
1991–2020 climatology) averaged 0.47°C 
during the 2025 hurricane season, making it 
the fifth warmest on record. Alongside warm 
SSTs, five of the past six seasons have seen 
La Niña conditions during the peak season 
according to the relative Oceanic Niño Index 
(NOAA Climate Prediction Center,  2026b), 
although the La Niña signal was weak until 
late in the 2025 season.

The 2025 season was unusual in the 
sense that activity was intermittent, with 
extended quiet periods separated by just 
three clusters of activity that featured par-
ticularly intense TCs. The total number of 
storms was close to average, the number 

of hurricanes below average, but the num-
ber of major hurricanes above average. The 
season ended with a total ACE of 132.5 
(104kn2); a measure of activity that com-
bines the strength and duration of storms. 
Figure  3 shows the cumulative ACE in the 
2025 season compared to 1991–2020 clima-
tology, alongside a timeline of the season, 
clearly showing the three periods in which 
most of the cumulative ACE was generated. 
Comparison seasons (discussed below) are 
also shown. The 2025 season is classified 
as ‘above-normal’ according to the NOAA 
definition (based on % of the 1951–2020 

median), consistent with the number of 
strong TCs observed. However, the classifi-
cation is contradicted by the near-average 
number of storms and long periods of no/
weak activity. The intermittency of the sea-
son is demonstrated by the fact that around 
85% of the total season ACE occurred in just 
four out of 13 storms. As noted earlier, this 
appears consistent with projected trends in 
TC activity as the climate warms (Knutson 
et al., 2020).

Another measure of intermittency is the 
kurtosis � of the daily ACE distribution (using 
HURDAT2; Landsea and Franklin,  2013), 

Figure 1. Summary map of the Atlantic basin, 2025 TC tracks and region definitions used in this 
paper. Tracks are coloured by Category (tropical depression TD; tropical storm TS; hurricane H; 
major hurricane MH) with line width proportional to maximum sustained wind speed. Hurricanes 
labelled. Coloured boxes indicate the MDR used in Figure 2, wave analysis region used in Figures  5 
and 6, and the Caribbean Sea, Tropical Atlantic and West Africa regions used in Figure 6. Track 
data for 2025 obtained from ATCF realtime (Sampson and Schrader, 2000).

Figure 2. Daily mean SSTs (°C) in the Atlantic MDR (10°–20°N, 20°–85°W) in 2023–2025 (coloured), 
compared with 1991–2020 climatology (grey, mean in dashed black). Data obtained from NOAA 
OISSTv2.1 (Huang et al., 2021).

Figure 3. Cumulative accumulated cyclone energy (ACE) in 2025 compared with the long-term 
(1991–2020) average and specific comparison years referred to in the text. Lifecycles of 2025 TCs 
inset, coloured as in Figure 1, with hurricanes labelled. Data for 2025 obtained from ATCF realtime 
(Sampson and Schrader,  2000) and for 1991–2020 from HURDAT2 (Landsea and Franklin, 2013).
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which measures the tailedness of the dis-
tribution (Wilks,  2006): increasing values 
correspond to increasingly extreme devia-
tions from the mean. In the modern cli-
matology period from 1991 onwards, the 
2025 season is uniquely placed as an inter-
mittent season with both near-normal ACE 
(within 20% of the mean ~120) and warm 
MDR SSTs. The 2025 ACE distribution has 
the second-highest kurtosis (� ≈ 13) in this 
period (with mean � ≈ 7), exceeded only 
by the 2018 season (� ≈ 15). However, MDR 
SSTs in 2018 were below average (−0.28°C), 
with neutral ENSO conditions developing 
into El Niño late in the season, and a strong 
WAM (NOAA,  2026). The intermittency in 
2018 can therefore be attributed to the 
frequent but relatively weak activity amid 
otherwise unfavourable conditions for TC 
activity, punctuated by a Category 5 and  
a long-lived Category 4 hurricane which 
generated extreme ACE values compared 
to the rest of the season, increasing � . 
The near-normal ACE in 2018 exceeded 
expectations based on SSTs, whereas in 
2025, the near-normal ACE can be viewed 
as unusual based on SSTs. Only the 2016 
season has comparable MDR SSTs to 2025 
(0.39°C) and near-normal ACE (~140) in the 
modern climatology period, but with near-
average kurtosis (� ≈ 8) indicating steady 
accumulation of ACE throughout the sea-
son amid favourable La Niña conditions. 
All other seasons with similar or greater 
SSTs (2005, 2010, 2017, 2020, 2023, 2024) 

