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Abstract Tropical cyclone (TC) rapid intensification (RI) is a major source of uncertainty in TC prediction.
Here we examine observed basin-specific relationships between RI and El Nifio-Southern Oscillation (ENSO),
where RI is defined as a TC strengthening by >30 kt within 24 hr. During El Nifio, the number of RI events
significantly increases in the eastern North Pacific, western North Pacific and South Pacific, with the opposite
behavior in the North Atlantic. During La Nifia, changes in RI occurrence in the Atlantic and Pacific are
approximately opposite as in El Nifio. The ENSO-Indian Ocean RI relationship is weak. These changes are
consistent with environmental conditions modulating RI, including mid-level moisture, vertical wind shear, sea
surface temperatures and potential intensity. Because of disagreement between the recently observed La Nina-
like trend and an El Niflo-like trend simulated by climate models, improved model representation of ENSO
could reduce future uncertainty in RI projections.

Plain Language Summary El Nifio-Southern Oscillation (ENSO) modulates both global tropical
cyclone activity and the rapid intensification of tropical cyclones. Here we focus on rapidly intensifying tropical
cyclones (defined to be storms intensifying by >30 kt in a 24-hr period) because these storms historically have
been more challenging to predict and often are responsible for major damage when they make landfall. For
example, over 80% of North Atlantic hurricanes since 1980 that made landfall in the United States (causing >$5
billion US dollars in damage) underwent rapid intensification at some point during their lifetime. These
modulations in rapidly intensifying tropical cyclones are linked to environmental conditions, with RI likelihood
increasing with increased mid-level moisture, reduced vertical wind shear (the change in wind speed and
direction with height), and increased sea surface temperatures. Here, we examine the observed relationship
between ENSO and global rapid intensification of tropical cyclones. El Nifio, the positive phase of ENSO,
significantly increases rapid intensification in the eastern North Pacific, western North Pacific and South Pacific
basins, while La Nifia shows an approximately opposite relationship, with increased rapid intensification in the
North Atlantic. An improved understanding of future ENSO trends is critical for better anticipating future trends
in rapid intensification.

1. Introduction

Rapid intensification (RI) of tropical cyclones (TCs) occurs when a TC intensifies quickly and is often calculated
over a 24-hr period. Typically, a definition of >30 kt 24 hr™' has been taken to define RI (Kaplan & DeMa-
ria, 2003), corresponding to approximately the 95th percentile of overwater intensification rates for TCs. An
improved understanding of RI is critical due to the impactful nature of these storms. For example, Majumdar
et al. (2023) found that 25 out of 30 North Atlantic hurricanes making landfall in the US underwent RI. These 30
hurricanes caused >$5 billion (USD) in Consumer Price Index (CPI)-adjusted damage from 1980 to 2021.

Prior research has shown that RI is a product of both favorable large-scale environmental conditions (e.g.,
Hendricks et al., 2010; Majumdar et al., 2023; Richardson et al., 2022; Rozoff & Kossin, 2011) and a conducive
inner core (e.g., DesRosiers et al., 2023; Hazleton et al., 2020; Miyamoto & Nolan, 2018). Specifically, anom-
alously warm sea surface temperatures (SSTs), increased potential intensity (PI), high mid-level relative humidity
(RH), low vertical wind shear and enhanced vertical motion all promote RI (Rozoff & Kossin, 2011). Inner core
characteristics favoring RI include taller TC vortices (DesRosiers et al., 2023) and TCs with a small and
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contracting radius of maximum winds (Majumdar et al., 2023; Stern et al., 2015). There have been numerous
other recent studies that investigated various characteristics of RI (e.g., Bhatia et al., 2019, 2022; Cha et al., 2020;
Y. Guo & Tan, 2021; Klotzbach, 2012; Li et al., 2023; Ng & Vecchi, 2020; Trabing & Bell, 2020; Wang
et al., 2017). This study focuses on climatological and interannual modulations of RI likely driven by fluctuations
of environmental conditions as modulated by El Nifio-Southern Oscillation (ENSO; Rasmusson &
Carpenter, 1982).

