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Observed increases in North
Atlantic tropical cyclone peak
intensification rates

Andra J. Garner

Quickly intensifying tropical cyclones (TCs) are exceptionally hazardous for Atlantic coastlines. An
analysis of observed maximum changes in wind speed for Atlantic TCs from 1971 to 2020 indicates
that TC intensification rates have already changed as anthropogenic greenhouse gas emissions have
warmed the planet and oceans. Mean maximum TC intensification rates are up to 28.7% greaterin a
modern era (2001-2020) compared to a historical era (1971-1990). In the modern era, it is about as
likely for TCs to intensify by at least 50 kts in 24 h, and more likely for TCs to intensify by at least 20 kts
within 24 h than it was for TCs to intensify by these amounts in 36 h in the historical era. Finally, the
number of TCs that intensify from a Category 1 hurricane (or weaker) into a major hurricane within 36 h
has more than doubled in the modern era relative to the historical era. Significance tests suggest that
it would have been statistically impossible to observe the number of TCs that intensified in this way
during the modern era if rates of intensification had not changed from the historical era.

Tropical cyclones (TCs) are the most damaging natural hazard to regularly impact the U.S. Atlantic and Gulf
coasts'™. From 2012 to 2022, over 160 “billion-dollar” weather and climate disasters impacted the U.S; 24 of these
events were TCs, including the six costliest disasters on record during this time’. Many of the most damaging TCs
to impact the U.S. in recent years have been notable for the speed at which they have intensified. For instance,
Hurricane Maria (2017), the climate disaster with the highest death toll since 1980, and the 4th highest economic
cost in the last four decades, strengthened from a tropical storm to a Category 5 hurricane on the Saffir-Simpson
scale in just over 48 hours®~’. Hurricanes Harvey (2017), [an (2022), Sandy (2012), Ida (2021), and Irma (2017),
the five other costliest U.S. weather and climate disasters in the last decade, all similarly strengthened rapidly,
with most evolving from tropical storms to major hurricanes (Category 3 on the Saffir-Simpson scale or greater)
in under three days>®-12,

The fastest TC intensification rates often occur in areas of unusually warm upper ocean and sea surface tem-
peratures (SSTs)'*~'¢. These warm waters serve as a critical energy source for the strengthening storms which act
as heat engines, transporting excess warmth from the oceans and atmosphere in the tropics to higher latitudes!”.
As anthropogenic emissions have warmed the planet, the world’s oceans have warmed at the surface, where
average temperatures have increased ~ 0.88 °C from 1850-1900 to 2011-2020'%. The rate at which ocean surfaces
have warmed has also accelerated, with 0.60 °C of this warming occurring since 1980'¢. Considering the role of
warm upper ocean water and SSTs in the fastest TC intensification rates'>-'%, it is reasonable to expect that we
may observe an increase in TC intensification rates that coincides with warming ocean temperatures in recent
decades'-?. Given the highly-damaging nature of many TCs that intensify rapidly, and the operational and
forecasting challenges posed by TCs that intensify most quickly*>?, there is an urgent need to better understand
how intensification rates of TCs may already have changed in a warming climate.

Various past studies have sought to understand how rapid intensification of TCs may evolve in a warmer
climate, including work focused on understanding how intensification events that occur within certain regions
or fall above a certain threshold may change over time?>*’~**, For example, Ref.** examined intensification trends
in landfalling TCs in East and Southeast Asia, and found that a 12-15% increase in the intensity of such storms
at landfall was primarily due to an increase in the rate at which they intensified. In the Atlantic basin, multiple
studies have sought to understand how TC intensification rates have changed near major coastlines. For instance,
Ref.?? found that there was an increased likelihood for TCs to intensify quickly near the U.S. coast during times
when basin-wide conditions were generally less favorable for such intensification events. Also focusing on inten-
sification near U.S. coastlines, Ref.?® found that although the mean 24-h intensification rate of TCs increased by
1.2 kts/6 h near the U.S. Atlantic coast from 1979 to 2018, no similar increase was observed along the U.S. Gulf
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coast. Using a similar focus region, Ref.*? found that, when considering U.S. landfalling TCs, there was a tendency
for TCs that intensified rapidly in the 24 h prior to landfall to decay more slowly after landfall.

