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Observations



Storms on Earth typically expand slowly with time, sometimes quickly

Reanalysis (red), GFDL HiFLOR (blue)
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Storms typically expand slowly with time, sometimes quickly
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Helene’s rapid expansion made
wind, surge, and flooding
dramatically worse

Large storms often experience a rapid expansion period
Li+ (2022)

Rapid Growth of Outer Size of Tropical Cyclones: A
New Perspective on Their Destructive Potential



Storms often expand more quickly convection enhanced outside of the
eyewall (multiple pathways)

Maclay et al. (2008, MWR) Tropical Cyclone Inner-Core Kinetic Energy Evolution
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f-plane models: TCs expand from some initial size toward an equilibrium “potential size”

over a timescale of O(10 days) — much slower than intensity!
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Expansion theory:
f-plane
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Basic relations

ov
a7 ~ —fu; — Cy( ,uvt)2 [hy, Import of planetary vorticity and surface friction (constant)
in the subsidence region
dr. O ov 7, the radius of a fixed tangential velocity z,at the top of boundary layer
d—t = T /(- 6_)’ r=r; local spin-up rate of tangential wind and slope of wind profile (physics known:
g g r Emanuel 2004 model)

Thus the main task is to predict the low-level radial velocity u,

10



Predicting low-level radial velocity u,

TC Size Expansion — Volume integrated dry-entropy budget
Z 4 T
‘t \6\8 Qlat Qrad
high sg DN - +Sreg + 5 +
\ }\ Te,lat Te,rad
Quat > Qrad sq flux 0 0 0
Te,lat Te rad Tt
| Balance: Condensational (latent) heating, radiative
] / _ _?X lba‘ige cooling, radial transport
X X T
dv/at > 0
—fu; exceeds friction

1 Ql at Qrad

—Ur = - ) Qiat : Volume-integrated latent heating
2nrihwpi TejarASa TeradBsa Q.,q4: Volume-integrated radiative cooling

Bulk free-tropospheric dry static stability, Asg: the dry entropy difference between tropopause and surface, As; = L,qs/Ts
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Why approach a size equilibrium?

As 4 the dry entropy difference between tropopause and surface, Asy = L,qqs/ T

TC Size Expansion ~——  Size Equilibrium
Z " Z 4 Ty
‘ hlgh Sd ‘ hlgh Sd
\ \
Qiat > Qraa sq flux Qiat Qrad sq flux
Te,lat Te rad Tt Te,lat Te'rad ) Tt
_ low s am s,
//Y/ —u, large //Y/ «—1— —U; small
X X ® 7 X X 03¢ r
dv/at > 0 dv/dt =0
—fu,; exceeds friction —fu, balances friction
1 Qlat Qrad
= — : Volume-integrated latent heatin
27rrthwpi Te,latAsd Te,radAsd) Quat 8 S

Qraq: Volume-integrated radiative cooling

Assumption based on
simulations: Q¢ X 1%
increases more slowly
with size than Q,,q X 7.
Thus the storm expands
towards an equilibrium

size
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Solution

g—

@ _Tteq ™1t 1t eq: €quilibrium size, a constant (predicted environmentally)
dt Tyt T,¢ - time scale, function of 1, (predicted environmentally)
1 Qlat 2 1 Ap Qcool
Tteq = Lf —Ca(uv)7l/(5 fe
— hed 27 pi Te,latASd t 2 ppig Te,radASd
T, = (_Q h_w
TN or fB
( vy _90r| _ 2rvioéo
- or V=V, ov v=v; 2ry +‘fOVt2,
1 f()vtz Fteg — Tt §Ov1f2 Iy
) t—t0=—B[—(2+ ) In( )+ In(—)], r>0andr; #rieq
Zfovtfh—o- I'teq Fteeqg —Tt0 I'teq r't0

The full analytical solution of the size expansion model on the f-plane, t(7;), with all input parameters external
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Basic behavior

Set 2,=8 m/s, so that r, can be symbolically replaced by r8

Analytical solution
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Given environmental parameters and
1t,eq> model predicts both expansion
and shrinking of the TC depending

on whether present size is smaller or
larger than 7y .