ENSO is the leading driver of interannual tropical climate variability with demonstrated impacts on TC activity
for various ocean basins, including the North Atlantic (NA; Klotzbach, 2011; Mueller et al., 2024), eastern North
Pacific (ENP; Balaguru et al., 2020; Collins et al., 2016), western North Pacific (WNP; Patricola et al., 2018; Zhao
et al., 2023), North Indian (NI; Das et al., 2023; Roose et al., 2022), South Indian (SI; Astier et al., 2015; Ho
et al., 2006), Australian (Chand et al., 2013; Dowdy, 2014) and South Pacific (SP; Magee et al., 2020). These are
just a few examples of papers that have noted the ENSO-TC relationship in each basin. We recommend Lin
et al. (2020) for a thorough literature review. The most important drivers of the ENSO-TC relationship vary from
basin-to-basin (Camargo et al., 2007; Lin et al., 2020), but involve both dynamic and thermodynamic variables
including SSTs, mid-level relative RH, low-level vorticity, and vertical wind shear.

While considerable research has focused on relationships between ENSO and TC activity in individual basins,
fewer studies have looked at the interannual relationship between ENSO and TC activity on a global scale
(Camargo et al., 2007; Lin et al., 2020; Patricola et al., 2022). These studies have either focused on individual
storms, or storm statistics including the number of TCs, hurricanes (e.g., maximum sustained winds >64 kt),
and Accumulated Cyclone Energy. To our knowledge, no study has comprehensively documented how
ENSO modulates the global frequency and distribution of TCs that undergo RI.

To fill this gap, we examine how ENSO modulates RI globally using data from 1990 to 2023 (e.g., Figure 2), a
period that is considered to have high-quality TC track information (Klotzbach & Landsea, 2015). Because of the
known impact of the large-scale tropical environment on TCs and RI, we also investigate ENSO in a selection of
CMIP6 climate models, noting the disagreement in the recently observed La Nifia-like trend and the model-
projected El Nifio-like future trend (e.g., Lee et al., 2022; Sobel et al., 2023; Watanabe et al., 2024).

2. Data
2.1. Tropical Cyclone Data Set

We utilize US warning agency data from 1990 to 2023 from the International Best Track Archive for Climate
Stewardship version 4 (IBTrACSv4; Knapp et al., 2010) for all TC basins. This includes the National Hurricane
Center archive, HURDAT?2 (Landsea & Franklin, 2013), for the NA and ENP basins and the Joint Typhoon
Warning Center archive (Chu et al., 2002) for all other basins. US warning agency data were used due to a
consistent wind averaging time (e.g., one-minute maximum sustained wind) for all TC basins, although there are
some slight differences between these data sets and the World Meteorological Organization agency data sets (e.g.,
Kumar et al., 2025; Schreck et al., 2014). The ENP and WNP basins are separated at the International Date Line,
while the SI and SP basins are separated at 135°E, as in Klotzbach et al. (2022).

2.2. Environmental Parameter Data Set

We use monthly data from the 5th generation reanalysis from the European Centre for Medium-Range Weather
Forecasts (ERAS; Hersbach et al., 2020) at a 0.25° spatial resolution for observationally derived large-scale data
from 1990 to 2023. Here we analyze the following variables: relative SST (Vecchi & Soden, 2007), 700 hPa RH,
200 minus 850 hPa vertical wind shear and potential intensity (Bister & Emanuel, 2002). Relative SST (hereafter
rSST) was calculated by subtracting the monthly tropical mean (30°S-30°N) from the local SST at each grid
point. Potential intensity (PI) was calculated using the pyPI algorithm of Gilford (2020, 2021), with details
provided in Text S1 of Supporting Information S1. These four parameters are closely tied to the environmental
favorability for TC formation and intensification (e.g., Camargo et al., 2007; Majumdar et al., 2023; Ramsay &
Sobel, 2011). The PI is a composite metric that incorporates thermodynamic constraints and environmental
conditions to derive an upper limit of the intensity of tropical cyclones (Emanuel, 1986).
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Figure 1. Large-scale composite environmental conditions (El Nifio years minus La Nifla years). The left column (a—d) shows the Northern Hemisphere TC season
(June-November), while the right column (e—h) shows the Southern Hemisphere TC season (November—April). (a, e) rSST difference (°C), (b, f) PI difference (m s7h,
(c, g) 200-850-hPa vertical wind shear difference (m s71), and (d, h) 700 hPa RH difference (%). Black circles indicate grid points with statistical significance at the 0.05
level after controlling for the false discovery rate (Wilks, 2016).