Elsewhere in the Atlantic, Ref.*” notes that in the central and eastern tropical Atlantic, the 95th percentile of
24-h TC intensity changes increased at 3.8 kts per decade from 1986 to 2015. Using the same threshold of the 95th
percentile of 24-h intensity changes to define rapid intensification, Ref.*® suggest that it is possible to detect an
anthropogenic-related increase in Atlantic TC rapid intensification rates. Adopting a slightly different threshold
of 30 kts/24 h to define rapid intensification, Ref.?” identify no trend in TC rapid intensification tied to warming
from 1950 to 2014, but do note key spatial and temporal patterns in rapid intensification events in the Atlantic.

This study adds to the considerable previous research efforts described above by developing a broader assess-
ment of overall basin-wide changes in the magnitude of peak Atlantic TC intensification rates. This work focuses
on the Atlantic basin as a whole, rather than a subset of storms that occur in a specific portion of the basin.
Furthermore, no arbitrary thresholds of intensification are used in this study to classify a TC rapid intensification
event—instead, the work fills a key knowledge gap by assessing overall changes to the peak intensification rates
achieved by all TCs across 12-, 24- and 36-h windows during the 5 decades spanning from 1971 to 2020. Results
indicate broad increases to observed TC intensification rates over the past 50 years. These findings illustrate a
vital need to not only work towards climate mitigation to limit future warming and thus additional changes in
TC intensification rates, but also for emergency preparedness plans and resilience measures that will allow our
coastlines to adapt to TCs that have already begun to exhibit increased rates of strengthening.

Results

Changes to the observed maximum intensification rates of TCs from the Atlantic hurricane best track database
(HURDAT?2)* are considered for a historical era (1971-1990), an intermediate era (1986-2005), and a modern
era (2001-2020). The intermediate era contains five years of data that overlap with each of the historical and
modern eras. Furthermore, the intermediate era ends in 2005, after which the Stepped Frequency Microwave
Radiometer was installed on all National Oceanic and Atmospheric Administration hurricane research aircraft
to help improve measurements and data collection related to maximum TC wind speeds®. The intermediate era
is therefore useful for illustrating the temporal progression of TC intensification rates across the past 50 years,
including across time periods that rely upon various instrumentation and data collection methods.

Maximum intensification rates are calculated for 12-h, 24-h, and 36-h windows along each track. The maxi-
mum intensification value of each TC for a particular window is defined as the greatest increase in wind speed
across any window of that length during the lifetime of the storm (see “Methods” section). A variety of statistical
analyses are used to assess how the maximum intensification rates of TCs across 12-, 24-, and 36-h windows have
evolved over time. Results show significant changes to maximum TC intensification rates from the historical to
the modern era.

Increasing magnitudes of peak tropical cyclone intensification rates

Distributions of observed maximum intensification rates across 12-, 24-, and 36-h windows show increasing
intensification rates from the historical to the modern era (Fig. 1). The mean maximum intensification rates
for a 12-h window increase by ~ 28.7% from the historical era (12.2 kts) to the modern era (15.7 kts). Similarly,
mean maximum intensification rates across 24-h windows grow by ~ 27.1% from the historical era (17.7 kts) to
the modern era (22.5 kts), and mean maximum intensification rates across 36-h windows increase by ~26.3%
from the historical era (21.3 kts) to the modern era (26.9 kts). These increases are significant at a 90% credible
interval (Fig. 1). Though intermediate and modern mean maximum intensification rates are not statistically
significantly different from one another for any time window, all windows exhibit monotonic increases in mean
maximum intensification rates across the historical, intermediate, and modern eras (Fig. 1).

Increases in mean maximum intensification rates are accompanied by correspondingly larger increases to
more extreme maximum intensification rates. For example, the 99.5th percentile of maximum TC intensification
rates during a 12-h window expands from 36.5 kts (historical) to 45.0 kts (intermediate) to 52.5 kts (modern;
Fig. 2a). Observations illustrate similar increases to the 99.5th percentile of maximum intensification rates for a
24-h window (historical: 61.6 kts; intermediate: 65.0 kts; modern: 77.8 kts; Fig. 2b) and a 36-h window (histori-
cal: 72.1 kts; intermediate: 87.8 kts; modern: 93.0 kts; Fig. 2¢).

