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Rapid intensification of tropical cyclones
in the Gulf of Mexico is more likely during

marine heatwaves
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Tropical cyclones can rapidly intensify under favorable oceanic and atmospheric conditions. This
phenomenon is complex and difficult to predict, making it a serious challenge for coastal communities.
A key contributing factor to the intensification process is the presence of prolonged high sea surface
temperatures, also known as marine heatwaves. However, the extent to which marine heatwaves
contribute to the potential of rapid intensification events is not yet fully explored. Here, we conduct a
probabilistic analysis to assess how the likelihood of rapid intensification changes during marine
heatwaves in the Gulf of Mexico and northwestern Caribbean Sea. Approximately 70% of hurricanes
that formed between 1950 and 2022 were influenced by marine heatwaves. Notably, rapid
intensification is, on average, 50% more likely during marine heatwaves. As marine heatwaves are on
the increase due to climate change, our findings indicate that more frequent rapid intensification

events can be expected in the warming climate.

In September 2022, Hurricane Ian rapidly intensified from a tropical storm
to a Category 4 hurricane within just 2 days, as it traversed the warm waters
(230 °C) of the Caribbean Sea, before making landfall on the Gulf coast of
Florida. Within a mere 36 h, Ian underwent a staggering transformation
from a tropical storm with 60 mph winds to a formidable Category 3 hur-
ricane, boasting winds of 125 mph. Following its devastation of western
Cuba, Ian experienced another rapid intensification phase over a warm
region in the Gulf of Mexico. In just 8 h, the storm’s maximum wind speeds
surged from 120 to 155 mph, narrowly missing the Category 5 threshold by
a mere 2 mph. Ian was responsible for over 150 direct and indirect deaths
and $114B economic impact, making it the third costliest hurricane in
United States history'.

Variability in the intensity of tropical cyclones (TCs) prior to
landfall poses a major challenge in predicting their threats to coastal
communities’. It is estimated that intensity forecast errors are approxi-
mately 2-3 times larger for rapid changes in TC intensity than for non-
rapidly intensifying events’. This unpredictability, coupled with a lack of
appropriate preparedness, often leads to higher risk of catastrophic socio-
economic damage during such events. The upward trend in the fraction
of storms featuring rapid intensification amplifies this threat. According
to the National Hurricane Center, rapid intensification (RI) of a TC
(tropical depression, tropical storm, or hurricane) is defined as a 35 mph
(~30 knots or 56 kmh™") increase in maximum sustained winds over a
24 h period. Approximately 79% of major storms (Saffir-Simpson scale

Categories 3-5, for which the lifetime maximum intensity is greater than
111 mph) undergo this intensification process during their life cycle®.
A study’ found that, the hurricane RI events with >70 mph increase in
wind speed over a 24 h period immediately prior to landfall is expected to
be 10-20 times more likely by the end of the twenty-first century com-
pared with the late twentieth century. Practically, the frequency of RI
events in a year serves as an indicator for the number of Category 4-5
hurricanes’.

The RI of TCs is a complex phenomenon that is influenced by a
variety of factors, including but not limited to high sea surface tem-
perature (SST), low wind shear, abundant moisture and excess ocean
heat content as a measure of the water temperature in the sub-surface
(Fig. 1). Previous investigations have revealed that elevated SSTs are
pivotal in driving the inter-annual fluctuations observed in both TC
frequency and intensity. Generally, the critical temperature threshold
for tropical cyclogenesis is SST >26°C”". Therefore, increased SSTs
before and/or during a storm event have the potential to influence the
evolution of a TC, causing it to undergo RI. Scientific findings have
established that even moderate shifts in SST, as low as 1 °C, can increase
the maximum total enthalpy (i.e., summation of sensible and latent heat
fluxes) by 40% or more’. High SSTs persist over an extended period,
better influence the water body, and increase the likelihood of RI
occurrence. The requirement for a systematic framework to identify
such warming events necessitates the definition of marine heatwave
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Fig. 1 | Processes involved in the formation of compounding MHW and RI events.
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(MHW) as an indicator of a contiguous period of ocean water warming.
MHW events are commonly characterized by at least 5 days of warm
SSTs exceeding a high seasonally varying threshold above a baseline
period.

The term compound weather or climate events refers to events that
involve multiple climate drivers or hazards that threaten society or the
environment'’. Based on this definition, occurrence of MHWSs con-
currently or in close succession with Rls can be classified as a com-
pounding event. Recent studies have highlighted the importance of
MHWs as a catalyst for rapidly intensifying hurricanes'""”. Prolonged
pre-storm warming periods due to MHWS serve as a heat source for the
ocean fostering favorable conditions for the strengthening of storms.
Physical evidence from TC Amphan in the Bay of Bengal’ showcased
the importance of the co-occurrence of MHW and RI events. This TC
experienced higher wind speed change (55-120 knots in 24 h) compared
to Fani (55-90 knots in 24 h), attributed to the coincidence of a strong
MHW with this TC. These compounding effects can potentially be so
strong such that they even dominate other negative atmospheric feed-
back to RI. As an example, for TC Amphan and Hurricane Michael,
high vertical wind shear (VWS) could not prevent them from being
intensified. Choi et al."” examined the impact of MHWSs on TC intensity
change over the western North Pacific and the Atlantic basins. They
concluded that, in comparison to non-MHW TCs, the TC intensifica-
tion rates for MHW TCs are about three times higher. Although this
research has addressed MHW impact on TC intensity changes beyond
limited and specific TC cases, further research at regional or global scales
is needed to elucidate the effects of MHWSs on the RI phases of TCs. A
better understanding of the environmental factors affecting the RI phase
is crucial for TC forecasting models'®". This motivates the conduct of an
in-depth MHW and RI analysis to better inform forecasting models on
the magnitude of the MHW impact on this extremely difficult to predict
phase of the TCs".

