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Tropical cyclones are expected to intensify more rapidly with warming, but relatively
little work has examined whether they could expand more rapidly with warming,
too. Recent theory predicts that peak expansion rate should increase with sea
surface temperature (SST), and physical arguments suggest this dependence should
be specifically on the relative SST, i.e. the SST difference from the tropical mean.
We test this hypothesis with historical observational data, in which SST variations are
primarily variations in relative SST. Both average and peak expansion rates are found
to systematically increase with relative SST globally across the Northern Hemisphere
(27.2 and 37.5 km/d/K) andwithin each individual basin. Results are robust across both
reanalysis and Best Track observational datasets. Uniform-SST aquaplanet simulations
show a much weaker dependence of maximum expansion rate on absolute SST,
suggesting that the dominant dependence is on relative SST. Hence, mean global
warming is not expected to strongly change storm size dynamics, but patterns of sea
surface warming may play an important role in determining how storm size, and hence
coastal risk, may change in the future. This work can also help improve forecasting of
the wind field and its hazards and impacts at landfall.

tropical cyclone | hurricane | global warming | size

The size of a tropical cyclone (TC) is important for its damage potential (1), particularly
in terms of storm surge (2), rainfall (3–5), and tornado occurrence (6). Understanding
the evolution of TC outer size, in conjunction with changes in intensity, also helps us
understand how the complete wind field evolves (7–10), as well as the storm central
pressure (11) that is a strong predictor of impact risk (12). The outer size of the TC is
typically observed to expand gradually during the TC life cycle (13). Idealized f -plane
simulations show that TC outer size expands to an equilibrium value over an expansion
time scale of O(10 d), much longer than typical time scale of O(1 d) for intensification
(14–16).

Hurricane intensification rate has been found to increase quickly with warming in
both observations (17, 18) and simulations (19–21), qualitatively consistent with the
prediction of intensification theory (22–25) as a response to increased potential intensity
(22, 26). Could hurricanes also expand more quickly at warmer SST, too? Recently
in September 2024, Category 4 hurricane Helene expanded rapidly in outer size, with
the diameter of gale-force winds increasing by over 200 km in 24 h while passing over
exceptionally warm water in the Gulf of Mexico 3 to 4K above the tropical mean. This
event highlighted the need to better understand how TC expansion rate may change with
warming sea surface temperatures. Such a dependence has been suggested in previous
studies (3, 27–29) though it has not been formalized in theory nor comprehensively
tested observationally.

Recently, a complete theoretical model was developed for the expansion rate of a
hurricane (16), and the model predicts that peak expansion rate should increase with
warming. The model identifies the latent heat release (equivalent to precipitation) in
excess of net radiative cooling to be the driver of TC outer-size expansion. At the same
time, a higher free-tropospheric static stability will reduce expansion rate by reducing
radial inflow, as required by the maintenance of TC volume-integrated dry entropy (16).
The model prediction was found to closely match idealized experiments on the tropical
f -plane with uniform SST. They found that TC peak expansion rate of radius of 8m/s
near surface wind increases with SST by ∼4.3 km/d/K (16) with SST increasing from
293 to 307K in radiative-convective equilibrium (RCE) conditions, corresponding to a
global uniform increase of SST. Moreover, on physical grounds, total precipitation rate
within the TC is hypothesized to increase much more rapidly at warmer SST relative to
the tropical mean (i.e. “relative SST”), governed by weak-temperature-gradient (WTG)
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dynamics (30, 31), than at warmer absolute SST. The argument
is based on figure 4 of ref. 31, as well as the WTG-based model
of ref. 32 for the tropical atmosphere that successfully predicts
the rapid increase in precipitation with warming of relative SST
that is seen in observations in the tropics (33). Meanwhile,
free-tropospheric static stability is hypothesized to be minimally
affected by relative SST but to increase with absolute SST
following a Clausius–Clapeyron scaling (16). Taken together, the
theory of ref. 16 predicts that expansion rate increases muchmore
rapidly with relative SST warming than absolute SST warming
(SI Appendix, Fig. S1). Past work has indeed shown that both
TC precipitation and TC outer size increase systematically with
relative SST (3, 4), though there remains large variance in size
as well. However, the dependence of expansion rate on SST,
whether relative or absolute, has yet to be tested, which is the
focus of this work.

We first use historical data over the past 40 y, during which
SST variations are principally relative since the tropical mean
has changed minimally, to examine the relationship between TC
expansion rate and relative SST. We focus our analysis on cases
equatorward of 30◦N and sufficiently far from land to minimize
effects of land or extratropical interaction.We then use TC tracks
from a suite of uniform-SST forced aquaplanet simulation data
over a range of global SST values from ref. 34 to test absolute SST
variations in isolation in order to further distinguish the role of
both types of SST variations. TCs in these aquaplanet simulations
follow a consistently smooth evolution expanding gradually as
they move from low to high latitudes, which is very convenient
for our analysis. SeeMaterials and Methods for full details.