It also becomes more likely for TCs to exceed particular intensification rates during 12-, 24-, and 36-h win-
dows over time (Fig. 3). For example, the probability of a maximum intensification rate during a 12-h window
either meeting or exceeding 20 kts grows from 27.1% in the historical era to 35.6% in the modern era—an
increase that is significant at a 90% credible interval (Fig. 3a). Similarly significant increases in the likelihood
of a 20-kt or greater maximum intensification rate occur from the historical (42.3%) to the modern era (56.7%)
for a 24-h window, and from the historical (43.2%) to the modern era (61.0%) for a 36-h window (Fig. 3a).
Furthermore, it is significantly more likely for an intensification of 20 kts or more to occur within just 24 h in
both the intermediate and modern eras than it was for such an intensification to occur within 36 h during the
historical era (Fig. 3a).

Peak intensification rates that either meet or exceed 50 kts also become more likely over time. For instance,
the probability of maximum intensification rates meeting or exceeding 50 kts within 24 h grows from 2.6% dur-
ing the historical era to 7.4% in the modern era (becoming ~ 2.8 times more likely), while the probability of such
an intensification rate occurring within 36 h grows from 7.6% in the historical era to 14.5% in the modern era
(becoming ~ 1.9 times more likely). Both of these increases are significant for a 90% credible interval (Fig. 3b).
By the modern era, it becomes about as likely for a 50-kt (or greater) wind increase to occur within 24 h as it
was for this type of wind increase to occur within 36 h during the historical era.
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Figure 1. Probability density functions of tropical cyclone intensification rates. Distribution of tropical cyclone
intensification rates for the historical era (1971-1990; purple), intermediate era (1986-2005; teal), and modern
era (2001-2020; orange). Distributions of peak intensification rates are shown for (A) 12-h windows, (B) 24-h
windows, and (C) 36-h windows. The mean for each distribution is shown by a dashed line, with shading to
show the 90% credible interval surrounding the mean.

Though 65-kt intensification rates occur far less often, there are nonetheless significant increases (90% cred-
ible interval) in the chance of such intensification happening within both 24 h (2.9% chance in the modern era
compared 0.6% chance in the historical era) and 36 h (5.7% chance in the modern era compared to 1.5% chance
the historical era; Fig. 3¢). These findings indicate that in the modern era, it is ~ 4.9 times more likely for a 65-kt
intensification to occur within 24 h, and ~ 3.9 times more likely for such an intensification to occur within 36 h
than it was for such intensification rates to occur during the historical era.

Impact of changing intensification rates on Saffi—Simpson classifications

Increases in peak intensification rates affect the time required for TCs to transition from one category to another
on the Saffir-Simpson scale’. A comparison of the percentage of peak TC intensification events that fall into
various pre-intensification and post-intensification TC categories suggests that modern TCs are more than twice
as likely to intensify from a Category 1 hurricane or tropical storm (hereafter, “weak TC”) into a major hurricane
(Category 3 or greater; hereafter, “major TC”) within either 24 or 36 h compared to their historical counterparts
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Figure 2. Survival functions of tropical cyclone maximum intensification rates. Survival functions showing
probabilities of lifetime maximum intensification rate of TCs during (A) 12-h windows, (B) 24-h windows, and
(C) 36-h windows for the historical era (purple), intermediate era (teal) and modern era (orange). Dashed lines
and colored points indicate the 99.5th percentile for all plots and eras.

(Fig. 4, Fig. S1). Specifically, for a 24-h window, 8.12% of peak intensification events result in TCs intensify-
ing from a weak TC into a major TC in the modern era, compared to 3.23% of peak intensification events that
cause TCs to intensify in the same way in the historical era. For a 36-h window, 10.3% of peak intensification
events result in modern TCs intensifying from a weak TC into a major TC, while only 4.23% peak intensification
events cause TCs evolve in the same way during the historical era. For a 12-h window, modern TCs are more than
three times as likely as historical TCs to undergo such an increase in TC category, with 3.58% peak intensifica-
tion events resulting in TCs evolving from weak TCs into major TCs in the modern era, but only 1.06% of peak
intensification events causing TCs to evolve this way during the historical era (Fig. 4, Fig. S1).