2.3. Climate Model Data Set

To explore future trends in ENSO, we use data from 20 global climate models (GCMs) that participated in the
Coupled Model Intercomparison Project phase 6 (CMIP6; Eyring et al., 2016). Details of the GCMs are provided
in Text S2 and Table S1 of Supporting Information S1. We used data from the historical and the Shared So-
cioeconomic Pathway SSP5-8.5 simulations. The historical simulations are global, fully coupled simulations
between 1850 and 2014, forced by the observed aerosols, concentrations of atmospheric greenhouse gases, and
land use. The SSP5-8.5 represents a high-emission scenario that assumes future fossil-fuel development and a
growing economy with additional radiative forcing of 8.5 Wm™2 by the year 2100 (O’ Neill et al., 2016). Because
these models operate at a relatively coarse resolution (~100 km), they under-resolve many important charac-
teristics of TCs (Roberts et al., 2020). Given these limitations, our analysis focuses on projected changes in ENSO
based on an analysis of SST. We infer some implications for future TC RI based on these simulations.

3. Methods
3.1. Rapid Intensification Classification

TC intensity changes are calculated over a 24-hr period using observations occurring at 0 UTC, 6 UTC, 12 UTC
and 18 UTC. We analyze both individual RI events and RI storms. An RI storm is defined as a system of at least

tropical storm strength (>34 kt) that undergoes one or more 30+ kt 24 hr™'

intensification events (Klotzbach
et al., 2022). We exclude RI events that began at tropical depression strength due to the less reliable classification
of tropical depressions (Klotzbach & Landsea, 2015). Both RI storms and RI events are calculated at two

thresholds: 30+ kt 24 hr™" and 50+ kt 24 hr™". If a system underwent RI for multiple consecutive 24-hr periods
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(e.g., 0 UTC 25 September to 0 UTC 26 September and 6 UTC 25 September to 6 UTC 26 September), then
multiple RI events are counted.

We examine RI during June-November for the Northern Hemisphere and November—April for the Southern
Hemisphere. These months encompass 90% of all RI events for the Northern Hemisphere and 98% of all RI events
for the Southern Hemisphere during 1990-2023. Our analysis extends from June 1990 to November 2023 for the
Northern Hemisphere and from November 1989 to April 2023 for the Southern Hemisphere. In the Southern
Hemisphere, a TC season is labeled with the second year, so the November 1989-April 1990 TC season is
referred to as the 1990 TC season.

3.2. ENSO Classification

The Relative Oceanic Nino Index (RONI; van Oldenborgh et al., 2021; L’Heureux et al., 2024) is a recently
defined ENSO metric that highlights the spatial temperature variations of the Nifio 3.4 SST index (5°S-5°N, 170—
120°W) after subtracting the mean tropical SST. We employ the RONI index to classify ENSO events and thus
reduce a potential bias from the mean trend of tropical SST. Following L’Heureux et al. (2024), we use the
Extended Reconstructed SST version 5 (Huang et al., 2017) to calculate the RONI (see Text S3 in Supporting
Information S1 for details on the calculation method). The 8 years with the warmest RONI values (approximately
the upper quartile) during June—-November (November—April) are classified as El Nifio for the Northern
(Southern) Hemisphere, and the 8 years with the coldest RONI values (approximately the lower quartile) during
June-November (November—April) are classified as La Nifia for the Northern (Southern) Hemisphere. All other
years are classified as neutral. Using this definition, 0.60°C (—0.82°C) is used for the El Nifio (La Nifia) threshold
in June—-November, while 0.43°C (—0.79°C) is used as the El Nifio (La Nifia) threshold in November—April. All
years selected have the same convention as for TC classification (e.g., November 1989—April 1990 is referred to
as 1990 for the Southern Hemisphere). Table S2 in Supporting Information S1 displays El Nifio/La Nifia years
based on this classification methodology.