saw well above-average activity, with the 
exception of 2023 which featured a strong 
El Niño. In the following sections, we iden-
tify the unfavourable conditions that led 
to the relative lack of TC activity in 2025 
and discuss factors that contributed to the 
strong intraseasonal variability compared to 
recent climatology, manifested as clusters of 
very active days interspersed with extended 
inactive periods.

Large-scale environmental 
conditions
The large - scale thermodynamic 
environment in the Atlantic basin in 2025 
was generally unfavourable for TC activity. 
Figure  4 shows anomalies of four key 
environmental factors, averaged over the 
quiet early season (June and July) and 
the more active peak season (August–
October). The latter period includes the 
peak-season lull from mid-August to mid-
September, though the remainder of the 
period was more active. We consider sea-
level pressure (SLP), relative SSTs (relative to 
the mean SST in the tropical belt 20°N–S), 
200–850hPa temperature lapse rate, and 
mid-level RH at 500hPa. These factors act 
to favour or suppress cyclogenesis by 
providing or disrupting large-scale support 
for convection. Note that Figure  4 shows 
a large-scale and time-averaged picture 
of the environment; localised support 

for cyclogenesis can – and did – drive 
convection over short periods. Moreover, 
there is a two-way feedback between TCs 
and their surrounding environment: TCs are 
associated with low SLP, extended regions 
of moist mid-level air and tend to leave a 
cool SST wake in their path (Karnauskas 
et al.,  2021). To account for contamination 
of the monthly average by strong long-
lived TCs, we remove days with daily ACE 
exceeding 1 unit (0 days in June–July, 
28 days in August–October).

The 2025 season saw basin-wide high 
SLP throughout. The typical pressure 
pattern in the Atlantic basin during the 
summer months features a subtropical high 
pressure system that drives the easterly 
trade winds in the tropics. Anomalous high 
summertime SLP (Figure  4a, b) has been 
linked to suppressed TC activity owing 
to increased large-scale subsidence of air 
that dries out the mid-troposphere, as well 
as indicating the presence of a persistent 
tropical upper-tropospheric trough (TUTT) 
that increases vertical wind shear (see TUTT 
discussion in ‘Circulation and SST Patterns’; 
Knaff,  1997). High mid-level RH (Figure  4c, 
d) is essential to support deep convection; 
a dry mid-troposphere therefore reduces 
the likelihood of cyclogenesis, acting as a 
positive feedback loop that maintains the 
SLP anomaly. Although the dry anomalies 
are smaller scale than the basin-wide high 
SLP, they are focussed in the tropical Atlantic 
near the coast of West Africa in June and 
July. These anomalies are also indicative of 
the dry Saharan air layer (SAL) extending into 
the Atlantic, disrupting the development of 
AEWs. Examining differences between June, 
July and August (not shown) shows a wet/
dry dipole that moves northwards from the 
Guinea Coast (southern coast of West Africa) 
in June to the Sahel in central West Africa in 
July and August, indicating a gradual onset 
of the WAM that usually occurs in late June 
(e.g. Vellinga et al. (2013)). The position and 
strength of the convectively active region of 
the WAM is a crucial factor in the generation 
of AEWs (Hsieh and Cook,  2005). The weak 
WAM and high SLP both result in weak AEWs 
that are less likely to form TCs during July 
and early August. Although the high SLP 
anomaly persists in August–October, the 
anomaly is weaker and lower SLP is present 
near the US west coast. Correspondingly, 
the tropical Atlantic mid-troposphere is 
generally wetter than climatology during 
August–October, indicating a less hostile 
environment for AEWs and TC development.