Time scale, 10-15 days,
decreases with r&
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Overall comparison with simulations: varying 7,,,

Tteq Setasensemble-mean CM1 simulated equilibrium r8

Solid and shading: CM1 simulation ensemble-mean and 1 standard deviation;
Dashed: analytical model
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Simulated expansion rate
increases with decreasing
T,,, and thus with

increasing potential

intensity.

Analytical model
prediction matches CM1
fairly well, successfully
predicting an expansion
rate of tens of kilometers
per day
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Overall comparison with simulations:

Tteq Setasensemble-mean CM1 simulated equilibrium r8

Solid and shading: CM1 simulation ensemble-mean and 1 standard deviation;
Dashed: analytical model
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Analytical model
prediction matches CM1
fairly well, except for
overestimating expansion
rate for fat 5°N and 10°N.
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Overall comparison with simulations:

Tteq Setasensemble-mean CM1 simulated equilibrium r8

Solid and shading: CM1 simulation ensemble-mean and 1 standard deviation;
Dashed: analytical model
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Simulated expansion rate
and equilibrium size
increases with SST and
thus with increasing
potential intensity.

This behavior is
gualitatively correctly
captured by expansion
model, except for
quantitatively
underestimating expansion
rate for SST=307 K.
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Response to warming:
mean vs. local warming
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Size stays ~“constant with mean SST warming Size increases with local SST warming
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Observed Tropical Cyclone Size Revisited

West Pacific has warmest water and
the largest storms!



Helene expanded rapidly in 1-2 days = among largest landfall storms

Hurricane Helene (2024): Intensity-Colored Track with 34-kt Wind Radii
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The Caribbean/Gulf was very warm

Absolute SST

“Relative SST”: SST difference from tropical-mean
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Motivation

Hurricanes intensify much more rapidly at warmer SST
(Ramsay et al. 2020, Garner 2023, Bhatia et al. 2022)

Could hurricanes also expand more rapidly at warmer SST too?

Absolute SST (mean warming) vs. relative SST (local warming)?
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r8 (km)

Consistent with theory

Implication from Wang and Chavas (2024) model

(a) r8, WTG (solid), RCE (dashed)
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50

Expansion much less sensitive to mean warming
because atmospheric static stability increases too.

- Less inflow needed to export the same amount of
energy from the TC.



Hypothesis: expansion rate increases with local warming

1) New theory: local warming most important GG G

Wang and Chavas (2024)

An analytical model for tropical cyclone size

expansion on the f-plane —
L L LKL

2) Observations:
i. Anything that enhances convection outside the inner core causes storm to expand faster

Maclay+ (2009) Tropical Cyclone Inner-Core Kinetic Energy Evolution

ii. Much more convection over locally-warmer water in general

Peters and Neelin (2006), Emanuel (2019)

iii. Larger rainfall area over locally warmer water

Lin+ (2015) Tropical cyclone rainfall area controlled by relative sea surface temperature

25



Goal

Test how TC expansion rate changes with local vs. mean warming
* Historical data: local warming (mean warming has been small)

* uniform-SST aquaplanet simulation data: pure mean warming



Data and method

Historical:

e r17: Extended Best-Track data, IBTrACS data
* r8: reanalysis data (Gori et al. 2023)

 SST: OISST

* Relative SST (rSST): areal-mean SST within TC r17 or r8, subtracted by tropical-
mean (30°S-30°N) value

* Expansion rate in 48-h time window (also test 24-h)
* Basins: North Atlantic (NA), East Pacific (EP), Western North Pacific (WP)

* Quality control: We focus our analysis on TCs equatorward of 30°N and sufficiently
far from land to minimize effects of land or extratropical interaction.

Aquaplanet:
 Data: r8 from Stansfield and Reed (2021) simulations, SST=295-305 K
* Expansion rate in 48-h time window



High-quality subset far from coast, south of 30N

R17 (Ext Best Track)
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R17 (EBT) expands faster over locally warmer water

(b) NAEPWP max drl7/dt 48h, V,, = 32

R17, all basins
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Result holds across across basins

dr17/dt (km/day)

North Atl-Open Ocean

slope=6.1[3.4, 8.7], o
100 A p=8.7e-06, n=606
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= .
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l, Vm =32
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*Secondary eyewall formation:

Removing periods with SEF does

not change qualitative result,
but SEF does temporarily
accelerate expansion
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R8 (ERAS) similar