Recent observational studies (35, 36) introduced the concept
of rapid growth of TC outer size based on a 90th-percentile
threshold but did not find SST to be an important contributor
when comparing composites that did and did not grow rapidly
from North Atlantic (NA) and Western North Pacific (WP)
basins equatorward of 40◦N.Here, we directly analyze bothmean
and peak expansion rates as a continuous function of relative
SST; we focus our analysis equatorward of 30◦N to avoid mid-
latitude baroclinic interactions; we expand this analysis to span
the EasternNorth Pacific (EP),WP, andNA; andwe testmultiple
observational datasets for robustness. Finally, for greater physical
understanding and interpretation, we further test the validity
of the mechanistic steps that link SST variations to changes in
expansion rate based on the theory of ref. 16, and we examine
the potential role of secondary eyewalls in our findings.

Results

Northern Hemisphere. The dependence of 48-h expansion rate
of the radius of 8m/s near surface wind (dr8/dt [km/d]; y-axis)
on relative SST (rSST) for NA, EP, and WP basins collectively
is shown in Fig. 1A; see Materials and Methods for details on
the calculation of each quantity. Results are shown both for all
valid 48-h periods (blue) and for storm-maximum expansion
rate (red). The 48-h time window is an appropriate time scale for
analyzing expansion considering the relatively slow (>1 d) time
scale of TC expansion as noted above. Expansion rates are found
to increase at a rate of 27.2 km/d/K of rSST warming. Maximum
expansion rate is found to increase more rapidly at a rate of 37.5
km/d/K of rSST warming. This effect of rSST on expansion
rate in nature is large: For 1K relative warming, expansion rate
increases by 27.2 km/d, which is large in magnitude compared
to the median of all expansion rates of 9 km/d. Similarly, for
1 K relative warming, maximum expansion rate increases by

A

B

Fig. 1. Tropical cyclones expand faster over water that is warmer relative
to the tropical mean. (A) 48-h expansion rate of the radius of 8m/s winds
(dr8/dt [km/d]; y-axis) vs. rSST (x-axis; degrees Celsius) for all Northern
Hemisphere (NA, EP,WP) storms, for all valid data (blue) and storm-maximum
expansion rate (red). Solid lines are linear regression fits and dashed lines
95% regression confidence band; regression slope, 95% CI, P-value (t test),
and sample size shown in legend. r8 is estimated from ERA5 reanalysis data.
(B) Same as (A), but for the radius of gale force winds (r17) from Best Track
data.

37.5 km/d, which is comparable in magnitude to the median
of maximum expansion rates of 56 km/d. Hence, a warmer rSST
accelerates the expansion process, particularly at the extremes,
and this dependence is of practical importance in operational
forecasting.

This qualitative result is confirmed using Best Track r17 (radius
of 17.5m/s or 34 kt near surface wind) as well (Fig. 1B).
Expansion rates are found to increase at a rate of 10.9 km/d/K
of rSST warming. Maximum expansion rate is found to increase
more rapidly at a rate of 13.7 km/d/K of rSST warming. This
effect is again large: For 1K relative warming, expansion rate
increases by 10.9 km/d, which is comparable in magnitude to
the median of all expansion rates of 12 km/d. Similarly, for 1 K
relative warming, maximum expansion rate increases by 13.7
km/d, comparable in magnitude to the median of maximum
expansion rates of 35 km/d. Results are qualitatively similar
when using a 24-h time window for expansion (SI Appendix,
Figs. S2 and S3). Note that the rate of change per rSST (for all
48-h expansion periods) is smaller than the median value for r17
but is larger than median value for r8. The larger dependence of
expansion rate on rSST for r8 than r17 could be partly contributed
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by the more sensitive response of precipitation from r17 to r8
(outer rainband) than the response within r17 (SI Appendix,
Fig. S4); this is consistent with previous studies suggesting that
outer spiral rainbands are important for TC outer-size expansion
(14, 15, 37–39).

Individual Basins and Subbasins.We next examine whether the
rSST dependence of expansion rate found above collectively for
the Northern Hemisphere is also found within the individual
basins. The analysis in Fig. 1 is repeated for individual basins in
Fig. 2. For the North Atlantic (“NA”), we further examine the
open ocean portion of the North Atlantic (“NA-OO”) east of
the Caribbean and the Gulf of Mexico subbasin (“NA-GoM”)
given their geographic separation by land (Caribbean, Cuba,
and Florida) and the practical interest in the Gulf of Mexico
as a region where nearly every hurricane will make landfall and
impact society.

The results for r8 are shown in Fig. 2 A–C and for r17 in Fig.
2D–G. In the North Atlantic, for r8 only NA-OO is included as
r8 is too large within the relatively small Gulf of Mexico subbasin
to yield any valid cases that meet our quality control criteria
away from land (Materials and Methods). However, because r17
is roughly half the magnitude of r8, it is small enough to yield a
sufficiently large sample size for statistical analysis when using a
24-h period. The tracks of TCs in each subbasin corresponding
to r8 expansion in Fig. 2 A–C are shown in SI Appendix, Fig. S5.