3.3. Statistical Significance Tests

Significance of composite environmental fields was tested with a two-tailed one sample 7-test at the 0.05 level at
each grid point. To account for the expected false discovery rate we used the method described in Wilks (2016).
For basin-wide statistics use a permutation test without replacement repeated 1,000 times (Good, 2005) to test for
statistical significances of means at the 10% level. We evaluate how the means of various RI statistics for El Nifio,
La Nifia and neutral ENSO years compare with the mean of the full 34-year period. If the mean of the observed
rate for a particular ENSO phase is less than the 50th or greater than the 950th value of the randomly resampled
values from the full 34-year sample (e.g., 8 years for El Nifio/La Nifia and 18 years for ENSO neutral), it is
deemed to be statistically significant at the 10% level using a two-tailed test. Statistical significance for the event
density plot was calculated using a chi-square test at the 10% level.

4. Results
4.1. Large-Scale Environmental Conditions

El Nifio minus La Nifia composite fields for several large-scale environmental conditions during the Northern
Hemisphere and Southern Hemisphere peak TCs seasons are displayed in Figure 1. We display the full tropical
circulation for both the Northern and Southern Hemisphere peak TC season to highlight how ENSO's modulations
of environmental conditions change from the boreal to the austral summer and fall.

El Nifio minus La Nifia differences in the Northern Hemisphere and Southern Hemisphere peak TC seasons are
quite similar, as was found in Camargo et al. (2007). As shown in Vecchi and Soden (2007), rSST (Figures 1a and
le) can serve as an excellent proxy for the PI (Figures 1b and 1f).

By definition, rSSTs are significantly warmer in El Nifio than La Nifia across most of the eastern and central
tropical Pacific (Figures 1a and le). In the western part of the WNP, rSSTs are significantly cooler in El Nifio as
the western Pacific warm pool discharges its heat eastward (e.g., Jin, 1997). While the rSST warming is maxi-
mized along the equator, there are also significantly positive rSST anomalies extending to ~15°N, which com-
bined with increased mid-level RH (Figures 1d and 1h), creates a more favorable thermodynamic environment for
TCs across most of the ENP. El Nifio-driven vertical wind shear changes in the ENP also broadly favor RI, with
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a. 24-hr Intensification Rate (kt) for Rl storms
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Figure 2. Geography of RI. (a) 24-hr intensification rate (kt) for all 30+ kt RI events during our study period (1990-2023).
(b) 30+ kt RI composite event density for El Nifio minus La Nifia. The black contour in (b) denotes statistical significance at
the 10% level. (c) Location where TCs first underwent 30+ kt RI during El Nifio (red) and La Nifia (blue). Panel (d) as in
panel (c) but for locations where TCs first underwent 50+ kt RI.

significantly reduced shear across most of the basin. In the eastern WNP basin, significantly reduced shear,
warmer rSSTs and increased mid-level RH and PI create TC favorable conditions, while significantly increased
shear, cooler rSSTs and decreased mid-level RH and PI disfavor TC activity in the western part of the WNP basin.
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In the NA, El Nifio significantly increases vertical wind shear in the western part of the basin and reduces RH
relative to La Nifia, making for unfavorable TC conditions (Figures 1c and 1d). El Nifio's suppressing influence in
the Atlantic via increases in vertical wind shear has been documented in many prior studies (e.g., Lin et al., 2020).
These El Nifio-driven differences are close to the inverse of the correlation between NA 30+ kt 24 hr™' number
and global rSST, PI, vertical wind shear and RH (Figure S1 in Supporting Information S1).