(a) NAEPWP max dr8/dt 48h, V,,, = 32
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R8 (ERAS) similar — basins

dr8/dt (km/day)

dr8/dt (km/day)

North Atl-Open Ocean
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space)
West Pac 232
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Mean warming: aquaplanet experiments

(@) max dr8/dt 48h, duration =5 day (b) composite r8 evolution: mean
t  —— slope=2.9[2.1, 3.6], p=1.5e-13 =T S55T=295
250 1 900 | =——ssT=296 . | SST
. —— S5T=297
storm-max: +2.9 km/day/K - i Uniform globa
500 | | : P 800 { —— 557=299 Stansfield and Reed
. ) —— SST=300
= T R : —— s5T=301 (2021 )
3 : : $ : H s ! ! . 700 A SST=302
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X i H H i ' : 3 SST=304
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£ 1001 —~
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SST (K) relative time (day)

Much smaller than observed dependence on
local warming of ~38 km/day/K

Additional evidence to confirm it
really is local warming (relative SST)
that matters
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What might this mean for size itself?

Size not expected to change much overall

But regions that become locally warmer might have larger storms



Global trends 1n rSST

Mean Monthly 4x4° Relative SST [K] 1979-2024
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Sphere theory (with beta)



Qprecip > Qradcool
expands

Rossby wave radiation
shrinks



An analytical model for tropical cyclone size expansion on the sphere

Danyang Wang,* Daniel R. Chavas?®

JAS, Under revision

Postdoc Danyang Wang



axisymmetric flow

beta drift

Rossby wave drag (Rhines)

energy
transfer
ﬁ

Asymmetric flow
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analytical solution, latitude at f=5e-05 1/s

t (day)
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(a) equilibrium sizes of r8 vs latitude, SST=300.0 K (d) equilibrium sizes of r8 vs SST, f=5e-05 1/s
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y (km)

(a) r8 time series (CM1 vs exmo), EXP3DCTL (b) r8 time series (CM1 vs exmo), EXP3D2BETA
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The tropical cyclone wind field: from simple theory

0. Intro: two recent events to real-world prediction in a warming world

Dan Chavas, Purdue University
dchavas@purdue.edu

MRI/JMA Distinguished Typhoon Lecture
Tsukuba, Japan

Nov 2025
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Largest storms in West Pac, smallest in East Pac

Box and whisker plot
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Size (R34kt) is the missing piece

Note: also predicts that R4

Vm ax

increases slowly with
global warming
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P min -70%

X Eq.A11

—> lower pressures

(effect of changes in latitude are relatively small)
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radius [km]
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150

should get smaller, which has been
shown in studies

1334kt
stays constant with warming



Helene nearly doubled in size in 24 hours
+12 hours +24 hours
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High-quality subset far from coast, below 30N

R8 (ERAS reanalysis)

(a) basin: NA-OO, 48h time window, valid tracks, n=26
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(b) basin: EP, 48h time window, valid tracks, n=91
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(c) basin: WP, 48h time window, valid tracks, n=106
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Aquaplanet tracks

tracks of all valid TCs for 48-h time-window analysis, duration =5 day, lat=0-40

40°N

20°N

!
D4 -~ e e
_t A L& ‘\;:‘: \;’
[ L DN PR ¥2 <
e 'Y () *.:‘

B
D)
\

e
T

SOMR %
g b
=Rl

5

180° 120°W 60°W 0° 60°E 120°E 180°

51



Results do not depend on occurrence of
secondary eyewall formation,

But SEF does temporarily accelerate

expansion

(a) NAEPWP max drl7/dt 48h, V,, = 32
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(b) NAEPWP max drl7/dt 24h, V, = 32
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probability

LMI of all TCs analysed for expansion
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sample size

sample size, 48h, lat=0-40
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(a) basin: NA-OO, 48h time window, valid tracks, n=26
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(b) basin: EP, 48h time window, valid tracks, n=91
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(c) basin: WP, 48h time window, valid tracks, n=106
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(c) basin: WP, 48h time window, valid tracks, n=88

(a) basin: NA-OO, 48h time window, valid tracks, n=53
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Tropical cyclone potential size set by energetic and dynamic constraints
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