Although not normalized to account for varying storm frequency during different eras, the combined totals
of peak intensification events that result in TCs intensifying from weak TCs into major TCs during each era
suggest similar increases over time (Table 1). No tropical storms transition to a major TC during any era within
a 12-h window, but there are substantial increases in the number of peak intensification events that cause TCs
initially classified as Category 1 to intensify into major TCs within 12 h from the historical era (9 events) to the
intermediate era (18 events) to the modern era (28 events; Table 1, Fig. 4). For a 24-h window, there are increases
in both the number of peak intensification events that cause tropical storms to become major TCs (3 historical,
9 intermediate, 17 modern) and the number of peak intensification events that cause Category 1 TCs to become
major TCs (21 historical, 30 intermediate, 43 modern; Table 1, Fig. 4). This trend is similar for the number of
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Figure 3. Exceedance probabilities of tropical cyclone maximum intensification rates. Probabilities of TCs
exceeding an intensification rate of (A) 20 kts, (B) 50 kts, and (C) 65 kts across 12-h, 24-h, or 36-h windows
for the historical era (purple), intermediate era (teal), or modern era (orange). Circles represent the observed
exceedance probabilities; colored segments show the bootstrapped 90% credible interval of the observed
exceedance probability.

peak intensification events that result in tropical storms becoming major TCs within 36 h (13 historical, 27
intermediate, 49 modern). Variations in the number of peak intensification events that cause Category 1 TCs to
become major TCs within 36 h are less consistent over time (16 historical, 21 intermediate, 19 modern; Table 1,
Fig. 4), however the smaller number of modern storms here may be partially driven by the very large number
of modern intensification events (49) that cause TCs to intensify directly from tropical storms to major TCs
within 36 h (Table 1).

Analyses using a binomial cumulative distribution function reveal that increases in the number of intensifica-
tion events that result in a TC transitioning from a weak TC into a major TC are statistically significant. Assuming
historically observed rates of intensification events that cause TCs to transition from a weak TC into a major TC,
it would be nearly impossible (0.01-0.04%) to observe the number of intensification events that result in TCs
intensifying similarly in the intermediate era, and statistically impossible (0% chance) to observe the numbers of
intensification events that result in TCs intensifying similarly in the modern era for all time windows. Assuming
the observed rates of intensification events that cause TCs to transition from a weak TC into a major hurricane for
the intermediate era, there is only a 2.1% chance of the total observed number of modern intensification events
occurring for a 12-h window, and less than a 0.25% chance of the observed number of modern intensification
events occurring for a 24-h window (0.22%) or 36-h window (0.20%).

Variations in the locations where tropical cyclones intensify most quickly

In addition to an amplification in overall peak intensification rates from the historical to the modern era, there
are also variations in the locations at which TCs undergo their most rapid strengthening (Fig. 5, Fig. S2). From
the historical to the modern era, there is a decrease in the likelihood of TCs intensifying most quickly in the
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Figure 4. Heatmap of differences in tropical cyclone Saffir-Simpson category changes. Heatmaps showing
differences in the percentage of TCs that fall into specific pre- and post-intensification TC categories between
the modern and historical eras (A,C,E), and modern and intermediate eras (B,D,F). Differences are shown for
peak intensification events across (A,B) 12-h windows, (C,D) 24-h windows, and (E,F) 36-h windows. Shading
indicates grid cells for which the number of intensification events in the modern era would have had <5%
chance of occurring in the time period used for comparison, based on analyses using a binomial cumulative
distribution function. Units for colorbars are percentages. Note that because the focus of the analyses presented
here is on intensification, blocks that would indicate weakening are gray.
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Combined
Window length | Start category | Time period | End category 3 | End category 4 | End category 5 | Total major | total major
Historical 0 0 0 0
Hist: 9
Tropical storm | Intermediate 0 0 0 0
Modern 0 0 0 0
12h Int: 18*
Historical 8 1 0 9
Category 1 Intermediate 14* 3* 1* 18*
Mod: 28*
Modern 20* 7* 1* 28*
Historical 2 1 0 3
Hist: 24
Tropical storm | Intermediate 7* 2* 0 9*
Modern 13* 4* 0 17*
24h Int: 39*
Historical 14 6 1 21
Category 1 Intermediate 15 13* 2% 30%
Mod: 60*
Modern 18 20* 5* 43*
Historical 12 2 0 14
Hist: 30
Tropical storm | Intermediate 16 7* 4* 27%
Modern 26 17* 6* 49*
36h Int: 48*
Historical 3 9 4 16
Category 1 Intermediate 6* 14* 1 21
Mod: 68*
Modern 5 12 2 19