Figure 1 illustrates various atmospheric, anthropogenic, hydrologic,
and oceanic processes involved in the formation of a compounding
MHW-RI phenomenon. The air-sea enthalpy (heat/moisture) fluxes into
the hurricane depend on both temperature difference (or sensible heat
flux; SHF) and humidity difference (or latent heat flux; LHF) between the
atmosphere and the upper ocean'’. Given that surface humidity is typi-
cally estimated as a function of SST, with an assumption of near
saturation, it can be inferred that higher SSTs contribute substantially to
the increase of SHF and LHF toward hurricanes'**. This process facil-
itates the upward movement of warm air (sustained convection) in the
eyewall of a TC where the strongest winds are found”"*. The rising warm
and moist air undergo condensation, which releases a large amount of
latent heat. This latent heat causes the cyclone core to warm, further
reducing air density and speeding up the storm™. Other factors like
enhanced oceanic heat advection, persistent large-scale climate modes,
and teleconnections as well as the ocean’s anthropogenic warming not
only help modulate the likelihood and severity of MHWs*, but also
benefit the compounding MHW-RI events by providing favorable
atmospheric and oceanic conditions. The occurrence of downwelling also
helps sustain increased SST's over the ocean shelf, resulting in intensified
air-sea temperature/humidity fluxes due to the enhanced SHF and LHF*.
Downwelling favorable wind during the period of peak hurricane activity
is another potential driver of strong downwelling circulation, as observed
pre-Hurricane Sally’. Previous studies showed that subsurface ocean
warming can play a key role in the generation of MHWs” as well as
TCs™. Further, the rewarming of the upper ocean due to a prior TC may
contribute to the favorable conditions for RI through the breakdown of
stratification and enabling the warm surface layer to penetrate deeper
into the ocean>'. This effect was pinpointed for TCs Gordon, Hanna,
and Marco preceding Hurricanes Michael, Laura, and Sally. In addition,
strong salinity signals, such as those caused by river runoff, can play a
crucial role in the evolution of SST, primarily through their influence on
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Fig. 2 | Thelink between landfalling and rapidly intensified TCs. Left panel: tracks of all landfalling TCs with/without RI event in the GoM and NWCS; Right panel: paths of
five destructive historical hurricanes in the GoM and NWCS along with their categories and RI start locations. The track data source is IBTrACS™.

the density structure of the upper ocean in the form of barrier layers. The
function of these layers is twofold: firstly, they prevent the mixing of
colder deep waters with warm pre-storm SST's, and secondly, they restrict
the cooling of the upper ocean during TCs'**, such as the role of Mis-
sissippi River discharge on the intensification of Hurricane Michael. In
addition to barrier layer thickness, reduced vertical mixing before TC
passage helps sustain the MHW condition and stability of the warm
column. Later, the deepening of the upper ocean mixed layer and warm
ocean advection dissipate the heat, creating a larger body of warm water
during the passage of TC and the intensification phase. As the primary
focus of this paper is the statistical investigation of the connection
between MHW:s and RIs, please refer to refs. 30,31 for further details on
the physical explanation of the relationship between abnormally high
SST and TC RL

The extent to which the occurrence of MHW s amplifies the occurrence
of RI remains unclear. This knowledge gap coupled with the trend of
warming oceans due to climate change is another motivation of the present
study. In light of the expected surge in frequency and intensity of both
MHWs and TCs in future warming scenarios™”, it becomes essential to
examine the implications arising from the co-occurrence of these events and
their compounding interactions. The overarching goal of this research is to
determine if Rls are more likely during MHW events. To achieve this goal,
we conducted a probabilistic analysis to examine the likelihood of RI
occurrence in the presence of MHWs in the Gulf of Mexico (GoM) and
northwestern Caribbean Sea (NWCS) and compare it to the RI probability
in the absence of MHW.

Results

SST pattern across the study area

The study area is highly susceptible to hurricane activities, with approxi-
mately 68% (93 out of 136) of all hurricanes that made landfall on the
continental United States between 1950 and 2022 occurring along the
coastlines of this region’. The left panel of Fig. 2 shows the tracks of all
landfalling TCs across the region, from which the paths of TCs experiencing
RI are colored purple. Landfall and RI occurrences have a very strong
relationship in the GoM and the NWCS. Our analysis revealed that about
70% of major landfalling TCs in the study area underwent RI at least once
along their track. Among them, the RI start locations of five costly hurri-
canes in US history were in the study area (right panel of Fig. 2): Katrina
2005 (rank 1, $192.5B), Harvey 2017 (rank 2, $152.5B), Ian 2022 (rank 3,
$114B), Ida 2021 (rank 6, $80.9B), and Michael 2018 (rank 11, $29.7B). The
costs and rankings are based on a recent NOAA report on the most intense
US tropical cyclones™.
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Fig. 3 | Seasonal cycle of daily SST over the GoM and the NWCS (15°N-30°N;
78°W-100°W). The climatological period is 30 years, ranging from 1982 to 2011.
The envelopes show the 68% (mean * 10) and 95% (mean * 20) bounds. SST values
in 2023 has exceeded upper historical bound and there is a significant positive
anomaly compared to the last year since March. The data source is NOAA

OISST V2.17.

Analysis of the daily SST data in the region underscores the
increased likelihood of RI occurrence even more. SST values throughout
the year 2023 have evidently exceeded the upper bound (i.e., +20) of the
climatology, which is calculated based on a 30-year base period from
1982 to 2011 (Fig. 3). As per our investigation of the SST seasonal cycle in
the GoM and NWCS regions during a 10-year period from 2014 to
2023, we noticed that 8 years (excluding 2014 and 2015) experienced
SSTs overlapping or exceeding the mean plus one standard deviation
level, in particular during hurricane season (i.e., June through Novem-
ber). This evidence highlights the fact that experiencing anomalous SST's
in 2023 is not simply an exception but rather becoming a norm in this
region.