Another persistent feature of the 2025 sea-
son is low temperature lapse rates (Figure 4e, 
f ), indicating a more stable atmosphere that 
is less favourable for deep convection. This 
is consistent with climate model predictions 
that lapse rates will decrease as the upper 
troposphere warms faster than the lower 
troposphere (e.g. Keil et al., 2021), resulting 

Figure 4. Monthly-mean anomaly (relative to 1991–2020 climatology) in June–July and August–
October 2025 of (a, b) sea-level pressure, (c, d) 500hPa relative humidity, (e, f ) 850–200hPa temper-
ature lapse rate and (g, h) relative sea-surface temperature. Days with ACE > 1 are removed from 
the averages. Data from preliminary ERA5 reanalysis (Hersbach et al., 2020).
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on in increasingly hostile thermodynamic con-
ditions for TC development and intensifica-
tion. Although the troposphere was more 
stable throughout the season (particularly 
over West Africa, likely disrupting the WAM), 
the tropical Atlantic and Caribbean Sea 
became less stable in August–October, pro-
viding better support for the development 
of TCs. The spatial pattern of SSTs through-
out the 2025 season also acted against 
the development of convective systems in 
the Atlantic basin. This is best understood 
using relative SST anomalies (Figure  4g, h), 
with the mean SST anomaly in the tropi-
cal belt (20°S to 20°N) subtracted. Relative 
SSTs more clearly indicate patterns that can 
drive convection since warm SSTs are less 
effective when the surroundings are also 
warm (e.g. Williams et al.,  2023). Although 
SSTs remained close to record warmth in the 
MDR (Figure  2), large parts of the Atlantic 
basin were also much warmer than aver-
age. In particular, the highest relative SST 
anomalies were found in the subtropical 
Atlantic, around 15°N. In a typical season, 
the Hadley cell circulation shifts slightly 
north of the equator during the summer 
months, with air rising in the tropics along 
the inter-tropical convergence zone (ITCZ) 
and sinking in the subtropics. Warmer SSTs 
in the subtropics are indicative of a weaker 
Hadley cell circulation that is less support-
ive of convection in the tropical Atlantic. 
The relative SST contrast between the trop-
ics and subtropics was weaker in August–
October compared to June and July. Other 
SST and circulation patterns played a role 
in the observed variability in activity during 
these months, such as the marked increase 
in SSTs in the Caribbean Sea that created a 
potent environment for Category 5 Melissa 
to form and rapidly intensify in October (see 
later discussion).

Influence of Kelvin waves, MJO 
and WAM on African easterly 
waves
Russell et al.  (2017) showed that 71% of 
North Atlantic TCs are linked to AEWs. 
Recent work has shown that KWs can 
support cyclogenesis by preconditioning 
the environment around AEWs (Lawton 
et al.,  2022; Lawton and Majumdar,  2023), 
and the convectively active phase of a KW 
has been shown to modulate synoptic-scale 
conditions that favour the development of 
TCs from AEWs in the days following its 
passage (Rios-Berrios et al., 2024b). The MJO 
has also been shown to favour cyclogenesis 
during periods of anomalous upper-level 
divergence (Barrett and Leslie,  2009). We 
emphasise that KWs and the MJO do not 
directly initiate cyclogenesis, rather they 
influence AEW development, thereby 
increasing the likelihood of cyclogenesis. 
Here, we analyse AEWs in the 2025 Atlantic 

season using the lower troposphere (700hPa) 
relative vorticity anomaly � ′ (e.g. Jonville 
et al., 2025b). AEWs are identified as positive 
� ′ values following a bandpass filter with 
period 2–6 days (e.g. Hopsch et al.,  2010) 
and wavenumbers 6–20 (e.g. Schreck 
et al.,  2012). To explore the role of MJO 
favourable periods, we use a bandpass filter 
with period 30–96 days and wavenumbers 
1–5 applied to the velocity potential 
anomaly at 200hPa, �200, with negative 
values corresponding to divergence in the 
upper troposphere. Similarly, the role of 
KWs is investigated using a bandpass filter 
with period 2.5–20 days, wavenumbers 1–14 
and equivalent depths 8–90m applied to 

the outgoing long-wave radiation (OLR) 
anomaly; negative values correspond to 
convectively active KW phases (Ventrice 
et al.,  2012b). A 40-day buffer period is 
added to the beginning and end of the 
time period of interest (June to November) 
to reduce spectral leakage. Favourable MJO 
conditions and KW phases are identified 
where the wave-filtered signal is less than 
one standard deviation below the mean 
(both calculated within the wave analysis 
region).