Table 1. Total intensification events that result in a TC evolving from a tropical storm to a major hurricane, or
from a Category 1 hurricane to a major hurricane over all window lengths during each era. The final column
shows the combined totals of peak intensification events that result in storms evolving from either a tropical
storm or Category 1 hurricane into a major hurricane for the historical era (Hist), the intermediate era (Int),
and the modern era (Mod). Values followed by an asterisk (*) indicate a total number of intensification events
in the intermediate or modern era that would have had <5% chance of occurring in the historical era based on
analyses using a binomial cumulative distribution function.

Gulf of Mexico for all intensification windows (12-h, 24-h, and 36-h)—a finding that is consistent with other
recent studies?. There is also a decrease in the likelihood of TCs intensifying most quickly in an area just east of
the Caribbean Sea, though this decrease appears to be driven by a single slow-moving TC track in the histori-
cal era with multiple maximum intensification points that occurred in this region (Fig. S3). Alternatively, there
are increases in the likelihood of TCs intensifying most quickly in the tropical eastern Atlantic, the southern
Caribbean Sea, and in areas along and east of the U.S. Atlantic Coast for all time windows in the modern era
compared to the historical era.

Discussion

TCs are amongst costliest and most dangerous natural hazards to impact the U.S.'~3, and the hazard they present
has grown as storms have become more extreme due to anthropogenic warming®. The rapid intensification of
TCs in a warmer climate is particularly concerning, given that such events can be difficult to forecast and predict,
leading to potentially escalated damages as well as difficulties when communicating the approaching hazard to
coastal residents who may be in the TC’s path?®#~*. To help understand these challenges for our coastal com-
munities, a variety of past work has focused on understanding how TC intensification rates may vary near U.S.
coastlines or other specific regions of the Atlantic basin?>*”%, how the frequency of the most intense TCs may
change in a warming world"**-*, and connections between intensification and dissipation rates surrounding TC
landfall events®>**. Most of these studies have focused on particular subsets of TCs—for example, TCs that either
meet certain intensification thresholds?”**#** or intensify in specific regions*>?**2. Analyses presented here fill
critical knowledge gaps by providing a broader assessment that focuses on overall changes to peak intensifica-
tion rates for all observed Atlantic TCs from 1971 to 2020. Results show that peak TC intensification rates have
already increased as anthropogenic emissions of greenhouse gases have warmed the planet, creating important
implications for how the hazards our coastlines face may continue to evolve in a warming climate.

An analysis of maximum TC intensification rates during 12-, 24-, and 36-h windows over the past 50 years
reveals that peak intensification rates of Atlantic TCs have significantly increased during this time. Although
there are some differences in the shape of maximum intensification rate distributions across eras that should be
further investigated in future work, mean maximum intensification rates increase steadily from the historical to
the modern era, and are significantly greater (90% credible interval) in the modern era compared to the histori-
cal era (Fig. 1). While increases in mean TC intensification rates are not generally statistically significant from
the intermediate era to the modern era, the monotonic progression across eras provides confidence in results
that inevitably traverse times when different instruments and measurement techniques have been employed.
Amplifications of rare but potentially highly damaging intensification events (99.5th percentile) are even more
pronounced than increases in mean intensification rates (Figs. 1, 2), with increases from the historical era to the
modern era of >16 kts for 12- and 24-h windows, and >20 kts for a 36-h window (Fig. 2). These peak TC inten-
sification rates have increased alongside anthropogenically-driven increases in SSTs, which have been rising at
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Figure 5. Density difference maps of the locations where tropical cyclones intensify most rapidly. Maps of