Probabilistic analysis of historical TC intensification events

The focal point of this study is to analyze the interaction between MHW's
and hurricane RIs probabilistically. Therefore, we extracted all historical
RI events (according to the standard definition of RI events by the
National Hurricane Center) from the International Best Track Archive
for Climate Stewardship (IBTrACS) dataset™ (see the “Data” section in
“Methods” for details). The period of our analysis spans from January 1,
1950, through December 31, 2022, with 406 unique TCs on record
(excluding those marked NOT_NAMED). Based on our regional ana-
lysis, we found that within the temporal and spatial domains of our
investigation, 119 unique hurricanes underwent RI, accounting for 29.3%
of all recorded TCs.
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In order to avoid interdependent events, we employed a 24 h mini-
mum separation time (MST) between two successive RI events along the
track of a given hurricane (see “RI definition and detection” in “Methods”).
The results indicate a total of 165 RI occurrences in the GoM and NWCS.
These events have been documented along the paths of 119 hurricanes,
comprising 81 hurricanes that encountered a single RI event, 31 hurricanes
that underwent two RI events, 6 hurricanes that experienced three RI
events, and 1 hurricane that had more than three consecutive RI events.
Further analysis provided in Supplementary Fig. 1 shows the intermonth
distribution of RI events over the entire IBTrACS data period (1950-2022).
This monthly pattern indicates that the historical RI events in the GoM
and the NWCS have occurred between May to November, during the
Atlantic hurricane season (June 1 to November 30). In addition, a monthly
variation was observed in this pattern, with the total number of RI events
throughout this timeframe surging from 12 in July to 43 (about fourfold) in
August. The peak number of rapid intensifying TCs was observed in
September with 53 TCs. During the Atlantic hurricane season, the areas
characterized by very high ocean heat content originating from the Loop
Current and its eddies, create favorable conditions for TC cyclogenesis and
consequently, intensification of hurricanes”*.

Figure 4 depicts the spatial distribution of the probabilities of RI
occurrence in the GoM and NWCS regions. Based on the calculated
empirical probabilities (see Eq. (1) in “Methods”) we have determined three
hotspots in the GoM and NWCS areas with relatively high likelihood of RI
occurrence: near the Cayman Basin in the NWCS, the Bay of Campeche
(Campeche Canyon) and Yucatdn Channel in the GoM. For better clar-
ification, Supplementary Fig. 2 shows the parts of the TC tracks that
experienced RI overlaid on all TC tracks’ map. This figure is consistent with
Fig. 4. It can be observed that a greater density of tracks and associated RI
events converging over the hotspot regions. Furthermore, Supplementary
Fig. 3 shows that higher maximum sustained wind speeds occur more
frequently in hotspot regions due to the higher probability of RI.

Evolution of MHWSs’ intensity, frequency and duration over the
past decades

A general understanding of long-term trends of MHW events in the GoM
and the NWCS is a preliminary step to uncover the impact of MHW s on the
likelihood of RI events in a changing climate. For this purpose, we
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Fig. 4 | The probability of RI occurrence in the GoM and NWCS regions. The light
blue grids demonstrate the locations with insufficient historical information. Hat-
ches represent the grids where the estimated probability is not statistically significant
(p_value >0.1).

implemented a MHW detection strategy to retrieve all MHWs from the
ERAS5 SST data based on the widely-used definition of Hobday et al.” (see
“MHW definition and detection” in “Methods”). Two periods representing
cooler (1950-1980) and warmer (1981-2022) time spans were considered to
reveal spatiotemporal patterns across the study area. During the cooler era
(Fig. 5a), only a few hotspots of MHWSs exhibit more than 3 events per year,
mostly around Cuba and Yucatdn Channel. While during the warmer
period (Fig. 5b), the extent of the regions was expanded to the whole of the
NWCS and the southern GoM. A mean event per year of 4 days is obser-
vable on the path of the Loop Current. Previous studies have shown that the
Loop Current and its eddies are the main sources of heat transport
throughout the study area’*'. The Loop Current is a warm water current
that starts in the Caribbean, flows through the Yucatin Channel into the
Gulf of Mexico, and then moves clockwise. It passes by the Yucatin
Peninsula, forms loop currents in the northeastern Gulf of Mexico, and
eventually becomes part of the Gulf Stream as it travels through the Straits of
Florida, continuing northward along the U.S. eastern coast. The current is
also known as the Florida Current as it flows through the Straits of Florida.
Figure 5c, d demonstrates that the mean of i_max_rel, which represents the
maximum intensity relative to the SST threshold”, is in the range of 0.1 to
1.0°C per year, with a positive shift toward higher intensities during
warming climate. Also, over the GoM, although we see a lower number of
MHW events, with more intense i_max_rel, alarming reaching higher SST
levels. Overall, the Texas-Louisiana Shelf and West Florida Shelf show
higher maximum intensity levels during both cooler and warmer periods.
Pattern of mean duration of MHW events (Fig. 5e, f) the indicates that
during the warmer period, MHW events last almost anywhere longer than
the cooler period. Climate change has led to a substantial increase in the
average duration of MHWs within the study area, rising from 36.5 to
49.5 days per year. It is apparent that the NWCS and along the Loop Current
path at the Yucatin Channel and Straits of Florida experience notably
prolonged MHWs. The southwestern GoM has also experienced rather
prolonged MHWs due to the Yucatdn Current that brings warm water from
the Caribbean Sea to the Western GoM. Further analysis of the relationship
between i_max_rel and duration in Fig. 6 reveals that longer events tend to
occur with lower i_max_rel at higher maximum intensities, and vice versa.
This finding is in full agreement with Fig. 5¢c—f. The results indicate that
short-duration anomalies dominate in both periods, but there is a slight
increase in longer events in the recent period. Moreover, the duration
density plot shows that events with short-duration anomalies experience a
sharp decline in frequency as their duration increases. Broader spread of
higher intensity values reflects an apparent shift toward more intense SST
anomalies in the warmer period. The density plots along thei_max_rel peak
near zero, indicating that most SST anomalies were close to the MHW
detection threshold level. A further observation in Fig. 6 is that all MHWSs
have an SST above 26 °C, which is the minimum temperature that favors TC
formation. Accordingly, in our study domain, PC80 threshold captures
more severe events with an impact on TC strengthening.