Across basins and subbasins, the outcomes are generally very
similar to the aggregated results in Fig. 1A. For r8, expansion
rates (blue dots and lines) are found to increase at a rate of 25.8
km/d/K, 24.9 km/d/K, and 34.4 km/d/K of rSST warming in
NA-OO, EP, WP, respectively. Maximum expansion rate (red
dots and lines) is found to increase at a rate of 21.1 km/d/K, 30.8
km/d/K, and 28.1 km/d/K of rSST warming in NA-OO, EP,
and WP, respectively. The effect is substantial: For 1K relative
warming, expansion rate increases by 25.8 km/d, 24.9 km/d, and
34.4 km/d, in NA-OO, EP, and WP, respectively, which is large
in magnitude compared to the median of all expansion rates of 19
km/d, −4 km/d, and 17 km/d, in these subbasins, respectively.
Similarly, for 1 K relative warming, maximum expansion rate
increases by 21.1 km/d, 30.8 km/d, and 28.1 km/d, in NA-OO,
EP, and WP, respectively, which is comparable in magnitude
to the median of maximum expansion rates of 54 km/d, 32
km/d, and 95 km/d, in these subbasins, respectively. Note that
in the EP basin storms typically have the smallest expansion
rates, consistent with this basin having the smallest TCs (4)
and also the smallest relative SSTs in Fig 2B. The same analysis
as Fig. 2 A–C but for a 24-h time window is shown in SI
Appendix, Fig. S6. Results are qualitatively similar except that
the increase of maximum expansion rate with rSST in WP is
no longer statistically significant. This appears to be consistent
with our consideration that the expansion process is typically a
slower process with a time scale of several days and so a 24-h
time window for a single period in the storm lifecycle may be
more sensitive to shorter-term changes in outer-size due to other
environmental factors.

For r17 (Fig. 2D–G; TC tracks shown in SI Appendix, Fig. S7),
results are qualitatively similar to r8 (Fig. 2A–C ). The loneminor
exception is that the storm-maximum expansion rate in the NA-
OO increases systematically with rSST but the dependence is not
statistically significant (Fig. 2D); further discussion is provided in
the Discussion below. Otherwise, expansion rates (blue dots and
lines) are found to increase at a rate of 6.1 km/d/K, 20.5 km/d/K,
10.9 km/d/K, and 12.5 km/d/K of rSST warming in NA-OO,

NA-GoM, EP, and WP, respectively. Maximum expansion rate
(red dots and lines) is found to increase at a rate of 21.1 km/d/K,
9.9 km/d/K, and 16.5 km/d/K of rSST warming in NA-GoM,
EP, and WP respectively. As with prior results, this effect is
again large: For 1K relative warming, expansion rate increases by
6.1 km/d, 20.5 km/d, 10.9 km/d, and 12.5 km/d, in NA-OO,
NA-GoM, EP, and WP, respectively, which is comparable in
magnitude to the median of all expansion rates of 23 km/d, 23
km/d, 1 km/d, and 16 km/d, in these subbasins, respectively.
Similarly, for 1 K relative warming, maximum expansion rate
increases by 21.1 km/d, 9.9 km/d, and 16.5 km/d, in NA-GoM,
EP, and WP, respectively, which is comparable in magnitude
to the median of maximum expansion rates of 32 km/d, 23
km/d, and 52 km/d, in these subbasins, respectively. The signal
is slightly weaker in NA-OO but still imposes a significant effect
on expansion rate, particularly for >1K variations in rSST as is
common in this subbasin (Fig. 2D). The same analysis as Fig. 2
D, F, and G but for 24-h time window is shown in SI Appendix,
Fig. S8. Results are qualitatively similar except that expansion
rate for r17 in NA-OO increases with rSST a bit more slowly at
3.6 km/d/K, though remains statistically significant.

The intrabasin findings are overall consistent with the inter-
basin analysis (Fig. 1), as the mean expansion rate dependence
on rSST in each basin is generally comparable across basins
and with the full dataset. The storm-maximum expansion rate
dependence in each basin is generally smaller than that found
when considering all basins together (Fig. 1). This outcome is
not surprising given that for storm-maximum expansion, the
intrabasin rSST variation (SD 0.69, 0.87, 0.84K in Fig. 2 A–C,
respectively) is smaller than for all basins combined (SD 0.99K
in Fig. 1A). As a result, the rSST dependence may be better
estimated by combining all the basins together to span a wider
range of rSST.

Dependence on Absolute SST: Uniform-SST Aquaplanet Sim-
ulations. To confirm the importance of relative SST against
absolute SST, we now test the dependence of expansion rate on
absolute SST in a preexisting suite of uniform-SST aquaplanet
simulations with a globally uniform SST over a range of SST
values from 295K to 305K (Materials and Methods). In these
simple idealized simulations, whose design removes significant
large-scale environmental variability (e.g. jet stream), most TCs
follow a very simple lifecycle, forming at low latitudes and
gradually expanding towards its equilibrium outer size as they
move uniformly poleward and westward with time (SI Appendix,
Fig. S9). The aquaplanet simulations are capable of producing
intense TCs, with a distribution of lifetime maximum intensity
for the 300 to 301K simulations (i.e. representative present-
day SSTs) similar to that found in observations (SI Appendix,
Fig. S10). As with the observational datasets, we analyze both
expansion rate in general and storm-maximum expansion rate.