Figure  5(a) shows a Hovmöller plot 
(longitude vs time) of the AEW-filtered, 
latitudinally averaged � ′ field in the wave 
analysis region (0°–60°W, 5°–20°N) indicated 

Figure 5.  (a) Hovmöller plot of the AEW-filtered relative vorticity anomaly � ′ (relative to 1991–2020 
climatology) at 700hPa averaged over 5°–20°N latitude. Only positive values are shown for clar-
ity. Favourable KW (MJO) signals are shown where the filtered OLR anomaly (velocity potential 
anomaly at 200hPa) is more than one standard deviation below the mean. TCs are overlaid whilst 
within the wave analysis region indicated in Figure 1. (b) AEW maximum amplitude (maximum 
relative vorticity anomaly � ′

max
) versus crossing-time at 20°N. AEWs whose maximum amplitude 

occurs up to 4 days after a passing favourable KW signal are coloured dark blue, otherwise light 
blue if influenced by a KW during its lifetime. AEWs that form TCs are emphasised with a red circle. 
Data from preliminary ERA5 reanalysis (Hersbach et al., 2020) other than �

200
: 2025 data from 

CFS (Schneider et al.,  2013), climatology from NOAA PSL.
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in Figure  1. TC tracks are overlaid whilst 
the TC remains in the wave analysis region 
and coloured by intensity as in Figure  1. 
Convectively active KW phases and 
favourable MJO conditions are indicated by 
blue and magenta shading, respectively. To 
assess the varying strength of AEWs through 
the season, Figure 5(b) shows the maximum 
relative vorticity anomaly �

′

max along each 
AEW track compared to climatology, 
plotted at the time that the track passes 
20°W, corresponding to the approximate 
time that the AEW crosses the West African 
coast into the Atlantic. AEWs that reach their 
maximum amplitude up to 4 days after the 
passage of a convectively active KW phase 
are highlighted in solid blue. The choice of 
lead-time is based on analysis of the time 
lag between cyclogenesis and KW peaks 
by Rios-Berrios et al.  (2024b) and Lawton 
and Majumdar (2023). AEWs that experience 
the passage of a KW in their lifetime are 
highlighted in light blue. AEWs that produce 
TCs are circled in red, using post-season 
analyses (NHC,  2026) for confirmation.

Whilst the number of AEWs crossing 
20°W during the 2025 hurricane season 
(46) is close to the climatological average 
(43) when calculated using our method, 
the maximum amplitude of the AEWs is 
below average for extended periods that 
coincide with low TC activity in the Atlantic 
basin, particularly July and most of August. 
Whilst weaker-than-average AEWs can still 
develop into TCs (e.g. Erin in mid-August), 
they are more likely to be disrupted dur-
ing their evolution, reducing the likelihood 
of cyclogenesis (Agudelo et al.,  2011). Six 
of eight AEWs that produce TCs in 2025 
are close to or stronger than the clima-
tological average. The frequency of AEWs 
entering the Atlantic basin appears uniform 
throughout the season, but owing to the 
disrupted WAM (due to anomalous subsid-
ence and increased stability) and dry air 
over West Africa noted earlier and shown 
below, AEWs were generally weaker and 
consequently less likely to produce TCs 
during the first half of the season.

Figure 5(b) shows that many TC-producing 
AEWs are influenced by KWs shortly before 
reaching their maximum amplitude, con-
sistent with Rios-Berrios et al.  (2024b), and 
periods with a lack of KW activity (e.g. July 
and mid-August to mid-September) coin-
cide with periods with weak AEWs. The lat-
ter observation may have played a role in 
the relative lack of TC activity during these 
periods – Thorncroft and Hodges  (2001) 
showed that variability in the amplitude of 
AEWs, not just the number of AEWs, can 
influence TC activity. Over the season, the 
influence of KWs was consistent with clima-
tology: 74% of AEWs during the 2025 sea-
son were influenced by KWs at some point 
in their lifetime, consistent with results from 
Lawton and Majumdar  (2023) that 76% of 

AEWs were KW-influenced in a 39-year 
record from 1981 to 2019.