Contribution of MHWs in enhancing the likelihood of Rl events

The main question revolves around the extent to which the occurrence of
MHWs, within a reasonable temporal and spatial distance, impacts the
likelihood of RI events. To address this question and establish a quantitative
framework, we implement conditional probability analysis. Hence, we cal-
culate P(RIIMHW) (see Eq. (2) in “Methods”), which represents the
probability of RI occurrence given a MHW pre-condition. An important
step toward the quantitative analysis of MHW impacts on RI events is to
find out those MHWs that occurred within a reasonable spatial and tem-
poral distance to the historical RI events. For this purpose, this study
leverages a double-threshold approach (see “Relevant” section in “Methods”
for further details) to filter the MHWS that influenced the RI of historical
hurricanes. Employing the double-threshold methodology, we identified all
MHWs that have occurred within 10 days and 125 miles of the beginning of
Rl events (hereinafter called impact area). The pool of influential MHW's on
RI events encompasses 5242 events. These MHW events were identified
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based on a set of criteria, including a minimum separation time of 24 h for RI
events, an SST threshold percentile (PC80), a minimum duration of 5 days,
and a maximum gap of 2 days for detecting MHWs. Our analysis showed
that 75 unique TCs (= 69.44% of all TCs) had at least a MHW within their
impact area. Figure 7 shows that MHWSs have significant impacts on RI
events in nearly all grids of the NWCS, as well as the southern and north-
western GoM. This also accords with our evidence shown in Fig. 5. It is

expected that regions with a higher mean number of events (Fig. 5a, b) and
longer mean durations (Fig. 5e, f) will see a stronger contribution of MHWs
to historically rapidly intensified TCs. This is because more frequent and
temporally extended MHWSs provide more likely TC exposure to a persis-
tent heat source. Furthermore, the spatial pattern of RI occurrence in Fig. 4 is
consistent with Fig. 7, highlighting the fact that the presence of MHWsS is
influential in increasing the RI probability over the hotspot locations.
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An important question that this study aims to answer is: What is the
extent to which the occurrence of RI events increases in the presence of
MHWSs compared to their absence, i.e., P(RI |MH W)? For this purpose,
the gridded multiplication rates (see Eq. (3) in “Methods”) have been
calculated and represented in Fig. 8. Consistent with our physical
understanding, the multiplication rate is substantial in regions with high
P(RIIMHW). The multiplication rate equal to 1 signifies that the like-
lihood of RI events is the same regardless of whether MHW:S are present
or not. In accordance with Figs. 4 and 7, in the southwestern GoM, near
the Yucatdn Channel, and the Yucatdn Basin in the NWCS demonstrate
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Fig. 8 | Regions with increased RI likelihood due to MHWs. The gridded rates
represent the ratios between the conditional probabilities of RI occurrence in the
presence of MHW:  to the conditional probabilities in their absence. Adopted sce-
nario: MST = 24 h, PC80, Minimum duration = 5 days, Maximum gap = 2 days. The
light blue grids demonstrate the locations with insufficient historical information.

the highest magnified likelihood in the presence of MHWSs. We also see
considerable multiplication rates near the Texas-Louisiana Shelf that
showed significant i_max_rel according to Fig. 5¢, d. Interestingly, the
results suggest that the interaction of MHWSs and Rls can amplify the
likelihood of experiencing rapidly intensified TCs up to 5-fold (on-
average 1.5-fold) over the identified hotspot regions. These findings on
the prevalence of significant multiplication rates emphasize the impor-
tance of enhancing our understanding of the potential co-occurrences of
MHW and RI events, as well as the compounding events that stem from
their interactions.
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Discussion

This study unveils an amplification pattern of the likelihood of RI in the
presence of MHWSs. We conducted a comprehensive analysis of the
IBTrACS dataset spanning 1950-2022 across the GoM and NWCS regions.
The results indicated that 67% of TCs with lifetime maximum intensity
exceeding 111 mph (indicator of major storms in Saffir-Simpson Hurricane
Wind Scale) have experienced at least one RI event before making landfall.
This rate is considerable for a distinct geographical domain that may not
necessarily encompass the complete track of all TCs during their lifetime.
An MST of 24 h was considered to ensure the assumption of independence
for RI events.

In the present study, MHWSs were characterized based on the setting
proposed by Hobday et al.”, which is a minimum duration of 5 days and
maximum gap of 2 days. In any case, it should be noted that this definition
was based mostly on atmospheric heatwaves and has been extensively
applied in studies of marine ecosystems (see refs. 42,43 among others). The
extremely high thresholds applicable to heatwave impacts on marine eco-
systems may not apply to the RI of TCs. A persistent ocean warming event
with less strict settings can potentially provide sufficient conditions for rapid
changes in maximum sustained wind speeds. Physical evidence also sup-
ports such adjustments. For example, the percentile-based definition raises
concerns, particularly regarding the discontinuities in exceedance rates
observed at the start and end of the baseline period. Zhang et al.** using
Monte Carlo simulation observed such discontinuities as a sudden increase
in the temperature exceedance rate at the beginning and the end of the base
period. In order to encompass MHW s with lower frequencies and weaker
cumulative intensities, Zhang et al.” introduced two major modifications to
the definition. A modification they made was to calculate the climatological
mean from the original data without applying any smoothing filters, since
this step would artificially increase the intensity and prolong the duration of
MHW events. The second adjustment involves incorporating the calcula-
tion of MHWSs on 29 February during leap years. This allows reliable
examination of daily MHW variations both in regular and leap years. Such
deviations from the widely-used definition by Hobday et al.”’ are also
supported by the observations of Dzwonkowski et al.”. They compared the
evolution of the depth-average temperature from 2020 to climatological
conditions, in the case of Hurricane Sally. It showed that while this increase
in depth-average temperature did not reach the threshold for a MHW, the
temperatures were well above the values that have been statistically asso-
ciated with rapidly intensifying TCs. These observations led us to use the
PC80 threshold instead of PC90, which is a widely used SST threshold level
within the context of MHWs. This helped our framework capture other
frequent but less extreme ocean warming events that were highlighted in the
aforementioned studies.