the density differences in the locations where TCs intensify most quickly during (A) 12-h windows, (B) 24-h
windows, and (C) 36-h windows. Differences are calculated for the modern era compared to the historical era by
subtracting historical densities from modern densities. Units of density differences are track points per grid cell,
where each map has 100 grid cells in both the latitudinal and longitudinal directions.

an increased rate in recent decades'®*>*¢¥_Sufficiently warm SSTs serve as a vital energy source for intensifying
TCs!'7#148% and simultaneous increases in both extreme SSTs and maximum TC intensification rates suggests
that human-caused warming has already had a measurable impact on the speed with which TCs strengthen.

Exceedance probabilities of TC intensification rates indicate that it has become statistically more likely in
recent decades for TCs to strengthen at an accelerated pace (Fig. 3). The likelihood of TCs intensifying by 20 kts,
50 kts, or 65 kts within 12-, 24-, or 36-h tends to increase from the historical era to the modern era, and many of
these increases are significant at a 90% credible interval (Fig. 3). These results are consistent with recent analyses
that found statistically significant increases in global TC intensification rates of at least 50 kts in 24 h from 1990
to 2021°!. Furthermore, there are similarly statistically significant increases from the historical to the modern
era in the probability of TCs exceeding intensification rates of 40 kts within 24 h (Fig. S4), a threshold recently
recommended as the definition for rapid intensification in the North Atlantic basin®. As a result of increasing
intensification rates, there are decreases in the overall time required for TCs to strengthen by given amounts. For
example, TCs that strengthen by at least 20 or 50 kts were about as likely (50 kts) or more likely (20 kts) to do so
within 24 h in the intermediate and modern eras than to do so within 36 h in the historical era. These findings
align well with previous studies that have suggested a shortening of the TC life cycle corresponding to changing
intensification and weakening rates of TCs as the planet has warmed**.

Increased TC intensification rates have also resulted in a growing number of peak intensification events that
result in TCs strengthening from weak TCs into major TCs in a short amount of time in the modern era com-
pared to the historical or intermediate eras (Fig. 4). When considering each TC’s fastest intensification rate, the
number of TC intensification events that result in a storm transitioning from a weak TC into a major TC more
than triples from the historical to the modern era for a 12-h window, and more than doubles from the historical
to the modern era for both 24- and 36-h windows (Fig. 4, Table 1). Analyses suggest that it would have been
statistically impossible to achieve the total numbers of modern events that intensify from weak TCs to major
TCs in any time window if the historical probabilities of such intensification had persisted through time. It is
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also statistically unlikely that modern totals of such TC intensification events would have been possible if the
likelihood of such events occurring had not increased in the modern era compared to the intermediate era.

In the modern era, it becomes more common for TCs to intensify most quickly in the southern Caribbean
Sea (east of central America), the central Atlantic (east of the U.S. Southeast coast), and the southeast Atlantic
(off the west coast of Africa) compared to the historical era (Fig. 5, Fig. S2). Such spatial variations in peak TC
intensification events have critical implications for coastlines around the Atlantic Basin. For example, TCs inten-
sifying particularly quickly in the southwestern Caribbean Sea have the potential to create devastating impacts
in many relatively resource-poor central American nations'. The vulnerability of these coastlines to such storms
was exemplified by landfalls of particularly destructive TCs in this region in 2020, including Hurricane Eta** and
Hurricane Iota®, both of which quickly intensified into major hurricanes during the month of November as they
approached the coast of Nicaragua®*. Elsewhere, TCs that intensify at their fastest rate over the central part of
the basin could be particularly dangerous for communities along the U.S. East coast—an area already threatened
by other evolving TC hazards in a warming world, such as slower moving TCs and changing TC tracks®>*".