The suppressed development of AEWs 
in June–August can also be linked to epi-
sodes of strong vertical shear, dry air and 
increased subsidence over the tropical 
Atlantic, preventing development of AEWs 
downstream of West Africa. Figure  6(a) 
shows a timeseries of daily ACE highlighted 
where favourable MJO conditions and KW 
phases are present in the wave analysis 
region used in Figure  5. Figure  6(b) shows 
the 850–200hPa deep-layer vertical wind 
shear anomaly, regionally averaged in the 
Caribbean Sea, tropical Atlantic and West 
Africa (as shown in Figure  1). Thresholding 
of the 700hPa relative vorticity anomaly 
shown in Figure 5 was used to remove TCs 
and AEWs from the averages. Figure  6(b) 
shows that strong vertical shear was pre-
sent for extended periods up to the middle 
of September in West Africa and the tropi-
cal Atlantic, disrupting the development of 
AEWs.

Figure  6(c) shows a WAM index defined 
as the standardised difference between the 
925hPa wind speed and the 200hPa zonal 
wind speed averaged over 20°W–20°E, 
3°–13°N, following Ndiaye et al.  (2009). The 
WAM index measures the strength of the 
monsoon circulation: the monsoon can be 
considered ‘active’ when the index is posi-
tive, though onset of the WAM is difficult to 
define objectively (Fitzpatrick et al.,  2015). 
AEW amplitudes typically decrease as the 
WAM weakens and dissipates in October, 
but the African easterly jet persists into 
November, continuing to produce weak AEWs 
(Afiesimama, 2007). Note that the circulation 
weakens in September whilst monsoon rain-
fall persists (Pu and Cook,  2012; Zhang and 
Cook,  2014), reducing the WAM index from 
September onwards as seen in the 1991–
2020 climatology in Figure 6(c), despite con-
tinued influence on AEWs. The WAM index in 
Figure 6(c)is consistent with a disrupted WAM 
during the first half of the season (JJA) noted 
earlier, as well as a stronger WAM during late 
September and October.

Figure 6. Time series of activity, vertical shear, WAM circulation strength and favourable KW and 
MJO periods in the 2025 Atlantic hurricane season. (a) Daily ACE with periods of favourable MJO 
and KW activity highlighted in magenta and blue, respectively, corresponding to the presence 
of favourable wave signals as shown in Figure 5. Lifecycles of 2025 TCs shown with intensity 
indicated in colour as in Figure  3. (b) Daily mean 850–200hPa vertical wind shear anomaly in the 
Caribbean Sea, Tropical Atlantic and West Africa. Averaging regions shown in Figure 1. (c) WAM 
circulation index, defined as in Ndiaye et al.  (2009) (see text). (d) MJO amplitude and phase calcu-
lated from the Real-time Multivariate MJO (RMM) index (Wheeler and Hendon, 2004) provided by 
the Australian Bureau of Meteorology.

 14778696, 0, D
ow

nloaded from
 https://rm

ets.onlinelibrary.w
iley.com

/doi/10.1002/w
ea.70063 by C

harles Pow
ell - C

am
bridge U

niversity L
ibrary , W

iley O
nline L

ibrary on [20/04/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



6

W
ea

th
er

 –
 9

99
9,

 V
ol

. 9
9,

 N
o.

 9
  


 