Employing our proposed double-threshold methodology to identify
influential MHW: for the formation of RI events, we found that approxi-
mately 70% of TCs experienced at least one MHW within their impact area.
Our findings suggest that the contribution of MHWSs on up to 5-fold
amplification of the likelihood of RI events is prevalent in the NWCS and the
southern GoM. These hotspots overlay the regions with higher mean events
and duration per year due to higher exposure to heat source, as evidenced by
the spatial patterns provided in Fig. 5. A large part of this contribution can be
attributed to the enhanced Tropical Cyclone Heat Potential (TCHP), which
serves as a measure of the subsurface heat accumulation. TCHP (see Eq. (4))
reflects stored upper ocean thermal energy and has a strong connection to
pre-storm SST conditions'**’. The enhanced TCHP prevents the SST
cooling triggered by TCs. This enables the persistence of warm ocean
temperatures necessary for sustaining MHW events and fostering RI". It is
worth mentioning that ocean heat content has substantially increased since
the mid-twentieth century both globally”~* and in the North Atlantic™*’".
Therefore, TCHP is expected to become even more readily available to fuel
TCs. The data presented in Table 1 shows that the locations of RIs for four
costly TCs (Harvey 2017, Michael 2018, Ida 2021, Ian 2022) were char-
acterized by a TCHP in the range 83-184 k] cm . These values can be
considered remarkable anomalies as TCs are prone to strengthening in areas

where the TCHP exceeds 50k] cm™ in the Atlantic Ocean. TCHP is
calculated based on the depth of 26 °Cisotherm (D26). This temperature is a
reasonable proxy for the potential for TC intensification, and D26 indicates
the extent of penetration into deep ocean depths. A deeper D26 can provide
a larger heat reservoir for the TC to draw upon, possibly contributing to a
higher RI likelihood. In agreement with Fig. 7, the TCs that experienced RI
in the CS are associated with higher TCHP values as well as deeper mixed
layer depth (MLD) and D26. Deeper MLD indicates that the well-mixed
warm ocean surface layer extends further down. This means that the TC has
to churn through a greater volume of warm water before it reaches cooler
layers, which could otherwise weaken the storm. For each event, the char-
acteristics of the MHW with minimum spatial gap are also summarized in
Table 1. As can be seen, events with lower end gaps and distances to the
beginning of RI often correspond to higher TCHP values. Notably, the RI of
these TCs appears to be mainly influenced by the MHWSs with slight
deviation from the threshold level and maximum intensities (i_max) above
30 °C. It is due to the fact that RI occurrence rate is multiplied in this region
at SSTs above 29 °C*. A similar finding was found in Fig. 6, where long-
lasting events with high intensities were associated with lower i_max_rel
both during cooler and warmer periods.

As discussed above, apart from high TCHP, other factors like low wind
shear and abundant moisture are also have crucial roles in initiating RI
events. Figure 9 illustrates the spatial distributions of mean TCHP, mean
VWS, and mean LHF as a representative of moisture conditions. Figure 9a
shows that there is a good agreement between the spatial pattern of TCHP
and Fig. 4, suggesting that the MHW:s have subsurface structure and are not
limited to surface SSTs only. Essentially, this subsurface warm body of water
represents available oceanic, which can further fuel TCs. Recently, Ray
etal.” highlighted the role of extending warming from surface MHWs  to the
subsurface in transforming Cyclone Yaas (2021) from a tropical depression
to a very severe cyclonic storm. Apart from TCHP, wind shear is another
crucial factor. VWS values of less than 10 m s}, especially around 5 m s
favor rapid intensification™”. The spatial pattern of Fig. 9b shows that wind
shear is very likely to prevent TC intensification in many regions of the GoM
and the NWCS. This indicates that the favorable conditions due to the
presence of MHWs is a necessary but not a sufficient condition for RI
formation, and this is one of the reasons that the gridded probabilities in
Fig. 7 are about half as large as in Fig. 4. LHF is another crucial factor in the
net surface energy flux during this process™. Its role outweighs SHF, which is
related to the temperate difference between the ocean and atmosphere™.
Figure 9c demonstrates that on average, the northern parts of the GoM,
north of Cuba and southeast of the study area in the NWCS have less
conducive conditions in terms of LHF for RI formation. The synchrony of
the aforementioned influential factors is the ideal case for RI initiation,
which is apparent is not plausible in every time span or location. For
example, although the observation of relatively high TCHP values
throughout the NWCS is a positive driver of RI, the LHF and VWS have the
potential to suppress this phenomenon in some regions. This could be
potentially one of the reasons that not necessarily all the regions with high
TCHP exhibit high probability of RI occurrence. It is noteworthy that these
diagrams are merely spatial patterns suitable for providing a general over-
view of the underlying physics before the onset of historical RIs. The co-
varying relationships between these variables and other possibly influential
environmental parameters such as salinity'® should be examined for each
event individually to have better insights into the local variations that occur
before each RI event.