Fig. 3A shows how maximum 48-h expansion rate of r8 varies
with SST across aquaplanet simulations (one value per storm
within each simulation). Maximum expansion rate systematically
increases with SST at a relatively slow rate of 2.9 km/d/K. This
value is comparable to the 4.3 km/d/K dependence found in
idealized f -plane (equivalent to ∼20◦N) single-TC simulations
with idealized radiation and substantially better resolved TC
inner core in ref. 16. Median values of maximum expansion
rate (blue lines in Fig. 3A) systematically increase with SST
consistent with the regression results, except at very warm SSTs
where sample sizes are smaller while variance across storms is
large. Sample size generally decreases with SST from about 250 at

PNAS 2025 Vol. 122 No. 38 e2424385122 https://doi.org/10.1073/pnas.2424385122 3 of 9

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.o
rg

 b
y 

PU
R

D
U

E 
U

N
IV

ER
SI

TY
 N

O
R

TH
W

ES
T;

 T
H

E 
LI

B
R

A
R

Y
 o

n 
Ja

nu
ar

y 
19

, 2
02

6 
fr

om
 IP

 a
dd

re
ss

 9
9.

14
5.

35
.5

7.

https://www.pnas.org/lookup/doi/10.1073/pnas.2424385122#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2424385122#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2424385122#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2424385122#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2424385122#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2424385122#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2424385122#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2424385122#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2424385122#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2424385122#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2424385122#supplementary-materials
https://www.pnas.org/lookup/doi/10.1073/pnas.2424385122#supplementary-materials


A D

B

C

G

F

E

Fig. 2. The dependence holds up within individual basins as well. (A–C) Same as Fig. 1A, but for subbasins: (A) NA-OO, (B) EP, (C) WP. (D–G) same as Fig. 1B, but
for subbasins: (D) NA-OO, (E) NA-GoM (in 24-h time window), (F ) EP, (G) WP.

SST= 295K to about 35 at SST= 305K (SI Appendix, Fig. S11);
tracks shown in SI Appendix, Fig. S9 for visualization. Expansion
rates in all valid 48 h periods (not only when peak expansion rate
occurs) also systematically increase with SST, consistent Fig. 3A,
but at an even slower rate of 1.8 km/d/K (SI Appendix, Fig. S12).

Given that the TC lifecycle is quite simple and smoothly
varying in the aquaplanet simulations, we also visualize the

dependence of expansion rate on SST via the composite mean
evolution of r8 relative to r8 = 600 kmwithin each simulation, as
shown in Fig. 3B. The composite time-series is shown for all times
with sample size of at least 10 storms (SI Appendix, Fig. S13). The
600 km reference value for radius is chosen simply because it is
close to the median value associated with the time of maximum
expansion rate (Fig. 3A) across SSTs (SI Appendix, Fig. S14),
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A

B

Fig. 3. Expansion rate increases much more slowly with mean warming.
Results obtained from the aquaplanet dataset in ref. 34. (A) Scatter plot of
maximumdr8/dt (km/d) in the48-h timewindowat different SSTs (K).Overlaid
is the corresponding box plot showingmedian, interquartile range (IQR), with
whiskers based on 1.5 times the IQR. The red solid line is the linear regression
fitting. The slope of the linear regression is shown in legend text with its 95%
CIs shown in square brackets; the P-value of the slope in the significance test
(t test) is also shown in legend text (marked by “p”). Red dashed lines show
95%CIs of themean response of themaximum dr8/dt (km/d) in the 48-h time
window to SST. (B) The composite mean evolution of r8 (km) as a function of
time (day) relative to the time of the last r8 record before r8 exceeds 600 km
for the first time in each TC at a given SST (K; see legend).

indicating that storms expand fastest at an intermediate size
as it expands towards its equilibrium size. The composite TC
systematically expands more rapidly at warmer SST, increasing
from approximately 55 km/d at 295 to 297K to approximately
80 km/d at 303 to 305K (SI Appendix, Fig. S15).

Hence, the dependence of peak expansion rate on absolute
SST found here is much weaker than the dependence on rSST
found in historical observations. This outcome supports our
primary hypothesis: TCs gradually expand faster with global-
mean warming, but expansion rates increase much more rapidly
with relative warming.

Testing Hypothesized Mechanism for Contrast in Expansion
Rate. To provide greater physical insight into our results above,
we test the physical linkages underlying the hypothesis described

in Introduction for why expansion rate increases much more
rapidly with rSST than absolute SST. There are two core linkages
based on the theory (16) for r8 expansion: 1) precipitation
should increase muchmore rapidly at warmer rSST than absolute
SST, following from WTG theory and consistent with the
observed distribution tropical precipitation (31–33); 2) enhanced
precipitation drives enhanced radial inflow needed to import
angular momentum and hence to expand the TC. We utilize
the Multi-Source Weighted-Ensemble Precipitation (MSWEP)
precipitation dataset (40) (Materials and Methods), following ref.
41, combined with ERA5 reanalysis data (42) for low-level (850
hPa, results similar for 925 hPa) radial wind.The test is performed
for r8 for a direct comparison with ref. 16.