A 
re

tro
sp

ec
tiv

e 
on

 th
e 

20
25

 A
tla

nt
ic 

hu
rri

ca
ne

 se
as

on One of the strongest sources of intrasea-
sonal variability in TC activity in the Atlantic 
basin is the MJO. Typically, the MJO favours 
TC formation in the Atlantic basin when 
in phases one and two, when upper-level 
divergence is enhanced over the African 
continent and Indian Ocean (strengthening 
the WAM and African easterly jet, influencing 
AEW development) and to a lesser extent 
also phase eight (Klotzbach, 2010; Barnston 
et al., 2015). The phase and amplitude of the 
MJO is often characterised using the RMM 
index (Wheeler and Hendon,  2004) shown 
in Figure 6(d); the MJO is considered ‘coher-
ent’ when the RMM amplitude exceeds 1. 
Periods with a coherent and favourable MJO 
are highlighted, which are broadly consist-
ent with the favourable periods identified 
via wave-filtering as shown in Figures 5 and 
6(a). On average in 1991–2020, there were 
49 days during the Atlantic hurricane sea-
son where the MJO was coherent and in 
phase 1, 2 or 8, with a standard deviation 
of 13 days. In 2025, there were only 25 days 
with these favourable MJO conditions, 
the second lowest since 1991. Combined 
with the increased stability and high SLP 
throughout the 2025 season, the relative 
lack of favourable MJO conditions may have 
contributed to the lack of TC activity relative 
to expectations based on the warm SSTs. 
It can be seen from Figures  5 and 6 that 
favourable MJO forcing occurred in two 
periods, coinciding with the development 
of TCs from AEWs: first, Erin and Fernando 
in mid-August, later, Lorenzo and Melissa 
in mid-October. The AEWs from which 
Fernando, Lorenzo and Melissa formed were 
also influenced by KWs.

Circulation and SST patterns
The relative lack of activity in the 2025 
season can be viewed as a result of 
generally unfavourable large-scale 
conditions (SLP, stability), as well as 
disrupted AEW development early (June, 
July) and late (November) in the season 
owing to smaller-scale variability in 
conditions (shear, humidity) and WAM 
strength. Here, we discuss how the upper-
level circulation as well as low-level trade 
winds and SST patterns contributed to 
the observed intraseasonal variability. In 
boreal summer months, the upper-level 
circulation pattern in the North Atlantic 
features a TUTT adjacent to the subtropical 
(Azores) high. The strength, position and 
orientation of the TUTT are subject to 
internal variability as well as influence 
from mid-latitude wave-breaking and TCs 
(Ferreira and Schubert, 1999; Lu et al., 2017). 
The TUTT can also influence TC genesis 
(Sears and Velden, 2014) and intensification 
(Fischer et al.,  2017). The upper-level flow 
brings cold air from the mid-latitudes into 
the subtropics, increasing lapse rates that 

favour convection, as well as enhancing 
divergence equatorward and east of the 
trough. However, the strong upper-level 
winds can also increase deep-layer shear and, 
depending on extent and position, mix dry 
subtropical air into the tropics and draw the 
SAL into the tropical Atlantic, suppressing 
TC activity. The movement of TCs is also 
heavily influenced by upper atmospheric 
winds that act as a ‘steering flow’, meaning 
a TUTT can promote recurvature in the mid-
Atlantic.

Figure  7 shows monthly-mean upper-
tropospheric winds and geopotential height 
contours in the Atlantic basin from June to 
September, with upper-level troughs indi-
cated by blue lines, illustrating the persis-
tent TUTT present in June and July that 
contributed to the strong vertical shear 
and dry tropical Atlantic noted earlier. 
Although the TUTT weakened in August, 
strong vertical shear was still present near 
West Africa that likely continued to disrupt 
AEW development. In September, the TUTT 
regained strength but with more favourable 
positioning and weaker shear that may have 
supported intensification of TCs moving 
westward across the Atlantic. Owing to the 
two-way feedback between TCs and TUTTs, 
the monthly averages in Figure  7 do not 
exclude days with large ACE values, unlike 
the averages shown in Figure 4. It is possible 
that the increase in TC activity in September 
contributed to variability in the TUTT: note 
that Imelda and Humberto formed between 
40°W and 60°W, close to the trough axis.

It is notable that most TCs remained well 
offshore this season. The exceptions are 
Barry and Chantal, which made landfall 
in the US as tropical storms early in the 
season, and Melissa, which made landfall 

in Jamaica at peak strength as a Category 
5 major hurricane and later in Cuba as a 
Category 3 hurricane. Although the TUTT 
varied in strength through the season, the 
upper-level circulation pattern favoured 
recurving TCs throughout. Persistent low 
SLP near the US coast in August–October 
also likely contributed to the recurvature of 
TCs (see Figure  4b).