Overall, the presented quantification framework contributes to better
understanding how MHW:s influence RI events, and the compounding
events that result from their interaction. This research provides a basis to
facilitate proactive measures against highly intense TCs, thereby improving
resilience and preparedness efforts to mitigate the potential catastrophic
consequences. While high probabilities of encountering prolonged periods
of high SST could potentially facilitate the occurrence of RI events, it is
important to acknowledge that MHWSs are just one of several pre-
conditioning factors contributing to the RI of TCs. In order for a storm to
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Table 1 | Summary of oceanic and thermal structure data related to Rl points of Hurricanes Harvey (2017), Michael (2018), Ida

(2021), and lan (2022)

Event 1 2 3 4 5 6 7

o number
‘% Hurricane lan Ian Ian Ida Michael Harvey Harvey
£ name
S Basin CS CS GoM CS GoM GoM GoM
g
2 | Rlstart fyq, 18.7 22.6 17.0 232 21.4 237
2 latitude
(]
o | Rsart b g04 | g4 | 836 | 792 | -855 | —923 | —931

longitude

Rl date | 9/25/2022 | 9/26/2022 | 9/27/2022 | 8/26/2021 | 10/9/2018 | 8/23/2017 | 8/24/2017

8 TCHE 97.3 162.1 131.3 90.6 83.1 86.1
= (kJ cm™)
§ MLD 36.1 39.3 39.6 323
= (m)
3 D26
®) (m) 71.4

Distance
Tg (km) 16.1
=
S | 1 max rel
2 B 0.61
5| (O
= i_max
e C) 30.0
€ | Duration 10
£ | (days)
E Start gap 19
5 | (daysy
© | Peak gap
Z | (daysp | '°
= | Endgap 10

(days)®

The columns have been color-coded based on their cell values (dark red: higher value; light red: lower value).
“Start, peak and end gaps indicate the time gaps (days) between the start, peak and end of the MHW event and the start of the Rl event.

strengthen, the combination of favorable large-scale atmospheric conditions
and underlying oceanic conditions must align as well. A brief discussion of
the physical drivers for compound Rl and MHW events has been presented
so far. However, a profound understanding of these compounding events
generally demands case-by-case investigation of TCHP, downwelling con-
ditions, mixed layer depth, barrier layers, preheating and rewarming
behavior of the ocean water body, such as those carried out by Dzwonkowski
etal." and Le Hénaff etal." for Hurricane Michael, or Dzwonkowski et al.”**
for Hurricane Sally. Another crucial mechanism in this region is El Nifio.
This climate pattern causes stronger wind shear over the GoM and the
NWCS, and suppresses hurricane activity”. It is noteworthy that hurricane
activity in 2023 was above normal despite the prevailing El Nifio conditions
during the 2023 Atlantic hurricane season, as VWS due to the El Nifo effect
was below normal in most parts of this region from August to October™.
This is likely due to the extra-warm Atlantic waters, which favored anom-
alous upward motion over the region, counteracting the El Nifio effect.

However, this effect is not yet fully understood®. Further study is needed to
uncover the interconnections between El Nifio, MHWsS, and RIL

A limitation of this study is that our findings are based on historical
events. This opens up opportunities for improvement. To bolster the sta-
tistical significance of the findings and address the data scarcity issue for
compound RI-MHW impact analysis, future work could incorporate
physically-based synthetic TC scenarios, particularly for future projections.
For instance, simulating synthetic TC tracks using wind statistical estima-
tion tool based on Markov chains®® or implementing a statistical-
deterministic TC model to generate large numbers of synthetic TCs under
historical and future projected climate conditions®**'. Machine learning
algorithms, in particular LSTM (stands for long short-term memory net-
works), can also be leveraged to predict RI events (refer to refs. 65,66 for
further details). Recently, Jacox et al.” developed a tool to forecast MHW's
up to a year ahead using a large multimodel ensemble of global climate
forecasts. It is evident that the application of the presented methodology for
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Fig. 9 | Wind shear, ocean thermal and humidity conditions during RI events.
Spatial distribution of (a) mean TCHP, (b) mean VWS, and (c) mean absolute LHF
across the GoM and the NWCS. Values are averaged over a 10-day period before the
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onset of RI events occurred between 2013 and 2022. The dark blue (negative) values
in the TCHP plot denotes the grids without data.

the quantification of the compounding probabilities of MHW and RI events
under enriched datasets of historical and future climates would be even
more informative. As a concluding remark, it should be mentioned that the
annual SSTs in the GoM and the NWCS are expected to increase by
2.2-2.8 °Cby the end of the twenty-first century under RCP8.5 (with the rate
of 0.4-0.5°C per decade)®. Continued ocean warming in this region, as
exemplified by the impacts of Hurricane Ian', can lead to far-reaching
consequences. This is not just an exception specific to the study area. From a
global perspective, there has been a more than 50% rise in the reported
annual number of MHW days throughout the past century®. The spatial
distributions of changes in annual MHW days, frequency, and cumulative
intensity are expected to exhibit a 4-fold increase under a moderate
greenhouse gas emission scenario (i.e., SSP245)”". The increasing frequency
and intensity of MHWS in the world’s oceans act as a supercharger for TCs
globally (see Fig. 1), increasing the risk that they could experience RI.

Methods

Data

The IBTrACS™ (or, the International Best Track Archive for Climate
Stewardship) used for analyzing hurricane data in the implemented ana-
lyses. IBTTACS integrates TC data from multiple global agencies to create a
unified, publicly available, best-track dataset that enables inter-agency
comparisons. This dataset spans from the 1840s to the present and provides
three-hourly information. The other component of current probabilistic
analysis is SST data for MHW characterization. There are also several SST
datasets available for MHW detection. While the NOAA Optimum Inter-
polated SST (OISST) version 2.1”" is the commonly used dataset in heatwave
studies'"”, the European Centre for Medium-range Weather Forecast
(ECMWF) Re-Analysis 5 (or, ERA5) dataset’” provides a much longer and
more consistent record of SST data with superior temporal resolution
(hourly versus daily data) compared to other alternatives. The significance
of having a long-term record lies in the fact that our analysis spans hurri-
canes from 1950 to 2022, necessitating a historical baseline period that
adequately covers this timeframe. ERA5 SST data has been proven to be of
high quality and adequate throughout the GoM and the NWCS”. So, we
used it to provide a robust and comprehensive understanding of the impact
of MHWSs on TC Rl in the study region. The MHW analysis was performed
by obtaining daily-averaged SST data from the ERA5 SST dataset from
January 1, 1940 to December 31, 2022.