First, the theory (16) formally identifies the quantity Pt/rt ,
where rt is the radius of near surface wind speed vt (not too
large, verified at 8m/s) and Pt is the area integrated precipitation
rate (mass per unit time) within rt , as the driving factor for TC
expansion via its direct relationship to low-level radial inflow
at rt (equation 10 of ref. 16). Hence, Pt/rt should increase
more rapidly with relative SST than absolute SST, the latter
dependence following Clausius–Clapeyron (C–C) scaling (figure
9c of ref. 16).

SI Appendix, Fig. S16A andB shows that a 1K increase of rSST
accounts for a ∼20% increase of P8/r8 relative to median P8/r8.
Results are very similar for the 24 h period and for all expansion
periods (SI Appendix, Fig. S16). On the other hand, P8/r8 was
found to increase much slower with absolute SST, approximately
following C–C scaling of 6%/K (figure 9c of ref. 16, figure 8d
of ref. 34). Direct calculations using the aquaplanet precipitation
data (34) gives similar results (∼7%/K; see SI Appendix, Fig. S17).
These results support the hypothesis for the differing dependence
of precipitation on relative vs. absolute SST.

Second, SI Appendix, Fig. S16 C–F shows the strong link
between P8/r8 and azimuthal-mean radial inflow at r8 at 850
hPa as well as between radial inflow and expansion rate in
observations, thereby verifying that the expansion mechanism of
ref. 16 is consistent with our principal conclusion found above.
The required data are not available to test this in the aquaplanet
simulations, but the outcome is expected to be the same given
its uniform-SST setup directly analogous to the limited-area
simulations of ref. 16. These results support the hypothesis for
how enhanced precipitation drives expansion mechanistically via
enhanced radial inflow.

An additional mechanism in the theory that differentiates
variations in relative vs. absolute SST is through bulk free
tropospheric static stability, Δsd , defined as the dry-entropy
difference between upper and lower troposphere. The theory
(16) indicates that a higher Δsd will reduce expansion rate by
reducing inflow velocity (equation 10 and simulations of ref.
16). The quantity Δsd should not change with rSST following
the WTG theory (30–32) whereas it increases with absolute SST
following C–C scaling (figure D3c of ref. 16, and ref. 43). This
effect suppresses the increase in expansion rate due to the increase
in precipitation at warmer absolute SST. This outcome is verified
in SI Appendix, Fig. S18, which shows that the dependence of
Δsd (obtained from ERA5 data) on rSST is roughly an order of
magnitude smaller than C–C scaling, supporting the proposed
mechanism. Such an increase in static stability with warming has
been shown in very similar simulations (44).

Role of Secondary Eyewall (SE) Formation and Eyewall Replace-
ment Cycle (ERC).We provide further insights into the expansion
process by examining the extent to which SE formation, which
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is a precursor to ERCs, contributes to the rSST dependence of
expansion rate in historical data (r17), as previous studies have
shown that SE and ERC are associated with expansion of outer
size (14, 45–48). To do so, we use a public dataset of SE formation
from ref. 49, which provides a climatology of 72 TCs that include
labels for the time instants with an SE present (Materials and
Methods), and then infer the importance of ERC as SE formation
is a necessary precursor for an ERC.

From among the 72 TCs in the dataset, there are 34 TCs
in total available for 48-h expansion analysis for r17 after our
quality control (36 TCs available for 24-h expansion analysis),
with 7 TCs in NA-OO, 10 in EP and 17 in WP. SI Appendix,
Figs. S19 and S20 indicate that the 34 TCs reach relatively
high lifetime maximum intensities (mostly Category 3+) and
have a probability of SE occurrence consistent with climatology
(45, 50), which indicates that the dataset can be used to estimate
the climatological role of SE occurrence in the expansion process.

We repeat the analysis of Fig. 1b using this dataset of TCs
from ref. 49, shown in SI Appendix, Fig. S21. The dependence
of dr17/dt on rSST with all periods removed that contain at least
one SE occurrence is similar to the result for the full dataset (for
both maximum and all expansion rates). Indeed, SE occurrence
is simply relatively infrequent: The number of periods with an
SE is much smaller than without (for all expansion periods as
well as for peak). The proportion of 24-h periods that include an
SE during the TC lifecycle with intensity greater than 32m/s
and equatorward of 30◦N is 76/613 ≈ 12% (SI Appendix,
Fig. S21 d vs. b). For ERCs, which have a typical timescale
of 36 h (46), the fraction of TC lifetime influenced by ERC
events would then be <18%, though likely significantly less
given that SE frequently occurs without inducing a subsequent
ERC. This outcome indicates that our results are not strongly
driven specifically by SE. Notably, though, we do find that
SE substantially accelerates expansion during the brief periods
when they occur, with the median of peak 48-h expansion rates
increased from 38 km/d to 47 km/d; these events tend to occur
at warmer rSST (SI Appendix, Fig. S21).

The same analysis cannot be repeated for r8 in reanalysis data,
as there are only 3 TCs in NA-OO, 5 TCs in WP, and 9 TCs in
EP available from the ref. 49 dataset that meet our quality control
criteria, which is too small to produce meaningful results and is
also not representative of individual basins. Such an analysis could
be tackled in future work as the SE database grows with time.