In the NI, environmental conditions are mixed, with reduced shear favoring RI but decreased RH and rSSTs/PI
disfavoring RI (Figures 1a—1d). While the SIO generally has increased vertical wind shear in El Nifio relative to
La Nifa (Figure 1g), the thermodynamic environment to the east of Madagascar is somewhat more conducive for
TCs, with significantly increased rSSTs, PI, and mid-level RH (Figures le, 1f and 1h). Near Australia, envi-
ronmental conditions are less favorable for TCs in El Nifio, with significantly reduced rSSTs and PI, decreased
mid-level RH and increased vertical wind shear (Figures 1e—1h). Farther east in the SP, warmer rSSTs, increased
mid-level RH and PI and decreased vertical wind shear favor TC activity in El Nifio.

4.2. Regional Differences in RI by ENSO Phase

RI events occur in all TC basins (Figure 2a). Regions with higher concentrations (Figure 2c) include west of
Mexico and near the Philippines in the WNP. In the NA, RI events are most frequent in the Caribbean and Gulf of
Mexico, where SSTs are climatologically the warmest. RI numbers are largely uniform across the Southern
Hemisphere from Mozambique to the International Date Line. While SSTs can be extremely warm and PI large in
the central Pacific, this region tends to experience a pronounced tropical upper tropospheric trough which in-
creases vertical wind shear and promotes dry air advection, reducing both overall TC frequency and RI occurrence
(Wang et al., 2020).

To visualize the relationship between RI and ENSO phase, we use an event density map (Figure 2b) and maps of
the location where TCs first undergo RI (Figures 2¢ and 2d). While the general pattern of dependence on ENSO
phase is consistent regardless of RI threshold, the signal is generally clearer for the cases of 50+ kt RI (Figure 2d).
During La Nifia seasons, the western Atlantic becomes much more favorable for 50+ kt RI TCs. In contrast, no
50-+kt RI TCs have occurred in El Niflo seasons west of 60°W (Figure 2d). This increase in RI TCs in the NA
during La Nifia is primarily due to reductions in vertical wind shear that occur during La Nifia (Klotzbach, 2011).
El Nifio increases ENP 50+ kt RI TCs west of Mexico and increases their chances of formation in the central
portion of the North Pacific. The ENP becomes more favorable thermodynamically during El Nifio (Figure 1), as
has also been noted by Collins et al. (2016) and Balaguru et al. (2020). During El Nifio, a pronounced south-
eastward shift in RI TCs occurs in the WNP (Figures 2b-2d) due to increases in SST and PI, tropospheric RH and
decreases in vertical wind shear during El Nifio years (Figure 1). The sample size of 50+ kt RI TCs is small in the
NI. However, we note there have been no 50+ kt RI TCs in the Bay of Bengal during El Nifio years.

We do not observe any pronounced spatial shifts or frequency differences in SI 50+ kt RI TCs (Figure 2d). In the
SP, however, we find more 50+ kt RI TCs east of Australia in El Nifio, due to a more TC-favorable South Pacific
Intertropical Convergence Zone and increased mid-level RH (Camargo et al., 2007).

4.3. Basinwide Differences in RI by ENSO Phase

Globally, we find that more storms undergo RI during El Nifio than La Nifia. The Northern Hemisphere averages
nine 50+ kt RI storms in El Nifio and six 50+ kt RI storms in La Nifia—a statistically significant increase. The
difference in the Southern Hemisphere is not significant (four 50+ kt RI storms in El Nifio and three 50+ kt RI
storms in La Nifia). This reflects the higher storm counts and larger geographic region of the Pacific basin relative
to the Atlantic basin.