Rl definition and detection

Based on the definition proposed by the National Hurricane Center, a RI
event is characterized by a minimum 35 mph increase in maximum sus-
tained wind speeds over a 24 h period™. To extract RI events, we analyze
IBTrACS data over the study region by identifying TC RI events that meet
the specified criteria from January 1, 1950 to December 31, 2022. We found

a total of 738 RI events. Given that RI events are determined based on the
3-hourly best track intensity, it is conceivable that there might be overlap
between sequential RI events within a 24 h timeframe. To alleviate this issue
and ensure reliable estimation of underlying trends and prevent mis-
interpretation, a declustering scheme by utilizing an MST was considered.
This time interval must be longer than the typical duration of the physical
processes generating the events and not too long, to discard independent
events and lose valuable information”™. Kossin et al.”” showed that events
separated by atleast 18 h can be considered independent. Since RI events can
span for 24 h, an MST equal to 24-h was deemed sufficient to ensure
independent events and avoid overlapping RI events. From a probabilistic
viewpoint, we aim at calculating the gridded probability of RI occurrence,
i.e, Py (i), as presented in Eq. (1):

-y Nui(ir))
Pylij) = —+- 1

) = ) W
where i and j are latitude and longitude indices each 1°x 1°computational
grid of the area of interest and N, (i, j) denotes the count of RI occurrences
in the grid cell with indices i and j, Ny (T) is the total number of RI events
across the whole domain in the time period of 1950 to 2022. In our prob-
abilistic analysis, the criterion to identify statistically significant grids is to
have p value < 0.1, which is equivalent to the confidence interval of 90%.
Consequently, hatched grids represent locations with a statistically insig-
nificant probability estimate. In other words, considering the confidence
level of 90%, the observed data in these areas do not provide strong enough
evidence to confidently support a significant or meaningful calculation
of Py;.

MHW definition and detection

MHWs are defined as discrete (or continuous), prolonged, anomalously
high SST events that last from several days to several months or even longer,
ranging from several miles to several thousand miles in size”". Although
several MHW definitions have been proposed, Hobday et al’s definition™
has been widely adopted. They defined MHWS as ocean warming events
with SST's surpassing a seasonally evolving threshold for at least five con-
secutive days. Using seasonally varying thresholds, rather than a fixed mean
annual threshold, this definition enables the detection of MHWS through-
out the year, such as distinguishing summer and winter MHWs'>". The
MHW detection is implemented with an R package, called “heatwaveR””,
based on the ERA5 SST dataset. In this process, MHWs are identified at each
latitude and longitude as warming events where daily-averaged SST's exceed
the seasonally varying PC80 values for a minimum of five consecutive days.
In our analysis, if there is a gap of less than 3 days between two events, they
are treated as a single continuous MHW event. This choice is justified by the
requirement that a warm event needs to last at least 5 days to be classified as
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an MHW, and the upper ocean temperature responds to changes in surface
heat flux on relatively short time scales of hours to a day'*. The uncertainty of
MHW identification mainly stems from SST products. Therefore, the
definition of MHWs here is based on the seasonally evolving threshold to
identify anomalously warming events*. Moreover, a moving 11-day win-
dow size was chosen for the threshold calculation since the minimum
duration ofa MHW is 5 days and this also ensures sample sizes are sufficient
for the estimation of means and percentiles'’®. Also, the climatology and
threshold were smoothed by applying a 31-day moving average. This
smoothing technique helps deal with the high-frequency noise from cli-
matology and threshold calculations™”*. Selection of the baseline period is
also critical for climatology calculation and greatly impacts the entire pro-
cess. While Hobday et al.” suggested a minimum of 30 years, it is recom-
mended to opt for a longer duration. This is to mitigate the influence of
localized decadal trends on MHW frequency. Longer baselines could
introduce bias as the data coverage might be uneven. For instance, cells with
data available only in recent decades due to global warming, would exhibit
higher temperatures, leading to higher MHW thresholds. It should also be
noted that the potential intensity of tropical cyclones depends on the relative
SST, that is, the local SST minus its tropical mean SST”*”, Therefore, it could
be misleading to use a single relatively long baseline period to detect the
incidence of MHW:s over several decades (>50 years) with various stages of
intense warming. For these reasons, von Kietzell et al.*’ used 50-year baseline
to reflect a subjective balance between the two considerations. Similarly, we
deployed two climatological periods of 1940 to 1980 (41 years) and 1981 to
2022 (42 years) as our baseline periods to estimate the percentile thresholds
and mean climatological SST. The extent to which MHWs are related to
mean background warming or variance in non-seasonal temperatures may

76

heavily influence this impact™.

Double-threshold approach: filtering influential MHWs

The identification of influential MHW events in the present study relies on
two key factors: the time window relative to the beginning date of RI, and the
distance from the RI start location. To ensure that these criteria are met, we
developed a double-threshold approach to initially identify MHWs that
exhibit close spatial and temporal connections with historical RI events. It
should be highlighted that there are other factors such as length scales of SST
anomalies and the translation direction and speed of the TC that contribute
to the onset and magnitude of RI that were not included in the present
analysis®’.

Our approach is established upon two temporal and spatial thresholds
that represent these factors. The precise time window during which a
hurricane can be affected by an ocean warming event is still an area of active
research and may vary depending on the circumstances. Some studies'**
focused on the first few days after the MHW event ends to address the
strongest impact of an ocean warming event on RI event, while others™"'
suggest that the impact may continue for several weeks or more and a
sequence of vertical mixing, horizontal advection, upwelling and surface
heat flux can contribute to favorable shelf conditions for Rls. In the present
study, the temporal threshold is defined such that the time span of a MHW
event must fall within 10 days of the beginning date of RI. This choice is
consistent with the sliding window used to calculate climatology and
threshold percentile for defining MHWSs™”. 1t is noteworthy that Dzwon-
kowski et al." used a similar timeframe to study the link between MHWSs
and RI for Hurricane Michael (2018) in the eastern GoM.