Overall, we find that SE, which is a necessary precursor for
ERC, can drive especially fast expansion for brief periods during
the TC lifecycle. They are relatively infrequent, though, and
so are not a primary driver of our results presented here. This
outcome also lends greater support for our analysis of aquaplanet
simulations whose coarser resolution may not adequately resolve
ERC, which is a limitation but is not expected to alter our
qualitative findings.

Summary and Discussion

Overall, observational results across NA, EP, WP combined,
and within each individual basin confirm that TCs expand
substantially faster when over relatively warmer water. This effect
is significant on a timescale of 1 to 2 d and hence is important
for the real-world forecasting of tropical cyclone size. Maximum
expansion rate increases with rSST by about 10 to 20 and 20
to 30 km/d/K in terms of r17 (NA-GoM, EP, WP) and r8
(NA-OO, EP, WP), respectively. This increase in expansion rate
for 1 K increase of rSST is significant compared to the typical

median value of all storms in each basin or collectively in the
Northern Hemisphere. In contrast, maximum expansion rate
increases with absolute SST by only about 3 km/d/K for r8 in
uniform-SST aquaplanet simulations, consistent with the theory
and limited-area modeling results of ref. 16. This dependence
is roughly an order of magnitude smaller than the dependence
on rSST, indicating that relative SST is a substantially more
important factor for accelerating TC expansion than is absolute
SST. Hence, global-mean warming is not expected to cause
substantial changes in storm outer-size dynamics, consistent with
recent work finding that average storm outer-size itself is not
expected to change with mean warming (51, 52). Instead, it
is the pattern of warming that likely determines how storm
outer-size may change regionally, including near coastlines where
changes in storm outer size prior to landfall could translate to
changes in societal risk. Given that larger storms tend to cause
greater hazards all else equal, this outcome may have important
potential implications for changes in coastal risk that are not
accounted for in existing risk models and should be studied in
future work. Predicting how regional SST patterns will change
in the future, including under long-term warming, remains
especially challenging though (53). On operational timescales,
a more rapid expansion of the storm wind field prior to landfall
makes hazard forecasting and evacuation planning more difficult,
such as in the recent case of Hurricane Helene (2024) in the
Gulf of Mexico that expanded very rapidly two days prior
to landfall.

As noted in the Introduction, variation in relative SST is
commonly associated with WTG dynamics (30, 31), rather than
RCE, which corresponds to a global-mean warming of absolute
SST. The faster increase of expansion rate with relative SST
compared to absolute SST is consistent with the data-supported
hypothesis of different responses of total precipitation rate and
radial inflow within the TC and free-tropospheric static stability
to relative SST and absolute SST. It follows, by TC outer-size
expansion theory in ref. 16 and by SI Appendix, Fig. S1, that peak
expansion rate should depend more strongly on SST in WTG
dynamics than RCE as found here. Tests with a model that is
explicitly forced to be in WTG could provide further robustness
for our findings.

Both the uniform-SST aquaplanet simulations of ref. 34 and
the single TC experiments of ref. 16 are designed not to include
any mid-latitude baroclinicity and monsoons so as to isolate
the effect of absolute SST. Including these synoptic flows in
future studies could help clarify how interactions between the
TC and upper-tropospheric troughs/monsoonal flows, that may
influence TC size dynamics as well (54–57), could also change
with absolute warming.

The lack of a strong dependence of expansion rate of r17 on
relative SST in the NA-OO is unclear but an important avenue
for future work. Indeed, the real world is complicated, so other
mechanisms independent of rSST that are known to drive rapid
expansionmay also be at play (58). Thismay include extratropical
interaction (56, 57), land interaction, or TC internal structural
variability such as eyewall replacement cycles (45, 46), all of
which are known to occur frequently in the Western Atlantic.

Materials and Methods

Observational SST. Observational SSTs are taken from the Optimum Interpo-
lation SST (OISST) dataset (59), which is based on both in situ and satellite
observations and has a daily temporal resolution starting from September 1981
to present with a relatively high spatial resolution of 0.25◦.
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Definition of Basins. For observational data (best-track and reanalysis), we
focus on three major basins in the northern hemisphere: North Atlantic (NA),
Eastern North Pacific (EP), and Western North Pacific (WP). The definitions of
basins are simplified from those in International Best Track Archive for Climate
Stewardship (IBTrACS) (60) data. Specifically, NA has an eastern boundary at
30◦Wand a western boundary being the blue line in SI Appendix, Fig. S22 (this
western boundary only applies to ref. 61 reanalysis data); EP is defined west of
the blue line in SI Appendix, Fig. S22 (this eastern boundary only applies to ref.
61 reanalysis data) andeast of 180◦E;WPhaseasternandwesternboundariesof
100◦E and 180◦E. The NA and EP definition only applies as a further constraint
for “Extended Best Track” (EBT) dataset, based on the original separation of
basins in EBT dataset. The EBT dataset for central pacific is also included for EP
analysis in the present study. We further define two subbasins in NA, the Gulf
of Mexico (NA-GoM) and open ocean (NA-OO). NA-GoM is defined to be 100◦W
to 80◦W in longitude and 18◦N to 30◦N in latitude. NA-OO is all the other area
of NA basin. The basin to which a TC belongs is assigned by the first record of
latitude and longitude of the TC. Occasionally a TC that originally formed in EP
can travel into WP, so for simplicity we discard TCs that form in EP but enter WP
while still equatorward of 30◦N.