Variability in SST patterns and low-level 
winds can influence TC activity by shifting 
convection patterns such as the ITCZ via 
changes in surface convergence and 
evaporation rates (Kossin and Vimont, 2007; 
Wang et al.,  2025). Figure  8 shows the (a, 
b) 10m wind speed anomaly and (c, d) SST 
anomaly. Low-level 10m trade winds are 
overlaid. Days with ACE > 1 are excluded 
as in Figure 4. Surface convergence zones in 
2025 and 1991–2020 climatology are shown 
using a simplified version of the Berry and 
Reeder  (2014) methodology that identifies 
convex minima in the 925hPa convergence 
field. The dominant mode of interannual 
variability in tropical SSTs is the Atlantic 
equatorial mode (AEM), also referred to as 
the Atlantic zonal mode or Atlantic Niño 
(Niña) in the positive (negative) phase (Dippe 
et al.,  2019). The AEM tends to develop in 
late boreal spring, peaking in May to July, 
and is closely related to the formation 
of a ‘cold-tongue’ of cooler-than-average 
SSTs in the eastern equatorial Atlantic 
during the negative phase (Keenlyside 
and Latif,  2007; Dippe et al.,  2018). In 
the warm phase (Atlantic Niño), the AEM 
strengthens the ITCZ and WAM, increasing 
AEW activity and surface convergence in the 
tropical eastern Atlantic (Kim et al.,  2023). 
Conversely, the presence of an equatorial 
cold-tongue during the cold phase (Atlantic 

Figure 7. Upper-troposphere (200hPa) geopotential height contours (grey dashed, 30m interval) 
and flow streamlines (green) with 850–200hPa vertical shear (coloured) in June to September 
2025. Troughs are indicated by thick blue lines. Data from preliminary ERA5 reanalysis (Hersbach 
et al., 2020).
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eather – 9999, Vol. 99, No. 9Niña) enhances the temperature gradient 
between the Gulf of Guinea and the Sahel, 
strengthening low-level southerly winds that 
displace the WAM and African easterly jet 
(AEJ) northwards (Okumura and Xie,  2004; 
Caniaux et al.,  2011). Changes in diabatic 
heating associated with a northward-shifted 
AEJ have been linked to weakened AEW 
activity (Núñez Ocasio et al., 2024, 2025). A 
negative phase of the AEM (Atlantic Niña, 
the first since 2014) developed in June, 
lasting until August and returning to neutral 
from September onwards (NOAA Climate 
Prediction Center,  2026a). The negative-
AEM associated equatorial cold-tongue 
is clearly seen between 0°W and 30°W in 
Figure  8(c), consistent with a weakened 
WAM and disrupted AEW activity in June, 
July and much of August as noted in the 
earlier analysis of AEWs. During August–
October, the cold-tongue is less pronounced 
(Figure  8d).

In June and July, the northeasterly trade 
winds between 60°W and 20°W were weak 
and the ITCZ was shifted slightly north. 
Although weakened trade winds typically 
weaken vertical shear, the anomalously 
strong upper-level winds counteracted this 
response (Figure 7). In August–October, the 
Atlantic segment of the ITCZ was close to its 
climatological position but the West African 
segment (associated with the WAM) was still 
displaced northwards, whilst the 60°–20°W 
trade winds were anomalously strong. The 
northward shifted convergence zone in West 
Africa likely resulted in a more northward 
track of AEWs. Stronger vertical wind shear 
(Figure  7) and cooler SSTs (Figure  8c,  d) 
mean that AEWs on a northward shifted 
track tend to be weaker and therefore less 
likely to develop into TCs, as observed in 
2024 (Klotzbach et al., 2025) and supported 
by the generally low AEW amplitudes noted 
in Figure  5. The increasing strength of the 

trade winds may have contributed to the 
cooler SSTs in the 5°–15°N belt by increasing 
surface evaporation rates from the early to 
late season. Similarly, the weakening trade 
winds in the Caribbean Sea from early to 
late season (compare Figure  8c and d) 
likely contributed to the increase in SSTs 
in the region (noted earlier and shown in 
Figure 4).

Conclusion
The 2025 Atlantic hurricane season was 
near-normal in terms of cumulative ACE 
relative to the recent climatology period 
from 1991 onwards, despite weakly 
favourable La Niña conditions and above-
average SSTs in the MDR that in previous 
seasons have led to above-average activity. 
The 2025 season was the second most 
intermittent of all seasons since 1991 with 
near-normal activity; the majority of ACE 
was produced by four major hurricanes 
out of a total of 13 named storms. In this 
sense, the 2025 season fits into the model-
predicted trend of decreasing activity 
alongside increasing intensity of individual 
TCs (Knutson et al., 2020).