For the spatial threshold, we only include MHWs that are located
within 125 miles (= 200 km) of the start location of RI event. This is inspired
by the findings that in addition to the effective radius of the hurricanes
(which is 7-8 times the radius of the maximum wind speed or approximately
100 km from the eye out™), the air-sea enthalpy (heat/moisture) fluxes in the
outer core to the eyewall of the hurricane play a vital role in maintaining and
enhancing the moisture in the boundary layer to support RI"**. The size of
the outer core can vary depending on several factors, including environ-
mental humidity, vortex structure, sea surface temperature, and latitude and
longitude®. Calculations in the study area showed that the mean radius of

maximum wind (RMW) is 414km and the average R34 is 109.7 km.
According to Wang and Xu®, an entropy flux within 2-2.5 RMW (=R34)
plays a crucial role in balancing the high dissipation occurring near the
inner-core region and contributes to their intensification. Given that thermal
displacement during MHWS can spatially extend from tens to thousands of
kilometers™*, considering approximately twice R34 as the spatial threshold
for compounding MHW-RI analysis is deemed meaningful. This is con-
sistent with the definition of Weatherford and Gray” for outer core radius.
They defined it as the region between radii of 1° and 2.5° latitudes. Our
spatial extent is more restrictive than those used in the literature, including
500 km by Mawren et al.” and 300 km by Rathore et al.”.

Mathematical representation of the probabilistic analysis

To calculate the probability of RI given a pre-existed MHW in grid (i, /),
during which the wind speed change (AW) of at least 35 mph in 24 h (At,;)
occurs, and for an MHW,, the temporal and spatial distance to RI} is
maximum 10 days (At,,;,,) and 125 miles (d,;,,), we use Eq. (2). Hence, the
gridded conditional probability of RI occurrence given the MHW occur-
rence, is used to quantify the impact of MHW presence on RI events as
follows:

P(RIIMHW),

=P(RI; N MHW,,| AW, > 35mph, At,; <24hrs, At 10days, d

mhw =

e < < 125miles) i

M, N,
L Y
Domt et (Ntc,,mw_, > 35mph,at, < 24hrs () Nonow, 1A, < 10days.d, 0, < lZSn‘uIes)
Npi(T)

@

where P(RI N |MHW) represents the probability of coincidence of RI and
MHW events within each 1°% 1° computational grid, fulfilling the afore-
mentioned requirements. Same as Eq. (1), N;(T) denotes the total number
of TCs across the whole study area, and M i is the total number of MHW s
that in that occurred grid. In the numerator, the inner sigma loops over each
TC of the grid to identify those that meet the criteria for RI occurrence.
Then, for each Rl event, it searches for the number of MHW:s that fall within
the impact area based on the double-threshold approach. Accordingly, each
count of compound RI and MHW events accounts for one co-occurrence
and adds 1 to the numerator of Eq. (2). A similar methodology has been used
recently to compute the conditional joint probability of compound drought
and heatwave event by Tripathy et al.”.

Finally, the most informative parameter in identifying the amplifying
impact of MHWS’ presence is the multiplication rate. This can be defined as
the ratio between the conditional probabilities of RI occurrence in the
presence of MHWS, i.e., P(RI|MHW), and the conditional probabilities in
their absence, i.e., P(RI|MHW):

P(RIIMHW)

Multiplication rate = —
P(RI|MHW)

3)

The above ratio denotes the actual impact of MHW presence on
amplifying the likelihood of hurricane RI events. This assists in the pin-
pointing and analysis of the contribution of MHWSs to strengthening
the TCs.

To further elaborate on the oceanic and meteorological conditions
before the beginning of RI events, we acquired TCHP, D26, and MLD from
NOAA’s operational satellite ocean heat content product that has a grid
resolution of 0.25° with temporal extent from Aug 27, 2012 onwards’'. The
MLD is defined as the depth where the temperature deviates from the SST by
0.5°C. In this dataset, TCHP is computed from the ocean surface to the
depth of the 26 °C isotherm (D26) using the following equation:

0
TCHP — / ¢ prs(T(2) — 260)dz @)
D26

where c;, is the specific heat capacity of the seawater (=4200 J kg ' °C™"),and
T(z) denotes the upper-ocean temperature structure that includes the SST.
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For this product, density (p) is calculated at every depth (z) using a forth
order polynomial dependent on temperature (T) and salinity (S = 35 psu).

Data availability

The International Best Track Archive for Climate Stewardship
(IBTrACS) dataset, provided by the National Centers for Environmental
Information (NCEI), is available from https://www.nceinoaa.gov/
products/international-best-track-archive. The sea surface temperature
(SST) data used in this study were obtained from the ERAS5 dataset,
provided by the Copernicus Climate Change Service (C3S), and are
publicly available at https://cds.climate.copernicus.eu/cdsapp#!/dataset/
reanalysis-era5-single-levels?tab=form. The analysis of the environ-
mental parameters in Table 1 and Fig. 9 was carried out for the period
2013-2022. TCHP, D26, and MLD data were obtained from the NOAA’s
Operational Satellite Ocean Heat Content Suite, available at the National
Centers for Environmental Information (NCEI) website (https://www.
ncei.noaa.gov/products/satellite-ocean-heat-content-suite). LHF data
were sourced from the ERA5 hourly data on single levels, accessible via
the Copernicus Climate Data Store (https://cds.climate.copernicus.eu/
cdsapp#!/dataset/reanalysis-era5-single-levels?tab=form). Data for VWS
were calculated based on u and v component wind speeds at 200- and
850 hPa pressure levels, obtained from ERA5 hourly data on pressure
levels. This dataset is also available on the Copernicus Climate Data Store
(https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-era5-
pressure-levels?tab=form). Other data that used for creating the plots are
freely available in the data folder of our GitHub pages (see the “Code
availability” section for links).

Code availability

All codes developed for conducting analyses, generating results, and
creating plots are available on our GitHub pages: https://github.com/
sradfar/GoM_ProbRI-MHW and https://github.com/CHL-UA.
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