In a warming world, we expect changes to TC intensities, including the total number of very intense TCs
or changes in the most extreme intensification rates?”-*****1. Analyses presented here expand our understanding
of changing TC intensification rates by performing a broad assessment of observed variations in overall maxi-
mum intensification rates for Atlantic TCs during the satellite era. Findings illustrate that it is possible to detect
significant changes over the past 50 years to both the magnitude and locations of peak intensification rates of
TCs in the Atlantic.

Historically, the most damaging TC events have been dominated by the most intense TCs to impact our
coastlines®®, and the vast majority of the most intense TCs undergo rapid intensification at some point in their
lifecycle*. Because rapid intensification is often difficult to predict and forecast, quickly intensifying TCs can cre-
ate communication and preparedness challenges for coastal communities in the storm’s path?®. Results presented
here suggest that the overall frequency and magnitude of quickly intensifying TC events have already increased
for the Atlantic basin as the planet and our oceans have warmed over the past 50 years. Furthermore, the locations
at which such intensification events occur have also varied. These changes may reasonably be expected to further
amplify the substantial hazard and challenge that quickly intensifying TCs present to coastal communities. Find-
ings presented here thus emphasize not only a need to curb greenhouse gas emissions and limit future warming,
thereby limiting future increases to the rates at which TCs strengthen, but also a need for coastal planning and
communication measures that will allow vulnerable communities to prepare for the changing hazard presented
by quickly intensifying TC events.

1,40-42
>

Methods

HURDAT2 dataset

Data used for this analysis are from the open-access HURDAT? database®, comprised of “best track” data from
the National Hurricane Center, which is updated regularly to include new TC events and any changes to the his-
torical record based on retrospective reviews of the data. The HURDAT?2 database includes a variety of variables
describing each TC at 6-h intervals along the TC track, including the date, time, key points along the TC track
(such as landfall, minimum pressure, or maximum wind), status of the system, latitude, longitude, maximum
sustained wind, minimum pressure, radii of 34-kt, 50-kt, and 64-kt winds, and the radius of maximum wind™®.
Analyses presented in this work primarily use the TC maximum wind speed, along with variables to describe
when (date/time) and where (latitude/longitude) the maximum increases in wind speed occurred along the TC
track.

Although the data contained within the HURDAT? database begin in 1851, there are known discontinuities
within TC records contained in the HURDAT?2 database, including the introduction of aircraft measurements
(1944) and the introduction of satellites (for which records were not available for the full Atlantic basin until the
late 1960s)*>*-62. To avoid the impact of these two major discontinuities related to technological innovation and
observation capabilities, analyses presented here focus only on records beginning in 1971 or later.

Statistical analyses

Maximum intensification rates are measured by maximum increases in wind speeds for each Atlantic TC from
1971 to 2020 across 12-h, 24-h, and 36-h windows. These maximum changes in wind speed are found by calcu-
lating wind speed differences at each 6-h time step along the TC track where possible. Equation (1) describes
this process:

AMaxWind; = Masz’nch+ w — MaxWindy,, 1)
i+

where MaxWind represents the maximum wind speed recorded in the HURDAT? database, i represents
each point along the TC track, ¢ represents the time step, and W represents the window length (12, 24, or 36 h).
If the TC track is not long enough to calculate the difference, the magnitude of maximum wind increase for that
TC track/time window is simply listed as NA, and not included in full analyses. For example, if a TC track lasted
only 30 h, and thus had only five 6-hourly timesteps, it would not be possible to calculate a 36-h maximum wind
speed change, so that track would not be included in analyses of 36-h maximum intensification rates. Because
of this approach, time windows of 12 h typically have the most datapoints, and time windows of 36 h typically
have the fewest datapoints, though no time window has fewer than 290 datapoints in any era.