In this paper, we discussed the factors 
that influenced the 2025 season, identifying 
unfavourable large-scale conditions in the 
form of high SLP and increased atmospheric 
stability throughout. The early season 
(June and July) was quiet owing to a 
disrupted WAM, resulting in weak AEWs 
(diagnosed using wave-filtered relative 
vorticity) that were not able to develop 
in the Atlantic basin. Strong vertical 
shear and an extended dry air layer near 
West Africa from a persistent strong TUTT 
also disrupted AEWs during this period. 
Stronger AEWs moving into the Atlantic 
basin during August, likely supported by 
an increase in KW activity and favourable 

MJO conditions, led to an increase in activity 
with the first major hurricane of the season 
(Erin). During the climatological peak of 
the hurricane season, from mid-August 
to mid-September, no activity occurred. 
Vertical shear, unfavourable circulation 
and SST patterns from an Atlantic Niña 
event, and strong subsidence disrupted 
the development of AEWs and suppressed 
cyclogenesis. September and October saw 
two further clusters of activity as vertical 
shear weakened and the WAM regained 
strength. Hurricanes Gabrielle, Humberto 
and Imelda all formed and reached peak 
strength during a 2-week period in late 
September. The restrengthened and more 
favourably positioned TUTT, as well as more 
frequent KW activity, may have supported 
the development of AEWs crossing the 
Atlantic basin. The final burst of activity 
in October coincided with favourable MJO 
conditions, during which Melissa formed and 
later developed into an intense Category 5 
hurricane owing to particularly warm SSTs 
in the Caribbean Sea that were aided by 
weakened trade winds in the preceding 
months.

Recent research showing that 
convectively active KW phases can 
modulate the development of AEWs is 
supported by the wave analysis presented 
in this paper (Lawton and Majumdar, 2023; 
Rios-Berrios et al.,  2024b). This study 
represents an addition to recent case 
studies of KW influence on cyclogenesis 
using observations in the Atlantic (Ventrice 
et al.,  2012a; Jonville et al.,  2025a) and 
globally (Schreck, 2015, 2016). The extended 
periods of low activity in the 2025 season 
coincided with an absence of KW activity, 
particularly in July. Compared to recent 
climatology, there were also relatively few 
episodes of favourable MJO conditions. The 
factors that influence KW and MJO variability 
were not studied here but represent 
an important topic for future research, 
particularly their predictability. Further, it 
remains an open question whether KW 
influence on the development of AEWs and 
modulation of the large-scale environment 
by the MJO will become more important in 
a future climate with a more stable Atlantic. 
Other aspects of predictability that could 
be explored in future work include the 
persistence of TUTTs, which played a key 
role in controlling vertical wind shear in the 
2025 season, and the interactions between 
different modes of variability in SST patterns 
such as the AEM which appeared to ‘mask’ 
the expected response to a positive Atlantic 
Meridional Mode in the latter part of the 
2025 season.

Many interesting aspects of the 2025 
season have not been covered in this study. 
One key aspect is rapid intensification (RI): 
in the North Atlantic, around 80% of TCs 
that undergo RI become major hurricanes, 

Figure 8. Low-level (10m) winds overlaid on (a, b) 10m wind speed anomaly (colour) and (c, d) SST 
anomaly (colour) relative to 1991–2020 climatology averaged over (a, c) June & July and (b, d) 
August-October. Position of the ITCZ indicated by lines of convergence at 925hPa in 2025 (green) 
and 1991–2020 climatology (purple) using a modified version of the Berry and Reeder  (2014) 
methodology. Data from preliminary ERA5 reanalysis (Hersbach et al., 2020).
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on and there is evidence that RI is becoming 
more common (Bhatia et al.,  2019). There 
were several examples of RI observed this 
season as the major hurricanes developed, 
which appears to support that trend. Another 
aspect is the continued advancement of AI 
tracking and intensity models, some of which 
appeared to pick up on episodes of RI ahead 
of conventional physical models (NHC, 2025).
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