An opposite relationship between the NA and the ENP for several different TC metrics was noted in Patricola
et al. (2022). Here we note a similar opposite relationship for RI activity. The ENP shows statistically significant
increases during El Nifio and decreases in La Nifia. We find statistically significant increases for all RI measures
examined in the NA during La Nifia and decreases in El Nifio (except 30+ kt RI percentage; Figure 3). In the
WNP, there are significant reductions in 30+ kt RI storms and events during La Nifia, while changes in 50+ kt RI
storms are not significant. This is likely due to the pronounced dipole of TC activity that occurs in the WNP.
During El Niflo, a strong maximum of RI events occurs near 15°N, 150°E. This maximum shifts northwestward
during La Nifia (Figure 2b).
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Figure 3. TC basin statistics for the North Atlantic (NA), eastern North Pacific (ENP), western North Pacific (WNP), North Indian (NI), South Indian (SI) and South
Pacific (SP) based on ENSO phase. (a, b and c) Average per-year 30 kt RI statistics. (d, e and f) Average per-year 50 kt RI statistics. (a, d) Number of RI storms (b, e)
Number of RI events, and (c, f) Percentage of named storms (e.g., maximum sustained winds >34 kt) that undergo RI. Note that multiple RI events occur in a typical RI
storm. Asterisks denote statistical significance from the 1990-2023 mean at the 10% level.

We do not find significant ENSO-driven modulation of basin wide RI storm activity in the NI or SI basins. In the
SI, ENSO-driven environmental modulations produce both favorable and unfavorable conditions for TCs. For
example, we find increased shear and increased RH during El Nifio in the western part of the basin, while near
Australia, environmental conditions are unfavorable for RI, with cooler rSSTs, lower PI, increased shear and
decreased RH all contributing to RI suppression. RI events are frequent along the Australian coast (Figure 2), but
we do not see a clear modulation of these events by ENSO. In the SP, there are statistically significant increases in
all RI metrics (except 50+ kt RI percentage) during El Nifio years, driven by more favorable dynamic and
thermodynamic conditions (Figures 1d—1f and 3).

The regions with increased RI activity broadly correspond to regions with more TC-favorable conditions (e.g.,
reduced shear, increased RH and increased PI). While we are looking at averages of large-scale conditions over a
several-month period in this analysis, similar to what we find with basinwide seasonal TC forecasts (e.g., Takaya
et al., 2022), a shift in the mean towards more TC-favorable large-scale conditions likely increases the chances
that a TC will encounter environmental conditions that favor RI.

5. Summary

This study shows a clear relationship, both regionally and basin wide, between TC RI and the phases of ENSO.
Our primary results are drawn from observed TCs and observed ENSO events between 1990 and 2023. In the NA,
RI occurs more frequently during La Nifia than during El Nifio, due to reduced wind shear and increased mid-level
RH. In the ENP, RI occurs more frequently in El Nifio than in La Nifia due to increased rSSTs and RH. In the
WNP, while RI occurs more frequently in El Nifio than in La Nifia, large-scale environmental conditions in the
basin have more of a dipole-like structure with reduced shear, increased SSTs, PI and RH in the eastern part of the
basin and opposite-signed anomalies in the western part of the basin. However, given that TCs forming in the
eastern part of the basin tend to have longer tracks over warm SSTs, their odds of undergoing RI are increased.
While environmental conditions tend to be more RI-favorable in the NI during La Nifia, we do not find significant
differences in RI, likely due to the limited sample size of RI events in this basin. In the SP, conditions for RI
become more conducive farther east in the basin during El Nifio, with increased SSTs, PI and RH and decreased
shear all favoring RI. While this study shows that the percentage change of a named storm undergoing RI

SILVERS ET AL.

7of 11

85UB917 SUOWILIOD SA eSO 3|edl|dde au) Aq peusenob afe Sapile YO 98N J0 Sa|N 4oy Akeiq1T 8UlIUO A1 UO (SUOTIPLOD-PUE-SLULIBYW0D" A 1M ARe.g] 1 BUIIUO//SANY) SUORIPUOD PUE SWB | 34} 835 *[G20Z/0T/0T] U0 Afeiqiaulluo AS|IM * AISIBAIUN SIRIS 0PRIj0D - SIBA|S 187 AQ YEESTT 19SZ02/620T 0T/I0p/wod" 3| Aeiqpuljuo'sgndnBey/sdny wouy papeojumoq ‘6T 'SZ0Z 200876T