Best-Track Data and Processing. Track, intensity, and size data are obtained
from the 6-hourly “Extended Best Track” data (62) for the North Atlantic (NA)
basin for 1988–2021 and the Eastern North Pacific (EP) basin for 1990–2021.
TC outer size is defined as the radius of 34 kt (17.5 m/s; r17) near surface winds,
which is the outermost wind radius that is routinely estimated operationally. r17
is an excellent representative measure of overall storm size and can be readily
estimated via remote sensing instruments (8, 9, 11). Extended Best Track is
identical to the National Hurricane Center Best Track database but includes r17
data prior to 2004. For the Western North Pacific, data are obtained from the
Joint Typhoon Warning Center data in IBTrACS (60) for the period 2001–2022
(3 hourly). Data from the Western North Pacific basin are likely a bit less robust
due to the absence of aircraft reconnaissance as is routinely performed in the
western North Atlantic and Eastern Pacific basins; however, r17 can still be
estimated operationally frommost satellite remote sensing platforms that have
been active over the past three decades (63). The chosen periods extend back
to the first year with size data available in each basin. We only take data at
6-h interval in IBTrACS dataset for WP, to be consistent with the 6-h interval in
Extended Best Track dataset for NA and EP.

The quantity r17 used in this study is defined as the azimuthal-mean of
the nonmissing r17 values when at least three of the four quadrants contain
nonmissing values in best-track data. The SST associated with a given TC at each
time step (denoted by TCSST) is defined as the areal weighted mean SST within
a distance of r17 from the storm center.

The variation of the temporal-mean TCSST is large (about 4 K; e.g., Fig. 1)
compared to thewarming of tropicalmean SST during the historical period (only
∼0.5 K from ∼26 ◦C from year 1981 to 2022). Hence, variations in observed
TCSST are dominated by variations in SST relative to the tropical mean (“relative
SST”). Variations in relative SST is commonly associated with weak temperature
gradient (WTG) dynamics (30, 31). Thus, we define TCRSST to be TCSST minus
the tropical (30◦S to 30◦N) mean SST of the same day for further examination
of its relationship to expansion rate.

We focusonawell-behavedsubsetof TCswith reasonably long lifespans (here
taken to be at least 5 d,* except in NA-GoM, where no threshold for lifespans is
set) above tropical stormstrength (maximumwindspeedover17.5m/s) over the
tropical (0 to30◦N)openocean (TC center away from landby adistanceof at least
r17, except for

1
2 r17 in NA-GoM) in order to isolate cases that have a reasonable

amount of time toundergo intrinsic expansionwithminimal external interaction
(e.g. land, extratropical transition) (16). We extract such TCs and further discard
those (except those in NA-GoM) whose records of r17 is discontinuous when TC
intensity is greater than 32m/s and its center is equatorward of 30◦N. The rest
of the extracted TCs are considered of good quality and we retain only records
when they are in the tropical open ocean. Then, for each of the extracted TCs, we
compute the 48-h (and 24-h) expansion rate dr17/dt when its maximum wind

*We also tested other duration thresholds: 4, and 6d for both best-track and reanalysis
data. Results do not qualitatively depend on the specific value.

speed exceeds 32m/s (corresponding to Category 1 hurricane). The relative SST
value that corresponds to the 48-h expansion rate (denoted by rSST) is defined
as the temporal average of TCRSST over the 48-h period. From these data, we
calculate the maximum 48-h expansion rate of each TC. The 48-h period is
taken to account for the typically slow time scale of size expansion compared to
intensification (14–16, 64). Finally, we examine the dependence of maximum
expansion rate as well as all valid records of expansion rates on rSSTs.†

Reanalysis Data. As a second observational test to corroborate the best-track
analysis, we use the TC track and size data for NA, EP, andWP, from the 6-hourly
datasetof ref. 61where the radiusof8m/snear surfacewind (r8) is obtained from
ERA5 reanalysis (42). Reanalysis has been shown to performwell in reproducing
the TC outer wind field (including radii of 6 to 8m/s winds) as compared to
satellite observations (51, 65, 66).While r8 is a larger wind radius than r17, both
covary strongly together owing to the physics of the quiescent outer circulation
(8, 67). TC intensity and track data are also taken from the dataset of ref. 61,
whichuses theNationalHurricaneCenter source in IBTrACS for theNorth Atlantic
and Eastern North Pacific basins and uses the Japanese Meteorological Agency
source in IBTrACS for the Western North Pacific. The time period when both SST
and TC data are available is 1981–2018 in NA and EP, and 1981–2019 in WP.
We filter and analyze the data in an identical manner as with Best Track above,
with the exception of using r8 in lieu of r17. We still use the Extended Best
Track r17 values for the minimum distance from land threshold, except in cases
(including from 1981 to 1988) when it does not exist in which case we use r8.