If multiple time steps along a TC track have a change in wind speed that equates to the maximum intensifica-
tion rate for a given time window, the magnitude of the wind speed change is only included once for analyses
that focus on overall distributional changes (e.g., Figs. 1, 2, 3). However, the starting and ending TC category
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for each maximum wind increase are retained for pre-intensification and post-intensification Saffir-Simpson
category heatmaps (Fig. 4), and all locations at which the maximum wind increase occurs are retained for
analyses of variations in the peak intensification location (Fig. 5). For example, if a TC in the historical era
had a maximum wind increase of 30 kts across a 12-h window, but that maximum wind increase occurred at
four different 12-h windows during the TCs lifetime, the 30 kt wind increase would only be counted once for
analyses of peak TC intensification rate distributions (Figs. 1, 2, 3). However, the pre-intensification and post-
intensification Saffir-Simpson category of the TC for all four wind increases would be included in analyses for
Fig. 4 (since pre- and post-intensification categories are likely to vary across the four intensification events), and
all four locations at which the TC experienced a 30-kt wind increase would be retained for analyses of changing
intensification locations in Fig. 5. Locations at which TCs experience the greatest change in intensification rates
are calculated as the mid-point between the latitude/longitude at the start of the time window, and the latitude/
longitude at the end of the time window.

It is worth noting that although maximum wind speeds are provided at 5-kt intervals within the HURDAT?2
best track data, some results presented here are assessed as significant even when changes from one era to another
are less than 5 kts. For instance, there is a significant increase in the mean maximum intensification rates for a
24-h window from the historical (17.7 kts) to the modern era (22.5 kts) of 4.8 kts (Fig. 1). Determining signifi-
cance in such cases is possible by assessing credible intervals that are constructed from 10,000 bootstrapped
samples of the original dataset—an approach that is used for both distribution means (Fig. 1) and exceedance
probabilities (Fig. 3). Bootstrapping is a statistical technique in which a dataset is resampled #n times (here,
n=10,000) with replacement to generate n new sample datasets that are equal in length to the original®**. For
Fig. 1, 10,000 bootstrap samples of the mean of the maximum intensification rate distributions are generated to
determine the 90% CI (p=0.1) of the mean in each era. To assess the likelihood of TC maximum intensification
rates exceeding either 20-kts, 50-kts, or 65-kts over various time windows, 10,000 bootstrap samples are gener-
ated to construct a 90% CI (p =0.1) of the exceedance probability in each era (Fig. 3). If the bounds of the cred-
ible intervals for two statistics (for instance, the mean) in different eras do not overlap, the result is considered
significant for that credible interval, even if the magnitude of the difference between time periods is less than
the 5-kt interval used for maximum wind speed in the HURDAT? dataset.

Heatmaps are used to visualize variations in the pre-intensification and post-intensification Saffir-Simpson
category of TCs from the historical to the modern era (Fig. 4). These heatmaps are created by first construct-
ing a heatmap to illustrate the distribution of pre-intensification and post-intensification TC categories for all
intensification events over a particular time window in a particular era (e.g., Fig. S1). After constructing these
heatmaps for all eras/time windows, the historical (Fig. Sla,d,g) and intermediate era (Fig. S1b,e,h) heatmaps
are subtracted from the modern heatmaps (Fig. Slc,f,i) for each time window. The resulting heatmaps (Fig. 4)
illustrate differences in pre-intensification and post-intensification Saffir-Simpson category across different eras
for each time window. Because the focus of this analysis is upon intensification of TCs, heatmap boxes that would
indicate weakening (i.e., decreases in TC category) are grayed out in Fig. 4 and Fig. S1. Nevertheless, the ques-
tion of how TC weakening rates may change in a warming climate is important, and would be worth pursuing
in future research®®.

Density difference maps showing spatial shifts in the locations at which TCs intensify most quickly are
generated using a kernel density estimate in both the modern and historical eras (Fig. S2), and then subtracting
the historical estimate from the modern estimate (Fig. 5). This approach follows that used in Refs.*>*’. Units of
densities shown on the maps in Fig. S2 and Fig. 5 are track points per grid cell, where each map has 100 grid cells
in both the latitudinal and longitudinal directions. The normal reference rule is used to calculate the bandwidth
for the kernel density estimation, an approach to choosing a bandwidth that has been demonstrated to work
exceptionally well for a broad set of use cases®.

Data availability
The Best Track Datasets analyzed during the current study are available in the Atlantic Hurricane Database
(HURDAT?) at https://www.nhc.noaa.gov/data/hurdat/hurdat2-1851-2020-052921.txt.
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