A7 |
MM\IW :
et Geophysical Research Letters 10.1029/2025GL115334
El Nino events La Nina events
20 20 e MPI-ESM1-2-LR MIROC6
a. b. CESM2 ACCESS-CM2
15 4 L4 15 4 ® MRI-ESM2-0 GFDL-ESM4
@ PS @ ® IPSL-CM6A-LR FGOALS-3-L
5] Ree| & e e MIROC-ES2L CanESMS5
% 101 | s 104, o [ &)
5 e L 5 S lsd - ® CESM2-WACCM CESM2-FV2
* L4 ** a o EC-Earth3 ACCESS-ESM1-5
5qe 51 ® UKESM1-0-LL CNRM-ESM2-1
HadGEM3-GC31-LL NorESM2-LM
0 T T T T T 0 T T T T ® GFDL-CM4 TailESM1
2015-2056 2057-2100 2015-2056 2057-2100
Year Year
4 ENSO: historical period and the SSP5-8.5 scenario
— mn CMIP6 C.
— Observed
2 -
: A o
= ‘ ‘ AL ’ ) U ‘ W1 [l |
= 0- ' l‘ ‘ \‘ f\‘ ‘ | , ( \ ‘ | ‘ i ‘“”‘H" ‘
Z A i \ ’ \J ,‘ o T
5 1N (ﬂ I Wi\ ! 4 Ml ' i
o
-2 -
_4 T T T T T T T T T T T T
1850 1870 1890 1910 1930 1950 1970 1990 2010 2030 2050 2070 2090
Year

Figure 4. CMIP6 multi-model ENSO analysis. (a, b) Number of events in the SSP5-8.5 scenario between 2015 and 2100 for El Nifio and La Niiia, respectively, using a
RONI threshold of +1°C. Events from the second half of the scenario are plotted with larger circles. The colors represent individual models as noted in the legend.
(c) RONI index for the observed record (black) and CMIP6 models (gray). The multi-model mean timeseries and trend is in red. The data has been smoothed with a 12-
month running mean filter for each simulation. Linear trend lines are for the observations (1990-2023; black) and CMIP6 model simulations (2014-2100; red). The
multi-model mean trend line (red) is the average of individual trend lines for each of the 20 CMIP6 models.

increased with more TC-favorable environmental conditions, we do not explicitly address how the ratio of RI
days to named storm days changed based on ENSO phase. We intend to investigate this in future work. We also
note that this study examined 6-month-average environmental conditions. Although RI certainly depends on
physical processes that occur on hourly and daily timescales, we hypothesize that these 6-month averages “load
the dice” with conditions that either favor or disfavor RI (Figure S1 in Supporting Information S1).

From a disaster management perspective it is important to understand if RI is likely to increase or decrease in the
future. Given the connection between RI and ENSO phase, this understanding will depend on the ability of models
to correctly simulate ENSO in the future. However, previous studies (e.g., Cai et al., 2021; Erickson & Patri-
cola, 2023; Lee et al., 2022; Sobel et al., 2023), and our multi-model mean analysis, show an increasing
occurrence of El Nifio events in the future (Figure 4). Based on our current results, the implications for such a
scenario would be a general increase of RI in the ENP, the WNP and the SP, along with a decrease in the NA.
However, the opposite trend has been occurring in the observational record over the past ~40 years (e.g.,
Klotzbach et al., 2022; Lee et al., 2022; Watanabe et al., 2024), with La Nifia events tending to occur more
frequently towards the end of our study period relative to El Nifio events (Table S2 in Supporting Information S1).

Considerable uncertainty remains as to the future characteristics of ENSO, with Watanabe et al. (2024) arguing
that El Nifio-like states will likely be more common. Additionally, it is not certain that the current relationship
between ENSO phase and RI will hold in the future. Our current assumption is that this relationship will continue,
but if it does not, the predictive power of ENSO on RI could decrease.
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El Nifio trend is imperative to better anticipating how RI may change in the future. The predictive power of ENSO
for TCs in general, and RI in particular, creates a basis for seasonal hurricane prediction and provides early
warnings to communities and response efforts. Clarifying the RI-ENSO relationship will help us to anticipate the
possible future impacts of RI.
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