Dataset of Uniform-SST-Forced Aquaplanet Simulations. For the uniform-
SST aquaplanet simulations,weuse thepublic dataset of ref. 34. They performed
11 aquaplanet simulations with globally uniform SST from295 K to 305 K in 1 K
increments. Thegeneral circulationmodel (GCM) theyused is Community Atmo-
sphereModel, version 5, with a horizontal grid spacing of approximately 28 km.
Each experiment was run for 2 y. They tracked TCs in the experiments using the
open-source TempestExtremes software package (68), which provides tracks,
intensity, size,andradialwindprofileofeachtrackedTC; theseTempestExtremes-
processed TC data are publicly available at ref. 69.

We apply a quality control to the TC data before analyzing the dependence of
expansion rateonSST. First,wedefineouter size r8 as thesmallest radius (instead
of the largest radius in TempestExtremes) at which the near surfacewind is equal
to (“greater than” in the TempestExtremes-processed TC data) 8 m/s beyond
the radius of maximum wind.‡ We calculate the maximum 48-h expansion
rate dr8/dt in the same manner as the observational data with the following
exceptions. First, for intensity threshold, weuse a single azimuthal-mean17m/s
intensity threshold to ensure a well-defined r8 given that GCMs underresolve
peak local wind speeds used for defining observed intensities. For each TC only
the continuous segment of track that includes the timestep of lifetimemaximum
azimuthal-mean intensity is retained. Second, we expand our TC region to be
equatorwardof40◦ latitudeand ineitherhemispherebecause thesesimulations
haveno large-scale temperaturegradients andhencenoextratropical-transition,
and the simulations are hemispherically symmetric. After the above filters are
applied,we retain only those caseswith at least 5 dof valid data to ensure thatwe
have a reasonably long period of time for expansion to occur. Finally, we exclude
r8 time series after peak r8 is achieved given that TCs in these simulations
can shrink at very high latitudes where they are allowed to persist unlike in
nature (70).

As the records of each TC in the expansion period can be long (tens of days),
composites of time series of r8 are also calculated for each SST. A response of
expansion rate to SST in this dataset should be understood in terms of global-
mean warming, which is commonly associated with RCE dynamics (31); that is,
environmental free-tropospheric temperature profile is essentially determined
by SST (31).

†If the maximum 48-h expansion rate of a TC corresponds to several 48-h periods (which
may largely overlap as seen in SI Appendix, Fig. S5), then we take the averaged rSST of
each 48-h period as the corresponding rSST to the maximum 48-h expansion rate. The
same method is applied to 24-h expansion time window.
‡This is needed as in the dataset some TCs can have multiple peaks in radial wind profile,
which would cause jumps of r8 and spurious expansion.
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Historical Precipitation Dataset. For testing physical hypothesis, the his-
torical precipitation dataset used is the Multi-Source Weighted-Ensemble
Precipitation (MSWEP) precipitation dataset (40). MSWEP data are a global
precipitation product with a 3-hourly 0.1◦ resolution available from 1979 to
2020, which incorporates gauge, satellite, radar, and reanalysis data.

Dataset for Secondary Eyewall Formation. The secondary eyewall (SE)
formation dataset is from ref. 49. The dataset contains SE labels of 72 randomly
selectedTCsintheNorthAtlantic,easternandwesternNorthPacific,andSouthern
Hemisphere between 2016 and 2019. The labels also contains confidence level:
“no SE, low confidence SEs (i.e., 1, 2, and 3), and high confidence SEs (i.e., 4
and 5)” (49). In order to infer whether SE occurrence and ERC is important for
expansion, we use the 72 SE-labeled TCs as raw data and perform the same
analysis as in Fig. 1 in themain text and separate expansion periods by whether
a high-confidence SE occurs during the period.

Statistical Significance. We use t test to determine whether to reject the null
hypothesis that the slope of a linear regression equals zero. The null hypothesis
is rejected when P-value is less than 0.05, which means the slope is statistically
significantly not zero.

Data, Materials, and Software Availability. The “Extended Best Track”
data used in the study is downloaded from: https://rammb2.cira.colostate.
edu/research/tropical-cyclones/tc_extended_best_track_dataset/. The IBTrACS
(v04r00) data used in the study is downloaded from: https://www.ncei.
noaa.gov/products/international-best-track-archive. The OISST data used in the

studyaredownloaded from:https://rda.ucar.edu/datasets/ds277.7/dataaccess/.
The reanalysis data of ref. 61 used in the study is downloaded from:
http://weather.ou.edu/~schenkel/era5_size/. Theaquaplanetsimulationdataof
ref. 34 used in the study is publicly available (69) and downloaded from: https://
zenodo.org/records/5764970#.ZDmVgBXMI-Q. The MSWEP data (40) used in
SI Appendix is obtained from: https://www.gloh2o.org/mswep/. ERA5 pressure-
level data (42) used in SI Appendix is downloaded from: https://cds.climate.
copernicus.eu/datasets/reanalysis-era5-pressure-levels?tab=overview. The TC
secondary eyewall dataset of ref. 49 used in SI Appendix is downloaded from:
https://datadryad.org/stash/dataset/doi:10.5061/dryad.79cnp5j26. Scripts for
generating the figures in this work are uploaded in Zenodo with a DOI:
https://doi.org/10.5281/zenodo.15809707. Previously published data were
used for this work (34, 40, 42, 49, 59–62).
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